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The human brain possesses a superior capacity to reorganize
and profound plasticity after focal lesions following brain
injury such as trauma, ischemia, and degenerative disorders.
The concept of plasticity describes the mechanisms that
rearrange cerebral organization following a brain injury.
The development of sophisticated noninvasive neuroimaging
techniques over the past decade provides a unique opportu-
nity to examine brain plasticity in humans and invaluable
insights into the mechanisms underlying neuroplasticity.
Unifying pathogenesis of brain injury by neuroimaging tech-
niques can be beneficial to develop therapeutic strategies with
broad applicability for disease prevention and an opportunity
to decrease morbidity and mortality from these disorders in
human beings.

In this special issue on imaging neural plasticity fol-
lowing brain injury, we compiled a series of articles that
represent novel primary research and explore brain plasticity
following brain injury. T. Wang et al. (“Impairments in
brain Perfusion, Metabolites, Functional Connectivity, and
Cognition in Severe Asymptomatic Carotid Stenosis Patients:
An IntegratedMRI Study”) investigate the brain impairments
following asymptomatic carotid stenosis by utilizing an inte-
grated MRI including pulsed Arterial Spin Labeling (pASL)
22 MRI, Proton MR Spectroscopy (MRS) and resting-state
functional MRI (R-fMRI). They found that hypoperfusion
in the left frontal lobe, lower NAA/Cr ratio in the left
hippocampus, and decreased connectivity to the posterior

cingulate cortex in the anterior part of the default mode
networkmight partly contribute to the cognition impairment
in these patients.

X. Fan et al. (“Distinctive Structural and Effective Con-
nectivity Changes of Semantic CognitionNetwork across Left
and Right Mesial Temporal Lobe Epilepsy Patients”) explore
the distinctive brain structural and effective connectivity
changes within the semantic cognition network by com-
paring left and right mesial temporal lobe epilepsy (mTLE)
patients and these patients tomatched healthy controls. Since
seizure attacks were rather targeted than random for patients
with hippocampal sclerosis (HS), gray matter atrophy of left
mTLE was more serve than that of right mTLE across the
whole brain and especially within the contralateral semantic
cognition network. This study suggested that left HS patients
had a higher vulnerability to seizure attacks, reflecting the
compensation strategy. The altered effective connectivity
between subregions of the ATLmay be the possible reason to
explain the more severe name-finding impairment but good
comprehension ability.

H. Yan et al. (“Altered Effective Connectivity of Hippo-
campus-Dependent Episodic Memory Network in mTBI
Survivors”) examined the altered effective interaction inmild
traumatic brain injury (TBI) survivors’ episodic memory
network. Results presented that mild TBI induced increased
bilateral and decreased ipsilateral effective connectivity in the
episodic memory network compared with normal controls.
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2 Neural Plasticity

This study provided some evidence to note the overrecruit-
ment of the right anterior PFC caused dysfunction of the
strategic component of episodic memory, which caused
deteriorating episodic memory in mTBI survivors.

Z. Guo et al. (“Ipsilesional High Frequency Repeti-
tive Transcranial Magnetic Stimulation Add-On Therapy
ImprovedDiffusion Parameters of Stroke Patients withMotor
Dysfunction: A Preliminary DTI Study”) aimed to eval-
uate the effects of high frequency repetitive transcranial
magnetic stimulation (HF-rTMS) on stroke patients with
motor dysfunction and to investigate the underlying neural
mechanism. Fifteen stroke patients were assigned to the
rTMS treatment (RT) group and conventional treatment
(CT) group. RT group showed better improvement in motor
scale and enhanced diffusion metrics in the posterior limb
internal capsule, which was associated with motor functions.

S. Zhang et al. (“Alternations in Cortical Thickness and
WhiteMatter Integrity inMild-to-ModerateCommunicating
Hydrocephalic School-Aged Children Measured by Whole-
Brain Cortical Thickness Mapping and DTI”) explored the
cortical thickness and white matter integrity following mild-
to-moderate hydrocephalic in children. They found that
decreased cortical thickness in the left middle temporal
and left rostral middle frontal gyrus in these children com-
pared with normal controls, and diffusion metrics were also
decreased in the right body part of the corpus callosum.This
study provides the evidence that structural brain changes can
be used to monitor long-term outcomes and follow-up in the
mild-to-moderate hydrocephalic of children.

Finally, N. Ilves et al. (“Resting-State Functional Con-
nectivity and Cognitive Impairment in Children with Peri-
natal Stroke”) investigate the dysfunctions in the large-scale
resting-state functional networks following perinatal stroke
in children and its association with congenital hemiparesis
and neurocognitive deficits. Results indicated that there
were no differences in severity of hemiparesis between the
periventricular venous infarction (PVI) and arterial ischemic
stroke (AIS) groups. A significant increase in default mode
network connectivity (FDR0.1) and lower cognitive functions
were found in children with AIS compared to the controls
and the PVI group. The children with PVI had no significant
differences in the resting-state networks compared to the
controls and their cognitive functions were normal. They
further inferred that changes in the resting-state networks
found in children with AIS could possibly serve as the
underlying derangements of cognitive brain functions in
these children.

Great progress has been made and demonstrated the
role of functional connectivity and structural abnormalities
underlying brain injury (i.e., stroke, traumatic brain injury,
and epilepsy), while there is also unclarity about whether
these brain changes can provide a clue (as a biomarker)
to establish prognostic models, develop focused treatments,
and stratify patients for interventional trials. U. Horn et
al. (“MRI-Biomarkers for Hand-Motor Outcome Prediction
and Therapy-Monitoring following Stroke”) conducted a
comprehensive review about MRI-biomarkers on the evalua-
tion of corticospinal integrity and functional recruitment of
motor resources. Compared with the functional connectivity

parameters, corticospinal integrity evaluation using struc-
tural imaging showed robust and high predictive power for
patients with different levels of impairment.They further sug-
gested a combination of different measures in an algorithm
to classify fine-graded subgroups of patients, because the
best therapy approaches will become feasible as the subgroup
become more specified.

This special issue provides promising evidence to elu-
cidating neural plasticity associated with a wide range of
brain injuries. These articles may enhance further research
into examining whether the neuroprognosis of imaging
biomarker is beneficial to treatment selection and effective-
ness evaluation following brain injury.

Lijun Bai
Lin Ai

Kevin K. W. Wang
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Carotid artery stenosis without transient ischemic attack (TIA) or stroke is considered as “asymptomatic.” However, recent studies
have demonstrated that these asymptomatic carotid artery stenosis (aCAS) patients had cognitive impairment in tests of executive
function, psychomotor speed, and memory, indicating that “asymptomatic” carotid stenosis may not be truly asymptomatic. In
this study, when 19 aCAS patients compared with 24 healthy controls, aCAS patients showed significantly poorer performance on
global cognition, memory, and executive function. By utilizing an integrated MRI including pulsed arterial spin labeling (pASL)
MRI, Proton MR Spectroscopy (MRS), and resting-state functional MRI (R-fMRI), we also found that aCAS patients suffered
decreased cerebral blood flow (CBF) mainly in the Left Frontal Gyrus and had decreased NAA/Cr ratio in the left hippocampus
and decreased connectivity to the posterior cingulate cortex (PCC) in the anterior part of default mode network (DMN).

1. Introduction

Carotid artery stenosis without transient ischemic attack
(TIA) or stroke is considered as “asymptomatic” [1]. However,
recent studies have demonstrated that these asymptomatic
carotid artery stenosis (aCAS) patients had cognitive impair-
ment in tests of executive function, psychomotor speed, and
memory [2–4]. However, the pathophysiological mechanism
of cognition impairment in aCAS patients has not been
understood thoroughly.

In the past few years, several imaging techniques have
increasingly been used to study cognition impairment in
humans, such as pulsed arterial spin labeling (pASL) MRI,
ProtonMR Spectroscopy (MRS), and resting-state functional
MRI (R-fMRI) [5–7]. pASL MRI can be used to detect
regional cerebral blood flow (CBF) while MRS can measure
relative changes in metabolites, which had been changed at a
very early stage of cognitive impairment. R-fMRI evaluates
the temporal correlation between the spontaneous blood

oxygenation level-dependent (BOLD) fluctuations at resting-
state [8]. We tested two parameters, functional connectivity
(FC) and amplitude of low-frequency fluctuation (ALFF).
FC reflects interregional cooperation while ALFF refers to
the intensity of regional brain activity [9, 10]. Since lots of
previous studies have reported that the posterior cingulate
cortex (PCC) is one of the key nodes of default mode network
(DMN) and cognition, the region of interest (ROI) in this
study was set at this node [11, 12].

In this study, our first goal was to detect the differences in
CBF, metabolites, and intrinsic functional network connec-
tivity between aCAS patients and healthy controls. Secondly,
we tried to find whether these differences were related to the
cognition differences.

2. Methods

2.1. Participants, Inclusion Criteria, and Exclusion Criteria.
We recruited testable aCAS patients fromZhongnanHospital
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affiliated toWuhanUniversity between January 2015 and June
2016.The inclusion criteria include the following: (1) age from
55 to 80 years; (2) ICA stenotic degree ⩾ 70%; (3) right-
hand dominance; (4) being free of stroke, TIA, dementia, or
depression; (5) Modified Rankin Scale: score 0 or 1; and (6)
nomajor psychiatric disease or othermedical conditions.The
exclusion criteria were (1) contralateral internal carotid artery
stenosis ⩾ 50%; (2) posterior circulation diseases; (3) MMSE
< 26; (4) functional disability (Modified Rankin Scale ≥ 2);
(5) severe systemic diseases and neuropsychiatric diseases
(such as congestive heart failure and history of stroke); (6)
any contraindications forMR scan (e.g., metal implants); and
(7) low education level (<6 years). In the meanwhile, we
also recruited 24 age and education level matched healthy
controls. Written informed consent was obtained from all
participants. All the study procedures were approved by the
Zhongnan Hospital Review Board.

2.2. Cognition Assessments. Cognition assessments were per-
formed within 7 days of MRI scan. The MMSE and MoCA
Beijing Version were utilized to assess the global cognition.
The Digit Symbol Test required subjects to translate numbers
to symbols in a given time and correct translations within 90
seconds were recorded. The Rey Auditory Verbal Learning
Test (RAVLT) was applied to evaluate the memory and
verbal learning ability.The participant should try to recall the
words as much as he/she can remember. This procedure was
repeated five times and then followed a delayed recall after
thirty minutes. The total number of the words immediately
recalled during the first five repeats and the sum of the
delayed recall were record accordingly. In the VerbalMemory
Test, participantswere required to repeat orally presented lists
of numbers, beginning with a 2 number sequence, and each
correct performance was followed by 1 additional number. In
the forward span, participants were asked to retell the span in
forward order. In the backward span, participants were asked
to retell the span in reverse order.

2.3. Brain Imaging Collection. MRI images were acquired
using a 3.0 Tesla Siemens scanner at Zhongnan Hospital.
pASL perfusion images were collected using Q2TIPS II
technique. Scan parameters were TR = 2500ms, TE = 11ms,
FOV = 240 × 240mm2, matrix = 64 × 64, FA = 90∘, and
slice thickness = 6mm. 1HMRS chemical shift imaging (CSI)
was conducted according to the following protocol: TR =
1600ms, TE = 135ms, FOV = 160 × 160mm2, matrix = 16 ×
16, and voxel size = 10 × 10 × 16mm3. R-fMRI were acquired
using EPI sequence: Repetition Time = 2000ms, Echo Time
= 30ms, Flip Angle = 90∘, number of slices: 33, slice thickness:
3.8mm, gap: 1mm, data matrix: 64 × 64, and Field of View =
240 × 240mm2.

2.4. Image Processing

2.4.1. pASL. relCBFwere automatically generated by Siemens
workstation and then were normalized to EPI template
provided by Statistical Parametric Mapping 8 (SPM8). The
final voxel size was 3 × 3 × 3mm3. Each subject’s relCBF
map was transformed into standard MNI space using these

transformation parameters. These normalized relCBF maps
were then smoothed with 8mm FWHM isotropic Gaussian
kernel. SPM8 were then used to identify significant different
regions between two groups.

2.4.2. MRS. Since previous study had demonstrated that
abnormal level of hippocampus metabolites may mediate
cognitive performance, we selected 4–6 voxels from both
hippocampi using workstation Spectroscopy software [13].
Then the concentrations of N-acetyl-aspartate (2.02 ppm),
choline (3.22 ppm), creatine (3.02 ppm), the ratio of NAA/Cr,
and the ratio of Cho/Crweremeasured in each selected voxel.

2.4.3. R-fMRI Preprocessing. R-fMRI preprocessing was per-
formed with Data Processing Assistant for resting-state fMRI
(DPABI 2.1). The first 10 volumes were abandoned. Then,
the images were corrected for slice timing and realigned.
(Subjects with a maximum displacement in the 𝑥, 𝑦, or 𝑧
direction of more than 1mm or more than 1∘ of angular
rotation about any axis for any of the 230 volumes were
excluded from this study. No subject was excluded according
to this criterion.) Afterward, images were normalized into
standard MNI space and smoothed with 8mm FWHM
isotropic Gaussian kernel.

2.4.4. ALFF. ALFF calculation was performed with resting-
state fMRI Data Analysis Toolkit (REST 1.8). One-sample t-
test was performed using SPM8 in each group to detect the
regions with higher-than-mean ALFF. These mALFF images
were then performed for two-sample t-test to determine
between-group differences. Significant different regions were
shown onMNI templates. The two-sample t-test results were
restricted within the mask made from the results of one-
sample t-tests performed for two groups.

2.4.5. Functional Connectivity. All images were filtered with
a 0.01–0.08Hz band-pass filter to reduce the noise before FC
analysis. The ROI was located in the bilateral PCC (centered
MNI coordinates: 0, −56, 25, 𝑟 = 10mm) [14].Themean ROI
signal was counted by averaging all voxels in bilateral PCC.
The ROI time course was used to perform correlation
analysis with all other voxels in the brain. To normalize the
correlation coefficients, Fisher z-transform was then applied.
One-sample t-test was performed using SPM8 in each group
to detect the regions with significant connectivity to the PCC.
These z-FC images were then performed for two-sample
t-test to determine between-group differences. Significant
different regions were shown on MNI templates. The two-
sample t-test results were restricted within the mask made
from the results of one-sample t-tests performed for two
groups.

2.5. Statistical Analysis. We used IBM SPSS 20.0 and SPM8
to perform statistical analyses. Continuous variables were
assessed with Mann–Whitney test or two-sample t-test. Cat-
egorical variables were assessed with Chi-squared or Fisher
exact test if the expected number was ≤5. Significance was
defined as 𝑃 < 0.05. Education and age were defined as
covariates in all tests involving cognition. After the analysis
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Table 1: Basic demographics and cognitive test scores of enrolled subjects.

Characteristics Patients (𝑛 = 19) Controls (𝑛 = 24) 𝑃 value
Age (years) 68.0 ± 5.6 64.5 ± 7.3 0.08
Male : female 15 : 4 19 : 5 1.00
Education (years) 9.9 ± 3.3 10.9 ± 3.4 0.21
Hypertension 19 18 0.70
Diabetes mellitus 4 4 1.00
Hypercholesterolemia 13 12 0.64
Stenotic side

Left 7 N/A
Right 12 N/A

MMSE 26.8 ± 0.7 27.4 ± 0.7 0.02
MoCA 23.3 ± 1.2 24.2 ± 1.6 0.02
Verbal memory test

Forward digit span 5.8 ± 1.0 6.5 ± 0.9 0.04
Backward digit span 3.8 ± 0.8 4.5 ± 0.8 0.02

Rey Auditory Verbal Learning test
Immediate recall 31.0 ± 4.5 35.8 ± 5.6 <0.01
Delayed recall 4.6 ± 1.6 6.5 ± 1.1 <0.01

Digit Symbol Test 28.0 ± 4.7 31.5 ± 5.5 0.03

Table 2: CBF difference between two groups and their location.

Number of voxels Peak MNI coordinate Peak MNI coordinate region Peak 𝑇 value
𝑋 𝑌 𝑍

1 603 −24 30 −3 Left Inferior Frontal Gyrus, Brodmann area 11 −3.91

Table 3: Significant NAA/Cr difference in the left hippocampus
between two groups.

aCAS Controls 𝑃 value
NAA/Cr 1.6 ± 0.1 1.7 ± 0.1 0.02

of pASL, ALFF, and FC, regions with significant differences
between two groups were defined as ROIs; then Spearman
analysis was performed to detect the relationship between
these MRI differences and cognition scores.

3. Results

3.1. Patient Characteristics andNeuropsychological Evaluation.
We enrolled 19 aCAS patients and 24 healthy controls.
No significant difference was found in educational years,
gender ratio, age, or vascular risk factors. Compared with
the controls, aCAS patients had significantly poorer per-
formances on global cognition (represented by MMSE and
MoCA), memory (represented by Verbal Memory Test and
Rey Auditory Verbal Learning Test), and executive function
(represented by Digit Symbol Test) (Table 1).

3.2. Difference in CBF between Two Groups. aCAS patients
showed decreased CBF in the Left Inferior Frontal Gyrus

when compared with healthy controls (Table 2, Figure 1(a)).
The result was corrected using the AlphaSim program, with
a setting at 𝑃 < 0.01 and number of voxels > 489, which
corresponded to a corrected 𝑃 < 0.025.

3.3. Difference in MRS Finding between Two Groups. In the
study of MRS in both hippocampi, we only found that the
NAA/Cr in the left hippocampus had significant difference
between two groups (Table 3).

3.4. Significant ALFFDifferences between TwoGroups. Signif-
icantly decreased ALFF in the Left and Right Supra Medial
Frontal Lobes were found in aCAS patients. The aCAS
patients also showed increased ALFF in Cerebellum (Table 4
and Figure 1(b)).The result was corrected using theAlphaSim
program, with a setting at 𝑃 < 0.01 and number of voxels >
277, which corresponded to a corrected 𝑃 < 0.01.

3.5. Differences of FC to PCC between aCAS Patients
and Healthy Controls. Compared with controls, the aCAS
patients showed decreased connectivity to the PCC mainly
in the Right Supra and Medial Frontal Gyrus. No region
showing increased FC to the PCC was found (Table 5 and
Figure 1(c)). The result was corrected using the AlphaSim
program, with a setting at 𝑃 < 0.01 and number of voxels
> 203, which corresponded to a corrected 𝑃 < 0.025.
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Figure 1: CBF, ALFF, and FC differences between two groups. (a) CBF differences between two groups. (b) Differences of ALFF between two
groups. (c) FC differences between aCAS patients and controls. The color bar in (a), (b), and (c) represents 𝑡 values.
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Table 4: Significant ALFF differences between two groups with their location.

Number of voxels Peak MNI coordinate Peak MNI coordinate region Peak 𝑇 value
𝑋 𝑌 𝑍

1 708 0 −57 −24 Cerebellum 5.23
2 356 0 39 36 Left and Right Supra Medial Frontal Lobes −6.67

Table 5: Significant connectivity differences to the PCC between two groups with their location.

Number of voxels Peak MNI coordinate Peak MNI coordinate region Peak 𝑇 value
𝑋 𝑌 𝑍

1 286 9 57 15 Frontal Medial R −4.20
2 220 15 42 39 Frontal Sup R −4.00

3.6. Relationship between Imaging Findings and Cognition
Scores. No significant correlation between MRI findings and
cognition scores was found (𝑃 > 0.05 for all).

4. Discussion

Consistent with previous studies [2, 4], we found that aCAS
patients had significantly poorer performances on global
cognition (represented byMMSE andMoCA), memory (rep-
resented by Verbal Memory Test and Rey Auditory Verbal
Learning Test), and executive function (represented by Digit
Symbol Test) when compared with the controls. Therefore,
aCAS patients should be no longer considered as “asymp-
tomatic.” Results from the integratedMRI study couldmainly
be divided into three parts. Firstly, aCAS patients suffered
from decreased CBF mainly in the Left Frontal Lobe when
compared with healthy controls. Secondly, aCAS patients
had lower NAA/Cr ratio in the left hippocampus. Thirdly,
aCAS patients had both decreased ALFF and decreased
connectivity to the PCC in the Right Supra and Medial
Frontal Gyrus.

This study also showed the adverse effect of decreased
cerebral blood flow on cognition. Cerebral hypoperfusion is
one of the most important pathophysiological mechanisms
of vascular cognitive impairment in vascular diseases [15,
16]. Abnormality of neuron electric activities and protein
synthesis can partly explain the correlation between cerebral
hypoperfusion and cognition impairment. What is more,
reduced CBF was mainly located in the Left Frontal Lobe,
which consists of key regions thatmediate cognitive function.

NAA is an exclusive amino acid in neuron, and the level
of NAA can reflect the neuronal viability [17]. The level of
Cho has been found to be related to membrane synthesis
and degeneration [18]. Abnormality of these signals had
been demonstrated in a number of central nervous system
diseases [19, 20]. Similar to our previous study [13], we
found that aCAS patients had lower NAA/Cr ratio in the left
hippocampus.

In recent years, an increasing number of studies have
demonstrated that cognitive function performance are not
dependent on individual brain region, but dependent on
regions, thereby forming networks [21]. A number of studies

have already demonstrated this in patients with neurodegen-
erative diseases [22, 23]. Among these networks, the default
mode network (DMN) has been increasing as noticed in
recent years [24]. As demonstrated by functional MRI and
PET studies, the most common DMN components are the
posterior cingulate cortex, the medial prefrontal cortex, the
anterior cingulate cortex, the inferior parietal lobule, and
other regions [11, 14]. Although the precise functions of
DMN remain largely unclear, studies have shown that it plays
an important role in cognition and self-monitoring [25].
Another reason why we selected DMN for analysis was that
previous studies have demonstrated that DMN is especially
easily affected by hypoperfusion [26].

Of the indexes utilized in R-fMRI, ALFF is a useful
index to reflect spontaneous neuronal activity [27–30]. We
found that aCAS patients showed decreased ALFF in the
Left and Right Supra Medial Frontal Gyrus when compared
with healthy controls, which belong to the anterior part of
DMN. Since the anterior part of DMN is especially associated
with executive function, the cognitive disturbances of aCAS
patients could be partly due to the decreased activities of these
regions [31–33]. Increased ALFF in the Cerebellum was also
found in aCAS patients, and we speculate that the increased
ALFF in these regions might reflect compensation due to the
low perfusion damage.

We also compared the FC to the PCC between two
groups and found that the aCAS patients showed decreased
connectivity mainly in the Right Supra and Medial Frontal
Gyrus when compared with healthy controls. There was no
region that showed increased connectivity to the PCC. The
decreased regions were also overlapped with the anterior part
of the DMN. Therefore, the cognitive impairment could also
be partially attributed to the decreased FC to the PCC in the
anterior part ofDMN, althoughno significant correlationwas
found.

Our study had limitations that required discussion.
Firstly, the sample size was relatively small. Secondly, the
cerebral hemisphere of the stenosis side often exhibits greater
brain atrophy. In that situation, the proportion of cere-
brospinal fluid occupying the ROI for metabolites measure-
ment is higher, thereby reducing the accuracy [34]. Thirdly,
the cerebral metabolism was obtained using multivoxel
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method, while single-voxel method could provide more
accuratemeasurement [35]. In addition, future studies should
also examine the influence of silent infarcts and microbleeds
on cognition, as they also affect CBF and subsequent neu-
rocognitive outcomes.

In summary, the aCAS patients showed significantly
poorer performance on global cognition, memory, and exec-
utive function. By utilizing this integratedMRI, we also found
that aCAS patients suffered decreased CBFmainly in the Left
Frontal Gyrus and had decreased NAA/Cr ratio in the left
hippocampus and decreased connectivity to the PCC in the
anterior part of DMN.
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Follow-up observation is required for mild-to-moderate hydrocephalic patients because of the potential damage to brain. However,
effects of mild-to-moderate hydrocephalus on gray and white matter remain unclear in vivo. Using structural MRI and diffusion
tensor imaging (DTI), current study compared the cortical thickness and white matter integrity between children with mild-to-
moderate communicating hydrocephalus and healthy controls. The relationships between cortical changes and intelligence quota
were also examined in patients.We found that cortical thickness in the leftmiddle temporal and left rostralmiddle frontal gyrus was
significantly lower in the hydrocephalus group compared with that of controls. Fractional anisotropy in the right corpus callosum
body was significantly lower in the hydrocephalus group compared with that of controls. In addition, there was no association of
cortical thinning or white matter fractional anisotropy with intelligence quota in either group. Thus, our findings provide clues to
that mild-to-moderate hydrocephalus could lead to structural brain deficits especially in the middle temporal and middle frontal
gyrus prior to the behavior changes.

1. Introduction

Hydrocephalus is a pathologic condition in which excessive
cerebrospinal fluid (CSF) accumulates in the ventricular sys-
tem because of obstruction along CSF pathways or an imbal-
ance between CSF production and reabsorption [1, 2]. The
enlarged ventricles and associated increase in intracranial
pressure can cause damage to various brain regions, including
the gray matter (GM) and white matter (WM). Surgical
treatment is presently the main therapeutic option for severe
hydrocephalus. However, follow-up observation is required
for mild-to-moderate hydrocephalic patients because of risk
of operation [3, 4].

