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Editorial

Multidisciplinary Innovation in Neurosurgery and
Neuroscience: Advancing Frontiers in Diagnosis, Therapy,
and Neurological Rehabilitation

Delia Cannizzaro 1, Roberto Stefini 1, Kenan Arnautovic 2 and Franco Servadei 3,*

1 Department of Neurosurgery, ASST Ovest Milano Legnano Hospital, Legnano, 20025 Milan, Italy;
delia.cannizzaro@gmail.com (D.C.)
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Memphis, TN 38163, USA; kenanarnaut@yahoo.com

3 Global Neurosurgery Programme Fondazione IRCCS Istituto Neurologico Carlo Besta, 20133 Milan, Italy
* Correspondence: franco.servadei@gmail.com

In recent years, neurosurgery and clinical neuroscience have undergone a profound
transformation, driven by an increasingly interdisciplinary approach that integrates tech-
nological innovation, the refinement of therapeutic protocols, and novel rehabilitative
paradigms [1]. These advances are reshaping the management of complex neurological
disorders and promoting the development of more effective, less invasive, and highly
personalized treatment strategies [2].

This Special Issue of Brain Sciences presents nine original contributions that collectively
illustrate the breadth and depth of these transformative innovations. The studies featured
span topics from minimally invasive spinal surgery and advanced neurosurgical training
to intraoperative fluorescence-guided resection, nanomedicine-based drug delivery, and
invasive brain–computer interfaces (BCIs), offering a multifaceted yet cohesive vision of
the future of neurosurgery.

The adoption of 3D navigation systems is enhancing surgical outcomes by minimizing
reliance on traditional instruments, paving the way for more precise and less invasive
procedures. In the context of spinal surgery, Bielecki et al. (Contribution 1) demonstrated
the clinical utility of the Single-Step Pedicle Screw System (SSPSS) combined with three-
dimensional neuronavigation. By eliminating the need for a K-wire and standardizing
optimal screw trajectories, the authors achieved a high accuracy rate (95%) in pedicle screw
placement and a significant reduction in intraoperative complications. This approach repre-
sents a substantial evolution toward safer and more reproducible minimally invasive spinal
procedures. In the same way, intraoperative CT-based navigation significantly improves the
safety and precision of posterior fixation in congenital craniovertebral junction anomalies,
enabling tailored surgical strategies that avoid neurovascular injury and eliminate the need
for more invasive hardware, thus representing a meaningful advancement in complex
spinal neurosurgery (Contribution 2).

The use of Virtual iMRI in combination with intraoperative imaging represents a
promising advance in brain tumor surgery. Grasso et al. (2025) evaluated the elastic image
fusion (EIF) method, which combines preoperative MRI with intraoperative CT to better
detect residual tumors during glioblastoma surgery. Virtual iMRI showed high sensitivity
(100%) but lower specificity (50%), while intraoperative CT had lower sensitivity (56%) but
perfect specificity (Contribution 3).

The field of medical education has also embraced immersive technologies. Guerrini et al.
(2024) report that the use of augmented reality (AR) and hands-on simulation signifi-
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cantly improves early neurosurgical training. Virtual learning environments not only
increase student engagement, they also enhance preoperative technical skills in a con-
trolled, risk-free setting, bridging the gap between theoretical knowledge and clinical
competence (Contribution 4).

Fluorescence-guided surgery continues to refine the precision of brain tumor resections.
Alomari et al. (2024) investigated the intraoperative use of sodium fluorescein (SF) in
vestibular schwannoma surgery, showing that it facilitates extensive tumor resection while
minimizing perioperative morbidity. This technique represents a valuable adjunct for
maximizing oncological clearance while preserving neurological function (Contribution 5).

New small devices are also being employed for applications in the operating room:
non-penetrating titanium clips represent an effective and safe alternative to traditional
sutures for dural closure in intradural spinal surgeries, significantly reducing cerebrospinal
fluid leak rates and preserving dural integrity, while also minimizing operative time and
imaging artifacts (Contribution 6).

In neurovascular surgery, the emergence of new endovascular devices has enabled
the treatment of increasingly complex aneurysms. Jee et al. (2024) highlight the clinical
efficacy of flow-diverting stents, reporting high aneurysm occlusion rates and a progressive
reduction in periprocedural complications. These findings underscore the importance of
technical maturation and patient-specific evaluation in the management of cerebrovascular
pathologies (Contribution 7).

Robotic-assisted surgery represents another transformative frontier in neurosurgi-
cal practice, particularly in the domain of microsurgical precision. Four major robotic
platforms—Symani, Da Vinci, ZEUS, and MUSA—widely used in surgical practice were
explored across 48 studies involving vascular, lymphatic, and neural anastomoses. While
the initial procedural times were longer than those for manual techniques, the analysis
demonstrated a clear trend toward improved efficiency as surgical teams progressed along
the learning curve. Importantly, the review highlights the potential for robotic systems to
enhance neurovascular procedures, particularly in delicate tasks such as microsuturing for
bypass surgery [3,4].

A key contribution by Khan et al. (2025) presents a scoping review on invasive
BCIs aimed at restoring communication in patients with severe motor deficits, such as
those resulting from ALS, brainstem stroke, or high cervical spinal cord injury. Recent
advances in intracortical neural decoding—translating brain signals into text or synthesized
speech—offer a therapeutic frontier with the potential to restore communicative autonomy
in otherwise locked-in patients. These innovations represent a foundational milestone in
neurotechnological rehabilitation (Contribution 8).

Nanotechnology is also opening up new therapeutic pathways in neuro-oncology.
Khilar et al. (2025) reviewed strategies employing engineered nanoparticles for the tar-
geted delivery of chemotherapeutic, immunotherapeutic, and radiotherapeutic agents. By
enhancing blood–brain barrier permeability and enabling combined treatment modalities
(e.g., radio-immunotherapy), these nanocarriers hold great promise for overcoming exist-
ing pharmacologic limitations. However, the transition to clinical application necessitates
further investigations into long-term safety and nanotoxicology (Contribution 9).

Collectively, these studies demonstrate that neurosurgery is no longer an isolated
specialty but rather a convergence point for biomedical engineering, computational neu-
roscience, advanced simulation-based education, and translational oncology. Emerg-
ing technologies—from neuronavigation and intraoperative fluorescence to BCIs and
nanomedicine—are not only improving clinical outcomes but fundamentally redefining
the paradigms of diagnosis, intervention, and rehabilitation.
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To consolidate these promising advances and ensure their widespread adoption, future
efforts must prioritize multicenter prospective trials, regulatory validation, and economic
sustainability. Nevertheless, the momentum in this field is undeniable.

Neurosurgery and neuroscience are entering a phase of rapid transformation. The
integration of advanced technologies—from implantable devices and AR simulators to
precision nanotherapeutics—is enhancing not only therapeutic interventions but also
medical training and patients‘ quality of life. Innovations such as flow diversion and
fluorescein-guided surgery place surgical precision and safety at the heart of clinical
progress, while immersive simulation is revolutionizing professional training. In parallel,
invasive BCIs offer a tangible hope of restoring essential functions such as communication
in patients otherwise rendered voiceless. Nanomedicine, meanwhile, appears poised to
overcome longstanding pharmacological barriers in the treatment of brain tumors, although
robust clinical validation remains essential. These findings underscore the value of robotic
technologies in extending the boundaries of technical feasibility and precision in cranial
neurosurgery and merit further clinical validation and the integration of robotics into
advanced neurovascular interventions.

Artificial intelligence is rapidly emerging as a pivotal tool in neurosurgery, enhanc-
ing diagnostic accuracy, surgical planning, and intraoperative decision-making through
advanced data analysis and machine learning algorithms. Predictive models developed
using AI can stratify patient risk, anticipate surgical outcomes, and personalize treatment
strategies, promoting evidence-based precision neurosurgery [5–7].

Ultimately, the synergy between technology, surgery, and neuroscience holds the po-
tential to transform complex neurological disease management, from optimizing minimally
invasive procedures to revolutionizing specialist training and pioneering new oncologic
and rehabilitative strategies. This multidisciplinary convergence, anchored in both techno-
logical innovation and clinical insights, promises a future in which neurosciences will not
only advance therapies but fundamentally reshape our understanding and treatment of
neurological disease.

In reflecting on this progress, it is worth recalling the metaphor coined by Bernard of
Chartres in the 12th century, often invoked in medicine, to acknowledge our intellectual
debt to the giants on whose shoulders we stand: our earlier inspirations. While that
legacy remains foundational, it is increasingly complemented by the transformative role of
emerging technologies, which continue to empower us to elevate the standard of care for
our patients.
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Role of Virtual iMRI in Glioblastoma Surgery: Advantages,
Limitations, and Correlation with iCT and Brain Shift

Erica Grasso 1, Francesco Certo 1,2, Mario Ganau 3, Giulio Bonomo 1, Giuseppa Fiumanò 4, Giovanni Buscema 5,

Andrea Maugeri 6, Antonella Agodi 6 and Giuseppe M. V. Barbagallo 1,2,*
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egrasso360@gmail.com (E.G.); cicciocerto@yahoo.it (F.C.); dott.giuliobonomo@gmail.com (G.B.)
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95124 Catania, Italy
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Catania, 95124 Catania, Italy; andrea.maugeri@unict.it (A.M.); agodia@unict.it (A.A.)

* Correspondence: giuseppebarbagal@hotmail.com

Abstract: Background: Elastic image fusion (EIF) using an intraoperative CT (iCT) scan
may enhance neuronavigation accuracy and compensate for brain shift. Objective: To
evaluate the safety and reliability of the EIF algorithm (Virtual iMRI Cranial 4.5, Brainlab
AG, Munich Germany, for the identification of residual tumour in glioblastoma surgery.
Moreover, the impact of brain shift on software reliability is assessed. Methods: This
ambispective study included 80 patients with a diagnosis of glioblastoma. Pre-operative
MRI was elastically fused with an intraoperative CT scan (BodyTom; Samsung-Neurologica,
Danvers, MA, USA) acquired at the end of the resection. Diagnostic specificity and the
sensitivity of each tool was determined. The impact of brain shift on residual tumour was
statistically analysed. An analysis of accuracy was performed through Target Registration
Error (TRE) measurement after rigid image fusion (RIF) and EIF. A qualitative evaluation
of each Virtual MRI image (VMRI) was performed. Results: VMRI identified residual
tumour in 26/80 patients (32.5%), confirmed by post-operative MRI (true positive). Of
these, 5 cases were left intentionally due to DES-positive responses, 8 cases underwent
near maximal or subtotal resection, and 13 cases were not detected by iCT. However, in the
other 27/80 cases (33.8%), VMRI reported residual tumour that was present neither on iCT
nor on post-operative MRI (false positive). i-CT showed a sensitivity of 56% and specificity
of 100%; VMRI demonstrated a sensitivity of 100% and specificity of 50%. Spearman
correlation analysis showed a moderate correlation between pre-operative volume and
VMRI tumour residual. Moreover, tumour involving insula or infiltrating more than one
lobe displayed higher median values (p = 0.023) of virtual residual tumour. A statistically
significant reduction towards lower TRE values after EIF was observed for test structures.
Conclusions: Virtual iMRI was proven to be a feasible option to detect residual tumour.
Its integration within a multimodal imaging protocol may provide neurosurgeons with
intraoperatively updated imaging.

Keywords: brain shift; elastic image fusion; glioblastoma; intraoperative CT; rigid image
fusion; Virtual iMRI; brain tumour surgery

Brain Sci. 2025, 15, 35 https://doi.org/10.3390/brainsci15010035
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1. Introduction

Brain shift represents a major source of inaccuracy in neuronavigation during the
microsurgical removal of intracranial lesions [1–3]. Due to the heterogeneous nature of
cerebral lesions [4] and the non-uniform distribution of brain shift [5,6], current rigid fusion
(RIF) algorithms hardly deal with its complexity [7]. Indeed, linear fusion algorithms
exclusively allow translations, rotations, scaling, and skewness to align datasets [8]. Re-
cently, a novel tool for elastic image fusion (EIF), named Elements Virtual iMRI Cranial
(Brainlab AG, Munich, Germany), has been developed to compensate for brain shift. Based
on intraoperative imaging, this method elastically deforms pre-operative MRI data on
intraoperative CT(iCT) imaging and updates the treatment plan [9]. To date, only a limited
number of clinical studies have been reported using such a novel approach using either in-
traoperative MRI (iMR) [10–12] or the AIRO CT scanner [8,9,13–15]. Pilot studies reported
significantly improved co-registration accuracy [8,10] and elastically updated DTI fibre
tracts regarding intraoperative neuromonitoring and post-operative clinical status [11].
Conversely, the effectiveness of the EIF algorithm in visualising the residual tumour by
elastically fusing intraoperative BodyTom CT images has not been explored yet.

Our work aimed to study two major aspects regarding the application of the algorithm
in glioblastoma surgery. The first goal was to assess software accuracy to generate a “virtual”
MRI and detect residual tumour compared to intraoperative CT images’ sensitivity and
specificity. Secondly, the impact of the major factors causing brain shift [2,7,16,17] was
statistically analysed. Finally, image fusion accuracy was quantified by Target Registration
Error (TRE) measurement and compared with previous data reported in the literature.

2. Materials and Methods

2.1. Patient Enrolment and Eligibility Criteria

In this cohort ambispective study, 80 patients with a diagnosis of glioblastoma (GBM,
2021 WHO classification) were included. Cases from January 2020 to August 2022 were
analysed retrospectively, while the prospective cohort included patients from September
2022 to January 2024. Given the nature of this technological aid to surgical resection, the
authors did not consider it ethically acceptable to perform a pure randomisation, and, rather,
opted for a quasi-experimental cohort design, with retrospective analysis and prospective
validation. Inclusion and exclusion criteria are reported in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Diagnosis of glioblastoma Different histological diagnosis

Supratentorial localisation Infratentorial localisation

Neuroradiological dataset including pre-
and post-operative MRI, intraoperative CT Unavailable imaging dataset

Gross/Subtotal surgical excision

Surgical procedure different from
gross/subtotal resection: biopsy, external
ventricular drainage (DVE),
ventriculoperitoneal shunt (DVP)

2.2. Data Acquisition and Volumetric Analysis

Data collection included the following information:

• Age
• Side and anatomical localisation of tumour within the brain
• Size of craniotomy
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• Head position
• Ventricular opening
• Volumetric assessment:

- Pre- and post-operative MRI tumour volume
- Necrosis/tumour ratio (NTR)
- Extent of resection (EOTR)

• Geometrical measurements for analysis of image accuracy:

- Bifrontal ventricular width (referred to as “Evan’s index” in the text)
- Midline shift
- Euclidean distance between anatomical landmarks after rigid image fusion (RIF)

and elastic image fusion (EIF) algorithms.

Craniotomy was measured in the axial plane as the maximum distance between the
external cortical bone edges. Patient positioning was classified as follows based on the
angular tilt of head: 1: 0◦, 2: 30◦, 3: 45◦, 4: 90◦, 5: prone. Tumour location was classified
as follows: group 1: tumours involving frontal lobe, group 2: tumours involving parietal
lobe, group 3: tumours involving temporal lobe, group 4: tumours involving occipital
lobe, group 5: tumours involving insula, group 6: tumours involving central core, group 7:
tumours involving more than one lobe.

Volumes (expressed in cm3) measured on pre-operative MRI included the following:

• “tumour”: enhancing area on T1-weighted gadolinium (Gd)-enhanced sequence
• “necrosis”: non-enhancing region within the tumour on T1-weighted Gd-enhanced MRI

Necrosis/ tumour ratio (NTR) was calculated as proposed by Henker et al. [18].

NTR =
NECROSIS

T1Vol

EOTR was then calculated using the Sanai and Berger [19] method and classified,
according to the evidence-based recommendations proposed by Karschnia et al. [20], as
‘biopsy’, ‘resection’, ‘subtotal resection’, ‘near total resection’, ‘complete resection’, and
‘supramaximal resection”.

Virtual iMRI (VMRI) tumour residual was defined as the area not included in the
resection cavity and refers to the total residual volume detected by the VMRI algorithm,
encompassing both true positives and false positives. Quantitative volumetric measure-
ments of these specific regions of interest (ROIs) were performed using a semi-automated
contouring tool (Elements SmartBrush, Brainlab). All measurements were performed by
the same researcher to rule out inter-observer variability. Additionally, measurements were
double-checked in ten randomly selected cases by a researcher not involved in the original
analysis to validate the results and assess inter-observer variability.

2.3. Intraoperative Multimodal Imaging Protocol

In all cases, an intraoperative multimodal imaging protocol previously described
in [21,22] was applied; this included intraoperative CT (i-CT) (BodyTom; Samsung-
Neurologica, Danvers, MA, USA), 5-Aminolevulinic acid (5-ALA) fluorescence, neuron-
avigation, and Intraoperative Neurophysiological Monitoring (IONM). Neuronavigation
was conducted using a commercially available software (Cranial Navigation, Brainlab AG,
Munich, Germany). The pre-operative dataset uploaded included at least a 3D T1-weighted
gadolinium-enhancing MRI sequence. The first pre-operative post-contrast iCT was ob-
tained after patient positioning to rigidly fuse it with the pre-operative MRI dataset. As
resection was deemed to be complete, a second post-contrast iCT was acquired to estimate
the extent of resection. If further resection proceeded due to evidence of residual tumour
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on iCT, a third post-contrast iCT was performed. At the end of surgical resection, VMRI
was elastically fused to update the estimate extent of resection.

Quantitative evaluation of residual tumour was evaluated on post-operative T1-
weighted gadolinium-enhancing MRI sequences acquired within 48 h.

2.4. Image Fusion Accuracy and Quantitation of the Target Registration Error

The spatial alignment of fused pre-operative and Virtual iMRI (VMRI) was assessed
via Target Registration Error (TRE) measurements, which requires calculating Euclidean
distance between manually defined landmarks [8,23–27]. In our study, the TREs between
pre-operative MRI and iCT (after RIF) and between Virtual iMRI and iCT (after EIF), were
measured as Euclidean distance between paired landmarks (Figure 1). Anterior–posterior
and latero-lateral reference points were considered in our measurements and included the
following anatomical structures:

• Maximum cortical displacement in lateral and cranio-caudal directions;
• Anterior communicating artery at its junction with A1 segment (AComm);
• Basilar apex;
• Midline shift;
• Evan’s index.

 

Figure 1. Identification of corresponding anatomic landmarks used for TRE calculation after RIF and
EIF. (A) Pre-operative MRI with corresponding cortical points. (B) iCT scan image with corresponding
cortical point. (C) Virtual iMRI with corresponding cortical points. (D) Pre-operative MRI with
AComm set as reference point. (E) iCT scan image with corresponding AComm. (F) Virtual iMRI
with corresponding AComm.
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Anterior communicating artery (AComm) and Basilar apex were considered control
structures, while cortical shift, midline shift, and Evan’s index were the test structures
considered as parameters of cortical, parenchymal, and ventricular deformation, respec-
tively. To better quantify the effect of brain shift on ventricular structures, in the statistical
analysis, only the maximum bifrontal width of ventricles based on previous Evan’s index
was considered.

2.5. Qualitative Comparison of iCT, Virtual iMRI, and Post-Operative MRI

Two expert neurosurgeons reviewed six different parameters resulting from EIF using
a side-by-side approach (Figure 2). The observers primarily compared the VMRI images
to the iCT data and, secondarily, VMRI and post-operative MRI. More specifically, factors
analysed in the comparison between i-CT and Virtual iMRI were matching of relevant
anatomical structures, residual tumour on i-CT, and matching of residual tumour on both
images. Similarly, the analysis between VMRI and post-operative MR included matching
of residual tumour, matching of surgical cavity edges, and overall quality of virtual image.

 

Figure 2. Method adopted for assessing the accuracy of Virtual iMRI. (A–C) Pre-operative MRI in
axial, sagittal, and coronal view. (D–F) Post-contrast i-CT scan in axial, sagittal, and coronal view.
(G–I) Virtual iMRI image with axial, sagittal, and coronal view. (J–L) Post-operative MRI in axial,
sagittal, and coronal view. Red arrows indicate residual tumour on Virtual iMRI which is not included
in the resection cavity (grey area).

Accuracy was rated on a scale ranging from 1 to 5: 1, matching < 10 slices in at least
2 projections; 2, matching between 10 and 20 slices in at least 2 projections; 3, matching
between 10 and 20 slices in the 3 projections; 4, matching > 20 slices in the 3 projections;
5, complete matching. Overall quality was rated as 1, low quality; 2, low-medium quality;
3, intermediate; 4, medium-high quality; 5, high quality.
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2.6. Statistical Analysis

Data analysis was conducted using SPSS (version 29.0; IBM). The normality of the
data and the suitability for parametric tests were assessed using the Shapiro–Wilk test.
Descriptive statistics summarised quantitative variables using mean and standard error or
median and interquartile range (IQR) based on their distribution (Table 2).

Table 2. Summarised quantitative variables expressed as mean and standard deviation (SD) or
median and interquartile range (IQR) based on their distribution. Legend: NTR: necrosis/tumour
ratio; EOTR: extent of resection.

VARIABLE
Frequency, Mean (SD), or Median (IQR)

n = 80 Patients

Male 44

Female 36

Mean age (years) 61 years

Median craniotomy size (mm) 70 (21.5)

Head positioning

0◦ 9

30◦ 16

45◦ 17

90◦ 21

Prone 12

Tumour location

Frontal lobe 22

Parietal lobe 10

Temporal lobe 18

Occipital lobe 3

Insula 12

Central core 4

Median tumour volume on pre-operative
Gd-enhanced MRI (cm3) 33.5 (33.9)

Median necrosis volume (cm3) 10 (20.4)

Median NTR (with 0 meaning that tumour
was entirely fleshy and 1 fully necrotic or
colloid)

0.37 (0.44)

Median tumour residual volume on
Virtual iMRI (cm3) 1.88 (7.7)

Median tumour volume on post-operative
Gd-enhanced MRI (cm3) 0 (0.8)

Mean EOTR 97%

Spearman correlation analysis explored relationships among seven phenomena (resid-
ual tumour after EIF, lateral and cranio-caudal cortical shift, midline shift variation, Evan’s
index variation, Basilar apex shift, AComm shift) and three parameters (craniotomy, tu-
mour volume measured on pre-operative T1 gadolinium-enhancing MRI sequences, and
NTR). Correlations were expressed as Spearman rho coefficients and associated p-values.
Correlation strength was categorised according to Critical Values for Spearman’s Rank
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Order Correlation. Differences in the seven phenomena, categorised by ventricular opening,
tumour localisation, and patient positioning, were analysed using either the Mann–Whitney
or Kruskal–Wallis test.

Unadjusted linear regression models evaluated parameters potentially associated
with residual tumour after EIF, with craniotomy, pre-operative T1, gadolinium enhanc-
ing, tumour volume, NTR, ventricular opening, tumour location, and patient positioning
as independent variables. Adjusted linear regression analysis was applied for variables
exhibiting significant associations in unadjusted models. β coefficients along with their
standard error (SE) quantified the strength and direction of associations, and the coeffi-
cient of determination (R²) assessed the proportion of variance explained by independent
variables. Comparison of lateral and cranio-caudal shift, anterior communicating artery,
Basilar apex, Evan’s index, and midline shift after rigid and elastic fusion, as well as TRE
quantities, was conducted using the Wilcoxon signed-rank test for paired samples. Due to
the exploratory nature of the analyses, aiming to identify potential trends and associations
rather than confirmatory testing, adjustments for multiple comparisons were not applied.
A significance level of 0.05 and, if necessary, a 95% confidence interval, were applied to
all analyses.

3. Results

3.1. Residual Tumour

Residual tumour was detected on post-operative MRI in 26 out of 80 patients (32.5%).
Among these, intraoperative CT (iCT) correctly identified residual tumour in 17 patients
(21.2%) and led to further resection in 12 cases, resulting in complete (4), near-complete (4),
and subtotal (4) resections. In the other five cases, further resection could not be performed
because the lesion was located in eloquent brain areas, or it showed positive responses to
direct electrical stimulation (DES). In the remaining 13 out of 80 cases (16.3%), iCT failed to
detect the residual tumour (false negative). No false positives were observed. Therefore,
iCT showed 56% sensitivity and 100% specificity.

By contrast, VMRI identified residual tumour in 26/80 patients (32.5%), further con-
firmed by post-operative MRI (true positive). Of these, 5 cases were left intentionally due to
DES-positive responses, 8 cases underwent near maximal or subtotal resection, and 13 cases
were not detected in the iCT. However, in the other 27/80 cases (33.8%), VMRI reported
residual tumour that was present neither on iCT nor on post-operative MRI (false positive).
No false negatives were observed. Considering these results, Virtual iMRI demonstrated
100% sensitivity and 50% specificity (Table 3).

Table 3. Confusion matrix reporting the FP: false positive; FN: false negative; TP: true positive; TN:
true negative; PPV: positive predictive value; NPV: negative predictive value of iCT and Virtual iMRI.
These data were utilised to calculate the diagnostic sensitivity and specificity of each imaging tool.

TC Virtual iMRI

FP 0 27

FN 13 0

TP 17 26

TN 50 27

SENSITIVITY 0.56 1

SPECIFICITY 1 0.5

PPV 1 0.49

NPV 0.79 1
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Figures 3 and 4 depict the results of bivariate analyses for all parameters under examination.

Figure 3. Heatmap illustrating the correlations among the quantitative variables under investigation.
The figure presents Spearman correlation coefficients ranging from −1 (depicted in blue) to +1
(depicted in red). Correlations that are statistically significant (p-values < 0.05) are highlighted
in bold.

Figure 4. Heatmap illustrating the differences among the quantitative variables according to tumour
location, patient positioning, and ventricular opening. The figure displays the p-values obtained
through Mann–Whitney or Kruskal–Wallis tests. Statistically significant p-values (<0.05) are high-
lighted in bold.

A moderate positive correlation was observed between VMRI tumour residual and
pre-operative gadolinium-enhanced MRI (rho = 0.642; p < 0.001). The β coefficient
from the simple linear regression suggests that, with each one-unit increase in pre-
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operative gadolinium-enhanced MRI, the VMRI tumour residual is expected to increase by
0.131 units. The R2 value of 0.327 suggests that approximately 32.7% of the variability in
the dependent variable is explained by the independent variable in the model (Figure 5A).
This means that the model accounts for a moderate proportion of the total variability in the
dependent variable. Conversely, craniotomy and NTR showed non-significant correlations
(rho = 0.102, p = 0.370 and rho= 0.047, p = 0.682, respectively). The absence of a linear
relationship is corroborated by the scatter plots depicted in Figure 5B,C.

Figure 5. Factors potentially associated with residual tumour on Virtual iMRI. Scatter plots in Figures
(A–C) show the relationship of Virtual iMRI residual with pre-operative T1 + Gd tumour volume,
craniotomy, and NTR; in Figure (A), the solid line and dashed lines represent the linear regression
line and its confidence intervals, respectively, for the statistically significant relationship between
Virtual iMRI residual and pre-operative T1 + Gd tumour volume. Box plots in Figures (D–F) illustrate
the variations in Virtual iMRI residual based on tumour location, patient positioning, and ventricular
opening; the p-value in Figure (D) is determined by the Kruskal–Wallis test.

Variations in VMRI tumour residual were observable across various tumour locations
(p = 0.023), particularly displaying higher median values within groups 5–7 (Figure 5D).
No significant differences in VMRI residual were observed concerning head position
(p = 0.769) and ventricular opening (p = 0.108) (Figure 5E,F).
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The results from the adjusted linear regression model confirm the association between
pre-operative gadolinium-enhanced MRI and tumour location with Virtual iMRI residual.
More precisely, the VMRI residual increases by 0.120 units for each one-unit increment in
pre-operative gadolinium-enhanced MRI (β = 0.120; SE = 0.020; p < 0.001). Furthermore,
individuals belonging to tumour location groups 5–7 demonstrate higher values compared
to those in other groups (β = 3.710; SE = 1.165; p = 0.002). The R2 increased compared to the
unadjusted model, indicating that approximately 40.5% of the variability in the dependent
variable is explained by the adjusted model.

3.2. Analysis on Accuracy: Quantitation of the Target Registration Error

For descriptive purposes, mean TRE values of paired anatomical landmarks measured
between pre-operative MRI and iCT (after RIF) and between Virtual iMRI and iCT (after
EIF) are summarised in Table 4.

Table 4. Target Registration Error (TRE) values reported between pre-operative MRI and iCT (after
RIF) and between Virtual iMRI and iCT (after EIF) of paired anatomical landmarks. Note that Evan’s
index refers to bifrontal ventricular diameter.

Maximum Minimum Mean ± SD

RIF EIF RIF EIF RIF EIF

Lateral cortical shift 32 22 0 0 12.5 ± 8.9 9.6 ± 6.8

Cranio-caudal cortical shift 30 22 0 0 10.9 ± 7.7 7.8 ± 5.6

Anterior communicating artery 3 5 −5 −4 −0.8 ± 1.6 −0.1 ± 1.4

Basilar apex 2 2 −2 −3 −0.3 ± 0.8 −0.1 ± 0.8

D Midline shift 9 7 −4 −6 1.5 ± 3 1 ± 2.6

D Evan’s index 19 11 −3 −10 4.8 ± 4.5 2.1 ± 3.8

Figure 6 shows the comparison of lateral and cranio-caudal shift, anterior communi-
cating artery, Basilar apex, Evan’s index, and midline shift after rigid and elastic fusion.
Compared to post-RIF evaluation, significantly lower values after EIF were evident for lat-
eral and cranio-caudal shift (p = 0.001 and p < 0.001, respectively), Evan’s index (p < 0.001),
and midline shift (p = 0.008). Conversely, no significant reduction was observed for control
structures (AComm and Basilar apex) after EIF (p = 0.169 and p = 0.218, respectively).

Concerning lateral and cranio-caudal cortical shift, certain correlations and differences
were observed. While lateral cortical shift displayed weak correlations with craniotomy
(rho = 0.282; p = 0.012), cranio-caudal cortical shift demonstrated weak correlations with
both T1-enhanced MRI (rho = 0.222; p = 0.049) and craniotomy (rho = 0.292; p = 0.009). The
lateral cortical shift also varied based on tumour location and positioning (p-values = 0.012),
indicating significant pairwise differences between groups 1 and 5 of tumour location
(p = 0.007) and groups 4 and 5 of positioning (p = 0.029). Comparable findings emerged
when assessing the values after RIF, revealing moderate correlations between craniotomy
and both lateral and cranio-caudal cortical shift, along with significant differences by
tumour location, positioning, and ventricular opening (Figures 3 and 4). Midline shift also
exhibited differences based on tumour location and positioning (p = 0.022 and 0 = 0.006,
respectively; Figure 3). Specifically, significant differences were observed between groups 1
and 5 for location (p = 0.049) and between pairs 1–4 and 2–4 for positioning (p = 0.007 and
p = 0.046, respectively).
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Figure 6. Comparison of lateral (A) and cranio-caudal shift (B), anterior communicating artery (C),
Basilar apex (D), midline shift (E), and Evan’s index (F) after rigid and elastic fusion. Statistical
significance is denoted as ** for p-value < 0.01, and *** for p-value < 0.001, based on the Wilcoxon
signed-rank test for paired samples.

3.3. Qualitative Evaluation

On average, the matching of relevant anatomical structures between VMRI data and
iCT scan resulted in score of 3.5 and approximately 3.3 regarding the matching of residual
tumour. Similarly, the analysis between VMRI and post-operative MRI concerning the
matching of residual tumour and the matching of surgical cavity edges showed a mean
score of 3.2 and 3.3, respectively. Overall, quality image yielded a mean score of 3.4 meaning
that, on average, VMRI accuracy was rated as intermediate. The evaluation performed
in ten randomly selected cases was double-checked by a researcher not involved in the
original analysis, which confirmed the absence of significant inter-observer variability in
the qualitative evaluation of images.

4. Discussion

We described the use of a novel EIF algorithm to detect residual tumour and to update
intraoperative neuronavigation. Unlike RIF algorithms, this tool deforms the preoperative
plan, taking into account several physical forces such as gravity, cerebrospinal-fluid-related
force, and the modelling of the collision of FEM-voxels, both with other soft- or stiff-tissue-
related FEM-Voxels and with the rigid skull [8].
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Compared to the few studies in the literature, ours provides new insights for different
reasons. In previous studies, either iMR [10–12] or the AIRO CT scanner [8,9,13–15]
were used. To the best of our knowledge, this is the first study reporting the results of
intraoperative BodyTom CT images elastically fused using Virtual iMRI.

We have illustrated the diagnostic sensitivity and specificity of these two techniques
(BodyTom i-CT and Virtual iMRI) in visualising residual tumour. As reported above, iCT
showed 56% sensitivity and 100% specificity. Conversely, Virtual iMRI demonstrated
100% sensitivity and 50% specificity. These results suggest that the integration of this
novel algorithm into the intraoperative workflow can offer the possibility of combining
maximal iCT specificity with the higher sensitivity of EIF algorithm. Recently, Mazzucchi
et al. [13] reported a sensitivity of 1 and a specificity of 0.33 of Virtual iMRI in glioblastoma
surgery. However, the heterogeneity of the cohort, with only nine glioblastoma cases, and
the absence of any analysis on the causes of false positives prevent us from comparing
results. Conversely, we analysed the known factors causing brain shift to elucidate potential
explanations for the large number of false positives. The results obtained from the adjusted
linear regression model showed that EIF algorithm tends to report higher “virtual” residual
tumour, which is quantitatively influenced mainly by the pre-operative volume and by
tumour location, with tumour involving insula or infiltrating more than one lobe carrying
the major brain shift effects. These results led us to hypothesise that smaller virtual residual
tumours might be caused by errors occurring in the semi-automatic registration phase,
whereas, in bigger tumours, the algorithm failed to include tumour into the resection cavity
due to the major influence of brain shift. Compared to our study, Nimsky et al. [7] also
documented the role of craniotomy size, resection volume, patient position, and tissue
characteristics on brain shift after RIF using iMRI. As already stated by Hartkens et al. [28],
we agree that the combination of these factors, rather than their isolated contribution,
eventually determines the final result. Further studies with a larger cohort of patients will
be needed to better assess how the interplay between these factors causes the EIF algorithm
to crash.

