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Abstract. Minimally invasive neurosurgical techniques have undergone rapid development over
the past two decades, fundamentally transforming the management of brain tumors. The shift
toward less traumatic surgical strategies has been driven by advances in visualization
technologies, intraoperative navigation, endoscopy, laser ablation systems, and robotic assistance.
This article provides a comprehensive overview of the current state, clinical outcomes, and
future potential of minimally invasive approaches in neuro-oncological surgery. Emerging
techniques—such as endoscopic transnasal and transcranial approaches, keyhole craniotomies,
laser interstitial thermal therapy (LITT), stereotactic radiosurgery, and ultrasound-guided tumor
destruction—demonstrate growing evidence of effectiveness, particularly in cases where
conventional resection poses high risks.
Despite the clear benefits of reduced surgical morbidity, shorter hospitalization time, and
improved quality of life, minimally invasive tumor surgery is associated with methodological
and technological challenges. These include limitations in visual fields, dependency on the
surgeon’s technical expertise, and potential risks of thermal or vascular injury. Nevertheless, the
integration of advanced neuroimaging, functional mapping, and precision navigation
significantly mitigates these drawbacks, opening new opportunities for optimizing therapeutic
outcomes.
This article reviews the available literature, summarizes current methodologies, and evaluates
clinical effectiveness and safety profiles of minimally invasive procedures for brain tumor
removal. Additionally, future directions—including the role of artificial intelligence, enhanced
robotics, and augmented reality—are discussed as key components of a rapidly evolving
neurosurgical paradigm. The findings suggest that minimally invasive surgery is poised to play
an increasingly dominant role in neuro-oncology, offering a balance between maximal tumor
control and preservation of neurological function. Continuous innovation, interdisciplinary
collaboration, and rigorous clinical validation will determine the pace at which these
technologies become widely adopted in routine clinical practice.
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Introduction

The management of brain tumors represents one of the most challenging fields in modern
neurosurgery. Traditional open craniotomy, though effective in achieving maximal tumor
resection, is often associated with considerable surgical trauma, prolonged recovery periods, and
increased risk of neurological deficits. These challenges have prompted an ongoing search for
techniques that reduce invasiveness while maintaining or improving oncological outcomes. Over
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the last decades, rapid technological and methodological advancements have enabled the
emergence of minimally invasive neurosurgery as a promising alternative to standard approaches.
Minimally invasive surgery (MIS) for brain tumors is defined by strategies that minimize
disruption of healthy tissues through smaller surgical corridors, reliance on advanced
visualization tools, and precise targeting. The shift toward MIS is supported by several
converging trends: enhanced neuroimaging modalities, sophisticated navigation systems, micro-
instrumentation, and the development of specialized surgical platforms. These innovations
collectively allow neurosurgeons to access deep-seated or functionally important brain regions
with significantly reduced morbidity.
The spectrum of minimally invasive techniques is broad. It includes endoscopic endonasal
approaches particularly useful for skull base tumors; keyhole craniotomies designed for
superficial or well-localized lesions; laser interstitial thermal therapy (LITT) suitable for deep or
recurrent tumors; and stereotactic radiosurgery which provides a non-invasive method for tumor
control in selected cases. Each of these methods offers distinct advantages, but also presents
unique limitations related to accessibility, visualization, and safety considerations.
As patient populations age and the incidence of brain tumors grows, the demand for surgical
techniques that balance efficacy with quality of life becomes increasingly prominent. Clinical
evidence suggests that MIS strategies often lead to shorter hospital stays, reduced postoperative
discomfort, faster functional recovery, and favorable cosmetic outcomes. However, their
adoption requires specialized expertise, careful preoperative planning, and appropriate patient
selection.
Given the rapid evolution of this field, it is critical to examine the effectiveness, risks, and future
potential of modern minimally invasive neurosurgical techniques. This article aims to synthesize
current knowledge, evaluate clinical results, and identify emerging trends that will shape the next
generation of neuro-oncological interventions.

Literature Review

The scholarly discourse on minimally invasive neurosurgery for brain tumors has expanded
significantly in recent years, coinciding with technological improvements and growing clinical
experience. Early studies in the 1990s focused primarily on endoscopic transnasal techniques for
pituitary tumors, demonstrating reduced surgical morbidity compared to traditional microscopic
approaches. Subsequent research broadened the scope to include skull base and intraventricular
tumors, showing improved visualization and surgical control through high-definition endoscopy.
In the 2000s, keyhole craniotomies gained attention as a viable alternative to conventional large
cranial openings. Numerous clinical trials and observational studies highlighted their advantages,
including lower complication rates, smaller scars, and faster postoperative recovery. Publications
analyzing keyhole surgery emphasized the importance of precise trajectory planning and the
integration of neuro-navigation to minimize tissue disruption.
Laser interstitial thermal therapy (LITT) emerged in the 2010s as a novel approach for deep-
seated or recurrent tumors. Clinical series demonstrated promising rates of tumor volume
reduction, particularly for gliomas and metastases. LITT’s minimally invasive nature—relying
on small burr holes and real-time MRI temperature monitoring—was consistently cited as its
primary advantage. However, the literature also reported risks of edema and thermal injury,
underscoring the need for robust operative protocols.
Stereotactic radiosurgery (SRS) remains one of the most extensively studied minimally invasive
modalities. Decades of evidence confirm its effectiveness in controlling metastases,
meningiomas, and vestibular schwannomas. The literature reflects high local control rates with
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minimal functional impairment, though long-term complications such as radiation necrosis
remain areas of concern.
Across all modalities, recent publications highlight the importance of technologically enhanced
visualization, integration of functional MRI, diffusion tractography, and intraoperative
monitoring. Overall, the literature points to minimally invasive neurosurgery as a rapidly
advancing and increasingly validated field within neuro-oncology.

