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Abstract Stroke at the acute stage is a major cause of
disability in adults, and is associated with dysfunction of
brain networks. However, the mechanisms underlying
changes in brain connectivity in stroke are far from fully
elucidated. In the present study, we investigated brain
metabolism and metabolic connectivity in a rat ischemic
stroke model of middle cerebral artery occlusion (MCAO)
at the acute stage using 'SF-fluorodeoxyglucose positron
emission tomography. Voxel-wise analysis showed
decreased metabolism mainly in the ipsilesional hemi-
sphere, and increased metabolism mainly in the contrale-
sional cerebellum. We used further metabolic connectivity
analysis to explore the brain metabolic network in MCAO.
Compared to sham controls, rats with MCAO showed most
significantly reduced nodal and local efficiency in the
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ipsilesional striatum. In addition, the MCAO group showed
decreased metabolic central connection of the ipsilesional
striatum with the ipsilesional cerebellum, ipsilesional
hippocampus, and bilateral hypothalamus. Taken together,
the present study demonstrated abnormal metabolic con-
nectivity in rats at the acute stage of ischemic stroke, which
might provide insight into clinical research.

Keywords Ischemic stroke - FDG PET - Metabolic
connectivity - Acute

Introduction

Stroke affects an estimate of 17 million people each year
globally [1], and > 80% of patients suffer motor disability
after stroke [2]. On account of the importance of diagnosis
and treatment at the acute stage for recovery after stroke,
many studies have investigated the pathogenesis, diagnosis,
and treatment of stroke at the acute stage [3—5]. However,
many issues have yet to be elucidated. A number of studies
have focused on the functional network of stroke at the
acute stage using functional magnetic resonance (fMRI)
[6-8]. Resting functional connectivity in the motor network
is altered in patients with stroke at the acute stage
compared to healthy controls [8]. In a previous study, we
also found that the alleviation of neurological deficits is
associated with the improvement of abnormal networks
after stroke [9]. Thus, understanding of the functional
connectivity of the brain at the acute stage could be useful
for the diagnosis and treatment of stroke.

Functional connectivity, which can be interpreted as
neural interactivity and assessed by fMRI [10, 11] and
positron emission tomography (PET) [12], is defined by
statistical association or dependency between brain
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regions. While the fMRI-based functional connectivity
estimates the correlation of fast temporal fluctuations [13],
metabolic connectivity measured by '®F-fluorodeoxyglu-
cose ("®F-FDG) PET reflects cumulative energy consump-
tion and provides information on the presumed steady
resting state [12, 14]. Metabolic connectivity could be a
critical complement to understanding functional connec-
tivity and provides valuable insights into the pathophysi-
ology of disorders. However, few studies have investigated
the metabolic connectivity of stroke at the acute stage.

As the brain is a complex integrative system, the
properties of disordered networks are usually assessed via
graph theory to further explore their characteristics in brain
disorders such as Alzheimer’s disease [15, 16], Parkinson’s
disease [17], and stroke [18, 19]. Although several studies
have examined topographic changes in the acute stage of
stroke [18, 20], few have investigated the characteristics of
the metabolic network at this stage. One study has reported
alterations in brain connectivity features in the acute stage
of stroke using fMRI [20]. Besides, the characteristics of
cortical connectivity changes in the acute stage stroke have
been measured using cortical sources of electroencephalog-
raphy [18]. Graph theory could be an effective method for
understanding the features of brain metabolic connectivity
as a complex system in the acute stage of stroke.

With the aim to explore brain metabolic connectivity in
the acute stage of stroke, we applied FDG-PET to assess
metabolic connectivity and used graph theory to estimate
its features in a rat ischemic stroke model of middle
cerebral artery occlusion (MCAO).