Considering our results, surgeons should be cautious in planning the further resection
of any eventual “virtual” residual tumour, especially when an increased risk of “false
positive” virtual residual tumour can be suspected (i.e., high pre-operative tumour volume,
insula or multiple lobe infiltration). In such cases, resorting to other intraoperative tools
might settle the doubts between a “false positive” and a “true positive” residual. Several
additional devices might help the surgeon. In 2014, Stummer et al. [29] demonstrated that 5-
ALA fluorescence predicted solid and infiltrating tumour and concluded that fluorescence
appears superior to contrast enhancement on MRI for indicating residual tumour. More
recently, Roder et al. [30], in a nonrandomised prospective controlled trial (PCT), demon-
strated the non-superiority of iMRI compared to 5-ALA, which might be advantageous
economically and timing-wise given the significantly longer operating room times of iMRI.
Intraoperative ultrasound (iUS) has been widely accepted as a real-time image-guided tool
for the excision of intracranial lesions [3,30–32]. Moreover, in 2020, Della Pepa et al. [33]
achieved the best results in terms of the extent of resection through a combination of both
techniques, where the 5-ALA-guided procedure is followed by a final survey with iUS. In
our institutional experience, the multimodal intraoperative imaging protocol based on the
combination of intraoperative Ultrasound (iUS), intraoperative Computed Tomography
(i-CT) integrated with 5-ALA fluorescence, and neuromonitoring-guided resection proved
to safely increase the extent of resection [21,34]. We assume that, while the EIF algorithm
might unveil residual tumour not clearly recognisable on the iCT, its confirmation should
be achieved with the available intraoperative tools, especially in those cases in which a
major influence of brain shift is suspected.
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Regardless of tumour volume and location, the drawing of the resection cavity, as well
as iCT image quality, appeared to be key. In terms of overall image quality, indeed, the
worst results were observed when key anatomical structures (i.e., ventricles) were hardly
distinguishable and the surgical cavity collapsed due to several factors (re-expansion of the
surrounding parenchyma, gravity, etc.). In these cases, indeed, the manual drawing of the
resection cavity might be challenging, and inaccuracies in tumour boundary delineation
result in a “false positive” residual tumour. Autonomous drawing based on generative
artificial intelligence, or a standardised step-by-step drawing protocol will be needed to
address this problem and improve the software’s reliability.

Finally, regarding the analysis of navigation reliability, the registration of accuracy
performed via the landmark-based measurements of the Target Registration Error after
RIF and EIF revealed no significant change in control structures. Conversely, a statistically
significant reduction towards lower TRE values was observed for lateral and cranio-caudal
shift, Evan’s index, and midline shift. Our results are in line with those presented by Riva
et al. [8] and Mazzucchi et al. [10], who reported reduced TRE values after EIF, with no
significant change in TRE measurements for control structures as well. Overall, the elastic
fusion algorithm proved to increase navigation accuracy by reducing the deformation
occurring in both the parenchyma and ventricular system compared to standard rigid
fusion algorithms [35].

Limitations and Future Directions

This work has some limitations. First, the limited amount of data might have weak-
ened the strength of the statistical analysis. Larger studies with the integration of multi-
centre data are needed to provide surgeons with an effective and validated tool to manage a
highly complex phenomenon like brain shift. A great bias is the consequence of measuring
fusion accuracy by determining the TRE, which is dependent on iCT interpretation.

Similarly, as drawing the resection cavity to perform Virtual iMRI is operator-
dependent, the software still lacks a standardised step-by-step drawing protocol, which
may limit its reproducibility. Autonomous drawing based on generative artificial intel-
ligence could, in the future, address this problem. Additionally, the availability of new
CT devices with a software that reduces metal artifacts and noise might increase the iCT
image quality, leading to the easier drawing of surgical cavity and elastic fusion itself.
Nonetheless, such a leap forward is still long to come because, at present, applications in
image interpretation are lagging behind compared to text analysis.

5. Conclusions

This study reports our early experience in the clinical feasibility, safety, and reliability
of a novel EIF algorithm (Virtual iMRI, Brainlab) and proposes a new approach for the
intraoperative evaluation of residual tumour in glioblastoma surgery. It also sheds light on
factors which influence the “virtual” image. The algorithm proved to globally enhance the
spatial image fusion, increasing neuronavigation accuracy.
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Abstract: Background: Congenital craniovertebral junction anomalies (CCVJAs) encompass a diverse
range of conditions characterized by distorted anatomy and significant variation in the pathways of
neurovascular structures. This study aims to assess the safety and feasibility of tailoring posterior
fixation for CCVJAs through intraoperative CT-based navigation. Methods: An in-depth retrospec-
tive analysis was conducted on eight patients diagnosed with CCVJAs (excluding Arnold–Chiari
malformation). These patients underwent posterior fixation/arthrodesis facilitated by intraoperative
CT-based navigation. The analysis included an examination of the fixation strategies, complication
rates, length of stay, post-operative complications, and success of arthrodesis. Additionally, a com-
prehensive literature review was undertaken to contextualize and compare our findings. Results:
Patients undergoing CVJ posterior fixation with intraoperative CT-based navigation exhibited a
flawless record, devoid of complications related to the damage to neurovascular structures, as well as
any instances of screw misposition, pullout, or breakage (0 out of 36 total screws). Furthermore, the
entire cohort demonstrated a 100% arthrodesis rate. None of the patients required treatment with an
occipital plate. Conclusions: The incorporation of intraoperative CT-based navigation proves to be an
invaluable asset in executing CVJ posterior fixation within the context of CCVJAs. This technology
facilitates the customization of posterior constructs, a crucial adaptation required to navigate the
anatomical challenges posed by these anomalies. The secure placement of screws into the occipital
condyles, made possible by navigation, has proven highly effective in achieving CVJ fixation, obvi-
ating the need for an occipital plate. This technological leap represents a significant advancement,
enhancing the safety, precision, and overall outcomes for patients undergoing this surgical procedure,
while concurrently reducing the necessity for more invasive and morbid interventions.

Keywords: craniovertebral junction anomalies; navigation; intraoperative imaging; surgical safety;
surgical accuracy; posterior fixation

1. Introduction

The craniovertebral junction (CVJ) serves as a critical anatomical nexus connecting
the skull and the cervical spine. This biomechanically complex area includes the occipital
condyles (C0), the atlas (C1), the axis (C2), and a network of ligaments crucial for stability,
making it the most dynamic part of the cervical spine [1,2].
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Since the landmark publication by Goel and Laheri in 1994, which introduced contem-
porary surgical approaches to this region, the management of CVJ pathologies has evolved
significantly [3]. Congenital craniovertebral junction anomalies (CCVJAs) encompass a
diverse spectrum of diseases, often characterized by the coexistence of multiple pathologies,
presenting significant challenges due to their intricate anatomy [4,5]. These anomalies alter
normal anatomical landmarks, potentially leading to confusion during surgery and making
the fixation of the region complex and risky for patients [6].

In recent years, technological advancements have transformed the landscape of CCVJA
treatment. One particularly important development has been the integration of neuronavi-
gation systems with intraoperative CT scanning. The combination of these technologies has
significantly improved the precision and reliability of surgical navigation, allowing for the
creation of customized fixation constructs tailored to each patient’s unique anatomy. This
approach enhances safety while minimizing the need for more invasive procedures [7,8].

To evaluate the safety and feasibility of using intraoperative CT-based navigation for
posterior fixation in CCVJAs, we conducted a retrospective analysis of consecutive patients
over a 5-year period at a single institution. In addition, we performed a literature review to
compare and contextualize our findings.

2. Materials and Methods

2.1. Patient Information

For this study, we selected a cohort of 8 complex congenital craniovertebral junction
anomaly (CCVJA) cases treated between 2018 and 2023. The cohort included 7 male patients
and 1 female patient, with a mean age of 54 years (range: 4 to 78 years). Diagnoses for
the 8 cases are detailed in Table 1, based on Menezes classification [9]. The anomalies in
this cohort primarily impacted bone tissue. Surgical intervention was performed due to
spinal cord or brainstem compression, CVJ instability, and symptoms such as neck pain, as
well as neurological deficits including motor weakness, sensory disturbances, and gait or
coordination abnormalities.

Table 1. Summary of 8 patients with craniovertebral junction anomalies.

No. Age(y)/Sex Main Radiologic Findings Instrumentation Choice Complications Follow-Up (mo) Fusion Grade

1 59/F AA, BI C0/C1–C2 (Laminar) + Bilateral cages NA 58 1
2 4/M DA, BA, BI C1–C2–C3 (articular) NA 46 1
3 49/M OO, AAD C1–C2 NA 35 1
4 61/M AA, BI, PB C0/C1–C2 NA 30 1
5 76/M OO C1–C2 fixation + subaxial laminoplasty NA 24 1

6 78/M AA, AAD C0/C1–C2–C3 (pedicular) Dorsal cervicotoracic
hematoma 20 1

7 54/M OO, AAD C1–C2 + Jazz™ Lock system NA 16 1

8 54/M
BA, KF,

Odontoid Fracture
(Type 3 Anderson-D’Alonzo)

C1–C3 (pedicular) NA 12 1

AA indicates atlas assimilation; BI, basilar invagination; PB, platybasia; OO, os odontoideum; AAD, atlantoaxial
dislocation; BA, bifid ventral and dorsal C1 arches; KF, Klippel–Feil syndrome; DA, dens agenesis; NA, not
applicable; C0/C1, occipital condyle/lateral mass fixation; C2, axis; C3, third cervical vertebra.

Arnold–Chiari syndrome was excluded from this series because it is classified as a soft
tissue anomaly and often does not necessitate stabilization treatment [10].

2.2. Pre-Operative Planning

CT scans and MRI were pivotal in understanding the nature of CCVJAs by delineating
anomalous anatomy, identifying potential dislocation of bony structures, and assessing
static spinal cord compression. CT scans allowed for the evaluation of anatomical and
physical constraints that could impede conventional screw placement, enabling strategic
planning for alternative fixation techniques such as C2 laminar screws. Additionally, CT
scans provided valuable information about bone quality [11].
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Occipital plates were not considered during the planning phase. In cases where
occipitocervical stabilization was required, the strategy involved placing screws in C0 or
the hybrid C0/C1 condyle, particularly in cases of atlas assimilation.

Dynamic imaging techniques, including MRI and X-ray, played a crucial role in
instability assessment, deformity reducibility, and dynamic compression during neck
flexion and extension [12]. CT angiography (CTA) or MR angiography (MRA) were
essential for mapping the course of the vertebral arteries (VAs), particularly in patients
with CCVJAs, where an aberrant VA course is common [6].

2.3. Surgical Procedure

Patients were placed in the prone position, and their heads were securely placed
in the Mayfield head clamp following gentle traction and reduction maneuvers. The
intraoperative CT scan (Medtronic O-arm™ Navigation System, Littleton, MA, USA) and
the reference frame for navigation were then prepared.

The incision and exposure of the bony elements were performed according to the
standard procedure. Huang et al. [13] highlighted the increased risk of post-operative
numbness associated with sacrificing the C2 nerve root, while preserving it may lead to
neuralgia. In our practice, ligation and sacrifice of the C2 nerve roots represent the standard
of care.

The entry point for the C1 lateral mass screw was determined based on the preserva-
tion of normal anatomical landmarks and the extent of anatomical distortion. Bicortical
screws were preferred to ensure strong anchorage, while the screw length was carefully
chosen to avoid inadvertent damage to the internal carotid artery [14]. In cases of atlas
assimilation, where the fused C0–C1 vertebrae exhibited hybrid characteristics, the screw
trajectory was carefully monitored to ensure clearance of the aberrant course of the VA
and/or the hypoglossal nerve. A typical C1 lateral mass screw had a diameter of 3.5 to 4.0
mm and a length of approximately 36 mm [15].

C2 screws offered versatile placement options, including the pars, pedicles, or lami-
nae [16]. In cases with minimal anatomical distortion, C2 pedicle screws were preferred,
typically with a diameter of 3.5 mm and lengths ranging from 15 mm to 30 mm [16].
However, when conditions were unfavorable for C2 pedicle screw fixation, alternative
techniques were used, with screws positioned in the pars or laminae. For translaminar
screw fixation, a crossed trajectory through the laminae of C2 was employed [17,18]. When
C2 fixation was not possible or additional stability was required, C3 pedicle or lateral mass
screw fixation was performed.

Arthrodesis presented a significant challenge, due to the limited available bone sur-
faces. Potential bone graft harvesting sites included the posterior iliac crests and the
external diploe of the calvarium [19]. To secure the bone graft onto the posterior elements,
classic wiring techniques such as Gallie or Brooks–Jenkins were used, which could also be
applied to the occiput by drilling holes into the occipital squama [20–22]. Modern solutions
like the Jazz™ Lock system, using sublaminar bands, were also utilized. Another technique
involved intra-articular arthrodesis between the facet joints of C1 or C0/C1 and C2, which
required decorticating the facet joints and filling them with autologous bone chips and/or
synthetic bone substitute. In cases where intra-articular gap widening occurred during
reduction, the atlantoaxial joint jamming technique was applied, involving the placement
of bilateral interbody fusion cages and bone graft material in the intra-articular spaces to
ensure biomechanical stability for fusion [23,24].

2.4. Complication Avoidance and Follow-Up

Thorough evaluation of pre-operative imaging was crucial for assessing the precise
location and abnormal paths of the VAs. The VA is particularly vulnerable to injury during
soft tissue dissection around the C1 posterior arch, the placement of C0/C1 screws in cases
of atlas assimilation, and the insertion of C2 pedicle screws. Although the hypoglossal
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canal is typically described as a supracondylar structure, its trajectory may be altered in
the context of CCVJAs, increasing the risk of injury during screw insertion [6,25,26].

In cases where pre-operative evaluation revealed significant spinal cord compression
or compromise of neural structures, the surgical procedure was performed with intraopera-
tive neurophysiological monitoring, as seen in patients 2 and 7.

Following surgery, patients were immobilized with a rigid cervical collar starting from
the first post-operative day for approximately one month, followed by a rehabilitation
phase during the subsequent month. Clinical follow-up monitored medium- and long-
term complications. Imaging follow-up involved cervical spine CT scans at 1, 3, 6, and
12 months, and then annually. Fusion was evaluated based on the criteria outlined by
Tan et al. [27], focusing on documenting bridging osseous union between the proximal
and distal endpoints. All patients underwent both imaging and clinical follow-up for a
minimum of 12 months.

2.5. Search Strategy and Eligibility

A systematic search was conducted across SCOPUS, Medline (PubMed), Cochrane
Library, and Google Scholar databases to identify all studies providing relevant information
on the use of intraoperative CT scans coupled with navigation in the posterior treatment
of CCVJAs. There were no date limits or language restrictions applied during the search.
Various combinations of key terms such as “craniovertebral junction anomalies”, “posterior
fixation”, and “intraoperative neuronavigation” were used. Additionally, a thorough exam-
ination of the references in all included articles was conducted to identify any additional
eligible studies. The review included all peer-reviewed case series that reported on the
use of intraoperative navigation for the posterior fixation of CCVJAs. Exclusion criteria
were as follows: (1) letters to editors and conference abstracts, (2) studies reporting on
the use of intraoperative navigation for anterior approaches to the CVJ, (3) studies on the
use of intraoperative navigation for posterior fixation of non-malformed vertebrae, and (4)
studies on posterior fixation of CCVJAs without the use of intraoperative neuronavigation.

3. Results

3.1. Surgical Case Series

Intraoperative CT scans with neuronavigation were successfully used for the posterior
fixation of eight cases of CCVJAs. All patients underwent rod and screw fixation, with
specific techniques tailored to each case. C0/C1 fixation was performed in three cases, C1
lateral mass fixation in five cases, C2 pedicle screw fixation in six cases, and C2 translam-
inar screw fixation in one case (patient 1). Additionally, C3 pedicle screw fixation was
performed in two cases (patients 6 and 8), C3 lateral mass fixation in one case (patient
2), and bilateral 5 mm interbody cages were placed in the C1–C2 articular spaces in one
case (patient 1). The Jazz™ Lock system was used in one case (patient 7). Autografts
were used in two cases (patients 4 and 7). In all eight cases, correct screw placement and
malformation reduction were achieved without injury to the vascular or neural structures.
There were no intraoperative or post-operative screw replacements (0 out of 36 screws)
due to mispositioning, pullout, or breakage. The average intraoperative surgical time
was 209 min. In the immediate post-operative period, one case (patient 6) experienced a
dorsal cervicothoracic hematoma on the 14th post-operative day. The average length of
stay following surgery was 12 days. The average intraoperative time and length of stay
were influenced by patient 8, a polytraumatized patient who underwent multiple surgical
interventions in the same session. During the follow-up period, one patient (patient 1)
experienced a mild reduction loss without clinical consequences. Arthrodesis was achieved
in seven out of eight cases, and osteosynthesis in one case (patient 8), with all eight cases
classified as grade I fusions according to Tan et al. [27].
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3.2. Study Identification

After conducting an extensive database search, we identified two relevant studies.
Despite a thorough examination of references, no additional studies were found. One
study was excluded from the review as it did not meet the eligibility criteria; it focused
on assessing the utility of intraoperative neuronavigation for a bony resection through
anterior approaches to the malformed CVJ [28]. The included study, published in 2014,
was a Chinese case series involving 23 patients with CCVJAs, all treated with posterior
fixation using intraoperative CT and neuronavigation [29]. The authors reported an overall
accuracy rate of 98.1%, with only two misplaced screws, and a 100% arthrodesis rate,
without any neurovascular complications. Notably, ten patients underwent occipitocervical
fixation using an occipital plate, either due to C1 hypoplasia or limitations imposed by the
C2 bone structure.

3.3. Illustrative Cases

Case 1 (Figure 1)

Figure 1. Pre-operative sagittal CT scan (A–C). Intra-operative radiographic acquisition (D). Three-
month follow-up CT scan demonstrating correct intra-articular cage positioning (red arrow) and
reduction in the malformation (E,F). 58-month follow-up CT scans demonstrating C0/C1-C2 arthrode-
sis achievement (red arrow) and mild loss of reduction (G,H).

A 59-year-old female with a history of chronic hemicrania and severe neck pain was
presented at our institution. A CT scan revealed basilar invagination with a dysmorphic
dens, along with atlas assimilation. A dynamic MRI confirmed the diagnosis of basilar
invagination and assessed the reducibility of the malformation. During positioning, after a
distraction and reduction in the malformation, an intraoperative radiograph showed a 6 mm
separation between the C0/C1 and C2 facet joints. Our intervention involved decorticating
the C0/C1 and C2 facet joints, followed by placing two bilateral 6 mm cages filled with
calcium triphosphate (PEEK interbody device; Cervios, DepuySynthes, Raynham, MA,
USA). C0/C1 lateral mass-condyle fixation (3.5 × 30 mm) and C2 translaminar fixation
(3.5 × 30 mm) were used as anchorage points. After placing the rods, a synthetic bone
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allograft was applied over the construct. A follow-up CT scan at 58 months showed a mild
loss of correction but confirmed the successful arthrodesis at the affected segment.

Case 2 (Figure 2)

Figure 2. Pre-operative T2-weighted sagittal MRI scan (A). Pre-operative sagittal CT scan (B). Intra-
operative radiographic acquisition (C). Post-operative T2-weighted sagittal MRI scan (D). 46-month
follow-up sagittal CT scan demonstrating correct alignment, reduction in the malformation, and
arthrodesis achievement (red arrows) (E–G).

A 4-year-old male was presented to our emergency department with progressive
tetraparesis. An MRI scan revealed CCVJAs, characterized by basilar invagination along
with dens agenesis. T2-weighted sequences showed the spinal cord hyperintensity and a
syringomyelic cavity extending from the brainstem to C2. Subsequent CT scans confirmed
the MRI findings, highlighting the bifid ventral and dorsal arches of C1, dens agenesis
leading to C1–C2 instability, and severe segmental kyphosis. A partial reduction in the
dislocation was achieved under fluoroscopic guidance by applying a halo vest, which
was maintained for 15 consecutive days with progressively increased traction to enhance
reduction. Posterior fixation and arthrodesis were performed with intraoperative neu-
romonitoring. C1 lateral mass fixation (28 mm length), C2 pedicle fixation (16 mm length),
and C3 lateral mass fixation (8 mm length) were established as anchorage points. Rigorous
reduction maneuvers, facilitated by rod positioning and securing, resulted in good cervical
alignment. A synthetic bone allograft was applied over the surgical site to close the C1
dorsal cleft and promote C1–C3 arthrodesis. A follow-up CT scan at 46 months demon-
strated the successful arthrodesis of the C1–C2–C3 segment, closure of the C1 dorsal cleft,
and maintenance of the reduction achieved intraoperatively. The patient is now able to
walk independently, with a slight tendency toward the internal rotation of the feet and
mild motor weakness in the upper limbs.
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Case 4 (Figure 3)

Figure 3. Pre-operative T2-weighted extension, neutral, and flexion sagittal MRI scans, respectively
(A–C). Pre-operative sagittal CT scan (D). Intra-operative radiographic acquisition (E). 30-month
follow-up sagittal CT scans demonstrating correct alignment, arthrodesis achievement (red arrow),
and correct screw insertion avoiding critical neurovascular structures (red asterisk for vascular
structures and blue asterisk for neural structures) (F,G).

A 61-year-old male was presented to our institution with severe and progressively
worsening neck pain, along with left-sided brachiocrural hemiparesis that varied with
head position. These symptoms developed following two previous head traumas. A
CT scan revealed atlas assimilation, basilar invagination, and platybasia. A subsequent
dynamic MRI confirmed the basilar invagination, showing a dynamic conflict between the
basilar artery/brainstem and the tip of the C2 dens, as well as instability of the left C1–C2
joint. To address these issues, posterior fixation and arthrodesis were performed, using
C0/C1 lateral mass-condyle screws (3.5 × 26 mm) and C2 pedicle screws (3.5 × 30 mm)
as anchorage points. After placing and securing the rods, an autologous bone graft was
harvested from the external diploe of the calvarium. This graft was then secured to the
instrumentation using non-resorbable braided sutures, creating an arthrodesis bed between
the assimilated C1 arch and the C2 lamina. The patient experienced a complete resolution of
symptoms, and a follow-up CT scan at 30 months confirmed the successful CVJ arthrodesis.
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Case 8 (Figure 4)

Figure 4. Pre-operative radiographic acquisition (A). Pre-operative sagittal, coronal, and axial CT
scans, respectively (B–E). Intra-operative radiographic acquisition (F). 12-month follow-up sagittal
CT scans demonstrating osteosynthesis achievement (red arrow) and correct screw alignment in the
C3 peduncles (G–I).

A 45-year-old male with a history of substance abuse (alcohol, cocaine, and psychiatric
drugs) and HCV positivity was brought to our emergency department after being struck by
a bus. The patient displayed no neurological deficits. A cervical spine CT revealed multiple
conditions, including bifid ventral and dorsal arches of C1, Klippel–Feil syndrome at
C2–C3 and C5–C6, a Type 3 Anderson–D’Alonzo odontoid fracture at C2, and a left lateral
mass fracture at C2. Due to the limited size of the C2 pedicles, C1 lateral mass fixation
(3.5 × 34 mm screws) and C3 pedicle fixation (3.5 × 26 mm screws) were selected as
anchorage points. A follow-up CT scan at 12 months demonstrated ongoing osteosynthesis,
evidenced by the formation of bony trabeculae along the previously fractured lines.

4. Discussion

4.1. Background

The CVJ is a complex structure involving bones, joints, ligaments, and neurovascular
components [30]. Congenital anomalies can alter the biomechanics of this region, leading
to instability and biomechanical overload [31,32]. Posterior atlantoaxial fixation (AA) is
essential for managing CVJ conditions, and techniques have evolved over time, although
concerns such as VA injury remain [33,34]. Goel and Harms [5,35–38] introduced techniques
that allow individual screw placement, reducing anatomical limitations and the risk of VA
injury. Various options, including C2 pedicle, pars, and translaminar screws, have been
developed to balance screw anchoring with VA safety [17,39].

In cases of hypoplastic C1 or C1 assimilation, surgeons have historically opted for oc-
cipitocervical fixation, often using an occipital plate. However, this approach is associated
with complications, such as hardware prominence and a high rate of pseudoarthrosis [40],
prompting the exploration of alternatives like occipital condyle (C0) fixation [25,41]. Al-
though these approaches offer increased stiffness and a reduced range of motion, they still
carry risks, particularly in patients with CCVJAs.
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4.2. Advancements

The introduction of intraoperative navigation has significantly improved screw inser-
tion success rates while reducing complications. Intraoperative neuronavigation provides
a three-dimensional virtual map that merges imaging data with real-time intraoperative
visualization. This enhances the surgeon’s ability to plan accurate trajectories, minimize
the risk of iatrogenic injury, and improve overall surgical precision [42–44].

The surgical series presented here highlights the practical applications and advantages
of intraoperative navigation in posterior fixation for CCVJAs. The technology played
a crucial role in guiding surgical decisions, enabling precise trajectory planning, and
contributing to successful outcomes. It was particularly effective in preventing damage to
the VA and hypoglossal nerve during fixation, even in cases where it was preferred over
occipital fixation.

The benefits also extended to C2 and C3 pedicle screw fixation, reducing surgical time,
blood loss, and complication rates. The outcomes of this study align with those reported
by Yu et al., further reinforcing the reliability of intraoperative navigation [29].

4.3. Limitations

Despite the advantages, certain limitations must be acknowledged. These include
the potential for registration errors, image distortion, and system malfunctions. [45–47].
Surgeons must maintain proficiency in interpreting and integrating navigation system
data while exercising sound clinical judgment. Accessibility and cost may also present
challenges in resource-limited settings, requiring the careful evaluation of feasibility and
cost-effectiveness.

The specific limitations of this study include a small patient cohort, the absence of a
control group, and a relatively short follow-up duration for some individuals. However,
the variability within the pathologies demonstrated the value of navigation in adapting to
diverse cases, enabling customized constructs tailored to specific anatomical intricacies.

5. Conclusions

In conclusion, our case series and comprehensive literature review highlight the trans-
formative impact of intraoperative navigation on posterior fixation in CCVJAs, representing
a significant advancement in surgical precision. Despite challenges related to technical
aspects and cost considerations, the advantages of intraoperative navigation are setting
a new standard in CCVJA treatment. This technology enables the customization of pos-
terior constructs, a crucial adaptation for addressing anatomical challenges and reducing
perioperative neurovascular complications.

In our case series, the effective use of navigation for secure screw placement in the
occipital condyles has proven successful in treating CCVJAs, eliminating the need for an
occipital plate. Traditionally, occipitocervical constructs that include an occipital plate
have been associated with lower fusion rates and increased complication risks. These
improvements represent a substantial leap forward, enhancing the safety, precision, and
overall outcomes of surgeries in this field, while reducing the need for more invasive and
burdensome interventions. As intraoperative navigation becomes increasingly integral, it
heralds a new era in the treatment of CCVJAs, offering tailored solutions that address the
unique challenges posed by these anomalies.
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Abstract: Background/Objectives: Postoperative cerebrospinal fluid (CSF) fistulas remain a signif-
icant concern in spinal neurosurgery, particularly following dural closure. The incidence of dural
tears during spinal surgery is estimated between 1.6% and 10%. While direct suturing remains the
gold standard, it has a failure rate of 5–10%. Various materials and techniques have been used to
enhance dural closure. This study aims to assess the effectiveness of non-penetrating titanium clips
(AnastoClip®) for dural closure in intradural spinal lesion surgeries. Methods: A prospective analysis
was conducted on 272 patients who were operated on for intradural spinal lesions from August
2017 to December 2023. Dural closure was performed using non-penetrating titanium clips with
sealant, and, in select cases, autologous grafts. Postoperative care included early mobilization and
routine MRI to assess outcomes. A comparative analysis was performed with a cohort of 81 patients
treated with traditional sutures. Results: Among the 272 patients, postoperative CSF leaks occurred
in 32 cases (11.76%), requiring various management approaches. Thirteen cases required surgical
revision, while others resolved with external lumbar drainage or fluid aspiration. Compared to the
suture group, which had a fistula rate of 23.46%, the titanium clip group had a significantly lower
fistula rate. Logistic regression analysis did not find statistically significant associations between
fistula risk and clinical factors. Conclusions: Non-penetrating titanium clips provide an effective
alternative to sutures for dural closure, reducing CSF leak rates. They preserve dural integrity, reduce
operative time, and avoid imaging artifacts, making them a viable advancement in spinal surgery
with outcomes comparable to, or better than, traditional techniques.

Keywords: AnastoClip; non-penetrating titanium clip; durotomy; dural closure; CSF; dural tears;
spinal intradural tumors surgery; spine surgery

1. Introduction

Avoiding postoperative cerebrospinal fluid fistulas has been a challenge in neuro-
surgery for a long time [1]. Dural opening in spinal surgery may be intentional, as in
intradural procedures, or incidental, as in dural tears, with dural opening occurring in 1.6%
to 10% of cases in other types of spinal surgery [2]. Over time, various methods have been
proposed to obtain a watertight closure including different suture techniques (interrupted
or continuous) [3] and additional sealing materials and grafts such as autologous fat or
muscle [4,5]. Even today, there is no consensus on the most appropriate closure method or
postoperative management approach to minimize the risk of dural opening. Nowadays,
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the primary accepted goal worldwide is to obtain the direct suture whenever possible in
order to reduce the cerebrospinal fluid leakage with minimal risk; however, even with
additional sealants, the use of direct sutures is still associated with a 5% to 10% failure
rate [6].

Over the years, a lot of innovative and alternative methods have been described with
the aim of obtaining a watertight closure that could be performed in a safer, easier, and more
rapid way. Based on the first studies in 2010 and the more recent paper of Kiyoshi Ito in 2017,
we have introduced the use of non-penetrating titanium clips (the AnastoClip® AC Closure
System.LeMaitre Vascular S.R.L. Via Clemente Prudenzio 14/16 20138 Milano (MI), Italy)
at our department for dural closure in both intentional and incidental durotomy [7]. We
collected a series of almost 300 surgical procedures for intradural spinal lesions operated on
with this closure technique. We also gathered a prospective collection of all cases to analyze
the feasibility and the effectiveness of this novel technique in terms of the prevention of
dural fistulas and the reduction of the reintervention rate. To achieve this result, we made
a comparison with a retrospective analysis of a series of patients operated on from 2015
to 2017.

In this paper, we present the surgical technique and the results of both the prospective
collection and the comparative analysis.

2. Materials and Methods

We prospectively analyzed a series of patients operated on at our Neurosurgery
Department from August 2017 to December 2023 for resection of intradural spinal lesions
both intra- and extramedullary. The study includes adult patients who underwent resection
of intradural spinal tumors with an intact dura mater, where dural closure was achieved
using non-penetrating titanium clips. Excluded from the study were patients with a
history of prior surgery for intradural spinal lesions, those who experienced incidental
durotomy requiring suturing, and patients whose postoperative dural defects necessitated
the use of artificial dural patches. All patients underwent the same closure technique
and postoperative cares protocol. In detail, dural closure was achieved by the placement
of non-penetrating titanium clips (AnastoClip®) and sealant; patches (gelatin sponge or
Tachoseal®) or autologous graft (adipose or muscular tissue) were applied in selected cases.
Patients deemed at risk were kept in bed for 24 to 48 h, while the majority were mobilized
the day after surgery. The surgical technique and postoperative cares protocol are shown
in Figure 1 and detailed in Appendix A.

 

Figure 1. Closure technique for intentional durotomy. For the closure of the dura mater, we use
two to three stitches with Prolene 6-0 suture thread and a curved needle: two stitches are placed at
the edges of the dural opening, with one or two additional stitches in the middle, depending on the
size of the opening (A,B). Titanium clips are then applied to secure the dural closure, followed by the
application of a sealant (C,D).

Clinical data such as age, sex, BMI, operative data including the size of dural opening
(dimensionally equivalent to the number of vertebrae), vertebral segment (divided in
cervical, dorsal, lumbar, and sacral), and pathological data such as the histological type
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of tumor were analyzed. Additionally, the number of fistulas and the method of resolu-
tion were evaluated, including reintervention, placement of an external lumbar drainage
(ELD) catheter, reintervention plus ELD, or spontaneous resolution after aspiration of the
collection and compressive medication. For a comparative analysis, a similar population of
patients undergoing dural closure with standard sutures operated on from January 2015 to
December 2017, prior to the introduction of clips, was retrospectively analyzed.

To reduce biases, we did not analyze patients with incidental durotomy repaired with
titanium clips.

The study was approved by our institutional ethics committee (N◦ 31/24).

3. Results

We conducted a comprehensive analysis involving 272 patients, encompassing 120 males
and 152 females, with a mean age of 56 years (range: 11–89). Within this cohort, 234 individuals
presented with extramedullary lesions, 33 with intramedullary lesions, and 5 with com-
bined intra- and extramedullary involvement. Anatomical distribution revealed 57 cervical,
105 thoracic, 108 lumbar, and 2 sacral lesions. Dural exposure ranged from one level in
69 cases, two levels in 160 cases, three levels in 30 cases, to exceeding three levels in 13
cases. Among these patients, 32 cases (11.76%) manifested postoperative cerebrospinal
fluid (CSF) leaks (13 cases with loss of fluid from the wound and 19 cases with subcuta-
neous collection), necessitating careful management. Surgical revision was required in
13 instances, while resolution was achieved in 5 cases through external lumbar drainage
alone, in 4 cases with a combination of surgery and subsequent external lumbar drainage,
and in 10 cases through fluid aspiration coupled with compressive dressing. Notably,
one patient required a blood patch due to the intricacies of dural reconstruction at the
sacral level. A comparison with a cohort of 81 patients subjected to conventional sutured
dural closure revealed that 19 individuals (23.46%) developed cerebrospinal fluid fistulas.
Treatment modalities varied, with six cases undergoing surgical intervention, six receiving
external lumbar drainage, and one requiring both surgical intervention and external lumbar
drainage, while spontaneous resolution was observed in six cases.

Data were described using a number and a percentage if categorical or a mean and a
standard deviation if continuous. The prevalence of a fistula in the sample was described
using a number, a percentage, and a 95% confidence interval. The association with the
presence of a fistula were explored with logistic regression analysis, and the results were
expressed using an OR with 95% confidence interval. A significance threshold was set at
0.05. All analyses were performed with Stata version 18 (StataCorp. 2023. Stata Statistical
Software: Release 18. College Station, TX, USA: StataCorp LLC).

