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Abstract

The significant health burden caused by intra-axial brain lesions and the difficulties associated with their diagnosis and
treatment have prompted a large number of researchers and practitioners to investigate various diagnostic and
treatment modalities for their effectiveness and safety. This study focuses on evaluating different pre-, intra- and
postoperative techniques and analyzes their advantages and limitations to ultimately improve the management of this
type of brain lesion. Through a critical analysis of various scientific sources, this research aimed to synthesize existing
knowledge on the topic. Magnetic resonance imaging plays a crucial role in diagnosing and managing brain tumors.
Functional MRI identifies functional brain areas, but tumor-induced blood flow changes can affect its reliability.
Connectome analysis provides information on functional localization and brain networks, which became possible using
diffusion tensor imaging, that visualizes white matter pathways, aiding in tumor boundary delineation and surgical
planning. Studies suggest this method can predict tumor histology and prognosis. Intraoperative MRI improves the
extent of tumor resection and potentially patient survival. But due to its limitations it has alternative intraoperative
techniques, like intraoperative ultrasound, fluorescence-guided surgery, direct electrical stimulation, deep brain
stimulation, but evidence for most of these methods is limited for most brain tumors. Only ultrasound showed real-time
tumor visualization and residual disease analysis offering high accuracy and is relatively inexpensive compared to ioMRI.

This study can be useful to neurosurgeons, neuro-oncologists, neurologists, neuro-radiologists, and will demonstrate
prospects for further research.

Keywords: Diffusion tensor imaging, Tumor excision, Intraoperative-ultrasound, Neurosurgery, Intraoperative imaging,
Neuronavigation, Deep brain stimulation.

Introduction

Modern neuroradiology has made great progress, although it currently has its shortcomings in the diagnosis of most
brain lesions without histopathology [1]. E. U. Okoro, A. Smolanka et al. described guided biopsy through ultrasound
(US) and computer tomography (CT) as the foremost approaches for intracerebral biopsy not only aids in anticipating
the selection of adjuvant therapy and determining the extent of resection but also underscores the absence of unanimity
regarding the optimal biopsy method for brain lesions. Magnetic resonance imaging (MRI) at different periods of
management of patients with intra-axial brain injuries is currently the most common imaging method [2]. Thus,
scientists, despite the large list of imaging tools, are in search of methods that could satisfy all the requirements for
safety and efficiency at various stages of the management patients with intra-axial brain lesions.
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Interpretation of imaging data in cases of damage to brain structures (for example, tumor or traumatic origin) can be
difficult due to factors such as fiber overlap and tissue edema [3]. Among the various types of intra-axillary brain lesions,
gliomas of varying degrees of differentiation are one of the most problematic areas in neuroradiological studies and in
neurosurgical practice. In the study of R. A. Volodymyrovych et al. it was shown that age older than 45 years and a high
degree of anaplasia on MRI significantly reduce patient survival to about 17 months after the operation [4]. The grading
system proposed by the authors allows preoperative assessment of tumor resectability, which, together with the use of
3D surgical planning and MRI navigational support, makes it possible to perform safe resection and prevent
development of postoperative neurological disorders.

It is worth noting among such large-scale projects «The Human Connectome Project», that is a collaborative initiative to
improve diffusion tensor imaging (DTI) and it has resulted in an impressive map of functional pathways and connections
in the human brain [5]. In practical terms, integrating diffusion tensor imaging (DTI), functional MRI, and connectome
analysis into surgical planning proves invaluable for neurosurgeons, particularly when confronting tumors exhibiting
infiltrative growth patterns such as gliomas. But traditional MRI has the inability to visualize fiber anatomy in detail in
structures such as the brainstem and the inability to accurately distinguish between different types of tumors, such as
high-grade gliomas and solitary metastases [6]. The other limitations are the following: cost-effectiveness and
accessibility, image distortions, limited functional specificity and many others. Traditional MRI has the inability to
visualize fiber anatomy in detail in structures such as the brainstem and the inability to accurately distinguish between
different types of tumors, such as high-grade gliomas and solitary metastases.

Intra-axial brain tumors pose a serious health threat and face many challenges in diagnosis and treatment. Thus, the
purpose of this work is to study various brain imaging methods that can be used pre- and intraoperatively, their benefits
and drawbacks for effective management of intra-axial brain lesions.

