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Abstract
Purpose  This study aimed to establish individualized metabolic networks for patients with ischemic cerebrovascular disease 
(ICVD) using cerebral glucose metabolism data and to analyze topological alterations before and after surgical intervention.
Methods  We enrolled 31 surgically treated ICVD patients with unilateral cerebral infarction (21 with complete postopera-
tive follow-up) and 17 normal controls (NC). We constructed individualized brain metabolic networks from [18F]-fluoro-
2-deoxy-D-glucose positron emission tomography ([18F]FDG PET) scans using Kullback-Leibler divergence. In the NC 
group, subnetworks were defined as the left intrahemispheric, right intrahemispheric and interhemispheric networks. In the 
ICVD group, after hemispheric alignment based on the surgical side, subnetworks were redefined as the surgical intrahemi-
spheric, non-surgical intrahemispheric, and interhemispheric networks. Then, graph-theoretical parameters were calculated 
to derive the metabolic connectivity expression score (MCES). Finally, we used Kruskal-Wallis tests, paired t-tests, and 
Spearman correlation analysis to assess topological differences and their relationship with National Institutes of Health 
Stroke Scale (NIHSS) scores.
Results  The preoperative ICVD group showed significantly altered metabolic connectivity compared with controls, with 
higher global MCES values (0.83 vs. 0.32, p < 0.0001). Ipsilesional subnetworks exhibited reduced connectivity, whereas 
contralesional subnetworks showed increased connectivity. Subnetwork analysis showed that the interhemispheric network 
in the ICVD group had a mean MCES of 0.91, which was significantly higher than that of the interhemispheric network in 
the NC group (0.17, p < 0.0001). Postoperatively, network connectivity showed partial recovery, particularly within the inter-
hemispheric network. MCES was significantly correlated with NIHSS scores in the global, non-surgical intrahemispheric, 
and interhemispheric networks (|r|=0.58 ~ 0.65, p < 0.05), but not in the surgical intrahemispheric network.
Conclusion  ICVD is associated with disrupted metabolic connectivity that exhibits early postoperative remodeling follow-
ing surgical revascularization. Changes in interhemispheric network topology may provide insight into early postoperative 
metabolic network reorganization.

Keywords  Ischemic cerebrovascular disease · Personalized metabolic network · [18F]FDG PET · Graph Theory · 
Network Reorganization
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changes in the brain’s structure and function that enable 
adaptation to learning, memory, environmental stimuli, 
and other physiological demands. It involves alterations in 
the number and morphology of neuronal nuclei, as well as 
modifications in multiple neural functions and their inter-
connections [3, 4]. In ICVD, endogenous plasticity-driven 
remodeling of cerebral metabolism and functional connec-
tivity serves as an adaptive mechanism through which the 
brain compensates for focal injury and strives to restore 
neural function [5]. Clinically, accurate monitoring and 
interpretation of this remodeling process remains a key 

Background

Ischemic cerebrovascular disease (ICVD), a major disease 
that seriously endangers human health, remains one of the 
leading causes of global mortality and long-term disabil-
ity and is characterized by high incidence, recurrence, and 
morbidity rates [1, 2]. Neural remodeling refers to dynamic 
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challenge and an active research focus in neuroscience, as 
its patterns and extent are directly correlated with patients’ 
functional recovery and long-term prognosis.

Cerebral metabolic alterations serve as pivotal indicators 
for evaluating brain function in patients with ICVD and can 
be robustly quantified using [18F]-fluoro-2-deoxy-D-glu-
cose positron emission tomography ([18F]FDG PET) [6–8]. 
Although the standardized uptake value ratio (SUVR) is 
widely used, it only reflects local metabolic activity in iso-
lation, making it difficult to interpret the integrity of brain 
function and to capture metabolic synergies among distrib-
uted neural networks. This synergistic interaction represents 
a pivotal indicator of neural remodeling. An expanding body 
of evidence demonstrates that metabolic coupling among 
brain regions is fundamental to sustaining cerebral homeo-
stasis and underpins the pathophysiological mechanisms 
of neurological disorders [9–12]. Dynamic reorganization 
of brain metabolic networks serves as a direct, quantifiable 
reflection of both the magnitude and directional of neural 
remodeling: following cerebral ischemia, functional com-
pensation is achieved through adaptive neural remodeling 
processes, together with structural and functional recon-
figuration of metabolic networks and shifts in interregional 
metabolic synergy. Unilateral cerebral infarction triggers 
intrinsic compensatory mechanisms involving metabolic 
and functional reorganization.