Although conventional MRI techniques, including T1
weighted image (T1WI) or T2 weighted image (T2WI),

can detect major structural abnormalities, they cannot
detect more subtle GM and WM abnormalities, such as
cortical thickness and ultrastructural changes, in hydro-
cephalic patients during follow-up observation. By contrast,
3-dimensional fast spoiled gradient-recalled sequence can
provide high-resolution T1WI data that allowed us to observe
and measure cortical thickness. DTI provides quantitative
information on anisotropic diffusion properties in WM and
has been used to investigate WM damage and recovery in
various neurologic and pathologic disorders [5–8]. Changes
of cortical thickness were reported in a variety of diseases
[9–11]. Severe hydrocephalus also leads to compression of
the cerebral cortex, with reduction of overall brain mass and
cortical thickness, particularly in the parietal and occipital
regions [12–14]. In animal studies, an increasing degree

Hindawi Publishing Corporation
Neural Plasticity
Volume 2017, Article ID 5167973, 6 pages
http://dx.doi.org/10.1155/2017/5167973

http://dx.doi.org/10.1155/2017/5167973


2 Neural Plasticity

of ventriculomegaly is associated with more marked thin-
ning of the cerebral cortex [15]. However, to our knowl-
edge, there are very few studies examining both GM and
WM abnormalities in school-aged children with mild-to-
moderate hydrocephalus, which is important because mild-
to-moderate hydrocephalus may have a negative impact on
children and reduce their quality of life in the future.

In the present study, we performed MRI studies on
school-aged childrenwithmild-to-moderate communicating
hydrocephalus to identify regional changes of cortical thick-
ness and WM fractional anisotropy (FA) and assessed the
correlation between cortical changes and intelligence quota
(IQ).

2. Materials and Methods

2.1. Subjects. This study included 15 treatment-naive patients
with communicating hydrocephalic (mean age = 9.76 ± 1.80
years; duration of illness = 1.77 ± 0.68 years; sex ratio = 6
female/9 male). All hydrocephalus subjects were recruited
from patients who visited The Second Affiliated Hospital of
Wenzhou Medical University from December 2013 to June
2015. The inclusion criteria were (1) age between 6 and14
years, (2) IQ within the normal range, (3) no evidence of
obstruction in CSF flow and no GRASSMRI finding of other
diseases, (4) Evan’s index between 0.33 and 0.50, (5) duration
of illness more than 1 year, (6) no history of other intracranial
or other related diseases (e.g., meningitis, head trauma,
epilepsy, nephritic, congenital heart disease, and diabetes
mellitus), (7) right-handed, and (8) no claustrophobia [3,
4]. The control group consisted of 20 healthy comparison
subjects with age (9.50 ± 1.96 years), gender (8 female/12
male), IQ, family condition, and education level matched
with patient group. Healthy control subjects were recruited
through poster advertisements. Demographic and IQdata are
summarized in Table 1. Informed consent was obtained from
all subjects and their guardian for study participation.

2.2. Intelligence Assessments. TheWechsler Intelligence Scale
for Children-Chinese Revised, which demonstrates high
reliability and validity, was used to assess general intellectual
ability of all subjects and the linguistic IQ and performance
IQ, and senior medical staff that majored on intelligence
assessment calculated full scale IQ.

2.3. Imaging Data Acquisition. MRI data were obtained on a
3.0 Tesla system (GE Signa HDxt) with an 8-channel phase
array head coil. High-resolution T1WI was acquired with
a volumetric 3-dimensional fast spoiled gradient-recalled
sequence (slice thickness = 1.0mm, slice gap = 0.5mm, TR
= 9ms, TE = 4ms, FOV = 240 × 240mm2, matrix = 256
× 256, and in-plane resolution = 0.94 × 0.94mm2). DTI
images were acquired with a diffusion-weighted spin-echo
sequence (slice thickness = 4.0mm, TR = 8000ms, TE =
90ms, FOV = 240 × 240mm2, matrix = 128 × 128, in-plane
resolution = 1.88 × 1.88mm2, and flip angle = 90∘; diffusion
weighting was applied with a b value = 1000 s/mm2 along 36

Table 1: Demographics and IQ of two groups.

Hydrocephalus
group

(𝑁 = 15)

Control
group

(𝑁 = 20)
𝑃 value

Gender 0.73
Male 9 12
Female 6 8

Age (years) 9.67 ± 1.80 9.50 ± 1.96 0.80
Duration of
illness (years) 1.77 ± 0.68 — —

Evan’s index 0.35 ± 0.02 0.26 ± 0.01 <0.01
Linguistic IQ 91.47 ± 19.37 87.50 ± 8.68 0.47
Performance IQ 96.13 ± 13.93 92.60 ± 12.38 0.43
Full scale IQ 93.00 ± 17.33 88.90 ± 9.59 0.42
The data were presented as mean ± SD.

independent nonlinear orientations, and 1 additional image
with no diffusion weighting was acquired).

2.4. Imaging Processing. High-resolution T1WI analysis was
performed using the FreeSurfer package (http://surfer.nmr
.mgh.harvard.edu/). Cortical thickness was measured as the
difference between the position of equivalent vertices in the
pial and GM/WM surfaces, by utilizing both intensity and
continuity information from the entire 3-dimensional MR
volume in the segmentation and deformation procedures.
The reliability of the method was previously validated against
histological analysis on postmortem brains and manual
measurements, and the test-retest reliability is high [16–19].
Briefly, the main steps included motion correction using
FSL FLIRT and automated registration to Talairach space,
segmentation of the subcortical GM and WM structures,
intensity normalization and removal of nonbrain voxels,
and tessellation of GM and WM boundaries and automated
topology correction and surface deformation to optimally
place the GM/WM and GM/CSF borders defined at the
location with the greatest shift in signal intensity [16, 20–24].
Following registration of all subjects’ cortical reconstructions
to a common average surface, the surface maps were inter-
polated and analyzed. This procedure is capable of detecting
submillimeter differences between groups [16].

DTI image processing was performed using the FSL
package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Data were in-
spected for movement artifacts using FSL-MCFLIRT (<1∘
rotation and <1mm translation) and then corrected for eddy
current-induced distortions. Brain extraction and calculation
of diffusion parameter maps were performed using FSL. FA
maps for each participant were registered into a standard
brain template (FMRIB58 FA, part of the FSL suite) using
the nonlinear spatial transformation tool FNIRT. A mean
FA image was then compiled by averaging aligned FA maps
from each participant. To generate a mean FA skeleton
representing the centers of all tracts common to the group,
themap thresholdwas then set for voxels showing FAvalues≥
0.2. Aligned FAmaps for each participantwere projected onto
the standard skeletonized FA image (FMRIB58 FA-skeleton,

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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Table 2: Changes in cortical thickness in hydrocephalus patients.

Region size (mm2) Cortical thickness (mm) Talairach coordinate
Hydrocephalus group Control group Tal𝑋 Tal𝑌 Tal𝑍

Left rostral middle frontal 1402.96 2.88 ± 0.26 2.92 ± 0.18 −34.6 48.2 6.3
Left middle temporal 1122.09 2.37 ± 0.22 2.44 ± 0.25 −61.5 −40.8 −3.2
The data were presented as mean ± SD.

Table 3: Changes in FA values in hydrocephalus patients.

Region size (voxels) FA MNI coordinate
Hydrocephalus group Control group 𝑋 𝑌 𝑍

Right corpus Callosum body 836 0.51 ± 0.07 0.63 ± 0.09 11 −11 31
The data were presented as mean ± SD. FA: fractional anisotropy. MNI: Montreal Neurological Institute.

packaged in FSL) by searching the area around the skeleton in
the direction perpendicular to each tract, finding the highest
local FA value, and assigning this value to the skeleton [25].

2.5. Statistical Analysis. In the graphical interface of
FreeSurfer (QDEC [Query, Design, Estimate, Contrast]),
structural parameters were smoothed with full width at half
maximum at 10mm, mesh surface-base, and concomitant
variable of age. Cortical thickness was compared between
the two groups, corrected using the Monte Carlo simulation
(corrected threshold = 1.3, 𝑃 < 0.05), to find regions with
significant group differences.

Using tract based spatial statistics tools, voxelwise spatial
statistical analysis comparing the hydrocephalus and control
groupswas performedusing the “randomize” programwithin
FSL, which involves permutation testing [26]. The mean FA
skeleton was used as a mask (threshold at a mean FA value
of 0.2), and the number of permutations was set to 5000.
Thresholding was performed using threshold-free cluster
enhancement, a new method for finding significant clusters
in MRI data without having to define them as binary units
[27]. Clusters were assessed for multiple comparisons using
the familywise error rate (𝑃 < 0.05).

To evaluate the relationship between cortical changes
and IQ, we extracted the mean value of cortical thickness
of regions with significant intergroup differences. A 2-
sample t-test was performed to compare age and IQ of
the hydrocephalus and control groups, while Chi-square
test was performed to compare gender ratio (SPSS v19.0
software). Bivariate correlations were performed between
cortical thickness, FA changes, and IQ for each group.

3. Results

3.1. Group Differences in Demographics. There were no sig-
nificant differences in age (𝑃 = 0.80) or gender composition
(𝑃 = 0.73) between the hydrocephalus and control groups
(Table 1).

3.2. Group Differences in Cortical Thickness. Compared with
the control group, hydrocephalus patients had a lower cor-
tical thickness in the left middle temporal gyrus (area =

L R

−5.00 −2.50 0.00 5.002.50
T

Figure 1: Differences in cortical thickness between hydrocephalus
group and control group. Significance was determined by Monte
Carlo simulation. Less cortical thickness in hydrocephalus group
than in control group is indicated by blue/cool color. 𝑃 < 0.05. L:
left hemisphere. R: right hemisphere.

1122.09mm2; Talairach coordinates = −61.5, −40.8, −3.2; 𝑃 <
0.05; andmean thickness = 2.37±0.22 [hydrocephalus group]
and 2.44±0.25 [control group]) and in the left rostral middle
frontal gyrus (area = 1402.96mm2; Talairach coordinates =
−34.6, 48.2, 6.3; 𝑃 < 0.05; and mean thickness = 2.88 ± 0.26
[hydrocephalus group] and 2.92±0.18 [control group]).There
were no brain regions with increased cortical thickness in
hydrocephalus patients (Figure 1, Table 2).

3.3. Group Differences in FA. Compared with the control
group, hydrocephalus patients had a lower FA in the right
corpus callosum body (region size = 836 voxels; MNI coor-
dinates = 11, −11, 31; 𝑃 < 0.05; and mean FA = 0.51 ± 0.07
[hydrocephalus group] and 0.63±0.09 [control group]).There
were no brain regions with increased FA in hydrocephalus
patients (Figure 2, Table 3).

3.4. Cortical and FA Changes with IQ. In the control group,
there were a trend towards a decrease in cortical thickness
in the left middle temporal gyrus with increasing linguistic
IQ and full scale IQ and a trend towards an increase in
cortical thickness in other regions with increasing linguistic
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RR L L

Figure 2: Differences in FA values between hydrocephalus group and control group. Significance was determined by t-test. Less FA values in
hydrocephalus group than in control group are indicated by red/warm color. 𝑃 < 0.05. L: left hemisphere. R: right hemisphere.

Table 4: Relationship between mean cortical thickness of the left
middle temporal and IQ.

Hydrocephalus group Control group
𝑟a 𝑝 𝑟 𝑝

Linguistic IQ 0.368 0.177 −0.235 0.319
Performance IQ 0.051 0.858 0.046 0.849
Full scale IQ 0.255 0.359 −0.098 0.680
a
+: increase. −: decrease.

Table 5: Relationship between mean cortical thickness of the left
rostral middle frontal and IQ.

Hydrocephalus group Control group
𝑟a 𝑝 𝑟 𝑝

Linguistic IQ 0.360 0.188 0.030 0.900
Performance IQ 0.268 0.334 0.256 0.276
Full scale IQ 0.330 0.230 0.160 0.501
a
+: increase. −: decrease.

IQ, performance IQ, and full scale IQ. In both the control
and the hydrocephalus groups, there were a trend towards an
increase in cortical thickness in the left rostral middle frontal
gyrus with increasing linguistic IQ, performance IQ, and full
scale IQ and a trend towards a decrease in FA in the right
corpus callosum body with increasing linguistic IQ. Further,
in the hydrocephalus group, there was a trend towards a
decrease in full scale IQ. By contrast, there was no association
of cortical thinning or decreased FA with IQ in either group
(Tables 4–6).

4. Discussion

Unlike the widespread cortical deficits of the whole brain
in patients with severe hydrocephalus, school-aged chil-
dren with mild-to-moderate communicating hydrocephalus
showed significant cortical thinning in the leftmiddle tempo-
ral gyrus and left rostral middle frontal gyrus and decreased
FA in the right corpus callosum body, though the two groups

Table 6: Relationship between mean FA of the right corpus
callosum body and IQ.

Hydrocephalus group Control group
𝑟a 𝑝 𝑟 𝑝

Linguistic IQ −0.230 0.409 −0.049 0.838
Performance IQ 0.054 0.847 0.235 0.318
Full scale IQ −0.137 0.627 0.124 0.603
a
+: increase. −: decrease.

showed no difference of IQ. Furthermore, there was no
correlation between the mean cortical thickness nor the FA
and IQ in either group. These findings suggest that the gray
matter of left temporal and frontal lobe and white matter
of corpus callosum are the most vulnerable regions in chil-
dren with mild-to-moderate communicating hydrocephalus,
which may happen before the behavior changes.

Widespread cortical thinning was previously reported in
animal models and children with severe hydrocephalus [13,
15, 28, 29].This is consistentwith the pathology studies, which
revealed moderate-to-severe neuronal swelling of the whole
brain in hydrocephalus patients, with marked enlargement
of the extracellular space in the adjacent neuropil, synaptic
plasticity and degeneration, damage tomyelinated axons, and
myelination delay. Astrocytes also display evidence of edema
and phagocytic activity [29, 30]. These pathological changes
in the cerebral cortex of human hydrocephalus patients are
considered to result from an initialmechanical injury because
of the high CSF pressure, followed by secondary changes
associated with increased interstitial edema, ischemia, and
oxidative stress [31]. However, the evidences for the gay and
matter changes in children with mild-to-moderate commu-
nicating hydrocephalus are rare. Our findings in vivo showed
that the regional decreased gray matter does happen in the
left temporal and frontal lobe.

The decreased FA in the right corpus callosum body
of infants and children with severe hydrocephalus was also
reported in previous studies [32–37]. DTI studies in acute
hydrocephalus patients revealed increased FA in the WM
areas lateral to the ventricles, which recovered after surgery,
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suggesting white matter compression as the possible cause
of this observed change, and decreased FA in the corpus
callosum, with no changes after surgery, suggesting that
the corpus callosum may be easier to undergo neuronal
degeneration [32]. In addition, infants with hydrocephalus
showed significantly lower FA in the corpus callosum, but
not in the internal capsule [33]. Pathological studies on the
corpus callosum in acute and chronic hydrocephalus patients
suggest a potential causative role of neuronal degeneration
during hydrocephalus [36, 37]. Current studies provided
further evidences in vivo that the white matter deficits were
prominent in the right corpus callosum body. Compared to
the previous studies in patients with severe hydrocephalus,
our research focused on mild-to-moderate communicating
hydrocephalic children who had shorter duration and lower-
level hydrocephalus than those of previous studies [13, 15, 28,
29, 32–37].These findings suggest that the corpus callosum is
the most vulnerable white matter tract under hydrocephalus,
which happens early in the course of the illness.

We acknowledge several potential limitations of our
study. First, our results were derived from a limited number
of participants, which may have had an adverse effect on the
power of statistical analysis. Second, a confounding factor is
the relationship between age of onset and disease duration,
which is difficult to resolve in a cross-sectional design. Thus,
further longitudinal studies with more patients are required
to confirm the changes in cortical thickness and WM ultra-
structure in children with mild-to-moderate communicating
hydrocephalus. A third limitation is that theWechsler Intelli-
gence Scale for Children-Chinese Revised is a basic and very
ordinary intelligence scale for children, which may be the
reason why no association of cortical thinning and decreased
FA with IQ was found. Therefore, more detailed intelligence
scales may be required to detect specific differences. In
addition, we use Evan’s index instead of cerebrospinal fluid
pressure as crucial indicator for noninvasiveness. However,
the accuracy of Evan’s index is still not very ideal and more
reference indexes will be helpful for noninvasive indicators
[3].Meanwhile, our study lacked functionalMRI information
and behavior assessments, which needs to be studied further.

5. Conclusions

By studying the school-aged children with mild-to-moderate
communicating hydrocephalus, our findings provide evi-
dences that the gray matter of left temporal and frontal lobe
and white matter of corpus callosum are the most vulnerable
regions in mild-to-moderate hydrocephalus, which happens
even before the behavior changes.Thus, structural analysis by
MRI can be used to monitor long-term outcomes and follow-
up observation in mild-to-moderate hydrocephalic patients.
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Traumatic brain injuries (TBIs) are generally recognized to affect episodic memory. However, less is known regarding how
external force altered the way functionally connected brain structures of the episodic memory system interact. To address this
issue, we adopted an effective connectivity based analysis, namely, multivariate Granger causality approach, to explore causal
interactions within the brain network of interest. Results presented that TBI induced increased bilateral and decreased ipsilateral
effective connectivity in the episodic memory network in comparison with that of normal controls. Moreover, the left anterior
superior temporal gyrus (aSTG, the concept forming hub), left hippocampus (the personal experience binding hub), and left
parahippocampal gyrus (the contextual association hub) were no longer network hubs in TBI survivors, who compensated for
hippocampal deficits by relying more on the right hippocampus (underlying perceptual memory) and the right medial frontal
gyrus (MeFG) in the anterior prefrontal cortex (PFC). We postulated that the overrecruitment of the right anterior PFC caused
dysfunction of the strategic component of episodic memory, which caused deteriorating episodic memory in mTBI survivors. Our
findings also suggested that the pattern of brain network changes in TBI survivors presented similar functional consequences to
normal aging.

1. Introduction

Traumatic brain injury (TBI) is a heterogeneous phe-
nomenon with a variety of external force causes, severi-
ties, and anatomical injuries. The most common causes of
TBI include falls, sports-related injuries, and motor vehicle
accidents. TBI severity ranges from mild to severe with
brain functional deficits for survivors manifesting across
motor, sensory, cognitive, psychological, and socioemotional
domains.

The temporal lobes are the most vulnerable areas to acute
injury in TBI, in part related to their location near the base
of the skull and the free edge of the tentorium [1–3]. Hip-
pocampal atrophy in TBI, which has been demonstrated to be
related to injury severity [4], is likely to reflect an aggregated

effects of trauma-induced cellular loss that develops over
time. Protracted neuronal loss of the hippocampus has been
well documented in human postmortem studies [5] and in
an extensive experimental animal literature that records cell
loss [6–8]. Longitudinal studies showed that hippocampal
volumes will decline over a prolonged period from 1 week
(largest decline) to 2.5 years [9, 10].

The hippocampus is critical for episodic memory [11, 12],
which contains personally experienced events situated in
subjective time and space [13]. It has been proposed that both
remembering past and imagining novel scenarios rely on
an intact hippocampus as the physiologic basis for memory
formation and consolidation in a coherent scene [14]. Recent
evidence suggests that amnesic patients with hippocampal
damage have difficulty not only projecting back in time to
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mentally simulate the past (retrospection), but also projecting
forward in time tomentally simulate novel and specific future
scenarios (prospection) [15, 16]. It has also been documented
that some TBI survivors seem to live in a timeless world, in a
sort of perpetual present experiencing difficulties in traveling
back and forward into subjective time [17]. For example, TBI
survivors may fail to recall specific events from the personal
past [18, 19], may be incompetent in conscious recollection of
personal events [19, 20], and may present disturbances in the
ability to imagine future (episodic future thinking) [21]. It was
putative that the prolonged hippocampal damagemay impair
the episodicmemory system inTBI survivors.However, there
was no quantitative MRI study examining how deteriorating
structural abnormality of the hippocampus affected episodic
memory network in TBI survivors. It prompted us to examine
brain connectivity changes of the hippocampus-dependent
network in TBI.

Brain connectivity is now being explored by depicting
neuronal coupling between brain regions through vari-
ous techniques [22–24], among which resting state fMRI
(rsfMRI) analysis not only has the noninvasive advantage
but also possesses additional gains: resting state networks
(RSNs) are highly organized in space, reproducible from
subject to subject, and allow the search for significant
baseline fluctuations to obtain task-free functional network
information [25]. To examine cognitive changes specifically,
we highlighted how responses in individual brain regions
can be effectively combined through functional connectiv-
ity. Effective connectivity quantifies directed relationships
between brain regions and controls for confounds that limit
functional connectivity—features that facilitate insight into
functional integration [26]. It overcomes important pitfalls of
functional connectivity that limit our understanding of neu-
ronal coupling, such as involvement of functional connection
of other cognitive processes, observational noise, or neuronal
fluctuations [27]. One popular approach to make effective
connectivity analysis is Granger causality analysis (GCA).
Coefficient-based GCA is a directed functional connectivity
method [28]. It uses multivariate autoregressive models of
time series data to illustrate the amount of variance in one
region explained by the signal history in another region and
quantifies the magnitude and direction of influence of one
region time series on another [29]. By examining altered
effective interaction in TBI survivors’ episodic memory net-
work, we sought to enrich its neural connectivity pathology
which is of high importance for accurate diagnosis and early
intervention.

The current study planned to focus on mild traumatic
brain injury (mTBI) survivors. mTBI is most popular, as it
accounts for the overwhelming majority of the head-injured
population treated in emergency departments [30]. A recent
WHO systematic review suggests that the annual incidence
of mild TBI is probably over 600/100,000 [31]. Moreover,
moderate and severe TBI consumes most resources per
individual, yet mTBI’s magnitude and societal ramifications
are often underestimated [31]. With the label of “mild,”
patients do not seek medical attention, are not systematically
assessed, or are lost to medical follow-up [32]. However,
many of these injuries may result in long-term difficulties.

It has been estimated that 40–80% of mTBI survivors expe-
rience postconcussive syndrome, a constellation of physical,
cognitive, and behavioral difficulties [33] that may persist
up to 2 years after TBI [34]. Along with the significant
number of mTBI, these negative outcomes underline the
value of accurate identification and adequate management
[35]. Further, according to a cohort study with standardized
tests of language skills, severe TBI group displayed greater
improvement in scores from the acute period to 12 months
after TBI. However, scores for the mild-moderate TBI groups
remained quite stable over time [36]. To keep subjects more
homogeneous and reduce intersubject variabilities, we only
focused on patients over 3 months to 14 months after TBI.

2. Methods

2.1. Participants. Two groups of participants were included
in this study. The TBI group was composed of 19 patients
(16 males, mean age 38.21 ± 13.42 years) with mild TBI.
Screening for mild TBI was based on the World Health
Organization’s Collaborating Center for Neurotrauma Task
Force. Inclusion criteria were (i) conscious survivors at the
time of testing; (ii) a favorable outcome (Glasgow Coma
Score of 13–15) according to Glasgow outcome scale (GOS);
(iii) loss of consciousness (if present) < 30min, posttrau-
matic amnesia (if present) < 24 h, and/or other transient
neurological abnormalities such as focal signs, seizure, and
intracranial lesion not requiring surgery; (iv) an age range
of 19–61 years at the time of injury. Exclusion criteria for
participants included documented history of neurological
disease or long-standing psychiatric condition, preexisting
speech and language disorders, drug or alcohol abuse, head
injury, and neurological conditions such as brain tumor,
stroke, dementia, and Parkinson’s. The present study reports
data from the 3- and 14-month postinjury assessments. The
adult normal control (NC) group consisted of 19 age- and
sociocultural level (indexed by the number of years of edu-
cation) matched healthy controls (13 males, mean age 36.58±
7.86 years). All subjects gave written, informed consent after
the experimental procedures had been fully explained, and all
research procedures were approved by the Ethical Committee
of the First Affiliated Hospital of Medical College of Xi’an
Jiaotong University and conducted in accordance with the
Declaration of Helsinki.

2.2. Data Acquisition. The MRI scans were acquired with a
1.5 T MRI scanner (Siemens). A custom-built head holder
was used to prevent head movements. Alertness during the
scan was confirmed immediately afterward. The MRI proto-
col involved the high-resolution T1-weighted 3D MPRAGE
sequence (echo time (TE) = 2.8ms, repetition time (TR) =
1900ms, inversion time (TI) = 1000ms, flip angle = 8∘, slice
thickness = 1mm, field of view (FOV) = 256mm × 256mm,
and matrix size = 256 × 256), and the single-shot, gradient-
recalled echo planar imaging (EPI) sequence with 30 slices
covering the whole brain (TR = 2000ms, TE = 24ms, flip
angle = 90∘, FOV = 224mm × 224mm,matrix size = 64 × 64,
and voxel size = 3.5mm × 3.5mm × 4.0mm). Standard T1,
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T2, and susceptibility weighted imaging for each patient were
examined by two independent neurologists to classify the
presence of microbleeds and structural contusion within the
clinical group. The scanning datasets were validated visually,
and scans were discarded if they did not meet quality control
(QC) standards (e.g., regarding artifacts, noise, excessive
motion, and missing data). Participants were instructed to
stay awake with eyes closed.

