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Previous studies have shown that cognitive impairments in patients with brain tumors are not severe. However, to preserve the
postsurgical QOL of patients with brain tumors, it is important to identify “primary” cognitive functions and associated brain
regions that are more vulnerable to cognitive impairments following surgery. The objective of this study was to investigate
primary cognitive factors affecting not only simple cognitive tasks but also several other cognitive tasks and associated brain
regions. Patients with glioma in the left (n = 33) and the right (n = 21) hemisphere participated in the study. Seven
neuropsychological tasks from five cognitive domains were conducted pre- and 6 months postoperation. Factor analyses were
conducted to identify “primary” common cognitive functions affecting the task performance in left and right glioma groups.
Next, lesion analyses were performed using voxel-based lesion-symptom mapping (VLSM) to identify critical brain regions
related to impairments of the primary cognitive functions. Factor analysis revealed two primary cognitive components in each
glioma group. The first cognitive component in the left glioma group affected the digit span forward and backward tasks and
concept shifting and the letter-digit substitution tasks. VLSM analysis revealed significant regions from the posterior middle
temporal gyri to the supramarginal gyrus. The second cognitive component affected verbal memory, and verbal fluency tasks
and VLSM analysis indicated two different significant regions, the medial temporal regions and the middle temporal gyrus to
the posterior parietal lobes. The first cognitive component in the right glioma group affected positive and negative factor
loadings on the task, such that the positive cognitive component affected only the Stroop color-word task. VLSM related to
deficits of the Stroop task revealed significant regions in the anterior medial frontal cortex. On the other hand, the negative
component affected concept shifting, word fluency, and digit span forward tasks, and VLSM revealed significant regions in the
right inferior frontal cortex. It is suggested that primary cognitive functions related to specific brain regions were possibly
affected by glioma resection.

1. Introduction

Disturbance of motor, sensory, and verbal functions could
have a significant impact on the quality of life of brain-
damaged patients. Brain regions related to these functions
have been extensively investigated in patients with brain
tumors using intraoperative cortical mapping techniques
[1–4] in the hope that these functions could be preserved.
However, it is more difficult to investigate the effects of

brain tumor surgery on cognitive functions such as mem-
ory, attention, and executive functions compared to motor
and verbal functions, and brain regions that remain vul-
nerable to cognitive impairments for an extended period
following surgery have not been sufficiently investigated
to date.

To examine a patient’s cognitive performance, although
standardized neuropsychological tests are particularly useful
to consistently evaluate an individual’s cognitive state, it is
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unclear how damage on subserving cognitive functions is
reflected in the scores of such tests. For example, scores on
a standardized test of verbal memory may reflect several
functions, including encoding, storage, and retrieval. Con-
versely, one cognitive process is often involved in multiple
cognitive tasks. For example, a memory retrieval function
could be recruited for tasks requiring verbal retrieval from
semantic memory, such as word recall or verbal fluency.
Therefore, cognitive functions affecting multiple cognitive
tasks can be regarded as “primary” cognitive functions. Dam-
age to primary cognitive functions, regardless of whether
they recover, could have a significant influence on daily func-
tioning, consequently determining the quality of life of
patients [5–7]. Thus, we sought to identify primary cognitive
functions common to several cognitive tasks, and further-
more, we aimed to investigate brain regions related to the pri-
mary cognitive deterioration following tumor resection.

Cognitive functions can be divided into several
domains such as memory, attention, and executive func-
tion [8, 9]. We selected tasks from five cognitive domains
that have previously been used to investigate cognitive
functioning in brain-damaged patients, including memory,
attention, processing speed, executive function, and work-
ing memory [8–11], consistent with prior research on
patients with brain tumors [5, 10, 12–19]. Performance
on each of these tasks is likely to be influenced by several
cognitive domains. For example, it is reported that the
digit span task measures the general (g) factor of intelli-
gence [20, 21], attention/concentration in the digit forward
task, verbal working memory in the digit backward task
[22], and/or the phonological loop of working memory
[23]. Historically, the Stroop color-word task is considered
an indicator of frontal/executive function [24] and inhibi-
tory function in particular [25]. Therefore, we used factor
analysis to extract latent components common to the cog-
nitive tasks, assuming that the extracted components
reflect primary cognitive functions common to various
tasks. Brain regions related to impairments of primary
cognitive functions have been investigated using VLSM
analysis [26], which can assess the statistical relationship
between lesion location and decline of cognitive perfor-
mance on a voxel-by-voxel basis.

Previous studies have shown that cognitive functions of
patients with brain tumors can recover within 3 to 6 months
following brain surgery [11, 27–33]. Therefore, we examined
the cognitive abilities of patients before the operation and 6
months postoperatively to identify the brain regions that
continue to remain vulnerable after brain surgery. Next, we
analyzed brain regions involving primary cognitive deficits
at 6 months postoperatively by conducting VLSM analysis.
Investigation of brain regions associated with primary cogni-
tive impairments following brain tumor surgery might be
useful for developing improved surgical techniques in the
future. Moreover, compared to cognitive impairments fol-
lowing tumor surgery on the left hemisphere of the brain,
impairments following tumor surgery on the right hemi-
sphere have not been elucidated to date. In this study, brain
regions related to postsurgical cognitive impairments in the
right hemisphere were also analyzed by VLSM.

2. Materials and Methods

2.1. Patient Population and Clinical Characteristics. We
recruited 33 patients with glioma of the left hemisphere (17
women and 16 men; mean age = 41:5 years, SD = 9:8) and
21 patients with glioma of the right hemisphere (11 women
and 10 men; mean age = 36:7 years, SD = 11:2) that were
native Japanese speakers admitted to the Department of Neu-
rosurgery at Tokyo Women’s Medical University Hospital.
The participants were newly diagnosed with glioma, and all
of them subsequently underwent surgery for neurosurgical
removal of the tumor. Intraoperative magnetic resonance
imaging- (MRI-) guided surgery including 19 awake surgery
was performed for all surgery. Radiation and chemotherapies
were started at about 1 month postsurgery. Clinical charac-
teristics of the patients are shown in Table 1. No participant
had a history of neurological or psychiatric disorders other
than glioma and seizures. All patients gave their informed
consent for participation in the study and were cooperative
with cognitive testing.

The Mini-Mental State Examination-Japanese (MMSE-J)
[34], the Rey-Osterrieth complex figure test (ROCF) [35–37],
and the line bisection task [38] were completed to examine
the patient’s orientation and basic cognitive functions, visuo-
constructive performance, and the presence of spatial
neglect. Data of MMSE-J were not obtained from 4 patients
in the left glioma patient group and 3 patients in the right gli-
oma group. Scores of MMSE-J in both glioma groups were
preserved well at pre- and postoperation (Table 1).

The pre- and postoperative results of the Rey-Osterrieth
complex figure test showed that the performance of left and
right glioma patients was at the ceiling level (Table 1). In
the line bisection task, the average deviation from the center
to the right was 2.8 (pre) and 2.9 (post) percent in the left gli-
oma patients (range = 6:5 to 0.4) and that in the right glioma
patients was 2.9 (pre) and 2.9 (post) percent (range = 6:1 to
0.1). Since ipsilesional deviation above 9.5 percent is an indi-
cator of unilateral spatial neglect [39], it was determined that
the patients in this study did not show the symptom. In the
present study, we did not include scores on these tasks for
further analysis.

2.2. Study Procedure. The seven cognitive tasks were admin-
istered at two points: (1) the preoperative stage (9.7 days on
average before surgery, range = 1 to 105 days) and (2) 6
months postsurgery (206.3 days on average after surgery,
range = 158 to 296 days).

All cognitive tasks were administered in one session last-
ing approximately 45 minutes.

2.3. Cognitive Tasks. Stimulus presentation and response
time collection were controlled by SuperLab Stimulus Pre-
sentation software (version 4.5, Cedrus Corporation, CA,
USA). Trained psychometricians administered the following
seven tasks:

(i) Visual-verbal learning task: participants were asked to
remember 15 words visually presented for 2 seconds each,
one by one, on the display of a personal computer (Toshiba
Dynabook R731, 13.3 display monitor size: 204mm × 271
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mm). Three word sets consisting of 15 words were prepared,
and one of the sets was used for each time point, with the set
used varying for each participant. Immediately after all 15
words were presented, participants were instructed to recall
words that they could remember. This learning and recalling
procedure was repeated three times with the same words as a
learning phase, and after 20 minutes, participants were asked
to recall the words (referred to as the delayed-recall phase).
During a 20-minute delay period, patients performed
another task. The number of words that they could recall at
each learning phase, including the maximum score for
recalled words in the learning phase and the number words
in the delayed-recall phase, was counted, and the sum was
calculated as a raw score. False alarm (FA) response, defined
as the number of words that were answered by patients but
not shown in the learning phase, was subtracted from the
total raw score. The maximum raw score was 75

(ii) Word fluency task: phonemic and semantic verbal
fluency tasks were administrated. In the phonemic task,
participants were asked to orally generate as many words as

possible in 60 seconds beginning with a specific Japanese let-
ter (for three kinds of letters: “a,” “fu,” and “ni”). In the
semantic task, patients were asked to generate words in an
animal category, and the number of generated words in each
task was measured. The sum of the number of generated
words for all categories was recorded as a raw score

(iii) Digit forward span and (iv) backward span tasks: in
the digit forward span task, participants were asked to ver-
bally repeat a series of random numbers immediately after
an auditory presentation by an examiner. In the digit back-
ward span task, participants were asked to verbally repeat a
series of random numbers in reverse order. The random
numbers were orally presented once per second by an exam-
iner. The length of numbers started at three in the forward
span task and two in the backward task. The maximum
length of numbers was eight for the forward span task and
seven for the backward span task. There were two series for
each number length, and when one of them was answered
correctly, the next series with increment length was pre-
sented. If the answer for both series of the same length was
incorrect, the task was terminated. The raw score was the
number of series answered correctly, and the maximum
raw score for each task was 12

(v) Letter-digit substitution task: we prepared a Japanese
version of the letter-digit substitution test after the English
version [40], in which different nine Japanese characters were
paired with any number from 1 to 9. The character-number
correspondence table was shown in the upper part of an
answer sheet. Patients were required to fill in an appropriate
digit paired by the Japanese character to an answer sheet as
quickly as possible in 60 seconds. The number of correctly
written digits comprised the total raw score

(vi) Concept shifting task: we modified the concept shift-
ing test developed by Houx and Jolles [41], based on the Trail
Making Task [42, 43], to create a Japanese version. The task
used in this study consisted of four subtasks: digits, letters,
both digits and letters, and empty circles, presented in this
order. 16 small circles (about 1.2 cm in diameter), which con-
tained digits, Japanese letters, and both digits and letters for
each subtask, were randomly arranged in a larger circle
(16 cm in diameter) on each sheet. Participants were asked
to connect stimuli in the correct order. For the version with
both digits and letters, they were asked to connect the digits
and letters in correct order alternately. For an empty circles
version, they were asked to diminish 16 small circles in a
clockwise direction. Average reaction time, measured and
recorded by SuperLab software for the digits, letters, and
digits/letters, was calculated, and the total score was a reac-
tion time that subtracted reaction time of the empty circles
subtask from the average reaction time of the digit, letters,
and both digits and letters subtask

(vii) Stroop color-word task: this task consisted of three
subtasks: word reading, color naming of neutral shapes, and
naming the ink color of color words. Circles with one of the
three colors (red, green, and blue) and Japanese words for
these colors were presented as stimuli. In the word reading
subtask, 100 words that consisted of three Japanese color
names, “midori (green),” “aka (red),” and “kiiro (yellow),”
were presented simultaneously on the display of a personal

Table 1: Clinical characteristics of patients in this study.

