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Abstract 

Traumatic brain injury (TBI) is a major global health concern, contributing to significant morbidity, 
mortality, and long-term disability. Traditional surgical interventions, such as open craniotomy, 
while effective, often result in substantial trauma and prolonged recovery. The current review 
explores the growing role of minimally invasive neurosurgical (MIN) techniques—including 
endoscopic evacuation, stereotactic aspiration, and robotic-assisted procedures—in the management 
of TBI. These approaches aim to reduce operative time, minimize disruption to healthy brain tissue, 
and improve neurological outcomes. Technological advancements, such as artificial intelligence (AI) 
and machine learning, have enhanced surgical planning and intraoperative precision, while 
personalized medicine is increasingly guiding treatment decisions based on patient-specific factors, 
including age, comorbidities, and genetic markers. The review also emphasizes the significance of 
neuroplasticity, rehabilitation, and ongoing monitoring in maximizing recovery. Although MIN 
techniques require specialized training and equipment and may be less effective in complex or diffuse 
injuries, evidence supports their use in appropriately selected patients. Multidisciplinary care models 
and integration of neurology and neurosurgery are essential for improving both short- and long-term 
outcomes. Furthermore, patient-centered outcomes, including quality of life and satisfaction, are 
increasingly recognized as critical metrics of success. Future directions include the development of 
disease-specific outcome measures, broader adoption of AI-driven tools, and continued refinement 
of surgical techniques to enhance precision and safety. Overall, MIN represents a transformative shift 
in TBI management, offering promising benefits in terms of recovery, functionality, and patient well-
being. 

Keywords: neurotrauma; intracerebral hemorrhage; endoscopic neurosurgery; craniotomy 
alternative; surgical technique; robotics; early surgery; postoperative recovery; functional recovery 
 

1. Introduction 

TBI is defined as the interruption in brain function, or other evidence of brain pathology, caused 
by an external physical force (Figure 1)[1]. It is also defined as neurotrauma caused by a mechanical 
force applied to the head. In the US, there are about 1.7–2.0 million incidents of TBI annually [2]. TBI 
represents a major global public health concern. Recent estimates suggest that 27–69 million 
individuals worldwide suffer a TBI annually [3]. In the US alone, TBI contributes to approximately 
2.8 million ED visits, hospitalizations, and deaths each year [4]. 
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Figure 1. Minimally invasive neurosurgery (MIN) In traumatic brain injury (TBI). 

The burden of TBI extends beyond acute care, with many survivors experiencing long-term 
cognitive, emotional, and physical impairments. These outcomes impose substantial socioeconomic 
costs, with the US economic impact estimated at over $76 billion annually [3]. For many patients, TBI 
does not cease to evolve after the acute period and initial recovery. This injury is not a time related 
event, but a chronic health condition [5]. Patients with TBI treated in care centers mention that 1.1% 
of the US population have lifelong disabilities as a result of this injury [6]. Death in severe TBI was 
higher than 50% [7]. Results have improved over the past years, and mortality has been reduced to 
30–40% [8]. In the UK, TBI is the most common cause of death and disability in people under 40 years 
[9]. Moderate and severe TBI are a leading cause of morbidity and mortality. So, rapid diagnosis and 
management allow secondary injury to be lowered. TBI is one of many causes of altered mental status 
[10]. This literature review examines the evolving role of MIN techniques in managing TBI, focusing 
on their impact on neurological outcomes, patient-centered care, and future directions for research. 

Historically, the management of TBI relied heavily on traditional open craniotomy, which, while 
effective in relieving ICP and evacuating hematomas, often involved significant post-surgical trauma, 
prolonged recovery, and increased risk of complications. Over the past two decades, advances in 
imaging, instrumentation, and surgical navigation have catalyzed a paradigm shift toward MIN 
techniques [11]. Neurosurgery is a rapidly changing specialty and often pioneers new surgical 
techniques [12]. In 1900, for the first time, Harvey Cushing brought modern neurosurgery into the 
world [13]. Since then, neurosurgery has evolved substantially and is a field which relies on 
improving patient outcomes [14]. The operating microscope, bipolar cautery, CT scans, MRI, and 
image-guided surgery could all be mentioned as models that represent innovation [12]. These 
approaches—such as endoscopic hematoma evacuation, stereotactic aspiration, and robotic-assisted 
procedures—aim to minimize disruption to healthy brain tissue while achieving comparable or 
superior therapeutic outcomes [15]. 

MIN techniques offer several advantages, including reduced operative time, lower infection 
rates, shorter hospital stays, and improved cosmetic results [16]. Importantly, they also align with the 
principles of patient-centered care by enhancing postoperative quality of life and facilitating faster 
return to daily activities. However, these techniques are not without limitations. They often require 
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specialized training, advanced equipment, and may be less effective in cases involving diffuse or 
multifocal injuries [16]. 

2. MIN Techniques in TBI 

2.1. Overview of Techniques 

Endoscopic neurosurgery involves the use of a rigid endoscope inserted through a burr hole to 
access intracranial pathology (Figure 2). In TBI, it is primarily used for the evacuation of acute SDH 
and IVH [17]. Studies have shown that endoscopic evacuation can achieve near-total hematoma 
removal with reduced operative time (typically 60–90 minutes), minimal cortical disruption, and 
lower infection rates compared to craniotomy [18]. However, its limitations include a narrow field of 
view, limited instrument maneuverability, and difficulty managing active bleeding in complex or 
multiloculated hematomas [19]. 

 

Figure 2. Anatomical diagram of brain regions typically affected by traumatic brain injury, with labels indicating 
areas targeted by minimally invasive neurosurgery (MIN). Abbreviations: AI, artificial intelligence; CT, 
computed tomography; IVH, intraventricular hemorrhage; MRI, magnetic resonance imaging; SDH, subdural 
hemorrhage. 

Neuroendoscopy is a specialized form of endoscopic surgery focused on ventricular and 
periventricular regions. It is particularly useful in TBI patients with obstructive hydrocephalus or 
IVH. The technique allows for direct visualization of the ventricular system and precise CSF pathway 
restoration. Neuroendoscopy third ventriculostomy is commonly performed to relieve 
hydrocephalus. While it offers reduced brain retraction and faster recovery, complications such as 
CSF leakage, infection, and limited access to deep-seated lesions remain concerns [20]. 

Stereotactic neurosurgery uses a 3D coordinate system guided by CT or MRI to target deep brain 
structures with high precision. In TBI, it is employed for minimally invasive hematoma aspiration, 
ICP monitoring, and biopsy of deep matter lesions. It is especially beneficial in patients with poor 
surgical tolerance or deep-seated hemorrhages. The technique minimizes collateral damage and 
allows for real-time monitoring. However, it requires advanced imaging infrastructure and is less 
effective in cases of rapidly expanding hematomas or diffuse brain injury [21]. 
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2.2. Technological Innovations 

Achieving sufficient decompression remains the cornerstone of surgical management in TBI. 
Traditionally, this has favored open craniotomies. However, the evolution of MIN has demonstrated 
that adequate decompression can be achieved while minimizing collateral damage to healthy brain 
tissue [22]. Techniques such as endoscopic evacuation of hematomas and stereotactic-guided 
aspiration have shown promising results in both decompression and neurological recovery [23]. In 
this context, the resurgence of neuroendoscopy was catalyzed by the development of the Hopkins 
rod-lens system in the 1960s, which significantly enhanced visualization [24]. Pioneers such as 
Griffith et al. and Auer et al. applied neuroendoscopy techniques to treat IVH and hydrocephalus, 
laying the foundation for its modern use in TBI [25,26]. 