The advent of brain network analysis has enabled a sys-
tems-level exploration of neural function. Emerging evi-
dence shows that ischemic stroke induces not only focal 
damage but also global perturbations in connectivity. This 
network reorganization is widely believed to reflect the 
brain’s intrinsic compensatory mechanisms [13, 14], serv-
ing as a key factor in determining functional recovery and 
explaining interindividual variability in prognosis. This 
topological approach offers deeper insights into neurologi-
cal pathology [15]. [18F]FDG PET-based metabolic connec-
tome analysis has proved effective in characterizing such 
network-level alterations in various neurological disorders 
[16–19]. The metabolic connectome affords a comprehen-
sive characterization of glucose metabolic disruptions across 
peri-infarct territories and the contralesional hemisphere in 
cerebrovascular disease, with particular emphasis on assess-
ing treatment-associated metabolic recovery through large-
scale network reorganization. Building on this, our previous 
work proposed an individual-level metabolic connectome 
framework that overcomes the limitations of conventional 
group-based indices. This data-driven approach, combined 
with graph theory, allows systematic quantification of func-
tional damage and compensatory remodeling in cerebrovas-
cular disease.

In this study, we constructed individualized metabolic 
networks for patients with ICVD using [18F]FDG PET data. 
By comparing topological properties across preoperative, 
postoperative, and control groups, we aimed to elucidate the 
patterns of metabolic remodeling associated with ICVD.

Materials and methods

Participants

This study enrolled 31 patients with ICVD and 17 nor-
mal controls (NC) from the Department of Radiology and 
Nuclear Medicine at Xuanwu Hospital, Capital Medical 
University. All patients were diagnosed with symptomatic 
unilateral steno-occlusive disease of the internal carotid 
artery (ICA) or middle cerebral artery (MCA) and under-
went superficial temporal artery-middle cerebral artery 
(STA-MCA) bypass surgery. Among them, 21 patients 
completed postoperative imaging within two weeks and 
were included in the longitudinal subgroup analysis. Dis-
ease severity was assessed using the National Institutes 
of Health Stroke Scale (NIHSS) and the modified Rankin 
Scale (mRS). The detailed inclusion and exclusion criteria 
can be found in the previous literature [20].

This retrospective study was approved by the ethics com-
mittee and institutional review board of Xuanwu Hospital 
(Approval number: [2025]286-002) and was conducted in 
accordance with the principles of the Declaration of Hel-
sinki. Written informed consent was obtained from all 
participants before the examinations. The experimental 
framework of this study is shown in Fig. 1.

PET/MR acquisition protocol

Multiple MRI sequences included a T1-weighted MRI 
sequence for the anatomic localization (voxel size, 
1 × 1 × 1 mm; echo time (TE), 3.2 ms; repetition time (TR), 
8.5 ms; matrix, 256 × 256; 178 slices); MRA sequence for 
the segmentation of the internal carotid vasculature (voxel 
size, 0.43 × 0.43 × 0.7 mm; TE, 3.7 ms; TR, 25 ms; matrix, 
512 × 512; 272 slices); and a T2 fluid-attenuated inversion 
recovery (FLAIR) sequence for the definition of infarct areas 
(voxel size, 0.47 × 0.47 × 4 mm; TE, 144 ms; TR, 11000 ms; 
matrix, 512 × 512; 32 slices). PET acquisition was simulta-
neously initiated with manual intravenous injection of [18F]
FDG (3.7 MBq/kg), and a single static PET frame was recon-
structed (50–60  min, voxel size: 1.82 × 1.82 × 2.78  mm; 
matrix, 192 × 192; 89 slices). Detailed collection parameters 
can be obtained from previous literature [20].
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Image preprocessing

The infarct region of each patient was generated by aver-
aging the results from two experienced radiologists, each 
of whom independently reviewed the infarct areas on the 
original FLAIR images (double-blinded evaluation), as pre-
viously described [21].