Materials and Methods
Animals

Healthy male Sprague-Dawley rats, weighing 280 + 20 g,
were provided by Shanghai Laboratory Animal Co., Ltd.,
Shanghai, China (license no. SCXK 2014-0005) and
housed wunder controlled environmental conditions
(12:12 h light:dark cycle, ambient temperature 23 + 2 °C
and 60%—-70% humidity). The rats were food-restricted to
maintain 85%—90% of their free-feeding weight (10 g/day—
15 g/day) before operation. All protocols were approved by
the Committee on Animal Care and Usage of Fujian
University of Traditional Chinese Medicine, and all the
protocols were in accord with the Chinese Specifications in
the Care and Use of the Laboratory Animals (SPF animal
laboratory). All efforts were made to minimize animal
suffering. According to the random number table method,
rats were randomly and evenly separated into 2 groups: the
sham-operated control group (SC group, n = 9), and the
MCAOQO group (n = 9).
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Focal Cerebral Ischemia Reperfusion Model

The rat model was induced by transient MCAO on the left
side for 2 h followed by reperfusion. The detailed procedure
was as described by Longa er al. [21]. Briefly, the rats were
anesthetized with 3% isoflurane in 67% N,O and 30% O,.
MCADO on the left side was performed using an occluding
suture with an embolus (Jia Ling embolus; Jia Ling
Biological Technology Ltd., Guangzhou, China) for 2 h,
and the suture was slowly withdrawn to allow reperfusion
after 2 h of MCAO-induced cerebral ischemia. The ipsilat-
eral cerebral blood flow (CBF) was measured by laser
Doppler flowmetry (Biopac Systems, Goleta, CA). The
MCAO model was considered successful only when CBF
dropped to become equal to or > 80% of the baseline during
occlusion. The sham-operated rats underwent identical
surgical procedures, except that the intraluminal filament
was not inserted. Physiological parameters were monitored
throughout the surgery. Rectal temperature was maintained
at 37 °C until the rats recovered from anesthesia. After
surgery and recovery, the animals were maintained at room
temperature. One of nine rats in the MCAO group died after
operation. All the rats were deprived of food for 12 h—-15 h
before '®F-FDG injection, but had access to drinking water at
any time.

PET Scans

'"8E_-FDG was prepared at the PET Center of the China PLA
General Hospital. For each rat, '*F-FDG (18.5 MBq/100 g
body weight) was injected via tail vein without anesthesia.
Then the rats were kept in cages and placed in a room with
minimal ambient noise for '®F-FDG uptake. The uptake
period was 40 min for maximization of "*F-FDG uptake by
the brain [22]. Then the rats were anesthetized by
isoflurane inhalation (2% in 100% oxygen; IsoFlo: Hebei
Jiumu Phama, Ltd, China) using a nose cone.

Nine rats in the sham group and eight in the MCAO
group underwent FDG-PET scans. Twelve hours after
operation, FDG-PET images were acquired on a micro PET
system (E-plus166, Institute of High Energy Physics,
Chinese Academy of Sciences, China), which had a radial
spatial resolution of 1.67 mm full-width at half-maximum
at the center of the field of view. For FDG-PET scan, all the
rats were anesthetized with isoflurane (as above) and
placed prone in the scanner with a plastic stereotactic head
holder on the scanner bed. The brain was centered in the
field of view for static acquisition of 30 min. Images were
subsequently reconstructed using a filtered back-projection
algorithm.  Images  were reconstructed on a
128 x 128 x 63 matrix, where the voxel size was
0.5 x 0.5 x 1 mm®. All scans were saved in Analyze
format.
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Image Preprocessing

All preprocessing was performed using Statistical Para-
metric Mapping8 (SPM8, Wellcome Department of Clin-
ical Neurology, London, UK) with the spmratIHEP plugin
[23-25]. First, all images were spatially normalized into
Paxinos and Watson space [26], comprising scaling up the
voxel size by a factor of 4 in each dimension, registering to
the FDG-PET template, subsequently removing extracra-
nial tissues via the intracranial image, and shearing the
matrix to cut off the background. Then, all the normalized
images were smoothed by a Gaussian kernel of
2 x 2 x 4 mm?® full-width at half-maximum. For scaling
voxel intensities, the voxel counts were normalized by an
optimal factor in each PET image [27].