In recent years, the convergence of robotics, AI, and minimally invasive techniques has 
transformed neurosurgical practice. Robotic systems now assist in tasks requiring sub-millimeter 
precision, such as electrode placement and hematoma evacuation, enhancing both safety and 
efficiency [27]. These systems are particularly beneficial in deep-seated or eloquent brain regions 
where manual access is limited. 

ML has further enhanced preoperative planning and intraoperative navigation. ML-based image 
enhancement tools approved by the FDA have improved the clarity of preoperative imaging, aiding 
in the identification of critical structures [28]. In robot-assisted SEEG, ML algorithms optimize 
electrode trajectories by accounting for anatomical constraints, vascular structures, and target zones, 
significantly reducing planning time and improving accuracy [29]. 

3. Neurological Outcomes of MIN 

3.1. Short-Term Outcomes 

In the immediate postoperative period following TBI, particularly after MIN interventions, 
clinical management is directed toward the prevention of secondary brain injury. These secondary 
insults may arise from intracranial factors such as expanding hematomas, cerebral edema, and 
elevated ICP, as well as extracranial factors including hypoxia, hypotension, and systemic infections, 
all of which can exacerbate neuronal injury and worsen neurological outcomes [30]. The GCS remains 
a cornerstone in the early assessment of neurological function, providing a standardized measure of 
consciousness based on eye, verbal, and motor responses. Lower GCS scores are consistently 
associated with more severe injury and poorer prognosis [31]. 

Short-term neurological outcomes after MIN for TBI are influenced by both the nature of the 
primary injury and the occurrence of early postoperative complications. Focal neurological deficits 
such as hemiparesis, aphasia, and cranial nerve dysfunction are frequently observed and are largely 
dependent on the anatomical location and extent of the injury. Cognitive impairments are also 
common in the early recovery phase, with deficits in attention, processing speed, and executive 
function often reported. These impairments can significantly hinder a patient’s ability to engage in 
early rehabilitation and resume daily activities [32]. 

Several studies have quantified the incidence of early complications following TBI. Post-
traumatic seizures occur in approximately 12–20% of patients with moderate to severe TBI, 
particularly within the first week post-injury [33]. Hydrocephalus, especially in cases involving 
intraventricular hemorrhage, has been reported in 10–45% of patients and may necessitate 
cerebrospinal fluid diversion procedures [34]. Infectious complications, including ventilator-
associated pneumonia, are prevalent in intensive care settings, affecting up to 60% of mechanically 
ventilated patients [35]. Additionally, thromboembolic events such as deep vein thrombosis and 
pulmonary embolism are observed in 10–30% of immobilized patients, despite prophylactic 
measures. Although MIN techniques are associated with reduced tissue disruption, complications 
such as CSF leaks and surgical site infections still occur in 2–5% of cases [36]. 

These early complications not only prolong hospitalization but also contribute to long-term 
disability. A multicenter longitudinal study reported that 57% of patients with moderate to severe 
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TBI remained moderately to severely disabled at five years post-injury, and 50% required 
rehospitalization during that period [37]. These findings underscore the importance of vigilant early 
monitoring and intervention to mitigate secondary injury and optimize neurological recovery. 

3.2. Long-Term Outcomes 

Long-term recovery following moderate to severe TBI is highly variable and influenced by 
factors such as injury severity, age, access to rehabilitation, and comorbidities. Cognitive and 
functional recovery can continue for months or even years post-injury. According to the TRACK-TBI 
study, while only 12% of patients with severe TBI showed favorable outcomes two weeks post-injury, 
this number increased to 52% at 12 months, indicating substantial potential for recovery over time 
[38]. 

Persistent cognitive deficits may include impairments in memory, learning, language, and 
executive functioning. Functional outcomes are often measured using tools like the GOSE and the 
DRS, which track improvements in independence and quality of life. Neurorehabilitation plays a 
critical role in optimizing these outcomes. Early and intensive rehabilitation has been shown to 
improve both cognitive and physical recovery, reduce disability, and enhance reintegration into the 
community [39]. 

3.3. Comparative Analysis 

MIN techniques are increasingly favored for the management of ICH and other TBI-related 
pathologies. Compared to traditional open craniotomy, MIN approaches—such as endoscopic 
hematoma evacuation, stereotactic aspiration, and minimally invasive catheter-based techniques—
are associated with reduced operative time, lower complication rates, and shorter hospital stays. 
Importantly, Scaggiante et al. (2018) demonstrated that MIN techniques were linked to improved 
neurological outcomes and faster functional recovery. In their study, outcomes were assessed using 
standardized neurological scales, including the mRS and the GOS, at both discharge and follow-up 
intervals. Functional independence, defined as an mRS score of 0–3, was significantly more common 
in patients treated with MIN techniques [40]. Additionally, hematoma volume reduction was 
quantitatively measured using serial CT imaging, and greater evacuation efficiency was correlated 
with better clinical outcomes [41]. 

Patients undergoing MIN for ICH consistently demonstrate superior cognitive and functional 
recovery compared to those treated with traditional craniotomy (Table 1). This advantage is 
supported by a growing body of evidence from clinical trials, cohort studies, and meta-analyses. 
Neuroendoscopic approaches have been associated with significantly higher scores on the MoCA, 
NIHSS, and GCS, indicating better preservation of neurological function. Furthermore, stereotactic 
and endoscopic techniques yield improved long-term outcomes, with higher scores on the GOSE, 
mRS, and Barthel Index at one-year follow-up. These metrics reflect enhanced quality of life and 
greater independence in daily activities. Meta-analyses further confirm that MIN techniques are 
linked to higher rates of favorable recovery and reduced perioperative morbidity. While conventional 
craniotomy remains indispensable in complex or emergent cases, accumulating evidence underscores 
the clinical benefits of MIN in appropriately selected patients, particularly in promoting neurological 
restoration and functional autonomy. 

Table 1. Statistical comparison of neurological outcomes from recent studies. 