The preprocessing procedures were performed using Sta-
tistical Parametric Mapping software (SPM12; Wellcome 
Centre for Human Neuroimaging, London, UK) imple-
mented in MATLAB (R2022b; MathWorks, Natick, MA, 
USA). Each [18F]FDG PET image and lesion mask image 
was coregistered to the corresponding T1-weighted MRI 
image. Then, the MRI images were segmented into gray 
matter, white matter, and cerebrospinal fluid tissue prob-
ability maps using the unified segmentation method. The 
registered PET image and lesion mask image were spa-
tially normalized to Montreal Neurological Institute space 
using the transformation parameters. Lastly, PET images 
were smoothing using an 8 mm full-width at half-maximum 
Gaussian kernel to enhance signal-to-noise ratios. Notably, 
all [18F]FDG PET images underwent count normalization 
using pons uptake and were further generated standard 
uptake value ratio (SUVR) images [20, 21].

Global network topological identification

Brain nodes were defined using 90 cerebral regions of inter-
est (ROIs) from the Automated Automatic Labeling (AAL) 
atlas [22]. To construct individual metabolic networks, 
we employed the Kullback-Leibler divergence similarity 
estimation (KLSE) method, a technique previously estab-
lished by our group [10]. Specifically, voxel intensities were 
extracted from preprocessed [18F]FDG PET images for each 
ROI. Kernel density estimation was then applied to estimate 
the probability density function (PDF) for each region. Sub-
sequently, KL divergence was calculated to quantify the 
metabolic similarity between pairwise regions, yielding an 
undirected adjacency matrix for each participant that repre-
sented the global metabolic network and was further used 
for topological parameters analysis.

Topological parameters analysis

First, topological metrics, including betweenness (B), clus-
tering coefficient (C), degree (D), global efficiency (Eglobal), 
local efficiency (Elocal), shortest path length (Lp), modular-
ity (M), and hierarchical coefficient (H), were calculated 
using GRETNA (https:/​/www.ni​trc.org​/proj​ects/gretna/). 

Fig. 1  Research workflow
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The above eight topological parameters were extracted 
from the metabolic connectivity networks for each subject. 
Second, the extracted topological parameters were orga-
nized into a feature matrix, with each row representing a 
subject and each column representing a topological feature. 
Third, a binary logistic regression model was established, 
with the study group (e.g., patient vs. control) defined as 
the dependent variable. The eight topological parameters 
were simultaneously entered into the logistic regression 
model as independent variables. No additional feature 
selection procedure was performed. Fourth, regression 
coefficients were estimated using all available subjects, and 
the fitted probability of belonging to the patient group was 
calculated for each subject based on the fitted model. Given 
the exploratory nature of this study and the limited sample 
size, cross-validation was not performed. Fifth, the fitted 
probability generated by the logistic regression model was 
defined as the MCES. Additionally, the asymmetry index 
(AI) was calculated from SUVR maps. To ensure accuracy, 
the infarct lesion and its homologous contralateral region 
were masked out. The mean AI was then computed for 
group comparison.

The subnetworks were extracted from the global network 
based on anatomical laterality in the NC group. Accord-
ingly, the subnetworks were designated as follows: (1) the 
L-L network, representing the left-left intrahemispheric 
network; (2) the R-R network, representing the right intra-
hemispheric network; (3) the L-R network, representing 
interhemispheric network. As the connectivity matrices are 
symmetric, the L-R and R-L networks are identical; there-
fore, the term L-R network is used throughout this study. All 
the topological metrics described above were also computed 
in all subnetworks.