No statistically significant correlation was found between the number of fistulas
and the parameters under examination. However, an increased correlation was observed
between CSF fistula occurrence and large dural openings >3 vertebrae (OR = 2.00), the
lumbosacral segment (OR = 2.31), and tumor histotypes such as schwannoma (OR = 2.00),
filum terminale ependymoma (OR = 2.27), and ependymoma (OR = 2.33) (Table 1).

Table 1. Statistical analysis of the correlation between CSF leak and patient data.

All Fistula No Fistula OR (95% CI) p

n 272 32 240

Sex (M) 120 (44.12%) 13 (40.62%) 107 (44.58%) 0.85 (0.40–1.80) 0.672

BMI 24.8 ± 4.4 24.4 ± 3.1 24.9 ± 4.5

Low 13 (4.78%) 1 (3.12%) 12 (5.00%) 0.56 (0.07–4.61) 0.594
Normal 140 (51.47%) 18 (56.25%) 122 (50.83%) 1
Over 89 (32.72%) 12 (37.50%) 77 (32.08%) 1.06 (0.48–2.31) 0.891
Obese 30 (11.03%) 1 (3.12%) 29 (12.08%) 0.23 (0.03–1.82) 0.165
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Table 1. Cont.

All Fistula No Fistula OR (95% CI) p

Age 55.6 ± 15.6 53.5 ± 15.5 55.9 ± 15.7 0.99 (0.97–1.01) 0.408

N involved vertebrae

1 69 (25.37%) 9 (28.12%) 60 (25.00%) 1
2 160 (58.82%) 17 (53.12%) 143 (59.58%) 0.79 (0.33–1.88) 0.597
3 30 (11.03%) 3 (9.38%) 27 (11.25%) 0.74 (0.19–2.95) 0.671
>3 13 (4.95%) 3 (9.38%) 10 (4.17%) 2.00 (0.46–8.68) 0.355

Spine level

Cervical 57 (20.96%) 5 (15.62%) 52 (21.67%) 1
Thoracic 105 (38.60%) 7 (21.88%) 98 (40.83%) 0.74 (0.22–2.46) 0.626
Lumbar-sacral 110 (40.44%) 20 (62.50%) 90 (37.50%) 2.31 (0.82–6.52) 0.114

Histology

Meningioma 75 (27.57%) 5 (15.62%) 70 (29.17%) 1
Schwannoma 96 (35.29%) 12 (37.50%) 84 (35.00%) 2.00 (0.67–5.95) 0.213
Ependymoma 21 (7.72%) 3 (9.38%) 18 (7.50%) 2.33 (0.51–10.69) 0.275
Ependymoma filum 43 (15.81%) 6 (18.75%) 37 (15.42%) 2.27 (0.65–7.94) 0.199
Others 37 (13.60%) 6 (18.75%) 31 (12.92%) 2.71 (0.77–9.55) 0.121

4. Discussion

Closure of the spinal dura mater following intradural tumor excision surgery poses
a challenge for the surgeon due to the risk of postoperative fistula [1]. This can lead to
various complications including infectious complications ranging from wound infections to
meningitis, intracranial hypotension and hemorrhage, nerve root compression syndromes,
and back pain [8], resulting in increased hospitalization times and costs [9]. The incidence
of a fistula following intradural spinal surgery ranges from 2% to 34% [10]. Various
methods and procedures for dural closure have been developed [11–13]; these may include
direct suture, autologous tissue (muscle or fat), or synthetic artificial materials [3,4,14].
Additionally, reinforcement with Tachoseal® or fibrin glue can be applied [15,16].

Direct suture is the primary goal, which has a failure rate of approximately 17.5% [2].
However, as was highlighted in the systematic review by Choi et al., this failure rate is
significantly reduced to a range of 5.5% to 13.7% through the adjunctive use of various
materials, which decreases the incidence of CSF leak [2].

Over the years, a new dural closure method using non-penetrating metal clips [17],
initially employed in vascular surgery was invented [7]. This method was first applied in
pediatric and then adult spine surgeries [18,19].

Our experience involved 272 patients undergoing spinal surgery for intradural pathol-
ogy where dural reconstruction was performed using the AnastoClip® Closure System
(AnastoClip® Vessel Closure System, LeMaitre Vascular, Inc., Burlington, MA, USA), as is
detailed in Appendix A.

Numerous investigations have examined the efficacy of these clips. Non-penetrating
titanium clips offer a dural closure that exhibits immediate hydrostatic strength like intact
dura, whereas suturing with either material proved notably less resilient. Moreover, the
application of titanium clips demonstrated a more rapid procedure compared to suture
repair [20]. Kiyoshi I. et al. conducted experimental studies comparing the hydrostatic
pressure tolerance between non-penetrating titanium clips and conventional sutures. They
found that the leakage pressure in the non-penetrating titanium clip group was 1.8 times
higher than that in the suture group. Furthermore, the clips did not create holes, and
fluid leakage occurred between them, while in the suture group, leakage occurred at the
suture holes. This led them to conclude that the interrupted placement of non-penetrating
titanium clips allows for dural closure without creating holes, leading to improved initial
leakage pressure and reduced postoperative CSF leakage following spinal surgery [21].
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Furthermore, clips suture for dural repair in a relevant animal model displayed significantly
less extensive acute and chronic inflammation, foreign body reactions, and meningoneural
adhesions compared to suture [22]. Studies evaluating the metallic artifacts caused by the
AnastoClips® in postoperative neuroimaging have concluded that no significant alterations
in evaluation quality occur postoperatively (Figure 2) [23].

 

Figure 2. Titanium non-penetrating clips in the postoperative MRI (arrow). The use of clips does
not compromise the quality of postoperative MRI images and does not show significant artifacts. T1
sagittal and axial plane (A,C). T2 sagittal and axial plane (B,D).

Two significant series are found in the literature, one focused on pediatric cases
and the other on adults. Shane S. et al. presented a case series of 152 pediatric patients
undergoing lumbar durotomy, followed by dural closure using the AnastoClip® non-
penetrating titanium clip closure system. Postoperative CSF leakage occurred in 1.32% of
patients at 11 and 18 days [18]. Timothy J. et al. reported on 58 patients, with a mean age
of 53 years (range: 21–88), treated for spinal intradural tumors with dural closure using
non-penetrating titanium clips. CSF leakage occurred in 13.7% of patients [19].

Our results confirm that the use of clips is both safe and effective in reducing the risk
of CSF fistulas. Their application method is simple, operator-independent, and does not
require a steep learning curve. Compared to traditional suturing, clip appliers require
significantly less space for effective use, enabling a narrower surgical corridor. Clips
can also be applied in closer proximity, minimizing the dead space typically created by
suture threads. Additionally, the use of clips significantly reduces the time needed for
dural closure, by approximately half in single-level dural openings and up to one-third in
multi-level openings.

Our case series did not reveal a statistically significant correlation between postopera-
tive fistula risk and factors such as high BMI, lumbar level, large dural openings, or specific
histotypes. However, when compared to patients whose closures were performed with
sutures, we observed a lower fistula rate: 11.76% with clips versus 23.46% with sutures.
Notably, these results are consistent with findings reported in the adult population (11.76%
vs. 13.70%).

Despite these promising outcomes, one limitation of our study is the high variability
within the sample. Other limitations include the absence of randomization and the exclu-
sion of patients who had previously undergone intradural surgery or those with dural
substance loss requiring the application of dural patches.

5. Conclusions

The prevention of CSF fistulas following spinal surgery remains a significant challenge
in contemporary practice. The use of non-penetrating titanium clips has been extensively
documented in the literature since the early 2000s, with biomechanical studies highlighting
their advantages and limitations. Based on our experience with the largest clinical series
of adult patients, non-penetrating titanium clips are a safe and effective alternative to
sutures, with a fistula rate of 11.76%, aligning with results reported in the literature. They
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reduce operative time, preserve dural integrity, and result in fewer CSF fistulas compared
to traditional suturing techniques, without introducing artifacts in postoperative imaging.
Their adoption could represent a significant advancement in the prevention of CSF fistulas
in spinal surgery, resulting in improved patient recovery.

Author Contributions: Conceptualization, C.D.A. and L.A.; methodology, C.D.A. and L.A.; valida-
tion, C.D.A.; formal analysis, C.D.A. and L.A.; investigation, L.A., G.F., D.C. and M.C.U.; resources,
C.D.A., A.O., M.T. and A.B.; data curation, L.A., G.F. and M.C.U.; writing—original draft preparation,
L.A.; writing—review and editing, L.A. and C.D.A.; supervision, A.O., M.T., A.B., M.F., L.A. and
C.D.A. contributed equally to this study. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Humanitas Clinican and Research Hospital (protocol code 31/24 and 27/11/2024).”

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are included in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Closure technique for intentional durotomy. We use the Prolene 6-0 curved needle suture
thread for suspension of dura mater during dural opening and to affix two to three stiches
for the closure, as is described in previously published papers on the use of titanium clips
(two at the extremities of dural opening and one or two eventual stiches in the middle
depending on the dural opening size) [20,21]. This approach has the advantage that the
needle has the same diameter as the thread. Subsequently, we apply titanium clips for dural
closure using a specialized applicator, as is described in the technical note by P. Marks et al.
and the experimental studies by K. Ito et al., followed by the application of a sealant to
ensure a watertight closure [17,21]. At the end, we ask the anesthetist to perform a Valsalva
maneuver to check eventual tears. Finally, we close the muscular plane with detached
stiches and fascial plane with tight running suture or detached stiches. The subcutaneous
and cutaneous plane is performed with suture and/or staples. Usually, we use subfascial
hematic for draining expect in very small openings.

Postoperative cares protocol. The subfascial drainage is removed the morning after
surgery with partial mobilization for physiological function; the second day after surgery,
the full mobilization is permitted. A postoperative MRI is usually performed 24 to 48 h after
surgery. The hospital discharge is usually 5 to 7 days after surgery without neurological
deficits. In the case of neurological deficits, the patients can be granted some days of
rehabilitation in the neurosurgical ward (less than 7 days) or they can be transferred to
the rehabilitation ward in our hospital or in other medical centers. If during the hospital
stay, the patient develops a CSF collection, we perform, in order, (1) aspiration and com-
pressive medication, (2) the Trendelenburg position, and (3) eventually CSF diversion by
external spinal drainage. Only if all these measures fail, do we perform revision surgery.
Normally, cutaneous stiches were removed 10 to 12 days after surgery. In the case of CSF
collection/fistula occurring after the hospital discharge, we perform the same steps in
an outpatient’s regimen and in the case of persistency the patients are readmitted to the
hospital and a new MRI scan is performed for decision making.
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Abstract: (1) Background: Our team has previously introduced the Single-Step Pedicle Screw System
(SSPSS), which eliminates the need for K-wires, as a safe and effective method for percutaneous mini-
mally invasive spine (MIS) pedicle screw placement. Despite this, there are ongoing concerns about
the reliability and accuracy of screw placement in MIS procedures without traditional tools like
K-wires and Jamshidi needles. To address these concerns, we evaluated the accuracy of the SSPSS
workflow by comparing the planned intraoperative screw trajectories with the final screw positions.
Traditionally, screw placement accuracy has been assessed by grading the final screw position using
postoperative CT scans. (2) Methods: We conducted a retrospective review of patients who under-
went lumbar interbody fusion, using intraoperative 3D navigation for screw placement. The planned
screw trajectories were saved in the navigation system during each procedure, and postoperative
CT scans were used to evaluate the implanted screws. Accuracy was assessed by comparing the
Gertzbein and Robbins classification scores of the planned trajectories and the final screw positions.
Accuracy was defined as a final screw position matching the classification of the planned trajectory.
(3) Results: Out of 206 screws, 196 (95%) were accurately placed, with no recorded complications. (4)
Conclusions: The SSPSS workflow, even without K-wires and other traditional instruments, facilitates
accurate and reliable pedicle screw placement.

Keywords: accuracy; minimally invasive; screw placement; navigation; 3D-NAV; pedicle screw;
SSPSS; MIS; MISS

1. Introduction

With accurate and safe screw placement, short- and long-term complications such as
the penetrance of the spinal canal or adjacent vessels, pseudoarthrosis, adjacent segment
disease, and neural injury or irritation can be avoided [1–3]. Many surgeons have used
intraoperative navigation for screw placement to ensure precision. Navigation provides
remarkable soft-tissue and bone imaging quality that is superior to fluoroscopy [4,5].

Pedicle screw placement has traditionally required pedicle probing instruments such
as Kirschner wires (K-wires) and Jamshidi needles. Some surgeons believe that such
instruments are absolutely necessary for accurate and reproducible placement of pedicle
screws. Our group, however, implemented an advanced spinal fusion technique, known
as the navigated Single-Step Pedicle Screw System (SSPSS), in which the use of K-wires
was eliminated for percutaneous pedicle screw insertion. Instead of a K-wire or Jamshidi
needle, a navigated stylet was incorporated at the tip of the navigated screw inserter which
allowed for docking on the superior articulating facet of the indicated level. This was
followed by screw insertion over the stylet [6].
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The navigated SSPSS workflow tackles many of the challenges associated with con-
ventional pedicle screw placement. Vertebral anatomy varies across patients, and with
navigation, surgeons can meticulously plan a screw trajectory and localize the preferred
region to be instrumented efficiently. Without navigation, surgeons are required to con-
sistently verify anatomy with fluoroscopy which can prolong a procedure. Jamshidi
needles and K-wires are also tedious to work with and can cause nerve damage or vascular
injury [7,8]. With docking, tapping, and screw insertion combined into one seamless proce-
dure with the SSPSS device, the repetitive and laborious process of various instrument use
and fluoroscopic confirmation is eliminated.

In our recently published study, the “totally navigated” SSPSS workflow produced
a 90% grade 0 breach [5,6]. When we assessed the accuracy of implanted screws in our
previously published study, we only assessed anatomical accuracy postoperatively with
CT scans, as much of the existing literature has. We subsequently sought a more detailed
approach to assessment and decided to compare planned intraoperative screw trajectories
with final screw position using the Gertzbein and Robbins classification system [9]. A
comparison between intended pedicle screw placement and final screw position offers
surgeons a better evaluation of how closely their surgical execution matches their planning.
If there are any major deviations between intended and final screw position, surgeons can
study these errors and devise plans to avoid them in the future. Given our previously
reported 90% grade 0 breach, we anticipated a high percentage of screws placed exactly as
intraoperatively planned.

2. Materials and Methods

2.1. Patient Information

This study was a retrospective single-center study focused on consecutive patients
receiving instrumented fusion for lumbar degenerative disc disease. Indications for surgery
included spondylolisthesis with or without neurogenic claudication, foraminal stenosis,
or facet arthropathy with degenerative dynamic instability. Figure 1 shows a sample case.
Patients were included from January 2022 until August 2022. Those included were over
18 years of age and underwent a transforaminal lumbar interbody fusion (TLIF), ante-
rior lumbar interbody fusion (ALIF), or lateral lumbar interbody fusion (LLIF) procedure
with the navigable SSPSS workflow. Patients with previous lumbar spinal surgery, os-
teoporosis, and spine fractures were excluded. Informed consent was obtained from all
included patients.

2.2. Surgical Approach

Following general endotracheal anesthesia set-up and neurophysiologic monitoring
needles, patients were positioned in the prone position. Intraoperative electromyography
(EMG) monitoring was operated by a neurophysiology specialist throughout the procedure
to avoid nerve injury. Excess skin and fat were taped down. The Brainlab (Brainlab AG,
Munich, Germany) reference array was then fixed into the iliac crest using Steinmann pins.
An intraoperative CT scan was performed and registered with navigation software. A
pedicle screw trajectory was subsequently planned and graded with the 3D navigation
system wand and stored for subsequent analysis. The SSPSS device with navigation star
was registered and calibrated after the navigation wand was used to identify the desired
trajectory (Figure 2). A stylet at the tip of the screw insertion device was used to dock on
the aspect of the superior articulating facet of the level to be engaged both ipsilaterally
and contralaterally. With this stylet, the surgeon was able eliminate K-wires and other
risky pedicle-probing instruments from the surgical workflow. With gentle malleting, the
stylet was inserted in the bone, and the screw was fully engaged into the pedicle. Once
the pedicle screw was safely inserted into the pedicle, the device with the stylet attached
was retracted. All screws used were Viper Prime System Screws (DePuy Spine, Raynham,
MA, USA). As cited in our previous study, the navigated SSPSS workflow can be briefly
summarized in the following steps:
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1. A skin incision is marked using navigation guidance.
2. Navigation is manually verified using the Brainlab pointer to identify and palate a

transverse process at a distance from the reference array.
3. The navigated screw with the screw driver is calibrated.
4. After inserting the screw, the screws are test stimulated with an extended electrode

probe. A threshold of 8 mA is used to consider screw repositioning.
5. A final intraoperative CT is completed with the navigation reference in place in case

of further instrument adjustment or decompression.
6. The patient’s wound is generously irrigated and washed after meticulous hemostasis

is performed. Osteo-stimulative bone graft is packed under the rod. Local anesthesia
is used to infiltrate the muscle and the wound is closed [6].

Figure 1. Imaging studies of a patient with degenerative spondylolisthesis who underwent minimally
invasive TLIF and pedicle screw placement using the SPSS. (A) Lateral X-ray demonstrating L4/5
spondylolisthesis. (B) Sagittal MRI illustrating the left L4/5 foramen. (C) Axial MRI of the L4/5 level
shows narrowing of the lumbar spinal canal. (D) Sagittal MRI illustrating the right L4/5 foramen.
(E) Coronal postoperative radiograph after L4/5 minimally invasive TLIF. (F) Sagittal postoperative
radiograph after L4/5 minimally invasive TLIF.

2.3. Analysis

General patient data collected included patient age, sex, and surgical specific outcomes
including fusion technique, levels fused, revisions, and complications. Planned screw
trajectories were compared with final screw placement based on the Gertzbein and Robbins
grading system (Figure 3) [9]. This classification system requires the user to grade the
anatomical placement of a screw ranging from grade A, meaning fully within the pedicle
without any breaches to grade E, demonstrating a breach outside of the pedicle cortex
by more than 6 mm (Figure 4). The complete grading system described by Gertzbein
and Robbins is as follows: Grade A: screw completely within the pedicle, Grade B: screw
breaches the pedicle cortex by less than 2 mm, Grade C: screw breaches pedicle cortex
by less than 4 mm, Grade D: screw breaches pedicle cortex by less than 6 mm, Grade E:
screw breaches pedicle by greater than 6 mm [9]. Breaches can be cranial, lateral, medial,
or caudal (Figure 4). Screw trajectories were measured intraoperatively using Brainlab
software, and images and measurements were stored. Final screw insertion was graded on
postoperative CT scans using the Vue Motion PACS system. Accuracy was defined as a
screw that had the same classification when compared to the intraoperative planned screw
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(Figure 5). Grade discrepancies with breaches between planned and final screw position
were considered misplaced screws. Screw placement was graded by two fellowship-trained
spine surgeons independently and disagreements were resolved by discussion. All other
relevant clinical and operative information were collected from electronic medical records.

Figure 2. (A) SSPSS navigated screw inserter with spheres attached, forming the navigation star.
The navigation star is crucial for navigation registration and intraoperative anatomical localization.
(B) Close-up view of the screw inserter showing the navigated stylet.

Figure 3. Gertzbein and Robbins classification system. (A) 0 mm breach. (B) <2 mm breach. (C) <4 mm
breach. (D) <6 mm breach. (E) >6 mm breach.
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Figure 4. Lateral, medial, cranial, and caudal screw breaches demonstrated within the vertebral body.

Figure 5. Percutaneous pedicle screw insertion intraoperative imaging. (A) Grade A screw trajectory
planned at the right L5 with navigation wand. (B) Final pedicle screw inserted within planned Grade
A trajectory at the right L5 pedicle.

3. Results

3.1. Patient and Surgery Characteristics

Between January and August 2022, 47 patients with lumbar interbody fusions were
included in this analysis. Table 1 provides an overview of patient and surgery charac-
teristics. The mean age of the cohort was 64.1 ± 13.3 years. A total of 24 (51.1%) were
male. The mean BMI was 27.6 ± 5.1. Of all patients, 38 (80.9%) underwent a TLIF, and
5 (10.6%) underwent an XLIF, while the remaining 4 patients received an ALIF (2, 4.3%)
and a PLIF (2, 4.3%). A total of 38 patients (80.9%) were fused at one level, 7 (14.9%) at
two levels, and 2 (4.3%) at three levels. Spinal stenosis was the most prevalent diagnosis,
affecting 34% of patients, followed by lumbar radiculopathy (23.4%) and spondylolisthesis
(19.1%). Intraoperative blood loss was typically low, with 27.7% of patients losing less
than 50 mL and 48.9% losing between 50 and 150 mL. The median duration of surgery was
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182 min (IQR: 144–225), and the median hospital stay was 48 h (IQR: 24–108). There were
no intraoperative or immediate postoperative reported complications in this cohort.

Table 1. Patient and surgery characteristics.

Characteristic Frequency (n = 47)

Age (years) 64.1 ± 13.3

Sex

Male 24 (51.1%)

Female 23 (49.9%)

BMI (kg/m2) 27.6 ± 5.1

Fusion technique

ALIF 2 (4.3%)

PLIF 2 (4.3%)

TLIF 38 (80.9%)

XLIF 5 (10.6%)

Number of levels fused

1 38 (80.9%)

2 7 (14.9%)

3 2 (4.3%)

Primary Diagnosis

Spinal stenosis 16 (34)

Lumbar radiculopathy 11 (23.4)

Spondylolisthesis 9 (19.1)

DDD 6 (12.8)

Others 5 (10.6)

Revision during follow-up 2 (4.3%)

Adjacent segment disease 2

Blood Loss (n, %)

<50 mL 13 (27.7)

50–150 mL 23 (48.9)

>150 mL 11 (23.4)

Duration of surgery (minutes), median (IQR) 182 (144–225)

Length of hospital stay (hours), median (IQR) 48 (24–108)
DDD, degenerative disc disease; Others (revision, revision and extension, spondylosis, closed unstable burst fracture).

3.2. Screw Placement and Accuracy

Table 2 provides an overview of the number of screws per vertebral body. All levels
operated received bilateral screws. In total, 206 screws were placed with 103 on both the
right and left side. Most screws were placed at L5 (84 screws) followed by L4 (68 screws). A
total of 2 screws were placed at L1, 4 at L2, 20 at L3, and 28 at S1. In total, 10 screws (4.9%)
placed were classified as breaches. These screws were placed at L4 on the left side (four
screws), L4 on the right side (two screws), L5 on the left side (three screws), and S1 on the
right side (one screw). Table 3 demonstrates how the intended placement of these screws
deviated from their final location according to the Gertzbein and Robbins classification.
Eight screws were planned as “A” but were placed as a “B”. One screw was perioperatively
planned as “A” and was placed as a “C”. Finally, one screw was planned as a “B” and was
placed as an “A”. In total, 196/206 (95%) screws were placed accurately.
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Table 2. Number of screws inserted per vertebral levels.

Vertebral Body
Screw Position

Total
Right Left

L1 1 1 2

L2 2 2 4

L3 10 10 20

L4 34 (2) * 34 (4) * 68

L5 42 42 (3) * 84

S1 14 (1) * 14 28

Total 103 103 206
* Number of screws that changed from the planned position.

Table 3. Comparison between intraoperatively planned screws and final screw position using the
Gertzbein and Robbins classification system.

Inserted Screws

Planned

A B C Total

A 195 8 1 204

B 1 1 0 2

C 0 0 0 0

Total 196 9 1 206

4. Discussion

We sought to assess the accuracy of the SSPSS workflow for screw placement in the
lumbar spine based on comparisons between intended/planned screw placement and the
final location of the screw following placement. Previous studies have focused primarily
on the anatomical accuracy of screw placement and screw breach evasion using only
postoperative imaging. With the use of a navigation system, we were able to store our
intraoperatively planned screw trajectories and compare these trajectories to CT imaging of
the implanted screw. A total of 95% of pedicle screws inserted were inserted as “A”. Some
screws intraoperatively planned as “grade B” were inserted as “grade A”. Such placement
would not be defined as accurate with our definition. However, these screws were still
implanted completely within the pedicle.

The impetus for our described SSPSS workflow was eliminating tedious traditional
MIS methods and instrumentation such as K-wires. The use of K-wires carries risk. They
can bend, causing difficulty with the passage of cannulated instruments over them. They
can also penetrate the vertebral body, usually in osteoporotic patients, causing vascular
or visceral injury or migrating into the spinal canal and causing infection. These compli-
cations can increase patient morbidity, operative time, radiation exposure, and surgeon
frustration [10–12]. The navigated SSPSS workflow also addresses variations in patient
anatomy that make screw placement difficult. With preoperative planning, surgeons can
study patient anatomy in high detail and choose the best screws and implants for each
patient. Intraoperatively, surgeons can also observe patient anatomy in real time. This
starkly contrasts with repetitive fluoroscopy shots for anatomical understanding and lo-
calization. Spine surgeons can be actively engaged throughout the procedure without
interruption with real-time navigation. Repetitive cannulation in multiple steps is also
required for conventional screw placement. The literature has shown that the traditional,
non-navigated method for the placement of pedicle screws is more likely to require intra-
operative correction when compared to navigated screws. With intraoperative CT, poorly
placed screws can be identified and re-positioned before the conclusion of the operation.
This diminishes the need for revision surgeries. A human cadaver study confirmed that CT
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improved pedicle screw placement accuracy by up to 87%. [13] A meta-analysis found that
out of 8539 screws placed, the perforation risk for navigation was 6% compared to 15% for
free-hand placement without CT [14]. As the accuracy of screw placement increases with
the assistance of intraoperative CT, the amount of radiation delivered to surgical staff also
decreases [14–16]. With the navigated SSPSS system, pedicle screw placement becomes
seamless. Docking, malleting, and screw insertion become integrated into a continuous
routine, reducing unnecessary mental and physical demands on the surgeon.

No revision surgeries and neurologic or vascular complications were reported in
our first described use of the SSPSS workflow, which led us to conclude that outcomes
of fusions with the technique are favorable and traditional instrumentation like K-wires
are not necessary for safety and accuracy [6]. In this study, we report a high accuracy of
screws placed as planned with the same SSPSS workflow, once again demonstrating no
need for stand-alone K-wires, Jamshidi needles, or other pedicle probing instruments in
fusions for lumbar degenerative disc disease. Additionally, we observed that intraoperative
blood loss was low, with 48.9% losing between 50 and 150 mL, and the mean surgical time
was 182 min. These results demonstrate the efficiency and effectiveness of the SSPSS. The
streamlined nature of this system likely contributed to reduced intraoperative bleeding
and shorter surgical times compared to traditional multi-step systems.

While the SSPSS workflow does incorporate a navigated stylet that does serve some-
what of a similar function to the K-wire, its small size and ease of use make the stylet quite
different and superior. With a navigation system, the surgeon can easily monitor the style
in real time as it is docked and engaged into the patient’s bone. This greatly reduces the risk
of visceral and vascular injury or unintended migration that K-wires pose. The navigation
system we used also undoubtedly accounted for the high accuracy we observed between
intraoperatively planned and postoperative screws. Previous studies have confirmed that
non-navigated screws were more likely to require intraoperative correction than navigated
screws [6].

Miller et al. assessed the accuracy of implanted pedicle screws in the thoracic and
lumbosacral spine based on a planned trajectory [17]. Of 240 screws placed, the mean
angular difference between the planned trajectory and implanted screw was 2.17◦ ± 2.20◦
on axial images and 2.16◦ ± 2.24◦ on sagittal images. These angular differences are small
and are comparable to the high placement accuracy we achieved in our study. Ganguly
et al. also reviewed the difference between 59 planned and postprocedural pedicle screw
locations and observed a small mean difference of 2.8 mm; however, K-wires were used
in this study [18]. To our knowledge, this is the first study to compare intraoperatively
planned screw positions with final placements in evaluating pedicle screw placement
accuracy using the SPSS workflow without K-wires [19–22].

Fujita et al. reconstructed a 3D model from pre-operative CT data using MySpine®

system (accessible via the MySpine web planner). They designed a pre-operative surgical
plan for pedicle screw placement which included screw diameter, length, and direction in
transverse and sagittal angles. Using this model as a guide, pedicle screws were placed. The
authors then compared the 3D models with postoperative CT scans. Of all previous studies
reviewed, this method of screw accuracy assessment is most similar to ours. However,
there are differences. With the use of the Brainlab navigation system, we were able to plan
and place pedicle screws during the operation. Fujita et al. planned pedicle screw insertion
preoperatively. Fujita et al. also compared planned and final screw positions with angular
deviations, while our study used the Gertzbein and Robbins grading system to evaluate
differences. An important similarity between both studies is the patient-specific pedicle
screw planning afforded by both the MySpine (accessible via the MySpine web planner)
and Brainlab systems (Munich, Germany) [23].

A surgical challenge of utilizing SSPSS is the potential for motion changes by surgeons
during pedicle screw insertion to impact the recognition of intraoperative imaging. One
scenario where we often encounter an intraoperative change in screw trajectory, differing
from the preoperative plan, is when there is skiving of the stylet extending out of the SPSS
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due to a steep angle at the SAP/transverse process junction. In such cases, the screw may
deviate laterally and fail to capture the pedicle. To overcome this challenge, we identify a
new starting point that does not match the preplanned trajectory and adjust the trajectory
to maximize pedicle capture. We use a navigated awl-tip tap, which has a sharper tip
and can either follow the initial starting point or establish a new one. If this method is
ineffective, we use the new starting point with the stylet. These adjustments help ensure
accurate screw placement despite the challenges posed by intraoperative motion.

This study is not without its limitations. First, we recognize that the sample size for
our study is small. As we continue to use the SSPSS workflow in lumbar fusions, we will
continue to assess the accuracy of the technique with technological advancements like AR
and robotics in more patients. Second, the single-arm design does not include a comparative
analysis with the conventional free-hand technique. This limits our ability to definitively
conclude that the observed benefits are superior to those achieved with traditional methods.
Future studies should incorporate comparative, randomized controlled trials to provide
a more robust assessment of the efficacy and advantages of the single-step pedicle screw
system over conventional techniques. Third, we only used one method for accuracy
assessment. We believe, however, that our use of the Gertzbein and Robbins grading
system is a valid and reliable method to assess accuracy. However, we acknowledge
the intrinsic differences in screw classification. Specifically, deviation from the initial
plan should consider the entry point, the tip of the screw, and angulation rather than
simply differentiating between GRS A, B, and C screws. While we focused on GRS due
to its clinical significance and widespread acceptance, we recognize that future studies
assessing accuracy should incorporate more precise measurements of screw placement
accuracy. This includes evaluating deviations in the entry point, the tip of the screw, and
angulation. Additionally, considering the ratio of pedicle diameter to screw diameter
is crucial for a comprehensive assessment. Future research comparing intraoperative
trajectory planning and postoperative imaging with the SSPSS workflow should therefore
expand beyond classification systems like GRS and include numerical deviations for a
more precise evaluation of screw placement accuracy.

5. Conclusions

Overall, our study demonstrates a high accuracy of pedicle screw placement when
compared with intraoperatively planned trajectories for lumbar interbody fusions. K-
wires and other traditional pedicle probing instruments are not needed for the accurate
implantation of pedicle screws if the SSPSS workflow is employed.
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Abstract: Background: Flow diversion has significantly improved the management of cerebral
aneurysms. Technological advancements and increased clinical experience over the past decade have
led to better outcomes and fewer complications. This study provides updated results and examines
the factors that influence the success of flow diversion. Methods: We reviewed records of 115 patients
with 121 intracranial aneurysms treated from July 2014 to August 2023. All patients had unruptured
aneurysms in the anterior and posterior circulation. Results: Complete aneurysm occlusion was
achieved in 72.7% of cases, with a complication rate of 9.1%. Significant predictors of complete
occlusion included aneurysm diameter (OR = 0.89, 95% CI 0.82–0.97, p = 0.009) and the presence of
incorporated branches (OR = 0.22, 95% CI 0.08–0.59, p = 0.003). Cox analysis identified neck diameter
(HR = 0.92, 95% CI 0.87–0.98, p = 0.009) and incorporated branch (HR = 0.40, 95% CI 0.24–0.69,
p = 0.001) as significant for occlusion. Multivariable analysis identified aneurysm diameter (OR = 1.21,
95% CI 1.09–1.37, p = 0.001) as significant for safety outcomes. Improved outcomes were observed in
recent treatments, with higher occlusion rates (79.7% vs. 61.7%, p = 0.050) and lower complication
rates (4.1% vs. 14.9%, p = 0.011). Conclusions: Enhanced technical proficiency, better devices, and
refined patient selection have significantly improved the efficacy and safety of flow diversion for
cerebral aneurysms. Identifying significant predictors for treatment success and safety outcomes can
inform clinical practice, aiding in patient selection.

Keywords: flow diversion; cerebral aneurysm; aneurysm occlusion; long-term outcomes; safety outcomes

1. Introduction

Flow diversion stents have revolutionized the treatment of cerebral aneurysms, partic-
ularly those that are difficult to manage with traditional methods [1,2]. These stents redirect
blood flow away from the aneurysm, promoting thrombosis and eventual occlusion. Nu-
merous studies have been conducted on flow diversion, with early research highlighting its
promising outcomes and subsequent studies providing evidence on when flow diversion
is more advantageous [3–6]. Understanding the specific characteristics and outcomes
associated with flow diversion is essential for improving the overall treatment results.
When unfavorable outcomes occur after flow diversion, subsequent treatment options
are significantly limited, often constrained to either deploying additional flow diverters
or performing parent artery occlusion with or without bypass surgery [6,7]. In 2021, we
reported our experience on the use of flow diversion stents for large or giant aneurysms [5],
demonstrating a relatively low complete occlusion rate (57.1%) and a high complication
rate (17.1%) compared to other studies [8–12]. Since then, we have treated a larger patient
population and extended the follow-up period, resulting in a significant accumulation of
data. This study aims to present updated results and analyze the factors contributing to
treatment outcomes after flow diversion. Additionally, with increased experience, we have
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observed improvements in treatment outcomes, including better aneurysm occlusion rates
and reduced complications. By sharing our decade-long experience, we aim to contribute
to the optimization of flow diversion stent protocols and improve treatment efficacy.