Left glioma
group (n = 33)

Right glioma
group (n = 21)

Mean age 41.5 (9.8) 36.7 (11.2)

Handedness

Right 33 20

Left 0 1

Sex

Male 16 11

Female 17 9

Educational years 14.9 (1.8) 14.8 (2.2)

WHO tumor grade

II 14 11

III 16 9

IV 3 1

No. of awake surgery 16 3

Post-op radiotherapy (total 60Gy
in 2-Gy fractions, localized fields)

Yes 21 11

No 12 10

Post-op chemotherapy

Yes 22 10

No 11 11

MMSE-J

Preoperation 28.9 (1.2)/30 29.3 (1.3)/30

6 months postoperation 28.8 (1.6)/30 29.8 (0.5)/30

Rey-Osterrieth complex figure

Preoperation 35.7 (0.7)/36 35.7 (1.2)/36

6 months postoperation 35.9 (0.3)/36 35.7 (0.7)/36

Line bisection

Preoperation 2.8 (1.8) 2.9 (2.5)

6 months postoperation 2.9 (2.2) 2.9 (2.0)
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computer, and participants were asked to read them aloud.
Next, in the color naming subtask, 100 circles that were
painted in one of the three colors were presented on a display,
and patients were asked to answer the color of each circle. In
the Stroop subtask, a list of 100 color words colored with one
of the three colors except for the same color to each color
word (e.g., the word “red” printed in blue color and “green”
in red color) were simultaneously presented on a display.
Participants were asked to name the ink color of each color
word. The time for completing each three subtasks was
recorded, and the raw score was calculated as the time of
the Stroop subtask completion subtracted by that completion
time for the color naming task. The number of errors in the
Stroop subtask was also counted as a raw score

2.4. Statistical Analysis for Cognitive Tasks. Postoperative raw
scores for each cognitive task were converted to standardized
scores (z scores; mean = 0, SD = 1) based on the mean and
standard deviation (SD) preoperative data of the patients.
Values of z scores for the concept shifting and the Stroop
color-word tasks were inverted, since larger values of z scores
for these two tasks reflect poor performance. Next, to extract
cognitive components common to the seven cognitive tasks,
a factor analysis was performed on the postoperative z scores
using maximum likelihood estimation with varimax rotation
(JMP Pro 11.2.0 statistical analysis software from SAS Inc.).
After factor analysis, for using in VLSM analyses, we calcu-
lated “common cognitive index” that summed z scores
affected by the same common component. For example,
component 1 was extracted by factor analysis that was asso-
ciated with visual-verbal learning and word fluency tasks.
To calculate the common cognitive index, z scores of the
two tasks were summed by each patient.

2.5. VLSM Analysis. MRI scans were conducted on a 1.5T
scanner at preoperation, and T1 and T2 images obtained
with magnetization-prepared rapid gradient echo were
acquired for each patient.

Lesion extent was determined using MRIcron software
(http://www.mccauslandcenter.sc.edu/mricro/mricron/) by
two brain surgeons who were blind to the patient’s perfor-
mance on the cognitive tasks; these surgeons also performed
the surgical removal of gliomas for the patients. Preoperative
3D brain scans and lesion volumes were normalized to a
standard brain template using Statistical Parametric Map-
ping 12 (SPM12) [44] running MATLAB 8.4 (R2014b)
(http://www.mathworks.com). To identify resected areas

precisely, normalized lesion areas were corrected manually
based on MRI results at 6 months postsurgery. Normalized
lesion images were used to show group overlap and to
perform VLSM (http://crl.used.edu/vlsm) to analyze the rela-
tionship between resected regions of glioma and the patient’s
performance on a voxel-by-voxel basis. On a voxel-by-voxel
basis, patients were divided into two groups according to
whether a region was resected or not. For the two groups,
the cognitive index was analyzed by the t-test, in which the
statistical threshold was set to p = 0:05 after correction for
multiple comparisons using the false discovery rate (FDR).
To elucidate focus areas associated with continuous deterio-
ration of cognitive function common to the tasks after surgi-
cal operation, we performed VLSM analysis based on
cognitive data of 6 months. Voxels used in VLSM analyses
were within the resected regions for at least 2 patients.

3. Results

3.1. Cognitive Task Scores for Left and Right Glioma Groups.
Raw scores of cognitive tasks for each glioma group are
shown in Table 2. z scores at 6 months postsurgery are shown
in Figure 1. Mean z scores of response times and errors were
calculated for each patient and averaged to yield overall
Stroop scores to reflect trade-offs between response time
and errors in the Stroop task.

3.2. Results of Factor Analysis for Detecting Cognitive
Components Common to Plural Cognitive Tasks. A factor
analysis on postoperative z scores of cognitive tasks from
each glioma group extracted two components explaining
63.3% and 61.3% of the total variance (Table 3), indicating
that the two basic components could account for a substan-
tial proportion of performance in each group. Eigenvalues
for the two components were all above 0.9. Table 3 also
shows the factor loadings of each task score of each two com-
mon cognitive components.

The first component in the left glioma group reflected
scores of the digit forward and backward, concept shifting,
and the letter-digit substitution tasks, whereas the second
component reflected scores of the visual-verbal learning
and word fluency tasks. No components in the left glioma
group reflected factor loading above 0.4 on the Stroop
color-word task. The first component in the right glioma
group positively reflected scores of the Stroop color-word
task. On the other hand, the first component negatively
reflected concept shifting, word fluency, and the digit

Table 2: Raw scores of cognitive tasks obtained by each glioma patient group.

Task
Visual-verbal

learning
(sum of word)

Word fluency
(no. of word)

Digit span
forward
(no. of
series)

Digit span
backward
(no. of
series)

Letter-digit
substitution
(no. of digit)

Concept
shift

(second)

Stroop
color-word

(time, second)

Stroop
color-word
(no. of error)

Left glioma
group

Pre 45.7 (12.7) 53.4 (16.4) 7.8 (2.1) 7.1 (1.9) 33.8 (5.6) 38.2 (25.0) 38.0 (25.4) 1.8 (2.2)

6M 39.5 (14.3) 46.2 (17.1) 7.2 (2.5) 7.2 (2.3) 31.5 (6.2) 39.4 (12.6) 37.3 (20.1) 4.0 (5.0)

Right glioma
group

Pre 49.0 (8.9) 52.7 (15.7) 8.0 (1.8) 7.5 (1.8) 34.7 (4.7) 38.1 (9.2) 33.2 (13.1) 1.4 (1.6)

6M 49.6 (12.9) 53.4 (13.6) 8.6 (2.0) 8.0 (1.9) 35.0 (6.0) 37.5 (8.1) 26.7 (14.1) 1.0 (1.2)

Data are depicted as means (SDs).
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forward tasks. Moreover, the second component in the right
glioma group positively reflected visual-verbal learning, word
fluency, the letter-digit substitution, concept shifting, and the
digit backward task scores.

Following the work of Verdon et al. [45], we adopted fac-
tor loadings above 0.4 to distinguish different cognitive com-
ponents reflecting primary cognitive functions. Next, we
calculated “common cognitive index” instead of factor scores
by adding z scores affected by the same cognitive component
to detect brain regions in the VLSM. No task was affected by
multiple components with factor loadings above 0.4. How-
ever, there were both positive and negative factor loadings
in the first component of the right glioma group. It is possible
that the first component had a differential effect on those
tasks as a network between several cortices, such that it was
not counterbalanced between positive and negative scores.
Therefore, each cognitive index of positive (only Stroop task)
and negative loading scores was calculated for VLSM analy-
sis. As with positive factor loading, negative factor loading
that was below -0.4 was adopted to calculate the negative
cognitive index.

3.3. Results of VLSM. The overlap of resected regions in each
glioma group is shown in Figure 2. VLSM analyses revealed
brain regions associated with each common cognitive index.
Common cognitive index 1 in the left glioma group was
composed of the sum of the z scores of digit span forward
and backward, concept shifting, and the letter-digit substitu-
tion tasks. For common cognitive index 1, VLSM revealed
significant regions in the posterior superior and middle tem-
poral gyri to the supramarginal gyrus (Figure 3(a)). VLSM
results for common cognitive index 2 composed of the
sum of the z scores of visual-verbal learning and word flu-
ency tasks performance revealed two separated significant
regions, the medial parts of the temporal lobe near the
hippocampus and the middle temporal gyrus to the supra-
marginal gyrus (Figure 3(b)).

VLSM analysis of positive common cognitive index 1
composed of only the z score of the Stroop task in the right
glioma group was associated with anterior parts of the medial
frontal cortex (Figure 3(c)), whereas the negative one com-
posed of the sum of the z scores of concept shifting, word flu-
ency, and digit span forward was associated with small parts
of the inferior frontal regions (Figure 3(d)). Common cogni-
tive index 2 in the right glioma group composed of the sum of
the z scores for visual-verbal learning, word fluency, concept
shifting, letter-digit substation and, the digit backward tasks
revealed almost none of the significant extent (Figure 3(e)).

4. Discussion

In this study, we investigated primary cognitive functions
affecting performances of seven major cognitive tasks for
patients with glioma at 6 months postsurgery compared with
presurgical and analyzed associated brain regions. To search
primary cognitive factors common to the seven cognitive
tasks, we performed a factor analysis for the results of the
cognitive tasks from each left and right glioma group. As a
result, in the left glioma group, two cognitive components
were found, the first component affecting scores of the digit
forward and backward, concept shifting, and the letter-digit
substitution tasks and the second one affecting scores of the
visual-verbal learning and word fluency tasks.
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Figure 1: z scores at 6 months postsurgery for each task in each
glioma patient group.

Table 3: Results of factor analysis for the z score of each glioma
patient group.

(a) Left glioma group

Comp. 1 Comp. 2

Variance explained 49.3% 14.0%

Eigenvalues 3.454 0.986

Concept shift 0.79 0.24

Digit backward 0.70 0.36

Digit forward 0.70 0.26

Letter-digit substitution 0.49 0.30

Word fluency 0.24 0.96

Visual-verbal learning 0.28 0.45

Stroop 0.21 0.30

(b) Right glioma group

Comp. 1 Comp. 2

Variance explained 43.2% 18.1%

Eigenvalues 3.030 1.267

Stroop 0.99 0.08

Visual-verbal learning -0.13 0.72

Letter-digit substitution 0.01 0.54

Concept shift -0.50 0.53

Word fluency -0.41 0.52

Digit backward -0.32 0.40

Digit forward -0.54 0.28
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On the other hand, a result of a factor analysis of the right
glioma group showed that the first cognitive component
included both positive and negative factor loadings. The
positive one had an effect on only the Stroop color-word task,
while the negative one affected concept shifting, word flu-
ency, and the digit forward tasks. The second cognitive com-
ponent of a factor analysis of the right glioma group
positively affected performances of visual-verbal learning,
word fluency, letter-digit substitution, concept shifting, and
the digit backward tasks. In the following, primary cognitive

functions suggested by each cognitive component and associ-
ated brain regions revealed by VLSM are discussed.

4.1. Cognitive Function Related to the First Cognitive
Component and Associated Brain Regions in the Left Glioma
Group. In the left glioma group, VLSM analysis of the first
cognitive component affecting digit span forward and back-
ward and concept shifting task performance was associated
with lesions of the superior and middle temporal gyri and
the supramarginal gyrus. Cognitive function common to

No. of patients

R L

1

2

3

4

Figure 2: Additive maps of resected regions for patients with the left or the right hemisphere glioma (left: N = 33, right: N = 21).
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Figure 3: Results of VLSM for each common cognitive index: (a) cognitive index 1 in the left glioma group; (b) cognitive index 2 in the left
glioma group; (c) positive cognitive index 1 in the right glioma group; (d) negative cognitive index 1 in the right glioma group; (e) cognitive
index 2 in the right glioma group.
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these tasks appears to reflect temporary phonological
maintenance and processing of verbal and numerical
information. In previous neuropsychological studies, defi-
cits in these regions involve an impairment of repetition
ability typically found in Wernicke’s aphasia, conduction
aphasia, and cases of pure immediate memory deficits
[46]. A previous VLSM study of stroke patients also
revealed that the left posterior superior and middle tempo-
ral gyri and the supramarginal and the angular gyri are
critical regions resulting in deficits of verbal temporal
maintenance [47]. In particular, the left posterior temporal
gyrus appears to be related to the phonological aspects of
language [48]. Thus, it is suggested that the cognitive func-
tion of maintaining and reproducing phonological informa-
tion is also vulnerable to damage after the resection of
glioma in the posterior superior and the middle temporal gyri
and the supramarginal gyrus.

4.2. Cognitive Function Related to the Second Cognitive
Component and Associated Brain Regions in the Left Glioma
Group. The second cognitive component in the left glioma
group appears to influence visual-verbal learning and word
fluency tasks that primarily involve the retrieval of verbal
information from the semantic system. VLSM analysis was
associated with lesions of two different regions, the medial
temporal areas around the hippocampus and the posterior
parietal lobes. Regarding memory function and its related
brain regions, the hippocampus and the parahippocampal
gyrus are well known to be involved with encoding and
retrieving episodic memory [49]. Concerning the parietal
lobe, robust correlations have been found between the activ-
ities of the hippocampal regions during successful memory
retrieval, suggesting a hippocampal-parietal memory net-
work [50, 51]. The posterior parietal cortex, which is a part
of the memory neural network system, supports the “episodic
buffer.” This buffer provides temporary storage of informa-
tion such as information about time and location of a unitary
episodic memory representation, by holding the information
in a multimodal code [52]. Successful recall in memory and
fluency tasks examined here might require such a binding
process. The posterior parietal lobe along with the hippocam-
pus regions might “tag”words, and this function might check
the “tags” not to answer already answered words.