Voxel-Wise Comparison of MCAO and Sham
Groups

The two-sample #-test was performed voxel-by-voxel to
determine the FDG uptake differences in the whole brain
between the MCAO and sham groups. Regions with
significant FDG changes in rats with MCAO were yielded
based on a voxel-level height threshold of P < 0.05
(family-wise error (FWE) corrected) and a cluster-extent
threshold of 50 voxels.

Construction of Connectivity Matrix

To generate the brain network, 32 anatomical volumes of
interest (VOIs) (Table 1) were selected as nodes. The
VOIs, which were cortical and subcortical structures as
well as the cerebellum, were predefined by a 3D digital
map based on the Paxinos and Watson atlas [23, 26].
Intensity-normalized FDG uptake in the VOIs of each rat
was obtained. Pearson’s correlation coefficients between
each pair of VOIs were calculated in an inter-subject
manner. A weighted undirected network matrix (32 x 32)
was constructed for the MCAO and sham groups, in which
the strength of each connection was defined as a correlation
coefficient [28].

Graph Theory Analysis

On the basis of the weighted undirected network, distance
matrixes [29, 30] of the MCAO and sham groups were
generated. The distance between nodes was defined as:

d[j:l—w,j

where w;; is the connection weight between nodes i and j.

Graph theoretical approaches using the Brain Connec-
tivity Toolbox (https://sites.google.com/site/bctnet/) [30]
were applied to characterize the functional connectivity

Table 1 List of volumes of interest.

Number Region name Abbreviation
1 Olfactory cortex Ent
2 Parietal association cortex PtA
3 Amygdaloid body Amy
4 Auditory cortex A
5 Cerebellum CB
6 Cingulate gyrus Cg
7 Hippocampus Hip
8 Hypothalamus HTha
9 Insular cortex IC
10 Motor cortex MC
11 Parietal cortex posterior area P
12 Retrosplenial cortex RSC
13 Somatosensory cortex S
14 Striatum CS
15 Thalamus Tha
16 Visual cortex v

patterns in the MCAO and sham groups. The global effi-
ciency (Egopa) and characteristic path length (Lyework)
were used to assess the global network properties
[28, 30, 31], where Egjopa is the harmonic mean of the
minimum path length between all possible pairs of nodes in
the network and Lewwork 1S the average shortest path length
for each node. They were defined as:

1 1

Eglobal (G) = 1N T
NN =1) = Lij
and
1
Lnelwork(G):i Z Li,j
NN -1) i£€G

where L;; is the shortest path length between nodes i and j,
and N is the number of nodes in a graph (G).

Nodal efficiency (E,oqa) and local efficiency (Ejocal)
were evaluated for each node to assess the regional
network properties [19, 30], where E,qq 1S an inverse of
the harmonic mean of the minimum path length between a
given node and other nodes in the network and Ej., is the
global efficiency of subgraphs of the neighbors of a given

node. They were defined as:
1 1

Enoda (1)=
nodal (£)= 1 4L

and
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1 1 Characteristic Global and Regional Graph Theory
Eiocal(Gi)= Ne(Ng—1) (N — 1)jk66m Measures in the MCAO Group

where Ng is the number of nodes in the subgraph G;, and
the subgraph G; is the network that contains the neighbor-
ing nodes of node i.

Permutation tests were repeated 10000 times to assess
statistical differences in the network parameters Egiopal,
Eoda, and Ejo.,;. P < 0.05 was considered statistically
significant.

Statistical Analysis

Permutation tests were performed to statistically compare
the network matrixes in the MCAO and sham groups. The
network matrixes of the MCAOQO and sham groups were
transformed to Z scores using Fisher transformation. The
images were randomly permuted 10000 times into pseudo-
random groups and the network matrixes were calculated.
Then, all the network matrixes were transformed by Fisher
transformation. Type I errors were determined by compar-
ison of the observed Z score for each connection with the Z
score distribution from the permuted data. The false
discovery rate (FDR) was applied to correct for multiple
comparisons at a threshold of ¢ < 0.05.