2. Methods

This study received approval from the institutional review board (IRB File No. 2021-
01-176-001) of our institution. We conducted a review of the medical records of patients
who underwent flow diversion for intracranial aneurysms at our facility from July 2014
to August 2023. The decision for flow diversion treatment was made based on multidisci-
plinary team discussions involving neurosurgeons and interventional neuroradiologists, as
well as patient preferences. The study population included individuals with unruptured
aneurysms in both the anterior and posterior circulation. Patients who were lost to follow-
up and had less than 12 months of angiographic follow-up before achieving complete
aneurysm occlusion without adverse events were excluded from the analysis, whereas
patients who experienced any type of safety outcome were included in the analysis despite
having less than 12 months of angiographic follow-up. Clinical data such as age, sex,
medical history, and results of platelet reactivity testing were obtained from the medical
records of the patients included in the study. The diameter and neck size of the aneurysms
were assessed using three-dimensional digital subtraction angiography (DSA), with the
maximum value of each dimension recorded. For aneurysms containing luminal thrombi,
the diameter was measured as the outer-to-outer diameter on pre-treatment magnetic
resonance imaging (MRI).

2.1. Interventions and Follow-Up

All patients received premedication with a dual antiplatelet regimen consisting of
either 100 mg aspirin and 75 mg clopidogrel for 5 to 14 days or a loading dose of 300 mg
aspirin and clopidogrel for 1 to 2 days prior to the flow diversion procedure. Platelet
reactivity was assessed using the VerifyNow Assay (Accumetrics Inc., San Diego, CA,
USA). For patients exhibiting clopidogrel hyporesponsiveness (P2Y12 reaction units > 230),
ticlopidine (250 mg) was administered twice daily as an alternative. The dual antiplatelet
therapy continued for 6 months post-procedure, followed by a single antiplatelet agent for
an additional 6 months.

Three types of commercial flow diversion systems were used: the Pipeline Emboliza-
tion Device (Flex and Flex with Shield technology, Medtronic, Irvine, CA, USA), the Derivo
Embolization Device (Acandis GmbH & Co, KG, Pforzheim, Germany), and the Surpass
Flow Diverter (Streamline and Evolve, Stryker Neurovascular, CA, USA). The choice of
device was based on the operator’s preference. Post-procedural MRI was performed
within 5 days of the procedure. Clinical and radiological follow-ups included MRI and/or
CT angiography at 6, 12, 18, and 24 months after the procedure and annually thereafter.
Follow-up assessments were conducted at the discretion of the attending physician.

2.2. Outcome Measures

Complete aneurysm occlusion was defined as the angiographic occlusion of the
target aneurysm at the end of follow-up without significant (>50%) parent artery stenosis,
major adverse events, or the need for additional treatment. Safety outcomes included
hemorrhagic stroke, major ischemic stroke (defined as an increase of ≥4 points on the
National Institutes of Health Stroke Scale), partial or complete stent thrombosis, and all-
cause mortality. Significant enlargement of the target aneurysm and unfavorable functional
outcomes were also assessed. As previously described in our study, significant enlargement
of the target aneurysm was defined as a follow-up aneurysm volume exceeding 125% of
the initial aneurysm volume [7]. The aneurysmal diameter was measured on MRI using the
outer-to-outer diameter. Functional outcomes were assessed at an outpatient clinic, with
unfavorable functional outcomes defined as a modified Rankin Scale score of 3–6 at the
last clinical follow-up. Additionally, we compared the baseline characteristics, treatment
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details, and treatment outcomes between the early group and the recent group, categorized
based on the time of the previous study publication.

2.3. Statistical Analyses

Statistical analyses were performed using SPSS Statistics version 25.0 (IBM Corpo-
ration, Armonk, NY, USA) and R version 3.4.2 (R Foundation for Statistical Computing,
Vienna, Austria). A p value of <0.05 was considered indicative of statistical significance,
with all p values based on two-sided tests. Differences in categorical variables between
groups were analyzed using the chi-square test with continuity correction, while continu-
ous variables were compared using the T-test. To determine associations between clinical
variables and complete aneurysm occlusion, univariate binary logistic regression analysis
was conducted. A multivariate logistic regression model, with a significance level set at 0.20,
was then used to identify independent predictors. Odds ratios (ORs) and 95% confidence
intervals (CIs) were calculated for the identified risk variables. A Cox proportional hazard
analysis was performed to assess time-dependent factors influencing complete aneurysm
occlusion after flow diversion, also with a significance level set at 0.20. Hazards ratios
(HRs) and 95% confidence intervals (CIs) were calculated for the identified risk variables.

3. Results

During the study period, 128 patients with 134 intracranial aneurysms underwent flow
diversion treatment. However, 13 patients with 13 intracranial aneurysms were excluded
for the following reasons: incomplete angiographic follow-up (n = 11) or intracranial artery
dissection without aneurysm formation (n = 2). Consequently, the final analysis included
115 patients with 121 aneurysms.

Table 1 summarizes the clinicoradiological findings of 121 aneurysms; the patients had
a mean age of 59.4 ± 12.9 years and 82 (67.8%) were female. Regarding previous treatments,
the majority had no prior interventions (113 patients, 93.4%), while two patients (1.7%) had
undergone clipping. Additionally, one patient each had distal occlusion and bypass (0.8%)
and multiple stents (0.8%). Coil embolization had been performed in four patients (3.3%).
The majority of aneurysms were located in the anterior circulation (85 patients, 70.2%).
The mean aneurysm diameter was 15.2 ± 7.0 mm, with sizes categorized as <10 mm in
24 patients (19.8%), 10–25 mm in 82 patients (67.8%), and ≥25 mm in 15 patients (12.4%).
The mean neck diameter was 8.9 ± 4.8 mm, and 33 patients (27.3%) had an incorporated
branch preventing aneurysm isolation after flow diversion.

Table 1. Clinicoradiological findings of the total 121 aneurysms.

Age (year) 59.4 ± 12.9

Female 82 (67.8%)

Previous treatment

-No 113 (93.4%)

-Clipping 2 (1.7%)

-Distal occlusion, Bypass 1 (0.8%)

-Multiple stents 1 (0.8%)

-Coil embolization 4 (3.3%)

Anterior circulation 85 (70.2%)

Location

-ICA 75 (62.0%)

-ACA 4 (3.3%)

-MCA 6 (5.0%)
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Table 1. Cont.

-PCA 1 (0.8%)

-BA 6 (5.0%)

-VA 29 (24.0%)

Non-saccular type 76 (62.8%)

Aneurysm diameter (mm) 15.2 ± 7.0

-<10 24 (19.8%)

-10–25 82 (67.8%)

-≥25 15 (12.4%)

Neck diameter (mm) 8.9 ± 4.8

Incorporated branch 33 (27.3%)

Pre-treatment mRS

-0 112 (92.6%)

-1 8 (6.6%)

-2 1 (0.8%)

Pre-treatment DAPT

-On DAPT 4 (3.3%)

-Loading dose 8 (6.6%)

-Scheduled 109 (90.1%)

Pre-treatment DAPT regimen

-Aspirin + Cilostazol 1 (0.8%)

-Aspirin + Clopidogrel 120 (99.2%)

ARU 445.4 ± 67.7

PRU 177.4 ± 69.5

Post-treatment DAPT

-Aspirin + Cilostazol 1 (0.8%)

-Aspirin + Clopidogrel 99 (81.8%)

-Aspirin + Ticlopidine 21 (17.4%)

Device

-Surpass Flow Diverter, Evolve 67 (55.4%)

-Surpass Flow Diverter, Streamline 31 (25.6%)

-Pipeline Embolization Device, Flex 22 (18.2%)

-Derivo Embolization Device 1 (0.8%)

Additional coil 3 (2.5%)

Number of fow diverters used

-1 116 (95.9%)

-2 5 (4.1%)

Balloon angioplasty 40 (33.1%)

Procedure time (min) 91.1 ± 44.9

Angiographic follow-up (month) 26.0 ± 19.0

Clinical follow-up (month) 29.5 ± 22.2
ICA, internal carotid artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral
artery; BA, basilar artery; VA, vertebral artery; mRS, modified Rankin Scale score; DAPT, dual antiplatelet therapy;
ARU, aspirin resistance unit; PRU, plavix resistance unit.
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The devices used were the Surpass Evolve in 67 patients (55.4%), Surpass Streamline
in 31 patients (25.6%), Pipeline Embolization Device in 22 patients (18.2%), and Derivo
Embolization Device in 1 patient (0.8%), with additional coils used in 3 patients (2.5%).
The number of flow diverters used was 1 in 116 patients (95.9%) and 2 in 5 patients (4.1%).
Balloon angioplasty was performed in 40 patients (33.1%), and the mean procedure time
was 91.1 ± 44.9 min. The mean angiographic follow-up was 26.0 ± 19.0 months, and the
mean clinical follow-up was 29.5 ± 22.2 months.

Complete aneurysm occlusion was achieved in 88 patients (72.7%). The mean duration
from flow diversion to aneurysm occlusion was 14.7 ± 15.6 months. Safety outcomes were
noted in 11 patients (9.1%), including hemorrhagic events in 4 patients (3.3%) with 2 cases
of delayed RIPH (1.7%) and 2 cases of delayed rupture with subarachnoid hemorrhage
(SAH) (1.6%). Major infarction occurred in four patients (3.3%), with downstream embolic
infarction in one patient (0.8%) and covered perforator territory infarction in one patient
(0.8%). Stent thrombosis with infarction was observed in two patients (1.7%). Stent
thrombosis without infarction was also noted in two patients (1.7%). There was one case
of sudden death from an unknown cause (0.8%). Unfavorable functional outcomes were
reported in five patients (4.1%); aneurysm enlargement was seen in 14 patients (11.6%).
The treatment outcomes are summarized in Table 2.

Table 2. Clinical outcomes of the study subjects.

Complete aneurysm occlusion * 88 (72.7%)

Safety outcomes 11 (9.1%)

Hemorrhagic stroke 4 (3.3%)

Delayed RIPH 2 (1.7%)

Delayed rupture, SAH 2 (1.6%)

Major ischemic stroke † 4 (3.3%)

Downstream embolic infarction 1 (0.8%)

Covered perforator territory infarction 1 (0.8%)

Stent thrombosis 2 (1.7%)

Stent thrombosis without infarction 2 (1.7%)

Sudden death, unknown cause 1 (0.8%)

Aneurysm enlargement ‡ 14 (11.6%)

Unfavorable functional outcome § 5 (4.1%)
RIPH, remote intraparenchymal hemorrhage; SAH subarachnoid hemorrhage; * Complete aneurysm occlusion
was defined as the angiographic occlusion of the target aneurysm at the end of follow-up, without significant
(>50%) parent artery stenosis, major adverse events, or the need for additional treatment; † Major ischemic stroke
was defined as an increase of ≥4 points in the National Institutes of Health Stroke Scale score; ‡ Aneurysm
enlargement was defined as a follow-up aneurysm volume exceeding 125% of the initial aneurysm volume;
§ Unfavorable functional outcomes defined as a modified Rankin Scale score of 3–6 at the last clinical follow-up.

Table 3 presents the results of the logistic regression analysis for complete aneurysm
occlusion, safety outcomes, and all stroke (hemorrhagic and major ischemic stroke). In
the univariate analysis for aneurysm occlusion, significant factors included non-saccular
type (p = 0.048, OR = 0.49, 95% CI 0.19–0.99), aneurysm diameter (p < 0.001, OR = 0.89,
95% CI 0.83–0.95), neck diameter (p = 0.004, OR = 0.85, 95% CI 0.77–0.94), and incorporated
branch (p = 0.002, OR = 0.25, 95% CI 0.11–0.60). Multivariate analysis showed aneurysm
diameter (p = 0.009, OR = 0.89, 95% CI 0.82–0.97) and incorporated branch (p = 0.003,
OR = 0.22, 95% CI 0.08–0.59) remained significant. For safety outcomes, univariate analysis
identified aneurysm diameter (p < 0.001, OR = 1.20, 95% CI 1.09–1.34) as a significant factor.
Multivariate analysis confirmed aneurysm diameter (p = 0.001, OR = 1.21, 95% CI 1.09–1.37)
as significant. For hemorrhagic and major ischemic stroke, univariate analysis indicated
aneurysm diameter (p = 0.003, OR = 1.18, 95% CI 1.06–1.33) as significant. Multivariate
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analysis validated aneurysm diameter (p = 0.003, OR = 1.18, 95% CI 1.06–1.33) as a signifi-
cant factor. Aneurysm diameter is the most important factor, significantly influencing all
treatment outcomes, including complete aneurysm occlusion, safety outcomes, and hem-
orrhagic and ischemic strokes. Figure 1 shows the percentage of each treatment outcome
based on the aneurysm diameter, highlighting that larger aneurysms have lower complete
aneurysm occlusion rates and higher complication rates.

Table 3. Logistic regression analysis for complete aneurysm occlusion after flow diversion.

Complete Aneurysm Occlusion *

Univariate Analysis Multivariate Analysis

p Value OR 95% CI p Value OR 95% CI

Age 0.311 0.98 0.95–1.01

Male 0.552 0.77 0.34–1.83

Posterior circulation 0.158 0.54 0.23–1.28 0.584 0.71 0.21–2.51

Non-saccular type 0.048 0.44 0.19–0.99 0.663 1.32 0.39–4.74

Aneurysm diameter <0.001 0.89 0.83–0.95 0.009 0.89 0.82–0.97

Neck diameter 0.001 0.85 0.77–0.94 0.415 0.94 0.81–1.08

Incorporated branch 0.002 0.25 0.11–0.60 0.003 0.22 0.08–0.59

Number of flow diverters used 0.52 0.55 0.09–4.30

Safety Outcomes †

Univariate analysis Multivariate analysis

p value OR 95% CI p value OR 95% CI

Age 0.555 1.02 0.97–1.07

Male 0.759 1.22 0.30–4.33

Posterior circulation 0.850 0.88 0.18–3.24

Non-saccular type 0.220 2.18 0.62–8.02

Aneurysm diameter <0.001 1.20 1.09–1.34 0.001 1.21 1.09–1.37

Neck diameter 0.068 1.10 0.99–1.23 0.702 0.98 0.85–1.11

Incorporated branch 0.483 0.57 0.08–2.35

Number of flow diverters used 0.403 2.65 0.13–20.22

Hemorrhagic and Major Ischemic Stroke

Univariate analysis Multivariate analysis

p value OR 95% CI p value OR 95% CI

Age 0.812 1.01 0.95–1.07

Male 0.652 0.68 0.10–3.14

Posterior circulation 0.293 0.32 0.02–1.89

Non-saccular type 0.443 1.76 0.40–7.79

Aneurysm diameter 0.003 1.18 1.06–1.33 0.003 1.18 1.06–1.33

Neck diameter 0.477 1.05 0.90–1.18

Incorporated branch 0.881 0.88 0.12–4.07

Number of flow diverters used 0.251 3.89 0.19–31.23

OR, odds ratio; CI, confidence interval; * Complete aneurysm occlusion was defined as the angiographic occlusion
of the target aneurysm at the end of follow-up, without significant (>50%) parent artery stenosis, major adverse
events, or the need for additional treatment; † Safety outcomes included hemorrhagic stroke, major ischemic
stroke (defined as an increase of ≥4 points on the National Institutes of Health Stroke Scale), partial or complete
stent thrombosis, and all-cause mortality.
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Figure 1. Outcomes of flow diversion treatment stratified by aneurysm diameter.

The results of the Cox proportional hazard analysis are summarized in Table 4
and Figure 2. Univariate analysis identified aneurysm diameter (p = 0.037, HR = 0.97,
95% CI 0.94–1.00), neck diameter (p = 0.006, HR = 0.93, 95% CI 0.88–0.98), and incorpo-
rated branch (p = 0.001, HR = 0.39, 95% CI 0.23–0.66) as significant factors. Multivariate
analysis confirmed that neck diameter (p = 0.009, HR = 0.92, 95% CI 0.87–0.98) and incorpo-
rated branch (p = 0.001, HR = 0.40, 95% CI 0.24–0.69) remained significant predictors for
aneurysm occlusion.

Table 4. Cox proportional hazard analysis for complete aneurysm occlusion after flow diversion.

Univariate Analysis Multivariate Analysis

p Value HR 95% CI p Value HR 95% CI

Age 0.720 1.00 0.98–1.01

Male 0.375 0.81 0.52–1.28

Posterior circulation 0.673 0.90 0.56–1.45

Non-saccular type 0.177 0.73 0.47–1.15

Aneurysm diameter 0.037 0.97 0.94–1.00

Neck diameter 0.006 0.93 0.88–0.98 0.009 0.92 0.87–0.98

Incorporated branch 0.001 0.39 0.23–0.66 0.001 0.40 0.24–0.69

Multiple flow diverters use 0.686 0.79 0.25–2.25

HR, hazards ratio; CI, confidence interval.

Table 5 presents a comparison of baseline characteristics, treatment details, and clinical
outcomes between the early group (n = 47) and the recent group (n = 74). The recent group
had a significantly higher proportion of female patients (79.7% vs. 48.9%, p = 0.001). Non-
saccular aneurysms were more prevalent in the early group (53.2% vs. 27.0%, p = 0.007). The
early group also had larger mean aneurysm diameters (19.3 ± 6.2 mm vs. 12.6 ± 6.3 mm,
p < 0.001) and neck diameters (10.3 ± 5.3 mm vs. 7.9 ± 4.1 mm, p = 0.005). Balloon
angioplasty was performed more often in the early group (46.8% vs. 24.3%, p = 0.018), and
their procedures took longer on average (113.4 ± 52.8 min vs. 77.0 ± 32.2 min, p < 0.001).
The recent group had a higher rate of aneurysm occlusion (79.7% vs. 61.7%, p = 0.050)
and a lower incidence of aneurysm enlargement (2.7% vs. 25.5%, p < 0.001). Additionally,
the early group experienced higher rates of all strokes (14.9% vs. 1.4%, p = 0.011) and
hemorrhagic stroke (8.5% vs. 0%, p = 0.042).
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Figure 2. Cumulative event analysis for aneurysm occlusion stratified by various clinical and
anatomical factors.

Table 5. Comparison of baseline characteristics, treatment details, and treatment outcomes between
early and recent groups.

Total Early Group Recent Group p Value

(n = 121) (n = 47) (n = 74)

Age (year) 59.1 ± 13.0 58.7 ± 14.2 59.3 ± 12.2 0.803

Female 82 (67.8%) 23 (48.9%) 59 (79.7%) 0.001

Anterior circulation 85 (70.2%) 29 (61.7%) 56 (75.7%) 0.151

Location 0.058

-ICA 75 (62.0%) 22 (46.8%) 53 (71.6%)

-ACA 4 (3.3%) 3 (6.4%) 1 (1.4%)

-MCA 6 (5.0%) 4 (8.5%) 2 (2.7%)

-PCA 1 (0.8%) 1 (2.1%) 0 (0.0%)

-BA 6 (5.0%) 2 (4.3%) 4 (5.4%)

-VA 29 (24.0%) 15 (31.9%) 14 (18.9%)

Non-saccular type 45 (37.2%) 25 (53.2%) 20 (27.0%) 0.007
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Table 5. Cont.

Total Early Group Recent Group p Value

Aneurysm diameter (mm) 15.2 ± 7.0 19.3 ± 6.2 12.6 ± 6.3 <0.001

Neck diameter (mm) 8.9 ± 4.8 10.3 ± 5.3 7.9 ± 4.1 0.005

Incorporated branch 33 (27.3%) 17 (36.2%) 16 (21.6%) 0.123

Device <0.001

-Surpass Flow Diverter, Streamline 31 (25.6%) 31 (66.0%) 0 (0.0%)

-Pipeline Embolization Device, Flex 22 (18.2%) 13 (27.7%) 9 (12.2%)

-Surpass Flow Diverter, Evolve 67 (55.4%) 3 (6.4%) 64 (86.5%)

-Derivo Embolization Device 1 (0.8%) 0 (0.0%) 1 (1.4%)

Balloon angioplasty 40 (33.1%) 22 (46.8%) 18 (24.3%) 0.018

Procedure time (min) 91.1 ± 44.9 113.4 ± 52.8 77.0 ± 32.2 <0.001

Complete aneurysm occlusion * 88 (72.7%) 29 (61.7%) 59 (79.7%) 0.050

Aneurysm enlargement † 14 (11.6%) 12 (25.5%) 2 (2.7%) <0.001

Safety outcomes ‡ 11 (9.1%) 8 (17.0%) 3 (4.1%) 0.036

All stroke 8 (6.6%) 7 (14.9%) 1 (1.4%) 0.011

-Hemorrhagic stroke 4 (3.3%) 4 (8.5%) 0 (0.0%) 0.042

-Major ischemic stroke § 4 (3.3%) 3 (6.4%) 1 (1.4%) 0.324

ICA, internal carotid artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral
artery; BA, basilar artery; VA, vertebral artery; * Complete aneurysm occlusion was defined as the angiographic
occlusion of the target aneurysm at the end of follow-up, without significant (>50%) parent artery stenosis,
major adverse events, or the need for additional treatment; † Aneurysm enlargement was defined as a follow-up
aneurysm volume exceeding 125% of the initial aneurysm volume; ‡ Safety outcomes included hemorrhagic
stroke, major ischemic stroke (defined as an increase of ≥4 points on the National Institutes of Health Stroke
Scale), partial or complete stent thrombosis, and all-cause mortality; § Major ischemic stroke was defined as an
increase of ≥4 points in the National Institutes of Health Stroke Scale score.

4. Discussion

Our study provides a detailed analysis of flow diversion treatment outcomes for
intracranial aneurysms, focusing on factors affecting complete aneurysm occlusion and
safety outcomes. The complete aneurysm occlusion rate of 72.7% was consistent with that
observed in previous large cohort studies [8–13]. The safety outcomes, with a complication
rate of 9.1%, reflect the inherent risks associated with the procedure but also highlight
areas for potential improvement in patient management and pre-procedural planning.
Notably, the recent group exhibited a lower complication rate of 4.1%, suggesting that
careful case selection and appropriate procedural techniques can significantly enhance
patient safety. In a meta-analysis encompassing 29 studies and 1654 aneurysms, Brinjikji
et al. reported that subarachnoid hemorrhage from a delayed aneurysm rupture and
ischemic stroke occurred in 4% and 6% of patients, respectively, following flow diversion
treatment [3]. These complications were notably more frequent in patients with large and
giant aneurysms. Another recent meta-analysis indicates that unruptured non-saccular
aneurysms in the posterior or distal anterior circulation can be effectively treated with
flow diversion, despite notable complication rates (15% ischemic events, 8% morbidity).
Larger aneurysms (>10 mm) are associated with higher risks of adverse events [4]. In our
study, the mean aneurysm diameter was 15.2 ± 7.0 mm, with 62.8% being non-saccular
aneurysms and 38% located in the posterior or distal anterior circulation. Given this
composition, our study results are favorable and reaffirm the efficacy of flow diversion for
these complex aneurysms.

Technological advancements in flow diversion devices and increased experience in
high-volume centers have shown that treatment outcomes are significantly influenced by
case selection rather than the stent deployment technique itself [14,15]. From this stand-
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point, case selection is the most critical factor for treatment outcomes and understanding
predictors of favorable outcomes is crucial. Previous studies have identified several pre-
dictors, consistently highlighting aneurysm size, the presence of an incorporated vessel,
and the location of the aneurysm, particularly if it is distal or posterior [3–5,16–18]. In the
present study, logistic regression analysis revealed significant predictors for aneurysm occlu-
sion, including aneurysm diameter and the presence of an incorporated vessel. Aneurysm
diameter was also a significant predictor for safety outcomes and stroke events. The Cox
proportional hazard analysis provided additional insights into the time-dependent factors
influencing aneurysm occlusion. Neck diameter and the presence of an incorporated branch
were significant predictors. These results further emphasize the importance of aneurysm
morphology in determining treatment success.

4.1. Comparison between Early and Recent Treatment Groups

Our comparison between the early and recent treatment groups revealed significant
improvements in outcomes over time, driven by several key factors. As our experience
with flow diversion procedures grew, so did our technical proficiency. This is clearly
demonstrated by the decreased procedure time in the recent group, averaging 77.0 min
compared to 113.4 min in the early group. This reduction in procedure time underscores
the increased efficiency and skill development we achieved with continued practice and
familiarity with the technique. Another major contributor to the improved outcomes
is the advancement in flow diverter devices. The newer devices we adopted over time
offer enhanced deliverability and safety features that have significantly bolstered the
effectiveness of the treatment. These technological advancements have allowed us to
perform the procedures with greater precision and reliability, thereby improving patient
outcomes [14,19]. However, the most significant factor contributing to the better results
in the recent group is our refined patient selection process. Initially, our selection criteria
were broader and our understanding of the factors leading to unfavorable outcomes was
less developed. Over time, insights gained from our earlier studies, which identified
critical factors such as aneurysm diameter, incorporated branches, and parent vessel angle,
allowed us to hone our criteria. This refinement has enabled us to select patients who
are more likely to benefit from flow diversion, thereby enhancing overall outcomes and
minimizing complications.

4.2. Implications for Clinical Practice

The identification of significant predictors for both treatment success and safety out-
comes can inform patient selection criteria, helping clinicians identify those who are most
likely to benefit from flow diversion. Flow diversion is a highly valuable treatment option
for cerebral aneurysms; however, it is not universally applicable to all complex aneurysm
cases. When flow diversion fails, particularly in cases of aneurysm enlargement, delayed
rupture, or clinical deterioration, the subsequent treatment options are limited. These often
include additional flow diverter deployment or parent artery occlusion with or without
bypass surgery. Therefore, it is crucial to consider alternative conventional treatments
when unfavorable outcomes are anticipated with flow diversion [20]. However, despite
careful consideration and meticulous inspection, finding a promising treatment option for
complex aneurysms is difficult and sometimes even impossible. According to the results of
our analysis, large or giant aneurysms with wide necks and incorporated branches present
significant concerns regarding safety outcomes and treatment efficacy after flow diversion.
Although the non-saccular type did not demonstrate statistical significance in the present
study, it could be a potential factor associated with unfavorable outcomes. This type may
enhance the impact of other poor outcome factors, such as large size and incorporated
branches, particularly when they coexist. However, the present study had limitations in
fully elucidating this relationship. When technically feasible, our center has increasingly
opted for surgical treatment options for such aneurysms compared to the early stage of
flow diversion. Since most of these aneurysms are unclippable, surgical options often
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involve parent artery trapping with bypass or hybrid techniques. We plan to address this
topic in a future report.

4.3. Limitations

This study has several limitations. Conducted at a single center, its findings may not
be generalizable to other settings. The retrospective design introduces potential biases due
to incomplete or missing data and limits the ability to establish causality. The follow-up
period, although long, might still miss late complications or recurrences.

5. Conclusions

In conclusion, the combination of increased technical proficiency, advancements in
flow diverter devices, and refined patient selection criteria has led to significant improve-
ments in the success of flow diversion treatments over time. These enhancements have
collectively contributed to better aneurysm occlusion rates and reduced complication rates,
demonstrating the value of experience, technological innovation, and strategic patient
selection in optimizing treatment outcomes.

Author Contributions: T.K.J.: Data curation, Formal analysis, Visualization, Writing—original draft.
J.Y.Y.: Conceptualization, Methodology. K.H.K.: Resources. J.-S.K.: Resources. P.J.: Conceptualization,
Resources, Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
(IRB) of Samsung Medical Center. The IRB file number is SMC 2021-01-176-001, and the approval
date is 8 February 2021.

Informed Consent Statement: A waiver of consent was approved by the institutional review board
(IRB File No. 2021–01-176–001). This study involves no more than minimal risk to the subject and the
waiver will.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to ethical restrictions. The data contain sensitive patient information, and
sharing it publicly could compromise patient confidentiality and violate privacy laws. Therefore, we
can only provide the data to researchers who submit a reasonable request and agree to comply with
the ethical guidelines and privacy regulations applicable to this data.

Conflicts of Interest: The authors declare no competing interests.

References

1. Becske, T.; Kallmes, D.F.; Saatci, I.; McDougall, C.G.; Szikora, I.; Lanzino, G.; Moran, C.J.; Woo, H.H.; Lopes, D.K.; Berez, A.L.; et al.
Pipeline for Uncoilable or Failed Aneurysms: Results from a Multicenter Clinical Trial. Radiology 2013, 267, 858–868. [CrossRef]
[PubMed]

2. Chancellor, B.; Raz, E.; Shapiro, M.; Tanweer, O.; Nossek, E.; Riina, H.A.; Nelson, P.K. Flow Diversion for Intracranial Aneurysm
Treatment: Trials Involving Flow Diverters and Long-Term Outcomes. Neurosurgery 2020, 86, S36–S45. [CrossRef] [PubMed]

3. Brinjikji, W.; Murad, M.H.; Lanzino, G.; Cloft, H.J.; Kallmes, D.F. Endovascular treatment of intracranial aneurysms with flow
diverters: A meta-analysis. Stroke 2013, 44, 442–447. [CrossRef] [PubMed]

4. Cagnazzo, F.; Lefevre, P.H.; Derraz, I.; Dargazanli, C.; Gascou, G.; di Carlo, D.T.; Perrini, P.; Ahmed, R.; Hak, J.F.; Riquelme,
C.; et al. Flow-Diversion Treatment for Unruptured Nonsaccular Intracranial Aneurysms of the Posterior and Distal Anterior
Circulation: A Meta-Analysis. AJNR Am. J. Neuroradiol. 2020, 41, 134–139. [CrossRef] [PubMed]

5. Jee, T.K.; Yeon, J.Y.; Kim, K.H.; Kim, J.S.; Hong, S.C.; Jeon, P. Treatment Outcomes After Single-Device Flow Diversion for Large or
Giant Aneurysms. World Neurosurg. 2021, 153, e36–e45. [CrossRef] [PubMed]

6. Salem, M.M.; Sweid, A.; Kuhn, A.L.; Dmytriw, A.A.; Gomez-Paz, S.; Maragkos, G.A.; Waqas, M.; Parra-Farinas, C.; Salehani,
A.; Adeeb, N.; et al. Repeat Flow Diversion for Cerebral Aneurysms Failing Prior Flow Diversion: Safety and Feasibility From
Multicenter Experience. Stroke 2022, 53, 1178–1189. [CrossRef] [PubMed]

7. Jee, T.K.; Yeon, J.Y.; Kim, K.H.; Kim, J.S.; Jeon, P. Evaluation of the Significance of Persistent Remnant Filling and Enlargement
After Flow Diversion for Intracranial Aneurysms. World Neurosurg. 2024, 184, e144–e153. [CrossRef] [PubMed]

8. Bender, M.T.; Colby, G.P.; Lin, L.M.; Jiang, B.; Westbroek, E.M.; Xu, R.; Campos, J.K.; Huang, J.; Tamargo, R.J.; Coon, A.L.
Predictors of cerebral aneurysm persistence and occlusion after flow diversion: A single-institution series of 445 cases with
angiographic follow-up. J. Neurosurg. 2018, 130, 259–267. [CrossRef] [PubMed]

60



Brain Sci. 2024, 14, 847

9. Oishi, H.; Teranishi, K.; Yatomi, K.; Fujii, T.; Yamamoto, M.; Arai, H. Flow Diverter Therapy Using a Pipeline Embolization Device
for 100 Unruptured Large and Giant Internal Carotid Artery Aneurysms in a Single Center in a Japanese Population. Neurol.
Med.-Chir. 2018, 58, 461–467. [CrossRef] [PubMed]

10. Madaelil, T.P.; Grossberg, J.A.; Howard, B.M.; Cawley, C.M.; Dion, J.; Nogueira, R.G.; Haussen, D.C.; Tong, F.C. Aneurysm
Remnants after Flow Diversion: Clinical and Angiographic Outcomes. AJNR Am. J. Neuroradiol. 2019, 40, 694–698. [CrossRef]

11. Kallmes, D.F.; Brinjikji, W.; Boccardi, E.; Ciceri, E.; Diaz, O.; Tawk, R.; Woo, H.; Jabbour, P.; Albuquerque, F.; Chapot, R.; et al.
Aneurysm Study of Pipeline in an Observational Registry (ASPIRe). Interv. Neurol. 2016, 5, 89–99. [CrossRef]

12. Liu, J.M.; Zhou, Y.; Li, Y.; Li, T.; Leng, B.; Zhang, P.; Liang, G.; Huang, Q.; Yang, P.F.; Shi, H.; et al. Parent Artery Reconstruction
for Large or Giant Cerebral Aneurysms Using the Tubridge Flow Diverter: A Multicenter, Randomized, Controlled Clinical Trial
(PARAT). AJNR Am. J. Neuroradiol. 2018, 39, 807–816. [CrossRef]

13. Martinez-Galdamez, M.; Lamin, S.M.; Lagios, K.G.; Liebig, T.; Ciceri, E.F.; Chapot, R.; Stockx, L.; Chavda, S.; Kabbasch, C.; Farago,
G.; et al. Treatment of intracranial aneurysms using the pipeline flex embolization device with shield technology: Angiographic
and safety outcomes at 1-year follow-up. J. Neurointerv. Surg. 2019, 11, 396–399. [CrossRef]

14. Jee, T.K.; Yeon, J.Y.; Kim, K.H.; Kim, J.S.; Hong, S.C.; Jeon, P. Early clinical experience of using the Surpass Evolve flow diverter in
the treatment of intracranial aneurysms. Neuroradiology 2022, 64, 343–351. [CrossRef]

15. Bonney, P.A.; Connor, M.; Fujii, T.; Singh, P.; Koch, M.J.; Stapleton, C.J.; Mack, W.J.; Walcott, B.P. Failure of Flow Diverter Therapy:
Predictors and Management Strategies. Neurosurgery 2020, 86, S64–S73. [CrossRef] [PubMed]

16. Bae, H.J.; Park, Y.K.; Cho, D.Y.; Choi, J.H.; Kim, B.S.; Shin, Y.S. Predictors of the Effects of Flow Diversion in Very Large and Giant
Aneurysms. AJNR Am. J. Neuroradiol. 2021, 42, 1099–1103. [CrossRef]

17. Rouchaud, A.; Brinjikji, W.; Lanzino, G.; Cloft, H.J.; Kadirvel, R.; Kallmes, D.F. Delayed hemorrhagic complications after flow
diversion for intracranial aneurysms: A literature overview. Neuroradiology 2016, 58, 171–177. [CrossRef] [PubMed]

18. Daou, B.; Atallah, E.; Chalouhi, N.; Starke, R.M.; Oliver, J.; Montano, M.; Jabbour, P.; Rosenwasser, R.H.; Tjoumakaris, S.I.
Aneurysms with persistent filling after failed treatment with the Pipeline embolization device. J. Neurosurg. 2018, 130, 1376–1382.
[CrossRef] [PubMed]

19. Issa, R.; Al-Homedi, Z.; Syed, D.H.; Aziz, W.; Al-Omari, B. Surpass Evolve Flow Diverter for the Treatment of Intracranial
Aneurysm: A Systematic Review. Brain Sci. 2022, 12, 810. [CrossRef] [PubMed]

20. Acerbi, F.; Mazzapicchi, E.; Falco, J.; Vetrano, I.G.; Restelli, F.; Faragò, G.; La Corte, E.; Bonomo, G.; Bersano, A.; Canavero, I.;
et al. The Role of Bypass Surgery for the Management of Complex Intracranial Aneurysms in the Anterior Circulation in the
Flow-Diverter Era: A Single-Center Series. Brain Sci. 2022, 12, 1339. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

61



brain
sciences

Article

The Use of Technology-Based Simulation among Medical
Students as a Global Innovative Solution for Training

Francesco Guerrini 1, Luca Bertolino 2, Adrian Safa 2, Matilde Pittarello 2, Anna Parisi 2,

Ludovica Vittoria Beretta 2, Elena Zambelli 2, Francesca Totis 2, Giovanni Campanaro 2, Lorenzo Pavia 2,

Giannantonio Spena 1, Federico Nicolosi 3 and Franco Servadei 2,4,*

1 Unit of Neurosurgery, Department of Head & Neck Surgery, Fondazione Policlinico IRCCS San Matteo,
27100 Pavia, Italy; frague21@gmail.com (F.G.)