For patients with ICVD, to account for lesion distri-
bution, the hemispheres were reclassified as the surgi-
cal hemisphere (S) and the non-surgical hemisphere (N). 
To facilitate group-level longitudinal analysis and ensure 
hemispheric consistency across patients with left- and right-
sided infarctions, images from patients with left-hemisphere 
lesions were flipped along the midsagittal plane, such that 
the lesion side was consistently aligned to the same right 
hemisphere in all subjects. Accordingly, the subnetworks 
were designated as follows: (1) the S-S network, repre-
senting connections within the surgical hemisphere; and 
(2) the N-N network, representing connections within the 
non-surgical hemisphere; (3) the N-S network, representing 
interhemispheric network. As the connectivity matrices are 
symmetric, the N-S and S-N networks are identical; there-
fore, the term N-S network is used throughout this study. All 
the topological metrics described above were also computed 
in all subnetworks.

Bootstrap optimism correction and effect size 
estimation

To assess the potential magnitude of optimism in the in-
sample performance estimates, we performed bootstrap 
optimism correction using 5,000 resamples. The area under 
the receiver operating characteristic curve (AUC) was used 
to evaluate the discriminative performance of the MCES. 
In each bootstrap resample, the logistic regression model 
used to derive the MCES was refitted, and model discrimi-
nation was evaluated both in the bootstrap sample and in 
the original dataset. The difference between these two AUC 
estimates was used to quantify optimism, and the mean opti-
mism across all bootstrap iterations was subtracted from the 
apparent AUC to obtain the optimism-corrected AUC.

For the individual network metrics and AI, bootstrap 
resampling was used to estimate the mean AUC and 95% 
confidence interval, and Hedges’ g was calculated to quan-
tify the magnitude of group differences. Because these met-
rics were evaluated directly rather than through a refitted 
multivariable prediction model, optimism-corrected AUCs 
were not calculated for them.

Statistical analysis

Gender was compared across the NC, preoperative ICVD, 
and postoperative ICVD groups using chi-square tests, 
age was compared using one-way ANOVA. Comparisons 
involving more than two independent groups were analyzed 
using Kruskal-Wallis tests followed by Dunn’s multiple 
comparisons test. Independent two-group comparisons were 
analyzed using two-sample tests, as appropriate. Paired pre-
operative-postoperative comparisons were analyzed using 
a paired t-test. In all connectivity analyses, false discovery 
rate (FDR) correction was applied to p-values using the Ben-
jamini-Hochberg procedure. Only edges surviving FDR cor-
rection are displayed. Different thresholds were applied for 
visualization purposes to improve the clarity of the presented 
connectivity patterns. Spearman correlation analyses were 
performed to evaluate the relationship between MCES and 
clinical scores (NIHSS and mRS), with Bonferroni correc-
tion applied for multiple comparisons. All statistical analyses 
were conducted using SPSS, R, and MATLAB (R2022b).

Results

Participants

The demographic information of all study subjects is shown 
in Table 1. Among the 31 ICVD subjects, 19 had a left-sided 
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lesion and underwent left STA-MCA bypass surgery, while 
12 had a right-sided lesion and received treatment. There 
were no significant difference in age, sex, or blood glucose 
among the groups (all p > 0.05).

Global network topological alterations in ICVD

Figure 2 shows representative images from two subjects. 
This patient presented with a marked decrease in meta-
bolic connectivity strength and unilateral hypometabolism 
before surgery. Twelve days after surgery, metabolism on 
the operated side remained lower than that on the normal 
side, but the metabolic connectivity network had changed 
significantly. Topological indicators also showed an 
improving trend.