4.3. Cognitive Function Related to Each Cognitive Component
and Associated Brain Regions in the Right Glioma Group.
VLSM analysis of positive cognitive factor loading of the first
cognitive component in the right glioma group reflecting
poor performance of the Stroop color-word task revealed sig-
nificant lesions in the anterior medial frontal cortex. Previous
neuroimaging studies have reported that various portions of
the frontal lobes show activations during the Stroop color-
word task, including the middle frontal gyrus, inferior frontal
gyrus, and medial frontal lobes [53–55]. Multiple cognitive
functions are related to the performance of the Stroop task
including executive control, movement sequencing, error
detection, conflict monitoring, and maintaining information
to inhibit unnecessary information. In particular, it is sug-
gested that the superior medial frontal region is involved in

inhibitory function and action selection [55]. Moreover,
bilateral superior medial frontal damage was associated with
increased errors and slowness in the incongruent condition
of the Stroop task [56], in which the name of the color of a
written word and the verbal code of the word itself are differ-
ent. Verbal codes are activated more promptly by a word
than by the name of the color of a word [24]. Therefore, to
respond correctly, task-irrelevant information including the
verbal code must be intentionally inhibited by top-down con-
trol. Based on the present results, the right medial frontal
regions might be functionally vulnerable compared to other
frontal regions after glioma resection.

VLSM for negative factor loading of the first cognitive
component indicated the right inferior frontal cortex, which
is reported to have inhibitive functional connectivity with
the medial prefrontal cortex [57]. The negative cognitive fac-
tors in our study reflected the results of concept shifting,
word fluency, and digit span forward tasks, all of which need
inhibitive function. For example, in concept shifting, a con-
cept just used now must be inhibited to shift to another con-
cept. Similarly, in word fluency, the word already responded
to must be inhibited so as not to respond to it again and, in
the digit forward task, not to repeat the preceding row of
numbers (sometimes, a patient shows perseveration by
responding to the preceding row of numbers). All these tasks
need a certain degree of inhibitive function although strong
inhibition is not required. Therefore, functional connections
between the medial frontal cortex revealed by VLSM for pos-
itive factor loading of the first cognitive component and the
inferior frontal cortex revealed by the negative one of the first
cognitive component might establish a frontal network for
inhibition and control the strength of inhibitive function
[57, 58]. However, the brain regions found in an analysis of
negative factor loading were small, suggesting that it was
difficult to reveal some primary cognitive functions by the
cognitive tasks of this study. It is also the same about a result
of the second cognitive component of the right glioma group.
Thus, to detect cognitive functions and associated brain
regions in the right hemisphere, cognitive tasks reflecting
different primary cognitive functions such as emotion
processing [59] and inhibition to nonverbal stimuli might
be needed [60].

5. Conclusions

We investigated primary cognitive impairments affecting
performances of several cognitive tasks for patients with gli-
oma at 6 months postsurgery compared with preoperation
and analyzed associated brain regions. A factorial analysis
indicated the primary cognitive components of patients with
each left or right glioma group. VLSM analyses related to the
primary cognitive functions revealed vulnerable brain
regions after glioma surgery. Some previous studies have
reported cognitive recovery after glioma resection, although
our results suggest that specific brain regions relating to pri-
mary cognitive functions that affect several cognitive tasks
are apt to be more impaired than others following damage
caused by brain tumor resection.
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In recent years, neuroendoscopic treatment of hydrocephalus and various ventricular pathologies has become increasingly popular.
It is considered by many as the first-choice treatment for the majority of these cases. However, neurocognitive complications
following ventricular neuroendoscopic procedures may occur leading mostly to amnesia, which might have a grave effect on the
patient’s quality of life. Studies assessing neurocognitive complications after ventricular neuroendoscopic procedures are sparse.
Therefore, we conducted a systematic review assessing the available literature of neurocognitive complications and outcome
after ventricular neuroendoscopy. Of 1216 articles screened, 46 were included in this systematic review. Transient and
permanent neurocognitive complications in 2804 ventricular neuroendoscopic procedures occurred in 2.0% (n = 55) and 1.04%
(n = 28) of the patients, respectively. Most complications described are memory impairment, followed by psychiatric symptoms
(psychosyndrome), cognitive impairment not further specified, declined executive function, and confusion. However, only in
20% of the series describing neurocognitive complications or outcome (n = 40) was neurocognition assessed by a trained
neuropsychologist in a systematic manner. While in most of these series only a part of the included patients underwent
neuropsychological testing, neurocognitive assessment was seldom done pre- and postoperatively, long-term follow up was rare,
and patient’s cohorts were small. A paucity of studies analyzing neurocognitive complications and outcome, through systematic
neuropsychological testing, and the correlation with intraoperative lesions of neuronal structures (e.g., fornix) exists in the
literature. Therefore, the neurocognitive and emotional morbidity after ventricular neuroendoscopic procedures might be
underestimated and warrants further research.

1. Introduction

Ventricular neuroendoscopy, for the treatment of occlusive,
and also nonocclusive, hydrocephalus, colloid cysts (CC),
intraventricular cysts, fourth ventricle outlet obstruction
(FVOO), and intraventricular tumors has become increas-
ingly popular over the last two decades [1–4]. Various ventric-
ular endoscopic procedures, such as third ventriculostomy
(ETV), CC resection or aspiration, tumor biopsy or resection,
septum pellucidotomy, and foraminoplasty or stenting, have
been described. Endoscopic procedures are often described
as minimally invasive, since they lead to lower morbidity
and mortality rates when compared to open microsurgical

procedures [5, 6]. In addition, endoscopic treatment of
hydrocephalus is considered preferable to the placement
of ventriculoperitoneal shunt (VPS) in patients above the
age of six months, since it is at least as efficient and it
avoids a lifetime shunt dependency and associated compli-
cations, occurring sometimes years after VPS placement
[1, 7]. Despite the growing preference of neuroendoscopic
procedures for the treatment of hydrocephalus and intra-
ventricular lesions, only few studies analyze variables such
as cognitive and emotional deficits following these proce-
dures [3, 4, 8–16]. In addition, the very few studies asses-
sing for neurocognition in a systematic manner do not
focus on neurocognitive decline caused by the surgery
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itself, but rather on improvement in neurocognitive outcome.
Neurocognitive complications after ventricular neuroendo-
scopy are difficult to assess, since hydrocephalus and the
lesions within the ventricles might be the reason for the neu-
rocognitive impairment. Nevertheless, it seems that neuro-
cognitive complications, due to intraoperative damage to the
fornix, mamillary bodies, anterior thalamus, hypothalamus,
and hippocampal formation and fibers, are underestimated
and seldom assessed through systematic neuropsychological
test batteries [2, 15, 17]. We provide a systematic review
summarizing the rate of cognitive complications after ventric-
ular neuroendoscopic procedures. First, the anatomical back-
ground of ventricular structures involved in neurocognition
is described. Thereafter, ventricular pathologies potentially
causing neurocognitive decline are discussed. Following, the
results of studies evaluating neurocognition based on system-
atic neurocognitive test batteries, concluded by trained neuro-
physiologist, are discussed in more detail. Finally, ways to
avoid neurocognitive complications during ventricular neu-
roendoscopy and suggestions for future research are presented
and discussed.

2. Methods

References for this review were identified by searching of
PubMed between 1960 and 2019. Terms inserted were
“neuroendoscopy AND complications”, “neuroendoscopy
AND cognitive outcome”, “neuroendoscopy ANDmemory”,
“neuroendoscopy AND quality of life”, “neuroendoscopy
AND cognition”, “neuroendoscopy AND neuropsychologi-
cal outcome”, “endoscopic third ventriculostomy AND neu-
ropsychology”, “endoscopic third ventriculostomy AND
neurocognition”, “endoscopic third ventriculostomy AND
neurocognitive”, “colloid cyst AND neuropsychology”,
“colloid cyst AND neurocognition”, and “colloid cyst AND
neurocognitive” with restrictions to English language, case
reports, clinical trials, controlled clinical trials, meta-analy-
ses, randomized controlled trials, reviews, and systematic
reviews. Abstracts were reviewed by the authors, duplicates
were removed, and the final list of references was generated
(Figure 1). We included only studies, where cognitive com-
plications, cognitive outcome, or lesions to neurocognitive
anatomical structures (e.g., fornix and mamillary bodies),
after ventricular neuroendoscopy for various indications
were described. Inclusion was not limited to a specific age
group; therefore, studies of all age spans (adults, pediatric,
or both) were included. The review was performed in accor-
dance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.

3. Results

After searching for all terms, 1210 records were identified by
the database and 6 additional records were identified through
references within selected records. After removal of 19 dupli-
cates, 1197 records were screened. Based on title or abstract
review, 1044 records were excluded. Out of the remaining
153 records, 107 were excluded with reason resulting in 46
articles (Figure 1).

Out of over 150 screened series, discussing complications
after ventricular neuroendoscopy, only 40 specifically
describe postoperative cognitive complications [2–5, 10, 12,
14–47], of which only eight (20%) evaluate postoperative
neurocognitive outcome in a systematic manner. In most of
these eight series, not all of patients underwent neuropsycho-
logical testing, neurocognitive assessment was seldom done
pre- and postoperatively, long-term follow up was rare, and
patient’s cohorts were small. Three case reports [8, 9, 11]
and three reviews [1, 48, 49] describing or discussing postop-
erative cognitive complications were included in this system-
atic review as well. The vast majority of the included series
were of retrospective manner, while 28 (70%) of the included
studies describe the outcome in less than 50 patients, five
(12.5) include 50-100 patients, four (10%) 100-200 patients,
two (5%) 200-500 patients, and one (2.5%) more than 500
patients (Table 1). In 25 studies, a rigid endoscope was used;
in four studies, a flexible endoscope was used; and in six stud-
ies, both flexible and rigid endoscopes were used, while in 6
studies, the type of endoscope used was not described
(Table 1).

Table 1 presents the 40 included series describing neuro-
cognitive complications, of which 8 assess for neurocognitive
outcome through specific neuropsychological test batteries
[3, 4, 10, 12–16]. Transient and permanent neurocognitive
complications in 2804 ventricular neuroendoscopic proce-
dures occurred in 2.0% (n = 55) and 1.04% (n = 28) of the
patients, respectively. Most complications described are
memory impairment, followed by psychiatric symptoms
(psychosyndrome), cognitive impairment not further speci-
fied, declined executive function, and confusion (Table 1).
Neurocognitive complication rates for specific types of
ventricular neuroendoscopic procedures are presented in
Table 2.

4. Discussion

4.1. Structures Involved in Neurocognition at Risk during
Ventricular Neuroendoscopy. Based on the very limited and
low-quality literature available, it seems that the most fre-
quent neurocognitive complication after ventricular neuroen-
doscopy is memory impairment, specifically anterograde
amnesia, while decline in executive function and psychiatric
disorders are described as well [1, 6, 8, 9, 11, 13, 16, 20, 21,
23, 29, 32, 34, 40, 46, 50]. To note, many patients with ventric-
ular pathologies present with memory impairment to begin
with; therefore, the assessment of postoperative memory
impairment is often hindered, especially when neuropsycho-
logical assessment, by a specialized neuropsychologist, before
and after surgery is not performed [1, 15, 51]. This might also
explain the fact that some authors feel that neurocognitive
complications due to surgery are often neglected or not real-
ized and are therefore underestimated [1, 17, 52]. In addition,
lesions of important ventricular structures caused by surgical
procedures are rarely assessed for and seldom described
within reports in the literature, although such lesions poten-
tially lead to incriminating neurocognitive morbidity. For
these reasons, the knowledge of ventricular anatomy and its
adjacent neuronal structures, which are involved in important

2 Behavioural Neurology



neurocognitive functions, such as memory and executive
functions, is imperative. Improved knowledge of the anatomy
and function of neuronal structures within the ventricle, spe-
cifically the 3rd ventricle, will most probably lead to improved
assessment of neurocognitive complications and their report-
ing in the literature after ventricular neuroendoscopy. Herein,
we provide a short overview of the main structures within or
in proximity to the 3rd ventricle, involved in neurocognitive
functions.