Materials and Methods

The conducted research is presented in the form of a theoretical systematic review. The research used the methods of
comparative analysis of scientific literature, abstraction and synthesis as the main methods of scientific knowledge. Data
selection and analysis was performed among review articles and published studies among PubMed database. The search
was conducted in English by filtering publications in the time frame from January 1, 2019 to March 10, 2024. Keywords
used for the search included "intra-axial brain lesions", "intra-axial brain tumors", "brain imaging", "brain MRI",
"intraoperative MRI" and modern techniques of intra-axial brain lesion management. Part of the research was obtained
from the list of literature with active links, as well as using the Google Academy search engine with search queries in
Ukrainian and English by keywords.

Filtering of publications obtained during the search was carried out using inclusion and exclusion criteria from the study.
The following criteria were chosen for inclusion in the review: (1) articles must be published within the specified time
frame; (2) articles must be published in academically significant resources (scientific journals); (3) the articles should be
review, comparative, and experimental studies in which the topic of pre-, intra- and postoperative techniques is
described for intra-axial type brain lesion. Despite the fact that some papers did not meet the previously established
deadline, it was still decided to include them in the review because their data coincided with the data of the initially
selected papers, corresponded to the objectives of the study and addressed the questions asked.

The exclusion criteria from the study were: (1) Incompletely published research results; (2) missing parts of the study
(eg, abstract or discussion); (3) studies published by the same author or group of authors; (4) studies related to all types
of brain lesions, but without indication or comparison with intra-axial brain lesions specifically.

In the course of filtering, 34 sources were included in the literature review. Data were obtained from the selected
articles, including the name of the first author or all authors (if the number did not exceed 2), characteristics of the
studies (eg, type and purpose of the study), and the main results of the studies relevant to the search topic.
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Results and Discussion
Current possibilities and limitation of magnetic resonance imaging

Functional MRI encompasses two primary types: targeted and resting-state, with the latter predominantly employed in
preoperative planning [7]. Nevertheless, the reliability of functional MRI findings may be compromised by tumors
altering blood supply dynamics [8]. High-grade gliomas, for instance, can induce abnormal vascular proliferation and
tumor necrosis, disrupting the blood-brain barrier and causing leakage of intravenous gadolinium contrast agent into the
vasculature. This extravasation manifests as shortening and hyperintensity on T1-weighted images, commonly referred
to as "contrast enhancement.”

Connectome analysis offers insights into both functional localization and intrinsic brain networks [7-9]. Within the
human brain, numerous crucial white matter pathways exist, among which the corticospinal tract stands out.
Responsible for conveying signals essential for motor control, preserving the integrity of corticospinal tracts proves
pivotal in averting movement disorders [8]. Diffusion tensor imaging MRI allows visualization of white matter fibers,
reflecting their orientation relative to the direction of water diffusion and based on the concept of isotropic and
anisotropic diffusion, which allows detailed visualization and segmentation of white fiber bundles and provides
important information about tumor boundaries, its spread, neighboring paths and much more [9, 10]. This information
can play a key role in non-invasive diagnosis, preoperative tumor classification, biopsy planning, surgical planning and
prognosis. In a study by D.K. Karmakar et al. among 91 patients with gliomas of varying degrees of malignancy, total
tumor excision was performed mainly in patients with fiber displacement on DTI, and subtotal resections were
performed mainly in cases of damage and infiltration in the conduction tracts. Correlation between the histopathological
appearance and DTI tractography showed that intact/displaced tracts were observed mainly in low grade glioma
differentiated (79%), whereas in 86% of high grade glioma, destroyed/infiltrated fibers were observed. Therefore, the
authors conclude that preoperative DTI for brain tumors is an important tool for selecting the appropriate surgical
approach for maximally safe resection, which improves the postoperative neurological outcome of patients. It also helps
predict tumor histology and also serves as an important indicator of prognosis.