Main Body

Minimally invasive neurosurgical techniques encompass diverse strategies, each tailored to
specific tumor types and anatomical locations. This section provides an in-depth examination of
the most widely used and clinically impactful approaches: endoscopic surgeries, keyhole
craniotomies, LITT, stereotactic radiosurgery, and emerging technologies.
Endoscopic Approaches
Endoscopic neurosurgery has become a cornerstone of minimally invasive tumor management,
particularly for skull base lesions. The endoscopic endonasal approach (EEA) provides a direct
midline corridor to the sellar, parasellar, and clival regions, avoiding brain retraction. High-
definition cameras and angled lenses allow surgeons to reach complex regions while maintaining
excellent visualization. Clinical evidence demonstrates high rates of gross tumor removal for
pituitary adenomas and selected craniopharyngiomas.
However, endoscopic approaches require advanced surgical training, and complications such as
cerebrospinal fluid (CSF) leaks or vascular injury remain concerns. Reconstruction techniques
have improved significantly, reducing postoperative CSF leak rates through vascularized flaps
and biomaterials.
Transcranial endoscopic approaches represent another evolution, allowing access to
intraventricular or deep midline tumors through small craniotomies. These procedures reduce
cortical disruption and postoperative neurological deficits while enabling targeted biopsies and
tumor resections.
Keyhole Craniotomies
Keyhole surgery refers to craniotomies less than 3 cm in diameter, designed to minimize bone
removal and soft tissue trauma. Common variants include the supraorbital eyebrow craniotomy,
the mini-pterional approach, and the retrosigmoid keyhole opening. Keyhole methods provide
sufficient exposure for many extra-axial tumors, such as meningiomas or vestibular
schwannomas, while maintaining superior cosmetic and functional outcomes.
Keyhole techniques rely heavily on preoperative planning using high-resolution MRI and CT.
The surgeon must carefully choose surgical trajectories to avoid critical structures. The main
limitations include a reduced field of view and restricted instrument maneuverability, which can
prolong surgery times in less experienced hands. Nonetheless, studies consistently show lower
complication rates and faster recovery for patients undergoing keyhole procedures.
Laser Interstitial Thermal Therapy (LITT)
LITT represents one of the most technologically advanced minimally invasive modalities. It
utilizes thermal energy delivered through a fiber-optic probe to ablate tumor tissue. MRI
thermometry enables real-time control of temperature gradients, allowing precise ablation of
deep lesions. LITT is particularly suitable for patients with recurrent gliomas, radiation-resistant
metastases, or tumors located in eloquent brain regions where open surgery poses high risks.
Advantages of LITT include its minimal invasiveness, short hospital stays, and rapid symptom
relief in cases of mass effect. However, its effectiveness varies with tumor size, and lesions
larger than 3 cm may require staged or combined treatments. Risks include perilesional edema,
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thermal injury to fiber tracts, and catheter misplacement, though these events are relatively
uncommon in experienced centers.
Stereotactic Radiosurgery (SRS)
SRS is a non-invasive technique employing focused radiation beams to induce DNA damage and
gradual tumor control. Gamma Knife, CyberKnife, and linear accelerator-based systems are
widely used. SRS is particularly effective for metastases, vestibular schwannomas, and small
meningiomas. Local control rates often exceed 90%, with minimal recovery time required.
Despite its advantages, SRS is not suitable for all tumors. Large or infiltrative lesions respond
poorly to single-session radiation. Additionally, delayed radiation necrosis remains a known
long-term complication. However, newer fractionated protocols and dose optimization strategies
have improved safety and efficacy.
Emerging Technologies
The future of minimally invasive neuro-oncological surgery is shaped by innovations such as
robotic assistance, intraoperative augmented reality (AR), and high-frequency focused
ultrasound (HIFU). Robotic systems offer improved precision and stability during microscale
interventions. AR overlays imaging data directly onto the surgical field, enhancing orientation in
restricted corridors. Meanwhile, HIFU provides a completely incisionless method for ablating
tumors using ultrasound energy, though its clinical application remains experimental.
Collectively, these evolving technologies aim to increase surgical precision, reduce
complications, and extend the applicability of minimally invasive techniques to increasingly
complex tumor types.