Reference Approach Functional/ Cognitive outcomes QoL/ Daily activities 

Li et al. [42] 
Neuroendoscopy 

MIN vs. 
traditional 

Higher MoCA cognitive scores; 
better limb motor and NIHSS/GCS 

scores in MIN group (p < 0.05) 

Barthel Index and 
quality-of-life domains 

(physiological, 
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craniotomy psychological, social) 
significantly better in 

MIN group 

Liu et al. 
[43] 

MIN vs. 
craniotomy 

MIN group had higher 1-year 
GOSE (4.0 vs. 3.1, p = 0.027) and 

better estimated mRS (p = 0.0427) 

Lower morbidity (8.7% 
vs. 30.8%), and similar 

hospital/ICU stay 

Xia et al. 
[44] 

MIN vs. 
craniotomy 

MIN associated with higher rate of 
“good recovery” (OR 2.27, p-value 

significant) 

No direct QoL metrics, 
but functional recovery 

better 

Zhou et al. 
[45] 

Stereotactic 
MISPT vs. 

conventional 
craniotomy 

Similar preoperative GCS, but 1-
year GOS, mRS, BI significantly 

better in MISPT group (p < 0.001) 

BI improved—indicative 
of better daily living 

ability 

Xu et al. 
[46] 

Endoscopic or 
stereotactic 

aspiration vs. 
craniotomy 

For deep supratentorial 
hemorrhage: favorable outcome 

rates ~30% MIN vs. ~15% 
craniotomy (P = 0.001) 

Improved functional 
outcomes imply better 

quality of life/daily 
functioning 

Abbreviations: BI, Barthel index; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale; GOSE, Glasgow 
Outcome Scale–Extended; ICU, Intensive Care Unit; MIN, Minimally Invasive Neurosurgery; MISPT, Minimally 
Invasive Stereotactic Puncture and Thrombolysis; MoCA, Montreal Cognitive Assessment; mRS, Modified 
Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; OR, Odds Ratio; QoL, Quality of Life. 

4. Factors Influencing Neurological Outcomes 

A comprehensive overview of factors influencing outcomes in TBI is presented in Table 2. These 
factors are categorized into five domains: patient-related, injury-related, intervention-related, post-
interventional care, and other contextual variables. The table highlights the multifactorial nature of 
TBI prognosis, emphasizing the importance of individualized assessment and treatment strategies. 

Table 2. Domains and factors associated with traumatic brain injury outcomes. 

Domain Factors Associated with outcome 

Patient-
related 
factors 

Age, gender, 
race 

Age: conflicting associations with poor outcomes (linked to both 
younger and older age, or no association); varies by outcome 
type. Gender: female patients are generally associated with 

poorer outcomes than males. Race: black patients tend to have 
poorer outcomes compared to white and Asian patients. 

Life style 
Smoking: associated with generally poorer outcomes. Alcohol 

use: linked to increased pain, depressive symptoms, PTSD 
severity, and reduced physical mobility. 

Co- Obesity: associated with increased post-concussive symptoms. 
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morbidities Migraine/ headache: linked to poorer outcomes. 
Anxiety/ depression: significant predictors of post-traumatic 

headache. Vasculopathy comorbidities: primary determinants of 
post-traumatic seizures, surgical outcomes, and discharge status. 

Biomarkers 

Systolic blood pressure >90 mmHg: associated with favorable 
outcomes. Oxygen saturation >90%: linked to favorable 
outcomes. Elevated arrival temperature: associated with 
favorable outcomes. Swirl sign: Indicative of expansive 

intracranial hematomas. APOE-ε4 Allele: Associated with 
delayed verbal memory deficits. 

Injury-
related 
factors 

Number of 
traumas 

Multiple injuries: associated with worse outcomes compared to 
single trauma. 

Mechanism of 
injury 

Disorder of consciousness: associated with high-velocity injuries 
and intracranial hemorrhages. Early post-traumatic seizures: 
linked to low falls, hemorrhages, and greater injury severity. 

Severity of 
injury and 

inside damage 

Disorder of consciousness: associated with intraventricular 
hemorrhages. Early post-traumatic seizures: linked to 

subdural/subarachnoid hemorrhages and injury severity. 
Surgical decision factors: based on hematoma size, cisternal 

compression on initial scan, and changes in GCS. 

Intervention-
related 
factors 

Surgery 
related factors 

Surgery: generally associated with reduced risk of poor 
outcomes in TBI. Timing of surgery: evidence is conflicting 

regarding its impact on outcomes. Minimally invasive surgery: 
linked to shorter hospital stays and operative times; however, 

one study found no significant difference in outcomes compared 
to traditional surgery. 

Other 
interventions 

ICU admission: associated with poorer outcomes. 
Echocardiogram: linked to reduced mortality. Aspirin use: 
associated with lower mortality. Dysphagia interventions: 

increased interventions correlated with reduced likelihood of 
achieving full oral intake. 

Post-interventional care and 
complications 

Hypothermia, seizures, hypotension, shock, low GCS: associated 
with increased mortality and complications. Elevated 

hemoglobin: linked to better outcomes. Mechanical ventilation: 
associated with higher mortality risk. Feeding tubes, spasticity, 

CSF leakage: predictors of increased mortality. 

Others 
Environmental 

factors 
Impact well-being and quality of life in TBI patients. 
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Biomarkers 
after injury 

NGF↑, DCX↑, NSE↓: early elevated NGF and DCX, and reduced 
NSE levels, associated with better neurological outcomes. 
Complement C9 (CSF) and factor B (serum): identified as 

predictors of clinical outcomes. 

Abbreviations: APOE, apolipoprotein E; DCX, doublecortin; GCS, Glasgow coma scale; ICU, intensive care unit; 
NGF, nerve growth factor; NSE, neuron-specific enolase; PTSD, post-traumatic stress disorder; TBI, traumatic 
brain injury. 

4.1. Patient-Related Factors 

Patients’ socio-demographic factors have been studied in multiple investigations to estimate 
their effect on the outcome of TBI, with gender being one of the most frequently examined variables. 
In a study conducted among patients with expansive ICH, being an adult aged 39 years or older was 
identified as a significant risk factor for developing expansive ICH following TBI [47]. Age has 
consistently emerged as one of the strongest predictors of outcome in the post-TBI period [48]. 
Rabinowitz et al. conducted a study among individuals aged 12 to 30 years and found that even 
within this relatively young cohort, older age was associated with a greater number and severity of 
post-concussive symptoms. Notably, cognitive and emotional symptoms—such as difficulty 
concentrating, memory problems, irritability, and anxiety—were more prevalent among the older 
participants in this age range [49]. Furthermore, being over 60 years old has been significantly 
associated with increased likelihood of hospital admission following head trauma [50]. Other studies 
have reported a significant increase in mortality and delays in functional recovery, including the 
resumption of oral intake, with advancing age [51,52]. 

Kanakia et al. demonstrated that in geriatric patients with traumatic SDH, pre-existing 
comorbidities—particularly vasculopathy conditions—were more predictive of adverse surgical 
outcomes than chronological age. Their multivariate analysis revealed that these comorbidities 
significantly contributed to the development of posttraumatic seizures and influenced discharge 
disposition, underscoring the importance of individualized risk stratification in neurosurgical 
decision-making [53]. However, multiple studies have reported contrasting findings. Kowalski et al. 
found that younger patients with moderate to severe TBI were more likely to present with disorders 
of consciousness during inpatient rehabilitation, suggesting that age alone does not confer a 
protective effect against early neurological complications [54]. Similarly, Laing et al. observed a 
higher incidence of early posttraumatic seizures among younger individuals, challenging the 
assumption that seizure risk increases linearly with age [55]. Yilmaz et al. also reported younger age 
increases the risk of acute post-TBI headaches [56]. These conflicting data can be explained by two 
reasons, which are not adjusting the confounders in studying the association of age or/and different 
outcomes having different associations with age. 