The roof of the third ventricle consists of the hippocam-
pal commissure, as well as the crus and body of the fornix
[53]. Within the floor of the third ventricle, the mamillary
bodies are seen, while the columns of the fornix and the fora-
men of Monro limit the anterior wall [53]. The thalamus,
hypothalamus, and further the columns of the fornix are
found within the lateral wall of the third ventricle [53]. It is
important to acknowledge that the fornix runs along the

cranial part of the septum pellucidum. The fornix is the
major tract connecting the hippocampal formation to the
mamillary bodies, the diencephalon (consisting amongst
others of the hypothalamus and thalamus), and the medial
temporal regions [54–57]. All of these structures are believed
to be involved in memory and other important cognitive
functions such executive functions. Lesions to these struc-
tures are often associated with temporal lobe and dience-
phalic amnesia beyond executive function disorder [54, 55,
57, 58]. Some fibers of the limbic system (fornix-hippocam-
pus-mamillary bodies) seem to be linked and connected with
the amygdaloid complex and the orbitofrontal cortex both
discussed in control of emotions, decision-making, and social
cognition [57]. Thus, emotional disturbances, mood changes,
and psychiatric symptoms might occur due to lesions to the
fornix, hippocampal formation, anterior thalamus, hypothal-
amus, or mamillary bodies [57]. However, such symptoms

46 articles included

1210 articles 
identified through

database searching for
all search terms

6 articles identified
through other sources

1216 articles identified

19 duplicates removed

1197 articles screened

1044 excluded based
on title/abstract

review

153 full textarticles
assessed for eligibility

107 excluded with reason
(i) Microscopic surgery

(ii) No information on cognitive
complications

Figure 1: Selection of articles included in this review.
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could also be due to psychological factors such as psycho-
genic causation of cognitive symptoms (e.g., amnesia) or
stress associated with the operation itself, leading to an out-
burst of neuropsychiatric symptoms [57]. Damage to the for-
niceal pathways as the cause for retrograde amnesia was
always a matter of debate. Some studies show that temporal
lobe or diencephalic lesions have a stronger association with
anterograde amnesia than damage to the fornix. On the other
hand, some recent publications showed convincing data that
damage to the forniceal tracts causes memory impairment
[55, 58, 59]. In addition, atrophy of the mamillary bodies,
usually occurring due to fornix lesions, was found to be
strongly associated with memory impairment [55, 59]. A cor-
relation between fornix damage on postoperative MRI after
colloid cyst (CC) resection and memory impairment was
seen as well, underlining the evidence that damage to the
fornix does lead to memory impairment [55, 58]. Whether
unilateral or only bilateral damage to the fornix leads to
memory and/or cognitive impairment remains ambiguous
[20, 51]. McMacking et al. showed that bilateral fornix
damage leads to amnesia, while unilateral damage leads to
selective impairment according to the side of the lesion. Some
reports indicate that unilateral damage to the left fornix is
sufficient to induce persistent loss of verbal memory [55].
Aggleton et al. conclude that when reviewing all CC resection
cases with and without fornix damage published, it becomes
difficult not to conclude that fornix damage is sufficient to
induce persistent and marked loss of memory [55]. Further,
based on the provided literature, it seems that damage to
the mamillary bodies, anterior thalamus, hypothalamus,
and hippocampal formation can lead to memory and cogni-
tive impairment as well [54–56, 59]. Lastly, little is known
about the role of the median eminence, a circumventricular
organ located in the premammillary region and visible only
under fluorescein-guided endoscopy [60]. This structure is
“regularly” destroyed during endoscopic third ventriculost-
omy, and the cognitive ramifications of its destruction
remain unknown.

4.2. Ventricular Pathologies Leading to Neurocognitive
Impairment. Various ventricular pathologies are known to
cause neurocognitive impairment through compression of
intra- or paraventricular structures (e.g., fornices, mamillary

bodies, hypothalamus, and thalamus), increased intracranial
pressure, or impairment of blood flow leading to atrophy of
intra- or paraventricular structures (e.g., fornices, mamillary
bodies, hypothalamus, and thalamus).

Hydrocephalus is known to cause neurocognitive impair-
ment, especially of anterograde memory in combination with
frontal executive function [12, 51, 61, 62]. This is most prob-
ably due to increased intracranial pressure, leading to direct
pressure on important structures such as the fornix, hypo-
thalamus, mamillary bodies, hippocampus, corpus callosum,
and other connecting white matter tracts.

Colloid cysts (CC) are benign cysts typically arising from
the roof of the third ventricle in great proximity to the forni-
ces. Therefore, even small cysts can cause neurocognitive
impairment due to local compression of the fornix. Large
cysts often cause occlusive hydrocephalus leading to cogni-
tive impairment in combination with local fornix compres-
sion [4, 15, 51, 55, 56].

Ventricular tumors causing obstructive hydrocephalus,
local compression of important structures, especially those
involving the 3rd ventricular floor or wall, or even causing
blood flow impairment or intraventricular or intraparenchy-
mal hemorrhage typically cause amongst others neurocogni-
tive symptoms [51, 57].

Similarly, intraventricular arachnoid or choroid plexus
cysts typically cause cognitive impairment, due to either
hydrocephalus and increased intracranial pressure or
local compression of important intra- and paraventricular
structures.

Because most ventricular pathologies lead to neurocogni-
tive impairment, the assessment of neurocognitive outcome
and complication rate after neuroendoscopic treatment of
these patients is difficult. It is therefore imperative that
patients with ventricular pathologies undergo neuropsycho-
logical evaluation, through a validated neuropsychological
test battery, by trained neuropsychologists, before and after
neuroendoscopic surgery (Table 3). In addition, it would be
of great value if these neuropsychological test batteries would
be unified within the different research groups so that better
understanding and comparison between the neurocognitive
results would be possible. Studies assessing for the correlation
between intraoperative fornix injuries (and other structures
such as the hypothalamus, mamillary bodies, and vascular

Table 2: Rates of cognitive complications by type of ventricular endoscopic surgery.

Procedure (n of studies) Transient (%) Permanent (%) Transient (n/n all) Permanent (n/n all)

ETV (5) 0 2.21 0/226 5/226

CC resection (20) 7.96 2.65 45/565 16/603

ETV ± biopsy (6) 0.70 0.23 4/570 1/439

Biopsy alone (1) 0 0.42 0/714 3/714

Cyst fenestration (2) 2.27 2.27 1/44 1/44

Foraminoplasty (2) 0 0 0/33 0/33

Hypothalamic hamartoma disconnection (1) 10 0 2/20 0/20

Combined procedures (1) 2.30 0 3/130 0/130

Various procedures (2) 0 0.43 0/464 2/464

ETV: endoscopic third ventriculostomy; CC: colloid cyst; n: number.

7Behavioural Neurology



structures); postoperativemagnetic resonance imaging (MRI)
including MR angiography, diffusion weighted imaging,
and diffusion tensor imaging (DTI) [63]; and neurocogni-
tive outcome would be highly relevant [17, 51, 52].

4.3. Neurocognitive Complications and Outcome after
Ventricular Neuroendoscopy. The first series analyzing the
neurocognitive outcome, through neuropsychological test
batteries, was published in 2003 by Burtscher and colleagues
[12]. Neuropsychological testing was done prospectively one
week before ETV for late onset idiopathic aqueduct stenosis
(LIAS) and on two follow-up examinations (mean after 7.5
and 81.2 weeks). Six adults with LIAS were assessed. All
patients showed preoperative cognitive impairment, some
of them ranging into the lowest centile scores. Impairment
of anterograde memory in combination with frontal execu-
tive cognitive deficits was the most common problem. Three
patients did not notice any cognitive deterioration in their
daily life, even though neuropsychological testing showed
clear deficits. Follow-up examinations showed good recovery
of memory and other impairments in five patients and mod-
erate recovery in one. No neurocognitive complications
occurred in their series. They conclude that ETV is an effec-
tive and safe treatment for patients with LIAS, since it
improves apart from somatic symptoms also neurocognition
[12]. In 2008, Lacy et al. presented data on 10 adult patients
undergoing ETV and neuropsychological testing [14]. They
showed that 40% of the patients displayed memory and/or
executive dysfunction two years after surgery, despite rela-
tively normal ventricular size in all patients. In addition, no
new insults such as stroke or brain contusion were noted
on postoperative imaging. Because, preoperative neuropsy-
chological assessment was not available, it is difficult to con-
clude whether these deficits were new and therefore due to
surgical injuries or a persisting state due to the underlying
pathology and/or the hydrocephalus. Another interesting
finding was that 50% of the cohort endorsed items suggestive

of depression, and 30% endorse anxiety-related symptoms.
They conclude that the reason for the neurocognitive deficits
is most likely multifactorial and that patients undergoing
ETV should be tested for neurocognition and also for depres-
sion and anxiety [14]. Sribnick et al. in 2013 were the first
group assessing neurocognitive complications in 52 patients
(age 16-77 years) after endoscopic CC resection. They did
not conduct neuropsychological testing in a systematic man-
ner; however, retrospective telephone interviews were under-
taken, where the patients were asked about improvement of
symptoms after surgery, new symptoms, and specifically
new memory problems, after surgery, the ability to return
to the same job after surgery, and patients’ satisfaction. They
describe transient and permanent memory impairment in six
(11%) patients each, while four of the patients with perma-
nent memory impairment returned to their old job. Overall,
100% of the patients were satisfied with the operation, while
92% were able to return to work after surgery [16]. In 2014,
Hader and colleagues analyzed cognitive complications and
outcome after ETV in a mixed (adult and pediatric) group
of 19 patients [13]. In their series, 85% of the patients showed
improvement in at least one cognitive domain (intelligence,
attention and concentration, verbal and visual memory, lan-
guage, and executive function) after ETV. Subjectively, 69%
of the patients reported improvement in cognitive function,
while the rest cited no change. To note, two pediatric patients
(17%) showed worsening in executive function, which poten-
tially may be due to disruption of frontal white matter tracts
due to the endoscopic approach. However, since most
patients showed improvement or no change in cognition
after ETV, the authors conclude that cognitive decline after
ETV is uncommon in pediatric and adult patients. Addi-
tionally, they state that patients presenting with chronic
obstructive hydrocephalus and history of progressive cogni-
tive dysfunction alonemay profit fromETV [13]. Hugelshofer
et al. assessed 11 right-handed patients with space-occupying
intraventricular cysts on their dominant side, who underwent

Table 3: Recommended neuropsychological test battery for neurocognitive evaluation before and after neuroendoscopic procedures.

Test Function tested

Montreal Cognitive Assessment (MOCA) test
Memory recall, visuospatial abilities, executive functions, attention,
concentration, working memory, language, orientation, and time

Clock-drawing test Cognition

Language screening Language ability

Boston Naming Test Confrontational word retrieval, speech

Visual and verbal length of memory and working memory Memory

Rey-Osterrieth Complex Figure (ROCF) test
Visuospatial abilities, memory, attention, planning, working memory, and

executive functions

Verbal Learning and Memory (VLMT) test Memory

Verbal and figural fluency
Nonverbal capacity for fluid and divergent thinking, ability to shift

cognitive set, planning strategies, and executive ability

Stroop test Object naming, executive functions, and concentration

Trail Making Test (TMT A & B) Visual attention and task switching

Modified Wisconsin Card Sorting Test (mWCST) Flexibility in the face of changing schedules of reinforcement

Test of Attentional Performance (TAP) Attention, alertness, and split attention
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endoscopic fenestration through a contralateral (nondomi-
nant) approach [3]. Preoperative neuropsychological assess-
ment in 10 patients revealed cognitive impairment in eight
patients, while all eight patients showed postoperative cogni-
tive improvement after neuropsychological testing. One
patient suffered transient postoperative memory deficit,
which completely resolved after five days. No permanent
cognitive complications were seen. They conclude that a
nondominant approach for dominant-hemispheric ventricu-
lar cysts is associated with very low approach-related mor-
bidity [3]. Ten out of 22 patients undergoing CC resection
underwent neuropsychological testing in a series published
in 2016 by Birski et al. [10]. In all patients, cognitive function
in particular memory improved or remained unchanged after
surgery. One patient suffered short-term memory impair-
ment after surgery, which resolved within 48 hours. They
conclude that endoscopic CC resection shows favorable cog-
nitive outcome [10]. Recently, Roth et al. published their
results on the cognitive outcome after resection of CC [15].
Of the 23 patients undergoing surgery for CC included, 18
underwent endoscopic surgery. Two patients experienced
forniceal abrasion without any permanent cognitive impair-
ment, while transient cognitive deficits are not described.
Neurocognitive outcome (in 14 out of the 23 operated
patients) was done systematically by a neuropsychologist;
however, they did not distinguish endoscopically and micro-
surgically operated patients when presenting the data. There-
fore, drawing firm conclusions for neurocognitive outcome
after endoscopic resection of CC is difficult. Nevertheless,
most of the patients included were treated endoscopically,
and an immediate postoperative improvement in neurocog-
nition, especially in visual memory, was seen in the majority
of the operated patients. The authors conclude that surgical
removal of CC leads to immediate cognitive improvement,
which stabilizes over months, while further research with
routine and systematic pre- and postoperative neuropsycho-
logical testing, in this group of patients, is encouraged [15].
Lastly, a study published by Vorbau et al. recently presented
long-term follow-up data (15.7 years on average) of 20
patients (pediatric and adult) undergoing CC resection [4].
Five superficial fornix contusions after endoscopic removal
were seen, while in one patient, severe fornix atrophy caused
by chronic hydrocephalus was seen. Three patients presented
with a transient psychotic syndrome, while none of the cog-
nitive complications were permanent. Neuropsychological
testing in 14 patients showed that 10 patients achieved aver-
age test results, while four patients scored borderline to
abnormal test results. Since preoperative neuropsychological
testing was not conducted in their study and due to the rather
small patient group, they could not determine whether the
poor cognitive results were due to the underlying pathology
(CC, hydrocephalus) or the surgical procedure.