Results
Glucose Metabolism Changes in the MCAO Group

The location of the lesion in the acute stage in MCAO is
displayed in Fig. 1A, and the regions of infarct as assessed
by PET included decreased metabolic activity in the
striatum, auditory cortex, and somatosensory cortex
(Fig. 1B). Voxel-wise comparisons were performed to
evaluate significant differences in metabolic activity
between the MCAO and sham groups. To illustrate the
significant differences, the results were overlaid on a
magnetic resonance T2-weighted image of a rat brain in
Paxinos and Watson space (Fig. 1C). Compared with the
sham group, the MCAO group showed hypo-metabolism in
the ipsilesional striatum, ipsilesional somatosensory cortex,
ipsilesional auditory cortex, ipsilesional thalamus, bilateral
amygdaloid body, ipsilesional insular cortex, ipsilesional
hippocampus, and bilateral olfactory cortex (Fig. 1C). On
the other hand, the MCAO group showed hyper-metabo-
lism in the contralesional somatosensory cortex, contrale-
sional auditory cortex, contralesional thalamus,
contralesional parietal cortex posterior area, contralesional
hippocampus, contralesional visual cortex, bilateral retro-
splenial cortex, and bilateral cerebellum (Fig. 1C).
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To further investigate brain function in the MCAO group at
the acute stage, metabolic connectivity was assessed in an
inter-subject manner, in order to reflect inter-regional
covariance patterns of neuronal activity. Correlation
matrixes representing the connection strength of pairwise
VOIs and connectivity graphs were constructed for the
sham (Fig. 2A) and MCAO (Fig. 2B) groups. The connec-
tivity of each group was visualized as a connectivity graph
for the sham (Fig. 2C) and MCAO (Fig. 2D) groups. The
overall connectivity in the MCAO group was lower than
that in the sham group (Fig. 2A-D).

Graph theory was used to further investigate the network
parameters in the MCAO and sham groups. Compared with
the sham group, the MCAO group showed significantly
decreased Egiopa (P < 0.001, Fig. 3A) and increased
Lyerwork (P < 0.001, Fig. 3B) global network parameters.
Compared to the sham group, the MCAO group showed
decreased E,oqa and Ej.ca local network parameters in
most nodes, whereas these parameters in the contralesional
somatosensory cortex, contralesional auditory cortex, con-
tralesional hippocampus, contralesional olfactory cortex,
and contralesional thalamus showed increases in the
MCAO group, in which the FDG uptake increased (Fig. 4A
and B). Among the differences in the nodes between the
MCAO and sham groups, the difference in E,og, and Ejoca
of the ipsilesional striatum was the highest (P < 0.001,
Fig. 4A and B). The differences of E,oqy and Ejoca for
anatomical localization and regional graph measures are
displayed in Fig. 4C and D.

Metabolic Connectivity Decreased in the MCAQO
Group

Significantly decreased connectivity between pairwise
VOIs in the MCAO group was found using permutation
tests (Fig. 5A) and visualized as a connectivity graph
(Fig. 5B). Significantly decreased metabolic connectivity
in the ipsilesional striatum with the ipsilesional cerebellum,
ipsilesional hippocampus, and bilateral hypothalamus was
found using permutation tests.

Discussion

In the present study, a large-scale brain network based on
glucose metabolic usage measured by FDG-PET was
applied to evaluate the metabolic connectivity in the acute
stage of MCAO. Voxel-wise analysis showed decreased
metabolism mainly in the ipsilesional hemisphere and
increased metabolism mainly in the contralesional
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Fig. 1 Changes of glucose metabolism in the MCAO group. A,
B Location of lesion in the acute stage of MCAO. Color bar indicates
FDG uptake values. C Voxel-wise comparison of MCAO and sham
groups (P < 0.05, FWE corrected and clusters > 50 voxels). MCAO
group: n = 8, SC group: n = 9. A, auditory cortex; Amy, amygdaloid

cerebellum in the MCAO group. Further connectivity
analysis using VOIs showed significantly lower connection
strength in the MCAO group than in the sham group. Graph
theoretic analysis based on the metabolic connection
implied that the global and regional networks changed in
the MCAO group compared to the sham group. Egjpa in
the MCAO group was significantly lower and Ljeiwork i
the MCAO was significantly higher than those in the sham
group. Although E, .4, and Ej,., of most nodes were
decreased in the MCAO group, E,oqa and Ejycy of several
nodes in the MCAO group were increased in the contrale-
sional olfactory cortex, contralesional auditory cortex,
contralesional hippocampus, contralesional somatosensory
cortex, and contralesional thalamus. And the difference in
E odga and Ej,., of the ipsilesional striatum between the
MCAO and sham groups was the highest. Furthermore, an