Regarding gender, functional outcomes were worse in females than in males [57]. Moreover, 
Rabinowitz et al. reported poor symptomatic outcomes in females compared to males after a TBI such 
as acute post-traumatic headache [49,56]. In addition, African American patients were found to have 
poorer outcomes compared to white or Asian [58,59]. 

Lifestyles and co-morbidities were also found to contribute to the risk of poor outcomes after 
TBI. Two separate studies reported that tobacco use disorder was associated significantly with worse 
outcomes [60,61]. After controlling for age and gender, Eagle et al. demonstrated that obesity was 
associated with more severe post-TBI symptoms 6- and 12-months post-injury [47]. Moreover, early 
post-TBI seizures were found to be significantly higher in patients with a high Charlson comorbidity 
index (which indicates severe multiple co-morbidities such as myocardial infarction, diabetes, and 
dementia) [55]. Post-TBI headache and migraine were also found to yield a worse outcome [62]. In 
addition, Yilmaz et al. reported that headache at admission was associated with chronic post-TBI 
headaches [56]. 
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Moreover, even psychological disorders such as anxiety and depression were found to be 
significant predictors of post-TBI headaches [56]. According to Browne et al., depression and alcohol 
were some of the predictors of variance in pain, depressive and PTSD severity, and physical mobility 
after six months from the TBI [63]. 

Multiple biomarkers at admission have been found to correlate with favorable outcomes in 
patients with TBI. In a study conducted by Trimble et al. in pediatric patients, stable hemodynamic 
parameters—specifically, a systolic blood pressure above 90 mmHg—and higher body temperatures 
on arrival (≥34.9 °C) were significantly associated with improved outcomes. Conversely, certain 
radiological findings have been linked to worse prognoses [64]. For example, the presence of the swirl 
sign on initial CT imaging, which represents areas of mixed hyperdensity and hypodensity within an 
acute hematoma, has been associated with active bleeding and a higher risk of hematoma expansion. 
Kamabu et al. demonstrated that this sign was significantly correlated with the development of 
expansive intracranial hematomas, necessitating more aggressive intervention [60]. 

Regarding cognitive outcomes, Yue et al. found that abnormalities detected on head CT imaging 
such as contusions, hemorrhages, or diffuse axonal injury, were strongly associated with decreased 
verbal memory performance. Additionally, a history of seizures was linked to impairments in short-
term memory. Genetic factors also appear to influence recovery trajectories; individuals carrying the 
APOE-ε4 allele exhibited significantly worse performance on long-delay verbal memory tasks 
compared to non-carriers, suggesting a potential role for genetic screening in prognostication [65]. 

4.2. Injury-Related Factors 

The mechanism and type of injury were also found to have effects on the outcome after TBI. 
Having multiple traumatic injuries was found to be significantly associated with poor outcomes in 
almost a dose-dependent response compared to having a single traumatic event [66]. Persisting 
disorders of consciousness after the trauma were associated with high-velocity injuries, 
intraventricular hemorrhage, subcortical contusion, and intracranial mass effect [54]. 

Laing et al. proposed that post-traumatic seizures were more prevalent among patients with TBI 
resulting from falls, and in those presenting with subdural or subarachnoid hemorrhage, as well as 
higher injury severity scores [55]. Moreover, patients with penetrating TBI had higher mortality rates 
[57]. Chang et al. identified three key predictors for the failure of non-invasive management and the 
need for surgical intervention in TBI patients: hematoma volume exceeding 5 cm3, a decline in GCS 
score between initial and follow-up CT scans, and evidence of herniation on the initial CT [67]. 
Interestingly, each 1 mL increase in hematoma volume was associated with a 6% increase in the 
likelihood of a one-point decline in the GCS, highlighting the critical role of preventing hematoma 
expansion in ameliorating neurological deterioration [68]. Trimble et al. reported that survival 
following TBI was significantly associated with less severe injuries, a higher incidence of epidural 
hematoma, and reduced evidence of brain ischemia on imaging [64]. Acute pain intensity and 
psychological distress of the patients were found to be predictors of variation in the outcome of TBI 
[63]. 

4.3. Intervention-Related Factors 

Most of the studies have addressed the traditional approach of DC. In contrast, few studies 
addressed minimally invasive approaches such as endoscopic surgery, burr hole surgery, keyhole 
surgery, and minimally invasive craniectomy. 

According to LaRovere et al., withdrawing life-sustaining therapies among children with TBI 
was the most common cause of death (70%) [69]. Generally, surgery was known to cause a reduction 
in poor outcomes of TBI [50], and this reduction was variable according to the severity of the injury: 
80% reduction in mild injury, 56% reduction in moderate injury, and 65% reduction in severe injury 
[70]. The timing of the surgery has also been evaluated across multiple studies. Kim et al. mentioned 
that patients who underwent surgery within 4 hours after visiting the ED had significantly shorter 
hospital stays and less mortality [71]. Vaca et al. reported similar findings as they reported that delays 
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after hospital arrival can substantially increase mortality for mild and moderate TBI patients [72]. 
This contradicts the finding of Walcott et al. as they found increasing the time to surgery causes a 
significant reduction in mortality [51]. Interestingly, Knettel et al. did not report any significance 
regarding the timing of surgery [50]. 

Type of surgery has also been found to affect the outcome of the trauma, but very few studies 
compared traditional surgeries to MIN. A study reported by Tseng et al. on endoscopically assisted 
surgery revealed good neurological outcomes. The mean GCS was 7.5, while the mean hemorrhage 
volume was 57.14 cm3, with less surgery time (mean around 60 minutes) [20]. A prospective study of 
surgery for TBI reported different types of surgeries. Burr hole surgery patients had a median length 
of hospital stay around three days, compared to other surgeries, which ranged from 4 in craniotomy 
to 9 in DC. These findings suggest that burr hole procedures, as a form of MIN, are associated with 
shorter hospital stays. Notably, the study found that length of stay was significantly correlated with 
mortality, whereas the type of surgical intervention—whether minimally invasive or traditional—
did not independently predict mortality outcomes [73]. 

Other types of intervention also had an impact on the outcome of TBI. Attending the ICU 
resulted in around four times higher risk of poor outcomes compared to those who did not were 
upgraded to ICU. This can be explained by the fact that critically ill patients are the ones who attend 
the ICU [50]. Moreover, the usage of echocardiograms indicated a lower mortality rate, which can be 
explained by valuable insight given by the echo for treating the injury [74]. Walcott et al. reported 
that aspirin usage for patients with TBI led to a reduction in mortality [51]. The number of dysphagia 
interventions in TBI patients was also documented as a contributing factor to the return of oral intake 
after the injury, with more interventions leading to less probability of reaching total oral intake [52]. 

4.4. Post-Interventional Care 

Multiple factors after the intervention were found to affect patient outcomes. These factors can 
be related to after-surgery care and non-invasive therapies. Matovu et al. reported that low 
temperature and convulsions resulted in a significant 1.5 and 1.6 times increase in mortality, 
respectively [75], in contrast to Laing et al. report, which indicated that seizures were associated with 
ICU admission and hospital stay but not mortality. The reason for not finding an association can be 
adjusting the confounders in the later study [55]. In addition, another study by Majidi et al. indicated 
that seizures were associated with more complications, such as pneumonia and longer hospital stays 
[76]. Multiple studies associated with hypotension showed that hypotension is related to poor 
outcomes [57,77,78]. Prehospital systolic blood pressure above 150 mm Hg is an independent 
predictor of increased mortality and TBI severity, supporting its use in early triage and prognostic 
modeling [79]. Moreover, circulatory shock development led to poor outcomes of TBI, such as longer 
hospital stays, disability, and disturbances of consciousness [80]. 

