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Abstract

The evolution of brain tumor surgery has progressed from "microsurgery" to "precision neurosurgery," currently entering a new stage charac-
terized by the deep integration of multimodal technologies and the concept of preserving functional brain networks. This article systematically 
reviews the current state of research on preserving brain functional networks during brain tumor surgery. It summarizes the composition of brain 
functional networks, the impact of brain tumors on these networks, the classification of multimodal technologies, and the application progress 
of protecting key functional networks during brain tumor surgery. It emphasizes that precision surgical strategies based on preserving brain func-
tional networks can significantly improve patient quality of life and provide a new paradigm for translational brain science research. Despite prog-
ress, key challenges remain, including interindividual functional variability, intraoperative brain shift, and the limited reproducibility of non-tradi-
tional network mapping. Future research should focus on dynamic monitoring of functional networks, long-term functional prognosis correlation 
analysis, and cross-modal data fusion integrated with artificial intelligence to establish new precision surgery standards guided by multimodal 
functional network preservation.
Keywords: Brain tumor; Multimodal techniques; Functional brain networks; Neuroprotection

1 National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China

† These authors contributed equally to this work.

* Corresponding Author.

Head and Neck Diseases Conflux, 2026; 2(2): 01-15.

The Need for Functional Brain Network Pres-
ervation in the Era of Precision Neurosurgery

The central challenge in brain tumor treatment lies in achiev-
ing a balance between maximal tumor resection and the 
preservation of neurological function. Although traditional 
anatomy-guided surgery has benefitted from microsurgical 
innovations, approximately 36%–56% of patients still experi-
ence postoperative neurological deficits, including language, 
motor, or cognitive impairments [1]. With advancements in 
neuroimaging, neurosurgery has transitioned from the era of 
“microsurgery” to that of “precision neurosurgery”, placing 
brain function preservation at its core. Research indicates that 
brain functions rely on the synergistic operation of dynamic 
networks involving multiple brain regions, driving an evolution 
in surgical strategy from purely "anatomical resection" towards 
"network preservation" (Figure 1). This shift is particularly crit-
ical in surgeries for tumors located in eloquent areas such as 
the frontal lobe and basal ganglia [2]. 
Multimodal technology is not merely a simple image overlay, 
but rather achieves deep integration of “structural-function-
al-molecular” information through cross-modal data fusion 

algorithms. It constructs personalized brain connectome 
maps, enabling visualization and quantification of the topo-
logical relationships between tumors and functional networks, 
thereby overcoming the limitations of single-data approaches 
[3-5]. Such advances have shifted the focus of surgical plan-
ning from lesion-centered localization to network-oriented 
functional preservation [6-7]. In this regard, connectome-based 
neurosurgery has emerged as an integrative paradigm that ex-
plicitly incorporates large-scale brain network organization into 
surgical decision-making, extending beyond traditional mod-
ular brain mapping. In this context, functional brain networks 
provide the theoretical framework through which multimodal 
information can be interpreted and applied in precision neuro-
surgery.
Functional brain networks refer to functionally synergistic sys-
tems formed by spatially separated brain regions through the 
synchronization of neural activity [8-9]. The strength of their 
connections can be quantified using neuroimaging techniques 
and supports multi-level functions ranging from basic percep-
tion to high-level cognition [10]. However, it should be acknowl-
edged that the definition and reproducibility of functional brain 
networks—particularly those derived from resting-state fMRI—
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remain subject to ongoing methodological debate. Recent 
reviews highlight that resting-state fMRI is sensitive to acqui-
sition parameters, preprocessing pipelines, and substantial 
inter-individual variability, which poses challenges for clinical 
translation [13-14]. These networks exhibit specific topological 
properties (e.g., modularity, small-world properties), whose 
strength and dynamic changes are constrained but not fully 
determined by underlying structural connectivity, with struc-
ture–function coupling itself varying systematically across 
the cortical hierarchy [2, 11-12]. They are further organized 
through rich-club architecture—a topological property in which 
highly connected hub regions (such as the precuneus and su-
perior frontal gyrus) are preferentially interconnected with one 
another beyond what would be expected by chance, thereby 
enabling efficient global information integration. According-
ly, the clinical significance of multimodal guidance lies in its 

Figure 1. From anatomical excision to network preservation: an 
evolving paradigm in brain tumor surgery.
This figure illustrates the paradigm shift in brain tumor surgery from 
traditional anatomical resection to modern network-based preserva-
tion.