2.3. Data Processing. Firstly, we adopted functional connec-
tivity analysis to examine brain function and cooperation
at a network level by identifying regions that makes up the
network of interest. It reflects the degree of signal synchrony
between anatomically distant brain regions during resting
state. Secondly, we employed multivariate Granger causality
analysis (GCA) to quantify the magnitude and direction of
influence between network components determined by the
functional connectivity analysis step [37].

We used the FMRIB (Oxford Centre for Functional
MRI of the Brain, UK) Software Library (FSL) version 6.0
(https://www.fmrib.ox.ac.uk/fsl/) to preprocess raw data and
the MATLAB package named REST (resting state fMRI
data analysis Toolkit) to make functional connectivity (FC)
analysis [38]. The first ten volumes of each functional time
course were discarded to allow for steady state stabilization of
BOLD fMRI signals. Then, we preprocessed all images firstly
through motion correction with MCFLIRT [39] to calculate
six head movement parameters, making sure that no partic-
ipant had head motion with more than 2.0mm maximum
displacement in any direction or 2.0∘ of any angular motion
throughout the course of the scan. Slice timing correction
was based on the slice acquisition parameters (slicetimer,
FSL), and spatial normalization registered each participant’s
functional MRI data to its structural MRI data by using Data
ProcessingAssistant for Resting State fMRI (DPARSF), which
were then applied to the standard space image MNI-152 atlas
(Montreal Neurological Institute, Montreal, QC, Canada)
using a 12 parameter affine registration and high-resolution
imaging of each subject using 6 parameter affine registrations.
REST was then used for linear trend removal and temporal
band-pass filtering (0.01, 0.08Hz) to remove low and high-
frequency signal fluctuations. The preprocessed data were
spatially smoothed by a Gaussian kernel of 6mm FWHM
(full width at half maximum).

It has been claimed that the left hippocampus represents
sequential aspects of episodic experiences and temporal
aspects of autobiographical memory, whereas the right hip-
pocampus in humans plays a greater role in spatial processing
[40, 41]. The left hippocampus was therefore identified as the
seed region of interest (ROI). Our functional connectivity
analysis was based on anAAL atlas threshold. For each partic-
ipant, the mean time course within this ROI was used as the
reference time course. A seed functional connectivity analysis
was then performed in a whole brain voxel-wise manner
with the averaged time courses of the left hippocampus, the
white matter, the CSF, and the six head motion parameters
as covariates (REST). Individual r-maps were normalized
to Z-maps by using Fisher’s Z transformation. All Fisher’s

Z-maps were entered into a two-sided one-sample 𝑡-test to
detect regions showing significant functional connectivity
with the left hippocampus. Between-group FC differences
were determined by two-sample 𝑡-test detecting the regions
showing significantly different FC strength with the left
hippocampus.

The whole brain hippocampal network results are
reported at 𝑝 < 0.05 (FDR corrected) and with cluster > 10
voxels. The statistics were color-coded and mapped in MNI
space, while brain regions were estimated from Talairach
and Tournoux after adjustments for differences betweenMNI
and Talariach coordinates with a nonlinear transform. ROIs
for further multivariate Granger causality analysis (mGCA)
were defined as regions that showed significant functional
connectivity with the left hippocampus in the episodic
memory network in healthy controls.

TheGranger causality is an optimal candidate for its data-
driven nature and is widely used in fMRI studies [42]. The
entire time series of BOLD signal intensities from ROIs,
averaged across voxels within each ROI among subjects of
the same group, were normalized to form a single vector per
ROI. The mGCA uses directed transfer function (DTF) [43],
computed from a multivariate autoregressive model of the
time series in the selected ROIs. In this study, we also adopted
the weighted DTF with partial coherence to emphasize direct
connections and inhibit mediated influences [43, 44]. To
assess the significance of path weights, a null distribution
was obtained by generating 2500 sets of surrogate data
and calculating the DTF [43, 44]. For instance, Fourier
transform was applied to each regional time series, and the
phase of the transformed signal was randomized. Inverse
Fourier transform was then applied to generate one instance
of surrogate data. Test statistics were then computed by
fitting the VAR model to the surrogate data. In addition, a
difference of influence (doi) termwas used to assess links that
showed a dominant direction of influence to limit potentially
spurious links caused by hemodynamic blurring.The doi was
compared with the null distribution for a one-tailed test of
significancewith a𝑝 value of 0.01 (FDR corrected formultiple
comparisons). The stringent threshold was chosen to avoid
potentially spurious causal links introduced by low temporal
resolution and hemodynamic blurring in the fMRI signal
[37].

The high degree nodes were considered to be hubs of
network [45].We calculated “In-degree” (number of Granger
causal afferent connections to a node) to find the central
targets of network, “Out-degree” (number of Granger causal
efferent connections from a node) to find the central sources
[46, 47], and “In +Out degree” to find network hubs. Further,
three kinds of hubs of the network were defined if the sum
of “In-degree,” “Out-degree,” or “In + Out degree” of a node
was at least 1 standard deviation (SD) greater than the average
degree of all nodes in the network respectively [48, 49].
Between-group degree difference was carried out by the two-
sample 𝑡-test analysis of the “In-degree,” “Out-degree,” and
“In+Out degree” of eachROI in each individual, respectively.
Connection density difference was determined by calculating
between-group difference about the numbers of significantly
causal interactions in each individual.

https://www.fmrib.ox.ac.uk/fsl/
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Between-group differences in the causal connectivity
graphs were determined using permutation tests to get a
data-driven nonparametric approach [50]. Permutation tests
constructed a distribution of a test statistic by freely resam-
pling the dDTF values without replacement. The key and
only assumption for permutation tests is data exchangeability
whichmeans the distributions of two group data are identical
under the null hypothesis [51]. Here, we randomly permuted
the dDTF values to two new groups. As a result, an empirical
distribution of the data sets was constructed using test
statistic values for all possible permutations. The true doi
obtainedwith the correct pairs of subjects was then compared
with the obtained distribution. Thus, 𝑝 value was calculated
by dividing the frequency of permutations presenting more
extreme test statistic value by the number of all permutations
(10000 times). We consider doi with a 𝑝 ≤ 0.05 as reliable.

3. Results

3.1. Functional Connectivity Analysis. Whole brain functional
connectivity maps for the mTBI group, healthy controls,
and their contrast results are illustrated in Figure 1 and
listed in Table 1. These maps illustrate significant functional
connectivity between the left hippocampus and a widespread
set of brain regions belonging to the episodic memory
system. In common, the hippocampal network of both
groups covered bilateral inferior frontal gyrus (IFG, BA47),
bilateral medial frontal gyrus (MeFG, BA10/11), left inferior
temporal gyrus (ITG, BA21/20), bilateral middle temporal
gyrus (MTG, BA 21/22), left fusiform gyrus (BA20/37),
bilateral parahippocampal gyrus (PHG), left anterior part
of the superior temporal gyrus (STG, BA38), the middle
portion of the left STG (BA 41/22), bilateral anterior cingulate
cortex (ACC), and left posterior cingulate cortex (PCC).
The hippocampus-dependent FC network of the mTBI group
additionally involved the bilateral posterior parts of STG
(BA39) and left supramarginal gyrus (BA40), as well as the
right ITG, right fusiform gyrus, right anterior and middle
parts of right STG, and right PCC. By contrast, functional
connectivity between the left hippocampus and the right
middle/posterior STG (BA22/41 and BA39) were significantly
stronger in mTBI survivors than in normal controls. How-
ever, functional connectivity between the left hippocampus
and other components in the hippocampal network was not
significantly stronger in normal controls than that in mTBI
survivors. We then determined regions in the hippocampus-
dependent functionally connected network in healthy con-
trols as ROIs to form a canonical network and evaluated
effective connectivity of the episodic memory network by
means of mGCA.

3.2. Effective Connectivity Analysis. A causal connectivity
graphwas constructed using the thickness of connecting lines
to indicate strengths of causal influences (see Figures 2(a) and
2(c)). For both mTBI survivors and healthy controls, causal
influences within the episodic memory network presented
strongly covarying relations (Figures 2(a) and 2(b)). Results
frommGCA analysis showed that causal interactions became

denser for the mTBI group than that of the NC group.
However, connection density between the two groups was
not significantly different from each other (𝑝 = 0.84). Causal
interaction results manifested obvious laterality effect across
two groups. For the NC group, significant causal interaction
mainly existed between ROIs in the left hemisphere. For
example, strong causal outflow originated from the left
hippocampus to left anterior STG (aSTG), from the left PHG
to left aSTG, and from the left PCC to left PHG. Besides,
bidirectional interactions in the left hemisphere between the
left hippocampus and left PHG and between the left IFG and
left MeFG were significant too. However, we also observed
two cross-hemisphere causal connectivity, such as from the
left MeFG to right MeFG, from the left aSTG to the right
IFG, and from the right PHG to left hippocampus (see
Figure 2(b)). For the mTBI group, in the contrary, significant
causal interaction mainly existed across hemispheres, mainly
flowing out from the right hemisphere. For example, strong
causal outflow originated from the right MeFG to left MeFG
and from the right hippocampus to left aSTG, as well as
bidirectional interactions between the left IFG and right
MeFG and between the left aSTG and right MTG. Also
significant interhemisphere causal connectivity originating
from the left hippocampus to left PHG and left PCC and
from the left IFG to left aSTG was detected (see Figure 2(d)).
The only overlapped causal interaction in both the mTBI and
NC groups was bidirectional connectivity between the right
hippocampus and right PHG.

Node degree analysis showed that, in healthy con-
trols, there were three hubs in the hippocampus-dependent
episodic memory network, such as the left hippocampus, left
PHG, and left aSTG. Specifically, central target hubs (flow-
in hubs) were the left MeFG, left hippocampus, and left
PHG, while the left PHG and left aSTG were the central
source hubs (flow-out hubs). In the mTBI survivors, all three
kinds of network hubs shifted from the left to the right
hemisphere. Specifically, network hubs were the right MeFG
and right hippocampus, the central target hub was the right
hippocampus, and central source hubs were the left PHG, left
aSTG, and rightMeFG. Between-group differences of the “In-
degree,” “Out-degree,” and “In + Out degree” values of each
ROI were not significantly different (𝑝 value ranging from
0.09 to 0.96).

Between-group analysis also showed increased driving
effect between nodes in bilateral structures (see Figure 3). In
detail, increased interhemisphere causal effects were found
in the interactions from the left fusiform gyrus to right IFG
(NC mean ± SD versus mTBI mean ± SD: 0.0052 ± 0.0061
versus 0.0169 ± 0.0205, 𝑝 = 0.02), from the right MTG to
left fusiform gyrus (0.0014 ± 0.0016 versus 0.0044 ± 0.0054,
𝑝 = 0.01), and from the right hippocampus to left MTG
(0.0049±0.0110 versus 0.0169±0.0230,𝑝 = 0.04) and bilateral
interaction between the right MeFG and left MTG (0.0030 ±
0.0050 versus 0.0096±0.0114,𝑝 = 0.02; 0.0031±0.0045 versus
0.0099 ± 0.0205, 𝑝 = 0.01). Increased intrahemisphere causal
connectivity was also identified from the left fusiform to the
left STG (0.0035 ± 0.0059 versus 0.0113 ± 0.0171, 𝑝 = 0.04)
and from the left MTG to left MeFG (0.0036 ± 0.0049 versus
0.0148 ± 0.0263, 𝑝 = 0.03). No decreased driving effect was
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Table 1: Functionally connected brain areas with the left hippocampus in normal controls and mTBI survivors (voxel level: 𝑝 < 0.05, FDR
corrected).

Normal controls mTBI mTBI versus normal controls
Talairach 𝑡 𝑉 Talairach 𝑡 𝑉 Talairach 𝑡 𝑉

𝑥 𝑦 𝑧 value voxels 𝑥 𝑦 𝑧 value voxels 𝑥 𝑦 𝑧 value voxels
Frontal cortex

Inferior frontal gyrus BA47

L −45 17 −11 5.00 37 −42 14 −11 5.74 82
R 24 8 −18 4.48 84 33 29 −12 8.25 123

Medial frontal gyrus BA10/11

L 0 37 −12 4.35 20 0 49 −8 6.55 103
R 3 46 −10 4.09 18 3 49 −8 6.69 65

Temporal cortex

Inferior temporal gyrus BA21/20

L −50 −50 −10 6.08 72 −56 −9 −12 5.97 135
R 36 −2 −35 5.00 73

Middle temporal gyrus BA 21/22

L −50 2 −25 5.51 300 −36 1 −33 7.35 476
R 50 2 −18 4.00 20 53 5 −10 6.24 383

Fusiform gyrus BA20/37

L −36 −10 −22 5.56 167 −36 −13 −22 8.39 246
R 42 −44 −15 6.48 182

Parahippocampal gyrus

L −24 −12 −15 26.91 518 −21 −12 −15 23.79 628
R 27 −24 −9 8.75 193 24 −1 10 11.00 477

Hippocampus
R 30 −24 −9 7.14 130 36 −9 −12 10.72 183

Superior temporal gyrus BA38

L −30 10 −31 5.72 181 −33 −1 −13 8.76 255
R 27 4 −33 8.66 284

Superior temporal gyrus BA22/41

L −42 −27 −6 4.60 34 −53 −9 −10 7.13 439
R 48 −11 3 8.14 417 62 −40 13 8.18 51

Superior temporal gyrus BA39

L −45 −52 16 5.17 37
R 48 −52 11 6.62 39 48 −52 11 6.13 17

Parietal cortex

Supramarginal gyrus BA40

L −56 −49 19 4.60 13
R
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Table 1: Continued.

Normal controls mTBI mTBI versus normal controls
Talairach 𝑡 𝑉 Talairach 𝑡 𝑉 Talairach 𝑡 𝑉

𝑥 𝑦 𝑧 value voxels 𝑥 𝑦 𝑧 value voxels 𝑥 𝑦 𝑧 value voxels
Subcortical cortex

ACC

L −3 0 −8 5.93 40 −3 3 −3 4.34 41
R 3 32 −7 3.45 23 3 34 −9 4.00 79

PCC

L −18 −40 10 5.38 21 −15 −43 8 5.12 48
R 12 −34 18 4.24 28

BA: Brodmann area; ACC: anterior cingulate cortex; PCC: posterior cingulate cortex.

detected by comparing the mTBI group with that the NC
group.

4. Discussion

Resting state fMRI maps have been shown to reveal the
full distribution of memory-related regions, as they coincide
with regions showing activation across a variety of task-
based memory studies [52]. The current study sought for
covarying areas with the left hippocampus and determined
the hippocampus-dependent neural network of episodic
memory in mTBI survivors with reference to previous
findings. Further effective connectivity analysis of this hip-
pocampal network by GCA revealed significant findings,
such as contralateral shift of source, target and network hubs,
weakened ipsilateral causal interactions, and increased causal
interactions across the two hemispheres, which reflected the
neural compensatory mechanism of mTBI survivors.

4.1. An Extended Hippocampal Network in mTBI Survivors.
The hippocampus-dependent neural network identified in
the current study was consistent with previous findings.
Specifically, functional connectivity was observed between
the hippocampus and many regions of the brain, including
the IFG, the MeFG (anterior prefrontal gyrus), the anterior
part of STG, the MTG, the ITG, the parahippocampus, and
the PCC/retrosplenial cortex [14, 52–55]. These structures
are also known to be involved in the default mode network
(DMN). As part of episodic memory network [56], the
DMN is an interconnected and anatomically defined brain
system that preferentially activates in states of relative rest
but deactivate during tasks [57]. As expected, mTBI survivors
compensated for hippocampal deficits by relying on an
intensified and extended functionally connected network.
Along with the heavier manipulation of the hippocampal
neural network, both the anterior and posterior parts of right
STG were overrecruited by mTBI survivors. It was consis-
tent with many neuroimaging studies concerning episodic
memory, which have reported that functional brain activity

in elders increases in the right hemisphere [58]. Recruit-
ment of the right hemisphere reflected that mTBI patients
compensated for decreased functional connectivity of one
brain region through recruiting additional brain resources in
the contralateral hemisphere to perform a cognitive task. By
means of GCA, directed relationships with different linking
weights within the episodic memory network provided more
information.

4.2. AContralateral Shift ofNetworkHubs. Causal interaction
analysis betweenROIs determined by functional connectivity
analysis found that hubs of patients’ episodic memory net-
work displayed a contralateral shift. In NC, network hubs
were the left hippocampus and the PHG (also flow-in hubs,
with a dominant role of receiving information) as well as
the left aSTG (as a flow-out hub, with a dominant role of
sending information). These areas constituted an interactive
model of episodic memory in which the anterior STG and
hippocampus/PHG were information integration centers for
semantic and episodic memory in the declarative memory
system.

As a macromodel based on neuropsychological data
which presents an interactive construction of memory sys-
tems, the MNESIS model (short for Memory NEoStructural
Inter-Systemic model) specifies the dynamic and recon-
structive nature of memory by highlighting a hierarchical
order of three long-term representation systems of perceptual
memory (the lowest level), semantic memory, and episodic
memory (the highest level) and adds two retroactive pro-
cesses of memory semanticization and perceptual memory
transfer during experience reliving [59]. The perceptual
representation system receives, stores, and makes the basic
unit of information about perceptual features of physical
objects available to other systems [60]. Semantic memory
refers to one’s noetic awareness of the existence of the world
and objects, events and other regularities in it, independent
of self, autonoetic awareness and time [60]. When seman-
tic information of the memory, which has no contextual
richness but present a schematic version of the memory, is
established, retrieval processes are required to reactivate its
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Figure 1: Functional connected hippocampal networks concerning episodic memory in normal controls and mTBI survivors, as well their
differences. (i) Covarying brain areas in two groups and their differenceswere presented in the pink box,white box, and green box, respectively.
(ii) BA: Brodmann area; IFG: inferior frontal gyrus; MeFG: medial frontal gyrus; MTG:middle temporal gyrus; ITG: inferior temporal gyrus;
STG: superior temporal gyrus; SMG: supramarginal gyrus; ACC: anterior cingulate cortex; PCC: posterior cingulate cortex.



8 Neural Plasticity

Network hubs
Target hubs

Other nodes

L R

(a)

Left IFG 01
Left MeFG 02

Left STG 03
Left HC 04

Left PHG 05
Left PCC 06

Left FG 07
Left ITG 08

Left MTG 09
Right IFG 10

Right MFG 11
Right HC 12

Right PHG 13
Right MTG 14

01 02 03 04 05 06 07 08 09 10 11 12 13 14 DOI

0

0.05

0.10

0.15

0.20

0.25

(b)

Network hubs
Source hubs

Other nodes

L R

(c)

DOI

0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18
01 02 03 04 05 06 07 08 09 10 11 12 13 14

Left IFG 01
Left MeFG 02

Left STG 03
Left HC 04

Left PHG 05
Left PCC 06

Left FG 07
Left ITG 08

Left MTG 09
Right IFG 10

Right MFG 11
Right HC 12

Right PHG 13
Right MTG 14

(d)

Figure 2: Causal influence of effectively connected episodic memory network in normal controls and mTBI survivors. (i) Connection
density in normal controls and mTBI was not significantly different; (ii) significant causal interaction mainly existed between ROIs in the
left hemisphere in normal controls, while mTBI survivors presented significant cross-hemisphere connection originating from the right
hemisphere; (iii) nodes of source hubs (flow-out hubs), target hubs (flow-in hubs), and network hubs were displayed by different colors,
but only the network hub color was presented if their function overlapped (a, c); (iv) significant causal interactions from nodes in 𝑥-axis
to nodes in 𝑦-axis among all possible causal interactions were presented in (b, d); (v) relative strengths of path weights (in arbitrary units)
were indicated by the width of lines; (vi) IFG:inferior frontal gyrus; MeFG: medial frontal gyrus; MTG-middle temporal gyrus; ITG: inferior
temporal gyrus; STG-: superior temporal gyrus; FG: fusiform; HC: hippocampus; PHG: parahippocampal gyrus; ACC: anterior cingulate
cortex; PCC: posterior cingulate cortex.

mental representations and return the individual to his or
her conscious experience of the event [61]. These personal
experiences covered detailed contextual information [62],
scene construction [63], and a sense of reliving or autonoetic
consciousness [64].

Semantic memory encompasses a rich fund of general
knowledge about the world, represented in visual, olfactory,
gustatory, tactile, and auditory cortices [65, 66], conducive
to the identity of perceptual events. It is proposed that these
multiple sensory inputs are converged in the left anterior
temporal lobe (ATL), a transmodal representational hub
[65], to form a concept. The ATL as a concept formation
center in the semantic memory network has been demon-
strated by magnetoencephalography, distortion-corrected

functional MRI, PET, or repetitive transcranial magnetic
stimulation techniques [67]. Meanwhile, the hippocampus is
always involved whenever detailed; contextual information
is recalled according to the Transformation Hypothesis of
memory consolidation [68] and the Binding of Items and
Contexts model [69]. Personal experience is represented
as a pattern of features that correspond to different facets
processed during the encoding of the episode [70]. The
hippocampus is more adept at associating multiple attributes
of differential forms of memory than other structures [71].
Inputs from regions of the recognition (or context) memory
network are not directly involved in memory strength, but
converge at the hippocampus to become cohesive memories
of individual events via the formation (“binding”) of episodic
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Figure 3: Changes of the driving effect in the episodicmemory network betweenmTBI and normal controls. (i)Most increased driving effects
were detected between bilateral structures in patients surviving mTBI. (ii) No decreased causal interaction was found in mTBI survivors. (iii)
Relative strengths of path weights (in arbitrary units) were indicated by the width of lines.

memory [72, 73]. After binding, the outputs of the hippocam-
pus return to cortical regions from which the inputs arose.
Thus, the hippocampus performs complex high-resolution
binding of the different qualitative aspects of an event, both
at encoding and at retrieval [58]. The parahippocampal area
is also an important hub as it enables the communication
between the hippocampus and neocortical areas [74]. It has
been proposed that the PHGprovides contextual information
about the “where” and “when” of a target item for memory
encoding to the hippocampus to bind newmemories and link
thememory of that particular episodewithin a larger network
[11, 59, 69], underlining its integrative and maintenance
functions.

In mTBI survivors, both the left hippocampus/PHG and
anterior STG were no longer network hubs. It indicated
that external forces can severely damage human declara-
tive memory. These network hubs in normal controls were
replaced by the right hippocampus and right MeFG. It was
compatible with the pathological observation that reduced
volume of the temporal lobe is commonly found following
moderate to severe TBI, due to abrasive contact with bony
plates of the skull during the acute injury. The observed
compensation mechanism in mTBI was also consistent with
previous findings. A latest research, which performs a direct
test of the relationship between episodicmemory’s perceptual
richness and hippocampal function, claims that the right
hippocampus plays an important role in the recruitment
of posterior cortical regions that support the representation
of perceptual memory content [75]. In the current study,
mTBI survivors enhanced effective connectivity of the right
hippocampus with other regions. It reflected that mTBI
survivors compensated for episodic memory dysfunction by
means of overenrollment of the perceptual memory system.

Meanwhile, greater activation of the right PFC also indi-
cated an optimized compensation mechanism in the mTBI

survivors. The PFC is generally thought to be the primary
site of scaffolds to compensate for declines in functioning
in other regions, due to its versatile and flexible nature
[76]. It was suggested that at least some of the age-related
overrecruitment in prefrontal cortex may reflect attempted
compensation for reduced activation in the hippocampus
[77]. A recent review also highlighted that the PFC was
heavily activated during memory encoding and retrieval in
elderly participants [78]. With reference to neurocognitive
models, it was postulated that the strategic component of
episodic memory depends primarily on the PFC to constrain
memory search andmonitor the appropriateness of recovered
memories [79]. The intensified interconnection between the
right MeFG and other regions in the current study showed
that mTBI survivors manipulated the right MeFG to a
greater degree to make up for the left hippocampus deficit.
We attributed its greater involvement to increased strategic
retrieval/recombination demands. However, overactivation
of the PFC is not always related to better performance but
a poorer memory [80], because recruitment of additional
brain regions might come with additional cost [81]. We
postulated that overrecruitment of the rightMeFGmay cause
dysfunction of its primary role due to overload. The affected
executive control and working memory thus led to failed
episodic memory retrieval.