Figure  3a shows the spatial distribution of edges with 
significantly altered connectivity strength that survived 
FDR correction in the preoperative ICVD group compared 
with the NC group. For visualization purposes, only edges 
with FDR-corrected p < 0.005 are displayed. The surgical 
side was adjusted to the right side in all patients in the ICVD 
preoperative group. Whole-brain metabolic connectivity 
strength was weaker in the preoperative ICVD group than 
in the NC group, and most differential connectivity edges 
involved interhemispheric connections. At the global topo-
logical level, the ICVD group showed significant alterations 
in network properties. MCES and AI differed significantly 
between the two groups (p < 0.001). The MCES showed 
an apparent AUC of 0.922; after bootstrap optimism cor-
rection, the AUC was reduced to 0.826. Specifically, B was 
significantly higher in the preoperative ICVD group than in 
the NC group (p < 0.001), whereas C, D, and Eglobal were 
significantly lower (p < 0.001). The results suggest that the 
network integration and information transmission efficiency 
were decreased in patients with ICVD. Meanwhile, Elocal 
was significantly decreased in the ICVD group (p < 0.0001), 
whereas Lp was significantly increased (p < 0.0001), indicat-
ing that the overall communication path of the brain net-
work became longer and local information processing was 
relatively weakened. There were no significant difference in 
modularity or the hierarchical coefficient between the two 
groups (p > 0.05), suggesting that the modular distribution 
and hierarchical organizational structure remained relatively 
stable at the global level. Please refer to Supplementary 

Table 1  Demographics and characteristics
NC
(n = 17)

ICVD P-values
Pre-operation
(n = 31)

Post-opera-
tion
(n = 21)

Age (years) 46.52 ± 9.25 49.13 ± 9.71 48.90 ± 8.84 0.630 a

Sex (F/M) 8 / 9 7 / 24 4 / 17 0.112 b

Follow-up 
(days)

\ 7.52 ± 2.04 \

NIHSS \ 0 (0–4) \ \
mRS \ 0 (0–3) \ \
Blood 
glucose 
(mmol/L)

5.98 ± 1.17 5.66 ± 0.62 5.61 ± 0.51 0.287 a

aThe one-way analysis of variance (ANOVA), bThe Chi-squared test

Fig. 2  Metabolic connectivity network and [18F]FDG PET of three typical cases
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Table S1 for the bootstrap optimism-corrected discrimina-
tion performance of the MCES, and to Supplementary Table 
S2 for the bootstrap-estimated discrimination performance 
and Hedges’ g effect sizes of individual topological metrics 
in the global network comparison between NC and preop-
erative ICVD.

Intrahemispheric topological alterations in ICVD

Figures  4 and 5 show the subnetworks and differences in 
their parameters. Figure  4a shows that the connection 
strength of the S-S network was significantly lower than 
that of the N-N network. All displayed edges survived FDR 

Fig. 3  (a) The differential connectivity edges between the NC and ICVD pre-operation group. For visualization purposes, a threshold of FDR-
corrected p < 0.005 was applied. (b) The global parameters in the NC and ICVD pre-operation groups
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correction. For visualization purposes, a threshold of FDR-
corrected p < 0.001 was applied. Figure 4b further compares 
differences in topological parameters among the N-N net-
work of the preoperative ICVD group, the S-S network of 
the preoperative ICVD group, and the L-L/R-R network of 
the NC group. The results showed that B and Lp in the N-N 
network of the preoperative ICVD group were significantly 

higher than those in the NC hemisphere network and S-S 
network of the preoperative ICVD group (p < 0.01), whereas 
C, D, Eglobal, and Elocal values were significantly lower than 
those in the NC hemisphere network and S-S network of 
the preoperative ICVD group (p < 0.001). Parameters M 
and H did not differ significantly among the three groups 
(p > 0.05). Please refer to Supplementary Table S3 for 

Fig. 5  (a) The differential connectivity edges between the N-S net-
work in the ICVD pre-operation group and the L-R network in the 
NC group. For visualization purposes, a threshold of FDR-corrected 

p < 0.005 was applied. (b) The subnetwork parameters in the NC and 
ICVD pre-operation groups

 

Fig. 4  (a) The differential connectivity edges between the N-N network and S-S network in the ICVD pre-operation group. For visualization pur-
poses, a threshold of FDR-corrected p < 0.001 was applied. (b) The subnetwork parameters in the NC and ICVD pre-operation groups
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the bootstrap-estimated discrimination performance and 
Hedges’ g effect sizes of individual topological metrics in 
the intrahemispheric network comparison between preop-
erative ICVD(N-N) and preoperative ICVD(S-S).