A ability to simultaneously characterize these structural and 
functional dimensions, thereby allowing surgeons to identify 
critical cortical regions and subcortical pathways more pre-
cisely [15]. During brain tumor surgery, combining two types of 
critical information, static structural connectivity and dynamic 
task-based activation networks, enables precise localization of 
critical functional areas and neural fiber tracts. This approach 
optimizes surgical strategies to preserve brain function and 
maximize patients' postoperative quality of life [15]. 
This article systematically reviews the composition of func-
tional brain networks, multimodal protective technologies, 
and future research directions, aiming to provide a theoretical 
basis for establishing new surgical protocols grounded in the 
preservation of functional brain networks, with the ultimate 
goal of maximizing tumor resection rates and improving pa-
tient quality of life.

Composition of Functional Brain Networks
Functional brain networks are conceptualized as organized as-
semblies of neural regions defined by the temporal correlation 
or functional coherence of spontaneous neural activity. Their 
functional organization is not random, but follows a hierarchi-
cally coordinated architecture, with primary sensorimotor sys-
tems supporting basic perception and action and higher-order 
association systems subserving socio-affective, cognitive, and 
executive functions [16-18]. This hierarchical organization is 
established early in development and refined through expe-
rience, providing the scaffolding upon which complex cogni-
tion emerges. Based on their functional attributes, functional 
brain networks can be broadly categorized into traditional and 
non-traditional systems. The complex and adaptive operations 
of the brain arise from the integrative and cooperative interac-
tions among these distributed networks (Figure 2, Table 1).

Figure 2. Composition and function of brain functional networks.
This figure depicts the major human brain functional networks and their core functions.

A
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Category  Name  Constituent Structures  Anatomical 
Location  Core Functions  Symptoms After 

Damage

Traditional 
Functional 

Brain Networks

Sensorimotor 
Network (SMN)

Precentral gyrus, Postcentral 
gyrus, Supplementary 

motor area

Brain convexity 
(Frontoparietal lobe)

Somatosensory 
integration, Motor 

control

Hemiplegia, 
Sensory loss, 
Motor ataxia

Visual 
Network (VN)

Primary visual cortex (V1), 
Extrastriate cortex (V2-V5)

Occipital lobe and 
temporo-occipital 

junction

Visual information 
processing

Hemianopia, 
Visual agnosia, 

Metamorphopsia

Auditory 
Network (AN)

Transverse temporal gyrus 
(Heschl's gyrus), Superior 

temporal gyrus

Superior part of 
temporal lobe

Auditory signal 
processing

Auditory agnosia, 
Tinnitus, Speech 
comprehension 

impairment

Language 
Network 
(LangN)

Broca's area 
(Left inferior frontal gyrus), 
Wernicke's area (Posterior 

part of left superior temporal 
gyrus)

Left hemisphere 
dominant 

(Frontotemporal 
lobe)

Language 
expression and 
comprehension

Aphasia 
(Expressive
/Receptive)

Non-traditional 
Functional 

Brain Networks 

Default Mode 
Network (DMN)

Posterior cingulate cortex, 
Medial 

prefrontal cortex, 
Angular gyrus, 

Parahippocampal gyrus

Midline structures 
(Medial frontal-pari-

etal-temporal)

Introspection, 
Episodic memory, 
Social cognition

Autism, 
Cognitive decline 

in Alzheimer's 
disease

Salience Network 
(SN)

Anterior insula, Anterior 
cingulate cortex, Dorsolateral 

prefrontal cortex

Fronto-insulo-cingu-
late circuit

Attentional 
switching, 
Conflict detection

Schizophrenia, 
Executive 

dysfunction

Central Executive 
Network (CEN)

Dorsolateral 
prefrontal cortex, 

Posterior parietal cortex

Bilateral fronto
parietal lobe

Working memory, 
Decision making

Attention deficit, 
Impaired planning

Limbic Network 
(LimbN)

Amygdala, 
Hypothalamus, 

Anterior cingulate cortex, 
Orbitofrontal cortex

Medial anterior 
brain

Emotional 
processing, 

Stress response

Anxiety, 
Depression, 
Emotional 

dysregulation

Dorsal Attention 
Network (DAN)