A study analyzing story narratives from 10 participants
with TBI reported a normal microlinguistic processing (lex-
ical and syntactic) but impaired macrolinguistic abilities
(pragmatic, cohesive, and coherent) in TBI survivors [82].
The authors defined these patients as nonaphasic and sug-
gested that their confused and impoverished language was
caused by reduced ability to organize information at the
macrolinguistic level (unable to guide comprehension and
production of logical relationships, both temporal and causal,
between agents and events) [83]. Our primary finding of
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a disrupted causal connectivity between the left aSTG (the
concept formation center in the semantic memory network)
and the hippocampus may provide their research a possible
explanation. We demonstrated that it was due to the broken-
down interaction of the concept forming center and the con-
text binding center that caused the abnormal macrolinguistic
processing but preserved lexical and syntactic competence in
TBI survivors. Hence, TBI survivors always presented a con-
fused and impoverished language but no obvious symptoms
of other language deficits, such as anomia.

5. Conclusion

Brain injury of the hippocampus was consistently reported to
cause a chronic post-TBI episodic memory impairment. By
examining altered effective connectivity of the episodicmem-
ory network in mTBI survivors, we found that the pattern of
brain network changes detected in TBI survivors has similar
functional consequences to normal aging [84]. Even though
functionally connected regions with the hippocampus were
extended, dysfunction of neural network hubs of the aSTG,
hippocampus, and PHG in the dominant hemisphere and
overrecruitment of the right MeFG lead to an abnormal
episodic memory network. Our findings also demonstrated
that effective connectivity analysis was more suitable to
represent the working mechanism of an episodic memory
network than functional connectivity analysis. To the best
of our knowledge, this is the first in vivo demonstration of
the dynamic relationships between nodes in the hippocampal
episodic memory network in mTBI survivors.
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Perinatal stroke is a leading cause of congenital hemiparesis and neurocognitive deficits in children. Dysfunctions in the large-
scale resting-state functional networks may underlie cognitive and behavioral disability in these children. We studied resting-state
functional connectivity in patients with perinatal stroke collected from the Estonian Pediatric Stroke Database. Neurodevelopment
of children was assessed by the Pediatric Stroke Outcome Measurement and the Kaufman Assessment Battery. The study included
36 children (age range 7.6–17.9 years): 10 with periventricular venous infarction (PVI), 7 with arterial ischemic stroke (AIS), and
19 controls. There were no differences in severity of hemiparesis between the PVI and AIS groups. A significant increase in default
mode network connectivity (FDR 0.1) and lower cognitive functions (𝑝 < 0.05) were found in children with AIS compared to
the controls and the PVI group. The children with PVI had no significant differences in the resting-state networks compared to
the controls and their cognitive functions were normal. Our findings demonstrate impairment in cognitive functions and neural
network profile in hemiparetic childrenwithAIS compared to childrenwith PVI and controls. Changes in the resting-state networks
found in children with AIS could possibly serve as the underlying derangements of cognitive brain functions in these children.

1. Introduction

Perinatal stroke leads to congenital hemiparesis [1–6]; how-
ever, these children may also have neurocognitive deficits,
language impairment, behavioral disorders, and epilepsy [2–
4, 7–14]. Previous outcome studies of perinatal stroke have
been mainly focused on an isolated clinical function: either
motor function [1, 2, 4, 7, 9, 15] or cognitive function
[3, 5, 8, 13–16].

Perinatal ischemic stroke is a group of heterogeneous
conditions in which there is a focal disruption of the cerebral
blood flow secondary to arterial or venous thrombosis or
embolization during the perinatal period [17]. Based on
clinical-radiographical findings, there are two main sub-
types of perinatal stroke: arterial ischemic stroke (AIS) and
periventricular venous infarction (PVI) [3, 4, 9, 18]. The
AIS involves arterial occlusion mostly in the middle cerebral
artery (MCA) territory [3, 4, 9, 18], comprising large areas
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in the parietal, temporal, and frontal cortex and/or in the
basal ganglia including the corticospinal tract [2].The PVI, in
contrast, comprises purely subcortical areas, predominantly
the periventricular white matter, but also other parts of the
descending corticospinal tract [3, 9]. In both types of vascular
injury, damage of the corticospinal tract leads to hemiparesis
[1, 2, 6].

Previous data about long-term cognitive development
mostly apply to children with perinatal AIS [7–10, 13, 14, 16];
however, results vary to a great extent. Cognitive deficit in
children with presumed PVI has received less attention and
these children are usually investigated together with children
with presumed AIS [4, 7, 14].

Task-based functional magnetic resonance imaging
(fMRI) is used to investigate separate functions like motor
[19] and language [20, 21] functions in stroke children. The
fMRI has revealed the functional plasticity of the brain in the
case of focal brain damage in perinatal stroke patients [19, 21].
However, task-based studies present several challenges for
stroke patients, including motor task-related motion
artifacts, inconsistent performance, mirror movements,
or individual ability to perform the task altogether [22].
Furthermore, although structural damage from stroke is
focal, remote dysfunction can occur in regions connected to
the area of lesion [23].

Resting-state fMRI (rs-fMRI) is acquired in the absence
of a task, which allows exploring the global functional
organization of the brain and how it is altered in brain
damage. It is now well established that many resting-state
networks (RSN) are robust, that is, consistent across subjects,
and involve the sensory (visual, auditory, and somatosensory)
and motor regions of the brain, as well as a number of
associative “control” networks (default, dorsal stream, fron-
toparietal, and ventral stream) [24, 25]. A framework based
on connectivity and neural communication across the brain
regions provides us with a view of the brain as organized
in an ensemble of functional networks in adults [25, 26]
and in children [27, 28]. However, there exist differences in
functional connectivity in global RSN between infants and
young children, on one hand, and adults, on the other, which
are due to brain developmental progression in regional and
network specialization [28, 29]. During childhood, changes
occur in the hierarchical and regional organization of brain
connectivity, and functional connections between distant
regions become stronger with advancing maturation [30].
The process of network maturation appears to be parallel
with the progress of behavioral maturation and sensorimo-
tor development precedes the development of the systems
underlying higher cognition [31]. Furthermore, certain net-
works, such as the default mode network (DMN), are only
slightly functionally connected in childhood but increase in
connection strength over time until they are fully developed
by adulthood [29]. Thus, an early childhood stroke that
affects immature connections might have a stronger impact
on functional reorganization compared to a stroke that affects
more mature networks [32].

The relationship between functional connectivity, sen-
sory deficits, and structural abnormality remains poorly
understood [33]. However, to our knowledge, rs-fMRI data

for children with stroke are limited and refer only to the
somatosensory system. Dinomais et al. [33] have inves-
tigated rs-fMRI in perinatal stroke patients with cortical
and periventricular lesions and demonstrated a relation-
ship between functional connectivity and somatosensory
impairment. Children who had lesions in the MCA territory
displayed significantly less functional connectivity in the
somatosensory cortex than children with periventricular
lesions [33]. Recently, a small group of children with spastic
cerebral palsy [34] and another group of hemiplegic cere-
bral palsy after cortical and subcortical damage [35] were
investigated with rs-fMRI without data about the vascular
origin of the damage. Saunders [36] found differences in
the motor network in patients with perinatal AIS and PVI
compared to controls and suggested that in these children
extensive plasticity in the brain occurs after experiencing a
stroke, which consequently has an effect on the functional
connections between the areas of the brain at rest.There were
also significant differences in plasticity between the AIS and
PVI groups, suggesting that the functional reorganization of
the motor function is different in each of these groups [36].

The aim of the study was to identify differences in resting-
state networks and cognitive development in children with
perinatal AIS and PVI and to compare the obtained data with
the corresponding data for healthy controls.

2. Methods

2.1. Patients. The Estonian Pediatric Stroke Database [5]
contains data for 80 children with perinatal stroke, initially
collected for an epidemiological study (1994–2003) and
prospectively updated through 2015. All radiological images
in Estonia are archived in a single all-Estonian Picture
Archiving System.

Of the 80 children with perinatal stroke, those with
neonatal sinovenous thrombosis (𝑛 = 4), neonatal hemor-
rhagic stroke (𝑛 = 7), or inadequate magnetic resonance
imaging (𝑛 = 2) were excluded.

Ischemic stroke was classified as AIS or PVI using the
criteria based on a previous study by Kirton and coworkers
[4] andmodified by Ilves and coworkers [3, 21]. Patients were
only considered eligible for our preliminary study when (a)
they had documented unilateral left-hemisphere AIS or PVI
(for the sake of homogeneity in the study as perinatal stoke
affects more often the left side according to previous studies
[18]) but also in our database (68%); (b) they were aged 7–17;
and (c) they were able to remain still for about 45 minutes
without sedation and to follow instructions during the MRI
investigation.

Of the 67 patients with perinatal ischemic stroke, 22
had unilateral left-side PVI and 24 had unilateral left-
side AIS. The parents were contacted by phone and were
asked to participate in the outcome study. Also, the parents
were enquired about the child’s ability to undergo the MRI
investigation without sedation; otherwise only studies of
cognitive and motor outcome were applied. Eleven children
with PVI, 10 children with AIS, and 25 ages and sex matched
healthy voluntary controls without contraindications forMRI
agreed to participate in the rs-fMRI investigation.The control
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Table 1: Demographic and neuroimaging data for the children with periventricular venous infarction and arterial ischemic stroke.

Patients
number Sex Gestational age

at birth
Presumed or

neonatal stroke Type of stoke

Age at the time
of resting-state
functional

MRI

Lesion location
(left)

Lesion size
1–5

(1) M 40 Presumed PVI 15.9 years F 2
(2) F 40 Presumed PVI 7.6 years F 2
(3) F 42 Presumed PVI 10.6 years F 2
(4) M 40 Presumed PVI 13.4 years F 2
(5) F 38 Presumed PVI 14.6 years Th-F 2
(6) F 36 Presumed PVI 14.6 years P 1
(7) F 38 Presumed PVI 9.7 years BG-Th-F-P 4
(8) M 37 Presumed PVI 10.8 years BG-Th-F-P 4
(9) F 34 Presumed PVI 12.7 years BG-Th-F-P 4
(10) F 40 Presumed PVI 8.6 years F-P 4
(11) M 42 Neonatal AIS/PT 10.5 years Th-P 3
(12) F 38 Presumed AIS/AT 15.3 years F 3
(13) M 40 Neonatal AIS/DMI 10.7 years Th-F-P 5
(14) M 41 Neonatal AIS/PT 10.5 years F-T 5
(15) M 39 Presumed AIS/PMI 14.1 years BG-Th-F-P 5
(16) M 40 Presumed AIS/PMI 17.4 years BG-Th-F-P-T 5
(17) F 39 Presumed AIS/DMI 16.3 years Th-F-P-T 5
Type of stroke: PVI: periventricular venous infarction; AIS: arterial ischemic stroke; PT: posterior trunk of the medial cerebral artery (MCA); AT: anterior
trunk of the MCA; PMI: proximal MCA; DMI: distal MCA.
Lesion location: BG: basal ganglion; Th: thalamus; F: frontal cortex; P: parietal cortex; T: temporal cortex; O: occipital cortex.
Lesion size grading system:
(1) ventricular dilatation or atrophy; (2) focal periventricular damage involving one lobe only; (3) focal cortical damage involving one lobe only; (4) focal
periventricular damage involving multiple lobes; (5) focal cortical damage involving multiple lobes.

children were recruited from among children of the hospital
staff members and their acquaintances and from among
their classmates and friends attending regular school without
learning difficulties. Written informed consent was obtained
from the parents and from the children aged seven years or
older for participation in the study in accordance with the
Declaration ofHelsinki.The studywas approved by the Ethics
Review Committee on Human Research, University of Tartu
(Protocol no. 170/T-17 from 28.04.2008).

One child (1/11) with PVI, three with AIS (3/10), and
six controls (6/25) were excluded from the analysis due to
artifacts in the acquired MRI sequences or due to a shorter
than planned investigation time.

The final rs-fMRI analysis included 36 children, among
them 10with PVI (age range 7.6–15.9 years, 3 boys), 7 withAIS
(age range 10.4–17.4 years, 5 boys), and 19 age and sexmatched
controls (age range 8.1–17.9 years, 9 boys) without significant
differences in age or sex between the groups. The individual
demographic and neuroimaging data of the children with
PVI and AIS are presented in Table 1.

2.2. Neurodevelopmental Assessments and Analysis. All chil-
dren with PVI had been symptom-free after birth and had
received the diagnosis of presumed perinatal stroke after 28
days of life. Four children with AIS were diagnosed after
birth and three were diagnosed beyond the neonatal period
(presumed AIS).

Clinical evaluation of stroke patients was made by pedi-
atric neurologists (R L, S L) according to Pediatric Stroke

OutcomeMeasurement (PSOM) [37].ThePSOM is a disease-
specific outcome measure for children with stroke and com-
prises 115 test items. It yields a deficit severity score ranging
from 0 to 2 (0: no deficit, 0.5: mild deficit, normal function,
1: moderate deficit, impaired function, and 2: severe deficit,
missing function) for five subscales: right sensorimotor, left
sensorimotor, language production, language comprehen-
sion, and cognitive/behavioral performance. Hemiparesis
was diagnosed in children who had abnormal tone and
reflexes associated with moderate or severe sensorimotor
impairment (impaired or missing function), that is, hemi-
plegic cerebral palsy and congenital hemiparesis.

Cognitive performance was evaluated by a clinical psy-
chologist (M. M.) who was blinded to the data for the stroke
vascular subgroup or any rs-fMRI data, using the Kaufman
Assessment Battery for Children, Second Edition (K-ABC II)
[38]. The battery comprises (a) Fluid-Crystallized Index, a
general measure of cognitive ability that includes acquired
knowledge; (b) Mental-Processing Index, a measure of men-
tal processing ability that excludes measures of acquired
knowledge; and (c) Nonverbal Index, a general measure
of nonverbal abilities. In addition, standard scores for five
subscales (sequential and simultaneous processing, learning,
planning, and knowledge) are provided.The range of possible
scores is from 40 to 160 (mean 100, SD 15).

Ischemic lesions were classified by the location and
extent as described earlier [3, 22]. Among the children with
PVI, five had small periventricular white matter damage
in one lobe (patients (1) to (5)), one child had unilateral
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(1) (2) (3) (4) (5)

(6) (7) (8) (9) (10)

Figure 1: Anatomical fluid attenuated inversion recovery sequence images (patient (6) with T1 weighted image) for each of the patients
with periventricular venous infarction according to patient number in Table 1. The single axial slices display maximum lesion volume. The
individual injury patterns are detailed in Table 1.

(11) (12) (13)

(14) (15) (16) (17)

Figure 2: Anatomical fluid attenuated inversion recovery sequence images for each of the patients with arterial ischemic stroke according to
patient number in Table 1. The single axial slices display maximum lesion volume. The individual injury patterns are detailed in Table 1.

ventricular enlargement (patient (6)), and four had large
left-side periventricular porencephalic damage involving the
periventricular area in several lobes (patients (7) to (10))
(Figure 1). Among the children with AIS, there were two with
a cortical stroke involving one lobe only (patients (11) and
(12)) and five with a large cortical stroke involving several
lobes and/or basal ganglia (patients (13) to (17)) (Figure 2).
All arterial strokes were located in the MCA region: two in
the proximal MCA territory, two in the distal MCA territory,
and two in the posterior trunk of MCA and one in the
anterior trunk of MCA (Table 1). There were no differences
in the size of stroke (defined by involvement of one or several
lobes) between the PVI and the AIS children (𝑝 = 0.33)
(Table 1).

2.3. MRI Acquisition. The MRI data were acquired with
the Philips 3-T Achieva MR scanner using the 8-channel
SENSEhead coil 3.0T/8ch (PhilipsMedical Systems, Best,The
Netherlands). The scans were performed without sedation or
medication; the participants were asked to stay awake and
keep their eyes open.

The scans were acquired using a fixed imaging protocol
after the acquisition of an anatomical scan. The T1 weighted
slices of the whole head were obtained using a 3D fast field
echo sequence (TR = 8.2ms, TE = 3.8ms), with a field of
view of 256 × 256mm and an isotropic voxel size of 1mm.
To describe resting-state activity in the brain, 120 volumes of
50 axial T2∗-weighted slices of the whole head were acquired
using a fast field echo single shot EPI-BOLD sequence
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(TR = 3000ms, TE = 35ms), with a field of view of 230 ×
230mm and a voxel size of 3mm isotropic.

The rs-fMRI data were visually inspected for motion
and other imaging artifacts; entire scans were excluded from
further analysis or, when possible, the scan was rescheduled.
Duringmotion correction, the maximum calculated absolute
mean displacement was 0.78mm and the maximum relative
mean displacement was 0.29mm [39].

2.4. Data Preprocessing. The analysis of rs-fMRI wasmade by
a single investigator (N. I.) who was blinded to any clinical
information or to the results of the cognitive tests, using
the Multivariate Exploratory Linear Decomposition into
Independent Components (MELODIC) tool, version 3.14
employing FSL from the FMRIB Software Library (https://
www.fmrib.ox.ac.uk/fsl/) [40].

The following preprocessing workflow consisted of the
following steps: (a) discarding of the first 2 volumes from each
subject for signal stabilization; (b) motion correction using
MCFLIRT [41]; (c) brain extraction of BOLD images; (d)
spatial smoothingwith FWHM6mm; (e) high-pass temporal
filtering for 150 seconds.

Blood-oxygen level dependent (BOLD) volumes were
registered to the T1 weighted structural volumes with 6
degrees of freedomusing a boundary-based registration algo-
rithm. Subsequently, the structural images were registered to
the MNI-152 standard space with 12 degrees of freedom (T1
standard brain averaged over 152 subjects; Montreal Neuro-
logical Institute,Montreal, QC, Canada) [41, 42]. Normalized
4D datasets were subsequently resampled to 4 mm isotropic
voxels.

2.5. Extracting Resting-State Networks. The data of the
resting-state functions for both the study and control groups
were temporarily concatenated and analyzed using proba-
bilistic independent component analysis (PICA) [27]. The
concatenated dataset was decomposed into 30 independent
components. The components were visually evaluated and
compared to previous literature data [24, 25, 27, 43–45] and
13 out of the 30 components were identified as anatomically
and functionally relevant separate resting-state networks.
The other 17 components reflected artifacts. The criteria for
inclusion were signal within a low frequency range of 0.1–
0.01Hz [46, 47], location of connectivity patterns mainly in
gray matter, and presence of coherent voxel clusters [48].

The subject-specific statistical maps of all RSN were
created using a dual-regression tool from the FMRIB Soft-
ware Library [24, 49] to test for differences in the identified
components between the AIS, PVI, and control groups.
Subsequently, groupwise comparison of RSN was carried
out using a randomized, permutation-testing tool Version
2.9 from FSL. For each resting-state network, threshold-
free cluster enhancement (TFCE) [50] was performed. The
resulting statistical maps were thresholded at 𝑝 ≤ 0.05 and at
𝑝 ≤ 0.01 (TFCE corrected for familywise errors) for revealing
group main effects. Inference was only carried out on the
subject specific z-maps of 13 relevant RSNs. Between-group
effects were thresholded controlling for local false discovery

rate (FDR) [49] at 𝑞 ≤ 0.1 to reduce susceptibility to type 1
errors when testing multiple resting-state networks.

Statistical evaluation was performed with the statistical
package SAS Version 9.1 (SAS Institute INC, Cary, NC).
Prior to further analysis, normality of the data was evaluated
using the Kolmogorov-Smirnov criterion. To compare the
proportions, the Chi-square test and Fisher’s exact test (when
the expected values were <5) were used. The nonparametric
Mann-Whitney 𝑈-test was employed to compare the groups
of AIS and PVI. Values are presented as means with the
95% confidence interval. The alpha level used to determine
significance is 𝑝 < 0.05. All 𝑝 values are two-sided.

3. Results

3.1. Neurodevelopmental Outcome. The clinical findings and
the data of cognitive functions for the children with PVI
and AIS are presented in Tables 1 and 2 and the radiological
findings are presented in Figures 1 and 2. Total PSOM score
was abnormal for all stroke children. The children with AIS
had significantly higher total PSOM scores compared to the
children with PVI (𝑝 = 0.0486). All children had mild
to severe sensorimotor deficit. However, 4/7 (57%) of the
children with AIS and 8/10 (80%) of the children with PVI
had moderate to severe hemiparesis; the difference between
the PVI and AIS groups was not statistically significant (𝑝 =
0.59).

Most children with AIS (5/7, 71%) and only one child
(1/10, 10%) with PVI had cognitive deficit according to PSOM
(𝑝 = 0.035).

According to the Kaufman Assessment Battery for Chil-
dren, the childrenwithAIS received significantly lower scores
(Figure 3) in all three general ability indexes than the children
of the PVI group: FCI (mean 79.7 versus 99.2, 𝑝 = 0.013),
MPI (mean 81.1 versus 97.7, 𝑝 = 0.017), and NVI (mean 84.4
versus 105.3, 𝑝 = 0.022). The PVI group outperformed the
AIS group also in the subscale scores, while the results were
significantly better for the children with PVI in simultaneous
information processing (mean 102.3 versus 78.6; 𝑝 = 0.015)
and in planning ability (mean 110.2 versus 85.7; 𝑝 = 0.017).
The children with AIS performed significantly lower than
the controls in all general ability and subscale indexes,
except for learning. The overall cognitive development of the
children with PVI in our study remained roughly within a
normal range. However, children with PVI got lower results,
compared to the control group in one general ability score
(FCI), and in two subscales (simultaneous and sequential
information processing) (Figure 3).

None of the 10 PVI children had epilepsy; however,
5/7 children in the AIS group had epilepsy and received
antiepileptic medication (𝑝 = 0.0034).

3.2. Resting-State Functional Connectivity. Thirteen func-
tionally relevant RSN were found using group PICA (Fig-
ure 4). Such networks have been described in previous studies
using a similar methodology for adults [24–26, 51] and for
children [27, 28, 43]. According to the present study, the
networks were stable across the participants of the AIS, PVI,

https://www.fmrib.ox.ac.uk/fsl/
https://www.fmrib.ox.ac.uk/fsl/
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Table 2: Clinical data and data of cognitive function for the children with periventricular venous infarction and arterial ischemic stroke.

Patients
number Type of stroke

Severity of the right
hemiparesis

mild/moderate/severe
PSOM

Cognitive
dysfunction

no/mild/moderate/severe

Seizures
Yes/no

FCI
score

MPI
score

NVI
score

(1) PVI Mild 0.5 No No 111 108 127
(2) PVI Severe 2.5 No No 103 97 98
(3) PVI Moderate 1.5 No No 88 86 88
(4) PVI Severe 5 Mild No 73 75 69
(5) PVI Moderate 1.5 No No 104 104 108
(6) PVI Moderate 1.5 No No 109 119 144
(7) PVI Moderate 1 No No 111 97 105
(8) PVI Moderate 2 No No 95 97 100
(9) PVI Mild 1 No No 99 101 113
(10) PVI Moderate 1 No No 99 93 101
(11) AIS/PT Mild 2 No Yes 96 95 102
(12) AIS/AT Moderate 1 No No 89 89 94
(13) AIS/DMI Moderate 3.5 Mild No 79 78 80
(14) AIS/PT Mild 3 Mild Yes 84 80 82
(15) AIS/PMI Severe 8 Severe Yes 53 54 59
(16) AIS/PMI Severe 2.5 Mild Yes 79 92 87
(17) AIS/DMI Severe 3 Mild Yes 78 80 87
Type of stroke: PVI: periventricular venous infarction; AIS: arterial ischemic stroke; PT: posterior trunk of the medial cerebral artery (MCA); AT: anterior
trunk of MCA; PMI: proximal MCA; DMI: distal MCA.
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Figure 3: Mean with 95% CI Kaufman Assessment Battery for
Children, Second Edition indexwith the subscale scores for children
with periventricular venous infarction (PVI), arterial ischemic
stroke (AIS), and controls. The FCI stands for Global Fluid-
Crystallized Index (includes all subscales); MPI stands for Mental
Processing Index (excludes acquired knowledge); NVI stands for
Nonverbal Index; SEQ stands for Sequential Processing; SIM stands
for simultaneous processing; LEARN stands for learning; PLAN
stands for planning; KNOW stands for knowledge. Standard mean
(SD) value for the battery is 100 (85–115). ∗𝑝 < 0.05 AIS versus PVI.
#𝑝 < 0.01 AIS versus controls. §𝑝 < 0.05 PVI versus controls.

and control groups. All of these 13 networks were found with
independent PICA analysis for each of the PVI, AIS, and
control groups.

3.3. Differences in Functional Connectivity between the Stroke
and Control Groups. All 13 RSN networks were included in
group-level analyses. Testing of the main effects of the group

on the subject specific z-maps of these networks (all 𝑝 ≤ 0.05
and also 𝑝 ≤ 0.01 TFCE corrected for familywise errors)
showed significantly increased functional connectivity in
the posterior and anterior components of DMN and in the
task positive and medial temporal networks in the patients
with AIS (𝑝 < 0.01), compared to the controls. These
networks, except for the anterior component of DMN (𝑝 <
0.05), were even increased in AIS compared to PVI (𝑝 <
0.01), corrected for familywise errors. However, after FDR
correction (local FDR-corrected at 𝑞 ≤ 0.1), significantly
increased functional connectivity was only found in the
DMN posterior component in the left periventricular area of
the AIS patients versus the controls (Figure 5).