Benabarre et al., in 2001, published for the first time a
report of a neurocognitive complication resulting from a ven-
tricular endoscopic procedure [9]. The patient underwent an
ETV for the treatment of slit ventricle syndrome, developing
a severe organic personality disorder, characterized by
impulsiveness, physical heteroaggressiveness, binge eating,
hypersomnia, and impairment of memory and frontal execu-

tive functions. The patient showed symptoms referring to
frontal lobe lesions and damage to the fornix and its connec-
tion to the hippocampus and mamillary bodies, which was
confirmed by postoperative MRI. Thereafter, an additional
report of a woman undergoing ETV for an AS showing
severe psychotic depression, occurring gradually within
three weeks after surgery, was published in 2002 by van
Aalst and colleagues [8]. Finally, in 2004, a report by
Bonanni et al., describing a case of permanent episodic
memory impairment, associated with bulimia, after ETV,
was published [11]. These case reports were of great impact,
since they made neurosurgeons aware of such complications
following ETV, which was and still is considered a minimal
invasive and benign procedure. Very few reviews dealing
with ventricular endoscopic complications discuss neuro-
cognitive complications. Yadav et al. published two reviews
on complication avoidance in endoscopic neurosurgery
and specifically in ETV [48, 49]. According to Yadav et al.,
fornix injury is one of the most common complications of
ETV and ventricular endoscopy [48]. Bouras and Sgouros
published in 2011 a review on complications after ETV.
Out of approximately 2800 patients in 17 studies on ETV
reviewed, intraoperative neuronal injuries were reported in
0.24%. Forniceal lesions were reported in 0.04%, while out
of 2.38% permanent morbidity calculated, permanent mem-
ory disorder was seen in 0.17%. The authors discuss that the
reported rate of intraoperative neuronal injuries is probably
underestimated [1]. Our results confirm this assumption,
while based on our systematic review, most probably, post-
operative neurocognitive complications are underestimated
as well. Neurocognitive complications are seldom described
in the framework of endoscopic outcome studies, let alone
analyzed routinely and systematically by a neuropsycholo-
gist with a validated neuropsychological test battery before
and after ventricular endoscopic procedures. Table 3
describes the neuropsychological test batteries, which are
preformed at our institution for patients undergoing neu-
roendoscopy. Clearly, acknowledging the difference between
disease-related and surgery-related complications remains a
challenge. However, through comparison of the pre- and
postoperative neuropsychological testing results, differenti-
ating between disease- and surgery-related neurocognitive
deficits is possible. Postoperative unchanged or even
improved neurocognitive functions suggest that the deficits
are disease-related, while new or progressing postoperative
neurocognitive deficits are most probably surgery-related.
Further studies, with larger patient groups, assessing neuro-
cognition in an objective and also subjective (from the
patients’point of view)manner, andwith long follow-up time,
are needed for us to better understand the true neurocognitive
complication rate after ventricular neuroendoscopy.

4.4. How to Avoid Injuries of Neuronal Structures during
Ventricular Neuroendoscopy. Preservation of the fornix,
mamillary bodies, and all other associated “limbic” structures
within or adjacent to the third ventricle during neuroendo-
scopic procedures is critical. Although some authors report
lesions to these structures in up to 16.4% of neuroendoscopic
procedures, they often remain clinically silent [39]. Based on
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a published meta-analysis comparing open vs. endoscopic
CC resection, permanent neurocognitive morbidity after
endoscopic resection occurred in 4.9% of the cases (com-
pared to 26% of the cases in open microscopic surgery).
The data of our current systematic review shows a rate of
2% transient and 1% permanent cognitive impairment after
various ventricular neuroendoscopic surgeries. The reason
that most intraoperative damages to neuronal structures
remain clinically silent might be due to various reasons. First,
minor contusion of these structures might be well tolerated
by the patients remaining clinically silent. Second, some of
these lesions might be only due to tension to these structures
without disruption or destruction of the fibers or neurons,
and therefore, clinical symptoms do not occur. Last, since
in most studies systematic pre- and postoperative neuropsy-
chological testing was not conducted, new subtle neurocogni-
tive changes after surgery might have been missed.

The following points minimize the risk of fornix injury
and injury to other neuronal structures during endoscopic
procedures: The type of endoscope, rigid endoscope vs. flex-
ible endoscope, used needs to be valued carefully. The prob-
ably most common complication during neuroendoscopic
procedures with a rigid endoscope is fornix contusion. This
can be avoided with the use of a flexible endoscope, which
allows a safe navigation from the lateral to the fourth ventri-
cle. For CC extending back to the roof of the third ventricle, a
flexible endoscope might be preferred [24]. On the other
hand, navigation within the ventricle using a flexible endo-
scope requires some experience, while the light intensity
and optics are inferior and the working channels are more
restricted when compared to a rigid endoscope [24]. A sep-
tum pellucidotomy must always be done with great caution,
since if performed too cranially, the ipsilateral fornix might
be damaged. In addition, due to impaired vision of the con-
tralateral fornix, a septum pellucidotomy performed too
anteriorly might damage the ipsilateral fornix. Rinsing of
the ventricles in hydrocephalic patients and in neonates
should be kept to a minimum, in order to avoid additional
mechanical pressure to the surrounding brain and the ven-
tricular structures (e.g., fornix and hypothalamus). The ideal
trajectory is debated within the literature and should be
adopted to the type of endoscopic procedure. Martinez-
Moreno et al. have shown that the usage of neuronavigation
leads to less displacement of important neuronal structures
(fornix, hypo-/thalamus) when compared to manually
planned trajectories [64]. Others suggested a supraorbital
approach to the third ventricle for endoscopic resection of
CC to avoid dissection of important neuronal structures and
to provide better vision of the roof of the third ventricle. How-
ever, they recommend tailoring the approach according to the
location of the CC (foraminal, foraminal/retroforaminal,
and retroforaminal) [21].

4.5. Future Focus of Research for Neurocognition after
Ventricular Neuroendoscopy. Focus of future research in
terms of ventricular neuroendoscopy should include intraop-
erative damage to important structures (e.g., fornix), as well
as neurocognitive complications and outcome. Studies ana-
lyzing neurocognition, by a trained neuropsychologist,

before and after ventricular neuroendoscopy are essential,
and such testing should be done routinely for all patients
undergoing ventricular neuroendoscopic surgery. In addi-
tion, the patients’ subjective opinion on their neurocognition,
their quality of life, and their satisfaction of the completed
surgery should be analyzed routinely, in the framework of
studies, as well. The association of postoperative MRI, and
specifically DTI, changes with neurocognition impairment
is an additional aspect which is worthwhile investigating
[63]. The debate, whether early treatment of obstructive
hydrocephalus, or of other lesions within the 3rd ventricle,
is beneficial when compared to late treatment, should be fur-
ther explored. The rate of cognitive complications after neu-
roendoscopic treatment of ventricular lesions compared to
open microsurgical treatment remains ambiguous and needs
further exploration. Studies with larger cohorts with neuro-
cognitive assessment looking at neurocognitive complica-
tions, outcome, and quality of life before and after surgery
are warranted for these purposes. In addition, the difference
between neurocognitive deficits due to the pathology itself
(e.g., hydrocephalus and CC) or due to intraoperative injury
of important neuronal structures leading to neurocognitive
impairment should be evaluated as well. Development of
novel technologies such as pressure sensors, wide angle cam-
eras, allowing better overview of adjacent structures, and
smart robot-assisted endoscopy could be means to reduce
critical structure damages. Lastly, a neuropsychologist should
aim for a standardized neurocognitive test battery for
patients undergoing ventricular neuroendoscopy, allowing
an objective comparison of the different study results.

5. Conclusion

To date, the literature assessing and reporting on neurocog-
nitive complications after ventricular neuroendoscopy is
sparse.Most studies analyzing complications after ventricular
neuroendoscopy do not report on neurocognitive complica-
tions. Of those series reporting on neurocognitive complica-
tions and/or outcome, the majority do not assess patients’
neurocognition in a systematic matter. While neurocognitive
decline after ventricular neuroendoscopy is a risk, depend-
ing on the pathology, one can expect an improvement in
cognitive function after treatment. Based on this review,
transient cognitive impairment occurs in 2% of the patients,
while permanent cognitive deficits occur in 1% of the
patients. However, these rates might be underestimated.
Neurosurgeons should initiate systematic neurocognitive
assessment before and after surgery, through trained neuro-
psychologists, in all patients undergoing ventricular neu-
roendoscopy. Patients need to be consented about the
potential neurocognitive complications, especially postoper-
ative amnesia or psychiatric symptoms (psychosyndrome),
before surgery.
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Physiological behaviours such as the sleep-wake cycle and exploratory behaviours are important parameters in intact and
sham-operated animals and are usually thought to be unaffected by experimental protocols in which neurosurgery is performed.
However, there is insufficient evidence in the literature on the behavioural and cognitive effects observed after deep
microelectrode implantation surgery in animal models of neurological diseases. Similarly, in studies that utilize animal models
of neurological diseases, the impact of surgery on the pathological phenomena being studied is often minimized. Based on these
considerations, we performed a temporal analysis of the effects of deep microelectrode implantation surgery in the hippocampus
of rats on quiet wakefulness, sleep, and exploratory activity and the pathological behaviours such as convulsive seizures
according to the Racine scale. Male Wistar rats (210-300 g) were used and grouped in sham and epileptic animals. Single doses
of pilocarpine hydrochloride (2.4mg/2μl; i.c.v.) were administered to the animals to generate spontaneous and recurrent
seizures. Deep microelectrode implantation surgeries in both groups and analysis of Fast ripples were performed. Physiological
and pathological behaviours were recorded through direct video monitoring of animals (24/7). Our principal findings showed
that in epileptic animals, one of the main behaviours affected by surgery is sleep; as a consequence of this behavioural change, a
decrease in exploratory activity was also found as well as the mean time spent daily in seizures of scale 4 and the number of
seizure events of scales 4 and 5 was increased after surgery. No significant correlations between the occurrence of FR and seizure
events of scale 4 (rho 0.63, p value 0.25) or 5 (rho -0.7, p value 0.18) were observed. In conclusion, microelectrode implantation
surgeries modified some physiological and pathological behaviours; therefore, it is important to consider this fact when it is
working with animal models.

1. Introduction

Physiological behaviours such as the sleep-wake cycle and
exploratory behaviours are important parameters in intact
and sham-operated animals and are usually thought to be
unaffected by experimental protocols in which neurosurgery
is performed. However, there is insufficient evidence in the
literature on the behavioural and cognitive effects observed
after deep microelectrode implantation surgery in animal
models of neurological diseases compared with studies car-
ried out in patients with various brain pathologies [1, 2]. In
addition, most existing studies emphasize the morphological

and molecular findings after surgery, such as inflammatory
response, blood brain barrier disruption, or even fine motor
deficit in control versus experimental animals without regard
to physiological behaviours [3–9]. Similarly, in studies that
utilize animal models of neurological diseases, the impact
of surgery on the pathological phenomena being studied
is often minimized. One example is research involving sei-
zures and epilepsy models in which electrophysiological
parameters, such as high-frequency oscillations, which are
known to be associated with the disease are studied without
regard to the possible effects of surgery. Moreover, these
surgeries typically involve specific brain areas, such as the
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hippocampus and cortex; these areas contain circuits that are
associated with the cognitive process through theta and
gamma rhythms and ripple events and with specific physio-
logical behaviours, such as the sleep-wake cycle [10–12].Most
of these surgeries involve the implantation of electrodes or
microelectrodes into the brain for the purpose of recording
electrical signals and/or the implantation of guide cannulas
that are used to insert dialysis probes or fine needles for drug
administration [10–13]. Based on these considerations, we
performed a temporal analysis of the effects of deep micro-
electrode implantation surgery in the hippocampus of sham
and epileptic rats on physiological and pathological behav-
iours. The physiological behaviours studied were quiet wake-
fulness, sleep, and exploratory activity, and the pathological
behaviours studied were convulsive seizures according to the
Racine scale. These behaviours were assessed over a period
extending from 15 days before to 15 days after the surgery.
In addition, (a) the relationship between the latency of thefirst
spontaneous seizures and the time that lasted rats in Racine
scales 3, 4, and 5 per day before and after surgery and (b) the
correlation between the number of fast ripples (FR) recorded
and the number and severity of seizure events on the same day
were analysed.