Frontal eye field, Intraparietal 
sulcus, Superior parietal lobule

Dorsal posterior 
parietal-frontal 

lobe

Goal-directed 
attention

Neglect syndrome, 
Attention 

distraction

Ventral Attention 
Network (VAN)

Temporoparietal junction, Ven-
tral prefrontal cortex, Anterior 

insula

Right ventral 
temporo-parie-
to-frontal lobe

Stimulus-driven 
attention capture

Spatial neglect (Right 
hemisphere dam-

age)

Note: Functional brain networks are divided into traditional and non-traditional systems according to their major functional domains. The constit-
uent structures listed are representative core regions rather than a complete set of anatomical components. The symptoms after damage refer 
to common manifestations associated with dysfunction of each network, including neurological deficits, cognitive-behavioral disturbances, or 
disorders in which network abnormalities are prominently implicated 

Table 1. Composition and functions of functional brain networks.A

Traditional functional brain networks are directly associated 
with fundamental sensory and motor functions, primarily in-
cluding the Sensorimotor Network (SMN), Visual Network (VN), 
Auditory Network (AN), and Language Network (LangN). In 
contrast, non-traditional functional brain networks participate 
in higher-order cognitive, affective, and introspective process-
es. These include the Default Mode Network (DMN, including 
the posterior cingulate cortex, precuneus, medial prefrontal 
cortex, angular gyrus, and parahippocampal gyrus), Salience 
Network (SN), Central Executive Network (CEN), Limbic Net-
work (LimbN), Dorsal Attention Network (DAN), and Ventral At-
tention Network (VAN) [19-34]. Although these networks lack 
clearly defined physical structural boundaries, they are crucial 
for maintaining cognitive integrity and emotional stability. It 
should be emphasized, however, that the level of evidence 

varies across networks:the DMN has been most robustly iden-
tified across individuals and clinical populations, whereas the 
reproducible identification of SN, CEN, DAN, and VAN in tumor 
patients remains methodologically challenging. Consensus 
has not yet been reached regarding which non-traditional net-
works can be reliably preserved through surgical intervention—
an area requiring further empirical investigation.

Impact of Brain Tumor Invasion on Functional Brain Networks 
Brain tumors disrupt network topology and interfere with neu-
ral signal transmission, thereby causing deficits in cognition, 
motor function, and other domains [35-37]. Glioma growth and 
infiltration exhibit marked network dependency: high-grade 
gliomas (HGG) have been reported to preferentially invade 
rich-club hub regions such as the insula and temporal lobe, 
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whereas low-grade gliomas (LGG) tend to favor locally dense-
ly connected regions in the frontal cortex [38-40]. However, 
the available evidence is heterogeneous, and not all studies 
confirm a strict HGG–hub versus LGG–periphery dichotomy; 
therefore, these patterns should be regarded as probabilistic 
tendencies rather than absolute rules. This selective infiltration 
pattern might reflect the biological and connectomic proper-
ties of hub-enriched regions, including their high metabolic ac-
tivity and dense integration within large-scale brain networks 
[41-42]. 
At the clinical level, such network-dependent invasion is re-
flected not only in global connectome disruption but also in 
focal damage to eloquent cortical regions and subcortical 
pathways [43]. A multimodal imaging analysis of 115 patients 
with low-grade glioma (LGG) showed that injury involving the 
precentral gyrus, middle frontal gyrus, and insula, as well as 
major white matter tracts such as the arcuate fasciculus and 
corticospinal tract, was directly associated with reduced lan-
guage fluency [44]. In addition, among 45 patients with insular 
glioma, 98% showed tumor proximity to or invasion of high-
er-order cognitive functional networks, further emphasizing the 
widespread impact of glioma infiltration on distributed brain 
systems and the limitations of conventional anatomy-based 
surgery in achieving true functional preservation [45]. 

Effects of brain tumor mass effect on functional brain net-
works
Brain tumor mass effect alters functional brain networks 
through both structural distortion and secondary functional 
reorganization [46-48]. Compression of white matter path-
ways, edema-related displacement, and disruption of large-
scale connectivity can affect key systems such as the CEN 
and DMN [42]. Benign tumors more often cause displacement 
of adjacent fiber tracts, whereas aggressive gliomas are more 
likely to induce substantial tract disruption and broader con-
nectome-level impairment, although these effects should be 
interpreted as a spectrum rather than a strict binary distinction 
based on FA alone [49]. In parallel, the brain may undergo com-
pensatory remodeling through perilesional recruitment, inter-
hemispheric redistribution, and reconfiguration of hub-related 
interactions [50].
Importantly, glioma-induced network disruption is not a pas-
sive process but involves active glioma–neuron interactions; 
recent work demonstrates that glioblastoma can disrupt cor-
tical network activity at multiple spatial and temporal scales 
and remodel neuronal circuits in ways that promote regional 
immunosuppression [51-52]. Clinically, this means that adap-
tive remodeling may preserve function in the short term but 
still leave patients vulnerable to postoperative cognitive de-
cline, especially when higher-order association systems are 
involved [50].