The control group showed increased functional connec-
tivity in the primary visual, salience, task positive, cerebel-
lum, and sensorimotor networks compared to the AIS group
(𝑝 < 0.01); however, after FDR corrected analysis at 𝑞 ≤ 0.1,
the difference was not significant.

The PVI group showed increased functional connectivity
in the medial visual, auditory, salience, ventral stream, and
cerebellum networks compared to the patients with AIS (𝑝 <
0.01); however, after FDR corrected analysis at 𝑞 ≤ 0.1 level,
the difference was not significant.

There were no statistical differences between the children
of the PVI and control groups in RSN.

4. Discussion

We report differences in the rs-fMRI networks and cognitive
functions in children with left-hemisphere perinatal stroke
of different vascular origin. More severe dysfunctions in the
rs-fMRI RSN networks and cognitive functions occurred
in the AIS compared to the PVI children. These results
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Figure 4: Resting-state networks estimated with ICA. The images
are 𝑧 statistics of the concatenated dataset for the controls and the
stroke patients decomposed into the independent network compo-
nents: primary visual (1), lateral visual cortex (2), auditory cortex
(3), sensory-motor cortex (4) network associated with salience pro-
cessing (5), task positive network involved in higher-order cognition
and attention (6), networks implicated in working memory and
cognitive attentional processes as right lateral network (7), and left
lateral frontoparietal network (8), ventral stream ventral attention
system (9), posterior component of the default mode network in
the precuneus and parietal regions (10), anterior component of the
default mode network in the frontal pole and precuneus (11), medial
temporal/the hippocampus amygdala complex (12), and cerebellar
network (13).

provide a preliminary insight into large-scale brain network
dysfunction that may be the underlying cause of the various
motor, cognitive, and behavioral problems in patients with
perinatal stroke.

4.1. Neurodevelopmental Outcome. The children with AIS
had significantly higher PSOM scores compared to the PVI
children. Depending on vascular origin, different patho-
genetic mechanisms behind AIS and PVI are responsible
for the location of brain damage and outcome [3, 4]. In
AIS, cortical-subcortical involvement is the most prominent
location of damage; in PVI, the main location of damage is
the periventricular white matter while the cortical areas are
spared [4]. However, the corticospinal tract is often damaged,
although in different locations, in the case of both types: 24–
60% of cases in AIS [1, 2] and up to 80% of cases in PVI [9].

Controls

X = 180 y = 108 z = 212

PVI

X = 180 y = 108 z = 212

AIS

X = 180 y = 108 z = 212

AIS > controls

X = 228 y = 156 z = 180

1

0.949

Figure 5: Connectivity maps of the posterior precuneus part of
the default mode network for the controls, periventricular venous
infarction (PVI), arterial ischemic stroke (AIS), and a map of the
areas with increased connectivity in AIS versus control (FDR 0.1).
Color map from 0.949 (red) to 1 (yellow).

We found that although motor outcome was similar in
children from both the AIS and PVI groups, the measures
of cognitive ability based on K-ABC-II scores were lower
in AIS compared to PVI. An earlier study by Westmacott
and coworkers [14] also suggested that motor function was
not linearly related to cognitive outcome and PSOM motor
scores were not correlated with IQ measures. Some studies
suggest, however, that overall cognitive development in peri-
natal stroke falls roughly within a normal range [10, 13–15],
although children with PVI and AIS are often studied in one
group.

Ricci and coworkers [13] have found that only one-third
of children show cognitive deficit after perinatal stroke. In
some other studies, children with neonatal AIS have sig-
nificantly lower scores for working memory and processing
speed compared to the normative population [1]. This is
also the case with the measures of general cognitive ability,
verbal functioning, inhibitory control and working memory
[8], or the measures affecting complex cognitive skills as
abstract reasoning [14]. Our data confirmed that, according
to K-ABC-II, the children of the AIS group had significantly
lower scores for general ability than the children of the PVI
group. In addition, the formerwere less successful in the tasks
that required higher cognitive abilities such as planning or
simultaneous visual processing.

Cognitive problems in the children with PVI, all with
presumed stroke, were less pronounced and only 1 of the 10
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children in the study group had some mild cognitive prob-
lems. In an earlier study investigating both presumed stroke
with AIS and PVI, the proportion of children with presumed
perinatal stroke who had cognitive or behavioral deficits was
29% [4]. As in our study, the children with PVI had less
behavioral and visual deficits than the children with a large
proximal MCA stroke but they had more spasticity than the
children with stroke in the anterior trunk of MCA [4]. How-
ever, adverse cognitive and behavioral outcomes were more
strongly correlated with cortical involvement compared to
periventricular involvement in presumed perinatal stroke [4].

4.2. Rs-fMRI Investigations. We found significant global
derangements in the cognitive networks at rs-fMRI and in the
cognitive function tests in the children with AIS compared
to the PVI and control groups. Global neural network
dysfunction can serve as a possible basis for derangements of
complex cognitive functions and behavior as has also been
reported in earlier stroke outcome studies [4, 10, 14]. The
RSN of the children with PVI was not different from the
corresponding measures for the control group.

Large-scale networks were identified in which the
patients with AIS showed significantly increased functional
connectivity, compared to the controls and the children
with PVI, in the posterior precuneus part and the anterior
frontal part of DMN, in the medial temporal component
of DMN, and in the task positive network (𝑝 < 0.01).
These networks were even increased in AIS compared to PVI
(𝑝 < 0.05). However, after FDR correction, significantly
increased functional connectivity was only found in posterior
precuneus part of DMN in the AIS children compared to
the controls. The DMN is deactivated during demanding
cognitive tasks and is involved in episodic memory processes
and self-referential mental representations [45]. The task
positive network is involved in higher-order cognition and
attention [45].

Earlier studies have found thatmost networks in children,
in particular those supporting the basic motor function and
sensory related processing, had a robust functional organiza-
tion similar to mature adult patterns [27, 28, 43]. In contrast,
DMN and the other RSN involved in the higher-order
cognitive functions had immature characteristics, revealing
incomplete and fragmented patterns, which indicates less
developed functional connectivity, in infants [28] aged 5 to
8 years [27] and even at the age of 10–13 years [43]. A major
difference between adults and children is the decomposition
of DMN into several independent subsystems in children,
composed of the bilateral posterior cingulate, the precuneus,
the inferior parietal cortex, and the ventromedial prefrontal
cortex, which are associatedwith themedial temporal regions
[27, 29]. At the same time, the posterior precuneus region
of the DMN network serves as the main hub within DMN
[27].TheDMNhas been found to be only weakly functionally
connected in childhood but increases in connection strength
over time. Therefore, an early childhood stroke that affects
immature connectionsmight have a stronger impact on func-
tional reorganization than a stroke that affects more mature
networks [29]. However, there exists also the hypothesis

that damaged areas continue to support the performance of
tasks involving them and the typical functional connections
of these regions play an important role in preservation of
normalcy after early perinatal stroke [52]. In our study
significant changes in DMN and especially in the posterior
precuneus part of DMN, which is themain hub within DMN,
were found in the children with AIS who had also serious
cognitive problems. Also, were found in the AIS and control
children some derangements of the task positive network,
which is part of the attention control networks.The attention
control networks have generally immature characteristics in
young age groups [27].

4.3. Location of Stroke and rs-fMRI Networks. Cortical
involvement of damage in AIS compared to PVI with mainly
periventricular damage can explain differences in network
dysfunction. Increased connectivity of the networks outside
the region of primary damage (DMN) can be a compensatory
effect occurring after cortical brain damage in children with
AIS due to brain’s plasticity; in this case areas outside the lost
tissue take over its functions. A similar finding was obtained
by a task-based fMRI [20, 21]. The prefrontal regions, both
ipsi- and contralateral to the lesion, were activated in patients
but not in controls after language and visual search tasks,
which may compensate for lost functions according to task-
based fMRI [20]. Such contralateral activation of the language
function is seen more often in younger stroke patients
before the age of 2 years [21]. It is unknown whether the
frontal task-based networks are activated due to alternative
or compensational strategies [20].

5. Limitations of the Study

The small number of rs-fMRI examinations of perinatal
stroke could limit the statistical power and generalizability of
the study results. Still, our preliminary data were available for
10 children with PVI, which is close to the 12 cases of pre-
sumed PVI reported in a previous clinical-radiological study
byKirton and coworkers [4]. Although significant differences
both in cognitive function and in the global networks were
found in the children with AIS versus PVI, more clinical and
rs-fMRI data, especially for right hemisphere strokes, would
be needed to evaluate the predictive value of rs-fMRI results
for establishment of cognitive deficit in these children.

On our stroke database and in the cohort of this study,
the children with AIS had significantly more often epilepsy
compared to the children with PVI. Epilepsy per se and/or
antiepileptic treatment may have had an impact on the cog-
nitive ability of the former. Earlier studies have also found that
seizures are more frequent in children with cortical damage
compared to periventricular damage in presumed perinatal
stroke [4]. Cognitive impairments with lower performance
in the intellectual and language measures have been found
in children with perinatal stroke associated with seizures
[4, 10, 11, 13, 15].

Although there were no gender differences in our stroke
group compared to the controls, there were more boys in the
AIS group, which could also influence the cognitive outcome.
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Males with perinatal stroke performed tests significantly
more poorly than a matched group of females in overall
intellectual ability and in reading and processing speed [7, 14].
It should be noted that as about 60% of the children with PVI
in the Estonian Perinatal Stroke Database are female [3], it
was difficult to recruit male subjects with PVI to the study.

Also, we had to exclude from the study the most severe
cases when the mother thought that the child would not be
able to follow instructions and stay still during MRI without
sedation. This could have diminished the statistical power
of the rs-fMRI data for the AIS children. However, most of
such cases were encountered in the AIS group with bilateral
asymmetrical involvement.

6. Conclusions

Our findings demonstrate differences in the cognitive func-
tion and in the neural network profile of children with
hemiparesis with left-side AIS compared to children with
left-side PVI and controls matched for age and sex. The
study shows that as the location of damage is different in
children with AIS and PVI, also the resting-state networks
and cognitive outcome are different in these groups and
children with AIS and PVI should not be analyzed together
in outcome studies.

Changes in the resting-state networks found in children
with AIS could possibly serve as an underlying dysfunction
of cognitive brain functions in perinatal stroke patients. In
order to better understand the value of derangements in the
brain networks in perinatal stroke patients with cognitive and
behavioral problems, further studies are needed. It is impor-
tant to promote early diagnosis, treatment, and rehabilitation
of these children, to improve their quality of life, as well as the
quality of life of their families.
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Occurrence of language impairment in mesial temporal lobe epilepsy (mTLE) patients is common and left mTLE patients always
exhibit a primary problem with access to names. To explore different neuropsychological profiles between left and right mTLE
patients, the study investigated both structural and effective functional connectivity changes within the semantic cognition network
between these two groups and those fromnormal controls.We found that graymatter atrophy of leftmTLE patients wasmore severe
than that of right mTLE patients in the whole brain and especially within the semantic cognition network in their contralateral
hemisphere. It suggested that seizure attacks were rather targeted than random for patients with hippocampal sclerosis (HS) in
the dominant hemisphere. Functional connectivity analysis during resting state fMRI revealed that subregions of the anterior
temporal lobe (ATL) in the leftHS patients were no longer effectively connected. Further, we found that, unlike in right HS patients,
increased causal linking between ipsilateral regions in the leftHS epilepsy patients cannot make up for their decreased contralateral
interaction. It suggested that weakened contralateral connection and disrupted effective interaction between subregions of the
unitary, transmodal hub of the ATL may be the primary cause of anomia in the left HS patients.

1. Introduction

Temporal lobe epilepsy (TLE) is the most common drug
resistant epilepsy in adults. The majority of seizures in
TLE are associated with hippocampal sclerosis (HS) or
other temporal lobe abnormalities [1], which can reliably
be detected in vivo by MRI [2, 3]. Patients with resection
for TLE generally do not report comprehension difficulties
through either clinical reports or formal testing [4] but
complain of significant amnesia and anomia which reflect

a semantic weakness [5–7]. A systematic review calculating
pooled estimates of neuropsychological outcomes reported
a 44% risk of decline in verbal memory and 34% risk of
decline in naming after left-sided surgery [8]. But there
are no reports of naming decline following nondominant
hemisphere resection [9]. It reflects that left and right HS
patientsmay experience distinctive functional reorganization
in the nonepileptic temporal lobe under distinctive compen-
satory mechanisms to sustain key cognitive functions, such
as language.
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Semantic cognition can be decomposed into three inter-
active principal components implemented by separable neu-
ral networks: (1) semantic entry/exit or conceptualization
(translation between sensation/motor representations and
semantic knowledge); (2) the long-term representation of
concepts/semanticmemory; and (3) semantic control (mech-
anisms that interact with our vast quantity of semantic
knowledge in order to generate time- and context-appro-
priate behavior) [10, 11]. By means of activation likelihood
estimate (ALE) technique, Binder et al. reported a dis-
tinct, left-lateralized network specialized for storage and
retrieval of semantic knowledge [12]. The related areas
included posterior inferior parietal lobe (angular gyrus, AG;
supramarginal gyrus, SMG), middle temporal gyrus (MTG),
fusiform, parahippocampal gyrus, dorsomedial prefrontal
cortex (dmPFC), inferior frontal gyrus (IFG), ventromedial
prefrontal cortex (vmPFC), and posterior cingulate cortex
(PCC). It is proposed that concepts are formed through
the convergence of sensory, motor, and verbal experience
via the left anterior temporal lobe (ATL), a transmodal
representational hub [13] which primarily links pertinent
semantic/conceptual information into the language system to
produce a specific name [14].The conclusion that the ATL is a
crucial component in semantic cognition has been bolstered
by contemporary basic neuroscience studies utilizing mag-
netoencephalography, distortion-corrected functional MRI,
PET, or repetitive transcranial magnetic stimulation [15].
Meanwhile, the claim that posterior temporoparietal areas are
associated with semantic control has been demonstrated in
both semantic aphasia patients and healthy people [11, 16].

Concerning the common phenomenon that left HS
patients, especially those after surgical resection of ATL,
can perform within the normal accuracy range on standard
semantic assessments but show measureable anomia [6, 17–
20], we posited that a semantic-lexical disruption in the
intermediate processing step that relayed retrieved semantic
information on to the language system resulted in the
primary problem in naming. Since temporal lobe epilepsy
is considered as a network disease [21], its pathological
feature requires us to examine the abnormal function of
a whole network rather than a single epileptogenic region.
To explore dysfunction of neural networks, functional con-
nectivity changes in epilepsy patients have been tested by
different neuroimaging modalities, such as repetitive tran-
scranial magnetic stimulation (rTMS) [22], corticocortical
evoked potentials (CCEP) [23], and EEG [24]. Although
some of these techniques have the noninvasive advantage,
resting state fMRI (rsfMRI) analysis possesses additional
gains: resting state networks (RSNs) are highly organized in
space, are reproducible from subject to subject, and differ
with aging and between genders [25]. In addition, it also
allows the search for significant baseline fluctuations to
obtain task-free functional network information and identify
epileptic circuits by providing clinicians and neurosurgeons
with clues about where new or secondary epileptic foci may
form, where seizures place most burden on the brain, and
where are new core functional regions.

fMRI functional connectivity describes brain function
and cooperation at a network level by identifying regions that

make up a network of interest. It reflects the degree of signal
synchrony between anatomically distant brain regions during
resting state or tasks. However, these linear correlations
do not provide information on the direction of influence
between regions. Coefficient-based GCA is a directed func-
tional connectivity method [26]. Given that imbalance of
excitatory and inhibitory effect is a fundamental change in
epilepsy [27], the GCA technique has a special advantage
for investigating the pathophysiological mechanism of HS
patients bymeans of quantifying themagnitude and direction
of influence of one region time series on another [28, 29].

In sum, previous studies reported that left and right HS
patients are differently impaired in semantic cognition.These
patients offer the opportunity to study different impacts of
focal structural lesions on functional connectivity within
the semantic network. The objectives of this study were
(1) to evaluate and contrast the occurrence of gray matter
(GM) atrophy in patients with left and right HS in the
semantic cognition network and (2) to quantify direction of
influence between these anatomical regions using Granger
causality analysis. We hypothesized that the presence of HS
is consistent with more pronounced, diffuse GM atrophy
with the semantic atrophy the most severely damaged; left
HS patients’ classical anomia (i.e., can provide good infor-
mation about unnamed items) were caused by the unique
deficit pattern of disrupted functional connectivity of the left
anterior superior temporal lobe and other regions underlying
semantic memory.

2. Methods

2.1. Participants. Twenty-four right-handed TLE patients (17
females, 7males; age range 16–48 years; mean age 29.00±9.57
years; epilepsy onset 12.46 ± 9.06 years; epilepsy durations
15.86 ± 7.43 years) with unilateral HS (13 left HS and 11 right
HS) were recruited from Xuanwu Hospital Capital Medical
University. All patients underwent a comprehensive clinical
evaluation and fulfilled the following inclusion criteria: (1)
typical symptoms of TLE as complex partial seizures, accom-
panied, or not, by simple partial seizures; some patients had
aurae, like epigastric rising, hallucination, and so on; the
seizure frequency was 4-5 times per day at most and 1 time
per month at least; (2) standard MRI criteria for HS (hip-
pocampal atrophy, increased T2 signal, and loss of internal
hippocampal architecture) which were finally confirmed by
histopathology; (3) typical EEG findings (interictal spike or
sharpwaves at the anterior temporal area in bothwakefulness
and/or sleep, various ictal rhythms including background
attenuation, start-stop-start phenomenon, irregular 2–5Hz
lateralized activity, and 5–10Hz sinusoidal waves or repetitive
epileptiform discharges) [30]; (4) no other neuropsycho-
pathic diseases like intracranial tumor, cerebral hemorrhage,
infarction, trauma, schizophrenia, affective psychosis, and so
on. The clinical and demographic data of all patients were
shown in Table 1. Healthy adult controls (HC) without neu-
rological or psychiatricmedical history ormedication known
to impair memory were recruited. HC group consisted of
24 age and gender matched healthy controls (17 females, 7
males; mean age 29.50±10.18 years).There was no difference
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Table 1: Clinical and demographical data of the epilepsy patients.

Demographic Left HS (𝑛 = 13) Right HS (𝑛 = 11)
Age (mean ± SD,
years) 27.3 ± 7.9 31.4 ± 11.6

Genders 5 males & 8 females 2 males & 9 females
Seizure frequency
(times/week) 6.4 ± 6.4 8.4 ± 17.8

Epilepsy duration
(years) 15.8 ± 8.6 15.2 ± 5.0

Seizures type CPS CPS
AEDs CBZ, LTG, PHT CBZ, LTG, PHT
CPS: complex partial seizures; AEDs: antiepileptic drugs; CBZ: carba-
mazepine; PHT: phenytoin; LTG: lamotrigine.

between the three groups of left HS, right HS, and normal
controls (𝐹 = 0.499, 𝑝 = 0.611). The local Ethics Committee
approved the study and all participants gavewritten informed
consent according to the Declaration of Helsinki prior to the
study.

2.2.MRIDataAcquisition. MRI imageswere acquired during
interictal stage with a 3.0 T scanner (MAGNETOM Tim
Trio, Siemens Healthcare, Erlangen, Germany) using the
12-channel phased-array head coil supplied by the vendor.
Structural images were acquired with a sagittal MP-RAGE
three-dimensional T1-weighted sequence (TR = 1600ms, TE
= 2.15ms, flip angle = 9∘, thickness = 1.0mm, and FOV =
256mm × 256mm). Functional images were acquired using
the gradient echo-planar pulse sequence (TR = 3000ms, TE
= 30ms, flip angle = 90∘, and thickness = 3mm). Participants
were instructed to stay awake with eyes closed.

2.3. Regions of Interest (ROIs) Identification. In accordance
with previous studies mentioned in the introduction part,
all ROIs were defined in accordance with the AAL template,
such as temporal pole of superior temporal gyrus (tpSTG)
and temporal pole of middle temporal gyrus (tpMTG) that
functions in conceptualization; MTG, fusiform, parahip-
pocampal gyrus, dmPFC (medial superior frontal gyrus in
AAL template), IFG, vmPFC (medial orbitofrontal gyrus
in AAL template), and PCC that functions in memory
storage; angular gyrus (AG) and supramarginal gyrus (SMG)
that function in semantic control. Given that GM volume
decrease has been reported in both ipsilateral and contralat-
eral temporal neocortex [31–33], and mTLE patients always
show atypical language lateralization [34], the current study
selected 12 ROIs in each hemisphere (24 ROIs in all).

2.4. Structural Analysis. Volumetric data for cortical and
subcortical structures were analyzed by optimized VBM and
FIRST, parts of FSL tools, separately. The principal focus of
the current study was to contrast different structural damages
to the semantic cognition network in both the left and right
HS patients. To make sure the severe damage to semantic
cognition network was not a by-product of overall gray

matter volume (GMV) loss, we also quantified structural
changes of all regions between patients and controls.

The initial stages of VBM analysis included removing
nonbrain tissues by Brain Extraction Tool and tissue-type
segmentation with FAST4. The resulting GM partial images
were then aligned to the MNI 152 template by affine-
registration. A symmetric study-specific GM template was
created by averaging images and flipping along the 𝑥-axis.
Next, all the GM images which were nonlinearly registered
to the study-specific GM template were modulated and
smoothed byGaussian kernels with a sigma of 3mm. Regions
within the semantic cognition network fromWFU atlas were
selected as ROIs in further two-sample t-test by randomiza-
tion (5000 permutations) with TFCE implemented, between
controls and left or right HS subgroups, respectively. In order
to rule out the possibility that group difference was caused by
the different pattern of whole brain atrophy among left and
right HS patients, we added the remaining ROIs from WFU
atlas in additional analyses to examine volumetric changes as
aforementioned. All the volumetric results were considered
statistically significant after FWE-correction at𝑝 < 0.05, with
cluster including more than 10 continuous voxels.

FIRST was used to segment the subcortical structures,
including bilateral thalamus, hippocampus, amygdala, cau-
date nucleus, putamen, and globus palladium. The left and
right mean volume of these nucleus were extracted with
fslstats. We calculate the normalized volume of subcortical
structures by multiplying the scaling factor obtained from
SIENAX.

2.5. Granger Causality Analysis. Functional preprocessing
steps were carried out using the statistical parametric map-
ping (SPM5). It included the following steps: (1) slice timing
correction; (2) trilinear sinc interpolation for alignment
(motion correction); (3) spatial normalization based on the
MNI space and resampled at 3mm× 3mm× 3mm; (4) band-
pass filter (0.01∼0.08Hz) spatially smoothed with a 6mm
full-width-at-half maximum (FWHM) Gaussian kernel; and
(5) head motion and ventricular and white matter signal
regression.

Themultivariate GCA (mGCA) has been proved to be an
optimal candidate to investigate the causal networks for its
data-driven nature [35]. We performed mGCA on the time
series of BOLD signal intensities from selected ROIs in both
groups. The entire time series were averaged across voxels
within each ROI picked in each group and were then nor-
malized across subjects to form a single vector per ROI. The
mGCA detected causal interactions by computing directed
transfer function (DTF) from a multivariate autoregressive
model of the time series [36]. We also adopted weighted
DTF with partial coherence in order to emphasize direct
connections and deemphasize mediated influences [36, 37].
The statistical significance of the pathweightswas ascertained
using surrogate data. Surrogate data were generated by ran-
domizing the phase of the original time series spectrumwhile
retaining its magnitude. A null distribution was obtained by
generating 2500 sets of surrogate data and calculating the
direct directed transfer function (dDTF) from these 2500
datasets. The dDTF value obtained from the original time
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series was verified using a null distribution for the one-
tailed test with the significant 𝑝 value of 0.01. In addition,
a difference of influence (doi) term was used to assess links
that showed a dominant direction of influence [38], which
limits potentially spurious links caused by hemodynamic
blurring [29]. The effective connectivity network of the 9
ROIs was constructed by visualizing the significant dDTF
(𝑝 < 0.01, FDR corrected formultiple comparisons) obtained
after running the statistical significant test.

The high degree nodes were considered to be the hubs of
network [39]. We calculated “in-degree” (number of Granger
causal efferent connections to a node) to find the central
targets of network, and “out-degree” (number of Granger
causal afferent connections from a node) to find the central
sources [40, 41]. Further, hubs of the network were defined if
the sumof “in-degree” and “out-degree” of a nodewas at least
1.96 standard deviations (SD) greater than the average of “in-
+ out-degree” of all nodes in the semantic cognition network
[42].

Between-group differences in the causal connectivity
graphs were determined as follows. We calculated dDTF
values in all connections for every subject to explore the
difference in the intensity of effective connectivity between
groups, particularly with volumetric value of relevant ROI as
a regressor. The links that showed between-group changes in
the strength of causal influence were those whose difference
in the doi term significantly differed between groups by a
paired t-test (𝑝 < 0.05, FDR corrected).