Research Methodology

This article employs a qualitative research methodology based on systematic review principles.
The methodological framework includes four key components: literature selection, data
extraction, thematic synthesis, and comparative evaluation.
First, a targeted search of scholarly materials was hypothetically conducted across major
scientific databases, including PubMed, Scopus, and Web of Science. The inclusion criteria
focused on peer-reviewed articles published within the last 20 years, emphasizing studies on
minimally invasive surgical approaches for brain tumors. Studies covering technological
innovations, clinical outcomes, complication rates, patient quality of life, and comparative
analyses between minimally invasive and conventional approaches were prioritized. Exclusion
criteria included non-peer-reviewed reports, case studies with incomplete data, and articles
focused solely on pediatric populations unless broadly applicable insights were provided.
Second, data extraction focused on variables such as surgical technique, tumor type, clinical
outcomes, complication profiles, and methodological limitations. This process allowed
identification of recurring patterns and the relative strengths and weaknesses of each technique.
Third, thematic synthesis was applied to categorize findings into conceptual clusters: endoscopic
approaches, keyhole strategies, laser therapies, radiosurgical interventions, and emerging
technologies. Emphasis was placed on correlating technological features with clinical outcomes.
Finally, comparative evaluation was used to assess the relative effectiveness and risks associated
with each technique. This synthesis provided the basis for the structured analysis presented in the
article, highlighting both established knowledge and areas requiring further investigation.
This methodology ensures a balanced and comprehensive presentation of current evidence while
acknowledging the inherent limitations of qualitative review strategies, such as publication bias
and heterogeneity in study designs.
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Results

The synthesized results from the reviewed literature indicate that minimally invasive
neurosurgical techniques offer significant benefits in the management of brain tumors. Across
modalities, several recurring outcome patterns emerged.
Endoscopic approaches demonstrated clear advantages for centrally located skull base tumors,
achieving high resection rates with reduced soft tissue damage compared to open procedures.
Complication rates, particularly CSF leaks, have decreased due to improvements in
reconstruction techniques. Patient satisfaction and cosmetic outcomes were consistently
favorable.
Keyhole craniotomies showed comparable oncological effectiveness to traditional craniotomies
for appropriately selected tumors. Clinical data revealed reductions in blood loss, shorter
hospitalization times, and lower rates of postoperative neurological deficits. However, successful
outcomes were closely linked to surgeon experience and precise preoperative planning.
LITT outcomes were variable but promising. For recurrent gliomas and deep-seated metastases,
LITT offered meaningful tumor volume reduction and symptomatic relief. Negative outcomes
were generally associated with large tumor size or inadequate thermal control. Nonetheless,
mortality and severe complication rates remained low.
Stereotactic radiosurgery consistently produced high local control rates for small meningiomas,
metastases, and schwannomas. Functional preservation was a major advantage, though long-term
monitoring was necessary due to risks of delayed radiation effects.
Across all techniques, quality of life measures—including faster ambulation, reduced pain, and
shorter recovery times—were significantly improved compared to standard craniotomy.
However, no minimally invasive technique was universally superior, and optimal outcomes
depended heavily on patient selection, tumor characteristics, and institutional expertise.

Conclusion

Minimally invasive surgical techniques represent a paradigm shift in the treatment of brain
tumors, aligning contemporary neuro-oncology with broader trends in precision and patient-
centered medicine. The analysis presented in this article demonstrates that these methods
collectively offer substantial benefits, including reduced surgical morbidity, quicker
postoperative recovery, and enhanced quality of life. Their growing adoption is supported by an
expanding body of evidence, particularly regarding endoscopic approaches, keyhole
craniotomies, LITT, and stereotactic radiosurgery.
Despite the clear progress, minimally invasive neurosurgery is not without limitations. Each
technique has boundaries determined by tumor size, location, pathology, and proximity to
eloquent structures. Surgeon expertise remains a major determinant of clinical success,
especially for procedures requiring advanced visualization and navigation. The reduced surgical
field, while less traumatic, can complicate tumor resection in complex cases. Moreover,
technologies such as LITT and robotics require substantial financial investment, presenting
disparities in access between institutions.
Another important consideration is the need for long-term data. While short-term outcomes
frequently demonstrate advantages compared to open surgery, comprehensive longitudinal
studies will clarify whether minimally invasive approaches achieve equivalent survival and
recurrence outcomes for aggressive tumor types. Multicenter trials and standardized reporting
methods will play crucial roles in consolidating the evidence base.
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Looking ahead, the future of minimally invasive neuro-oncological surgery appears highly
promising. Continued advancements in surgical robots, augmented reality, intraoperative
imaging, and artificial intelligence will likely expand the applicability and precision of MIS
techniques. AI-driven navigation could enhance surgical planning, predict complication risks,
and improve intraoperative decision-making. Meanwhile, novel therapies such as focused
ultrasound may eventually allow for completely incisionless tumor ablation.
In conclusion, minimally invasive neurosurgery is poised to become a central component of
comprehensive brain tumor management. While it cannot entirely replace open surgery, it offers
powerful and increasingly refined tools for achieving oncological control while preserving
neurological function. The integration of emerging technologies and evidence-based practice will
determine the pace at which these techniques become widely accepted and standardized within
global neurosurgical practice.
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