Enhancing control over brain tumors aligns closely with the objective of safely expanding the extent of resection,
facilitated by advancements in imaging techniques and potentially broadening resection margins [11]. Initially,
intraoperative MRI (ioMRI) was considered as an additional safety method when neuronavigation became less reliable
due to brain deformation and loss of cerebrospinal fluid during surgery [12]. The use of intraoperative MRI can influence
the decision to perform additional resection of visible residual tumor, which significantly reduces the volume of both low
-grade and high-grade tumors. In accordance with data from Z. Li, Y. Song Y, H.U. Farrukh Hameed et al. intraoperative
MRI has a positive effect, not only improving the extent of tumor resection (gross total resection of 83.85% in the iMRI
group vs. 50.00% in the control group), but also increasing the survival rates of patients with gliomas (overall survival of
33.58 months in the iMRI vs. 21.16 months in the control group) [13]. For institutions equipped with intraoperative MR],
this is a powerful tool for enhancing tumor control. In a systematic review, Giussani, C., Trezza, A., Ricciuti, V., et al. in
38% of cases, additional resection was required after ioMRI scanning in pediatric cohort [14]. This study also compared
intraoperative MRI with intraoperative ultrasonographic examination, which will be mentioned in the following section.
Figure 1 and 2 presents illustrative examples of DTI and ioMRI taken from published clinical cases of M. Tamura, H.
Kurihara, T. Saito, et al. and K. Bunyaratavej, K. et al.

E Intra-operative MRI (io-MRI)
Pre-operative

DTI-FA color map

Preferred directions of the diffusion
LR (x): Red(R)
AP (y): Green(G)
CC (2): Blue(B)

T2WI (axial) T2WI(coronal)

Figure 1. Examples of images obtained preoperatively with assistance intraoperative MRI
(B) and intraoperatively with assistance Diffusion tensor imaging MRI (A) Source: [15].
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Figure 2. Example of images obtained preoperatively with assistance preoperative (A),

intraoperative (B) and postoperative (C) MRI Source: [16].

According to R. Morabito, C. Alafaci, S. Pergolizzi et al. MRI perfusion techniques, including Dynamic Susceptibility
Contrast-enhanced (DSC) and Dynamic Contrast-Enhanced (DCE), utilize a gadolinium-based contrast agent
administered intravascularly to aid in distinguishing between tumor recurrence and radiation necrosis in follow-up after
radiosurgery [17]. This non-invasive approach not only enhances diagnostic accuracy but also informs treatment
planning and monitoring.

In tandem with intraoperative MRI, fluorophore agents like fluorescein, indocyanine green, and 5-aminolevulinic acid
(5-ALA) can facilitate fluorescence-guided surgery. Notably, among these agents, only 5-ALA has approval from the Food
and Drug Administration (FDA) for high-grade glioma treatment [18]. Thus, in a study by A.]. Schupper, R.B. Baron, W.
Cheung et al. 69 patients underwent fluorescence-guided surgery with 5-ALA and this technique. The study revealed a
sensitivity of 96.5%, a specificity of 29.4%, a positive predictive value for histopathology indicating high-grade gliomas
(HGG) of 95.4%, and a diagnostic accuracy of 92.4%. Drug-related adverse events, primarily photosensitivity reactions,
were observed in 22% of cases, with 4.3% deemed serious. Lower preoperative tumor volume and use of intraoperative
MRI predicted lower residual tumor volume. Also, 5-ALA fluorescence in combination with photodynamic therapy is
being studied to identify an additional antitumor cytotoxic effect with stimulation of local formation of cytotoxic free
radicals, which is quite promising, but at the moment there is little existing data to implement such a method in a daily
practice, as and in general, evidence of the effectiveness of fluorescence is limited to patients with other types of
intra-axial brain tumors [19].

Other visualization methods for intra-axial lesions and their comparative characteristics

At the same time, excellent practical and statistical outcomes in patients with intra-axial tumors were demonstrated by
intraoperative ultrasound examination (ioUS). Thus, a study by L. Dixon used navigational intraoperative brain
ultrasound to guide tumor resection and detect residual lesion using convex and linear probes [20]. Figure 3 presents
illustrative examples of ioUS and ioMRI of glioblastoma taken from this study.