2 Department of Biomedical Sciences, Humanitas University, 20090 Milan, Italy;
luca.bertolino@st.hunimed.eu (L.B.); elena.zambelli@st.hunimed.eu (E.Z.)

3 Department of Medicine and Surgery, University of Milano-Bicocca, 20900 Milan, Italy
4 Department of Neurosurgery, IRCCS Humanitas Research Hospital, Rozzano, 20089 Milan, Italy
* Correspondence: franco.servadei@hunimed.eu

Abstract: Background: Technological advancements have been rapidly integrated within the neuro-
surgical education track since it is a high-risk specialty with little margin for error. Indeed, simulation
and virtual reality during training can improve surgical performance and technical skills. Our
study aims to investigate the impact of neurosurgical technology-based simulation activities on
medical students. Methods and Materials: The “Suturing Mission–The Symposium” was a three-day
event held at Humanitas University. Participants had access to live-streamed conferences held by
worldwide experts in several fields of neurosurgery and practical simulations of dura mater sutures,
microvascular anastomosis, and augmented reality neurosurgical approaches. An anonymous survey
was conducted at the beginning and end of the event. Results: 141 medical students with a mean age
of 21 participated. After the course, 110 participants (77.5%) showed interest in pursuing a surgical
path, with a great prevalence in those who had planned to have a surgical career before the event
(88.7% vs. 41.4%, p < 0.001). Participants were also asked about their comfort levels while handling
surgical instruments, and a good outcome was reached in 72.7% of participants, with a significant
difference between those who had previously attended a suture course (87.8% vs. 66.3%, p = 0.012).
Conclusion: Training sessions on surgical simulators were effective in increasing participants’ interest
in pursuing a surgical path, improving their understanding of postgraduate orientation, and boosting
their confidence with surgical instruments.

Keywords: education; neurosurgery; surgical training; technical skills; simulation

1. Introduction

Nowadays, neurosurgery does not represent a surgical specialty only, but also a
fascinating and technologically growing field that it is often feared by medical students
due to the traditional stereotypes of a technically complex, competitive field, with male
preponderance [1], a high workload, risk of burnout [2], and susceptibility to litigation [3].

A possible, but difficult, solution could be increasing exposure to the neurosurgical
environment before graduation [4–6]. Moreover, educational activities, interest-based
groups, and collaborations are also suggested as a solution to ameliorate the perception
and exposure of medical students to neurosurgery [4].

Technological advancements have been rapidly integrated with the neurosurgical
field since it is a high-risk specialty with little margin for error. Indeed, it has been
demonstrated that simulation and virtual reality during training can not only improve
surgical performance and technical skills but also increase confidence in residents.
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The integration of simulation could be useful in both the training and the perfor-
mance of surgical procedures, allowing a faster learning curve, improving conceptual
understanding of complex anatomy, and enhancing visuospatial skills for the developing
neurosurgeon [5].

An ex vivo simulation study has been proven effective for improving students’ motiva-
tion to pursue a neurosurgical career [6]. However, there is a lack of published experiences
with technology-based new simulation settings to expose medical students to some aspects
of neurosurgery and contribute to shaping their perspectives and career choices. Introduc-
ing technology-based simulations early in medical school could bridge the gap between
theory and practice in neurosurgery. This approach can help students make informed
decisions about their career path, potentially reducing residency dropouts.

For this reason, we have conducted a study aiming to investigate the impact of
neurosurgical technology-based simulation activity on medical students with no restriction
of age or background, with respect to their careers and awareness of personal interests and
manual abilities.

2. Materials and Methods

The “Suturing Mission–The Symposium” was a three-day event held at Humanitas
University, Pieve Emanuele, Milan, Italy from the 11th to the 13th of November 2022, orga-
nized by a nonprofit network called Mission:Brain (https://www.missionbrain.org/about,
accessed on 1 February 2023). Original data regarding students’ participation and survey
results are reported in Supplementary Materials. The funds raised by the tickets required to
participate are entirely devoted to sustaining similar events in other countries with limited
facilities, where Mission:Brain associations are present. The symposium involves a series of
both in-person and virtual conferences, internationally live-streamed, held by worldwide
experts in several fields of neurosurgery and practical hands-on sessions of training on
cadaver-free simulation technologies, developed and furnished via a free unlimited grant
by UpSurgeOn, an Italian company based in Assago, Milan, Italy. Through voluntary
recruitment, we have enrolled medical students from various academic years, from 1st-year
students to 6th-year students. For the practical sessions, participants were all randomly
divided into small groups and had the opportunity to rotate between two different stands
where they could perform and practice dura mater sutures and microvascular anastomosis
with microsuturing instruments (Figure 1). All the students performed the same task in
the same way. In the dura mater suture session, they all had to perform a suture of a
rectangular flap using a simple knot for two sides and a continuous knot for the third one,
using a 4-0 suture thread (Figure 2). In the vessel anastomosis session, they all performed
a side-to-side anastomosis via simple knot using an 8-0 suture thread (Figure 3). Mycro
is the name of the simulator employed in this activity. It is a pocket-sized training kit for
microsurgical techniques, which consists of a box with a high-fidelity representation of
the brain, on which it is possible to integrate a membrane representing the dura mater
(Figure 2) or a high-fidelity reproduction of a vessel (Figure 3). At a third station, they
also had the opportunity to deepen their knowledge of neuroanatomy and neurosurgical
approaches thanks to augmented reality and specific anatomical models developed by
UpSurgeOn that integrate this technology. During each one of the practical sessions, both
the suturing of the dura mater and the microvessel anastomosis, the participants were
always under the guidance of trained staff and neurosurgery residents.

An anonymous survey was conducted at the beginning and the end of the event. It
consisted of 28 questions, both open- and closed-ended. Six sections investigated anagraph-
ical and background data, motivations, and medical and general skills held before and after
the event. Missing data led to student exclusion from the final analysis (Tables 1 and 2).
Demographics and background data regarding the total number of participants, mean
age, year of medical school, orientation, left- or right-handed, and vision problems were
gathered. Data regarding any previous attendance of surgical intervention and suture
courses were collected to assess the medical skills of the participants before the event.
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Participants’ general skills were assessed through a Likert-scale from 1 to 5 (1 = Strongly
Disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, and 5 = Strongly Agree) and concerned
free-time activities sphere. After training on the simulators, participants were asked how
much they agree with different statements, using the same scale from 1 to 5.

 

Figure 1. Microsuturing instruments used: micro-scissor, micro-forceps with teeth, micro-forceps
without teeth, needle-holder, disposable scalpel, fake blood, and fake blood vessel.

 

Figure 2. Simulator set for dura mater.

Statistical analyses were performed using R software v4.0.1. Chi-squared test (or
Fisher’s exact test if applicable) was used to evaluate differences in proportions among
subgroups of interest. Values of p < 0.05 were considered statistically significant. Data are
presented as absolute and relative frequencies if not otherwise specified. A “bad outcome”
reflected a score from 1 to 3, while 4 and 5 points were considered a “good outcome”.
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Figure 3. Simulator set for vessel anastomosis.

Table 1. Questions related to personal information and background information.

QUESTION ANSWERED REQUIRED

PERSONAL INFO

Age Open (numerical)

Nationality Open

STUDIES AND BACKGROUND

University Open

Current year of studies Open (numerical)

High school attended (type) Open

Interest in pursuing a medical career Clinical/surgical

If clinical, does it involve neurosciences? Yes/No

If surgical, which field Open

Dominant hand Left/Right

Visual defects Myopia/Hypermetropia/Astigmatism/None

MOTIVATION

Why have you chosen to take part in
this project? Multiple choice

Table 2. Questions related to the skills possessed by the participants.

QUESTION ANSWERED REQUIRED

MEDICAL SKILLS POSSESSED BEFORE THE EVENT

Seen a surgical operation Yes/No

Attended a suture technique course Yes/No

GENERAL SKILLS POSSESED BEFORE THE EVENT

I know how to play a musical instrument. Likert scale from 1 to 5

I know how to draw or paint Likert scale from 1 to 5

I know how to make a sculpture Likert scale from 1 to 5

I am practical with DIY/gardening Likert scale from 1 to 5

I am practical with needlework Likert scale from 1 to 5

I play videogames Likert scale from 1 to 5

If you play videogames (answer ≥ 3):

Which kind of videogames? Open

Have you ever used kinematic sensors? Yes/No
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Table 2. Cont.

QUESTION ANSWERED REQUIRED

POST SIMULATION ASSESMENT

The event made me realize that I am interested in pursuing a
surgical path. Likert scale from 1 to 5

The event made me realize that I am interested in pursuing a
medical path in the neurosciences. Likert scale from 1 to 5

The event was useful to understand my postgraduate orientation
outside of a surgical path. Likert scale from 1 to 5

The event was useful to understand my postgraduate orientation
in the neurosciences’ field. Likert scale from 1 to 5

I would like to join another simulation event. Likert scale from 1 to 5

I felt comfortable while handling the surgical instruments. Likert scale from 1 to 5

3. Results

One hundred and forty-one medical students were included in the study. The mean
age was 21 years (Table 3). The greater part of them were in their second (39.7%) and third
(27.7%) year of medical school program (Table 3).

Table 3. Demographics and specific characteristic of participants.

Number of Participants 141

Mean Age 21

Year of Medical School

1st 10

2nd 56

3rd 39

4th 22

5th 7

6th 7

Orientation

Surgical 98

Clinical 21

Both 6

Hand
R 127

L 15

Vision

M 53

M/A 22

H 3

NONE 42

M/A/H 1

Surgical Intervention
Yes 79

No 67

Suture Course
Yes 41

No 105

Kinetic Sensors
Yes 19

No 49
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Before the simulation, specialty preferences were investigated among participants,
showing 103 expressing an interest in pursuing a surgical specialty and 29 for a clinical
specialty; a common interest in both surgical and clinical residency was present in 6 cases
(Table 3) (Figures 4 and 5). Around half of all participants showed a self-inclination for
neurosciences, and 54% of them had already assisted in a surgical intervention. (Table 3)
(Figures 6 and 7) Myopia and hypermetropia were present in fifty-three and three cases, re-
spectively. Forty-two students had a normal sight. As far as previous training is concerned,
41 students had already attended a suture technique course (Table 3, Figure 6).

 

Figure 4. Pie charts representing post-simulation assessment of the participants.
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Figure 5. Specialty preference before simulation.

 

Figure 6. Pie charts representing general skills possessed by the participants before the event.
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Figure 7. Median value of grades for each general skill assessed.

After the course, 110 participants (77.5%) showed an interest in pursuing a surgical
path, with a great prevalence in those who had planned to have a surgical career before the
event (87.7% vs. 41.4%, p < 0.001) (Table 4, Figure 4).

Table 4. Data regarding the post-simulation assessment organized by pre-course attitude.

The event made me realize that I am interest in pursuing a surgical path

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Surgical 13 (12.3) 93 (87.8)

<0.001Clinical 17 (58.6) 12 (41.4)

Both 2 (33.3) 4 (66.6)

The event made me realize that I am interest in pursuing a medical path in the neurosciences

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Neuro 26 (32.5) 45 (72.6)
<0.001

No neuro 54 (67.5) 17 (27.4)

The event was useful in understanding my postgraduate orientation outside of a surgical path

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Surgical 72 (67.9) 34 (32.0)

0.259Clinical 16 (53.3) 14 (46.7)

Both 3 (50) 3 (50)

The event was useful in understanding my postgraduate orientation in the neuroscience’s field

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Neuro 34 (47.9) 37 (52.1)
0.004

No neuro 52 (72.2) 20 (27.8)

I would like to join another simulation event

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Sutures 3 (7.3) 38 (92.6)
0.072

No sutures 1 (0.9) 100 (99.0)
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Table 4. Cont.

I felt comfortable while handling the surgical instruments

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Sutures YES 5 (12.2) 36 (87.8)
0.012

Sutures NO 34 (33.7) 67 (66.3)

I felt comfortable while handling the surgical instruments

Precourse Attitude Bad outcome (%) Good outcome (%) p value

Surgical 26 (24.5) 80 (75.5)

0.204Clinical 12 (40.0) 18 (60.0)

Both 1 (16.7) 5 (83.3)

The course reinforced the tendency to follow a medical neurosciences path in students
who were interested in this field at the beginning (Table 4). Equally, it strengthened the
intention to pursue other fields in the remaining participants (72.6% vs. 27.4%, p < 0.001)
(Table 4). Moreover, pre-event students’ disposition influenced the tendency to follow a
general neuroscience pathway (52.1% vs. 27.8%, p = 0.004) (Table 4).

When asked if the course was useful in orientating postgraduate pathways outside a
surgical field, 92 participants (64.3%) gave a negative answer (Table 5, Figure 4). However,
the pre-course specialty orientation of the students did not influence this issue (p = 0.259)
(Table 4).

Table 5. Data regarding the post-simulation assessment.

The event made me realize that I am interested in pursuing a surgical path

Grade Outcome (%) Grade Outcome (%)

1 2 (1.4)

Bad 32 (22.5)2 5 (3.5)

3 25 (17.6)

4 58 (40.8)
Good 110 (77.5)

5 52 (36.6)

The event made me realize that I am interested in pursuing a medical path in neuroscience

Grade Outcome (%) Grade Outcome (%)

1 11 (7.8)

Bad 80 (56.3)2 13 (9.2)

3 56 (39.4)

4 31 (21.8)
Good 62 (43.7)

5 31 (21.8)

The event was useful in understanding my postgraduate orientation outside of a surgical path.

Grade Outcome (%) Grade Outcome (%)

1 19 (13.3)

Bad 92 (64.3)2 23 (16.1)

3 50 (35.0)

4 38 (26.6)
Good 51 (35.7)

5 13 (9.1)
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Table 5. Cont.

the event was useful in understanding my postgraduate orientation in the neuroscience’s field

Grade Outcome (%) Grade Outcome (%)

1 10 (7.0)

Bad 86 (60.1)2 26 (18.2)

3 50 (35.0)

4 37 (25.9)
Good 57 (39.9)

5 20 (14.0)

I would like to join another simulation event

Grade Outcome (%) Grade Outcome (%)

1 0 (0.0)

Bad 4 (2.8)2 0 (0.0)

3 4 (2.8)

4 26 (18.2)
Good 139 (97.2)

5 113 (79.0)

I felt comfortable while handling the surgical instruments

Grade Outcome (%) Grade Outcome (%)

1 1 (0.6)

Bad 39 (27.3)2 10 (7.0)

3 28 (19.6)

4 57 (39.9)
Good 104 (72.7)

5 47 (32.9)

Participants were also asked about their comfort levels while handling surgical in-
struments. A good outcome was reached in 72.7% of participants (Table 5, Figure 4), with
a significant difference between those who had attended a suturing course previously
(87.8% vs. 66.3%, p = 0.012) (Table 4).

Finally, 97.2% of students agreed or strongly agreed to attend another simulation
course (Table 5, Figure 4).

Participants were also asked about their general skills possessed before the event.
Results are reported in Table 6.

Table 6. Data on general skills possessed by the participants before the event.

Musical Instruments

Grade N. of Participants % Median

1 26 18.2

3

2 25 17.5

3 22 15.4

4 41 28.7

5 29 20.3
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Table 6. Cont.

Drawing and Painting

Grade N. of Participants % Median

1 27 18.9

3

2 33 23.1

3 35 24.5

4 35 24.5

5 13 9.1

Sculpture

Grade N. of Participants % Median

1 77 53.8

1

2 30 21.0

3 23 16.1

4 7 4.9

5 6 4.2

Diy/Gardening

Grade N. of Participants % Median

1 35 24.5

3

2 23 16.1

3 39 27.3

4 30 21.0

5 16 11.2

Needlework

Grade N. of Participants % Median

1 34 23.8

2.5

2 38 26.6

3 27 18.9

4 33 23.1

5 11 7.7

Videogames

Grade N. of Participants % Median

1 53 37.1

2

2 23 16.1

3 19 13.3

4 22 15.4

5 26 18.2

4. Discussion

Simulation has always played a central role in human history in order to ameliorate
abilities and reduce errors. We have traces dating back to 500 BC reporting simulation
games to train decision-making and operational strategies and plan military tactics [7].

Simulation has been employed in many different fields, including aviation, the military,
and medicine.

The first successful use of simulation in aviation began in the late 1920s with the
Link Trainer, developed by Edwin Link, which allowed pilots to practice their skills in
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flying “blind” or in instrument training. Standards were implemented in aviation to create
reliability in training and evaluation, making it possible to move to the use of predominately
simulator-based training methods [8].

It is therefore straightforward to understand how, in a highly demanding, high-
risk, technically difficult specialty, such as neurosurgery, the role of simulation plays a
crucial role.

Simulation can be aimed at general neurosurgery as well as at specific neurosurgical
sub-specialties, such as vascular neurosurgery, minimally invasive neurosurgery, brain
tumor resection, pediatric neurosurgery, stereotactic radiosurgery, skull base neurosurgery,
spine surgery, and functional neurosurgery [9].

Simulation techniques vary and span from physical models and visual reality, to
mixed reality [10] and augmented reality. In the past, physical reality models included both
animal and human cadaver models, playing a central role in the training of neurosurgeons
but presenting several limitations such as safety risks, ethical regulations in material
repairability, and failure to properly represent parameters of alive tissues [11].

Virtual reality models create a virtual world reproduced by recreating sounds and
sensory stimuli experienced by the subject, which can be immersive or non-immersive [12].
It can be applied and aimed at multiple purposes in neurosurgery: neuronavigation [13],
as a diagnostic tool [14], in neurosurgical training [15], for pain management [16], in
rehabilitation [17], and in robotic neurosurgery [18]. The challenges of vital reality in
neurosurgery are commonly linked to the technical complexity, applicability, adherence to
real-life scenarios, ethics, and costs [19].

Mixed reality models combine a physical and a virtual component, making it possible
for the user to interact with digital objects starting from real ones.

Augmented reality represents the physical world, and digital inputs are superimposed
on it via a camera [20]. It is less immersive and more accessible than mixed reality, and in
neurosurgery, it plays a crucial role in education, surgical planning, and neuronavigation
and is growing in importance in spinal surgery [21].

Extend reality simulation tools show wide and heterogeneous applicability in neuro-
surgery and present a potential tool to seal the gap in neurosurgical training in low-income
countries [19].

Given the wide variety of techniques and levels of difficulty provided, simulation sys-
tems can be used at various levels of expertise in the training of neurosurgery professionals.
Simulation plays a valuable role in the training of residents [22] and in the planning and
sub-specialization of neurosurgeons [23].

The role of neurosurgery simulation for medical students has previously been shown
to have an educational benefit and impact on student motivation using an ex vivo pig
model [6] or reusable microsurgery kits [24].

In this course, we used a peculiar simulation model, in which dura mater and brain
reproductions are highly accurate and detailed. We think that a simulator with these
attitudes could improve motor acquisition and automate psychomotor skills, in a cheap
and risk-free framework [25].

Our study collects opinions from a large cohort of 141 medical students, with no
limitations on age, previous experiences, or background. Firstly, the course resulted in
being beneficial in helping students orient toward a surgical pathway, above all, in those
who had expressed a surgical attitude at the beginning; nevertheless, when they were
asked if the event reinforced a postgraduate inclination outside a surgical pathway, 64.3%
of participants disagreed with this statement. This data should be read with the fact that
91% of trainees reported increasing confidence in handling surgical instruments, without
a difference based on initial orientation. This is a very important finding, as it translates
with the fact that such an organized course could, with the help of tutors like trainees or
staff neurosurgeons, guide medical students to a postgraduate surgical world. In support
of this, there was generalized enthusiasm, with around 80% of participants reporting
being interested in taking part in future similar events. Obviously, those who had already
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attended a suture course felt more comfortable with surgical instruments, as they started at
a higher level.

This course was centered on neurosciences, and it emerged from the fact that although
only 43.7% of participants agreed or strongly agreed to pursue a postgraduate medical path
in neurosciences, a significant difference was found according to pre-course attitudes. In
fact, it reinforced the intention of those students who were already interested in this field.

These results are not only encouraging but propose our study as a model to introduce
medical students to the surgery and neuroscience worlds. We know that in many medical
schools, neurosurgical teaching is limited (12 h altogether in Italy and many other Euro-
pean countries); in some African countries, neurosurgery is completely out of the medical
teaching curriculum. Hence, how can we increase the number of neurosurgeons in coun-
tries in need if medical students never cross this specialty? [26,27]. The event combined
neuroscience conferences and practical simulations, which proved to be an effective way
to introduce students to both theoretical and practical aspects of neurosurgery. In fact,
early and aware carrier decisions could prove to be beneficial both to students, reinforcing
their intention to follow a career in neurological sciences and to bypass stereotypes gener-
ally associated with surgery, and to neurosurgery residency programs since an early and
more pondered carrier choice could limit the dropout rate from programs. Moreover, this
particular training model, due to its low costs, has proven to be a valid training tool for
young neurosurgery residents in low–middle-income countries to overcome their limited
possibilities [28].

5. Limitations

The main limitations of our study concern the low number of participants and the
lack of an objective tool to study the efficacy of the simulator technologies among medical
students. Other limitations could be the absence of a control group, due to the setting of
our event, and the absence of different staging sessions to better assess the performance
of the participants. Moreover, there are potential cofactors, such as individual interests,
experiences, educational environment, and background, that may influence the results. In
this study we have only evaluated the following: having an interest to pursue a specialty
career in a surgical or clinical field before the event, having a pre-event interest in pursuing
a clinical career concerning the neurosciences, and whether or not they have participated
in a suturing course before the event.

6. Conclusions

Overall, the result of this study shows that the introduction of medical students to the
simulation training under the supervision of residents was effective in increasing students’
interest in pursuing a surgical and neuroscience path, improving their understanding of
postgraduate orientation, and offering an alternative to a significant inclusion in the neu-
rosurgical teaching at medical schools. However, long-term studies should be conducted
to evaluate how these outcomes of interest will change and allow the addition of control
groups to the simulation-trained cohort.
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Abstract: Background: Vestibular schwannoma (VS), also known as acoustic neuroma, is a benign,
well-encapsulated, and slow-growing tumor that originates from Schwann cells, which form the
myelin sheath around the vestibulocochlear nerve (VIII cranial nerve). The surgical treatment of this
condition presents a challenging task for surgeons, as the tumor’s location and size make it difficult
to remove without causing damage to the surrounding structures. In recent years, fluorescein sodium
(FS) has been proposed as a tool to enhance surgical outcomes in VS surgery. This essay will provide
an analytical comparison of the use of FS in VS surgery, evaluating its benefits and limitations and
comparing surgical outcomes with and without FS-assisted surgery. Methods: In a retrospective
study conducted at San Filippo Neri Hospital, we examined VS cases that were operated on between
January 2017 and December 2023. The patients were divided into two groups: group A, which
consisted of patients who underwent surgery without the use of FS until January 2020 (102 cases),
and group B, which included patients who underwent surgery with FS after January 2020 (55 cases).
All operations were performed using the retrosigmoid approach, and tumor size was classified
according to the Koos, et al. classification system. The extent of surgical removal was evaluated
using both the intraoperative surgeon’s opinion and postoperative MRI imaging. Preoperatively
and postoperatively, facial nerve function and hearing were assessed. In group B, FS was used to
assist the surgical procedures, which were performed using a surgical microscope equipped with an
integrated fluorescein filter. Postoperative clinical and MRI controls were performed at six months
and annually, with no patients lost to follow-up. Results: This study investigated the impact of
intraoperative fluorescein exposure on tumor resection and clinical outcomes in patients with VS.
The study found a statistically significant difference in the tumor resection rates between patients
who received fluorescein intraoperatively (p = 0.037). Further analyses using the Koos classification
system revealed a significant effect of fluorescein exposure, particularly in the Koos 3 subgroup
(p = 0.001). Notably, no significant differences were observed in hearing loss or facial nerve function
between the two groups. A Spearman correlation analysis revealed a positive correlation between
tumor size and Koos, age, and size, but no significant correlation was found between facial nerve
function tests. Conclusions: FS-assisted surgery for VS may potentially enhance tumor resection,
allowing for more comprehensive tumor removal.

Keywords: vestibular schwannoma; acoustic neuroma; fluorescein sodium; facial nerve function

1. Introduction

According to the World Health Organization (WHO), schwannomas are classified
as grade I benign tumors, and they typically occur as solitary tumors in approximately
90% of cases. However, in some instances, multiple tumors can develop in the same
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individual, which can lead to syndromic associations such as neurofibromatosis type 2
(NF2), schwannomatosis, and Carney complex [1–3]. Among all nerve sheath tumors,
schwannomas are the most common, with approximately 89% of them originating from
the vestibular nerve. Notably, about 60% of all schwannomas are actually vestibular
schwannomas (VSs) [4].

VS, also known as acoustic neuroma, is a benign, encapsulated, and slow-growing
tumor that originates from Schwann cells, which form the myelin sheath around the
vestibulocochlear nerve (VIII cranial nerve). These tumors account for approximately
8% of all intracranial tumors, and most patients diagnosed are in their fourth and sixth
decades of life. The condition affects both men and women equally [5,6]. A patient’s clinical
presentation may include symptoms such as reduced hearing, tinnitus, and imbalance, as
well as facial nerve palsy, which is rare and may occur later in the course of the disease [7].

The treatment for VS involves a personalized approach, with the ultimate goal of
addressing the unique needs and circumstances of each patient [8]. For small, asymptomatic
schwannomas, a conservative approach involving observation with serial imaging and
surgery only when the tumor shows growth may be the most appropriate option [9].
Conversely, surgery may be considered if the lesion is growing or causing symptoms. The
decision on the treatment strategy depends on several factors, including the patient’s age,
health history, hearing status, tumor size, and presence of NF2 [8].

Fluorescein sodium (FS) is a fluorescent dye that has been employed in various medical
procedures, including ophthalmology, neurosurgery, and cardiology [10,11]. In VS surgery,
FS is administered intravenously before surgery and accumulates in the tumor’s blood
vessels. Under a specialized microscope filter (yellow 560), the tumor’s blood vessels glow,
allowing the surgeon to differentiate between the tumor and surrounding structures and
remove the tumor with greater precision [12].

Although there is a lack of research on the effects of FS in VS resection surgery, this
study provides an opportunity to investigate this research gap. The primary objective
of this study was to compare the surgical outcomes of FS-assisted surgery (FSAS) and
non-FS-assisted surgery in terms of the extent of removal, facial nerve function, and hearing
levels. By filling this knowledge gap, our study aims to provide important insights into the
benefits of FSAS in achieving successful VS operations and address the safety profile and
dosage for the use of intravenous FS in neurosurgical practice for VS surgery.

2. Materials and Methods

2.1. Study Design

We retrospectively reviewed all VS cases that underwent surgery by the last author
(LM) at San Filippo Neri Community Hospital of Rome between January 2017 and Decem-
ber 2023.

We divided the patients into two groups: group A, comprising 102 patients who
underwent surgery between January 2017 and February 2020 and were operated on without
FS, and group B, comprising 55 patients who underwent surgery between February 2020
and December 2023 and were operated on with the use of FSAS.

All patients underwent magnetic resonance imaging (MRI) scans, including both
non-contrast and gadolinium-contrast imaging, within 1 month prior to admission. Tumor
measurements were taken in three dimensions, based on the axial and coronal MRI section
planes, and the maximum diameter in centimeters was estimated. The tumors were then
classified according to the Koos et al. [13] classification system.

The extent of surgical removal was classified as follows: total (100%), near-total
(>95%), subtotal (95–90%), and partial (<90%). The extent of removal was evaluated
intraoperatively and using postoperative gadolinium-enhanced MRI, which was performed
24–48 h after surgery.

Facial nerve (N VII) function was evaluated preoperatively using the House-Brackmann
(HB) grading system [14]. Additionally, facial nerve function was assessed immediately
postoperatively and 6 months after follow-up.
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The preoperative audio-vestibular evaluation included pure-tone audiometry and
speech audiometry. The hearing levels were graded according to the American Academy
of Otolaryngology-Head and Neck Surgery (AAO-HNS) classification system [15]. Classes
A and B were considered socially useful hearing, while hearing preservation corresponded
to classes A, B, and C, with class C indicating a level of hearing less than 50% that was
not socially useful. Hearing preservation was attempted only in patients who had a
preoperative hearing level classified as A or B.

2.2. Surgical Technique

All operations (for both groups) were performed using the retrosigmoid approach in
the lateral Fukushima position with the use of intraoperative neuromonitoring. Neuronavi-
gation was not used in any case (the retrosigmoid approach was performed with the use of
anatomical landmarks starting with skin incision—the superior and inferior nuchal lines,
then craniotomy—the digastric groove, asterion, and the opening of the internal auditory
canal—the suprameatal tubercle and Tübingen line, and the tumor was debulked from
inside until the capsule became liable to move and remove).

All patients in group B received FS at a standard dose of 5 mg/kg at the time of skin
incision. All operations were performed using a surgical microscope with an integrated
fluorescein filter, specifically the Leica ARveo ® FL560 model (Leica Microsystems, Wetzar
and Mannheim, Germany), which enabled the observation of fluorophores with an excita-
tion range of 460–500 nm. This allowed for the simultaneous viewing of non-fluorescent
tissue in a natural color and fluorescent tissue in a bright yellowish-green color.

2.3. Clinical Follow-Up

Clinical and radiological follow-ups were scheduled for six months after the operation
and then annually, with the final date set for 15 December 2023.

The facial nerve outcomes were categorized according to the House-Brackmann grad-
ing system, which ranges from grade I to grade VI. The hearing level was classified
according to the American Academy of Otolaryngology-Head and Neck Surgery (AAO-
HNS) classification system, which ranges from A to D. Notably, there were no patients lost
to follow-up. However, ten patients underwent surgery less than six months prior to the
scheduled follow-up time and, therefore, did not meet the required follow-up period. To
address this issue, missing data values were substituted with median values that had been
calculated for each variable.

2.4. Statistical Analysis

The statistical analysis was conducted using SPSS software (version 25), and
p-values < 0.05 were considered significant, while p-values ≥ 0.05 were considered non-
significant (NS).

The use of median imputation to eliminate and handle missing data allowed for a
robust study, thereby avoiding any bias in interpreting the findings. All statistical tests and
analyses were performed on the imputed dataset to ensure that all findings were valid.

3. Illustrative Cases

3.1. Case Number 1

A 34-year-old female patient, previously unremarkable in her medical and surgical
history, presented with symptoms of ataxia and hearing impairment. Upon physical
examination, the patient’s condition was found to be intact, except for the ataxia. MRI
revealed a left-sided VS, classified as Koos grade 3. Based on the patient’s condition,
surgical excision was planned and performed with the intraoperative assistance of FS,
as depicted in Figure 1. Notably, under the microscope filter, the tumor was observed
to be yellowish-green in color, while the facial nerve remained normal in its white color.
Additionally, a postoperative MRI control was performed within 24–48 h to assess the
patient’s outcome.

79



Brain Sci. 2024, 14, 571

Figure 1. This figure illustrates a preoperative MRI with contrast, as well as intraoperative views
of the tumor, which is depicted in yellow-green color under the filter (indicated by the arrow). The
facial nerve is white (star). The figure also includes a normal microscopic view without a filter and a
postoperative control MRI for comparison.

3.2. Case Number 2

A 60-year-old female patient with a history of hypertension presented with a 5-year
decline in hearing due to a small VS. Despite her initial hearing loss, the VS exhibited
further growth over the past year with further hearing impairment. Initially, the patient
refused radiation therapy and instead opted for observation and potential surgical inter-
vention. After being presented with options for management (observation, radiotherapy,
and surgical excision), she elected to undergo surgical excision. The patient’s preoperative,
intraoperative, and postoperative images are displayed in Figure 2. Postoperatively, she
experienced HB grade 2 facial weakness, which resolved after one week. At three-month
follow-up, her facial nerve function had returned to normal.

Figure 2. This figure illustrates an MRI study of a small VS as well as intraoperative imaging with a
yellow 560 filter. The image shows the tumor arising from the internal auditory canal, enhancing
yellowish-green color, and the non affected nerve appears white. The image on the right depicts
the final result after opening the canal and removing the tumor, and the postoperative MRI control
images are also included.