Interhemispheric topological alterations in ICVD

Figure  5a shows the distribution of the difference edges 
between the N-S network in the ICVD group and the L-R 
network in the NC group; similarly, the N-S network has 
a lower connection strength. The MCES derived from 
interhemispheric network reached the highest optimism-
corrected AUC of 0.891 shown in the Supplementary Table 
S1. All displayed edges survived FDR correction. For visu-
alization purposes, only connections with FDR-corrected 
p < 0.005 are displayed. B, Lp, and H were significantly 
higher in the N-S network than the L-R network in the NC, 
while C, D, Eglobal, and Elocal values were significantly lower. 
The parameter M was not significantly different between 

the two groups. Please refer to Supplementary Table S2 for 
the bootstrap-estimated discrimination performance and 
Hedges’ g effect sizes of individual topological metrics in 
the interhemispheric network comparison between NC and 
preoperative ICVD.

Postoperative longitudinal topological changes in 
ICVD

The results of the paired t-test of the metabolic connectiv-
ity network are shown in Fig.  6a, where the connectivity 
edges survived FDR correction are shown, with the right 
side corresponding to the surgical side. A threshold of FDR-
corrected p < 0.01 was applied for visualization. The connec-
tivity strength of the metabolic network in the postoperative 
group was significantly stronger than that before surgery 
globally, reflecting the overall improvement after surgery. 
Further observation revealed that there were more enhanced 
connections within the normal side than the operated side, 

Fig. 6  (a) The differential connectivity edges between the ICVD 
pre-operation group and ICVD post-operation group. For visualiza-
tion purposes, a threshold of FDR-corrected p < 0.01 was applied. (b) 

T-map of paired t-test results comparing all types of metabolic net-
works between the preoperative and postoperative ICVD group
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suggesting that the surgery may have triggered a compensa-
tory network reorganization, allowing the normal hemisphere 
to play a more prominent role in functional integration.

From the perspective of changes in topological param-
eters, the hierarchical coefficient (H) of the global network, 
N-N network, and S-S network all increased significantly, 
even higher than the NC group, as shown in Supplementary 
Fig. S1a-c. Most indicators of N-S network (including B, C, 
D, Eglobal, Elocal, and Lp) also changed significantly towards 
normal as shown in Fig. 6b and Supplementary Fig. S1d. 
Please refer to Supplementary Table S4 for the bootstrap-
estimated discrimination performance and Hedges’ g effect 
sizes of individual topological metrics in the comparison 
between preoperative ICVD and postoperative ICVD.

In addition, we selected subjects at different postopera-
tive time points to observe dynamic changes in the meta-
bolic network, as shown in Supplementary Fig. S2. The 
average connectivity network of the NC group was used 
as a reference. The results revealed that overall connection 
strength changed continuously over time after surgery. On 
postoperative day 3, the patients showed the greatest dif-
ference from the NC group, particularly in several connec-
tions associated with the left superior temporal gyrus. As 
recovery progressed, these connections gradually showed a 
trend toward normalization; however, even on postoperative 
day 12, the overall connectivity strength distribution had 
not fully returned to the normal level. The full names of the 
brain regions shown in the figure are provided in Supple-
mentary Table S5.

Correlation analysis

Supplementary Fig. S3 illustrates the correlations between 
MCES and clinical scales, with p-values corrected using the 
Bonferroni method. Significant correlations were observed 
between MCES and NIHSS in the global, N-N, and N-S net-
works of the preoperative ICVD group (|r|=0.582 ~ 0.650, 
p < 0.05), whereas no significant correlation was found in 
the S-S network. In contrast, MCES showed no significant 
correlation with mRS in any network (p > 0.05).