body; CB, cerebellum; CS, striatum; Ent, olfactory cortex; Hip,
hippocampus; HTha, hypothalamus; IC, insular cortex; P, parietal
cortex posterior area; RSC, retrosplenial cortex; S, somatosensory
cortex; Tha, thalamus; V visual cortex.

abnormal metabolic connection at the ipsilesional striatum
with the ipsilesional cerebellum, ipsilesional hippocampus
and bilateral hypothalamus in the acute stage of MCAO
was found.

Voxel-wise comparison showed that the functional
deficits in the MCAO rats were mainly associated with
the ipsilesional hemisphere, as generally accepted. The
functional deficits in motor cortex, somatosensory cortex,
striatum, thalamus, amygdaloid body, and auditory cortex
of the MCAO rats might be associated with the infarction
of the ipsilesional hemisphere. These results are consistent
with previous animal [32, 33] and clinical experiments [8].
The motor cortex, somatosensory cortex, and caudate-
putamen are known to be involved in gaze, orientation, and
motor skills [34-37], so the functional deficits in these
regions would contribute to the motor dysfunction in
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Fig. 2 Metabolic correlation networks of the sham and MCAO groups. A and C Connectivity matrix (A) and connectivity graph (C) of the sham
group (n = 9). B and D Connectivity matrix (B) and connectivity graph (D) of the MCAO group (n = 8).
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Fig. 3 Global graph theoretic measures. Global efficiency (A) and characteristic path length (B) in the MCAO (n = 8) and sham (n = 9) groups

using permutation tests.
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Fig. 4 Regional graph theoretic measures. Differences of nodal
efficiency (A) and local efficiency (B) for each node between the
MCAO and sham groups. The largest difference was found in the
ipsilesional striatum. The differences of nodes in nodal efficiency

ischemic stroke [38, 39]. Furthermore, the results showed
that functional activity was higher in the contralesional
motor cortex, somatosensory cortex, thalamus, retrosple-
nial cortex, and auditory cortex of the MCAO rats than in
the sham rats. Several studies have shown increased
activation in the contralesional hemisphere following a
lesion in the acute stage, which is related to somatosensory
processing and motor performance [40—42]. The role of the
contralesional hemisphere might be influenced by the
lesion volume, and is involved in functional alterations
after a stroke. A number of studies have proposed that
inhibition of the contralesional hemisphere improves the

e

0 0.6

(C) and local efficiency (D) between the MCAO and sham groups are
displayed in Paxinos and Watson space. The sizes of nodes represent
differences between the MCAO and sham groups, and the colors of
nodes represent P values. MCAO group, n = 8; SC group, n = 9.

motor performance after stroke [42, 43]. The contralesional
hemisphere activity might play a negative role in the
functional recovery after ischemic stroke.

Analysis of the metabolic network is based on the
coupling of neuronal activity and brain metabolism, which
can be measured by PET [12, 14]. As the FDG-PET reflects
the cumulative energy consumption during awake and
steady states even in animals, the PET-based metabolic
network plays a complementary role in investigating brain
functional connectivity. Several studies have applied the
metabolic network to investigate the dysfunction in brain
disorders, such as Alzheimer’s dementia [15] and epilepsy
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Fig. 5 Metabolic connectivity in the MCAO (n = 8) and sham (n = 9)
groups. A Significant differences in metabolic connectivity between
the MCAO and sham groups using permutation tests (P < 0.05 with
FDR correction). Compared to the sham group, statistical significance

[29]. We described the brain dysfunction at the acute stage
of MCAO as revealed by voxel-wise comparison analysis,
similar to previous studies [8, 33]. Based on the previous
studies [29], the number of rats in our study was
appropriate. Analysis of the metabolic network in MCAO
contributes to understanding the mechanisms underlying
abnormal functional connectivity at the acute stage of
stroke.