3.3. Case Number 3

In the Supplementary Materials you can find a short intraoperative video for FS-
assisted surgery case.

4. Results

The total number of patients included in this study was 157 patients.
This study comprised two groups: group A, comprising 102 patients (63 females and

39 males) with no intraoperative FS use, including 56 patients who had tumors on the right
side, and the mean tumor size was 2.64 cm. Group B, comprising 55 patients (32 females
and 23 males), received intraoperative FS, including 29 patients who had tumors on the
right side, and the mean tumor size was 2.34 cm. The observed side effects of FS were one
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case of a moderate reaction (extravasation and skin eruption), which was 1.8%, and two
cases of mild reactions (nausea and vomiting), which was 3.6%.

The majority of patients in both cohorts with and without intraoperative FS rated their
Koos grade as 2, with frequencies of 36.3% and 49.1%, respectively.

Regarding the extent of removal, most patients who did not receive intraoperative FS
underwent complete resections in 74.5% of cases, followed by near-total resections in 19.6%
of cases, while only a small percentage (5.9%) had subtotal resections.

The total resection rate was 56.4% in patients treated with FSAS, while near-total
resections accounted for 40% of cases, resulting in a subtotal resection rate of 3.6%.

Tables 1 and 2 provide a summary of the clinical and radiological findings for each group.

Table 1. Analysis of age and tumor size for both groups.

Fluoresceine Age Size

No
Mean 50.12 2.642

Number 102 102
Standard Deviation 13.522 0.935

Yes
Mean 51.36 2.340

Number 55 55
Standard Deviation 10.94 0.837

Total
Mean 50.55 2.536

Number 157 157
Standard Deviation 12.655 0.911

Table 2. Clinical and radiological characteristics for both groups in this study.

Fluoresceine
Sex Koos Removal Extent

M F 1 2 3 4 T NT ST

No
Frequency 39 63 1 37 35 29 76 20 6
Percent 38.2 61.8 1 36.3 34.3 28.4 74.5 19.6 5.9

Yes
Frequency 23 32 3 27 15 10 31 22 2
Percent 41.8 58.2 5.5 49.1 27.3 18.2 56.4 40 3.6

T: total resection, NT: near-total resection, ST: subtotal resection.

A crosstabulation analysis was conducted to examine the relationship between the
preoperative hearing loss (PRE-HL) assessment and postoperative hearing loss (POST-HL)
assessment, as presented in Tables 3 and 4.

Table 3. Fluoresceine PRE-HL crosstabulation count.

PRE-HL
Total

A B C D

Fluoresceine
No 7 21 47 27 102
Yes 1 20 24 10 55

Total 8 41 71 37 157

Table 4. Fluoresceine POST-HL crosstabulation count.

POST-HL
Total

A B C Missing D

Fluoresceine
No 4 11 33 0 54 102
Yes 1 7 21 10 16 55

Total 5 18 54 10 70 157
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To investigate whether there was a difference in the tumor resection degree between
the patients who received FS and those who did not, we performed a Mann–Whitney test.
The resulting p-value of 0.037 indicated statistical significance, suggesting a significant
difference in the extent of the removal rates between the two groups, as shown in Table 5.
Specifically, the mean rank for patients receiving fluorescein was 87.42, compared to 74.42
for those who did not receive fluorescein. The Z-value of −2.09, which reflects a mild
observed difference in accordance with Cohen’s 1992 standards for effect size interpretation,
suggests that this difference is considered effective.

Table 5. Mann–Whitney test.

Removal Extent Early HB Post HL Late HB

Mann–Whitney U 2342.000 2623.000 2410.000 2668.500
Wilcoxon W 7595.000 4163.000 3950.000 7921.500

Z −2.090 −0.797 −1.559 −0.765
Asymp. Sig. (2-tailed) 0.037 0.425 0.119 0.444

Significant differences in tumor resection rates were observed between the patients with and without fluorescein
(p = 0.037), However, fluorescein showed no significant impact on hearing loss or facial nerve function, with all
p-values exceeding 0.05.

After finding a statistically significant correlation between sodium fluorescein admin-
istration and tumor extension excision, we performed further analyses by categorizing
patients according to the Koos classification. We then conducted separate Mann–Whitney
tests within each Koos category to examine the specific effect of fluorescein on different
clinical stages. Notably, we obtained a p-value of 0.001 for the Koos 3 group, indicating that
fluorescein administration had a significant effect on this specific subgroup. The mean rank
results showed that patients who received fluorescein had a mean rank of 33.7, compared
to 21.9 for those who did not receive fluorescein.

Additionally, we used the Mann–Whitney test to investigate the effect of fluorescein
administration on hearing loss and facial nerve function. The results showed no statistically
significant difference between the patients who received fluorescein and those who did
not in terms of either hearing loss or facial nerve function. The p-values for all three
outcomes were non-significant, exceeding the 0.05 significance threshold, indicating a lack
of significance, as shown in Table 5.

A Spearman’s correlation analysis was employed to examine the relationship between
tumor removal extension and various parameters, including Koos, age, tumor size, postop-
erative assessment of hearing loss, and early and late assessments of facial nerve function,
as presented in Table 6.

Table 6. Results of the Spearman’s correlation analysis.

Koos Age Size Post HL Late HB Early HB

Removal
Correlation Coefficient 0.270 0.167 0.306 0.230 0.123 0.109

Sig. (2-tailed) 0.001 0.037 0.000 0.004 0.126 0.175
Number 157 157 157 157 157 157

Positive correlations between the degree of extensions to Koos, age, size, and hearing loss assessment after surgical
procedures. No statistically significant correlation was found between the early and late assessments of facial
nerve function.

5. Discussion

5.1. Management of Vestibular Schwannoma

VS treatment options are diverse and may include observation, surgical resection, and
radiation therapy. Each option is tailored to individual patient circumstances, considering
factors such as age, overall health, tumor size, symptoms, growth rate, and other relevant
characteristics. Treatment options can be adjusted as needed based on changes in patient
status, such as symptom progression or growth rate. Surgical resection techniques are
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several, which may include retrosigmoid, translabyrinthine, subtemporal approaches,
or combinations of these approaches, depending on factors such as tumor size, surgeon
expertise, and intracanalicular extension.

Resection surgeries aiming for complete resection have been shown to have the most
beneficial outcomes, with significantly better short-term and long-term results compared to
incomplete tumor removal. Notably, patients who undergo complete resection experience
lower rates of recurrence and higher rates of successful resection [16]. A comprehensive
review of 1000 VS resections reported a remarkable 98% complete resection rate, as well
as a 68% hearing preservation rate. Additionally, the mortality rate associated with these
surgeries was remarkably low, at just 1% [17]. Notably, the risk of local recurrence after a
complete resection is extremely low, ranging from 0% to 2%. In contrast, if only the partial
removal of the tumor is possible, the incidence of tumor recurrence is significantly higher, at
approximately 30% [17]. Despite advances in surgical techniques, the complete resection of
VS may still be challenging due to their adhesion to surrounding nerves or brain structures,
which can increase the risk of incomplete resection or damage to normal tissues [18]. This
uncertainty has led to questions about the potential benefits of integrating neural-guided
techniques into intracranial tumor resection, which could potentially improve gross total
resection while protecting normal vital tissues and enhancing patient outcomes.

5.2. Application of Fluorescein Sodium

The first application of fluoresceine in neurosurgery was in 1948 by Moore et al. [19],
where it was used for the identification of several types of brain tumors, and recently it has
been used more in high-grade gliomas [20], meningiomas [21], skull base tumors [10], less
common VS [12], and peripheral schwannomas [22].

5.3. Safety of Fluorescein Sodium

FS is now widely used in neurosurgery for oncology and neurovascular purposes.
It has been applied for many years in general surgery, gastroenterology, and mainly in
ophthalmology with a safe profile [23].

Yannuzzi et al. [23] classified the adverse reactions of the intravenous use of FS based
on the duration, need for intervention, and final outcome into mild, moderate, or severe
reactions. The severe reactions—including cardiovascular, respiratory, neurological, or
death—were extremely rarely reported, and in our series, we did not report any severe
reactions. Moderate reactions included the development of skin eruption, syncope, local
tissue necrosis, thrombophlebitis, pyrexia, and nerve palsy. The development of skin
eruption represented the most common of the moderate reactions, and we had one case that
developed skin eruption that was treated with a regular dressing and oral antihistamine.
Mild reactions represented the most common reactions to FS, represented by nausea and
vomiting, extravasation, inadvertent intraarterial injection, sneezing, and pruritis. In our
series, we had two cases that developed nausea and vomiting; it was for one to two days
and then resolved spontaneously, and another case that had an extravasation, which was
treated conservatively with arm raises and exercise.

Restelli et al. [24] conducted a comprehensive neurosurgical literature review on the
safety of FS and found that FS was shown to be extremely safe in neurosurgery, including
oncological and neurovascular cases, even at high doses.

5.4. Dosage of Fluorescein Sodium

FS has been used in neurosurgery at various stages, where it was previously used at
large dosages (40 mg/kg) for a low-grade glioma or a re-dose was used to promote tumor
enhancement under a microscope, with the main reason being a lack of fitted specific filters
on surgical microscopes [20,25,26]. According to recent extensive research [24], the current
tendency is to utilize lower doses (about 5 mg/kg) due to the availability of microscopes
with wavelength-specific filters for FS. In our series, we employed a fixed dosage and
timing of 5 mg/kg at the time of skin incision.

83



Brain Sci. 2024, 14, 571

5.5. Mechanism of Enhancement

Yan Xiang et al. [27] found that sodium fluoresceine-assisted surgery is effective for
high-grade glioma surgery since FS presence is directly related to the breakdown of the
blood-brain barrier (BBB) in the tumor. On the counterpart, VSs are benign and often
hypervascular tumors, and the presence of FS could be explained by the pathological blood
vessels of the tumor rather than the breakdown of the BBB. Therefore, FS can be used to aid
in the recognition of the facial and cochlear nerves from the tumor, potentially assisting the
surgeon in anatomical preservation for the normal nerves with a greater extent of resection,
as we found from our comparison results.

5.6. Maximal Safe Resection

The existing literature consistently highlights a notable trend: incomplete resection for
patients with VS is linked to a higher incidence of progression or regrowth compared to
patients who underwent total resection [28]. Based on the current knowledge, the present
study researched a narrow spectrum, studying the possibility of sodium fluorescein’s
impact on VS resection and follow-up clinical outcomes. Our goal was to focus on this
particular aspect and create a comprehensive discussion on the greater completeness of
tumor removal, which may increase the various gain rates in the administration of FS in
patients with VS. This specific research is in line with the final objective, which is to improve
treatment options and enhance the outcomes of patients in the context of VS management.

Fluorescein-guided surgery allows for the more precise identification of tumor border-
lines from the adjacent structures (the facial nerve, trigeminal nerve, lower cranial nerves,
and brainstem), simplifying a more radical resection. The data of our study shows a signifi-
cant difference in tumor removal between the patients who received fluorescein and those
who did not, with the greatest differences observed among the patients categorized as Koos
3. As a result, the operation may have been performed more radically using fluorescein to
be sure of the complete removal of the tumor while the important structures are preserved.
The results endorse the use of fluorescein as a targeted adjunct in VS microsurgery, which
in turn opens the door for the further development of surgical techniques.

5.7. Hearing Level

The positive and significant correlation between tumor resection and hearing loss in
patients undergoing surgery is also of particular interest. This implies that more extensive
tumor removal comes at the cost of more destruction of the auditory structures, thus
producing worse hearing outcomes. This might happen due to the close adhesion of the
tumor to the vital auditory structures like the cochlear nerve during operation [29,30].
Other studies have suggested that the surgical technique can preserve hearing function,
especially in smaller tumors [30,31].

5.8. Facial Nerve

The results of our research demonstrate no statistically significant correlation between
the extent of tumor resection and facial nerve function. This is consistent with findings
from many other studies [32,33]. This finding indicates that the use of fluorescein does
not lead to improved facial motor function outcomes, especially when looked at from the
perspective of VS removal. Other factors that may turn out to be an important determinant
of facial nerve function outcomes include the tumor size, adherence of the tumor to the
nerve, hypervascularized tumors, facial nerve function before the operation, and age of the
patient [32–34].

5.9. Limitations

Although this study has provided us with some invaluable knowledge, some limita-
tions have to be noted. The limitations associated with this study may include the sample
size of a known cohort and the nature of a retrospective analysis, which may bring about
some biases. Future studies should be directed at filling these gaps since fluorescein can
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only be considered as having the potential to cause changes in the tumor resection results,
and this may have a clinical impact.

5.10. Summary

Our cohort study provides valuable insights into the role of sodium fluorescein in
VS surgery, particularly regarding its impact on the extent of resection and postoperative
functional outcomes for facial and cochlear nerves. Notably, FS was found to be safe and
well-tolerated at a dose of 5 mg/kg, with only mild to moderate adverse reactions reported.
However, further research is needed to fully assess the safety of FS in neurosurgery practice,
including the optimal timing and dosing, as well as the possibility of redosing if necessary.

6. Conclusions

FS-assisted surgery for VS may have a substantial influence on the extent of tumor
resection, with no discernible effects on postoperative hearing and facial nerve function.
Moreover, FS is deemed safe for use in VS surgery.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/brainsci14060571/s1. This video shows a patient with
a left VS, classified as Koos 3, undergoing surgery using intraoperative neuromonitoring in the
lateral Fukushima position via the retrosigmoid approach. The surgical approach begins by carefully
checking the facial nerve position, followed by opening of the capsule using a hand-held Thulium
laser. Next, the tumor is debulked intracapsular to make it suitable for detachment from surrounding
tissue. As part of the procedure, the facial nerve is identified and verified using a filtered lens (FL560),
which allows us to visualize the nerve in its normal white color and distinguish it from the tumor.
The tumor is then glowing yellowish-green, while the capsule is dark and non-enhancing. This allows
for careful dissection of the tumor from the nerve, minimizing potential injury or traction. Finally,
postoperative control MRI is shown at the end of the video to confirm successful tumor resection.
This video demonstrates a successful application of fluorescein-assisted surgery for VS resection,
highlighting the potential benefits of this technique for improved patient outcomes.
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Abstract: Background: The rapid expansion of the brain–computer interface for patients
with neurological deficits has garnered significant interest, and for patients, it provides an
additional route where conventional rehabilitation has its limits. This has particularly been
the case for patients who lose the ability to communicate. Circumventing neural injuries
by recording from the intact cortex and subcortex has the potential to allow patients to
communicate and restore self-expression. Discoveries over the last 10–15 years have been
possible through advancements in technology, neuroscience, and computing. By examining
studies involving intracranial brain–computer interfaces that aim to restore communication,
we aimed to explore the advances made and explore where the technology is heading.
Methods: For this scoping review, we systematically searched PubMed and OVID Embase.
After processing the articles, the search yielded 41 articles that we included in this review.
Results: The articles predominantly assessed patients who had either suffered from amy-
otrophic lateral sclerosis, cervical cord injury, or brainstem stroke, resulting in tetraplegia
and, in some cases, difficulty speaking. Of the intracranial implants, ten had ALS, six had
brainstem stroke, and thirteen had a spinal cord injury. Stereoelectroencephalography was
also used, but the results, whilst promising, are still in their infancy. Studies involving
patients who were moving cursors on a screen could improve the speed of movement by
optimising the interface and utilising better decoding methods. In recent years, intracortical
devices have been successfully used for accurate speech-to-text and speech-to-audio decod-
ing in patients who are unable to speak. Conclusions: Here, we summarise the progress
made by BCIs used for communication. Speech decoding directly from the cortex can
provide a novel therapeutic method to restore full, embodied communication to patients
suffering from tetraplegia who otherwise cannot communicate.

Keywords: brain–computer interface; brain–machine interface; BCI; neurotechnology; paralysis;
ALS; stroke; spinal cord; ECoG; multielectrode array; stereoelectroencephalography

1. Introduction

Communication is a vital part of social interaction that can be impaired following
conditions such as stroke, trauma, and neuromuscular diseases (NMDs). For many patients,

Brain Sci. 2025, 15, 336 https://doi.org/10.3390/brainsci15040336
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the deprivation of communication is severely debilitating and significantly worsens the
quality of life [1]. In the most severe of cases, patients can present with a profound state of
paralysis, characterised by tetraplegia, cranial nerve dysfunction, and anarthria, yet with
preserved cognitive function, known as the locked-in syndrome (LIS) [2]. As such, the
development and implementation of functional communication systems for this population
is a clinical and research priority [3].

Conventional augmentative and alternative communication (AAC) devices rely on
residual motor functions to provide a partial solution. In some cases, people who retain
partial motor function can use specially modified peripherals (e.g., mouse, joysticks, stylus,
or button box) to access such AAC devices [4]. In other, more severe cases where minimal
voluntary motor control is retained, more sophisticated methods are needed to detect more
subtle movements like those of the head, eye gaze tracking and blinking, allowing people to
communicate by spelling out messages. However, these devices require considerable effort
and are often slow, failing to restore the natural fluidity of communication [5,6]. Brain–
computer interfaces (BCIs) offer a more promising approach by directly translating neural
activity into external device control, bypassing damaged motor pathways [7]. A BCI sensor
can be placed at various depths away from the target location, ranging from sensors placed
on the scalp known as surface electroencephalogram (EEG) to intracortical recordings
where microelectrodes are inserted within target locations of cortical tissue (Figure 1).
Other invasive sensors include electrocorticography (ECoG), which sits on the cortical
surface but does not penetrate, and stereotactic electroencephalography (sEEG), which
includes depth electrodes that are able to record from deep brain structures [8]. However,
the greatest drawbacks to invasive methods are the risks of surgical complications and
anaesthesia, as well as the risk of postoperative infection [9]. As such, there have been
limited cases, and of those that have been explored, participants are usually those that have
otherwise very poor outcomes, for which an investigational device exemption is required.

Figure 1. Image demonstrates placement of electrodes: (a) EEG that sits on top of the scalp; (b) intra-
cortical electrodes that penetrate the cortex; (c) ECoG electrodes that are placed on the cortex but do
not penetrate it.

Currently, patients with restricted communication abilities use augmentative and
alternative communication devices. These include the use of neck and head movements or
eye movements to be able to allow individuals to communicate by spelling out messages.
However, this requires considerable effort and is slow [5]. This is where BCIs can have
a major impact, as they can directly decode cortical activity and control external devices
to enable more seamless communication. This scoping review provides an overview of
intracortical BCIs that have been used to provide neurological rehabilitation in patients
with impaired communication. Given the scale at which the field has advanced over the
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last decade, this review provides an update on what is currently possible in an academic
setting and highlights important technical features.

2. Methods

A comprehensive literature review was conducted based on the preferred report-
ing items for systematic reviews and meta-analysis guidelines (PRISMA). Ovid Med-
line alongside PubMed were used to search for keywords and MeSh terms including
“brain-computer”, “neuroprosthesis”, “neuroprosthetics, “intracortical”, “intracortically”
“brain-controlled”, “brain-machine”, “microelectrode array”, “neuroprosthesis”, “electrical
neuromodulation” AND “Locked in syndrome”, “locked-in-syndrome”, “amyotrophic
lateral sclerosis”, “dysarthria”, “communication”, “speech”, “Brain Hemorrhage”, “Trau-
matic”, “brain injury”, “head injury”, “Diffuse Axonal Brain Injury”, “trauma”, “stroke”,
“cerebral infarction”, “cerebral hemorrhage”, and “cerebral vascular accident”. The full
search strategy is illustrated in Figure 2.

Records identified from: 

Databases (n=4258) 

Records removed before screening:  

Duplicate records (n=1806) 

Records screened (n=2452) Records excluded (n=2101) 

Reports sought for retrieval 

(n=351) 

Reports not retrieved 

(n=0) 

Reports assessed for eligibility 

(n=351) 

Reports excluded:  

Studies not focussed on communication 

(n=105) 

Studies not in English (n=3) 

Studies focussing on EEG (n=192) 

Studies focussing on MEG (n=2) 

Studies focussing on transcutaneous 

stimulatin (n=2) 

Studies focussing on EMG (n=4) 

Studies focussing on fNIRS (n=2) 

New studies included in review 

(n=41) 

Figure 2. PRISMA reporting: preferred reporting items for systematic review and meta-analysis
(PRISMA) flow chart explaining selection of articles in a step-wise manner as well as reasons for the
exclusion of studies. Databases used included PubMed and Ovid Medline.
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2.1. Study Types

Study types including case reports or case series were included. Due to the nature
of this research, there are no large-scale published reports or randomised controlled trials
(Figure 2).

2.2. Inclusion and Exclusion Criteria

All clinical studies investigating the outcomes of invasive BCIs for communication
purposes were included from January 2005 to October 2024 due to the significant progress
made over the last couple of decades. This included ECoG, intracortical and sEEG elec-
trodes that enabled patients to communicate through either a digital screen or artificial
voice. Additionally, only studies that were published in English were included due to
resource constraints, and only human studies were considered. Whilst animal and in vitro
models have been vital for the progress that has been made in this field, we wanted to focus
exclusively on human studies to assess the neurotechnologies that were closest to clinical
feasibility and could avoid the at-time difficult transition from animal to human testing. As
such, animal or in vitro models were excluded. Review articles, non-human studies, and
studies in languages other than English were excluded. Additionally, we checked reference
lists of relevant publications to identify otherwise missed studies.

2.3. Research Questions

This study aimed to determine the current landscape of invasive BCIs for communica-
tion. As such, we posed a few questions:

(1) What pathology did the patient cohorts present with?
(2) How successful are intracortical BCIs in restoring communication?
(3) How many electrodes were used for implantation in intracortical devices?
(4) What task did subjects have to perform for the BCI device to convert into a method

of communication?
(5) How successful are ECoG devices in restoring communication?
(6) What promise do sEEG devices have in restoring communication?
(7) Which anatomical region of the brain do BCIs target to facilitate communication?

3. Results

3.1. Patient Profile

Most of the studies occurred in the United States (US) (31/41), 5 studies were published
in the Netherlands and 2 from Israel. China, Canada, and the United Kingdom each
published one study (Table 1). No studies were performed on children. In studies where
patients had epilepsy or movement disorders, BCIs were implanted as an opportunistic
research experiment. In the remaining studies, patients either had tetraplegia or locked-
in syndrome.

Table 1. Studies involving intracortical implantation for communication disorders.

Title Year Published Country

Measuring instability in chronic human intracortical neural recordings towards
stable, long-term brain-computer interfaces [10] 2024 USA

An Accurate and Rapidly Calibrating Speech Neuroprosthesis [11] 2024 USA
A bilingual speech neuroprosthesis driven by cortical articulatory
representations shared between languages [12] 2024 USA

Representation of internal speech by single neurons in human supramarginal
gyrus [13] 2024 USA
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Table 1. Cont.

Title Year Published Country

Online speech synthesis using a chronically implanted brain-computer
interface in an individual with ALS [14] 2024 USA

Machine learning decoding of single neurons in the thalamus for speech
brain-machine interfaces [15] 2024 Israel

Longevity of a Brain-Computer Interface for Amyotrophic Lateral Sclerosis [16] 2024 The Netherlands
Speech decoding from stereo-electroencephalography (sEEG) signals using
advanced deep learning methods [17] 2024 UK

Stable Decoding from a Speech BCI Enables Control for an Individual with
ALS without Recalibration for 3 Months [18] 2023 USA

Distributed feedforward and feedback cortical processing supports human
speech production [19] 2023 USA

A high-performance neuroprosthesis for speech decoding and avatar
control [20] 2023 USA

A high-performance speech neuroprosthesis [21] 2023 USA
Direct speech reconstruction from sensorimotor brain activity with optimized
deep learning models [22] 2023 The Netherlands

Generalizable spelling using a speech neuroprosthesis in an individual with
severe limb and vocal paralysis [23] 2022 USA

Intracranial brain-computer interface spelling using localized visual motion
response [24] 2022 China

Decoding grasp and speech signals from the cortical grasp circuit in a
tetraplegic human [25] 2022 USA

Machine learning algorithm for decoding multiple subthalamic spike trains for
speech brain-machine interfaces [26] 2021 Israel

Real-time synthesis of imagined speech processes from minimally invasive
recordings of neural activity [27] 2021 The Netherlands

Generalizable cursor click decoding using grasp-related neural transients [28] 2021 USA
Neuroprosthesis for Decoding Speech in a Paralyzed Person with
Anarthria [29] 2021 USA

Home Use of a Percutaneous Wireless Intracortical Brain-Computer Interface
by Individuals With Tetraplegia [30] 2021 USA

Dorsolateral prefrontal cortex-based control with an implanted brain-computer
interface [31] 2020 The Netherlands

Neural ensemble dynamics in dorsal motor cortex during speech in people
with paralysis [32] 2019 USA

Speech synthesis from neural decoding of spoken sentences [33] 2019 USA
Cortical control of a tablet computer by people with paralysis [34] 2018 USA
Stable long-term BCI-enabled communication in ALS and locked-in syndrome
using LFP signals [35] 2018 USA

High performance communication by people with paralysis using an
intracortical brain-computer interface [36] 2017 USA

Fully Implanted Brain-Computer Interface in a Locked-In Patient with ALS [37] 2016 The Netherlands
Virtual typing by people with tetraplegia using a self-calibrating intracortical
brain-computer interface [38] 2015 USA

Decoding of articulatory gestures during word production using speech motor
and premotor cortical activity [39] 2015 USA

Neural Point-and-Click Communication by a Person With Incomplete
Locked-In Syndrome [40] 2015 USA

Real-time two-dimensional asynchronous control of a computer cursor with a
single subdural electrode [41] 2012 Canada

Neural control of cursor trajectory and click by a human with tetraplegia 1000
days after implant of an intracortical microelectrode array [42] 2011 USA
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Table 1. Cont.

Title Year Published Country

Using the electrocorticographic speech network to control a brain-computer
interface in humans [43] 2011 USA

Control of a brain-computer interface using stereotactic depth electrodes in and
adjacent to the hippocampus [44] 2011 USA

Point-and-click cursor control with an intracortical neural interface system by
humans with tetraplegia [45] 2011 USA

Control of a visual keyboard using an electrocorticographic brain-computer
interface [44] 2011 USA

A wireless brain-machine interface for real-time speech synthesis [46] 2009 USA
Robust, long-term control of an electrocorticographic brain-computer interface
with fixed parameters [47] 2009 USA

Electrocorticographically controlled brain-computer interfaces using motor and
sensory imagery in patients with temporary subdural electrode implants.
Report of four cases [48]

2007 USA

Electrocorticography-based brain computer interface—the Seattle
experience [49] 2006 USA

3.2. Intracortical Implants

A total of 15 studies examined the effects of the implantation of intracortical BCIs
into patients [10,11,13,21,25,28,30,32,34–36,38,40,42,45,46], and all electrodes used were
supplied by BlackRock Neurotech (Table 2). Notably, none had functional movement in
the upper and lower limbs. There were 29 separate cases on the patients involved. In
total, 10 looked at patients suffering from ALS [11,21,34–36,38,45], 6 assessed patients
with brainstem stroke [35,38,40,42,45,46], and 13 included patients with spinal cord in-
jury [10,13,25,28,30,32,34,36].

Patients with spinal cord injuries had C4–C6 injuries (Table 2) that left them with poor
control of their extremities. The monitoring of neural instability prompting recalibration
was demonstrated, which can make monitoring patients more efficient [10]. Additionally,
in two studies, the supramarginal gyrus (SMG) was also shown as an anatomical target,
suggesting the SMG not only holds an internalised representation of vocalised and internal
speech, but the neural signals can also be used for speech BMIs [13,25]. Wireless implan-
tation that allowed patients with severe motor impairment to live in the community was
demonstrated [30].

When controlling a cursor on the screen to select targets, it is possible to achieve up
to approximately 24 characters per minute by optimising user interface. Simply adapting
a keyboard that has closer targets such as the opti-II keyboard significantly increases the
speed of selection [36]. This is particularly relevant as the surveying of ALS patients
suggests that 72% would be satisfied with a speed of 15–19 correct characters/min [50].
The motor cortex can be targeted for the movement of a cursor through motor imagery,
with users achieving a minimum syllable recognition accuracy of 54.7% and similarly
a minimum word decoding accuracy of 61.5%, with variations among patients perhaps
suggestive of the need to optimise other factors that can affect performance. Further
research is required to elucidate these results [32].

Additionally, the SMG has been shown to be an important target for decoding words,
with chronic implantation achieving up to 79% average decoding accuracy, and is found
to be a common anatomical landmark for internal and vocalised speech, as well as grasp
motor imagery, suggesting dual purposes [25].
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Intracortical implants were also used for patients suffering from ALS (Table 3). The Re-
vised Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS-R) score ranged from
6 to 23 [11,34–36]. The ALSFR scale demonstrates the severity of ALS on a scale of 0–40,
with a higher scale demonstrating greater retained function. Two cases looked at patients at-
tempting to speak [11,21], whilst seven [34–36,38,45] looked at patients attempting to move
a cursor. Six cases involved the implantation of a 96-channel electrode [35,36,38,42,45],
one study implanted a 4 × 64 channel electrode implant [11], and one study implanted
2 × 96 electrodes [34]. Earlier studies examined the ability of patients with ALS to com-
municate by controlling a cursor using an implanted BCI. One study showed patients
achieving a word selection of 8.3–25.3 words per min and an ability to communicate using
common digital solutions such as email, internet browsing, etc. [34]. In another study,
patients achieved 6.88 correct characters/min but demonstrated no need for recalibration
over 138 days [35]. Auto-calibration being comparable to a standard decoder is also demon-
strated in two more patients in a separate study [38]. The importance of keyboard selection
is also demonstrated as patients were able to achieve an increase in speed of up to 1.3×
when using a Opti-II keyboard compared to a QWERTY keyboard [36]. However, this has
proven to be slow and requires considerable effort. Later studies that attempted to decode
words proved to have a much greater accuracy and speed. In one study, patients achieved
an accuracy of 97.5% using a 125,000 word vocabulary [11]. Another study showed a
patient being able to communicate at a rate of 62 words per minute, which is significantly
higher than the results obtained with cursor control [21].

Patients with brainstem strokes also have a similar functional basis to those with ALS
and spinal cord injuries. Most of these studies looked at motor imagery where patients
were asked to move a cursor on a screen (Table 4). The focus of the implantation was
in the precentral gyrus [35,40,42,45,46], with the aim of taking advantage of the neural
recordings that occurred in the arm/hand area of the motor cortex. While high accuracy
can be achieved, low speed hampers the performance. Self-calibration can be used to avoid
the need for constant calibration, and results comparable to a standard decoder can be
achieved [38]. One study demonstrated the potential of patients choosing approximately 3
correct characters/min to communicate [35], whilst another had rates of 2.7–8.6 correct se-
lections/min but also demonstrated successful results 1000 days after implantation [42,45].
The importance of choosing a correct keyboard design was again demonstrated with radial
keyboards outperforming the QWERTY keyboard [40].
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3.3. ECoG-Based Studies

ECoG arrays were initially used in patients with epilepsy, and surgeons placed them
according to patient needs as oppose to research purposes. However, the discoveries
from these have led to significant improvements in our understanding of how speech is
modulated in the brain [19,22,24,47,49]. Additionally, the studies also demonstrated that
patients were able to control virtual keyboards even with ECoG devices outside of the
language centre [51]. Anatomical regions including the ventral sensorimotor cortex (vSMC),
superior temporal gyrus (STG) and inferior frontal gyrus (IFG) were demonstrated to be
areas involved in language production when patients only mime the sounds [33]. Gesture
prediction was higher than phoneme prediction overall, but anatomically, gesture predic-
tion was substantially more accurate in the posterior areas of the cortex (corresponding
largely to the primary sensorimotor and part of premotor cortices), whilst in more anterior
areas, the performances for both gesture and phoneme prediction were more similar [39].

ECoG-based BCIs were also implanted in patients with ALS and stroke (Table 5). In
patients with ALS, subdural electrodes were places over the sensorimotor cortex [14,16,18]
and prefrontal cortex [16]. On the other hand, a pontine stroke patient had a high-density
(hdECoG) array covering the left precentral gyrus, postcentral gyrus, posterior middle
frontal gyrus, and posterior inferior frontal gyrus [29], while another pontine infarct patient
had subdural electrodes covering the posterior aspect of the middle frontal gyrus, precentral
gyrus, and anterior aspect of the postcentral gyrus, as well as the dorsal posterior aspect
of the inferior frontal gyrus [23], and the final patient with a bilateral pontine stroke had
implantation in the region of the dorsal posterior aspect of the inferior frontal gyrus,
posterior aspect of the middle frontal gyrus, precentral gyrus, and anterior aspect of the
postcentral gyrus [12]. In contrast to intracortical implants, ECoG arrays covered larger
areas of the brain, although a study suggested the control of a cursor through a single
subdural electrode strip with four electrodes measuring 4 mm each [41]. ECoG arrays
are also able to convert attempted speech production directly into words spelled at a
rate of 29.4 characters/min and a character error rate of 6.13% [23], whilst another study
demonstrated the successful decoding of bilingual speech for both English and Spanish
phrases [12], suggesting that the speech BCI can be used for languages other than English.
The impact of recurrent neural networks to convert attempted speech into acoustic speech
is demonstrated [14].

Furthermore, one study demonstrated the significance of the dorsolateral prefrontal
cortex (dlPFC) as an anatomical target for BCIs for cursor control [43]. The potential benefits
of using dlPFC in BCIs include providing an alternative target in cases where surgeons are
unable to utilise the sensorimotor signals. This approach offers an alternative communica-
tion pathway for individuals with LIS who may have difficulty modulating sensorimotor
activity due to their neurological conditions. Additionally, both participants reported
finding dlPFC-based BCI control less mentally taxing than sensorimotor-based control.

Using predictive algorithms also helped with speed as spelling initially took 52 s per
letter, but the time required dropped to 33 s per letter when word prediction was used.
Crucially, the system could be used when the existing mode of communication failed as
seen whenever she went outside, where lighting conditions made eye tracking impossible.
The patient also expressed greater satisfaction with the BCI than eye-tracking system [37].
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3.4. SEEG-Based Studies

sEEG has also been utilised as a tool in this domain. A particular advantage of this
method is that sEEG devices have already been successfully implanted in patients for
multiple years, as seen in the treatment of Parkinson’s disease [52].