Discussion

This study aims to establish individualized metabolic net-
works using [18F]FDG PET to investigate metabolic connec-
tivity alterations associated with surgical revascularization 
in patients with ICVD. Against the backdrop of PET/MR 
serving as a noninvasive imaging tool for probing hemo-
dynamic and metabolic alterations pre- and post-bypass 
surgery, we compared the topological characteristics among 
the preoperative ICVD group, postoperative ICVD group, 

and normal control group, aiming to elucidate the alteration 
patterns of metabolic connectivity associated with unilat-
eral ICA or MCA occlusive or stenotic disease-particularly 
for MR-negative regions identified on structural images. 
Our findings provide exploratory evidence that individual-
ized metabolic connectivity may serve as a complementary 
imaging approach for evaluating early postoperative meta-
bolic network changes following cerebral revascularization.

Our results demonstrated characteristic patterns of cere-
bral network injury in patients with ICVD before surgery. 
Compared with the NC group, the preoperative ICVD 
group exhibited significantly reduced whole-brain meta-
bolic connectivity strength, with most differential con-
nectivity edges localized to interhemispheric connections. 
At the global topological level, marked alterations were 
observed: MCES and AI differed significantly between the 
groups, with the preoperative ICVD group showing a sig-
nificantly higher B value and lower C, D, and Eglobal values. 
The apparent MCES performance was optimistic, but the 
corrected estimates still suggested exploratory group-level 
discrimination, particularly for interhemispheric network. 
These changes reflect impaired network integration and 
reduced efficiency of information transmission, consistent 
with previous reports of hemodynamic and metabolic dis-
turbances induced by chronic cerebral hypoperfusion [23, 
24]. Furthermore, Elocal was significantly decreased and Lp 
was significantly prolonged in the ICVD group, indicating 
longer brain network communication paths and weakened 
local information processing capacity, key manifestations of 
ischemic injury-induced disruption of the structural integ-
rity and functional coordination of neural circuits. Barbara 
et al. demonstrated that metabolic networks constructed 
using [18F]FDG PET can serve as robust systemic biomark-
ers of metabolic homeostasis that enable the quantification 
of homeostatic load, reveal the transition from health to 
disease, and provide a novel framework for clinical health 
assessment [25]. Philipp et al. found that lesion-induced 
disruption of large-scale brain metabolic networks occurs 
in patients with severe stroke and that this mechanism may 
play a key role in stroke recovery [26]. Notably, no sig-
nificant differences were detected in modularity and hier-
archical coefficient between the preoperative ICVD and 
NC groups, suggesting that the core modular distribution 
and hierarchical organization of the cerebral network may 
remain relatively stable in early ICVD. This finding may 
be consistent with the neural remodeling theory, suggesting 
that post-injury plasticity is associated with the preservation 
of original neural structures. The observed preservation of 
network integrity may therefore represent an early feature 
of postoperative metabolic network reorganization. Simi-
lar preservation of the core network framework has been 
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reported in chronic stroke studies, where it predicts favor-
able functional recovery potential [27, 28].