2. Materials and Methods

2.1. Animals and Administration of Pilocarpine.Male Wistar
rats weighing 210-300 g (n = 14) were used. The animals were
housed in a room with a 12-hour light and dark cycle at a
temperature of 24-27°C and were permitted free movement
and access to water and food. The handling and maintenance
of the animals were approved by the local animal care
committee and conducted in accordance with the Norms
for Research in Health Matters (Mexican Official Norms
NOM 062-ZOO-1999 and NOM-033-ZOO-1995). The rats
were divided into two groups: sham animals (n = 7) and
epileptic animals (n = 7).

Single doses of pilocarpine hydrochloride (2.4mg/2μl;
Sigma-Aldrich, USA) were administered intracerebroventri-
cularly (i.c.v.) to the animals in the epileptic group to gener-
ate a model of induction of spontaneous and recurrent
seizures [14]. For this purpose, the animals were anaesthe-
tized with oxygen-isoflurane prior to pilocarpine injection
into the right lateral ventricle (AP -4.5mm, ML -5.2mm,
and DV -7mm from bregma) by means of a needle con-
nected to an injection pump attached to the stereotactic
frame (Stoelting Co., IL, USA). After pilocarpine administra-
tion, the behaviour of the animals was observed until status
epilepticus (SE) based on the criteria of the Racine scale
[15]. SE was indicated if the animals presented seizure-like
events of scale 4 or 5 (Table 1). The SE was stopped after 90
minutes by systemic injection of diazepam (5-10mg/kg, i.p.)
to ensure the animals’ survival. Following this procedure,
the animals were subjected to video monitoring 24/7 to detect
spontaneous and recurrent seizures until subsequent micro-
electrode implantation surgery.

2.2. Microelectrode Implantation Surgery. Both sham and
epileptic rats were implanted with deep microelectrodes.

The epileptic animals received the surgery 15 days after the
first seizure was observed. The animals were anaesthetized
with isoflurane in oxygen, and an array of 10 tungsten micro-
electrodes 60μm in diameter was implanted into the right
hippocampal region. The 5 bipolar electrodes in the array
were separated from each other by a distance of 500μm.
The reported dorsoventral coordinate is the deepest relative
to bregma. The electrodes were arranged as follows. One
bipolar microelectrode was placed in CA3 (AP: -5.04mm,
ML: -4.5mm, and DV: -6.5mm), and two bipolar microelec-
trodes for DG were placed in the molecular (AP: -6.48mm,
ML: -4.6mm, and DV: -5.6mm) and polymorphic
(AP: -6.48mm, ML: -4.6mm, and DV: -4.6mm) layers.
Granular layer recording was achieved with a derivation
between tips, and DG full recording was obtained through
the derivation between the nearest tip to the surface and the
deepest tip inside DG. Two bipolar microelectrodes for
CA1 were placed in the pyramidal (AP: -6.72mm,
ML: -5.8mm, and DV: -4.8mm) and radial (AP: -6.72mm,
ML: -5.8mm, andDV: -5.6mm) layers, and the 2 surface elec-
trodes above bregma were considered as ground and indiffer-
ent. To confirm the correct position of microelectrodes, the
animals’ brains were removed and cut in coronal sections
(50μm thick) in order to proceed with an immunohisto-
chemistry directed to neurons (NeuN, data not showed).

2.3. EEG Recordings. After allowing a three-day period for
recovery from the deep microelectrode implantation surgery,
the animals in both groups (sham and epileptic animals)
were recorded under free movement conditions for 90
minutes on days 1, 2, 3, 7, and 14. We used AcqKnowledge
Data Acquisition software 4.0 as a user interface (BIOPAC
Systems, USA) with an MP150 (BIOPAC Systems, CA,
USA) as an analogue-to-digital converter for the recordings,
which were conducted via polygraph (Model 7D, Grass
Technologies, RI, USA) at a bandwidth of 0.1 to 5 kHz and
sampling at 2.5 kHz per channel (7 channels) with 12-bit
precision using an iMac A1048 (Apple, USA).

2.4. Detection of Fast Ripples and Correlation with Seizure
Severity. The inclusion characteristics for FR selection in
the present work were as follows: (1) FR were selected
visually, (2) possible FR that had linear noise > 15 μV or
peak-to-peak amplitude greater than 150μV were elimi-
nated, and (3) the recordings that passed the threshold were

Table 1: Latency to status epilepticus (SE) in minutes and weight of
rats. Rats were injected with pilocarpine (2.4mg/2μl, i.c.v.) until SE
was observed.

Rat Minutes Weight

1 90 228

2 135 233

3 90 205

4 40 297

5 120 253

6 75 211

7 45 215
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subjected to continuous wavelet transformation to ensure
that the frequency event was temporally delimited and to
eliminate the presence of 60Hz or harmonics in the signal.

The analysis included the band from 250 to 600Hz and
was normalized to the highest wavelet energy coefficient in
the recording channels; if the frequencies of possible FR
coincided with the expected frequencies, the events were
evaluated and classified as FR.

Signal and data analysis was realized offline using person-
alized programs written in MATLAB (MathWorks, Inc.,
USA), Python (License of Python Software Foundation,
USA), or R (R Foundation for Statistical Computing, GNU
General Public License, USA). A total of 346 events classified
as FR were obtained in the different registration areas; these
were correlated with different scales to determine the linear
relationship of FR occurrence to the severity of seizures and
indirectly relate it to the effects of surgery. For this purpose,
we performed a Pearson correlation between the mean FR
registered per day of EEG recording and the mean number
of FR events of scales 4 and 5 that occurred on the same
day of EEG recording (1, 2, 3, 7, and 14 days after surgery).

2.5. Analysis of Physiological Behaviours. The physiological
behaviours of the animals in the sham and epileptic groups
were analysed according to episodes of sleep, wakefulness,
and exploration. The analysis was performed over a period
extending from 15 days before to 15 days after the deep
electrode implantation surgery. Physiological behaviour was
recorded through direct video monitoring of animals
(24/7). Episodes in which the rat remained lying down with
closed eyes were recorded as sleep; in quiet wakefulness, rats
remained motionless but with open eyes. Scratching behav-
iours and episodes of movement related to eating or drinking
were not included in the analysis. During exploratory epi-
sodes, the animals were in constant motion, continuously
sniffing in the box with the presence of vibrissa movements,
grooming, and raising. The purpose of this analysis was to
compare the physiological behaviours of sham and epileptic
rats before and after surgery.

2.6. Analysis of Convulsive Behaviour. To analyse the ani-
mals’ convulsive behaviour, the epileptic rats were subjected
to continuous observation by video monitoring (24/7), and
the latency to the appearance of the first spontaneous seizure
of scale 4 or 5 on the Racine scale was recorded. The ranking
of convulsive behaviour according to the Racine scale is as
follows: scale 1, movement of lips and tongue, vibrissae
movement, and salivation; scale 2, head clonus and eye
clonus; scale 3, forelimb clonus, “wet dog shakes”; scale 4,
raising of the forelimbs with clonic convulsions; and scale
5, raising of the forelimbs with clonic convulsions and loss
of posture. Once the first seizure was presented, the behav-
iours of scales 3, 4, and 5 and their duration were quantified.
This analysis was performed over a period extending from 15
days before to 15 days after the surgical implantation of
deep electrodes.

2.7. Statistical Analysis. Comparisons between groups and
surgery effects (pre- vs. postsurgery and intragroup) were

performed using Student’s t-test after Q-Q plots and the
Shapiro-Wilk test for normality had confirmed that the
t-test was suitable. Statistical significance was defined as
obtaining p values < 0.05. Pearson correlation was performed
to correlate FR occurrence with seizure severity.

3. Results

In the analysis of deep EEG recordings obtained from the
epileptic group, a total of 346 FR events were observed in
the registration areas. When these were correlated with dif-
ferent scales to determine whether there was a linear relation-
ship between FR occurrence and the severity of seizures and
indirectly relate it to the effects of surgery, no significant cor-
relations between the occurrence of FR and events of scale 4
(rho 0.63, p value 0.25) or 5 (rho -0.7, p value 0.18) were
observed (Figure 1).

Epileptic animals showed a significant decrease in sleep
time after surgery (t-test, p = 0:009), but their periods of quiet
wakefulness and exploratory behaviours were not modified
by surgery (Figure 2(a)). On the other hand, a reduction
in the duration of the quiet wakefulness period was
observed in animals in the sham group after surgery (t-test,
p < 0:00001), and the time spent by these animals in
exploratory behaviour increased (t-test, p < 0:00001)
(Figure 2(b)). Comparison of the physiological behaviours
of epileptic and sham animals showed a significant increase
in quiet wakefulness time in the sham group before surgery
(t-test, p = 0:0081) and an increase in sleep and explor-
atory behaviour time after surgery (t-test, p = 0:0086 and
p < 0:00001, respectively) (Figure 2(c)).

In addition, the results showed that scale 4 events
persisted for a long time after surgery (t-test, p = 0:0012);
an increased number of events of scales 4 and 5 were
also observed (t-test, p = 0:02 and p = 0:01, respectively)
(Figures 3(a) and 3(b)). However, the ratio between the dura-
tion of events and the number of events of each scale showed
an increase only for seizures of scale 4 (Figure 3(c)) after sur-
gery (t-test, p = 0:004). When we analysed the mean duration
per event of the total seizures observed during each day of the
period extending from 15 days before to 15 days after surgery
in each animal, we found that surgery did not modify the
daily pattern of seizures observed in the animals (Figure 4).
The rats with short latency to the first spontaneous seizure
(≤60 days) showed high variability in the duration of seizure
events of scale 4 on the Racine scale both before and after sur-
gery. In contrast, animals with long latency (≥90 days)
showed a stable pattern in this parameter before and after
surgery (Figure 4).

4. Discussion

We found no difference in the average sleep time of the sham
and epileptic groups during the 15 days prior to surgery;
however, it should be noted that despite spending the same
amount of time sleeping per day as the sham animals, the epi-
leptic rats engaged in more sleep periods. This is consistent
with the phenomenon of sleep fragmentation in which
increased light sleep and decreased sleep efficiency, deep
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sleep, and rapid eye movement (REM) sleep occur; this
phenomena has been described both in humans [16] and in
animal models [17–19]. Likewise, the epileptic rats spent less
time in quiet wakefulness and exploratory behaviour com-
pared with the sham group. Alterations similar to these are
observed in patients with temporal lobe epilepsy and are
involved in learning and memory [18, 20, 21]. However, 15
days after implantation surgery, decreased sleep time and
exploratory behaviour were observed in the epileptic rats.
This could be evidence of decreased sleep quality in these ani-
mals [19, 21–23] and may indicate that various diurnal
symptoms such as excessive sleepiness or attention disorders
were present in the animals during the time of quiet wakeful-
ness, resulting in the decrease in exploratory behaviour
observed in the epileptic animals. This effect in place could
be similar to a phenomenon that has been observed in
patients with TLE [18, 19, 23]. However, one limitation of
our study was not comparing intact versus epileptic animals
without implantation surgery. However, this result is consis-
tent with the results of a previous study in which the implan-
tation of deep electrodes for EEG recording modified the
circadian cycle in rats with epileptic seizures, first decreasing
their motor activity and subsequently increasing it [24]. An
advantage of our study is that behaviours were classified as
quiet wakefulness, exploration, and sleep and not merely as
activity related to the light-dark cycle. We were able to rule
out the possibility that the behavioural effects produced by
surgery on the epileptic group were caused by the pathogenic
process itself because the same behaviours were analysed
over the 15-day period prior to surgery. In contrast, in the
sham group, a significant increase in the average time spent
exploring and sleeping as well as a decrease in the amount
of time spent in quiet wakefulness was observed after surgery.

Physiological behaviours of this type are closely related to
oscillatory activities in the hippocampus, such as gamma
and theta rhythms [24, 25], as well as to various types of
learning, such as spatial learning, planning [26, 27], and
memory [28, 29]. In addition, there is evidence that cortical
and hippocampal lesions that cause neuronal loss and
extensive damage affect diverse behaviours [30]. Therefore,
the injury generated by surgery could alter the rhythmic
control of hippocampal activity and, at the same time, affect
related behaviours through inflammatory responses and the
death of distinct inhibitory interneurons in the hilus of the
dentate gyrus [24]. The effect of this altered inhibition on
pyramidal cells in the hippocampus was also observed in
other studies in which spatial and nonspatial learning and
memory tests were performed during epileptogenesis and
TLE [20, 26, 27, 31–33].