The electrode size is approximately akin to that of surface EEG devices, although there
may be a limit to the number of electrodes used to record signals for desired functional
outcomes [15,17,26]. One study found a logarithmic relationship between the number
of neurons that the electrodes recorded from and decoding accuracy. This means that
increasing the number of neurons improved the accuracy, but the gains were greater with
smaller neuron counts. The finding suggests that there is a point of diminishing returns
when the number of recorded neurons for decoding is increased. The left Vim exhibited
involvement in all three aspects of speech: production, perception, and imagery. While
speech production decoding yielded the highest accuracies, likely because of the targeting
of motor areas within the left Vim, the high accuracies for perception and imagery (96%
and 80%, respectively) suggest that the left Vim plays a role beyond motor control in speech
processing. The study discovered that vowels ‘e’ and ‘u’ were more frequently confused
during decoding than other vowels, suggesting these vowels might share similar neuronal
representations in the left Vim. This finding could inform future research on vowel en-
coding and decoding in the thalamus and contribute to refining decoding algorithms [15].
Additionally, a BCI speller using only three electrodes placed over the middle temporal
visual area was able to achieve a speed of 12 characters/min, comparable to other BCIs
controlling cursors [24]. For deep brain stimulation electrodes implanted in the subthalamic
nucleus, it may also be possible to decode speech information from the electrical activity
of single neurons in the subthalamic nucleus of patients with Parkinson’s disease. One
study showed the accurate decoding of vowels during speech production (100% accuracy),
speech perception (96% accuracy) and speech imagery (88% accuracy). Neuronal activity
could therefore accurately predict vowel sounds that participants produced, perceived
or imagined [26]. Other targets of speech decoding include the posterior hippocampal
region [44]. In this study, the authors demonstrated the synthesised output corresponded in
real time with utterance timings, suggesting reliable audible speech generation. However,
reconstructed audio was not intelligible [27], seemingly because of using simple decod-
ing methods. However, the study used simple decoding methods. Future studies that
incorporate the use of deep learning-integrated decoding methods could provide clearer
audio output. Nonetheless, this study is important in suggesting that sEEG targeting the
hippocampal region can be utilised for speech production and can provide a platform on
which future studies can build upon.

4. Discussion

This review focused on intracortical BCIs used for communication. Whilst earlier
studies demonstrated the use of cursor control to allow the selection of characters on a
screen (Figure 2), later studies have gone a step further and allowed direct speech-to-
text and speech-to-audio conversion (Figure 3). However, whilst these allow users to
communicate at a rate of approximately 62 words/min [21], it still falls short of natural
speech production which averages 120–150 words/min. For patients, this potentially means
quicker and more seamless communication, although to achieve this, the BCI package must
also incorporate modern computing methods such as the use of deep neural networks
and engineering solutions that allow higher-fidelity electrodes to facilitate better signal
pick-up [20].
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Figure 3. Signal processing sequences for sentence decoding: adapted from Moses and colleagues [29].
Sequential analysis from collection of raw cortical data to output of complete sentences. Raw
broadband cortical signals are initially picked up by electrodes placed over the speech sensorimotor
cortex. Neural signals are processed to remove noise and form meaningful processed cortical signals.
Computation algorithms can then convert these processed signals into speech events by detecting
speech patterns to form words. Using deep neural networks improves the success probability, and
predicted words sequenced together alongside probabilistic modelling packages can allow complete
sentence decoding. Sentence structures can be fed into output devices such as avatars or speech
articulators to allow meaningful communication in a more natural manner.

Non-invasive technologies such as EEG, fMRI, and magnetoencephalography (MEG)
do not require surgical implantation. fMRI has high spatial specificity, allowing anatomical
localisation, but its low temporal resolution means that tracking neural changes at the
millisecond level is difficult because of the lag in cerebral blood flow, and it also currently
requires access to an MRI scanner [53]. However, MEG and EEG suffer from low spatial
specificity although they have high temporal resolution [54,55]. From a practical perspec-
tive, EEG offers portability and can therefore be translated to patients in the real world.
However, difficulty associated with diminishing noise means there is likely going to be a
limit to scaling the accurate decoding of large vocabularies and longer speech segments.
As such, invasive BCIs offer an attractive solution to overcome these deficiencies from
non-invasive devices (Figure 4).

Figure 4. Timeline showing major advances in the field of invasive BCIs for communication. There has
been a big leap forward in the rate of speech production due to direct cortex to speech production as
opposed to the earlier studies that relied on cursor control. There remains heterogeneity in variables
that authors choose to publish, which makes it difficult to compare outcomes.

Invasive BCIs, which are separated into ECoG, intracortical, and sEEG, offer distinct
advantages and disadvantages, and an ad hoc approach depending on patient needs may
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be beneficial. ECoG electrodes can offer high spatial resolution, typically at the millimetre
scale. Furthermore, they allow the possibility of a large area to be covered, as the number of
electrodes can often be tailored from dozens to hundreds of electrodes. On the other hand,
sEEG typically provides sparser coverage but can record from deeper structures including
limbic structures. Additionally, ECoG is often implanted to cover the unilateral recording
of a cerebral hemisphere, whilst sEEG can be implanted bilaterally [56,57].

Recording from the arm/hand area of the motor cortex during controlling a cursor for
communication has been well demonstrated, although the greatest disadvantage is slower
speed. To improve speed, research has shifted towards the direct interpretation of speech
from cortical recordings, and indeed, high-performance speech decoding is possible from
recordings in the anterior precentral gyrus [11,21,32].

Anatomically, because there are multiple regions of the brain that are involved in
speech production, there may exist multiple targets for implantation, although further
research is required to elucidate the extent to which each region can provide speech
rehabilitation. Input to the vSMC and middle precentral gyrus (midPrCG) is received from
the superior temporal gyrus and supramarginal gyrus. Somatotopically arranged neural
populations sit along the vSMC and middle precentral gyrus, forming the corticobulbar
system [58,59]. They play an important role in controlling vocal tract articulators including
the tongue, jaw, lips, and larynx, which work in a coordinated manner to produce speech
driven by expired air. Dorsally located is the region that controls hand movement [60,61],
although targeting this region is more appropriate for the on-screen control of cursors.
Given the large number of regions that are involved in speech production, targeting
the intact regions may be a viable method for speech decoding. Placing an ECoG array
therefore provides an advantage given the large coverage that is possible including the
vSMC, superior temporal gyrus, and midPrCG with a single array.

Studies have also demonstrated the at-home use of these device [30]. Along with
decoders that can auto-calibrate [38], it allows patients to live a more normal life in an
environment in which they are more comfortable. As such, translation to a real-life clinical
scenario is more likely with devices that are unrestrictive in terms of location.

Additionally, it is evident that accurate decoding using modern solutions including
artificial intelligence will substantially improve BCI clinical outcomes [38]. In addition,
studies should focus on improving the user experience, which includes the interface and
ease with which patients can interact with the device. This will likely lead to significant
improvements in speed and accuracy [36].

An important consideration that should be acknowledged is the surgical risks that are
also associated with the implantation of invasive BCI devices (Table 6). Whilst surgical
implantation techniques will likely be optimised to reduce invasiveness and minimise intra-
operative risks to patients, current methods of implantation involve a craniotomy approach
to expose large areas of cortical tissue. Surgical risks include the risk of infection, bleeding,
and damage to eloquent areas. This can also have an impact on the devices themselves as
intracortical implants such as microelectrodes can elicit inflammatory responses, leading to
scarring and the loss of neurons [62,63].
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Table 6. Left hand column lists major surgical considerations for invasive BCIs. Right hand column
lists the major ethical categories for invasive BCIs.

Surgical Considerations Ethical Considerations

Infection
Bleeding
Iatrogenic damage
Inflammation
Anaesthetic complications
Postoperative pain
Lengthy rehabilitation

Legal justice: Regulatory agencies control the introduction of neurotechnologies into
trials and clinical practice. Once on the market, continuous safety monitoring as well
as ethical issues arising on cases of malpractice, hacking, and the mis-use of data
will remain a subject of concern.
Distributive justice: Neurotechnologies that are used for enhancement purposes
may create a societal divide where select individuals are able to achieve improved
characteristics such as strength, cognition, or connection to external devices.
Autonomy: The stimulation of cortical tissue can lead to changes in thought
patterns, and as such, there is plausibility for altered decision making under the
influence of neurotechnologies.

The long-term efficacy of BCIs is a topic of research. Inflammation after implantation
likely will contribute to the chronic stability of recordings, but this could also be dependent
on the implantation technique such as the disruption of microvasculature as the device is
implanted. With ECoG devices, impedance will likely stabilise after several months [64–66].
Intracortical devices also have additional unique challenges. Surgical implantation is of
greater significance as factors such as the size, material, and shape of electrodes, inser-
tion speed, and roughness of the implantable device can lead to an acute inflammatory
response [67–69]. Thus, immediately after insertion, neurons directly in contact can be
killed, which can significantly reduce the neuron population. Subsequent glial response can
further propagate the inflammatory response. Additionally, as the device is often tethered,
electrodes are fixed whilst the brain can move independently, causing further damage to
the brain through these micromotions. Over time, a glial scar with a size of ~100 μm can
form, which creates a further barrier between the electrode and the brain, increasing the
space between neurons and electrodes [70–72]. This can lead to worsening signal quality,
through neural displacement, electrical insulation, and the modulation of neighbouring
neurons. During this phase, there is typically an increase in electrical impedance, although
this stabilises over the following months. However, despite the decline in signal quality,
the impact on users’ functional performance may not be linear, as participants are able to
maintain high BCI performance many months/years after insertion [66].

However, patient pathology may also contribute to worsening signal quality. This is
particularly evident in cases where the brain will atrophy such as in ALS. If the electrodes
are fixed to the skull, the sensors can migrate from the region of interest if the brain
atrophies as with ALS, thereby limiting the functional use of the BCI [16]. Therefore, the
clinical translation of devices will benefit from wireless implantation devices.

Lastly, the studies lack homogeneity when discussing different tasks performed by a
user which makes comparisons difficult. The choice of behavioural tasks on brain perfor-
mance is an important consideration in neurotechnology research because the choice of
task can have a large impact on decoding accuracy and speed and overall system reliability,
which greatly affects patient performance. More complex tasks will also require greater
cognitive effort. Additionally, the nature of the task is also important. Using motor imagery
whereby users mentally rehearse movement to invoke event-related desynchronization
(ERD) and synchronisation (ERS) patterns in the sensorimotor cortex involves different lev-
els of training and mental effort compared to speech decoding, but a comparison between
these tasks is difficult without standardised behavioural task protocols. This includes using
metrics such as session duration, the number of trials, rest intervals, feedback mechanisms,
and control conditions to account for spontaneous neural activity fluctuations. Performance
metrics should also be standardised, which not only includes objective data such as charac-
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ters/min and speed but also user fatigue and cognitive load. Therefore, the development
of consensus guidelines for the reporting of BCI performance is required and would greatly
enhance comparability and reproducibility across studies.

5. Ethics

As the field of BCIs evolves, a range of ethical issues has to be addressed (Table 6).
Whilst this is not the focus of this review, we include it here as a point of discussion to
raise awareness. Implantable BCIs pose further concerns in comparison to non-invasive
technologies as the surgical risks must also be considered. Invasive BCIs have the potential
to enhance the ability of users [73]. Whilst the studies performed thus far have been on
patients suffering from a neurological deficit, it is possible to adapt the studies for healthy
participants to facilitate connection with external devices. This can lead to, for instance,
the ability to control a robotic arm or computer screen through thought. Justifying surgical
risks for such procedures can be considered adjacent to cosmetic procedures that may
not be life-saving but performed if patients desire it. However, the ability to record and
stimulate the nervous system has wider implications including societal risks.

Enhancing individuals beyond their natural limitations can be seen by some as going
against limitations set naturally. If such technology was only accessibly to select few due
to limited access or high costs, it can create a divide in society where individuals who
have neuroenhancement may be seen as superior or be able to have a wider repertoire of
functions available to them [8]. This ties in with the concept of distributive justice. From a
utilitarian perspective, if only select individuals have access to technologies that allow them
the ability to enhance themselves, the large divide in society can be more detrimental than
the potential positive that it can bring. This can be seen, for example, with enhancement
drugs such as stimulants that allow students to gain an advantage over their peers [74].

Furthermore, as BCIs have the ability to collect neuro-data, it can provide a rich source
of data for commercial uses, such as consumer targeting. Additionally, neural signals are
closely aligned with an individual’s identity, and as such, the use of these data can infringe
upon patient confidentiality [8,75].

Finally, as BCIs can be connected with other digital devices, it opens up the possibility
of hacking and infringing upon user autonomy. This is already a concern with other
implantable devices such as insulin pumps and pacemakers [76,77]. Because the brain is
such a complex organ, hacking and accessing neuro-data as well as stimulating nervous
tissue can have severe and unpredictable consequences.

It is therefore imperative that regulation of BCIs is given priority and continuously
updated as our understanding of neuroscience improves and neurotechnology evolves.

6. Conclusions

BCIs provide a significant therapeutic option for patients who otherwise have limited
rehabilitation recovery. However, over the last decade, the pace of this field has been rapid
and has shifted from cursor control to the decoding of speech directly from the brain in a
bid to improve the speed of communication. The ability to facilitate communication in a
neurologically impaired patient can significantly improve their quality of life. However,
significant resources are required to achieve greater results. Interpreting high-quality
signals and decoding them to speech requires innovative solutions such as the incorporation
of AI to reduce noise and improve language interpretation, as well as optimising the user
interface to allow patients to interact better with the software in a more natural manner.
However, costly innovations may run the risk of secluding patients who cannot access
this technology, which can create a societal divide. As such, understanding stakeholder
perspectives including patients must be central when translating this technology from the
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lab to the clinic. Additionally, future studies should also provide greater feedback from the
users of BCI devices. In particular, the ease of use and the mental effort that is required is
often missed in many studies. This will provide great insight into the rehabilitation process
that is required during the post-implantation period and can provide a useful learning area
for other researchers to benefit from. Having user interfaces or integrated AI modalities
that make it easier for users to engage with the BCI can be as useful as improving the
technical designs of the BCIs in improving patient outcomes.

User feedback is rarely reported in detail in these studies. Whilst some studies al-
lude to improved user experience—for example, with an easier-to-use keyboard, feedback
mechanism, or improved calibration strategies—a qualitative study that assesses the user
experience is necessary to explore this in more depth, which includes the complete reha-
bilitation phase from the post-operative phase to chronic implantation. This will allow
a greater understanding of the patient experience and can be used in conjunction with
objective markers such as characters per minute, the speed of character selection, and
recovery times.

To effectively compare studies, there needs to be homogeneity in protocol design and
reporting outcomes in patients.

7. Limitations

There are several limitations to this study. A scoping review cannot guarantee that all
studies assessing intracortical BCIs for communication are exhausted, found and analysed.
The literature output is confined by the search terms that we entered, and although we
attempted to keep the search terms as broad as possible, it is possible that relevant studies
were missed out. This includes studies that have labelled their devices as anything other
than a ‘brain–computer interface’. The focus of this scoping review was on patients
suffering from the disease as opposed to healthy participants; indeed, to our knowledge
there are no invasive systems being tested on non-impaired individuals. Due to the small
sample size, statistical analysis was difficult to conduct. It is also important to acknowledge
that there are likely multiple user factors that affect the accuracy of signal translation,
making it difficult to draw meaningful conclusions that can be applied to all patients with
these conditions.
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Abstract: (1) Background/Objectives: Primary and secondary brain tumours often hold
devastating prognoses and low survival rates despite the application of maximal neurosur-
gical resection, and state-of-the-art radiotherapy and chemotherapy. One limiting factor
in their management is that several antineoplastic agents are unable to cross the blood–
brain barrier (BBB) to reach the tumour microenvironment. Nanomedicine could hold the
potential to become an effective means of drug delivery to overcome previous hurdles to-
wards effective neuro-oncological treatments. (2) Methods: A scoping review following the
PRISMA-ScR guidelines and checklist was conducted using key terms input into PubMed
to find articles that reflect emerging trends in the utilisation of nanomedicine in drug deliv-
ery for primary and secondary brain tumours. (3) Results: The review highlights various
strategies by which different nanoparticles can be exploited to bypass the BBB; we provide
a synthesis of the literature on the ongoing contributions to therapeutic protocols based
on chemotherapy, immunotherapy, focused ultrasound, radiotherapy/radiosurgery, and
radio-immunotherapy. (4) Conclusions: The emerging trends summarised in this scoping
review indicate encouraging advantageous properties of nanoparticles as potential effective
drug delivery mechanisms; however, there are still nanotoxicity issues that largely remain to
be addressed before the translation of these innovations from laboratory to clinical practice.

Keywords: brain tumours; gliomas; glioblastoma; meningioma; brain metastases; malignant
melanoma; lung metastases; breast metastases; blood–brain barrier; chemotherapy;
immunotherapy; radio-immunotherapy; nanoparticle; drug delivery; antineoplastic agents;
micelles; hyaluronic acid nanospheres; polymeric nanoparticles; lipid nanoparticles;
magnetic nanoparticles; silica nanoparticles; zirconium nanoparticles; radiosensitisers;
nanoscale immunoconjugates

1. Introduction

Conventionally, brain tumours are broadly classified into primary and secondary:
the former can originate from any tissue of the central nervous system (CNS), whereas
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secondary tumours spread into the brain from elsewhere. Whereas primary brain tumours
can be either benign or malignant, secondary tumours are by definition cancerous lesions.
Amongst the primary tumours of the CNS, gliomas are the most frequent and devastating
type [1]. Those tumours can be further classified as per their aggressiveness and extent
of proliferation, according to the 2021 World Health Organisation (WHO) document, into
grades I and II gliomas (low-grade gliomas (LGGs)) grade III and IV (high-grade gliomas
(HGGs)) [2]. In clinical practice, the least malignant form is pilocytic astrocytoma, whereas
the most malignant one is glioblastoma (GBM) [2]. While GBM accounts for the most
frequent subtype of primary brain tumours, other classes characterised by various degrees
of local aggressiveness, such as meningiomas, are the runners-up in terms of incidence
and come up on top in terms of prevalence, reflecting the operative volumes of those
lesions [3]. On the other hand, secondary brain tumours (also known as metastases) are
the most common forms of brain tumours in adults, and their diagnosis is increasing
proportionally to the incidence and prevalence of cancer, which has been defined as a silent
pandemic by the Cancer Committee of the ACS (American College of Surgeons) (https:
//www.facs.org/quality-programs/cancer-programs/, accessed on 10 December 2024).

Despite the application of aggressive treatment strategies, the prognosis of brain
tumours is dismal. HGGs are among the most lethal of all cancers, with a median overall
survival (OS) of 14 to 20 months after optimal multimodal therapy [4]. Unfortunately,
even LGGs do not boast encouraging outcomes due to the evolution to anaplasia that
characterises the natural history of LGGs, leading to death within 5–10 years [5]. Clini-
cians struggle to predict individual patients’ outcomes from other primary and secondary
brain tumours due to their heterogeneity (clinically and histologically). Nonetheless,
some commonalities regarding their anatomical- and treatment-specific factors have
been considered by surgeon-scientists to improve the quality of neuro-oncology care
offered to those patients.

In the last two decades, the advent of nanomedicine has allowed for a quicker transition
of new innovations from the laboratory to clinical wards and operating rooms, a transfor-
mation that has had profound implications in neurosurgery [6]. Accordingly, this study
aims at showcasing the prospective changes in our diagnostic and therapeutic paradigms
for primary and secondary brain tumours. Therefore, an accurate understanding of the
mainstay of neurosurgical management for these lesions is propaedeutic to presenting the
new strategies brought up by nanomedicine, around which this study is centred.

2. Evolution of Treatment Modalities for Primary and Secondary
Brain Tumours

The mainstay of neurosurgical treatment for brain tumours focuses on aggressive
gross total resection, aiming for >95% tumour resection. An all-or-none approach towards
tumour cytoreduction was demonstrated to be particularly important in GBM patients
by the MD Anderson Cancer Centre Neurosurgical Group [7]. Their data concluded a
statistically significant correlation between survival and >98% tumour volume resection, a
correlation that is much weaker in secondary brain tumours, whose survival depends on
many other factors related to the staging and response to treatment of the primary lesion.

Following tumour cytoreduction, radiation therapy with concurrent or adjuvant
chemotherapy is commenced within 30 days for both HGGs and secondary brain tu-
mours [8], while for brain metastases, the choice of adjuvant chemotherapy is highly
variable depending on the WHO class and grade of the primary lesion, in HGGs the
first-line treatment consists of the use of temozolomide (TMZ) [9,10] in the context of
the Stupp protocol, the gold standard therapy for grade 4 gliomas. In fact, a statistically
significant increase in 2-year survival can be achieved with the use of RT plus concomitant
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and adjuvant TMZ for GBM, from 10.4% to 26.5% according to the largest international
randomised clinical trial published by Stupp et al. [10]. Nonetheless, this approach, which
was so successful in HGG, does not fully translate as a treatment modality for LGG [11,12].
In their multivariate analysis, Nitta et al. [13] showed the extent of resection (EOR) to be
significantly associated with progression-free survival (PFS) and OS; nonetheless, radiother-
apy (RT) was not associated with better outcomes. This led to the conclusion that treatment
for this class of gliomas should aim for maximal resection and continuous follow-up, with
the understanding that aggressive treatment with the use of chemotherapy and RT should
be reserved only for tumours carrying poor prognoses like diffuse astrocytoma or those
converting to high grades.

Various shortcomings currently limit the efficacy of neuro-oncological treatments in
primary and secondary brain tumours. Firstly, it should be noted that various first and
secondary lines of chemotherapy are currently available for brain tumours. These include
alkylating agents such as lomustine and cisplatin; anthracyclines such as Doxorubicin;
topoisomerase inhibitors such as Irinotecan; and plant alkaloids such as Vinblastine. Un-
fortunately, all these chemotherapy classes pose challenges due to their systemic toxicity,
which results from either the chemotherapeutic drugs having poor efficacy in brain pene-
tration or their short half-life. Those aspects oblige neuro-oncologists to administer high
pharmacological dosages with consequent multifold side effects (e.g., haematopoietic toxic-
ity, hepatotoxicity, nephrotoxicity, ototoxicity, and pulmonary toxicity). Secondly, given
the focus on radical resection in primary and secondary brain tumours, the efforts of the
surgical community have been aimed at preserving patients’ executive function postop-
eratively. The prospective improvement and the often transitory nature of the functional
impairments caused by radical surgical interventions were initially evidenced by Talacchi
et al. in a large GBM cohort [8]. For this, the push toward radical resection gave rise over
time to continuous improvements in preoperative planning aimed at minimising iatrogenic
insults in any patient harbouring brain lesions.

2.1. Surgical Planning and Prediction Models

For a long time, tumour localisation and the associated radiological characteristics
(e.g., midline shift of ≥1 cm, subcortical positioning and insular location) have been consid-
ered significant predictors of incomplete tumour removal [8]. However, multiple surgical
aids, such as the use of neuro-navigation based on functional magnetic resonance imaging
(fMRI) and the use of intraoperative computed tomography (iCT), real-time intraoperative
ultrasound (IoUS), and intraoperative neurophysiology (IN), have progressively emerged
as game changers [14,15]. These aids for the surgical removal of the tumour have been
responsible for the better rates of PFS, OS, and functionally independent survival obtained
in recent years. Nonetheless, case complexity greatly influences outcomes in neurosurgery;
hence, grading scales that quantify brain damage and introduce valid surgical efficacy
indicators have been proposed [16]. Such tools inform clinicians about the chances of
achieving radical EOR and the risk of postoperative complications; nonetheless, they are
subject to ongoing refinement meant to address their shortcomings [17]. For instance, the
capability to preoperatively quantify the risk of iatrogenic brain damage is outshone by the
progressive improvement in our imaging modalities and surgical aids. While the grading
scale proposed by Marcus et al. [16] used conventional magnetic resonance imaging (MRI)
to formulate predictions, Saraswathy et al. [18] demonstrated that marginal gains in sur-
gical planning could be offered by advanced MRI sequences, such as diffusion-weighted
MRI and proton MR spectroscopic imaging (1HMRSI). This underscores the contribution of
biomedical engineering to neuroimaging, but nanotechnology has also been demonstrated
to be a potential actor for positive change. In fact, the development of high-performance
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contrast agents based on nanocomposites has recently received considerable attention
because these new agents hold great promise and potential for more effective and safer
cancer diagnosis and intraoperative visualisation of the tumour, including the presence
of possible foci of disease residuals once the intended resection is completed [19]. Addi-
tionally, other prediction models, such as the one proposed by Marko et al. [20], allowed
plotting the relationship between survival probability and adjuvant therapy received by
the patients, putting paramount importance not only on preoperative planning and sur-
gical management but also on postoperative treatments. This conclusion underscores the
attention of the neuro-oncology community towards innovative pharmacological strategies,
including those enabled by nanotechnologies, and is consistent with the grand objective of
our scoping review.

2.2. Current Strategies for Radiation Therapy

While conventional RT following tumour debulking remains the preferred choice for
GBM and uncontrollable metastatic disease to the CNS, clinicians have been advocating for
a more tailored radiation therapy for brain tumours suitable for adults and paediatric cases,
with the goal of reducing side effects and improving quality of life [21,22]. Stereotactic
radiosurgery (SRS) is defined as a technique of closed skull destruction of a predetermined
intracranial target by a single-fraction, high dose of ionising radiation using a precision
stereotactic apparatus [23]; this technique boasts the benefits of minimising collateral cells’
exposure to irradiation and delivers, with greater accuracy, high ablative doses centrally
to the target margin [24]. SRS comes in many different forms, depending on the type
of penetrating radiation utilised, Gamma Knife, Linear Accelerators, etc. [24–26]. These
techniques can prove to be quite advantageous for small tumours (<3 cm3), either alone
or in combination with other surgical and endovascular treatments. In fact, SRS can also
be used as a primary treatment for various primary tumours, such as meningiomas in
which a 5-year tumour control rate of 85–100% has been demonstrated [27–29], as well as
brain metastases. That said, even SRS is not a panacea: Gong et al. [29] highlighted that
SRS using a single-fraction Gamma Knife still has limited use in tumours located close
to critical intracranial anatomical structures (e.g., optic nerve, pituitary stalk, etc.) due to
their radiation tolerance. To counteract this problem, scientists have investigated radiation
and pharmacological strategies meant to effectively reach the CNS, protect the healthy
cells in critical anatomical structures surrounding the tumour target, and prevent direct
damage following ablative SRS, including long-term consequences, such as malignant
transformation over time [30]. Pharmacological agents which increase the toxic effects of
radiation therapy are called radiosensitisers and radioenhancers (agents which reduce the
total amount of radiation required to be lethal to a given population of tumour cells) [31–33];
however, access to the CNS represents a specific challenge for any neuro-oncological
treatments, and nanosolutions have been advocated for to address this specific challenge.

2.3. Resistance of Tumour Cells to Chemotherapy

As mentioned above, whilst chemotherapy is often indicated in the treatment of brain
tumours, there are significant challenges posed by CNS penetration. However, it has also
been demonstrated that over time, tumour cells develop a resistance to these chemothera-
peutic agents [34–36]. One of the proposed mechanisms for this is through tumour cells’
intrinsic DNA mismatch repair mechanisms and the upregulation of specific drug-resistant
proteins following long-term exposure to the chemotherapeutic agent. For example, it has
been described that the overexpression of the O-methylguanine-DNA methyltransferase
(MGMT) protein in glioma cells leads to the inactivation of TMZ through omission of the
alkyl or methyl group which is vital to its mechanism of action [34]. Similar mechanisms
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are in play in metastatic tumours as well. As an example, Lee et al., describe how multiple
myeloma cells that are sensitised to CD40 demonstrate a marked increase in the expression
of the multi-drug-resistant protein 1 (MRP1) via the AKT signalling pathway [36]. This
protein then contributes to chemoresistance to Vincristine by limiting cellular uptake of
the drug. The utilisation of nanoparticles for drug delivery can significantly improve
drug penetration by shielding the active pharmacological substance, thus increasing its
therapeutic concentrations in tumour cells and, as such, combat drug resistance, as will be
further discussed.

3. Emerging Treatment Modalities Based on Nanomedicine

3.1. Overcoming the Blood–Brain Barrier Using Nanoparticles

The selectivity of the blood–brain barrier (BBB) and the blood–tumour barrier (BTB)
has emerged as an important reason behind the poor effectiveness and outcomes of an-
tineoplastic agents. The BBB is a tight barrier, formed primarily through brain capillary
endothelial cells, as well as a basement membrane, that protects the brain and only allows
the crossing of essential substances, such as glucose and amino acids [37,38]. Proteins such
as transferrin and Lactoferrin can only cross this barrier via receptor-mediated endocyto-
sis [37], and the passive passage through BBB is only possible for lipophilic drugs, which
carry a molecular weight of less than 400 Da and eight hydrogen bonds [35]. The BTB is
comprised of abnormal vessels that enclose the tumour cells and increase the interstitial
pressure within the tumour microenvironment. As an estimate, 98% of small molecules
and 100% of large molecules fail to achieve therapeutic levels due to a failure to sufficiently
reach the brain [39], largely due to the obstacle of the BBB. Nanoparticles (NPs), on the
other hand, are able to encapsulate these molecules and provide specific transportation
across the BBB via specific ligands attached to their surface. These can bind to key receptors
present at the BBB, hence providing the possibility of tackling previously unreachable
tumours like GBMs [40]. This strategy has been proposed in various forms for enhanced
preoperative and intraoperative imaging, more effective chemotherapy protocols, and safer
radiation treatments [41].

3.2. Towards Nanosolutions

Nanomedicine aims at using nanostructures, possibly with biodegradable characteris-
tics, to find new solutions to old problems: for instance, hyaluronic acid (HA) nanospheres
have been suggested as BBB/BTB carriers. Attention was drawn towards HA for its
immunoneutral, biocompatible, and biodegradable properties [42], which enable NPs con-
taining HA (HA-NPs) to easily bypass the BBB due to the action of reception-mediated en-
docytosis, hence improving the performance of chemotherapeutics and contrast agents [42].
HA-NPs can also exert specific tumour-targeting activity, which is due to the interaction that
occurs between hyaluronidases found in the extracellular matrix (ECM) and HA receptors
located on the bilipid membrane of tumour cells [43]. Furthermore, primary brain tumours
induce the remodelling of the ECM, and HA, which is one of its key components, has been
demonstrated to increase fourfold (to levels comparable to those seen in CNS develop-
ment) in primary brain tumours [42,44]. For all those reasons, Jeong et al. [45] proposed
100–200 nm HA-NPs conjugated with cisplatin to target glioma tumour cells lines. As such,
they were the first research group who successfully observed an increased cisplatin release
when those NPs were tested in a glioma cell line (U343MG) which releases hyaluronidases.
Their proof of concept triggered further studies to test whether HA-NPs could serve as
suitable antitumour carriers and delivery systems even in secondary brain tumours. To
assess that, HA was successfully used to transport cisplatin, a potent chemotherapeutic
and radiosensitiser [46].
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The overexpression of receptors such as CD44 and RHAMM in brain tumours was
another reason to consider HA-NPs. Since CD44 is a transmembrane glycoprotein and a
primary cell surface receptor for HA, hyaluronic acid–ceramide (HACE)-based nanoprobes
were utilised for MRI and demonstrated raised uptake of these nanoprobes in cancer cell
lines with high CD44 receptor expression [47]. This showed that MRI contrast agents
have greater tumour targetability when the strong affinity of HA and CD44 is exploited,
suggesting that advantageous properties of HA-NPs can go beyond drug delivery systems
to enhance neuroimaging protocols [47]. HA oligomers (o-HA) have also proven to be
advantageous in the sense that they antagonise the malignant properties of glioma cells by
competing for the endogenous HA polymeric interactions, which, as a result, interrupts
HA-induced signalling [48].

This background on the applications of nanomedicine to address many unmet neuro-
surgical needs in the management of primary and secondary brain tumours justifies our
interest in this niche of neuro-oncology. The information provided in this introductory
section warrants a deeper appraisal of the scientific literature to understand how successful
the harnessing of nanomedicine has been in tackling the specifics of brain tumours’ microen-
vironment [49] and delivering innovative antineoplastic agents and immunotherapeutic,
radiotherapeutic, and anti-angiogenic drugs to the CNS. Given the exploratory nature of
our research quest, a scoping review represented the best way to progress forward.

4. Materials and Methods

Scoping Review Methodology

This scoping review hopes to explore recent developments in nanomedicine and its
capability of delivering antineoplastic agents for the treatment of primary and secondary
brain tumours. Nanomedicine as a means of drug delivery poses several advantages
such as its ability to deliver poorly water-soluble drugs, its targeted drug delivery, and its
transportation of large macromolecules to intracellular sites. The pharmacological targets
can also be visualised in real time by integrating imaging modalities and harnessing an
optically modulated delivery of therapeutic agents [50].

This scoping review was conducted in the summer of 2024 according to the PRISMA-
ScR guidelines and aims to (1) identify hot topics and emerging trends in the utilisation of
nanomedicine in drug delivery of primary and secondary brain tumours and (2) demon-
strate whether and how nanomedicine is extending survival and quality of life in patients
diagnosed with primary or secondary brain tumours.

An array of search terms was input into PubMed—National Library of Medicine/
National Center for Biotechnology Information, with the time range being set between
2010 and 2024, to find relevant articles for triaging and inclusion in this review. No
language restrictions were placed on the initial search. To maximise the chances of identi-
fying relevant trends in the management of secondary brain tumours, the most common
histotypes (breast and lung cancers) and the tumour whose oncological protocols have
changed the most in recent years (melanoma) were considered [51]. The following MeSH
terms, and combinations of them, were therefore used: “Nanomedicine + glioblastoma +
drug delivery”; “Nanomedicine + blood brain barrier + drug delivery + brain tumour”;
“Nanomedicine + brain metastases + drug delivery”. A flow diagram reflective of the
various steps undertaken in this scoping review is presented in Figure 1.

All key statements made in this scoping review have been appropriately referenced,
and a comprehensive numerical list can be found in the References section.