Significance of Functional Brain Network Preservation
In brain tumor treatment, the delicate balance between tumor 
resection and preservation of brain function presents a critical 
clinical decision-making challenge [53-54]. Preservation of tra-
ditional functional brain networks is crucial for postoperative 
quality of life. Intraoperative neuronavigation and mapping 
enable maximal safe resection, which has been associated 
with improved motor and language preservation as well as 
extended survival in selected glioma cohorts [55-56]. Gliomas 

infiltrate functional brain networks; focal resection risks dam-
aging critical white matter tracts (e.g., arcuate fasciculus, cor-
ticospinal tract), causing permanent neurological deficits [57]. 
Traditional functional brain network preservation provides the 
structural substrate for neuroplasticity, facilitating long-term 
recovery.
Preservation of non-traditional networks (e.g., default mode 
network (DMN), salience network (SN)) represents a critical 
advance toward whole-brain network protection [58-59]. Up to 
approximately 36%–56% of patients exhibit cognitive deficits 
attributable, at least in part, to non-traditional network dam-
age, although the precise contribution of individual networks 
to specific deficits varies across studies [1]. Safeguarding 
these networks is increasingly considered important to reduce 
postoperative memory decline and emotional disturbance. 
Intraoperative preservation of the DMN helps prevent episodic 
memory impairment, thereby significantly improving postop-
erative memory retention and the patient's ability for self-care 
[60].

Methods and Techniques for Functional Brain 
Network Preservation

Preoperative Multimodal Evaluation
Multimodal Imaging Evaluation
In preoperative planning for brain tumor surgery, high-resolu-
tion structural imaging, functional activation mapping, and dif-
fusion-based white matter tractography should be integrated 
to define the individualized spatial and network relationships 
between the tumor and functional brain networks [61-63]. 
Contemporary network-based frameworks emphasize that 
multimodal assessment is necessary not only to localize the 
lesion but also to identify functionally preserved tissue, esti-
mate network vulnerability, and guide maximal safe resection 
[64-65]. Advanced diffusion imaging and connectome-based 
analyses can further characterize tumor-related displacement, 
compression, or infiltration of major white matter pathways, 
thereby improving patient-specific surgical planning [66]. In ad-
dition, individualized functional imaging may reveal preserved 
sensorimotor and cognitive network organization within or ad-
jacent to tumor tissue, highlighting the value of personalized, 
network-informed preoperative evaluation [6, 67]. 

Neuronavigation-guided preoperative planning
Neuronavigation-guided preoperative planning integrates 
structural MRI, diffusion-based tractography, functional map-
ping, and, when appropriate, navigated transcranial magnetic 
stimulation to generate patient-specific anatomy-function 
maps for surgical planning [68]. In preoperative assessment, 
these multimodal data help define the spatial relationship be-
tween tumors and eloquent cortical and subcortical systems, 
thereby supporting trajectory design and functional preserva-
tion [69-70]. In selected glioma patients, amino-acid PET such 
as 11C-MET-PET can further complement MRI by improving 
delineation of tumor extent and infiltration margins [71]. To-
gether, these approaches support more individualized surgical 
decision-making and may help reduce the risk of postoperative 
neurological deficits.
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Preoperative Transcranial Magnetic Stimulation (TMS)
TMS technology, through precise neurofunctional localization 
and multimodal imaging integration, provides critical preop-
erative assessment and planning for functional brain network 
preservation [72]. Navigated TMS (nTMS), fused with elec-
tromagnetic navigation and 3D MRI, can preoperatively map 
primary motor cortex somatotopy and delineate tumor–motor 
cortex spatial relationships, helping to anticipate functional 
risk before surgery [73]. Combined with DTI corticospinal tract 
reconstruction, it quantifies tumor-tract distances, providing 
"function-structure" coupling models for trajectory planning 
that have been associated with reductions in postoperative 
motor deficits compared with anatomical-only localization [74-
75].
Repetitive TMS inhibits naming errors to localize language 
areas, compensating for fMRI limitations from tumor edema. 
This electrophysiological approach enables preoperative risk 
stratification, multimodal navigation, and personalized surgical 
strategies, maximizing resection while optimizing functional 
brain network preservation [76]. Additionally, TMS assesses 
preoperative functional network plasticity [77]. Tumor mass 
effect induces network remodeling; TMS detects excitability 
changes and connectivity alterations, informing compensatory 
capacity for individualized planning. In patients intolerant of 
awake craniotomy (e.g., obesity, OSA), TMS serves as an alter-
native to intraoperative direct cortical stimulation for function-
al localization [78].