2.6. Statistical Analysis. Analyses were performed using SPSS
(IBM Corp. Released 2012. IBM SPSS Statistics, Version 21.0,
Armonk, NY, USA). Volumetric comparison for normalized
subcortical structures was conducted by two-sample t-test
(𝑝 < 0.05). For each participant, a laterality index (LI) of
hippocampus volume (HV) was computed using the formula
[(left HV − right HV)/(left HV + right HV)]. A one-way
ANOVA was used to compare LIs of left HS, right HS, and
controls. Pearson’s correlations were then used to examine
the relationships between LI and factors such as age at
epilepsy diagnosis, years since diagnosis, seizure frequency,
and linking strength between ROIs in each group.

3. Results

3.1. Anatomical Changes. Group comparisons between con-
trols and patients with left or right HS identified GMV loss
confined to bilateral hemispheres (FWE corrected, 𝑝 ≤ 0.05).
Specifically, in the left HS subgroup, GMV loss was found
in 12 ipsilateral ROIs and 7 contralateral ROIs (Figure 1,
left column); in the right HS subgroup, GMV loss was
in 2 ipsilateral ROIs and 1 contralateral ROI (Figure 1,
right column). Within the semantic cognition network, left
HS patients showed atrophy in 4 areas of IFG, vmPFC,
hippocampus, and MTG in the ipsilateral lobe, and 7 areas
of IFG, vmPFC, parahippocampus, fusiform, AG, tpSTG,
tpMTG, andMTG in the contralateral lobe. Meanwhile, right
HS patients showed only ipsilateral MTG atrophy and no
contralateral atrophy (see details in Table 2).

Table 2: Regions of GMV loss in left HS and right HS patients
compared to healthy controls (FWE corrected, 𝑝 < 0.05; cluster >
10 voxels).

Brain regions (AAL template) Left HS
(𝑛 = 13) voxels

Right HS
(𝑛 = 11) voxels

Frontal Sup Orb L 05 47
Frontal Inf Oper L 11 25 1
Frontal Inf Orb L 15 39
Frontal Inf Orb R 16 141
Frontal Mid Orb L 25 11
Frontal Mid Orb R 26 31
Rectus L 27 82
Hippocampus L 37 75
ParaHippocampal R 40 57
Occipital Sup L 49 146
Occipital Mid L 51 368
Postcentral L 57 102
Parietal Inf L 61 11
Angular R 66 61
Thalamus R 78 1
Heschl L 79 65
Temporal Pole Sup R 84 329
Temporal Mid L 85 315
Temporal Mid R 86 351 1
Temporal Pole Mid R 88 411
Note: regions in italic are components of semantic cognition network;
regions in bold are components of nonsemantic cognition network.

Further analysis showed significant difference of atrophy
severity in the left and right HS patients (19/90 : 3/90; atrophy
area number/network number; 𝑝 < 0.001). In particular,
the left hemisphere was more severely damaged in the left
HS patients than the right ones (12/45 : 1/45; 𝑝 < 0.005)
(Figure 2(a)). In addition, atrophy severity of the semantic
cognition network in the right hemisphere was more severe
in the left HS patients than the right ones (7/12 : 1/12; 𝑝 <
0.05), and patients’ atrophy difference of the left nonsemantic
cognition network also reached a significant level (8/33 : 0/33;
𝑝 < 0.01) (Figure 2(b)). Even though, in the left HS patients,
there was no significant differences of atrophy between left
and right hemispheres (12/45 : 7/45; 𝑝 = 0.20) or between
the left and right semantic cognition network (4/12 : 7/12;
𝑝 = 0.22), their nonsemantic networks were more severely
damaged in the left hemispheres (8/33 : 0/33; 𝑝 < 0.01)
(Figure 2(c)).

3.2. Structural Asymmetry. A one-way ANOVA revealed sig-
nificant differences between groups for hippocampal lateral-
ity index (𝐹 = 12.70, 𝑝 < 0.001). The LI was highest (most
left-lateralized) in the right HS patients (mean = 0.13, SD =
0.05), followed by the healthy controls (mean = −0.01, SD
= 0.03) and the left HS group (mean = −0.21, SD = 0.05).
Subsequent contrasts revealed significant differences between
controls and patients with left HS (𝑡 = 3.31, 𝑝 = 0.002),
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Figure 1: Gray matter volume (GMV) loss of patients with left HS or right HS (FWE corrected, 𝑝 = 0.05; minimum cluster size 10). In the left
HS subgroup, GMV loss was observed in 12 ROIs in the ipsilateral lobe (including the IFG, vmPFC, hippocampus, and MTG in the semantic
cognition network) and 7 ROIs in the contralateral lobe (including the IFG, vmPFC, parahippocampus, fusiform, AG, tpSTG, tpMTG, and
MTG, all of which were components of the semantic cognition network); in the right HS subgroup, GMV loss was seen in 2 ROIs in the
ipsilateral lobe and the MTG in the contralateral lobe.

between controls and right HS patients (𝑡 = −2.80, 𝑝 < 0.01),
and between groups of left and right HS (𝑡 = −4.27, 𝑝 <
0.001).

3.3. Strength Changes of Functional Connectivity in Left and
Right HS Patients. A causal connectivity graph was con-
structed using the thickness of connecting lines to indicate
the strengths of causal influences (see Figure 3). For left
HS patients, right HS patients, and healthy controls, causal
influences within the semantic cognition network presented
strongly covarying relations (Figures 3(a), 3(b), and 3(c)).
Overall, connection density among the three groups was not
significantly different (𝐹 = 0.03, 𝑝 = 0.97). But intercon-
nection patterns between ATL subregions were different in
the three groups: all the four subregions (left/right tpSTG
and tpMTG) were significantly connected with each other in

normal controls; no causal influence of the areas was found
in the left HS patients; little causal influence remained in the
rightHS patients (colored check-boards at the bottomof each
part in Figure 3).

Meanwhile, node degree analysis yielded more differ-
ences between groups. In the normal controls, the only
hub of semantic cognition network was the right tpMTG.
Specifically, the flow-in hub was the right dmPFC, while
the right tpMTG was the only flow-out hub. In the left HS
patients, the only hub was the right PCC. Specifically, the
flow-in hub was the right dmPFC, while the right PCC was
the only flow-out hub. However, there was no hub node in
the semantic cognition network of right HS patients. Further,
by comparing node degree between the left HS, right HS, and
controls, we found that node degree of the right PCC was
significantly different between left HS patients and controls
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Figure 2: Comparison of atrophy severity of the left and right HS patients in both hemispheres. (i) The whole brain and especially the left
hemisphere weremore severely damaged in leftHS patients than rightHS patients. (ii)The atrophy severity of the semantic cognition network
in the right hemisphere was more severe for left HS patients than right HS patients. (iii) “∗” indicates 𝑝 < 0.05; “∗∗” indicates 𝑝 < 0.01;
“∗ ∗ ∗” indicates 𝑝 < 0.005.

(𝑡 = −2.23, 𝑝 < 0.05), and node degree of the right MTG was
significantly different between right HS patients and controls
(𝑡 = 3.42, 𝑝 < 0.002). By comparing in-degree and out-
degree between the left HS and controls, we found that the
out-degree of right PCC (𝑡 = −2.25, 𝑝 < 0.05), right IFG
(𝑡 = 2.67, 𝑝 < 0.02), left MTG (𝑡 = 2.20, 𝑝 < 0.05), and
left tpMTG (𝑡 = −2.07, 𝑝 < 0.05) was significantly different.

In contrast, by comparing in-degree and out-degree between
the right HS and controls, we found that both the in-degree
and out-degree of right MTG (𝑡 = 3.03, 𝑝 < 0.005; 𝑡 = 2.63,
𝑝 < 0.02) were significantly different.

Between-group analysis showed increased driving effect
between nodes in ipsilateral structures and decreased driving
effect between nodes of contralateral structures in left HS
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Figure 3: Causal influence of effective connectivity between ROIs in the semantic cognition network. (i) Connection density among the three
groups of left HS patients, right HS patients, and normal controls was not significantly different from each other. (ii) The network hub in the
normal controls was the right tpMTG (the flow-in hub the right dmPFC and the flow-out hub the right tpMTG), and the network hub in the
left HS patients was the right PCC (the flow-in hub the right dmPFC and the flow-out hub the right PCC), but there was no hub node in the
semantic cognition network of patients with right HS. (iii) Subregions of the anterior temporal lobe (ATL) in the bilateral hemispheres were
strongly connected in normal controls but partially interconnected in right HS patients and not interconnected in left HS patients.

patients compared with normal controls. In detail, increased
causal effects were found in the interactions from right AG
to right parahippocampal gyrus, from right AG to right
SMG, from left MTG to left parahippocampal gyrus, from
left tpMTG to left PCC, and from left tpMTG to left MTG;
decreased causal effects were found in the interactions from
right PCC to left vmPFC, from right fusiform to left fusiform,

and from left tpSTG to right tpSTG. There were also 3
exceptions where the causal effect from right vmPFC to right
PCC and from left hippocampus to left parahippocampal
gyrus decreased and where from right tpMTG to left MTG
increased (see Figure 4(a)). By contrast, directional interac-
tion weight changes between right HS patients and the con-
trols seemed rather systematic. Increased interaction between



8 Neural Plasticity

Left HS versus normal controls

Hubs with significantly different node degree
Increased causal effect
Decreased causal effect

(a)

Right HS versus normal controls

Hubs with significantly different node degree
Increased causal effect
Decreased causal effect

(b)

Figure 4: Changes of the driving effect between nodes in the semantic cognition network between the left HS, right HS, and normal controls.
(i) The driving effect between nodes in ipsilateral structures increased and it decreased between nodes of contralateral structures in patients
with left HS. (ii) Directional interaction weight changes between normal and patients with right HS seemed rather systematic, as an increased
causal connectivity change was accompanied with a decreased intensity change and vice versa. (iii) The node degree of the right PCC was
significantly different between patients with left HS and controls, and the node degree of the right MTG was significantly different between
patients with right HS and controls.

ipsilateral ROIs originated from right vmPFC to right MTG;
decreased intrahemisphere interaction originated from right
hippocampus to right dmPFC. Increased interaction between
contralateral ROIs originated from right AG to left AG, from
left vmPFC to rightMTG, and from right hippocampus to left
dmPFC; decreased interhemisphere interaction originated
from left fusiform to right MTG, from right fusiform to left
IFG, and from right MTG to left MTG (see Figure 4(b)).

3.4. Correlation between Hippocampal LI and Epilepsy Onset
Time, Duration, Frequency, and Strength of Causal Influence.
There was significant correlation between hippocampus LI
and changed path weights of effectively interconnected ROIs.
The linking intensity from rightAG to right parahippocampal
gyrus in the left HS patients was negatively correlated with
hippocampal LI (𝑟 = −0.56, 𝑝 < 0.05), while the
linking intensity from right AG to right SMG was positively
correlated with hippocampal LI (𝑟 = −0.61, 𝑝 < 0.05).
No significant correlation was found between hippocampus
LI and epilepsy onset time, duration, and frequency in both
groups.

4. Discussion

To explore disrupted conceptualization in mTLE patients
with HS, the current study focused on identifying structural
and effective connectivity changes of the semantic cognition
network. We found that the gray matter was significantly
reduced in in both left and right HS patients. Even though
the two hemispheres were equally damaged inmTLE patients
with left HS, all the 7 regions that showed atrophy in the

contralateral hemisphere were semantic cognition network
components. Meanwhile, significant increased linking inten-
sity changes between ipsilateral regions and decreased linking
intensity changes between contralateral regions (particu-
larly in the ATL area) were only found in the left mTLE
group.The consistent anatomical and functional connectivity
changes suggested that the breakdown of effective connectiv-
ity between left and right hemispheres, possibly caused by the
severely damaged contralateral hemisphere, was the reason of
more severe language impairment of left HS patients.

4.1. “Targeted Attacks” Affected the Contralateral Hemisphere
of Left HS Patients Mostly. Previous quantitative MRI volu-
metric and voxel-based morphometry (VBM) studies have
identified atrophy of the hippocampus [43] along with dis-
tributed abnormalities in neighboring and distant structures
including the entorhinal cortex [43–45], parahippocampal
gyrus [43], basal ganglia [46], lateral temporal cortex, frontal
lobe, and cerebellum [47]. This distributed atrophy indicated
influence of seizure propagation on the whole brain. Our
findings were consistent with previous findings concerning
the effect of epilepsy duration on gray matter volume in
VBMstudies [48, 49].The altered topologies can be attributed
to the seizure-dependent reinforcement of an epileptogenic
configuration of the brain network.

Our findings also revealed different seizure propagation
effects in the two patient groups. In the left HS patients,
more regions in the whole brain, especially the dominant
hemisphere, were injured. It was manifested that the left HS
patients were more easily affected and may experience more
serious hippocampal injuries, as their hippocampal LI varied
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more from normal controls. One theory about mechanisms
underlying brain damage in mTLE hypothesizes that seizure
propagation determines the distribution of damage [33]. Our
findings matched such a theory, since left HS patients were
more easily affected.

In addition, we specifically found that all the 7 atrophy
regions in the right hemisphere in left HS patients were
within the semantic cognition network. It indicated that left
HS patients also displayed a higher vulnerability to seizure
attacks in the potential compensatory semantic networks.We
postulated that more serious anatomical changes in the left
semantic cognition network and a disrupted compensatory
mechanism in the contralateral hemisphere, which received
“targeted attack” with higher vulnerability to disease, lead to
more severe language impairment in the left HS patients.

4.2. Breakdown of Interhemisphere Connection, Especially in
ATL, Induced More Severe Language Impairment in Left HS
Patients. The results of the Granger causality analyses using
functional ROIs showed no significantly different connection
density among the left HS patients, right HS patients, and
normal controls. However, node degree analysis revealed that
hubs of patients’ semantic cognition network changed. The
right tpMTG was the only hub center in normal controls.
Its importance was best manifested in the outflow condition.
In contrast, the ATL was not the longer semantic cognition
network hub in both left and right HS patients.

In particular, subregions of theATLs (tpSTGand tpMTG)
in the left and right hemispheres were causally affected by
each other in normal controls. It was in stark contrast with
semantic cognition networks in patients with left and right
HS, in which connections between ATL subregions were all
disrupted in left HS patients while only the bidirectional
causal connection between left and right tpMTG remained in
right HS patients. Patterson et al. [50] propose that bilateral
anterior temporal lobes are amodal, abstract conceptual hubs
that bind modality-specific properties, which are grounded
in the sensory-motor system. Pobric et al. [51] used repetitive
transcranial magnetic stimulation (rTMS) to disrupt neural
processing temporarily in the left or right temporal poles and
reported that rTMS disrupted semantic processing for words
and pictures with the same degree.Their work illustrated that
left and right anterior temporal lobes are critical in forming
concepts of both words and pictures. Our findings suggested
that even the residual weak interhemisphere interactions
can sustain a relatively normal semantic network (in the
right HS patients). Moreover, the integrating role of the
semantic network hub in ATL (the right tpMTG) cannot
be compensated by other region (such as the right PCC in
the left HS patients), even though it may also be effectively
connected with many areas in the network. It implicated
that left and right ATLs functioned as a transmodal hub via
mutual interconnections.

Changes in interregional functional coupling are thought
to represent compensatory mechanisms secondary to struc-
tural pathology and seizure-related activity [52]. In terms
of compensation strategies, patients with left HS showed
that causal linking between nodes in ipsilateral structures
increased, while causal effects between nodes of contralateral

structures decreased. In contrast, patients with right HS
showed a balanced change where the number of signifi-
cantly increased interhemisphere and intrahemisphere causal
interactions was the same as that of decreased interhemi-
sphere and intrahemisphere causal interactions. The equal
occurrence rate of altered effective changes may be a coinci-
dence. However, it also indicates that if effective connections
between ipsilateral and contralateral regions were damaged,
patients with right HS were able to form a compensatory one
to sustain a relatively normal semantic competence. It may
owe to their less severe structural changes. In other words,
the severe targeted atrophy in the contralateral hemisphere
in patients with left HS caused disrupted interconnection
between hemispheres and cannot be substituted for by
intensified connection between regions in the same hemi-
sphere.Thus, the breakdownof interhemisphere connections,
especially those across left and right ATLs, leads to naming
disability.

4.3. Hippocampal Sclerosis Was Accompanied with Reduced
Causal Influence from the AG. The two significant correla-
tions between hippocampus LI and the path weights of the
semantic cognition network both originated from the right
AG in left HS patients. Since gray matter of the right AG was
also significantly reduced, the structural change of the right
AG may influence the power flowing out from it. It was con-
sistent with the conclusion that the AG occupies a position at
the top of a processing hierarchy underlying concept retrieval
and conceptual integration [12]. As impaired semantic con-
trol was associated with deregulated access to knowledge,
patients may have difficulty directing activation towards the
target and away from irrelevant prepotent associations [10].

5. Conclusions and Limitation

By comparing structural changes of left and right mTLE
patients with healthy controls, the current study suggested
that left HS patients had a higher vulnerability to seizure
attacks, which may affect their compensation strategy. The
interrupted effective connectivity between subregions of the
ATL across hemispheres, which performs a unitary, homo-
geneous, transmodal representation for conceptual infor-
mation, may be the primary reason why left HS patients
displayed severe name finding difficulties but relevant good
comprehension ability. In sum, our study revealed that the
severe and targeted anatomical changes resulted in failed
compensatory strategy in left HS patients, which was charac-
terized by increased intrahemisphere causal interaction but
decreased interhemisphere causal links.

The primary limitation in the current study is the small
number of left and right HS patients. Our intention was to
maintain uniformity across patients, even if it means sacrific-
ing sample size. Incorporating patients with a loose standard
may reduce detectability of group difference. However, it may
also lead to no significant correlation between the magnitude
of Granger causality interaction and patients’ clinical data,
such as disease onset time, duration, or seizure frequency.
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Purpose.The aim of this study was to evaluate the effects of high frequency repetitive transcranial magnetic stimulation (HF-rTMS)
on stroke patients with motor dysfunction and to investigate the underlying neural mechanism. Methods. Fifteen stroke patients
were assigned to the rTMS treatment (RT) group and conventional treatment (CT) group. Patients in the RT received 10Hz rTMS
stimulation on the ipsilesional primarymotor cortex for 10 days plus conventional treatment of CT, which consisted of acupuncture
and antiplatelet aggregation medication. Difference in fractional anisotropy (FA) between pretreatment and posttreatment and
between two groups was determined. Correlations between FA values and neurological assessments were also calculated. Results.
Both groups significantly improved the neurological function after treatment. rTMS-treated patients showed better improvement
in Fugl-Meyer Assessment (FMA) score and increased FA value in motor-related white matter and gray matter cortices compared
with CT-treated patients and pretreatment status. Besides, the increased FA value in the ipsilesional posterior limb of the internal
capsule in RT group was significantly correlated with the improved FMA score. Significance. HF-rTMS could be a supplement
therapy to CT in improving motor recovery in patients with stroke. And this benefit effect may be achieved through modulating
the ipsilesional corticospinal tracts and motor-related gray matter cortices.

1. Introduction

Stroke is the major cause of adult disability worldwide. Up
to 80% of the stroke patients endure motor deficits that
severely lowers the quality of their daily lives [1, 2]. Most
of the stroke survivors could obtain a certain degree of
motor improvement after various therapies, including med-
ication, acupuncture, movement training, and other types
of interventions. So far, however, the effectiveness of these
interventions remains unsatisfactory.

The neural mechanisms of motor recovery following
stroke remain unknown. Recent studies indicate that the
functional plasticity and structural remodeling of white
microstructure could underlie the poststroke recovery pro-
cess [3–6]. Transcranial magnetic stimulation (TMS) is a safe,
painless, and noninvasive strategy that was first reported by
Barker et al. in 1985 [7, 8]. Repetitive TMS (rTMS) is a new
method that can alert activity in cortex and induce lasting
effects on neuroplasticity in the cortex, and it has been used
to treat depression, Parkinson’s disease, stroke, and other
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2 Neural Plasticity

neurological diseases in recent years. The rTMS therapy for
motor recovery following stroke aims to augment neural
plasticity and improve motor function based on the inter-
hemispheric competition model, which states that inhibitory
rTMS on contralesional hemisphere increases excitability in
the ipsilesional motor cortex by reducing excessive inter-
hemispheric inhibition from the contralesional motor cortex
[9–11], whereas excitatory rTMS over the affected hemisphere
directly increases the excitability of the ipsilesional motor
cortex [11–14].

Previous plastic studies of rTMS had focused mainly on
functional brain mapping. Currently, diffusion tensor imag-
ing (DTI) has been widely used as a noninvasive tool to
investigate and measure the integrity of white matter in vivo
[15]. Fractional anisotropy (FA), one of DTI parameters, can
quantify the degree of water diffusion and reliably visualize
the microstructural status, but it is susceptible to axonal
myelination as well as density and orientational coherence
[16]. Reduced FA has been reported in Wallerian degenera-
tion or destruction ofwhitematter integrity [17] and in people
with motor impairments [18]. Several DTI-based studies that
evaluated the FA values along the ipsilesional corticospinal
tracts (CST) suggest a decreased FA value following stroke
[19–21]. After the interventions of different treatments, the
progressively increased FA values in the ipsilesional CSTwere
found positively correlated with the functional recovery of
the stroke patients as measured by the Fugl-Meyer Assess-
ment (FMA) [4, 5, 22]. Several related studies also reported
that the stroke motor recovery is positively and significantly
associated with the changes of FA in the contralesional
hemisphere after unilateral infract [23–25]. Besides, previous
low frequency rTMS studies also have shown obvious effects
in improving motor function via inhibiting contralesional
motor cortex and exciting the ipsilesional cortex [26, 27]. To
date the research on rTMS-induced white matter modifica-
tion after stroke is limited, and it is not clear if high frequency
rTMS could also lead to an improvement in motor function
and remodeling of white microstructures in stroke patients
with motor dysfunction.

The present study aimed at determiningwhether high fre-
quency rTMS-induced excitability of the ipsilesional hemi-
sphere would cause plastic changes in the microstructure of
white matter of stroke patients with motor dysfunction and
the correlation with motor recovery.

2. Methods

2.1. Participants. Fifteen acute ischemic stroke patients with
left hemisphere infarctions were recruited for this study from
March to December 2015 at the Second Clinical Medical
College ofNorth SichuanMedical College, Nanchong, China,
with the following inclusion criteria: (1) first-ever stroke
patients with a unilateral hemisphere infarct within seven
days of onset; (2) the lesion being subcortical with its focal
point confirmed by diffusion weighted imaging (DWI); (3)
National Institutes of Health Stroke Scale (NIHSS) scores
≥2; (4) mild to moderate motor impairment lasting at least
48 hours; (5) age from 50 to 80 years; and (6) being
without seizure, dysgnosia, psychosis, or other coexistent

neurological/psychiatric disease. All study procedures were
conducted in accordance with the Helsinki Declaration of
1975 and were approved by Institutional Review Board of
the North Sichuan Medical College. Informed consent was
obtained from all participants prior to enrollment into the
study.

A total of 15 patients were assigned to two groups: 7 to
the rTMS treatment (RT) group and 8 to the conventional
treatment (CT) group. The patients in the RT group received
10Hz rTMS treatment over the ipsilesional motor cortex
for 10 days plus conventional treatment, whereas patients
in CT group underwent conventional treatment including
acupuncture and antiplatelet aggregation drugs medica-
tion.

2.2. MRI Procedure and Neurological Evaluation. Each pa-
tient received the neurological functional assessments and
MRI scans two times: prior to the first rTMS session and
immediately after the end of rTMS treatments (10 days of
rTMS stimulation). All patients received the same medi-
cal therapy including anticoagulant (low molecular weight
heparin or aspirin), brain protection (piracetam), and blood
circulation protection (Salvia miltiorrhiza).

2.3. Clinical Assessment. All patients were assessed by Fugl-
Meyer Assessment (FMA), NIHSS, and Barthel Index scale
(BI) to evaluate the severity of stroke and functional dis-
ability by trained and experienced neurologists before MRI
examination. The FMA measurement consists of the motor
function assessment items on upper limb and lower limb. BI
is often used to evaluate the activity ability of daily living of
stroke patient. For both of FMA and BI scales, a higher score
reveals a better motor function or activity ability. On the con-
trary, a higher score of NIHSS, a comprehensive assessment
to estimate the degree of neurological impairment, reflects a
more serious stroke-related disability. Behavioral assessment
andMRI examination were both conducted on the same day.
To minimize operator-dependent bias, the neurologists were
blinded to the patient grouping. The differences in clinical
assessment scores between the RT and CT groups and before
the first session and after the end of treatment were analysed
by using the SPSS 22.0 software (Statistical Package for Social
Sciences, Chicago, IL, USA). The results were considered
significant at 𝑝 < 0.05.