An increase in hemoglobin concentration was also reported with good outcomes [77]. Teshita et 
al. identified low GCS scores (<5), oxygen saturation below 90%, and hospital-acquired pneumonia 
as independent predictors of poor functional outcomes in TBI patients [78]. Multiple studies have 
shown that a GCS score below 9 is a strong predictor of poor outcomes, including increased mortality, 
in patients with TBI [60]. A lower average GCS score (8.1 vs. 13.5) was significantly associated with 
the development of post-TBI epilepsy, indicating its value as a predictive marker [81]. LaRovere et 
al. indicated that organ failure increases the risk of death among TBI pediatric patients [69]. Multiple 
factors have been independently associated with increased mortality in TBI patients, including 
tracheostomy, prolonged mechanical ventilation, infections, use of nasogastric or PEG tubes, 
spasticity, CSF leakage, wound dehiscence, and a low GCS score [60]. ICH was associated with 
significantly increased sleep after the injury [82]. 

4.5. Other Factors 

Environmental (factors such as stairs at home or work) affect the well-being and quality of life 
among TBI patients as they already have impairment in the ability to perform physical activities [83]. 
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Measuring the biomarkers after the injury was also found to predict the outcome of TBI. According 
to a review in 2012, multiple chemical substances have been reported to correlate with the outcome 
after TBI. MAO-A polymorphism was associated with aggression, while BDNF was associated with 
cognitive functions. The endothelial nitric oxide gene was related to cerebral perfusion and serotonin 
transporters (SLC6A4) with PTSD. Also, IL-6 was associated with survival and discharge in the ICU 
among severely ill patients [84]. Chiaretti et al. measured multiple biomarkers at 2 hours after 
admission and then after 48 hours for their effect on the GCS. High early NGF, high DCX, and low 
NSE levels were found to be significantly associated with better neurological outcomes. Meanwhile, 
BDNF and GDNF were not found to affect outcomes [85]. Lindblad et al. highlighted the prognostic 
value of neuroinflammatory markers in TBI, identifying complement C9 in CSF and complement 
factor B in serum as independent predictors of long-term outcomes [86]. 

5. Integration of Neurology and Neurosurgery in Patient Care 

5.1. Multidisciplinary Approaches 

TBI usually requires a multidisciplinary approach to reduce the risk of poor outcomes in various 
aspects of the injury. The fourth edition of “Brain Trauma Foundation’s Guidelines for the 
Management of Severe Traumatic Brain Injury” in 2016 illustrated the multidisciplinary approach 
used in settings of TBI. The approach was composed of multiple levels: DC, CSF drainage, 
prophylactic hypothermia, hyperosmolar treatment, ventilation therapies, anesthetics, analgesics, 
sedatives, steroids, and seizure prophylaxis for neurology. Prophylactic anti-seizure drugs were not 
recommended for late post-TBI seizures but rather for early seizures (within seven days of injury), 
according to the guidelines. However, it does not mention the importance of MIN [87]. 

In a meta-analysis conducted in 2022, the authors compared surgical treatment of acute SDH to 
conservative (non-surgical) treatment. Surgical treatment caused a reduction in mortality by 13% 
more than the conservative treatment percentage [88]. According to a review by Kline et al., the 
combination therapies were found to have positive benefits in 46% of the included studies [89]. Spears 
et al. found that patients receiving both surgical and pharmacological treatment experienced a 59% 
reduction in the risk of poor outcomes, with the benefit varying by TBI severity [70]. Multiple studies 
have explored the impact of combination therapy involving traditional surgical interventions, such 
as DC, showing enhanced outcomes when paired with pharmacological or supportive treatments, 
particularly in moderate to severe TBI cases. Cooper et al. compared outcomes between TBI patients 
receiving combination therapy (DC plus standard care) and those receiving standard care alone 
(including hypothermia and barbiturates). While the combination group had reduced ICP duration, 
fewer interventions, and shorter ICU stays, they also presented with worse GCS scores and a higher 
risk of unfavorable outcomes. Mortality rates were similar between groups, suggesting that although 
DC reduced intervention needs and length of stay, it may be associated with poorer functional 
outcomes [90]. 

Shi et al. reported a rare case of a 54-year-old woman who sustained a penetrating brain injury 
from a screwdriver assault. The patient underwent a combination of surgical interventions—
including right cheekbone craniectomy, foreign body removal, and CSF drainage—followed by non-
surgical treatments such as external ventricular drainage, antibiotics, and intravenous sodium 
valproate. Her GCS improved from 3 at admission to 12 by day 42, with no seizures and good 
neurological recovery at 6-month follow-up [91]. This case underscores the potential benefit of 
individualized combination therapy in complex TBI cases. 

Few studies have addressed combination therapies using MIN techniques (Table 3). Noiphithak 
et al. conducted a RCT comparing endoscopic surgery with intraventricular fibrinolysis to EVD alone 
in patients with IVH. The surgical group demonstrated superior outcomes, including a higher IVH 
clearance rate, lower incidence of shunt dependency, and reduced disability as measured by the mRS 
[92]. 
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Table 3. Summary of case reports on endoscopic hematoma evacuation for acute subdural hematoma. 

References 
Neurological 

treatment 
Neurosurgery 

treatment 
General 
outcome 

Additional outcomes 

Arai et al. [93] 

Lacosamide, 
diazepam, 

fosphenytoin, 
and 

phenobarbital. 

Endoscope-
assisted acute 

subdural 
hematoma 
evacuation. 

No effect from 
medication 
alone; full 
recovery 
followed 

surgery and 
drug therapy. 

Consciousness 
improved; no 

neurological deficits; 
near-total hematoma 

cleared on CT (day 1); 
mRS 4 at discharge due 

to diffuse atrophy. 

Tanaka et al. 
[94] 

Antithrombotics 
were paused pre-

operatively; 
restarted with 
antiplatelets 1 

week post-
operatively 

based on the 
condition. 

Endoscopic 
hematoma 
evacuation. 

Satisfactory 
outcome with no 
complications or 

rebleeding. 

Op time: 61–143 min; 2 
cases of elevated ICP; 
hospital stay: 5–250 

days; mortality: 22.2%. 

Codd et al. 
[95] 

Prophylactic 
levetiracetam 

(seizures). 

Endoscopic 
burr hole 

evacuation. 

Good functional 
recovery; 

seizure-free by 
day 11 post-op. 

Initially unresponsive; 
by day 4, fully oriented 
and mobile. Discharged 
day 11, neurologically 

intact. 

Kuge et al. [96] 

Mannitol 
infusion for 

consciousness 
recovery. 

Endoscopic 
evacuation 
for acute 
subdural 

hematoma. 

Endoscopic 
evacuation for 
acute subdural 

hematoma. 