Preoperative Neuropsychological Assessment
Neuropsychological scales provide critical clinical value in 
preoperative and postoperative brain tumor evaluation by 
quantifying cognitive changes to inform surgical planning, risk 
prediction, and rehabilitation [79-81]. Rather than presenting 
isolated scales as universal recommendations, a domain-ori-
ented assessment strategy is preferred, focusing on language, 
attention, executive function, and verbal memory according 
to tumor location and planned surgical strategy. Selection 
of specific scales is guided by their validation in neuro-on-
cological cohorts, sensitivity to focal cognitive deficits, and 
feasibility of repeat administration. For patients with aphasia, 
the “Aphasia Battery of Chinese (ABC)” is recommended due 
to its comprehensive evaluation of expressive and receptive 
language domains in Chinese-speaking populations [44]; for 
those with cognitive dysfunction, the “Montreal Cognitive As-
sessment (MoCA)” is advised given its established sensitivity 
for mild cognitive impairment [82-83]; for motor impairments, 
the “Motor Assessment Scale (MAS)” is suggested for its 
standardized evaluation of functional motor performance [84]; 
for verbal memory deficits, the “Hopkins Verbal Learning Test 
(HVLT)” is utilized owing to its validation in glioma populations 
[85]; and for spatial memory disorders, the "Blessed Dementia 
Rating Scale (BDRS)" is applied to establish preoperative func-
tional baselines [86]. 
The integrating neuropsychological assessment with diffu-
sion-based neuroimaging (e.g., DTI tractography/connecto-
mics) helps identify tumor-related network disruption and 
interpret its functional relevance for cognitive risk stratification 
[42]. Scales serve as "functional landmarks" across tumor 
management:preoperative risk boundary definition, intraoper-
ative functional preservation guidance, postoperative recovery 
trajectory monitoring [87-88]. Future integration of advanced 

neuroimaging and molecular biomarkers may facilitate a shift 
from group-level cognitive profiling toward individualized pre-
diction, with the goal of improving cognitive preservation and 
oncological decision-making in glioma care [89-90].

Intraoperative Methods and Techniques for Functional Brain 
Network Preservation
To achieve maximal safe resection while preserving neurolog-
ical function, multimodal strategies have been implemented 
across the preoperative, intraoperative, and postoperative 
stages (Figure 3).

Functional Brain Network Reconstruction and Intraoperative 
Navigation
During brain tumor resection, multimodal neuronavigation 
establishes a framework for functional brain network preserva-
tion by integrating preoperative imaging with real-time anatom-
ical scenes. By superimposing preoperative fMRI-based func-
tional hotspots and DTI-based tractography models onto the 
surgical microscope view—often utilizing augmented reality—
surgeons can visually identify the spatial relationship between 
the tumor and critical networks, such as language and motor 
pathways. When surgical instruments approach predefined 
safety boundaries, these systems provide distance-based 
proximity alerts to prevent inadvertent damage to subcortical 
tracts. However, because preoperative models are subject to 
intraoperative brain shift following dural opening and tumor 
resection, navigation data frequently require real-time updating 
with intraoperative MRI (iMRI) or ultrasound to maintain spatial 
accuracy [91-92].
Intraoperative navigation also facilitates the real-time inte-
gration of preoperatively acquired TMS mapping data with 
intraoperative direct electrical stimulation (DES) and continu-
ous neuromonitoring [93]. While preoperative TMS provides a 
reliable initial cortical map showing high spatial concordance 
with DES, intraoperative DES remains the gold standard for 
functional localization, allowing dynamic adjustment of resec-
tion margins. Concurrently, continuous monitoring of motor 
evoked potentials (MEPs) and somatosensory evoked poten-
tials (SEPs) provides real-time feedback on pathway integrity; 
notably, a significant amplitude drop in MEPs serves as a crit-
ical predictor of postoperative motor deterioration. This inte-
grated mapping and monitoring approach has been shown to 
significantly reduce the incidence of permanent postoperative 
neurological deficits, thereby achieving an optimal balance be-
tween maximal safe resection and functional preservation [94-
96].