2.4. Resting Motor Threshold. For the rTMS treatment, the
TMS coil was placed on the ipsilesional motor cortex. To
determine the stimulation intensity, the restingmotor thresh-
old (RMT), defined as the minimal output of stimulation
that could evoke muscle twitch of the contralateral first
dorsal interosseous (FDI) or elicited amotor evoked potential
(MEP) of at least an amplitude of 50𝜇V in at least half
of 10 consecutive stimuli recorded by electromyography
[28], was determined for each patient by connecting the
rTMS stimulator to an electromyogram apparatus (Dantec
Keypoint System, Skovlunde, Denmark).TheMEP signal was
recorded from the surface Ag/AgCI electrodes placed on the
FDI hand muscles.
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2.5. rTMS Protocols. Patients in the RT group received 10
daily sessions of rTMS over the hand area of the ipsilesional
primary motor cortex (M1) for a duration of 15 minutes
using aMag Pro butterfly-shape coil stimulator (MagVenture,
Lucernemarken, Denmark). Each session of rTMS involved
30 trains of 50 pulses with 25-second intervals at 10Hz and
90% RMT (total 1500 pulses/day). The stimulated motor
cortex was determined and defined as the location that could
elicit muscle twitch and the largest MEP of the contralateral
FDI. As the ipsilesional hemisphere remained nonresponsive
to TMS stimulation, the exact site of stimulation was defined
as the location homologous to the contralesional motor
cortex. Besides, during the rTMS treatment, the coil was
positioned tangentially to the scalp of the stimulation target
at a 45∘ angle from the midsagittal plane.

2.6. Acupuncture Strategy. Acupuncture was performed at
the bilateral Fengchi acupoint and ipsilesional Baihui,
Xuanzhong, Quchi, Hegu, Zusanli, and Sanyinjiao acupoints,
with Baihui and Fengchi forward flat spines 0.5–1.5 inch,
obliquely to the tip of the nose direction of the wind pool,
and the remaining acupoints down to levels of 0.8–2.0
inches. The twisting angle was less than 90 degrees. The
acupuncture treatment was performed by experienced and
licensed acupuncturists. Each patient received thirty minutes
of acupuncture treatment per day following rTMS treatment.
Patients in both the RT and CT groups were also given
antiplatelet aggregation drugs to improve blood circulation.

2.7. MRI Acquisition. All MRI data were acquired on a GE
Signa HDxt 1.5 Tesla MR scanner (General Electric Medical
System, Milwaukee, WI, USA) by using an 8-channel head
coil. The DTI acquisition was performed by using a single-
shot echo-planar imaging (EPI) sequence with the following
parameters: TR/TE = 8500/96ms, flip angle = 90∘, field of
view = 240mm × 240mm, matrix = 256 × 256, voxel sizes =
0.94×0.94×5.0mm3, 32 axial slices with no gap, and acquisi-
tion time = 4 minutes and 50 seconds.The diffusion sensitive
gradients were applied along 30 noncollinear directions with
𝑏 value = 1000 s/mm2 to obtain the weighted images and one
unweighted B0 image with 𝑏 value = 0 s/mm2.

Along with the diffusion tensor imaging scan, high
resolution anatomical T1-weighted images were also acquired
for each subject using a three-dimensional-spoiled gradient
recalled (3D-SPGR) sequence: TR/TE = 9.1/2.9ms, flip angle
= 20∘, field of view = 240mm × 240mm, matrix = 256 × 256,
voxel sizes = 0.94×0.94×1.2mm3, and 124 slices with no gap.

2.8. Image Processing. SPM8 software (statistical parametric
mapping, http://www.fil.ion.ucl.ac.uk/spm/) was used for
preprocessing of DTI datasets to remove the head motion
by aligning 30 diffusion weighted images to B0 image. Eddy
current distortions were corrected by affine registration to
the reference B0 image. Whole brain fiber tracking and
reconstruction of the diffusion parameter images were eval-
uated in the DTI native space using interpolated stream-
line propagation algorithm with Diffusion Toolkit Software
(http://trackvis.org/). Three eigenvalues (𝜆1, 𝜆2, and 𝜆3) and
the maps of MD and FA were produced for each subject.

1514131211

109876

54321

LR

Figure 1: Individual diffusionweighted images in the axial view.The
panel shows the slice with maximum infarct volume. Each subject is
coded by the same serial number as the first row in Table 1.

During fiber tracking, if the FA value was lower than 0.2 or if
the angle was less than 40∘, the path tracking was stopped. All
of the maps were normalized to the Montreal Neurological
Institute (MNI) coordinate system and reinterpolated into
isotropic voxels of 3.0mm × 3.0mm × 3.0mm. Finally, to
improve the signal-to-noise ratio of the maps, an isotropic
Gaussian kernel (FWHM = 8mm) was applied to complete
the spatial smooth filtering. To detect the alteration of MD
and FA values after the rTMS treatment, a paired 𝑡-test was
adopted with a statistical significant level of 𝑝 < 0.05.
The two-sample 𝑡-test was also used to compare the images
between the patients from RT and CT groups. To minimize
the possible impact on the findings, age, gender, and duration
of stroke were used as covariates in all statistical analyses.

2.9. Correlation Analysis. After comparing the FA maps
between pre- and post-rTMS treatments, the motor-related
brain regions, which revealed significant differences, were
selected as regions of interest (ROI) to investigate the poten-
tial relationships between the alteration of diffusion parame-
ters in these ROIs and clinical assessment improvement. Each
ROI was defined as a cluster composed of 27 voxels around
the peak coordinate of the difference area. For each ROI,
the extracted values were manually checked and confirmed
before the average value of the 27 voxels was obtained.
Finally, Pearson correlation analysis was conducted between
the diffusion parameters and clinical assessments including
FM and BI to estimate their homogeneity.

3. Results

Table 1 shows the demographic and clinical characteristics
of the included stroke patients. No significant differences in
age, gender, type of stroke, duration, or baseline behavioral
scores were observed between the RT and CT groups at
baseline. Figure 1 illustrates the lesion location from the
slice of maximum infarct volume on DWI images for each

http://www.fil.ion.ucl.ac.uk/spm/
http://trackvis.org/
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Table 2: Brain regions with significant clusters and peak voxel
coordinates showing FA difference between pre- and post-rTMS
treatment.

Brain region MNI coordinates
(𝑥, 𝑦, 𝑧) 𝑡 value Voxel

number
Post > pre

Supp motor area R 7, −23, 60 4.89 77
Frontal mid R 36, 10, 51 3.18 48
Precentral L −38, −2, 48 4.67 55
Precentral R 27, −20, 54 4.22 73
Thalamus L −23, −23, 6 7.56 39
Temporal inf L −59, −20, −30 6.89 31

Post < pre
Precuneus R 5, −68, 53 −4.74 32
Parietal sup R 27, −49, 51 −5.58 54
Angular L −44, −61, 48 −2.84 28

MNI: Montreal Neurological Institute; L: left; R: right.

participant. All of the patients completed the 10 treatment
sessions without reporting any adverse effects.

3.1. Behavioral Outcomes. Table 1 shows the descriptive pre-
treatment and posttreatment data for all clinical measures
for both RT and CT groups. NIHSS, FMA, and BI scores
showed significant changes after the treatment in both groups
(NIHSS: RT: 𝑝 = 0.003; CT: 𝑝 = 0.001; FMA: RT: 𝑝 =
0.001; CT: 𝑝 = 0.026; BI: RT: 𝑝 = 0.012, CT: 𝑝 = 0.001).
Additionally, the increase in FMAwas significantly greater in
the RT than in the CT group after the treatment (𝑝 = 0.041).

3.2. Factional Anisotropy Improvement. Paired comparisons
between pre- and post-rTMS conditions revealed that the
quantitative diffusion FA values of patients in the RT had
increased significantly in the ipsilesional posterior limb of
internal capsule (PLIC), M1, contralesional supplementary
motor area (SMA), middle frontal gyrus (MFG), bilateral
CST at the level of corona radiate (CR), and contralesional
PLIC after 10 days of rTMS intervention (𝑝 < 0.05, uncor-
rected). The significant differences were demonstrated in
Figure 2 and detailed information of significant clusters and
peak voxels was recorded in Table 2. No significant changes
were observed in the CT after a 10-day acupuncture and con-
ventional medication treatment. Moreover, the quantitative
diffusion FA value in the bilateral PLIC, M1, and SMA was
significantly different between the RT and CT groups after
rTMS and conventional treatment (𝑝 < 0.05, uncorrected)
(Figure 3 and Table 3).

3.3. Relationship between Motor Improvement and White
Microstructure. To evaluate the relationship between the
quantitative FA values and the functional clinical recovery,
we detected a significant and positive correlation between the
altered FA value in the ipsilesional PLIC and changes in FMA
scores in RT group (𝑟 = 0.78, 𝑝 = 0.039) (Figure 4). For the
CT group, although positive correlation was found, it was not

Table 3: Brain regions with significant clusters and peak voxel
coordinates showing FAdifference between rTMSgroup and control
group.

Brain region MNI coordinates
(𝑥, 𝑦, 𝑧)

𝑡 value Voxel
number

RT > CT
Supp motor area L 0, −1, 61 7.91 294
Precentral L −44, −13, 60 3.63 75
Precentral R 36, −23, 58 3.56 51
Postcentral L −48, −26, 54 2.78 59
Paracentral lobule L −2, −31, 60 4.13 162
Precuneus L −2, −47, 60 3.9 372
Frontal inf tri R 49, 32, 7 4.13 58
Thalamus L −23, −20, 6 2.68 51
Insula R 45, 6, 9 2.96 46
Frontal sup medial R 2, 59, 3 3.63 286
Temporal mid R 65, −36, 3 3.56 76
Occipital sup R 11, −96, 4 2.61 42

RT < CT
Frontal mid R 29, 53, 3 −4.23 122
Caudate L −13, 17, 10 −2.39 58
Frontal sup L −14, 67, 2 −2.76 50
Frontal mid L −30, 10, 51 −3.1 29

MNI: Montreal Neurological Institute; L: left; R: right; RT: repetitive
transcranial magnetic stimulation treatment; CT: conventional treatment.

significant (𝑟 = 0.27,𝑝 = 0.52). No significant correlationwas
observed in other areas.

4. Discussion

In this study, 10-day successive sessions of exciting high
frequency (10Hz) rTMS over the ipsilesional motor cortex
were evaluated in acute ischemic stroke patients, as an
add-on therapy to current therapy for its effect on motor
function recovery. Voxel-based diffusion parameter analysis
was applied to investigate the microstructural alteration
after this treatment. The investigation showed that both RT
plus CT (including acupuncture and medication) and CT
alone improved the motor function of the affected limb.
Furthermore, the improvement was greater in the RT +
CT group than in the CT alone group as measured by FM
score (Table 1). The significantly improved microstructural
properties of motor-related white fibers and gray matter
areas, which included the PLIC, M1, SMA, MFG, and CR,
were also observed in the RT + CT group. The FA changes
in the ipsilesional PLIC of rTMS-treated patients but not in
that of control patients showed a linear relationship with the
functional motor gains, suggesting a potential modulation
of the motor function recovery and motor-related neural
systems as well as the interhemispheric communication by
repeated rTMS treatment in stroke patients. The results of
this study also demonstrated that high frequency rTMS was
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Figure 2: Comparison of FAmaps between pre- and post-rTMS treatment for stroke patients in RT group.The FA results of one-sample 𝑡-test
for stroke patients of pre- (a) and post-rTMS treatment (b). (c) Significantly changed brain areas are superimposed on the che2bet hemisphere
of the Montreal Neurological Institute template brain in the three-view drawing (𝑝 < 0.05). The warm and cold tones separately indicate the
increased and decreased FA value after rTMS treatment. (d) Bars represent the mean FA values. Vertical bars indicate estimated standard
errors. Compared with the pre-rTMS treatment, the mean FA showed a significant increase after rTMS treatment in bilateral posterior limb
of internal capsule (PLIC), left precentral gyrus (PG), right supplementary motor area (SMA), right middle frontal gyrus (MFG), and right
corona radiate (CR).
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Figure 3: Comparison of FA maps between patients of RT and CT groups after treatment. The FA results of one-sample 𝑡-test for stroke
patients of post-CT (a) and post-rTMS treatment (b). (c) Significantly changed brain areas are superimposed on the che2bet hemisphere of
the Montreal Neurological Institute template brain in the three-view drawing (𝑝 < 0.05). The warm and cold tones separately indicate the
increased and decreased FA value of RT. (d) Bars represent the mean FA values. Vertical bars indicate estimated standard errors. Compared
with the CT, the mean FA value showed a significant increase after rTMS treatment in bilateral posterior limb of internal capsule (PLIC),
primary motor area (M1), and supplementary motor area (SMA) in RT.
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Figure 4: Relationship between changes of FA value in the ipsile-
sional posterior limb of internal capsule and changes of FMA score
after rTMS treatment in the RT group (correlation coefficient 𝑟 =
0.78, 𝑝 = 0.039).

a safe and tolerable add-on therapy for acute ischemic stroke
patients.

Previous studies showed that rTMS alonewas effective for
motor recovery in stroke patients [14, 29–32]. In these studies,
both single session [14, 29] and multiple sessions [30–32]
of rTMS over affected hemisphere facilitated and enhanced
motor recovery in stroke patients, in terms of movement
accuracy [14], movement time [14], frequency of finger
tapping [29], grip strength [30–32], and other motor aspects
of motor function. However, so far, no study has reported
FMA as a potential mechanism underlying high frequency
rTMS-induced motor rehabilitation after stroke.

In this study, rTMS add-on therapy significantly in-
creased FA values in the ipsilesional and contralesional PLIC
and bilateral CR of stroke patients and this increase in the
ipsilesional PLIC was positively correlated with the alter-
ation of FMA scores. Although similar imaging results were
observed in the CT group, they did not reach a significant
level. These findings would reflect a boosting effect of rTMS
on motor function recovery after stroke. Recent studies have
shown that PLIC is mainly comprised of CST which control
voluntary movement and is commonly used as the regions
to the analysis of the integrity of CST [33, 34]. Compared to
other brain regions, PLIC would have a closer relationship
with motor function. In addition, studies on stroke patients
observed that degree of damage to the PLIC (reflected as
reductions in FA values) is correlated with poor motor
function [21], and the regional FA changes of PLIC could
predict changes ofmotor impairment [35].Thus, an increased
FMA score would represent improved motor ability, and the
positive correlation may indicate that the bigger FA value
increased the better motor recovery of the patients.

There is evidence that PLIC and CR were mainly com-
prised of CST which project from the motor cortex to the

PLIC [34, 36, 37] and to brain stem [33]. Previous diffusion
microstructural studies have showed significantly decreased
FA values in ipsilesional [5, 38, 39] and contralesional [24, 40]
PLIC and CST after stroke. The degree of FA reduction in
PLIC was also correlated with the damage of motor ability [5,
24]. During rehabilitation, the FA value of both the affected
[21, 41] and unaffectedCST increased significantly [42], and it
has been used to predict the long-term motor outcome after
stroke [21, 43]. Furthermore, a 7-day HF-rTMS reduced the
infarct volumes, improved glucosemetabolism, and inhibited
neuronal apoptosis in lesional area in mice with acute exper-
imental stroke [44]. In our study, we placed high frequency
rTMS stimulation over the ipsilesional M1 area which is the
origin of CST. Therefore, the neuromodulation of rTMS is
possibly associatedwith ormodulated through this structural
pathway that involved improved energy metabolism.

Except for the white matter structures, we also observed
increased FA value in several motor-related gray matter areas
including the bilateral M1, SMA, ipsilesional thalamus, para-
central lobule, and contralesionalMFGafter rTMS treatment.
It is known that the brain motor network, consisting of
the M1, SMA, and paracentral lobule [45, 46], is crucially
involved in the voluntary motor control [47]. AlthoughMFG
is not part of the motor network, previous functional MRI
studies illustrated that MFG may monitor and reinforce
motor performance and cognitive and executive functions
during stroke recovery [48–51]. Besides, thalamus is involved
in the modulation of motor function [52].

The cortical interhemispheric competition theory sug-
gests a dual facilitation and inhibition modulation mecha-
nism of the excitability of motor cortex between bilateral
hemispheres that may underlie the recovery of motor dys-
function [53]. Indeed, increased FA value in CST and the
transcallosal M1-M1 tracts was reported during stroke reha-
bilitation [35, 38], supporting that both are associated with
subsequent motor recovery. A recent study of low frequency
rTMS (LF-rTMS) on contralesional hemisphere in stroke
patientswithmotor dysfunction suggests that LF-rTMS could
increase FA value of transcallosal motor fibers and modulate
and assist adaptive neuroplastic changes in stroke patients
[54]. Together with this study’s findings of FA value increased
in bilateral M1 and motor-related cortex, it can be inferred
that these findings may reflect the neuromodulation and
therapeutic effects of rTMS on microstructural plasticity in
stroke patients.

There are several limitations in the present study. First,
only a small number of patients were included in each group
that reduced the analysis power in statistical analysis. Second,
regarding the behavioral assessment, only FMA, NIHSS, and
BI were used to evaluate rTMS-induced motor recovery. Be-
cause FMA is mainly for motor function assessment, where-
as NIHSS and BI are too general to evaluate specific motor
ability, more refined and targeted motor measurement could
producemore detailed findings.Third, the potential effects of
acupuncture treatment and medication received by both RT
and CT groups cannot be excluded. In addition, the longer-
term effects of rTMS treatment were not evaluated.

Although both RT and CT improved the neurological
scores, motor function, and daily activity ability, a greater
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improvement in FMA scores was observed in RT group
than in the CT group, suggesting a specific effect of HF-
rTMS in this regard. A recent DTI study showed that a 4-
week acupuncture treatment with conventional medication
could improve the FMA score and white matter diffusion
parameters compared to medication alone in stroke patients
with unilateral motor deficits [55]. Thus, the lack of clear-
cut different results between the RT + CT group and CT
group in this study may have been obscured by the potential
therapeutic effect of acupuncture present in both treatment
groups, or the greater improvement in FMA score in the
RT + CT group may still reflect additional beneficial effects
of rTMS over CT on motor recovery. Future studies with
separate controls of rTMS, acupuncture, and medication are
needed to verify this possibility.

To our knowledge, this study is the first to have evaluated
the effectiveness of high frequency rTMS add-on therapy in
acute stroke patients with motor dysfunction using voxel-
based diffusion parameter analysis. rTMS treatment plus CT
for 10 days improved diffusion microstructures in motor-
related white matter and gray matter brain regions that
correlated with the behavioral recovery in stroke patients.
Our results also suggest that change in FA values of the
ipsilesional PLIC could be a potential biomarker for motor
recovery in stroke patient that deserves further investigation.
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Several biomarkers have been identified which enable a considerable prediction of hand-motor outcome after cerebral damage
already in the subacute stage after stroke. We here review the value of MRI biomarkers in the evaluation of corticospinal integrity
and functional recruitment of motor resources. Many of the functional imaging parameters are not feasible early after stroke or
for patients with high impairment and low compliance. Whereas functional connectivity parameters have demonstrated varying
results on their predictive value for hand-motor outcome, corticospinal integrity evaluation using structural imaging showed robust
and high predictive power for patients with different levels of impairment. Although this is indicative of an overall higher value
of structural imaging for prediction, we suggest that this variation be explained by structure and function relationships. To gain
more insight into the recovering brain, not only one biomarker is needed. We rather argue for a combination of different measures
in an algorithm to classify fine-graded subgroups of patients. Approaches to determining biomarkers have to take into account
the established markers to provide further information on certain subgroups. Assessing the best therapy approaches for individual
patients will become more feasible as these subgroups become specified in more detail. This procedure will help to considerably
save resources and optimize neurorehabilitative therapy.

1. The Challenge: Preparing the Field

Stroke continues to be the leading cause for long-term
disabilities. Worldwide, about 5 million people who have
suffered from a stroke remain permanently impaired [1],
leaving a majority of patients with disturbances in the motor
abilities [2]. About 75% of those who experience stroke have
lingering upper limb impairment [3]. As restoring hand-
motor abilities is crucial in improving the patients’ daily lives,
the efficiency of training strategies is essential. In contrast to
lower limb training, which only focuses on pure repetition
of gait movements [4], upper limb motor function training
needs to combine different aspects of motor abilities to
rehabilitate the everyday requirements [5]. Plasticity research
has also suggested that repetitions close to the individual
output limit improve motor ability more than the number of
overall repetitions alone [6]. It is therefore crucial to adjust
the therapy to the functional requirements of each patient.

The therapeutic success depends on the amount of
lesioned brain resources and the capability of affected systems
to adapt to alternative intact resources. In addition, the time
after stroke is a relevant factor for plasticity: specifically, the
acute and subacute phases after stroke are characterized by
augmented plasticity, which can last up to 3 or 4 months [7].
In these early stages, therapeutic intervention may lead to
functionally relevant improvements whereas, in the chronic
stage, the potential to recover basic functions is limited (e.g.,
[8, 9]).

Figure 1 provides an overview of the different stages after
stroke for the adult patient.

So far, it has not been possible to properly assess individ-
ual recovery processes. Based on clinical presentation alone,
it is difficult to estimate which patients will recover their
upper limb function [10]. Prognostic measures are needed
to identify the individual potential for improvement and to
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Figure 1: This graph illustrates the need for prognostic assessment tools, especially for the clinically important subacute stage. In the acute
stage, cell death and inflammation are associated with worse outcome, and the therapeutic goal therefore is neuroprotection. In the subacute
to chronic stage, neurorehabilitation individually improves clinical outcome.

predict the individual outcome after stroke. Imaging tech-
niques can complement the clinical assessment and provide
an insight into the patient’s individual plasticity processes
and offer appropriate therapy. The diagram was modified
after [11].

2. Outcome Assessment

The definition of a unified motor outcome assessment is
difficult and the choice of the outcome parameter is highly
dependent on the patient group being investigated: patients
with low outcome are not able to perform more demanding
tests, while those with high motor outcome show ceiling
effects in less demanding tests. There also seems to be a
discrepancy between the outcome measurement used in the
rehabilitative phase and the real life relevance of this motor
performance. Different scores can rate the different abili-
ties recovering over time, for example, measuring strength,
aiming, pinch grip, and tapping tasks. For instance, motor
training in healthy participants modulates four independent
motor abilities: aiming, speed, steadiness, and visuomotor
tracking [13]. It would be desirable to represent these four
different motor abilities in outcome scores more specifically.
Another suggestion for optimizing outcome measurements
is to apply an objective measurement for the usage of the
affected hand in activity of daily living (ADL), for instance,
with accelerometers [14]. Data gained by accelerometers
as outcome measures might also solve the problems of
interrater variability and the nonparametric distribution of
scores. Measuring different outcome scores at once, which
are highly associated, causes a multiple comparison problem.
To solve this problem, large sample sizes are necessary to
differentiate predictors for several performance outcome
parameters. Rather than averaging over different scores,

a certain parameter which depicts the relevant motor ability
most accurately seems desirable.

It is possible to summarize those measures which illus-
trate the recovery best, for example, by building a composed
score with principal component analyses (PCA) [15–17].
However, the composed recovery score does not reveal which
component leads to themeasured improvement, and the PCA
scores are also dependent on the specific data set, which varies
with different studies.

For a single patient, the outcome parameters can be set
individually, depending on the requirements of and relevance
to the patient. In prediction studies, however, it is necessary to
assess several abilities whichmight be relevant to the outcome
of the specific group. PCA therefore are able to assess themain
effects of the group rather than the individual when several
variables might influence the outcome.

3. Contributions of Imaging on
Neural Substrates of Motor Recovery

Different imaging strategies have been developed addressing
functional loss in different stages after stroke.

Specifically, structural imaging has been important in
determining the outcome and understanding of functional
loss. However, most of these approaches are poorly standard-
ized and usually expert knowledge is required to estimate
the exact localization or extent of the damage. There are
some approaches simplifying the research methods to assess
structural damage of the white matter (e.g., for the pyramidal
tract [18]).

In contrast, functional imaging has so far only partially
contributed to the understanding of the neural mechanisms
of recovered hand-motor function and has gained almost
no access to clinical routine over the past decades. We will
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Figure 2: Two structural and two functional imagingmethods applied inmonitoring and predicting hand-motor outcome after stroke. From
left to right: lesion mapping on a T1 weighted imaging dataset; diffusion-weighted imaging measuring structural connectivity, demonstrated
here with probabilistic tracking between the bilateral primary motor cortices; resting-state fMRI (rs-fMRI) assessing functional connectivity
between different regions of interest (Cb: cerebellar anterior hemisphere; dPMC: dorsal premotor cortex; SMA: supplementary motor area);
and activation fMRI during active grip strength task with the affected right hand.

discuss some problems that the frequently used imaging
techniques are facing and what is necessary to overcome
those issues.

Figure 2 provides an overview of themost frequently used
imaging techniques for stroke motor imaging.