Post-op symptoms 
significantly improved. 

Moreover, Arai et al. presented a case of an 88-year-old woman with mild traumatic SAH due 
to a fall. Lacosamide was administered for non-convulsive seizures, but consciousness deteriorated, 
and no progression was noticed regarding the hematoma. Fosphenytoin sodium hydrate and 
phenobarbital were also administered, but no improvement in consciousness was reported. After 
that, endoscope-assisted evacuation of the hematoma was performed. Post-operatively, the patient’s 
consciousness improved with no neurological defects [93]. Zhou et al. performed a clinical trial to 
compare minimally invasive stereotactic puncture therapy against conventional craniotomy for 
treating acute ICH. The MIN group reported significantly a better outcome such as improvement in 
the GCS, reduction in incidence of rebleeding, better functional recovery -according to the Barthel 
index- and less disability- according to the mRS [45]. 

5.2. Importance of Continuous Monitoring 
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Monitoring is essential not only in predicting the outcome but also in directing the treatment. 
According to the fourth edition of “Brain Trauma Foundation’s Guidelines for the Management of 
Severe Traumatic Brain Injury,” there are three types of important monitoring in TBI patients: ICP 
monitoring, cerebral perfusion monitoring, and advanced cerebral monitoring. Each type of 
monitoring is associated with a specific type of mortality: ICP with a reduction in in-hospital and 2-
week post-injury mortality and cerebral perfusion with a reduction in 2-week mortality [87]. Follow-
up after the surgery for a TBI can extend even to 2 years, indicating the importance of long-term 
follow-up. This is the case in a study conducted by Somma et al. following patients who suffered 
from motor accidents and underwent DC. After two years after the surgery, the patient developed a 
left front-orbital headache due to herniation of brain parenchyma into the left orbit. Then, minimally 
invasive surgery was performed to treat the herniating, and it resulted in 3-year follow-up with a 
good outcome [97]. Interestingly, number of follow-up sessions was significantly associated with 
more unfavorable outcomes, such as delayed return to work for one year. This may reflect a higher 
detection rate of underlying pathologies during follow-up, or conversely, that patients who did not 
attend follow-up required less ongoing care due to better initial recovery [98]. 

6. Personalized Medicine in Neurosurgery for TBI 

6.1. Tailoring Surgical Approaches to Individual Patients 

MIN has become an increasingly preferred approach in the management of TBI, offering 
advantages such as reduced operative trauma, shorter hospital stays, and improved neurological 
outcomes. However, the heterogeneity of TBI necessitates a personalized approach to surgical 
planning, where patient-specific factors significantly influence the choice of technique (Figure 3). 

 

Figure 3. Conceptual model of a personalized neurosurgical approach integrating patient data. 

Age, comorbidities, and the severity of injury are among the most critical determinants. Elderly 
patients or those with systemic conditions such as cardiovascular disease may benefit more from 
MIN due to its lower physiological burden. The type, size, and location of intracranial lesions—such 
as SDH, contusions, or DAI—also guide the selection of endoscopic evacuation, stereotactic 
aspiration, or navigation-assisted decompression. Furthermore, clinical indicators like GCS scores 
and ICP trends are essential in determining the urgency and extent of intervention [99]. 
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In addition to clinical and radiological parameters, genetic and molecular biomarkers are 
emerging as valuable tools in surgical decision-making. For instance, the presence of the APOE ε4 
allele has been associated with poorer neurological recovery, potentially influencing the 
aggressiveness of surgical intervention. Elevated levels of NfL and inflammatory cytokines such as 
IL-6 and TNF-α have been linked to more severe neuronal injury, aiding in the stratification of 
patients for MIN versus conservative management [99]. 

6.2. Future Trends in Personalized Neurosurgery 

The future of MIN in TBI is being shaped by the integration of AI and ML, which are poised to 
revolutionize surgical planning, intraoperative decision-making, and outcome prediction. 

AI technologies are increasingly capable of analyzing large, complex datasets to predict clinical 
outcomes such as mortality, functional recovery, and complication risks. These models incorporate 
multimodal data—including imaging, physiological monitoring, and laboratory results—to generate 
individualized risk profiles and recommend optimal surgical strategies. One promising development 
is the use of digital twins: virtual patient models that simulate surgical outcomes under different 
scenarios, enabling preoperative planning tailored to individual anatomy and pathology [100]. 

Moreover, AI systems are being developed to integrate real-time physiological data—such as 
continuous ICP, cerebral oxygenation, and EEG—into adaptive models that can dynamically adjust 
surgical or postoperative care protocols. This real-time responsiveness enhances the precision and 
personalization of neurosurgical care, potentially improving both short- and long-term neurological 
outcomes [100]. 

7. Neuroplasticity and Recovery Post-Surgery 

7.1. Role of Neuroplasticity in TBI Recovery 

Neuroplasticity is the ability of the nervous system to adapt to external and internal stimuli and 
then change its constitution and function accordingly [101]. TBI leads to massive destruction of brain 
tissue, which demands studying the recovery of these tissues. Multiple studies have investigated the 
effect of MIN on functional outcomes and recovery of patients with TBI [102]. Codd et al. reported a 
case of 86-year-old women presented with acute SDH. The patient presented with headache, nausea, 
vomiting, and progressive lethargy that led to the need for airway intubation. Endoscopic burr hole 
evacuation of the hematoma was performed. After the surgery, the patient had significant clinical 
improvement and was independent for daily activities such as feeding and demonstrated full 
strength in her extremities [95]. 

Hwang et al. reported an unchanged level of consciousness when comparing the level before the 
endoscopic evacuation of hematoma to the level at admission. In this context, MIN has shown no 
significant impairment on the level of consciousness in those cases [103]. Kellner et al. demonstrated 
the impact of minimally invasive endoscopic intracerebral hemorrhage evacuation on functional 
outcomes. 100% of the patients had a 0-3 score on the premorbid mRS. After the endoscopy, around 
46% had a score between 0 and 3, which suggests half of the premorbid percentage [104]. 

Zhou et al. compared minimally invasive stereotactic puncture therapy versus conventional 
craniotomy. The MIN procedure reported a significantly higher Barthel Index and lower mRS than 
conventional surgery. This indicates that the MIN approach may improve functional and recovery 
outcomes [45]. Sometimes, MIN was needed by itself to restore neuroplasticity rather than dealing 
with damage from the trauma. DBS was used via a minimally invasive technique to treat post-
traumatic dystonia [105,106]. 

7.2. Rehabilitation Strategies to Enhance Neuroplasticity 

Maintaining and enhancing neuroplasticity is critical for achieving optimal functional recovery 
in patients with TBI. Li et al. proposed a structured, three-tiered rehabilitation model tailored to the 
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severity and complexity of patient needs. Level 1 targets individuals with physical, cognitive, and 
behavioral impairments, offering foundational rehabilitation support. Level 2 addresses patients 
with similar impairments but compounded by severe behavioral disturbances, requiring more 
intensive and specialized interventions. Level 3 is designed for those with ongoing rehabilitation 
needs, focusing on long-term support and community reintegration. This stratified approach 
underscores the importance of individualized rehabilitation strategies in promoting brain recovery 
and maximizing long-term outcomes [83]. 