Intraoperative Neurophysiological Monitoring (IONM) 
IONM is a key adjunct in brain tumor surgery involving elo-
quent cortex or critical white-matter pathways. Its primary 
objective is to maximize tumor resection while preserving 
neurological function through real-time monitoring of neural 
pathways, proving particularly crucial during operations within 
eloquent brain areas. The IONM technical framework has be-
come increasingly sophisticated, primarily encompassing:(1) 
Evoked potential monitoring, such as Motor Evoked Potentials 
(MEPs), Somatosensory Evoked Potentials (SSEPs), Brain-
stem Auditory Evoked Potentials (BAEPs), and Visual Evoked 
Potentials (VEPs) [97]; (2) Cortical and subcortical mapping 
techniques, where direct electrical cortical stimulation and 
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electrocorticography (ECoG) can precisely delineate function-
al boundaries, significantly reducing the risk of permanent 
postoperative neurological deficits [98]; and (3) Cranial nerve 
monitoring, exemplified by facial nerve monitoring during ves-
tibular schwannoma resection, which, combined with EMG re-
cordings of muscle activity, substantially lowers the incidence 
of postoperative facial palsy [99]. Several studies indicate that 
patients undergoing brain tumor surgery with IONM have a sig-
nificantly lower probability of functional sequelae compared 
to those without it [95, 100-101]. Furthermore, IONM enhances 
surgical safety. A German multicenter study demonstrated an 
IONM application rate of 46.4%, and its use was associated 
with a significant reduction in in-hospital mortality compared 
to cases where IONM was not employed [102].

iMRI and Intraoperative Ultrasonography (IOUS)
iMRI and IOUS enable dynamic correction of imaging discrep-
ancies during surgery, addressing brain shift occurs after dural 
opening and tumor debulking [103-104]. iMRI acquires de-
tailed, high-resolution images of intracranial structures, clearly 
displaying the tumor's location, morphology, and its relation-
ship to surrounding eloquent tissues. This assists surgeons in 
precisely determining tumor boundaries, avoiding localization 
errors due to brain displacement, thereby enhancing resection 
accuracy and extent, monitoring surgical complications, guid-
ing intraoperative strategy adjustments, and achieving maxi-
mal safe resection. Similarly, IOUS provides real-time guidance 
for surgical maneuvers, clearly visualizing the tumor's feeding 
arteries and draining veins, helping surgeons avoid critical 
vasculature and reduce intraoperative bleeding risk. A me-
ta-analysis indicates that for pediatric brain tumors, IOUS is 
comparable to iMRI in estimating the extent of resection [105]. 
Combined with its lower cost and reduced requirements for 
radiation and contrast agents, IOUS is more readily applicable 

and promotable in primary hospitals or resource-limited set-
tings, providing intraoperative imaging assistance for a broad-
er patient population [106-107]. 

Awake Craniotomy (AC) and Intraoperative Functional As-
sessment
Guided by multimodal technology, awake craniotomy (AC) 
combined with intraoperative neurophysiological monitoring 
has become a cornerstone strategy for preserving functional 
brain networks. AC utilizes real-time cortical and subcortical 
electrical stimulation to dynamically map neural circuits, en-
abling maximal safe tumor resection while sparing critically 
functioning peritumoral tissue. High-level evidence from recent 
meta-analyses demonstrates that, compared with surgery un-
der general anesthesia, AC significantly reduces the incidence 
of late severe neurological deficits and improves the extent of 
resection across various glioma subgroups [108-110].
The anesthetic management for AC must be carefully tailored 
to the individual patient, primarily involving either an Asleep-
Awake-Asleep (SAS) technique or a continuous Conscious 
Sedation (Awake-Awake-Awake, AAA) approach [111]. SAS 
provides a robust sedation buffer during cranial opening and 
closure, making it highly suitable for patients with anxiety sen-
sitivity or those anticipating particularly lengthy and complex 
resections. Conversely, AAA favors uninterrupted baseline 
monitoring and patient cooperation throughout the procedure 
[112]. The optimal choice is continuously refined based on 
tumor location, psychological assessment, and the multidisci-
plinary team's expertise, rather than rigid operative time con-
straints [108-109, 113-114].
Beyond traditional basic language and motor mapping, the in-
tegration of AC with advanced neurocognitive assessment has 
significantly evolved. Modern intraoperative functional assess-
ment now incorporates tailored neuropsychological paradigms 