In the same way, surgery increased the average duration
of seizure events of scale 4 and the number of seizure events
of scales 4 and 5. Although postsurgical modifications in the
intensity of seizure events according to the Racine scale have
not been described in the literature, a modification of the cir-
cadian cycle in animals subjected to surgery has been
described [24]. Our results are consistent with the results
of other studies in which an increase in the number and
duration of seizures was observed after surgical electrode
implantation [17–19]. However, the observed increase in the
number of seizure events was not accompanied by an increase
in the average amount of time during which the rat experi-
enced seizures of scale 5; seizures of scale 3 were not altered
during the 30-day period (the number of events and the dura-
tion of seizures of scale 3 remained at a ratio of approximately
1 : 1). These results may be because it is easy to differentiate
behaviours related to scale 3, such as shaking, because they
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Figure 1: Representative EEG recordings from animals in the epileptic group. (a) Representative FR observed through the microelectrodes
placed in the CA1 region. (b) Representative epileptiform activity observed in CA3. The seizure pattern was characterized by spike-wave
activity characteristic of seizures of intensity 5 on the Racine scale. Abbreviations: EEG: electroencephalogram; FR: fast ripples; CA: cornu
ammonis; mo: molecular cell layer; gr: granule cell layer; po: polymorphic cell layer; py: pyramidal cell layer; rad: radiatum cell layer.
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persist for a longer time than physiological behaviours, such
as scratching, grooming, and behaviours related to discomfort
of the animal. The fact that there are technical difficulties
associated with determining the loss of posture of epileptic
animals during the videomonitoring and thereby distinguish-

ing between seizures of scales 4 and 5 could explainwhy events
of scale 4 were the only class of events that showed a signifi-
cant increase in duration after surgery.

To determine whether the observed change in seizure
severity was due to surgery or was a direct effect of
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epileptogenesis, an intragroup analysis was performed in
which the relationships between the latency to the first spon-
taneous seizure, the total duration of seizures of scales 3, 4,
and 5, and the total number of seizure events per day per ani-
mal were assessed. The results showed a high variability in
animals with latency < 60 days compared with animals with
latencies of ≥90 days. The epileptic animals with long laten-
cies showed 4 s of seizures per day, very similar to the param-
eter of average time per event of scale 4, and this pattern
remained after surgery and did not influence [34] or modify

epileptogenesis; in addition, these animals displayed a better
established pathological process in which there was less var-
iability over time. Therefore, the changes observed inside
the group of epileptic animals after surgery could be due
to the intrinsic relationship between sleep and epilepsy
[35, 36] as well as to the impact of the sleep-wake cycle on
the development of seizures. This is consistent with evidence
found in human patients [37, 38].

Finally, no correlation between the severity of seizures
according to the Racine scale and FR activity was found in
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the present study, probably because it was difficult to time the
EEG recordings to coincide with the animals’ seizures. This is
a technical limitation that can be improved by extending the
time during which EEG recordings are made. In addition, it is
difficult to determine the effect of surgery implantation on FR
because they can only be observed and analysed through
deep EEG electrodes; therefore, the effect of implantation is
limited even if we try to determine it indirectly by severity
of scales before and after implantation surgery. Although
we cannot compare our results with similar data in the liter-
ature, Bragin and coworkers [33, 39, 40] demonstrated a
direct relationship between early occurrence of FR and FR
occurrence with early spontaneous and recurrent seizures
in a TLE model induced by kainic acid.

5. Conclusions

We conclude that in epileptic animals, one of the main
behaviours affected by microelectrode implantation surgery
is sleep; as a consequence of this behavioural change, a
decrease in exploratory activity was also found. In addition,
the mean time spent daily in seizures of scale 4 was increased
in epileptic rats that received microelectrode implantation
surgery, and an increase in the number of seizure events of
scales 4 and 5 was observed in these animals after surgery.
In contrast, the animals in the sham group showed a

reduction in quiet wakefulness and an increase in sleep and
exploratory activity after surgery. Another important obser-
vation made in our study is that the latency to the first seizure
and its variability showed a stable pattern in animals in which
the latency was greater than 90 days. This sheds light on the
development of the convulsive process in which cellular,
molecular, and electrophysiological changes must occur to
permit the establishment and the generalized course of epi-
lepsy. In the 24/7 analysis of video monitoring for 30 days,
we observed that for seizures of scale 5 to occur, scale 4 sei-
zures are necessary, and it was in events of this scale 4 inwhich
changes in number and time were observed; furthermore,
these changes persisted during the 15 days following surgery.
Finally, no significant correlations between the occurrence of
FR and seizure events of different scales were observed.
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Background. The aim of this study was to explore the role of hesperadin in intracerebral hemorrhage (ICH) mice, with the
involvement of the mammalian ste20-like kinase 4 (MST4)/AKT signaling pathway. Methods. All mice were divided into four
groups: sham group, sham+hesperidin group, ICH group, and ICH+hesperadin group. The effects of hesperadin were assessed
on the basis of brain edema and neurobehavioral function. Furthermore, we observed MST4, AKT, phosphorylation of AKT
(pAKT), and microtubule-associated protein light chain 3 (LC3) by western blotting. Protein localization of MST4 and LC3 was
determined by immunofluorescence. Results. The expression of MST4 was upregulated at 12 h and 24 h after ICH. Brain edema
was significantly decreased and neurological function was improved in the hesperadin treatment group compared to the ICH
group (P < 0:05). Hesperadin decreases the expressions of MST and increases pAKT after ICH. Autophagy significantly
increased in the ICH group, while hesperadin reduced this increase. Conclusion. Hesperadin provides neuroprotection against
ICH by inhibiting the MST4/AKT signaling pathway.

1. Introduction

Intracerebral hemorrhage (ICH) as a subtype of stroke is
associated with severe neurological deficit and high mortality
[1–3]. Currently, there is still a lack of effective treatment for
brain injury after ICH. Autophagy, as a lysosomal degrada-
tion pathway, is the main cellular process of cytoplasmic
organelle degradation and longevity, misfolding, or damage
of proteins [4]. As an important cell death mechanism,
autophagy is concerned with neurons after ICH [5–7].

Mammalian ste20-like kinase 4 (MST4), a member of
the GCKIII family of kinases, is highly expressed in the
brain, placenta, thymus, and peripheral blood leukocytes
[8, 9]. The three members of the subfamily include STK25,

MST3, and MST4 [10]. MST4 is composed of 416 amino
acids with a molecular weight of 46 kDa located on chromo-
some Xq26 [9]. Xiong et al. reported that the MST4 kinase
regulates the proliferation and survival of pituitary cells
through the p38 MAPK and AKT signaling cascades [11].
AKT, a multiform serine/threonine kinase that plays a key
role in promoting cell survival, was reported to be a down-
stream target of MST4 [12]. Huang et al. suggested that
MST4mediates the expression of LC3 in the autophagy path-
way [13]. The presence of microtubule-associated protein
light chain 3 (LC3) in autophagosomes and the transforma-
tion of LC3-II are markers of autophagy [14]. Hesperadin
was reported to be an ATP competitive inhibitor of Aurora
B kinase, inhibiting cell proliferation by decreasing Aurora
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B activity [15]. HeLa cells treated by hesperadin indicated
defects of alignment and separation, whereas sister chroma-
tid separation was complete [16]. Hesperadin inhibits the
clinical isolation of various influenza a and b viruses [17].
Recently, Xiong et al. indicated that hesperadin is an effective
and selective inhibitor of MST4 kinase [12]. With the
increasing exploration of brain injury mechanisms after
ICH, prevention of brain injury and the promotion of neuro-
nal survival have become the treatment targets. The present
study is aimed at exploring whether the MST4-specific inhib-
itor hesperadin improves neurological function by inhibiting
the MST4-mediated autophagy pathway.

2. Materials and Methods

2.1. Animals. Male C57BL/6 mice (7-8 weeks old) were pur-
chased from Qinglong Mountain Farm (Nanjing, China).
All mice were kept in separate cages and given free access
to standard laboratory feed and water. All procedures used
in this study conformed to the NIH guidelines for the Care
and Use of Laboratory Animals and were approved by the
Ethics Committee for the Use of Experimental Animals at
Wannan Medical College.

2.2. ICH Model. Induction of an intracerebral hemorrhage
model by injection of collagenase IV has been described pre-
viously [18]. Mice were anesthetized by intraperitoneal injec-
tion of 400mg/kg chloral hydrate and positioned in a stereo
positioner (Yuyan type YAN-1 Instrument, Shanghai,
China). Experimental ICH was induced into basal ganglia
by sterically directed injection of type IV collagenase (0.075
units in 500μl PBS). The position of the basal ganglia was
2.0mm to the right of the midline, 0.8mm anterior to the
bregma, and 3.5mm ventral to the cortical surface. The
microsampler was injected for more than five minutes, and
the needle is left for another 5 minutes. Bone wax was used
to seal the burrs and close the wound. Sham mice were
injected with 50μl 0.9% sterile saline in the same way, instead
of autogenous blood. Mice were maintained at 37 ± 0:5°C by
a heating lamp. Mice in the control group were untreated.
Sham-operated mice went through the same procedure, with
sterile physiological saline instead of type IV collagenase.

2.3. Experimental Procedure. The experiments were con-
ducted as follows (Figure 1). In this study, mice were ran-
domly assigned to the following two separate experiments.
All experiments were performed by two experimenters who
were blind to the experimental design.

2.3.1. Experiment 1. To define the time course of MST4,
pAKT, AKT, and LC3 after ICH, mice were randomly
divided into five groups: sham, ICH 6h, ICH 12h, ICH
24h, and ICH 72h (n = 6). We compared the expression of
MST4, AKT, pAKT, and LC3 in different groups by western
blot (n = 6) and neurological evaluation including the Garcia
test and the corner test (n = 6). A total of 30 mice were used
for experiment 1.

2.3.2. Experiment 2. In order to detect whether MST4 activity
was involved in the AKT- and LC3-related autophagy path-
way and whether MST4 had an effect on cognition after
intracerebral hemorrhage in mice, we compared mice treated
with hesperadin (MedChemExpress, HY-12054, USA) with
nontreated mice. Hesperadin was injected intraventricularly
1 h before ICH. According to the results of experiment 1,
12 hours after cerebral hemorrhage was determined as the
time point. Mice were randomly divided into four groups:
sham group, sham+hesperadin group, ICH group, and ICH
+hesperadin group (n = 13 in each group). In each group,
mice were selected randomly for western blot (n = 6), immu-
nofluorescence (n = 3), and brain edema (n = 4). A total of 52
mice were used for experiment 2, and all mice in the four
groups were examined for behavior before euthanasia.

2.4. Drug Administration. Hesperadin (MCE, HY-12054,
0.5μg/μl) was dissolved in 1% DMSO and given via intra-
cerebroventricular (i.c.v.) injection 1 hour before ICH (2μl
per mouse). A small hole was formed at the left side of the
anterior fontanelle at 1.0mm, and a no. 27 Hamilton needle
was lowered to a depth of 2.3mm and hesperadin was
injected at 0.67μl/min.

2.5. Garcia Test. The Garcia Neuroscore evaluated animal
sensory motor performance through seven tests, including
(1) spontaneous movement, (2) side stroking, (3) vibrating
proprioception, (4) limb symmetry, (5) lateral rotation, (6)

ICH

6 h 12 h 24 h 72 h

WB WB WB WB

Experiment 1: time course of MST4, AKT, pAKT, and LC3. Groups:
1. Sham n = 6
2. ICH 6 hours n = 6
3. ICH 12 hours n = 6
4. ICH 24 hours n = 6
5. ICH 72 hours n = 6

ICH

1 h 12 h

Hesperadin Brain edema and neurological test and WB

Experiment 2: the effect of hesperadin treatment on brain edema and neurobehavior.
Groups:
1. Sham 12 h
2. Sham 12 h + hesperadin
3. ICH 12 h
4. ICH 12 h + hesperadin

n = 13
n = 13
n = 13
n = 13

ICH

6 h 12 h 24 h 72 h

WB WB WB WB

ICHHesperadin Brain edema and neurological test and WB

ment 2: the effeffff ct of hesperadin treatment on brain edema and neurobehavivv or.