Neurorehabilitation is the only current treatment to improve long-term outcomes in TBI patients 
[107]. Physical rehabilitation is crucial, as well as psychological care, which was found to be the most 
effective care in avoiding post-TBI symptoms [108]. According to a review by Crupi et al., multiple 
drugs were found to enhance brain repair and recovery by increasing cyclic 3’,5’-adenosine 
monophosphate, such as phosphodiesterase inhibitors (rolipram, dipyridamole, BC11-38), selective 
serotonin reuptake inhibitors, and serotonin-dopamine reuptake inhibitors. Moreover, 
neurofeedback therapy was also found to promote neuroplasticity as it uses electrical potential to 
enforce specific brain states [109]. Also, another technique that uses electrical potential is DBS, which 
was reported to treat post-traumatic dystonia [105]. Wang et al. studied the effect of this electrical 
stimulation by inducing short-term stimulation to the cortex. They noticed improved motor function, 
short-term memory, and learning ability [110]. These studies demonstrate the importance of various 
electrical stimulation methods in regaining neurological function. Janak et al. conducted a study on 
257 patients with mild TBI. The patients complete a multidisciplinary rehabilitation program 
composed of cognitive rehabilitation, vestibular interventions, headache management, and 
psychiatric care. Patients in the intervention group had significantly fewer post-TBI symptoms and 
fewer post-traumatic stress disorder symptoms than the control [111]. Moreover, receiving both 
progesterone and vitamin D was found to promote recovery rate in patients with TBI [112]. 

8. Role of Neuroimaging in Assessing Surgical Outcomes 

Neuroimaging plays a pivotal role in both the planning and evaluation of MIN procedures for 
TBI. The integration of advanced imaging modalities has significantly enhanced the precision of 
surgical interventions and the ability to monitor postoperative recovery. 

8.1. Preoperative Neuroimaging 

Preoperative neuroimaging is essential for surgical planning, particularly in the context of MIN 
where precision is paramount. Techniques such as high-resolution MRI, DTI, and functional MRI 
provide detailed anatomical and functional maps of the brain. These modalities allow surgeons to 
localize lesions, assess white matter tract integrity, and identify eloquent cortical areas that must be 
preserved during intervention. Functional brain mapping, often integrated with neuronavigational 
systems, enables the customization of surgical trajectories to minimize disruption of critical neural 
networks. For example, DTI-based tractography can delineate corticospinal tracts, guiding the 
placement of endoscopic or stereotactic instruments to avoid motor deficits. Moreover, magnetic 
resonance spectroscopy and perfusion imaging can offer metabolic and hemodynamic insights into 
perilesional tissue, aiding in the differentiation between viable and non-viable brain regions [113]. 

8.2. Postoperative Neuroimaging 

Postoperative imaging is equally critical in evaluating the success of MIN procedures and 
monitoring the patient’s recovery trajectory. Early postoperative CT scans are typically used to 
confirm hematoma evacuation, assess for residual mass effect, and detect complications such as 
rebleeding or hydrocephalus. However, MRI offers superior soft tissue contrast and is increasingly 
used to assess the extent of lesion resection and to monitor for delayed ischemic or inflammatory 
changes [114]. Advanced imaging techniques, including serial fMRI and DTI, are being explored to 
track neuroplasticity and functional recovery over time. These modalities can reveal changes in brain 
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connectivity and activation patterns that correlate with clinical improvement, providing objective 
markers of surgical efficacy. Intraoperative MRI is also gaining traction, allowing real-time 
assessment of surgical progress and immediate correction of suboptimal outcomes during the same 
operative session [115]. 

9. Complications and Risk Management in MIN 

9.1. Common Complications 

The fundamental goal of MIN is to lower the incidence of complications following traditional 
surgery; however, few complications have been documented (Figure 4). Historically, 
neuroendoscopy was the only procedure used in MIN. The limitations of endoscopy in ensuring 
surgery effectiveness, deep structure manipulation safety, and, in the sequel, appropriate hemostasis 
are just a few of the drawbacks compared to microsurgical methods [116]. 

 
Figure 4. Complications of minimally invasive neurosurgery in traumatic brain injury patients. 

A study conducted in Germany to evaluate the PCV in patients with severe TBI in comparison 
to conventional burr-hole ventriculostomy to measure ICP as a component of early clinical care, in 
this study, minor hemorrhage into the ipsilateral lateral ventricle in one PCV case was observed on 
CT scans due to an initially unsuccessful puncture (95% CI 0–6%). No infections occurred (95% CI 0–
6%). One catheter infection and one failed catheter placement (each 8%, 95% CI 0–20%) occurred in 
the burr-hole group [117]. Moreover, several studies reported higher rates of postoperative 
complications which include periprocedural infection rates of and relevant bleeding complication 
rates of 0.5% which were indicative of surgical drilling trepanation [118]. Furthermore, an analysis of 
54 patients who underwent craniotomy revealed that postoperative hemorrhage, CSF leakage, and 
ophthalmoplegia were among the complications reported [119]. 

9.2. Strategies for Risk Management 

Given the associated challenges, various strategies have been developed to mitigate 
postoperative risks and enhance outcomes in MIN. A CT monitor within the CT suite is critical for 
real-time verification of control scans during ICP catheter placement. The monitor must be visible 
from the cranial end of the gantry, which should also be equipped with an operating light. Room 
design must allow at least 2 meters of clearance at the head of the CT table to accommodate surgical 
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staff and instrument tables. As most trauma centers currently lack these specifications, future trauma 
room designs should incorporate them [117]. 

Pitskhelauri’s introduction of the MARI device into neurosurgery has enabled novel 
microsurgical techniques. Functioning similarly to an operating microscope, MARI allows surgeons 
to adjust the optical field and settings hands-free, enhancing precision and workflow efficiency [120]. 
Standard trephination (burr hole) approaches with a diameter of 10–14 mm can be used for 
microsurgery under the direction of the MARI device and Zeiss microscopes with different 
modifications. Thus, in the case of deep brain injuries, this approach offers a safe and small surgical 
corridor for extreme operations. All manipulations are feasible when combined with standard 
microsurgical instruments [121]. Additionally, Intraoperative Stereotactic Computed Tomography-
Guided Endoscopic Surgery (ICES), a multicenter RCT, showed considerable safety and efficacy in 
these types of surgeries [122]. 

10. Patient-Centered Outcomes and QoL 

10.1. Assessing QoL Post-Surgery 

For TBI surgical management, adequate decompression is the key goal. Therefore, it may seem 
unexpected to use minimally invasive strategies to treat patients with TBI. However, MIN can 
provide both adequate decompressions following TBI, and enhance neurological recovery for these 
patients [22,123]. MIN has been used more frequently in recent years to treat patients who have 
experienced spontaneous ICH surgically. Because MIN helps preserve healthy brain tissue, these 
patients recover more quickly and have better neurological outcomes than similar patients treated 
with more invasive surgery [124,125]. In light of outcomes such as earlier decompression, reduced 
mortality, morbidity, surgical times, and blood loss in ICH patients treated with a minimally invasive 
procedure, we expect that MIN techniques may improve the quality of life and prove its beneficial 
outcomes in the surgical management of TBI patients on a long term [20]. 