Figure 3. Strategies for brain functional network preservation. 
This figure summarizes the multimodal strategies used pre-, intra-, and post-operatively to protect brain functional 
networks during tumor surgery.

A
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to monitor higher-order cognitive domains—such as executive 
function, visuospatial processing, and social cognition—in real 
time. By continuously correlating these intraoperative cog-
nitive task performances with preoperative network models, 
surgeons can precisely adjust the resection trajectory to avoid 
disrupting distributed functional network hubs and connecting 
white matter tracts. This individualized approach ensures the 
integrity of large-scale cognitive networks, fundamentally opti-
mizing postoperative quality of life [115-116].

Intraoperative Tumor Fluorescence Imaging
5-Aminolevulinic acid (5-ALA) fluorescence-guided surgery is 
an established adjunct in the resection of contrast-enhancing 
malignant gliomas [117]. After preoperative oral administra-
tion, 5-ALA is metabolized into fluorescent protoporphyrin 
IX within tumor cells, allowing intraoperative visualization of 
tumor tissue under blue-violet light. This improves identifica-
tion of residual enhancing tumor and supports more complete 
resection when integrated with standard microsurgical and 
functional-guidance techniques [118]. In the landmark mul-
ticenter phase III randomized controlled trial by Stummer et 
al., 5-ALA-guided surgery achieved a higher rate of complete 
resection of contrast-enhancing tumor than white-light micro-
surgery alone (65% vs 36%, p<0.0001) and improved 6-month 
progression-free survival (41.0% vs 21.1%, p=0.0003), without 
increasing severe adverse events [119].

Rehabilitation Strategies for Postoperative Functional Brain 
Networks
Assessment Methods
Multimodal imaging may support postoperative rehabilitation 
planning by enabling comparison of tract integrity across pre-
operative and postoperative examinations. Preoperative DTI 
can delineate tumor-related compression or infiltration of criti-
cal white-matter pathways, such as the corticospinal tract and 
arcuate fasciculus, whereas postoperative DTI can help assess 
tract preservation, edema-related change, and structural injury 
[120]. When interpreted together with neurological or neuro-
psychological assessments, these imaging findings may help 
stratify functional risk, distinguish transient from persistent 
deficits, and estimate recovery potential during rehabilitation 
[121-122].

Rehabilitation Methods
Early postoperative inpatient rehabilitation focuses on improv-
ing patient consciousness levels, emphasizing early physical 
therapy intervention and multidisciplinary collaboration [123-
124]. Progressive training from bed rest to walking reduces 
delirium risk by 43% and shortens hospital stay by 1 day [125]. 
For moderate-to-severe motor paralysis patients, repetitive 
facilitation training promotes early postoperative mobilization. 
Marciniak et al. analysis of 132 brain tumor patients demon-
strates that multimodal-guided physical therapy significantly 
improves motor and cognitive efficiency, independent of tumor 
type [126-128].
In addition to conventional physical therapy, noninvasive 
neuromodulation techniques such as repetitive transcranial 
magnetic stimulation (rTMS) are increasingly utilized to facili-
tate neural plasticity [129-130]. Recent randomized, sham-con-
trolled trials indicate that navigated low-frequency rTMS, when 
applied to the unaffected hemisphere or motor cortex along-

side standard physical therapy, can effectively accelerate the 
recovery of specific motor deficits following the resection of 
motor-eloquent supratentorial tumors [131].
Furthermore, brain-computer interface (BCI) technology is 
emerging as a highly promising tool in neurorehabilitation. 
Although predominantly validated in broader neurological inju-
ries such as stroke, BCI systems utilize visual or proprioceptive 
feedback during motor imagery to activate residual cortical 
areas [132-133]. Advanced neuroimaging demonstrates that 
such BCI-guided training can stimulate targeted neuroplastici-
ty and strengthen functional connectivity within compromised 
sensorimotor networks, offering a novel synergistic approach 
to optimize long-term upper limb functional scores in post-sur-
gical neuro-oncology patients [134-136].