Surgical intervention represents a cornerstone in the 
clinical management of stroke, although the mechanisms 
underlying postoperative brain reorganization remain 
incompletely understood. Liu et al. pioneered the concept of 
the “molecular window” for ischemic stroke intervention, a 
paradigm that fundamentally transcends the spatiotemporal 
constraints inherent in the conventional time-window frame-
work. Rather than confining therapeutic strategies to the 
acute reperfusion phase, this concept extends the therapeu-
tic horizon to targeted modulation of the persistent molecu-
lar pathological cascades that continue to propagate in the 
post-ischemic brain [29]. Our findings provide exploratory 
neuroimaging-based evidence of early postoperative meta-
bolic network changes following surgical revascularization 
in ICVD. Although these observations should not be inter-
preted as evidence of long-term functional recovery or ther-
apeutic efficacy, they suggest that individualized metabolic 
network analysis may offer a complementary approach for 
characterizing early metabolic reorganization after surgery. 
After STA-MCA bypass surgery, the metabolic connectiv-
ity network showed postoperative reorganization toward a 
more normalized pattern. Globally, metabolic connectiv-
ity strength was significantly stronger in the postoperative 
group than in the preoperative group, suggesting a trend 
toward partial normalization of the metabolic network after 
revascularization. Consistent with previous hemodynamic 
studies, the interhemispheric (N-S) network showed signifi-
cant normalization of topological parameters, including B, 
C, D, Eglobal, Elocal, and Lp. These findings may be compati-
ble with neural remodeling theory, which proposes that, fol-
lowing cerebral ischemia, neural tissue preferentially repairs 
network connectivity through remodeling strategies such as 
synaptic regeneration, axonal sprouting, and circuit reorga-
nization, rather than simply restoring local metabolism. In 
our cohort, early postoperative alterations in metabolic net-
work organization were observed despite incomplete recov-
ery of local metabolic levels in the operated hemisphere. 
This observation is consistent with serial PET studies show-
ing that glucose metabolism recovery is delayed relative 
to perfusion improvement [30]. Importantly, postoperative 
enhancement of intrahemispheric connections was more 
pronounced in the non-surgical hemisphere than in the sur-
gical hemisphere. This phenomenon may reflect differential 
network reorganization between the two hemispheres dur-
ing the early postoperative period, which may be associ-
ated with functional redistribution following lesions in the 
affected hemisphere. This finding may be consistent with 
the theory of “contralateral compensatory mechanism” in 
the neural remodeling in ICVD, analogous to hemodynamic 
observations in carotid endarterectomy patients, where 

CBF improvements were noted in both hemispheres. Previ-
ous clinical neuroimaging studies on patients more heavily 
affected by stroke primarily reported a reduction of inter-
hemispheric connections, observed for both activation tasks 
and at rest [31, 32]. Most interesting, studies on severely 
affected stroke patients with subcortical lesions described 
both clustering coefficient and characteristic path length to 
decrease during recovery, suggesting a more random net-
work topology [33, 34]. The post-operative enhancement of 
metabolic connectivity networks, improvement of topologi-
cal parameters, and alterations in network characteristics 
observed in the non-surgical hemisphere provide explor-
atory imaging evidence of early metabolic network changes 
following revascularization. Compared with traditional 
metabolic level assessment, changes in topological param-
eters may provide additional information to reflect the stim-
ulatory effect of surgery on metabolic network organization 
during the early postoperative period. Because neurological 
scores obtained in the immediate postoperative period may 
be influenced by transient surgery-related factors and early 
recovery status, the relationship between metabolic network 
reorganization and clinical outcomes should be further vali-
dated using long-term follow-up assessments.

Several limitations of this study should be acknowl-
edged. First, this was a single-center study with a relatively 
small sample size, which may reduce the generalizability 
of the conclusions. Second, follow-up data were lacking, 
including short-term follow-up data for ten participants 
and long-term follow-up data for all participants, which 
may introduce potential selection bias and affect the gen-
eralizability of the longitudinal findings. In particular, the 
absence of long-term follow-up limited our ability to deter-
mine whether the favorable metabolic network reorganiza-
tion could be sustained over time and how these alterations 
correlate with long-term neurological functional recovery. 
Third, the evidence for neural remodeling mechanisms, 
including synaptic regeneration and axonal sprouting, was 
indirectly inferred from metabolic network topology, with-
out direct validation by histopathological, molecular, or 
electrophysiological methods, and the precise biological 
mechanisms underlying network repair remain to be fur-
ther explored.

Conclusions

This study analyzed cerebral metabolic connectivity in 
ICVD patients by [18F]FDG PET. Preoperatively, patients 
exhibited reduced whole-brain metabolic connectivity and 
disrupted network topology. Following STA-MCA bypass, 
the metabolic network demonstrated early postoperative 
reorganization, including enhanced global connectivity, 
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partial normalization of interhemispheric topology, and 
increased compensatory intrahemispheric connectivity in 
the non-surgical hemisphere. These findings suggest that 
graph-theoretical measures of metabolic connectivity may 
provide insight into early postoperative metabolic network 
reorganization. Further studies with larger cohorts, longer 
follow-up, and postoperative functional outcome assess-
ments are warranted to determine their clinical significance.
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