The utilization of minimally invasive approaches is growing in the treatment of spontaneous 
ICH, and research indicates that MIN is linked to better neurological recovery in addition to being 
safe and effective. We were able to avoid craniectomy and its associated risks of increased bleeding, 
increased infection risk, hydrocephalus risk, and the necessity for additional treatments by opting for 
MIN. Simple burr-holes to remove traumatic ICH can be easily performed for isolated traumatic ICH 
patients, resulting in smaller incisions, less blood loss, shorter operating times, quicker recovery, and 
shorter hospital stays, according to a previous study. By maximizing cortical and subcortical 
preservation and avoiding partial lobectomy, minimally invasive approaches promote neurological 
recovery after surgery [20]. 

10.2. Patient Satisfaction and Experience 

In a RCT with long-term follow-up comparing different minimally invasive surgery techniques 
with standard open surgery for the treatment of unruptured intracranial aneurysms, the authors 
focused on patient satisfaction in 5 aspects: facial hypoesthesia, facial pain or headache, masticatory 
discomfort, aesthetic results, and general satisfaction with the procedure. Minimally invasive surgery 
patients reported significantly higher satisfaction during all time points of evaluation. Moreover, all 
quality-of-life-domain mean scores were statistically higher in the minimally invasive surgery 
compared with the control group at all 3 evaluation time points [126]. 

11. Future Directions 

Accurate assessment of medical therapies is a cornerstone of evidence-based practice [127]. A 
standardized global approach to outcome measurement enhances both clinical care and research by 
streamlining communication, improving patient handovers, and enabling cross-study and cross-
population comparisons. These benefits extend to patient outcomes, neurosurgical practice, and 
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research efforts. However, due to the distinct needs of each subspecialty, a fully uniform system is 
not universally applicable. Instead, tailored variations are often necessary. The future of 
neurosurgical quality-of-life assessment lies in increasingly specialized, disease-specific outcome 
measures that allow for more precise patient evaluation. 

The ongoing debate in the literature underscores the need for disease-specific outcome measures 
to more accurately assess interventions and guide patient care strategies. TBI has the highest number 
of outcome measures among neurosurgical subspecialties, with nearly 100 identified tools [128]. 
These instruments vary in their purposes, distinguishing between acute and long-term outcomes, as 
well as between moderate and severe TBI. Each class of outcome measure serves a distinct role 
depending on the clinical context. Commonly used tools include neuropsychological assessments 
such as the GOS and its extended version, the GOSE [129]. Originally designed to objectively describe 
functional recovery after severe brain injury, the GOS classified outcomes into five categories: death, 
vegetative state, severe disability, moderate disability, and good recovery [130]. The GOSE, 
introduced in 1998, refined this by subdividing moderate and severe disability into upper and lower 
levels, offering a more precise assessment of functional recovery. 

The GOS and GOSE remain widely used for assessing outcomes in TBI, their original intended 
application [131]. These tools offer a nearly comprehensive framework for evaluating functional 
recovery [132]. Due to their broad applicability, the GOS has also been adapted for use in other 
neurological conditions, including intracranial aneurysms, brain tumors, stroke, and cranioplasty 
[133]. A summary of the most commonly used outcome measures across neurosurgical subspecialties 
is presented in Table 4. 

Table 4. Functional outcome scales commonly used in traumatic brain injury. 

Scale Aim Main application 
Alternative 
applications 

References 

Glasgow 
outcome 

scale (GOS) 

Assesses 
functional 

recovery after 
severe brain 

injury 

Severe brain injury 
following TBI 

Intracranial aneurysms, 
tumors, strokes, and 

cranioplasty 

Jennett et al. 
[129] 

Modified 
Rankin scale 

(mRS) 

Classifies 
functional 

recovery after 
cerebrovascular 

accident at 
discharge 

Assesses 
cerebrovascular 
disease in adults 
(≥60) at discharge 

or referral 

Used in aneurysms, 
general brain injury, 
hypothermia trials, 
sarcopenia, spinal 
meningiomas, and 

pediatric transverse 
myelitis 

van Swieten 
et al. [134] 

Karnofsky 
performance 
scale (KPS) 

Assesses 
functional status 
in tumor patients 

Tumors and 
cancers, primarily 
in neuro-oncology 
and post-treatment 

settings 

Used measure of 
disability, particularly 

in palliative care, 
geriatrics, osteoarthritis, 

and post-
revascularization 
surgery settings 

Timmermann 
et al. [135] 
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12. Conclusions 

MIN techniques represent a transformative advancement in the management of TBI, offering a 
compelling alternative to traditional open procedures. By reducing surgical trauma, preserving 
healthy brain tissue, and enabling faster recovery, these approaches align with modern principles of 
patient-centered care. The integration of advanced technologies—such as robotics, artificial 
intelligence, and precision imaging—has further enhanced the safety, accuracy, and personalization 
of TBI interventions. While challenges remain, including the need for specialized training and 
equipment, the growing body of evidence supports the efficacy of MIN in improving both short- and 
long-term neurological outcomes. Moreover, the incorporation of multidisciplinary care, continuous 
monitoring, and tailored rehabilitation strategies underscores the importance of a holistic approach 
to TBI recovery. As research continues to evolve, future directions should focus on refining patient 
selection criteria, developing standardized outcome measures, and expanding access to these 
innovative techniques. Ultimately, MIN holds significant promise in reshaping the neurosurgical 
landscape and improving the quality of life for individuals affected by TBI. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AI Artificial intelligence 
BDNF Brain-derived neurotrophic factor 
CSF Cerebrospinal fluid 
CT Computed tomography 
DAI Diffuse axonal injury 
DBS Deep brain stimulation 
DC Decompressive craniectomy 
DCX Doublecortin 
DRS Disability rating scale 
DTI Diffusion tensor imaging 
ED Emergency department 
EEG Electroencephalography 
EVD External ventricular drainage 
FDA U.S. Food and Drug Administration 
GCS Glasgow coma scale 
GDNF Glial cell line-derived neurotrophic factor 
GOS Glasgow outcome scale 
GOSE Glasgow outcome scale–extended 
ICES Intraoperative stereotactic computed tomography-guided endoscopic surgery 
ICH Intracranial hemorrhage 
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ICP Intracranial pressure 
ICU Intensive care unit 
IL Interlekin 
IVH Intraventricular hemorrhage 
MARI Micro-angio-resection-interface 
MAO Monoamine oxidase 
ML Machine learning 
MIN Minimally invasive neurosurgery 
MRI Magnetic resonance imaging 
mRS Modified Rankin scale 
NGF Nerve growth factor 
NSE Neuron-specific enolase 
PCV Percutaneous computed tomography-controlled ventriculostomy 
PEG Percutaneous endoscopic gastrostomy 
PTSD Posttraumatic stress disorder 
QoL Quality of life 
RCT Randomized controlled trial 
SAH Subarachnoid hemorrhage 
SDH Subdural hemorrhage 
SEEG Stereo electroencephalography 
TBI Traumatic brain injury 
TRACK-TBI Transforming research and clinical knowledge in traumatic brain injury 
UK United Kingdom 
US United States 
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