Significance of Functional Brain Network Assessment for Re-
habilitation Training
Functional brain network assessment provides critical guid-
ance for postoperative brain tumor rehabilitation, offering a 
comprehensive scientific framework from preoperative plan-
ning to postoperative intervention [137]. Preoperative fMRI and 
DTI localize tumor-infiltrated cortical nodes and subcortical 
tracts; combined with intraoperative mapping and clinical 
scales, these modalities help optimize surgical trajectories to 
preserve residual functioning networks. Postoperatively, net-
work-based evaluations enable the design of personalized re-
habilitation protocols. For instance, rather than adopting a uni-
form rehabilitation strategy, identifying specific disruptions in 
the sensorimotor network or the default mode network (DMN) 
allows clinicians to implement concurrent, targeted physical 
and cognitive therapies tailored to the patient's unique deficit 
profile [137-140].
This "network-based subtyping" overcomes the limitations 
of traditional, one-size-fits-all rehabilitation approaches. Re-
cent advanced neuroimaging studies demonstrate that brain 
tumors not only cause localized structural damage but also 
induce global alterations in functional network topology—
such as changes in network segregation and hub centrality—
that are closely correlated with specific cognitive outcomes; 
notably, increased network segregation following therapy may 
reflect either compensatory adaptation or maladaptive reor-
ganization, depending on its impact on cognitive performance 
[138, 141]. Monitoring these functional connectivity patterns 
longitudinally helps estimate a patient's neuroplastic potential, 
thereby facilitating dynamic adjustments of training intensity 
and supporting a more precise, individualized neurorehabilita-
tion strategy [142-143].

Challenges and Future Directions of Function-
al Brain Networks

Despite the clear clinical value of functional brain network 
preservation, significant challenges persist in daily neuro-on-
cological practice [144-145]. First, interindividual functional 
variability and intraoperative brain shift resulting from cerebro-
spinal fluid loss frequently degrade the spatial accuracy of pre-
operative navigation data. Second, resting-state fMRI–based 
network identification remains susceptible to acquisition and 
preprocessing variability, limiting reproducibility, particularly 
for non-traditional networks such as SN, CEN, and attention 
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systems. Furthermore, acquiring and interpreting multimodal 
network imaging is time-consuming, resource-intensive, and 
challenging for widespread adoption in resource-limited set-
tings [146]. A critical unresolved issue is the accurate charac-
terization of network resilience during tumor infiltration and 
the ability to confidently predict postoperative compensatory 
plasticity using individualized network models [111, 147].
Future directions must address these limitations by shifting 
the surgical paradigm from an "experience-driven" approach to 
a precision "data-driven" framework. A highly promising avenue 
involves integrating large-scale connectomics data with artifi-
cial intelligence (AI) and machine learning algorithms [3, 122, 
148]. Such integration aims to develop robust "network risk 
assessment tools" capable of generating personalized surgical 
trajectories and real-time intraoperative updates [149]. Along 
with multidimensional technological innovations and improved 
clinical translation, these data-driven models are expected to 
ultimately optimize the delicate balance between maximal on-
cological control and the preservation of global neurocognitive 
function [150].

Summary

Preserving neural functional networks during brain tumor 
resection embodies a "functional prognosis priority" deci-
sion-making logic, seeking the optimal balance between max-
imal tumor removal and neural function preservation. Brain 
functional networks critically regulate cognition, motor func-
tion, language, and other essential abilities. Protecting these 
networks during extensive tumor resection effectively reduces 
postoperative neurological deficits, helping patients maintain 
self-care capabilities and social functions while significantly 
improving quality of life. This paradigm drives neurosurgery's 
transformation from "anatomy-oriented" to "functional net-
work-oriented" approaches, ultimately achieving dual optimiza-
tion of "tumor control" and "quality of life."
Multimodal technology-driven network preservation marks 
brain tumor surgery's transition from "anatomical resection" to 
a new era of "brain functional network protection." Integrating 
multi-source data precisely delineates tumor-network rela-
tionships and constructs topology-based surgical strategies, 
substantially enhancing patient survival quality. Future break-
throughs in dynamic monitoring and data fusion, alongside 
standardized surgical protocols, will synergistically optimize 
neural function preservation with tumor eradication.
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