3.1. Structural Imaging. The clinically most important con-
tribution of MRI to the evaluation of hand-motor outcome is
the precise quantification of the damaged neural resources.
Particularly, the lesion location and the amount of dam-
age of parts of hand movement representation and their
white matter connections are critical parameters assessed
with structural imaging (e.g., [19]). Additional impairment
(e.g., somatosensory impairment [20]) might decrease the
outcome of conventional motor training. It is crucial to add
this information in prognostic decisions to allow for more
specified training. In addition, some patients with certain
lesion locations show extremely good functional recovery
(e.g., anterior cerebellar hemisphere lesion), whereas others
have almost no recovery potential (e.g., with brain stem or
cerebellar vermis lesions). The evaluation of motor impair-
ment, outcome, and therapy approaches is usually based
on the experience of the neurologist. However, it usually is
difficult to predict the clinical outcome based only on this
information. Apart from the individual clinical information
like age, concomitant diseases, or education, the anatomical
position of the lesion is the most important information. On
the other hand, the functional relevance of this anatomical
area might be different among different patients, depending,
for example, on other lesioned structures as well. Voxel-wise
statistics in groups of lesioned patients were able to extend
this knowledge [21]. Therefore, lesion mapping is about to
find its way in prognostic algorithms in clinical settings and
might contribute to prediction of stroke recovery.

To more accurately examine the contribution of white
matter damage on motor performance, diffusion-weighted
imaging (DWI) strategies have been developed in the last

decade, which may exceptionally be integrated into the
current clinical routine [18]. DWI-evaluation strategies for
motor research are usually limited on tracts connecting
areas processingmotor control.The standard for hand-motor
function is the pyramidal tract running through the posterior
limb of the internal capsule (PLIC).

The intactness of the corticospinal tract (CST) can be
assessed with axonal or radial diffusivity [22], as well as with
fractional anisotropy (FA) [23] within the PLIC.Whereas the
usage of axial and radial diffusivity has been criticized [24],
the FA is the most robust andmost widely applied parameter.
FA in the PLIC represents a rather globalmeasure, since tracts
from the dorsal premotor cortex (dPMC) and the SMA and
the primary motor cortex (M1) and primary somatosensory
cortex (S1) and parietal cortex pass through the PLIC.

A decrease in FA in the first days after stroke goes along
with the temporal evolution ofWallerian degeneration. Using
an ischemic rat model, Wallerian degeneration has been
demonstrated to occur during the first days after stroke [25].
In order to assess a robust FA parameter for prognostic
considerations, it is recommended to measure DWI not
earlier than five days after stroke. Predictability could be
improved if DWI is measured after at least two weeks [26].

The intactness of the CST, as tested with diffusion-
weighted imaging, has proved very useful for the prediction
of hand-motor outcome, especially in more severely affected
patients, for example, [27–33]. Parameters assessedwithDWI
predict the long-term motor outcome better than lesion
volume [34]. These parameters can also be used to predict
treatment gains in the subacute or chronic stage [35–37].

Besides the corticospinal tract, which has been most
frequently assessed, alternate corticofugal fibers and cortic-
ocortical connections have recently attracted more atten-
tion (for a synopsis, see, e.g., [38]). White matter integrity
of noncrossing fibers between M1 and M1 can predict
training-induced performance gains in chronic patients [37].
For subacute patients with mild hand-motor impairment,
we found a predictive value of M1il to M1cl diffusivity
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Sequential finger movementsFist clenching 1Hz

Figure 3: Task characteristics have a crucial impact on fMRI results. Unilateral hand andfingermovements performedwith left and right hand
in a group of 15 right-handed young participants (group results for the premeasurement of the training paradigm reported in [12]). Whereas
the fist clenching task shows high lateralization in the cortical and cerebellar representation sites, unilateral finger sequence movements are
bilaterally represented. In addition, finger sequences involve basal ganglia and inferior cerebellar hemisphere, at least when performed with
the nondominant left hand.

for three- and six-month motor outcome, as tested with
the Box and Block test [39]. Especially for tasks requiring
bihemispheric resources, such as grasping and transferring
objects, these interhemispheric tracts are important, since
they enable a bihemispheric coordination of sensorimotor
activation [40].

Therefore, structural imaging not only provides stable
biomarkers which have become clinically more relevant in
predictingmotor outcome but also offers enormous potential
for developing further parameters to describe the structural
intactness of patients in detail.

3.2. Activation fMRI: Activation Representation and Network

3.2.1. Tasks Applied for Activation fMRI after Stroke. Despite
the focal damage of a stroke incident, the impact of the
lesion leads to local and global changes in brain function.
Activation or task-based fMRI has been applied to assess
these changes in functional representation after stroke. Two
hand-motor tasks are most frequently applied, both allowing
a precise control for force and frequency: hand grip using
visual feedback of strength [41, 42] and finger sequence using
MRI-compatible keyboards [43].

Figure 3 shows typical representation maps for the hand
grip modulation and the finger sequence task in a group of
healthy young volunteers.

3.2.2. General Findings for Activation fMRI after Stroke.
In general, patients showed increased diffuse activation in
several areas including motor areas in comparison to healthy
controls during different motor tasks. When patients move
their affected hand, the lateralization and focus on the con-
tralateral primary sensorimotor cortex during simple unilat-
eral movements (Figure 3) are less expressed than in healthy
controls [41]. The increased activation in motor areas of both
the damaged hemisphere (ipsilesional) and the unaffected
hemisphere (contralesional) has been repeatedly reported
(e.g., [44]; meta-analysis by [45]). This increase in activation
fMRI in motor areas during simple hand movements often
diminishes if recovery is successful. If the increase sustains
in later stages, it is often associated with greater motor
impairment [41, 46]. The increased use of secondary motor
areas can be associated with less functionality of the arm as
assessed with accelerometers [47].

In contrast, good motor recovery is related to near-
normal activation patterns [48, 49]. One main marker for
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good recovery seems to be the focused recruitment of
the ipsilesional M1 during movement of the affected hand
[50–52]. This high recruitment of neural resources of the
somatotopic hand representation as a positive sign for well
recovered hand-motor function is also characteristic ofmotor
recovery after traumatic brain injury [53].

A prognostic marker for less motor outcome might
therefore be assigned to the activation of the contralesional
M1 [54] during movements with the affected hand. This
hypothesis is supported by a study showing more activity in
patients with more severe impairments [55].

Nonetheless, some processes seem to contradict this
near to normal hypothesis. The focus on the M1il does
not necessarily imply good recovery [56], and even good
recovering patients may show M1cl activation [57–60]. The
importance of the contralesional hemisphere is not com-
pletely understood, but for some patients it may be indicative
of involvement of recovered motor function [43]. While
lateralization of cortical activation obtained with fMRI is
associated with motor impairment in the chronic stage [40],
it is not a relevant predictor of change scores resulting from
training [61].

In addition, specifically the dorsal premotor cortex
(dPMC) has been shown to be profoundly activated in stroke
patients [62], and improved motor performance has often
been associated with increased dPMC activation in the dam-
aged hemisphere [63].The dPMC in both hemispheres might
have functional significance for patients with partial recovery
after stroke [64]. There is also evidence for an enhanced
involvement of the ventral premotor cortex (vPMC) [65] and
the supplementarymotor area (SMA) [63] in restoringmotor
functions.

3.2.3. Activation fMRI Network Analysis. To elucidate the
role of the different regions involved in recovery processes
activation, fMRI also enables network analyses to gain
information about the interaction of motor areas. There are
different methods to assess connectivity between regions,
such as dynamic causal modelling (DCM) and structural
equation modelling (SEM). An overview of connectivity
in stroke networks is provided in [66]. The main results
from activation studies are confirmed in network analyses:
good recovery is accompanied by network parameters similar
to healthy controls. If premotor and supplementary motor
areas interact at a lower level with the ipsilesional motor
cortex, this decrease is associated with impairment [67–69].
In addition, an inhibitory influence of M1cl to M1il at later
stages of recovery is associated with poorer motor outcome
[67, 68], which is congruent with the model of suppression
of the ipsilesional hemisphere by the contralesional side
[70]. Overall, patients that show good recovery have a high
integration of M1il in the motor network, for example, [71].

Although network analyses might give more insight
into the underlying processes of recovery, they are rarely
integrated in prediction analyses. This is mainly due to the
hypothesis-driven character of the analyses, focusing only
on some aspects of the motor network rather than on its
entire complexity. As recovery and the resulting changes in

the motor network are highly individual, the same clinical
outcome could be driven by different network changes. The
methods are therefore promising for assessing individual
changes in the motor network over time but are more
difficult to apply on inhomogeneous patient groups because
different aspects of the motor network are of interest in
various recovery courses. In addition, due to the ongoing
development of these network analyses, some results are
highly dependent on the analysis software [72]. Up to now,
more time is needed to establish robust methods before
integrating them to prognostic schemes.

3.2.4. Problems with Activation fMRI for Stroke. Whereas the
investigation of the functionality of the injured brain during
certain motor tasks is promising, there are some difficulties
with fMRI protocols.

Since the results obtained in an activation task are depen-
dent on the task and the compliance of the participant to ful-
fill the protocol, it is crucial to control for task performance;
otherwise, performance cannot be distinguished from altered
representation. Especially for longitudinal studies, the perfor-
mance and the effort between the measurements have to be
balanced [15]. Performance control during imaging is essen-
tial, sincemovement parameters such as force, amplitude, and
frequency are associated with the magnitude of activation
fMRI [15, 73, 74]. In addition, especially for large lesions,
the question of mirrored movements with the unaffected
hand is of high importance, decreasing lateralization of
representation to the ipsilesional hemisphere.

Even in healthy subjects, there are major differences in
brain activation, depending on the task type (Figure 3),
movement patterns involved, task difficulty, or attention.This
variance in tasks tested, in addition to the different measures
of hand function, makes it more difficult to compare the
results of different studies. It is therefore necessary to assess
this variance in healthy controls, especially in people of var-
ious ages, as the experienced task difficulty and the resulting
activation fMRI patterns have been shown to strongly depend
on age [75].

Even so, it is often questionable which task depicts the
recovery process most accurately. The task has to be accurate
enough to capture the impairment effects but simple enough
to be carried out by all investigated patients. It is difficult
to compare the activation patterns of patients with different
severities of stroke. If differences in brain activation only
illustrate the task not being executed properly, the usefulness
for stroke prediction is low (see, e.g., [76] for compliance of
swallowing performance in stroke patients). Therefore, only
patients who are able to perform the task can be investigated.

Another problem arises when analyzing movements
involving the proximal upper limb (e.g., in aiming tasks), as
these increasemovement artifacts and are therefore of limited
use.

Increased associated head movements in stroke patients
who struggle to fulfill the protocol are a general problem, also
in other tasks. These head movements exclude a significant
number of patients from group analyses, leading to a prese-
lection, and biasing, of patient population.
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When examining stroke recovery with fMRI, major prob-
lems arise from the interpretation of differences in activation
patterns between individuals and the variation within an
individual during the recovery course.Therefore, it is difficult
to assign the outcome to the activation of a certain region.
For example, a diminishing activation of premotor areas in
well recovering patients is a goodprognostic sign, but patients
withmore damage to the tracts might profit from dPMC acti-
vation which supports motor output. Many factors, such as
lesion size, lesion location, age, structural damage, potential
for plasticity, previous training experience, and motivation,
affect the recovery course and thus the functional activation
during motor tasks. In addition, patients in different studies
are measured at different time points after stroke. Ward and
colleagues have claimed that the depicted changes are more
likely a function of recovery than of time [15]. This explains
why different patients, even when measured at the same time
after stroke, can show different activation patterns.

Activation fMRI analyses can therefore be useful when
depicting an individual recovery course over time, as plastic-
ity processes can be observed in direct relation to the motor
functions of interest. In examining groups, it is challenging
to balance the task requirements over all subjects. Passive
tasks may be suited to be used in early stages after stroke,
but they do not always reflect the various differences inmotor
recovery in detail [42].

Therefore, task-based fMRI can be of importance to assess
slight differences in compensational areas or lateralization
between hemispheres if the patients are preselected according
to their ability to fulfill the protocol.

3.2.5. Can Knowledge of Changes in Functional Representation
during Short- and Long-Term Training Procedures by Healthy
Participants Help to Understand Motor Recovery in Patients
after Stroke? One approach to understanding the processes
of motor recovery in patients is the transfer of knowledge
of plasticity processes during training in healthy controls.
Representational changes after short- and long-term hand-
motor training in healthy volunteers show characteristic dif-
ferences. Short-term training is characterized by an increase
in fMRI magnitude in anterior cerebellar hemisphere and
the dorsomedial basal ganglia and a decrease in dorsolateral
prefrontal cortical representation [77]. In addition to further
cortical economization, long-term training is characterized
by increased dorsolateral basal ganglia activation and con-
tralateralM1/S1 activation anddecreased cerebellar activation
[77] (for extremely long trained instrumentalists, see [78]).
When performing training protocols developed for stroke
patients (arm ability training [79]), healthy young volunteers
showed cortical economization in a finger sequence task after
two weeks of training for the nondominant upper limb. In a
hand grip task with visual feedback, these subjects showed
a focused activation pattern in contralateral putamen and
ipsilateral anterior cerebellum [12]. In contrast, using the
same training strategy to increase hand-motor performance
in patients in the subacute stage after stroke, representational
changes in visual feedback hand-strength modulation task
have only been located in the ventral premotor cortex (vPMC;

[42]). Here, the knowledge about fMRI representation of
long-term training in healthy volunteers appeared to be of
limited value for the training in patients after stroke. In stroke
patients there are many reorganization processes, including
general recovery processes, task-specific training effects, and
compensatory processes [80]. In addition, different lesion
locations have different impacts on network disturbances,
which might alter short-term and long-term training pro-
cesses. Overall, processes observed during the recovery of
motor ability in patients are difficult to equate with the
changes taking place during motor training in healthy volun-
teers, but assessing training processes in healthy subjects can
help to differentiate the various processes involved in stroke
recovery.

3.3. Resting-State fMRI. In the light of the difficulties of
activation of fMRI discussed above, resting-state fMRI (rs-
fMRI) seems promising, since it requires little compliance.
Rs-fMRI can therefore be conducted in the acute (0–24
hours after stroke onset) to subacute (24 h to 6 weeks after
stroke) phase after stroke, comparable to structural MRI [81].
With respect to hand-motor function after stroke, specifi-
cally the functional connectivity (FC) of rs-fMRI between
cortical motor areas has been described to be associated with
motor impairment [82]. Overall, stroke patients with motor
impairment show initially decreased interhemispheric M1
connectivity and increased connectivity between ipsilesional
M1 and secondarymotor areas, particularly in the ipsilesional
hemisphere [83].

Indeed, for patients with motor impairment after stroke,
an initially decreased rsFC betweenM1il andM1cl in compar-
ison to healthy age-matched controls is the most consistent
finding reported in resting-state studies on stroke patients
[69, 82–86]. Previous studies measuring rsFC at the subacute
stage found significant associations with motor performance
at time of fMRI [82, 84]. This reduced interhemispheric rsFC
between the primary motor cortices showed an increase over
a period of three months [85] and is associated with motor
improvements when increasing up to the level of healthy
controls [87]. Park and colleagues [86] investigated rs-fMRI
in 12 subacute stroke patients to estimate the value of rsFC for
predicting motor outcome.They found a positive association
between six-month motor outcome measured with Fugl-
Meyer score and rsFC of the M1il with the contralesional
thalamus, supplementary motor area (SMA), and medial
frontal gyrus.

In contrast, investigating rsFC in the subacute stage, Lin-
dow and colleagues [39] found no predictive value for early
or late outcomes. They only observed associations with the
motor function at the same time of recovery after mild hand-
motor impairment and interpreted the lack of prognostic
findings in the highly fluctuating character of rsFC after
stroke as previously documented by [85]. The latter authors
investigated 31 stroke patients with motor impairment within
the first 24 hours and after 7 and after 90 days and found
that the reduced interhemispheric sensorimotor (SM1) rsFC
normalized over time. Their work is an excellent example of
how rsFC can vary after stroke, and this variability may well
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be the reason why long-term motor outcome prediction is
problematic using this measurement.

In the light of different individual recovery curves (see
Figure 1), a measurement variable with high predictive value
should provide constant parameters in the clinically most
interesting subacute phase (which is the case, e.g., with
FA measured with DTI). For monitoring the impact of a
therapeutic intervention on changes in the motor network,
a highly responsive parameter indicating individual changes
over time might be more suitable. This has recently been
demonstrated with rs-fMRI for monitoring changes induced
by transcranial direct current stimulation (TDCS [88]).

3.4. Combining Measurements. Each of the methods
described here is to some extent suitable for hand-motor
outcome prediction, depending on the outcome parameters,
time point of measurement, patient group, and so forth.
This raises the question of whether different methods might
depict associated characteristics or whether they have a
different predictive value. Whereas DTI or lesion maps
define structural deficits, task-based and task-free fMRIs
depict a functionality of the motor network. Therefore,
different measures might complement each other.

Some studies includedmultiplemethods to predictmotor
outcome of stroke patients. DTI and resting-state fMRI have
both been assessed to evaluate motor impairment [84, 89] or
to predict recovery [39]. In other studies, DTI and activation
of fMRI measures also constitute a good combination to
detect structural and functionalmarkers for stroke prediction
or monitoring of impairment status [61, 90–92]. In addition,
transcranial magnetic stimulation (TMS) is frequently used
to complement imaging methods [16, 29, 61, 93]. Whereas
TMS has a higher positive predictive power, DWI of the
pyramidal tract has a higher negative predictive power [94].

The overall results of the various methods were replicated
here, but some of the measurements are correlated with each
other. For instance, it has been observed that CST damage
and rsFC are associated [84, 89, 95]. fMRI measures are
also related to the tract damage [40, 92, 96–98]. In general,
functional and structural connectivity are often correlated,
but functional connectivity can also be present if there is a
rather indirect than direct structural connection [99].

Although some potential associations exist, different
parameters usually depict different aspects. DTI parameters
do not necessarily correlate with TMS measures of tract
projections [40] because they may depend on other aspects
such as distance of motor neurons stimulated from the scalp
(e.g., [100]) or interactions of the motor network.

Similarly, functional parameters such as rsFC and activa-
tion of fMRI show no relevant associations [101]. Carter and
colleagues found an interesting association between the rsFC
and the observed motor outcome [84]. Measuring 23 stroke
patients in the subacute stage with resting-state andDTI, they
observed that rsFC was only associated with motor outcome
when CST damage was low. This study is a good example of
the prognostic value of a functional biomarker depending on
the structural level.

This hierarchical structure needs to be kept inmindwhen
investigating stroke recovery and searching for biomarkers.
It is illustrated in Figure 4 that stroke results in structural
brain damage; the more brain structures representing motor
function are destroyed, the lower the probability to recover
motor function is.

After stroke, the primary goal is to regainmotor function.
Can the desired function be achieved? If the answer is no, the
next question is, is there at least a potential for functionality?
If the answer is no again, the following question is, is
the structure at least as intact as needed for compensatory
processes?

These questions are asked by the predicting recovery
potential (PREP) algorithm [30] to assess hand-motor out-
come after stroke. Biomarkers are used at each level to
answer how the patient’s status can be described. At the
motor output level, the assessment via SAFE score (sum of
the shoulder abduction and finger extension) distinguishes
patients with already good functionality of the hand and arm
from those without. For the latter group, TMS then helps
to determine whether there is a potential for functionality
and subsequent recovery (i.e., motor-evoked potential (MEP)
present/absent). In case of a lack ofMEP, a further distinction
between patients can be made on a structural level by DWI
measurements. The FA parameter in the PLIC described
above can give information about the structural damage
in terms of an asymmetry index between the affected and
unaffected hemisphere. Here imaging methods complement
the established assessments to classify patients in groups for
therapeutic decisions.

When focusing on motor function, the PREP algorithm
makes a meaningful classification. Because in a clinical
setting even more fine-grained classifications are needed; the
potential for more biomarkers is clear, especially in patients
with notable recovery potential, who constitute a rather
diverse group.

When evaluating the functionality of a structure, the
presence of a MEP is a rather rough measure. It would
be interesting to know which regions have retained their
functionality. As mentioned before, the restoration of the
lesioned motor network is crucial for the recovery of motor
performance. If the contralesional hemisphere is involved in
simple unilateral movements of the affected hand, prognostic
signs are worse.The contralesional hemisphere may interfere
with the recovery process of the ipsilesional hemisphere
by suppressing the motor output of this hemisphere [70].
Therefore, the functional level could be assessed in more
detail, for example, with TMS silent period or resting state
determining the balance between hemispheres. If there is a
strong interhemispheric imbalance, additional modulations
are desirable.

In some groups, a further classification can also be useful,
especially regarding therapy decisions. For example, deter-
mining the amount of structural damage in other structures
apart from the PLIC is valuable in assessing the precise poten-
tial for motor recovery or compensation processes. With a
more fine-grained classification, better therapy decisions can
be made.
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How intact is the structure?

How well can the structure be used?

Can the desired output be generated?

Plasticity processes
(rebuilding, reconnecting, relocating, compensating, etc.)

Figure 4: The processes in the brain after stroke can be separated into different hierarchical levels: structural damage (from severe to nearly
none) is caused by the stroke incident. Functional recovery potential is usually related to the spared resources of the affected network. The
more severe the damage is, the less likely it is to achieve a certain level of functionality. A lack of functionality in turn leads to a poor outcome.
Different strategies of the brain, such as compensation with other areas, try to tackle these problems early after stroke. Plasticity processes can
start at any of these levels. Note that the intactness and usability of a structure depend on the structural integrity and functionality of various
regions and connections, which are important in different ways for generating a certain motor output.

It is therefore of utmost importance to investigate certain
predefined groups to differentiate them further and to assess
multiple parameters early after stroke. Apart from a few
exceptions (e.g., [29, 30, 39, 93]), there is a striking lack of pre-
diction studies in acute patients using differentmodalities. Of
course this is due to the high effort when imaging with differ-
ent measures in a clinical setting. With a stepwise algorithm,
however, only a few parameters need to be assessed for each
patient, since, for most of the less impaired patients, imaging
biomarkers are not necessary. One strategy to cope with the
need for decision diagrams is pooling data and establishing
large databases.This way, shaping the subgroupsmay become
easier because patients with comparable structural damage
can be assessed together. Databases such as PLORAS for the
language network are also a promising prototype for motor
recovery databases [102]. Specifically, structural imaging or
rs-fMRI can complement the existingmethods in acute stroke
patients, as these methods are easier to implement in the
clinical setting than task-based fMRI.

Early measurements can also provide a basis for sim-
ulations of how the functionality will probably be affected
by certain structural deficits. One approach is implemented
in The Virtual Brain (TVB), a novel application for mod-
elling brain dynamics that simulates an individual’s brain
activity by integrating his own neuroimaging data with local
biophysical models [103]. Those biophysical models have to
be underpinned with data on the relationship of different
measures and an understanding of the processes at different

hierarchical levels. However, this understanding still needs
to be improved, as most of the methods are still not fully
understood, and basic research is necessary to assess all
factors influencing the imaging results.

Imaging can add information in the therapeutic decision
process if the type of functional deficit can be assessed as early
as possible. As mentioned, the hierarchy ends with a certain
function on which our assessment is based. It is therefore
useful to know which function will be in deficit and needs
to be prioritized. Many stroke patients show neuropsycho-
logical impairments like aphasia, apraxia, ataxia, neglect, and
depression. The relative risk of these impairments might be
detected by lesion mapping comparing the location of lesion
to probability maps of large data sets of patients functionally
investigated. Specifically, those with a high probability of
additional impairment need further specific testing. For
instance, a patient with neglect needs specific therapy for this
concern in addition tomotor therapy. In addition, it would be
helpful to know and predict the interference among different
impairments, for example, with neuropsychological deficits
and motor impairments.

Another approach to assessing stroke recovery is apparent
from Figure 4: the ongoing process of plasticity applies to
every stage of the structure-function hierarchy. As already
mentioned, the depicted changes are more likely a function
of recovery than of time [15]. Besides the possibility of
combining imaging methods, there is the need to measure
recovery process longitudinally to assess plasticity processes
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in detail. This multilayered assessment of individual patients
will deepen our understanding of the processes during
recovery, which is an important step in the intervention and
support with therapy programs.

The mentioned problems regarding the high intersubject
variance in methods such as task-based or rest fMRI can
be circumvented by using imaging markers as monitoring
parameters [15, 88]. In prediction algorithms, imaging can
not only help to assess the potential for a certain outcome, but
also extend the knowledge predicting the different recovery
stages, which may allow us to identify additional factors that
contribute to the course of events.

4. Conclusion

Procedures with a low level of instruction, low need for
patient compliance, short imaging time, and standardized
data evaluation strategies are especially promising for both
the monitoring and prognosis of hand-motor performance
after stroke or brain damage after traumatic brain injury.
Over the last years, brain imaging procedures have made a
significant step towards becoming a standardized approach,
enabling the clinical usage of tools that were previously lim-
ited to scientific use. Whereas predictive parameters should
be robust and stable over time (such as structural imaging
parameters), monitoring needs more sensitive methods for
functional changes under intervention (e.g., resting-state
fMRI).

In the light of the high prognostic and monitoring effects
of nonimaging procedures such as testingmotor performance
(arm extension) ormotor-evoked potentials of handmuscles,
the role of the methodologically more challenging imaging
procedures is optimally utilized in an algorithm. Currently,
the PREP algorithm is the most promising step in this
direction. Future extensions will focus on certain subgroups
as determined by imaging parameters and assess the best
therapy approaches for individual patients. This procedure
will help to considerably save resources and optimize neu-
rorehabilitative therapy.
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