Figure 1: Time-line of study design. Representative figure showing experimental design and number of animals for each group. ICH:
intracerebral hemorrhage; WB: western blot.
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forelimb walking, and (7) climbing. Results were collected 12
hours later in a blind way, as previously described [19].

2.6. Corner Turn Test.Mice were allowed to enter a corner at
an angle of 30 degrees. The direction of the mice turning is
recorded, including right or left when mice exit the corner.
This was repeated 10 times for at least 30 seconds in the test
room, calculating the right turn time. Only fully reared turns
involving either wall are included (i.e., ventral folds or hori-
zontal turns excluded).

2.7. Brain Edema. To determine brain edema, mice were
sacrificed after deep anesthesia and beheaded at 12 h after
ICH. The brain was divided into five parts, including the con-
tralateral cortex (cont-cx), the basal ganglia (cont-bg), the
ipsilateral cortex (ipsi-cx), the basal ganglia (ipsi-bg), and
the cerebellum. The dry and wet weight method was used
to calculate brain edema.

2.8. Western Blot Analysis.Mice were decapitated at the time
of each experimental procedure, and the right cerebral
hemisphere was separated and homogenized in RIPA
buffer (Servicebio, Wuhan, China). Western blotting was
performed as previously described [20]. The primary anti-
bodies included anti-MST4 (1 : 1000, Proteintech), anti-
AKT (1 : 1000, Cell Signaling Technology), anti-pAKT
(1 : 1000, Cell Signaling Technology), anti-LC3A/B (1 : 1000,
Cell Signaling Technology), and β-actin (1 : 1000, Cell Signal-
ing Technology).

2.9. Immunofluorescence. Immunofluorescence for the brain
was conducted on paraffin sections as previously described
[20]. At 12 hours after ICH, deeply anesthetized mice were
perfused with cold PBS and then infused with 4% parafor-
maldehyde. The brains were fixed in formalin at 4°C over-
night after removal and then dehydrated with 30% sucrose
in PBS. Coronal brain slices were sectioned in a cryostat
and subjected to immunofluorescence analysis. After
degreasing and rehydration, the coronal sections were
incubated in EDTA antigen regeneration buffer, rinsed
with 5% normal goat serum, and blocked. In a single
immunofluorescence labeling section, the coronal sections
were then incubated with primary antibodies at 4°C over-
night, including rabbit anti-MST4 (1 : 100, Proteintech)
and rabbit anti-LC3A/B (1 : 100, Cell Signaling Technol-
ogy), then with anti-rabbit IgG :CY3 and anti-rabbit
IgG : FITC, respectively. In a double immunofluorescence
labeling section, blocked sections were incubated with
LC3A/B antibody overnight and then with HRP-labeled
secondary antibodies. After rinsing, sections were incu-
bated in anti-rabbit IgG: CY3 for 10 minutes and then
with EDTA antigen regeneration buffer. The same sections
were then incubated with MST4 antibody overnight and
then with HRP-labeled secondary antibodies. All the sec-
tions were finally exposed to DAPI (Servicebio, Wuhan,
China) to display nuclear changes.

2.10. Statistical Analysis. All data were expressed as mean ±
SD. GraphPad Prism 6 was used for statistical analysis.
One-way ANOVA was used to analyze the results from

different groups, and the significance was indicated by P
value < 0.05.

3. Results

3.1. The Time Course of MST4, AKT, pAKT, and LC3
Expression and Neurological Function in ICH Mice. We
determined the temporal expression of the MST4 protein
and the autophagy-associated protein including AKT, pAKT,
and LC3 at different times following ICH (Figure 2(a)).
MST4 expression was significantly peaked at 12 h following
ICH (Figure 2(b), P < 0:05). There was no significant change
for the AKT expression, while pAKT expression decreased
(Figures 2(c) and 2(d), P < 0:05). Autophagy marker LC3
was increasingly expressed at 12h following ICH
(Figure 2(e), P < 0:05). The results of the neurological score
showed that neurological function deteriorated at 12h, 24 h,
and 72 h after ICH (Figures 3(a) and 3(b), P < 0:05).

3.2. Hesperadin Reversed ICH-Induced Autophagic
Activation. According to the results of experiment 1, the time
point of cerebral hemorrhage in the ICH group and the
hesperadin treatment group was set to 12 hours. MST4,
pAKT, AKT, and LC3 showed different changes in experi-
ment 2 (Figure 4(a)). The expression of MST4 was signifi-
cantly decreased (Figure 4(b), P < 0:05). On the contrary,
pAKT was increased in the hesperadin treatment group com-
pared to the ICH group (Figure 4(c), P < 0:05). AKT showed
no significant change (Figure 4(d), P < 0:05), while LC3
decreased in the hesperadin group compared to the ICH
group (Figure 4(e), P < 0:05). The expression of MST4,
pAKT, AKT, and LC3 showed no significant difference
between the sham group and the sham+hesperidin group
(Figure 4, P > 0:05). The above results indicated that hesper-
idin blocks the AKT protein-related pathway autophagy by
inhibiting MST4. Immunofluorescence staining showed that
hesperadin decreased the ICH-induced upregulation of
MST4 and the autophagy marker LC3. MST4 fluorescence
was located in the cytoplasm, mainly around the nucleus.
In the hesperadin group, MST4 was significantly reduced
compared to the ICH group. Similarly, LC3 expression was
parallel with MST4 (Figure 5). In the sham group, MST4
and LC3 showed weaker fluorescence intensity and dotted
distribution, while they colocalized around the nucleus and
in the ICH group. With hesperadin pretreatment, MST4
and LC3 staining were significantly reduced and nonoverlap-
ping (Figure 6).

3.3. Hesperadin Reduced Brain Edema and Improved
Neurobehavior at 12 Hours after ICH. The ICH+hesperadin
group showed significant brain edema reduction in the ipsi-
lateral basal ganglia compared to the ICH group; moreover,
no significance was found between groups for other parts of
the brain (Figure 7(a), P < 0:05). Hesperadin treatment in
ICH mice significantly improved neurological deficits com-
pared to the control group (Figures 7(b) and 7(c), P < 0:05).
There was no significant difference in brain water content
and behavioral function between the sham group and the
sham+hesperidin group (Figure 7, P > 0:05).
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Figure 2: Endogenous expression of MST4, pAKT, AKT, and LC3 after ICH. (a) Representative western blot bands for MST4, pAKT, AKT,
and LC3 expression in sham and ICH mice 6, 12, 24, and 72 h following ICH. Densitometric quantification of (b) MTS4/actin, (c)
pAKT/actin, (d) AKT/actin, and (e) LC3-II/LC3-I for western blot. Data were expressed as mean ± SD. ∗P < 0:05 versus sham; n = 6
animals for each group.
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Figure 3: Neurological function evaluation after ICH. (a) Garcia test and (b) corner turn test at 6, 12, 24, and 72 h following ICH. Data were
expressed as mean ± SD. ∗P < 0:05 versus sham; n = 6 animals for each group.
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4. Discussion

Despite much research on ICH pathology, effective neuro-
protective therapy remains limited [21, 22]. The pathological
mechanism associated with ICH is complex and involves dif-

ferent cell signaling pathways, resulting in neuronal death
and cell stress injury. It has been reported that autophagy
pathway activation was detected in neurons after ICH [6].
Increasing evidence has indicated that the role of autophagy
in ICH pathology is crucial [23]. MST4 plays multiple roles
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Figure 4: Administration of hesperadin influenced endogenous expression of MST4, pAKT, AKT, and LC3 12 h following ICH. (a)
Representative western blot bands for MST4, pAKT, AKT, and LC3 expression in sham and ICH mice 12 h following ICH. Densitometric
quantification of (b) MTS4/actin, (c) pAKT/actin, (d) AKT/actin, and (e) LC3-II/LC3-I for western blot. Data were expressed as mean ±
SD. ∗P < 0:05 versus sham; #P < 0:05 versus vehicle; n = 6 animals for each group.
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Figure 5: Immunofluorescence staining of MST4 and LC3 at 12 h after ICH. Representative images of immunofluorescence staining to show
the expression of (a) MST4 (red), (b) stereoscopic 3D version of the local expression, and (c) LC3 (green). Images of brain samples were
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and possesses many cell-specific functions. MST4 shows a
proapoptotic effect in breast cancer cells [24]. Moreover,
MST4 may regulate cell migration in HeLa cells [25]. It has
been reported that MST4 participates in autophagy, leading
to enhanced autophagic flux [13].

The first objective of this study was to elucidate the
changes and effects of MST4 expression in ICH. Despite that
MST4 is clearly expressed in the brain, the role of altered
expression and pathology is not clear, especially in cardiocer-
ebrovascular diseases. Our study shows that MST4 is exten-
sively expressed in healthy brain, whereas it increases and
reaches a peak at 12h following ICH. AKT did not change
significantly after ICH, whereas pAKT expression decreased
and reached a bottom at 6 h and 72 h following ICH. The
expression of the autophagy marker LC3 peaked at 12 h after
ICH. Therefore, it indicated that ICH could directly activate
autophagy and upregulate MST4 expression. Accordingly,
the time point of 12 h after ICH was used for subsequent
experiments with a corresponding mechanism. As a conse-
quence of ICH, mice showed different levels of functional
impairment. Additionally, pAKT downregulation may be

due to the feedback response of MST4 via affecting the phos-
phorylation of AKT. These observations indicated MST4
may be involved in controlling autophagy in ICH mice.

Our second objective was to investigate whether the
novel MST4 inhibitor hesperadin, which was previously con-
sidered as an Aurora kinase inhibitor, could effectively
inhibit the expression of MST4. Hemorrhage in the basal
ganglia is known to cause brain edema and neurological def-
icits [26]. We confirmed that hesperadin administration for
ICH mice significantly improved edema and alleviated neu-
rological deficits at 12 h after ICH compared to the ICH
group. MST4 expression in ICH mice treated with hespera-
din was significantly lower than ICH mice, which proved
the potential of hesperadin as an MST4 inhibitor. We found
that hesperadin is neuroprotective, which could ameliorate
brain edema and behavioral deficits after experimental ICH
in mice. In this study, hesperadin was confirmed to show a
neuroprotective effect and can improve brain edema and
neurofunction deficits in ICH mice.

Finally, we investigated the regulative role of MST4 on
autophagy and its significance in neuronal injury. To further
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Figure 7: Administration of hesperadin decreased brain edema and improved neurological function 12 h after ICH: (a) brain edema, n = 4
mice/group; (b) Garcia test, n = 13 mice/group; (c) corner turn test, n = 13 mice/group. ∗P < 0:05 versus sham; #P < 0:05 versus vehicle;
n = 13 animals for each group.

7Behavioural Neurology



prove our working hypothesis, we inhibit MST4 via the
administration of hesperadin. It has been indicated that
MST4 suppression would decrease AKT phosphorylation,
thereby reducing the formation of autophagosome LC3-II.
With the activation of AKT/LC3 during the autophagy
process, brain edema and neurological deficits are corre-
spondingly improved. Western blot analysis for MST4 at
12 hours after ICH showed a significant increase com-
pared to the sham group; moreover, it was reduced in
the hesperadin-treated group, which confirmed our
hypothesis that hesperadin suppressed autophagy caused
by ICH. We have detected that MST4 expression was par-
allel relevant with LC3, and the possible explanation is
that downregulation of MST4 surrounding hemorrhage
may protect cells by promoting AKT phosphorylation
and then inhibiting autophagosome formation. The rela-
tionship between MST4 and LC3 has not been reported
yet, and there may be a potential relationship between
MST4 and autophagy. Our experiments prove the poten-
tial relationship between MST4 and autophagy: the expres-
sion of MST4 affects the occurrence of autophagy. And
this will bring a new perspective to the exploration of
autophagy-related pathways in the following exploration.

Based on this study, we concluded that hesperadin may
be a neuroprotective factor that alleviates autophagy of nerve
cells around hematoma, as well as a significant neurologic
improvement. It may provide a new method for exploring
the potential molecular and cellular mechanisms between
MST4 and AKT after ICH, as well as a special target for the
treatment of ICH. However, there are some limitations exist-
ing in our research. First, the direct relationship between
MST4 and ICH has not been studied and the detailed and
exact mechanism by which ICH affects MST4 expression
remains to be explored. Second, we only focused on the effect
of MST4 on autophagy after ICH. Additionally, our study
only tested the recommended dose that was reported and
only one time point was selected in the mechanism study.
We will further study the mechanism of hesperadin to pro-
tect brain injury in ICH.

In conclusion, hesperadin attenuates autophagy via the
MST4/AKT pathway in intracerebral hemorrhage mice,
and it might provide new views for the treatment of
ICH-induced autophagy. Treatment targeting autophagy
to limit brain injury or promote recovery after ICH still
needs further research.
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