Analysis of the metabolic network showed that the
overall connectivity of pairs VOIs was decreased in the
acute stage of MCAO. And significantly decreased global
efficiency and increased characteristic path length were
found in the MCAO group compared to the sham group. A
lower global efficiency is predominantly associated with
weaker capacity of the network for parallel information
transfer between nodes via multiple series of edges [31],
while a longer characteristic path length means that
information has to cross more nodes to reach its final
destination [30]. Thus, the decreased global efficiency and
increased characteristic path length in the MCAO group
suggest a decrease of efficiency in transferring information
between nodes in the acute stage after stroke. Besides, we
found abnormal nodal efficiency and local efficiency in the
acute stage of MCAO, which might affect the normal
network organization for transforming and disseminating
information among different circuits. The nodes of
increased nodal efficiency and local efficiency in the
MCAO group also had higher FDG uptake than in the sham
group; they were located on the contralesional side and
may be involved in functional changes in the acute stage of

@ Springer

of decreased metabolic connectivity in the MCAO group was found
and represented by lower triangular matrix. B Anatomical distribution
of significantly different metabolic connections in pairwise VOIs
between the MCAO and sham groups.

stroke. In addition, most of the nodes in the MCAO group
had decreased nodal efficiency and local efficiency,
especially in the ipsilesional striatum. The abnormal
properties of the striatum play an important role in the
motor dysfunction in the MCAO rat model, while several
studies have shown that abnormal motor functions are
associated with the abnormal metabolism of neurochemi-
cals in the striatum [44, 45]. Besides, our previous study
also showed that motor dysfunction is associated with the
abnormal neuronal activity in the striatum revealed by
fMRI [9]. Furthermore, the connectivity of the ipsilesional
striatum with the ipsilesional cerebellum, ipsilesional
hippocampus, and bilateral hypothalamus was decreased
based on comparisons of metabolic connectivity. Previous
network analyses using fMRI have reported that the
striatum shows connectivity to the cerebellum, hippocam-
pus, insular cortex, medial prefrontal cortex, and amygdala,
which take part in incentive-based learning, motivation,
and action [46, 47]. The cerebellum directs the conscious
or volitional motor functions, and several studies have
reported abnormal connectivity of the striatum with the
cerebellum in motor disorders, such as Parkinson’s disease
[48]. Studies have shown that the hippocampus plays an
important role in the control of some forms of motor
activity [49]. The hypothalamus is an essential part of a
circuitry that controls motivated behaviors [50]. Studies
have shown that dysfunctions of the hippocampus and
hypothalamus are associated with the motor dysfunction in
stroke [9, 51]. The results suggested an abnormal metabolic
connection of the ipsilesional striatum with the ipsilesional
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cerebellum, ipsilesional hippocampus, and bilateral
hypothalamus in MCAO at the acute stage. Previous
studies have demonstrated that improvement of the abnor-
mal brain network contributes to the rehabilitation of the
motor function after stroke [52, 53]. The abnormal
metabolic connections might provide insight into the
treatment of patients with motor dysfunction after stroke.

In addition, some limitations in our work need to be
pointed out. First, any disturbance might affect brain
function, which could affect the FDG-PET images. In order
to minimize animal suffering, the behavioral deficits of the
MCAO group were not evaluated. According to previous
studies, neurological deficits in the MCAO group occur at
2 h after ischemic stroke [54, 55]. Based on the FDG-PET
images and our previous studies [54, 55], neurological
functions in the MCAO group were decreased at 12 h after
stroke. Further studies should be done to validate the
results. Second, in consideration of the spatial resolution of
the PET images, only nodes which were large enough were
selected in the study; more detailed nodes should be
selected for further study.

In conclusion, based on FDG-PET, we demonstrated
abnormal metabolic connectivity in the MCAO rat at the
acute stage. Not only the global and regional graph
theoretic properties but also the functional correlations
were significantly different between the MCAO and sham
groups, particularly involving the metabolic connections of
the striatum.
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