Figure 3. Examples of images obtained intraoperatively with assistance of intraoperative US at B-mode (A), doppler (B, D)
and intraoperatively with assistance MRI © Source: [20].
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The study included 80 patients, with gliomas accounting for 73%, metastatic processes 21.6%, and other tumors 5.7%.
Most tumors (75%) were clearly visible on ultrasound, with the exception of tumors in the insula. The regression model
revealed an exceptionally high correlation between tumor volumes on MRI and intraoperative ultrasound, with
ultrasonographic visibility notably influencing this correlation, particularly for tumors with high visibility. While the
correlation between postoperative MRI and ioUS was weaker for residual tumors, it remained statistically significant. In
summary, the authors assert that ioUS proves to be a dependable intraoperative technique, enabling real-time
monitoring of brain tumor resections and facilitating volumetric analysis of residual lesion.

In a study conducted by researchers C. de Quintana-Schmidt, L. Salgado-Lopez, J.A. Aibar-Duran et al, involving 100
patients who underwent intra-axial resection of brain tumors, notable findings emerged [21]. Among the patients, 53
had high-grade gliomas, 26 had metastases, 14 had low-grade gliomas, and 7 had other tumor types. The study reported
that 96% of lesions were clearly visualized, with the tumor margin clearly demarcated in 71% of cases. Agreement with
preoperative MRI data was observed in 78% of cases. The average sterile probe coating time was slightly over 2 minutes,
while the average image acquisition time was approximately 2.5 minutes. Factors such as tumor location in the insula,
low-grade glioma, awake surgery, and tumor recurrence were associated with a statistically significant increase in the
duration of ultrasound use. Ultrasound demonstrated a sensitivity of 94.4% and a specificity of 100% for detecting
residual tumor. Additionally, a systematic review focusing on a pediatric cohort indicated that intraoperative ultrasound
exhibited high accuracy in delineating resection boundaries in 77% of cases, which was further confirmed by
post-operative MRI in 68% of cases [22]. These findings underscore the notion that expensive equipment does not
always equate to superior performance, as evidenced by the pediatric cohort wherein ioUS demonstrated efficacy nearly
identical to that of intraoperative MRI.

Direct electrical stimulation (DES) stands as an invaluable surgical adjunct for identifying critical functional changes
intraoperatively in cases of intra-axial brain tumors. Unlike techniques such as MR, electrical stimulation offers direct
insights into the functional capacity of specific brain regions and is commonly perceived to simulate the effects of a
temporary lesion in the stimulated area [23, 24]. Statistical data on the use of DES in brain lesion management may vary
depending on the specific condition being treated, the patient population, and the surgical center. Using the example of
gliomas Li, T., Bai, H., Wang, G., et al. showed up that total tumor resection under DES control was achieved in 58,2%
cases and subtotal - 33,3% [24]. Nevertheless, DES does have notable limitations, including the need for exposure to the
surgical field and restricted intraoperative testing time during awake procedures, along with the absence of bilateral
stimulation capabilities Furthermore, tasks are typically constrained to simple movements or verbal tasks feasible within
the operating room setting during an awake craniotomy. However, advancements such as FDA-approved cranial
implants for epilepsy treatment, capable of both stimulating and recording neural data, are opening avenues to explore
broader neural networks in more natural neural environments [25].

Deep brain stimulation has established itself as an adjunct to potential recording in identifying, mapping and
characterizing subcortical structures in conditions such as tremor and dystonia (eg., Parkinson's disease) [26, 27].
Intraoperative methods of micro- and/or macrostimulation in awake patients with DBS help to identify somatotopy of
sensorimotor subregions in such intracranial structures as the ventral intermediate and ventral caudal parts of the
thalamus, subthalamic nucleus, globus pallidus and others, which may be difficult to access with other techniques.
Similarly, these stimulation techniques hold promise in refining the localization of potential subcortical therapeutic
targets, aiming to achieve maximal clinical efficacy with minimal stimulation thresholds, while mitigating adverse effects
such as sustained paresthesia, seizures, diplopia, dysarthria, others. For example, in a study by T. Eibl, M. Schrey, A.
Liebert, et al. 75 patients were assessed and their resting motor threshold scores were statistically higher in patients
with upper limb paresis and lower in patients with high-grade gliomas [28]. An inverse correlation was also found with
the age of the patient and the volume of edema near the lesion - thus, an increase in the infiltration of perifocal edema of
the motor parts of the brain reduces the values of the resting motor threshold. The authors conclude that electrical
stimulation techniques can detect lesion-specific findings that can be used in clinical work to inform motor mapping. In
the study conducted by A.G. Yearley et al, which involved 80 patients with 157 implanted deep brain stimulation (DBS)
electrodes, targeting the subthalamic nucleus exhibited significantly larger trajectory errors compared to those targeting
the nucleus of the inner part of the globus pallidus [29]. The authors highlighted that when comparing intraoperative
MRI with postoperative CT, where errors averaged <1 mm, DBS failed to demonstrate its efficacy, prompting
consideration of other neuro mapping methods as more pertinent.

SVOA Neurology

161


https://sciencevolks.com/neurology/

Literature Review on Effective Use of Modern Modalities in Management of Intra-Axial Brain Lesions

In a comprehensive analysis, 1.]. Gerard and colleagues underscored the invaluable advantages of intraoperative
neuronavigation in awake patients [30]. Neuronavigation (using MRI and ioUS) approach not only facilitates precise
localization of damage within eloquent cortical and subcortical areas but also enhances comprehension of the intricate
relationship between the skull base and intracranial vessels, thereby mitigating the risk of vascular injury and optimizing
lesion resection. The integrated strategy for brain tumor resection, integrating multimodal MRI, neuronavigation, and
awake craniotomy with motor and language areas mapping, empowers neurosurgeons to mitigate the likelihood of
enduring neurological deficits while enabling maximal tumor removal while preserving patients' functional integrity [31,
32]. A noteworthy epidemiological study by A. Mansouri et al. sheds light on neurosurgeons' practice, revealing that
60.8% of neurosurgeons believed that any lesion, even if nearby without infiltration, suffices to determine involvement
of cortical/subcortical motor pathways [33]. Moreover, 82.4% of respondents deemed motor mapping necessary for
brain tumors affecting motor pathways, irrespective of tumor histology or patient age. Regarding the choice between
awake and asleep mapping, 90.2% cited tumor location as the primary determinant, while 31.4% favored awake
mapping for all cases.

Thus, improvements in MRI techniques, including diffusion tensor imaging and tractography, provide neurosurgeons
with the opportunity to study the relationships between brain damage and critical functional pathways preoperatively.
This makes it possible to maintain surgical boundaries defined by functional pathways, which helps to increase the
volume of tumor resection and maintain functional activity. Strategies such as intraoperative MRI continue to be actively
used, and new adjuvant tools, including fluorescent agents, may further improve patient survival by optimizing the
extent of resection. Neuronavigation ultrasound can be considered as a preferred real-time intraoperative imaging
technique because it does not significantly increase surgical time and provides optimal visualization of intra-axial brain
lesions and residual tumor comparing to MRIL

Conclusions

In conclusion, effective management of intra-axial brain lesions is highly dependent on modern imaging modalities and
multispecialty team work. Advanced MRI techniques such as DTI, DSC, DCE are better because they have a higher spatial
and contrast resolution and provide functional information. These imaging techniques help in achieving optimal
management of axial brain lesions by ensuring accurate delineation of lesion boundaries for better diagnosis and
subsequent management such as surgery, radiation therapy, and chemotherapy. They are also crucial for the surgeon’s
plan to remove the lesion while avoiding adjacent healthy brain matter responsible for essential functions such as
movement and sensory functions. Serial imaging allows for assessment of the response to therapy and predict the need
to adjust the therapy with time. Improved imaging possibilities are likely to revolutionize efficient management of
intra-axial brain tumors. A multimodal imaging approach means combining various imaging techniques. For example,
such techniques as fluorescence-guided surgery, intraoperative ultrasound, direct electrical stimulation, deep brain
stimulation can greatly detail and change the course of intra-axial lesion therapy, although each of these methods has its
own limitations and post-procedural complications. Nonetheless, challenges remain. These include financial burden,
availability, and absence of standardized protocols. Furthermore, ioUS is particularly useful in improving surgical
precision and reduces the risk of collateral damage and it does not need extra financial cost. It also demonstrated good
efficacy in different patient groups, as evidenced by good survival rates and high resection rates, Future research should
focus on addressing these challenges and further refining the role of modern imaging modalities in the management of
intra-axial brain lesions, including refining MRI techniques (diffusion tensor imaging, tractography) for preoperative
planning, utilizing fluorescent agents to improve visualization of different tumors during surgery and usage of
ultrasound in different cohorts.
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