The Results section (Section 5) lays out all the appropriate articles that were retained
for analysis in this scoping review following our initial literature search. Conflicts of
opinion regarding the inclusion of any given article in this review were resolved among
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the authors by discussing the pros and cons through a conventional Delphi methodology
(of note, this led to the exclusion of 12 articles which were not deemed relevant enough to
be listed in the summative tables of this scoping review).

Data have been collected, analysed and presented in a systematic format within the
main text of Section 5, as well as in the form of two summary tables presented at the end of
each major subsection of the following section, where a synthesis of results is provided.
Final reporting has been drafted and verified before submission against the PRISMA-ScR
checklist (https://www.prisma-statement.org/scoping/, accessed on 23 June 2024).

Figure 1. Flow diagram according to PRISMA-ScR guidelines, (https://www.prisma-statement.org/
scoping/, accessed on 23 June 2024); * indicates that database used for the search (https://pubmed.
ncbi.nlm.nih.gov/, accessed between 23 June 2024 and 31 October 2024); ** indicates all articles
excluded at the time of abstract review due to either their focus (e.g., articles on the management of
brain tumours not dealing with the use of nanoconjugates or articles on nanomedicine not focused or
not fully dedicated to neuro-oncology) or design (non-original investigations such as case reports,
editorials, and letters to editors).

5. Results

The highest number of articles (n: 657) was found when the search term “Nanomedicine
+ brain tumour+ chemotherapy + drug delivery” was input. Next, the search terms
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“Nanomedicine + Immunotherapy + brain tumour + drug delivery” and “Brain tumour
metastasis + Breast + Nanoparticle” generated 51 and 71 results, respectively. The terms
“Nanomedicine + brain tumour+ antiangiogenic therapy + drug delivery”; “Brain tumour
metastasis + melanoma + nanoparticle” and “Brain tumour metastasis + lung + nanopar-
ticle” generated between 8 and 25 results. Lastly, the term “Nanomedicine + menin-
gioma + drug delivery” only generated one result.

This scoping review highlighted various strategies exploited by different NPs to bypass
the BBB and contribute to therapeutic protocols based on chemotherapy, immunotherapy,
focused ultrasound, RT/SRS, and radio-immunotherapy. Those findings will be presented
in the following subsections, which will cover four main areas: NPs and their various
theranostics use [52–74], immunotherapy [75–140], radio-immunotherapy [141–151], and
anti-angiogenic therapies [152,153]. The 20 studies retained after completion of the screen-
ing process are presented in the subsection below and summarised in Tables 1 and 2.

5.1. The Blood–Brain Barrier and Chemotherapeutic Drug Delivery via NPs

As mentioned in Section 3.1, the BBB can greatly limit the efficacy of antineoplastic
therapeutic agents since it actively removes these agents with the means of efflux trans-
porters like P-glycoprotein (P-gp). Paracellular diffusion is also prevented by means of
tight junctions between endothelial cells [52,53]. NPs can be designed to solve this issue
by encapsulating numerous drugs, bypassing the BBB and BTB, and minimising the off-
target effects on the surrounding healthy tissues [52]. Targeted brain tumour nanodrug
delivery can be achieved by the encapsulation of multiple pharmacological agents and by
the exploitation of multiple different signalling pathways all at once. In this subsection, a
dual approach will be used to summarise the evidence from the literature. On one hand,
the most relevant types of NPs will be presented; on the other hand, various modalities
where those NPs are used to grant passage into the CNS and tackle brain tumours will
also be described. This dual approach will allow us to comprehensively cover this rele-
vant area of nanomedicine, from strategies to increase BBB permeability, photodynamic
approaches and thermotherapy, and from ultrasound-modulated chemotherapy to the use
of radiosensitisers in various forms of radiation therapy.

5.1.1. Polymeric NPs

Polymeric conjugates are composed of soluble polymeric NPs that are loaded with
antineoplastic agents to aid site-specific selectivity and evade processes that inhibit the
efficacy of delivery of these antineoplastic agents such as protein-induced immunogenic-
ity. In addition, these polymeric NPs can encapsulate hydrophobic drugs and increase
their bioavailability.

Chang et al. [54] conjugated cisplatin with Pluronic F127-complexed PEGylated
poly(glutamic acid) to produce an NP called PLG-PEG/PF127-CDDP. The NP was used on
GL261 glioma cells, and a 72.53% cell invasion reduction was seen in in vitro studies. The
circulating half-life of cisplatin was also increased to 9.75 h in vivo, which caused, by day
16 post-treatment, a tumour size reduction by 50%.

Annonaceous acetogenins (ACGs), a family of naturally occurring polyketides isolated
from various species of the plant family Annonaceae, have been shown to have potent
anti-tumour activity [55]; for instance, the monomeric component of ACG called bullatacin
exhibits therapeutic activity that is 300 times that of Paclitaxel for leukaemia [56,57]. How-
ever, the delivery of ACGs is challenging due to their form being a viscous solid, making
dissolution into water difficult. Ao et al. [57] used the amphiphilic polymer Poly(ethylene
oxide)-b-poly(butylene oxide) (PEO-PBO) to deliver ACGs in vivo whilst also evading
mononuclear phagocyte-driven NP clearance. PEO-PBO carried nanomicelles loaded with
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ACGs called ACGs/EB-NCs in the following three forms: ACGs/EB5-NCs, ACGs/EB10-
NCs, and ACGs/EB20-NCs (depending on the ACGs/EB-NC feeding ratios). Compared to
the release of free ACGs, the cumulative release rates of these three forms of ACGs/EB-NCs
were significantly stronger in U87 MG cells, with ACGs/EB5-NCs showing the highest
release rate of 78.2% (within 216 h). Interestingly, though the nanomicelle ACGs/EB20-NCs
had the smallest cumulative release rate of 56.3% within 216 h, it showed the smallest
half-inhibitory concentration and largest tumour inhibition rate.

Finally, polymeric NPs have been used for dual action on brain metastases and their
primary tumours. For instance, Ashokan et al. [70] developed polymeric NPs loaded
with a combination of Platin-M, a pro-drug of cisplatin, and a glycolytic inhibitor called
mitochondrion-targeted dichloroacetate (DCA). In their study, the engineered nanocarrier
had a terminal triphenylphosphonium (TPP) cation that could link the hyperpolarised
membrane of mitochondria, which are known to be involved in ageing and carcinogene-
sis [112,113]. The ability to penetrate the BBB as well as the mitochondrial hyperpolarised
membrane allowed the simultaneous targeting of both cancer cells located at the primary
peripheral organ site, as well as those within the CNS (see Figure 2).

Figure 2. Dual targeting of primary malignancy and brain metastases. This image shows how
polymeric nanoparticles loaded with Platin-M and chemotherapeutic glycolytic inhibitors are able to
enter the mitochondria of primary malignancy in breast or lung cancers, as well as their secondary
brain lesions. This approach has been proposed in breast-induced brain metastases by Ashokan
et al. [70]. Created in BioRender. Khilar, S., 2025 (https://BioRender.com/d46l747/, last modified on
21 January 2025).

123



Brain Sci. 2025, 15, 136

T
ab

le
1.

Su
m

m
ar

y
of

th
e

st
ud

ie
s

id
en

tifi
ed

w
hi

ch
us

ed
N

Ps
as

tr
ea

tm
en

tm
od

al
iti

es
fo

rp
ri

m
ar

y
br

ai
n

tu
m

ou
rs

.T
he

y
ha

ve
be

en
di

vi
de

d
ac

co
rd

in
g

to
th

e
N

Ps
se

rv
in

g
as

a
de

liv
er

y
sy

st
em

fo
r

ch
em

ot
he

ra
py

,i
m

m
un

ot
he

ra
py

,r
ad

io
-i

m
m

un
ot

he
ra

py
,a

nd
an

ti-
an

gi
og

en
ic

th
er

ap
y.

Th
ei

r
ad

m
in

is
tr

at
io

n
m

od
el

s
ar

e
al

so
lis

te
d

ac
co

rd
in

g
to

w
he

th
er

th
ey

w
er

e
H

T—
a

hu
m

an
tr

ia
l;

EM
—

an
ex

pe
ri

m
en

ta
lm

od
el

;i
n

vi
vo

;i
n

vi
tr

o.

T
re

a
tm

e
n

t
M

o
d

al
it

y
U

si
n

g
N

P
s:

P
ri

m
a
ry

B
ra

in
T

u
m

o
u

rs
R

e
fe

re
n

ce
A

d
m

in
is

tr
a
ti

o
n

M
o

d
e
l

S
tr

a
te

g
y

D
e
sc

ri
b

e
d

in
th

e
S

tu
d

y

C
he

m
ot

he
ra

py
M

ai
er

-H
au

ff
et

al
.[

60
]

H
T

A
pp

lie
d

In
tr

at
um

ou
ra

lT
he

rm
ot

he
ra

py
us

in
g

ir
on

ox
id

e
(m

ag
ne

ti
te

)N
Ps

an
d

al
te

rn
at

in
g

m
ag

ne
ti

c
fie

ld
(A

M
F)

.

Li
u

et
al

.[
63

]
EM

—
in

vi
vo

(c
ul

tu
re

d
C

6
tu

m
ou

r
ce

lls
)a

nd
in

vi
tr

o
C

om
bi

ne
d

FU
S

an
d

M
N

Ps
(e

nc
ap

su
la

te
d

ir
on

ox
id

e
(F

e 3
O

4)
w

it
hi

n
po

ly
[a

ni
lin

e-
co

-N
-(

1-
on

e-
bu

ty
ri

c
ac

id
)]

an
ili

ne
(S

PA
nH

)a
s

a
su

rf
ac

e
la

ye
r)

.

Ja
nj

ua
et

al
.[

66
]

EM
—

in
vi

vo
(U

87
an

d
G

L2
61

gl
io

bl
as

to
m

a
ce

ll
lin

es
)

an
d

in
vi

tr
o

D
ev

el
op

ed
no

ve
lu

ltr
a-

sm
al

l(
30

nm
)S

ili
ca

N
an

op
ar

tic
le

s
fo

r
th

e
de

liv
er

y
of

T
M

Z
ac

ro
ss

th
e

BB
B.

W
an

et
al

.[
69

]
EM

—
in

vi
vo

(G
lio

m
a

ce
lls

of
U

25
1,

BM
SC

s,
H

U
V

EC
s,

SH
G

44
an

d
U

87
lin

es
)a

nd
in

vi
tr

o
U

se
d

N
Ps

w
it

hi
n

a
Z

ir
co

ni
um

-b
as

ed
fr

am
ew

or
k

to
de

liv
er

T
M

Z
w

it
h

th
e

co
nc

ur
re

nt
us

e
of

ul
tr

as
ou

nd
,

C
ha

ng
et

al
.[

54
]

EM
—

in
vi

vo
(G

L2
61

gl
io

m
a

ce
lls

)a
nd

in
vi

tr
o

C
on

ju
ga

te
d

ci
sp

la
ti

n
w

it
h

Pl
ur

on
ic

F1
27

-c
om

pl
ex

ed
PE

G
yl

at
ed

po
ly

(g
lu

ta
m

ic
ac

id
)t

o
pr

od
uc

e
an

N
P

ca
lle

d
PL

G
-P

EG
/P

F1
27

-C
D

D
P.

A
o

et
al

.[
57

]
EM

—
in

vi
vo

(U
87

M
G

ce
ll

lin
e)

A
C

G
-l

oa
de

d
na

no
m

ic
el

le
s

in
th

re
e

di
ff

er
en

tf
ee

di
ng

ra
tio

s,
A

C
G

s/
EB

5-
N

C
s,

A
C

G
s/

EB
10

-N
C

s,
an

d
A

C
G

s/
EB

20
-N

C
s,

w
er

e
de

liv
er

ed
us

in
g

Po
ly

(e
th

yl
en

e
ox

id
e)

-b
-p

ol
y(

bu
ty

le
ne

ox
id

e)
(P

EO
-P

BO
),

as
an

am
ph

ip
hi

lic
po

ly
m

er
ic

ca
rr

ie
r

to
w

ar
d

U
87

M
G

tu
m

ou
r-

be
ar

in
g

m
ic

e.
T

he
N

Ps
ha

d
th

e
fo

llo
w

in
g

si
ze

s:
14

8.
8
±

0.
5

nm
,3

2.
7
±

4.
1

nm
,a

nd
27

.1
±

0.
3

nm
,

co
rr

es
po

nd
in

g
to

A
C

G
s/

EB
5-

N
C

s,
A

C
G

s/
EB

10
-N

C
s

an
d

A
C

G
s/

EB
20

-N
C

s,
re

sp
ec

ti
ve

ly
.

Im
m

un
ot

he
ra

py
G

al
st

ya
n

et
al

.[
80

]
EM

—
in

vi
vo

(M
ou

se
gl

io
bl

as
to

m
a

ce
ll

lin
e

G
L2

61
im

pl
an

te
d

in
tr

ac
ra

ni
al

ly
in

8
w

ee
ks

ol
d

fe
m

al
e

C
57

BL
/6

Jm
ic

e)

A
bx

ag
ai

ns
tC

T
LA

-4
an

d
PD

-1
w

as
co

va
le

nt
ly

bo
nd

ed
to

a
dr

ug
ca

rr
ie

r
ca

lle
d

th
e

po
ly

(B
et

a-
L-

m
al

ic
ac

id
)P

M
LA

ba
ck

bo
ne

.

Z
ha

ng
et

al
.[

81
]

EM
—

in
vi

vo
(o

rt
ho

to
pi

c
G

BM
-b

ea
ri

ng
m

ic
e)

Lo
ad

ed
an

ti
bo

di
es

ag
ai

ns
tP

D
-1

(a
s

te
rm

ed
by

th
e

st
ud

y
aP

D
-L

1)
in

to
re

do
x-

re
sp

on
si

ve
m

ic
el

le
s

an
d

co
m

bi
ne

d
it

w
it

h
Pa

cl
it

ax
el

(P
T

X
).

R
ad

io
-i

m
m

un
ot

he
ra

py
W

an
g

et
al

.[
14

9]
EM

—
2

m
ur

in
e

m
od

el
s

w
ith

or
th

ot
op

ic
G

BM
tu

m
ou

rs
us

ed

En
ca

ps
ul

at
ed

PD
-L

1
an

ti
bo

di
es

(a
lp

ha
PD

-L
1)

an
d

di
se

le
ni

de
-b

ri
dg

ed
m

es
op

or
ou

s
si

lic
a

na
no

pa
rt

ic
le

s
(M

SN
s)

w
it

hi
n

a
m

es
en

ch
ym

al
st

em
ce

ll
(M

SC
)m

em
br

an
e.

C
C

ch
em

ok
in

e
re

ce
pt

or
2

(C
C

R
2)

w
as

al
so

ov
er

ex
pr

es
se

d
on

th
e

M
SC

m
em

br
an

e.
G

lio
m

a
tu

m
ou

r
ce

lls
w

er
e

co
nc

ur
re

nt
ly

ir
ra

di
at

ed
,

w
hi

ch
al

lo
w

ed
ra

di
at

io
n-

in
du

ce
d

tr
op

is
m

of
N

Ps
to

w
ar

ds
ch

em
ok

in
e

(C
C

m
ot

if
)l

ig
an

d
2

(C
C

L2
).

124



Brain Sci. 2025, 15, 136

T
a

b
le

1
.

C
on

t.

T
re

a
tm

e
n

t
M

o
d

al
it

y
U

si
n

g
N

P
s:

P
ri

m
a
ry

B
ra

in
T

u
m

o
u

rs
R

e
fe

re
n

ce
A

d
m

in
is

tr
a
ti

o
n

M
o

d
e
l

S
tr

a
te

g
y

D
e
sc

ri
b

e
d

in
th

e
S

tu
d

y

C
he

n
et

al
.[

15
0]

EM
—

E.
co

li
ce

lls
an

d
G

L2
61

m
ou

se
gl

io
m

a
ce

lls
,

C
8D

1A
m

ou
se

as
tr

oc
yt

es
,B

.e
nd

3
m

ou
se

en
do

th
el

ia
l

ce
ll

lin
es

an
d

R
A

W
26

4.
7

m
ou

se
m

ac
ro

ph
ag

es

C
om

bi
ne

d
go

ld
N

Ps
(A

uN
P)

w
it

h
an

ou
te

r
m

em
br

an
e

ve
si

cl
e

(O
M

V
)

de
ri

ve
d

fr
om

E.
C

ol
it

o
cr

ea
te

th
e

A
u-

O
M

V
co

m
pl

ex
.T

he
co

m
pl

ex
in

cr
ea

se
d

R
O

S
ge

ne
ra

ti
on

in
G

L2
61

gl
io

m
a

ce
lls

by
2.

5-
fo

ld
w

he
n

th
ey

w
er

e
tr

ea
te

d
w

it
h

R
T

co
m

pa
re

d
to

ju
st

th
e

A
u-

O
M

V
co

m
pl

ex
al

on
e.

A
nt

i-
an

gi
og

en
ic

th
er

ap
y

Lu
et

al
.[

15
3]

EM
—

in
vi

vo
(O

rt
ho

to
pi

c
U

87
-m

C
he

rr
y-

lu
c

gl
io

m
a-

be
ar

in
g

nu
de

m
ic

e)
an

d
in

vi
tr

o

Pe
ne

tr
at

ed
pe

pt
id

e-
m

od
ifi

ed
po

ly
et

hy
le

ne
im

in
e

(P
EI

)n
an

oc
om

pl
ex

w
it

h
TA

T-
A

T
7

on
th

e
su

rf
ac

e
to

im
pr

ov
e

bi
nd

in
g

an
d

cr
os

si
ng

BB
B.

T
he

na
no

co
m

pl
ex

w
as

lo
ad

ed
w

ith
th

e
pV

A
X

I-
EN

pl
as

m
id

(s
ec

re
to

ry
en

do
st

at
in

ge
ne

)—
th

e
to

ta
lc

om
pl

ex
w

as
te

rm
ed

PP
TA

/p
VA

X
I-

En
.

T
ab

le
2.

Su
m

m
ar

y
of

th
e

st
ud

ie
s

id
en

tifi
ed

w
hi

ch
us

ed
N

Ps
as

tr
ea

tm
en

tm
od

al
iti

es
fo

rs
ec

on
da

ry
br

ai
n

tu
m

ou
rs

.T
he

y
ha

ve
be

en
di

vi
de

d
ac

co
rd

in
g

to
th

e
tu

m
ou

r’
s

pr
im

ar
y

si
te

an
d

N
Ps

se
rv

in
g

as
a

de
liv

er
y

sy
st

em
fo

r
ch

em
ot

he
ra

py
,i

m
m

un
ot

he
ra

py
,i

m
m

un
ot

he
ra

py
+

Si
R

N
A

,E
G

FR
-t

yr
os

in
e

in
hi

bi
to

rs
,a

nd
ra

d
io

-i
m

m
un

ot
he

ra
py

.T
he

ir
ad

m
in

is
tr

at
io

n
m

od
el

s
ar

e
al

so
lis

te
d

ac
co

rd
in

g
to

w
he

th
er

th
ey

w
er

e
H

T—
a

hu
m

an
tr

ia
l;

E
M

—
an

ex
pe

ri
m

en
ta

lm
od

el
;i

n
vi

vo
;i

n
vi

tr
o.

T
re

a
tm

e
n

t
M

o
d

a
li

ty
U

si
n

g
N

P
s:

S
e

co
n

d
a

ry
B

ra
in

T
u

m
o

u
rs

R
e

fe
re

n
ce

A
d

m
in

is
tr

a
ti

o
n

M
o

d
e

l
S

tr
a

te
g

y
D

e
sc

ri
b

e
d

in
th

e
S

tu
d

y

C
he

m
ot

he
ra

py

Br
ea

st
Li

m
et

al
.[

10
0]

EM
—

n
vi

vo
(b

ra
in

m
et

as
ta

se
s

be
ar

in
g

m
ou

se
m

od
el

)a
nd

in
vi

tr
o

(B
T4

74
ce

lls
br

ea
st

ca
nc

er
ce

ll
lin

es
)

Lo
ad

ed
hy

pe
rb

ra
nc

he
d

po
ly

m
er

s
(H

BP
s)

w
ith

D
ox

or
ub

ic
in

(D
O

X
)

an
d

la
be

lle
d

th
e

N
P

w
ith

an
ti-

H
ER

3/
an

ti-
PE

G
bi

sp
ec

ifi
c-

an
tib

od
y

fr
ag

m
en

ts
(H

ER
3-

H
BP

-D
O

X
)g

ro
up

.

Br
ea

st
A

sh
ok

an
et

al
.[

70
]

EM
—

M
D

A
-M

B-
23

1
br

ea
st

ca
nc

er
ce

ll
lin

e,
M

D
A

-M
B-

23
1-

BR
an

d
Br

ea
st

ca
nc

er
ce

ll
lin

e
H

C
C

18
06

us
ed

.

Lo
ad

ed
N

P
w

it
h

a
co

m
bi

na
ti

on
of

Pl
at

in
-M

(c
is

pl
at

in
pr

od
ru

g)
an

d
a

gl
yc

ol
ys

is
in

hi
bi

to
r

to
si

m
ul

ta
ne

ou
sl

y
ta

rg
et

th
e

pr
im

ar
y

tu
m

ou
r

si
te

an
d

tu
m

ou
r

ce
lls

th
at

ha
d

m
et

as
ta

si
se

d
to

th
e

br
ai

n
(t

he
po

te
nt

ia
la

dv
an

ta
ge

s
of

us
in

g
gl

yc
ol

ys
is

in
hi

bi
to

rs
w

er
e

hi
gh

lig
ht

ed
by

[1
12

,1
13

])
.

Br
ea

st
Li

u
et

al
.[

11
1]

EM
—

in
vi

vo
(b

ra
in

m
et

as
ta

se
s

br
ea

st
ca

nc
er

m
od

el
)

“T
ro

ja
n

H
or

se
st

ra
te

gy
,”

—
a

po
ly

m
er

ic
N

P
ha

d
a

co
at

in
g

de
ri

ve
d

fr
om

th
e

M
D

A
-M

B-
23

1/
Br

ce
ll

m
em

br
an

e
an

d
w

as
lo

ad
ed

w
it

h
D

ox
or

ub
ic

in
.C

ol
le

ct
iv

el
y

ca
lle

d
D

O
X

-P
LG

A
@

C
M

.

Im
m

un
ot

he
ra

py
Br

ea
st

Se
vi

er
ie

ta
l.

[1
07

]

EM
—

in
vi

tr
o

(u
si

ng
D

2F
2/

E2
-L

uc
ce

lls
)

an
d

in
vi

vo
(m

ur
in

e
br

ea
st

tu
m

ou
r

ce
ll

lin
e

D
2F

2/
E2

,t
ha

te
xp

re
ss

ed
hu

m
an

H
ER

2
re

ce
pt

or
)

C
om

bi
ne

d
Tr

an
st

az
um

ab
w

it
h

Fe
rr

it
in

N
Ps

an
d

D
oc

et
ax

el
(H

-T
Z

+
D

tx
)f

or
ta

rg
et

ed
dr

ug
de

liv
er

y
w

it
hi

n
th

e
tu

m
ou

r
m

ic
ro

en
vi

ro
nm

en
ta

nd
fo

r
ai

di
ng

th
e

co
m

po
si

ti
on

of
a

pr
ot

ec
ti

ve
m

ic
ro

en
vi

ro
nm

en
ta

ga
in

st
tu

m
ou

r
ce

lls
.

125



Brain Sci. 2025, 15, 136
T

a
b

le
2

.
C

on
t.

T
re

a
tm

e
n

t
M

o
d

a
li

ty
U

si
n

g
N

P
s:

S
e

co
n

d
a

ry
B

ra
in

T
u

m
o

u
rs

R
e

fe
re

n
ce

A
d

m
in

is
tr

a
ti

o
n

M
o

d
e

l
S

tr
a

te
g

y
D

e
sc

ri
b

e
d

in
th

e
S

tu
d

y

Im
m

un
ot

he
ra

py
+

si
R

N
A

Br
ea

st
N

ga
m

ch
er

dt
ra

ku
le

ta
l.

[1
10

]

EM
—

in
vi

vo
(d

ru
g-

re
si

st
an

to
rt

ho
to

pi
c

H
ER

2+
H

C
C

19
54

tu
m

ou
r

m
ou

se
m

od
el

an
d

H
ER

2+
BT

47
4

tu
m

ou
rs

w
it

hi
n

m
ic

e
br

ai
ns

)

C
o-

de
liv

er
y

of
D

oc
et

ax
el

an
d

H
ER

2
ta

rg
et

in
g

si
R

N
A

vi
a

a
tr

as
tu

zu
m

ab
-c

on
ju

ga
te

d
N

P
to

w
ar

ds
th

e
H

ER
2

+
H

C
C

19
54

dr
ug

-r
es

is
ta

nt
tu

m
ou

r
m

ou
se

ce
ll

lin
e.

C
he

m
ot

he
ra

py
Lu

ng
Sa

m
ba

de
et

al
.[

13
2]

EM
—

in
vi

vo
(i

nt
ra

cr
an

ia
lA

54
9

tu
m

ou
rs

in
nu

de
m

ic
e)

D
oc

et
ax

el
an

d
ac

id
-l

ab
ile

C
2-

di
m

et
hy

l-
Si

-D
oc

et
ax

el
(C

2-
D

oc
et

ax
el

)w
er

e
ca

rr
ie

d
in

“P
ar

ti
cl

e
R

ep
lic

at
io

n
in

N
on

w
et

ti
ng

Te
m

pl
at

es
(P

R
IN

T(
®

))
PL

G
A

”
N

Ps
.W

it
hi

n
A

54
9

tu
m

ou
rs

in
nu

de
m

ic
e,

m
ed

ia
n

su
rv

iv
al

w
as

se
en

to
ha

ve
in

cr
ea

se
d

by
35

%
w

he
n

PR
IN

T-
C

2-
D

oc
et

ax
el

w
as

us
ed

.

si
R

N
A

de
liv

er
y

Lu
ng

Z
ha

ng
et

al
.[

11
5]

EM
—

in
vi

vo
(m

ic
e

be
ar

in
g

SC
LC

tu
m

ou
r

m
et

as
ta

si
s

m
od

el
)a

nd
in

vi
tr

o
st

ud
ie

s

D
es

ig
ne

d
an

N
P

ca
pa

bl
e

of
ta

rg
et

in
g

tu
m

ou
r

ce
lls

w
hi

ch
ha

d
m

et
as

ta
si

se
d

to
th

e
br

ai
n

fr
om

sm
al

lc
el

ll
un

g
ca

nc
er

(S
C

LC
)—

th
e

in
ci

de
nc

e
of

br
ai

n
m

et
as

ta
se

s
fr

om
SC

LC
is

40
–5

0%
in

ad
va

nc
ed

st
ag

es
of

SC
LC

an
d

10
%

in
ea

rl
y

st
ag

es
[1

14
].

C
al

le
d

TP
-M

-C
u-

M
O

F/
si

A
TP

7a
,t

he
N

P
w

as
lo

ad
ed

w
it

h
si

R
N

A
ta

rg
et

in
g

th
e

A
TP

7a
ge

ne
,w

hi
ch

is
im

po
rt

an
ti

n
m

od
ul

at
in

g
th

e
ef

flu
x

of
co

pp
er

in
tr

ac
el

lu
la

rl
y.

Th
e

N
P

ha
d

a
co

at
in

g
m

ad
e

of
th

e
TP

07
51

-p
ep

ti
de

-d
ec

or
at

ed
st

em
ce

ll
m

em
br

an
e,

w
hi

ch
w

as
sy

ph
ili

s-
de

ri
ve

d
as

Pa
lli

du
m

ca
n

tr
av

er
se

th
e

BB
B

[1
20

],
an

d
ha

d
a

co
pp

er
-b

as
ed

fr
am

ew
or

k.
O

ve
ra

ll,
th

e
N

P
to

ok
ad

va
nt

ag
e

of
cu

pr
op

op
to

si
s

to
in

hi
bi

tt
um

ou
r

ce
ll

gr
ow

th
[1

16
–1

19
].

EG
FR

-t
yr

os
in

e
ki

na
se

in
hi

bi
to

rs
Lu

ng
K

im
et

al
.[

13
3]

EM
—

in
vi

vo
(H

um
an

N
SC

LC
ce

ll
lin

es
(H

C
C

82
7

an
d

H
19

75
)a

nd
H

C
C

82
7-

lu
c

ce
lls

im
pl

an
te

d
in

to
xe

no
gr

af
tm

ou
se

m
od

el
s

N
U

FS
-s

Er
t—

a
w

at
er

-s
ol

ub
le

N
P

de
si

gn
ed

us
in

g
fa

ta
nd

su
pe

rc
ri

tic
al

flu
id

w
hi

ch
de

liv
er

ed
O

si
m

er
tin

ib
(a

th
ir

d-
ge

ne
ra

tio
n

EG
FR

–t
yr

os
in

e
ki

na
se

in
hi

bi
to

r)
fo

r
th

e
tr

ea
tm

en
to

fE
G

FR
-m

ut
an

t
lu

ng
ca

nc
er

.T
hi

s
w

as
ca

rr
ie

d
ou

tt
o

co
un

te
ra

ct
th

e
pr

ob
le

m
of

po
or

so
lu

bi
lit

y
of

O
si

m
er

ti
ni

b,
w

hi
ch

ha
s

be
en

sh
ow

n
to

ha
ve

si
gn

ifi
ca

nt
ly

hi
gh

er
br

ai
n

pe
ne

tr
at

io
n

[1
38

].
Si

gn
ifi

ca
nt

tu
m

ou
r

gr
ow

th
in

hi
bi

tio
n

w
as

se
en

w
he

n
N

U
FS

-s
Er

tw
as

in
se

rt
ed

in
to

th
e

br
ai

n
ve

nt
ri

cl
e

in
in

tr
ac

ra
ni

al
xe

no
gr

af
tm

od
el

.

R
ad

io
-

im
m

un
ot

he
ra

py

Lu
ng

,
Br

ea
st

,
M

el
an

om
a

an
d

C
ol

on

Ve
rr

y
et

al
.[

71
]

H
T—

Ph
as

e
I

Ph
as

e
IN

A
N

O
-R

A
D

tr
ia

ls
ho

w
in

g
th

e
us

e
of

a
ga

do
lin

iu
m

-b
as

ed
N

P
in

co
m

bi
na

ti
on

w
it

h
ra

di
ot

he
ra

py
fo

r
th

e
tr

ea
tm

en
to

fb
ra

in
m

et
as

ta
se

s
fr

om
br

ea
st

,l
un

g,
m

el
an

om
a

an
d

co
lo

n
ca

nc
er

.

126



Brain Sci. 2025, 15, 136

5.1.2. Lipid NPs

Liposomes and niosomes are two examples of self-assembling concentric vesicles, which
have the ability to encapsulate molecules of water-soluble, lipid-soluble, and amphiphilic
nature [72]. Liposomes can also be PEGylated by the addition of polyethylene glycol chains,
which can increase their half-life [72]. Further examples of lipid NPs include solid lipid NPs
(SLNs), in which drugs are inserted into a lipid nucleus or core. The lipophilic nature of
lipid NPs makes them a good candidate for passing through the BBB via passive diffusion
or transcytosis, either receptor-mediated or adsorptive-mediated [73]. Moreover, Medes et al.
describe in their in vitro study how ultra-small nanostructure lipid carriers (usNLCs) can
be coupled with specific cell-penetrating peptides (CPPs), tumour-targeting peptides (TTPs),
stearylamine, or transferrin, to enhance their permeability across the BBB as well as uptake
into glioma cells for more targeted drug delivery [73]. Additionally, Joshy et al. demonstrated
the successful uptake of zidovudine to glioma cells using modified SLNs in their in vitro
study [74].

5.1.3. Magnetic NPs

The technique of enhanced permeability and retention (EPR) [58] encompasses the
dilation of curved capillaries to reduce blood flow, allowing NPs to permeate through the
20–200 nm wide pores of vessels and subsequently accumulate within the tumour—these
are typically sized 3–200 nm in diameter [59]. Magnetic NPs (MNPs) are advantageous
due to their response to the external magnetic field (EMF) and are used for theranostic
purposes (see Figure 3). Therapeutic agents can be conjugated with MNPs, and, via magnetic
targeting, these MNPs can be vehiculated to the tumour site where, their local concentration
can be increased to remarkably improve their therapeutic efficacy. As such, when these
MNPs accumulate, their exposure to EMF causes cell destruction via heat generation [59].

Figure 3. Intratumoural thermotherapy can be achieved by directing an alternating magnetic field
towards nanoparticles containing a magnetic core. This strategy has been adopted in patients with
recurrent glioblastoma by Maier-Hauff et al. [60]. Created in BioRender. Khilar, S., 2025 (https://
BioRender.com/c14m563/, last modified on 21 January 2025).
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A notable study by Maier-Hauff et al. [60] applied thermotherapy using an alternating
magnetic field (AMF) and injecting directly into the tumour a magnetic fluid containing
supermagnetic NPs, with an iron concentration of 112 mg/mL, aqueously dispersed,
yielding superior responses in comparison to the standard of care [61,62].

5.1.4. Combining MNPs with the Technique of Focused Ultrasound to Increase BBB
Permeability and Drug Delivery via NPs

Liu et al. [63] combined the properties of focused ultrasound (FUS) and MNPs to
enhance the delivery of chemotherapeutic agents across the BBB to the tumour site while
allowing for MRI monitoring during treatment. FUS reversibly disrupts the BBB and
increases its permeability with the use of microbubbles and a low-energy burst tone. Due
to its effects being local rather than systemic, off-target side effects are reduced. The two
techniques negate the less efficient passive diffusion technique to cross the barrier due
to the presence of magnetic targeting and increase the concentration of MNPs within
the tumour site. The aqueous solution of the MNPs can be stabilised, for instance, by
encapsulating iron oxide (Fe3O4) within poly [aniline-co-N-(1-one-butyric acid)] aniline
(SPAnH) as a surface layer. Then, cytotoxic anti-cancer agents can be immobilised on the
surface of MNPs to reduce the therapeutic quantity required. In the study conducted by Liu
et al., control animals that were treated with Epirubicin-MNP without FUS had no MNP
accumulation, whereas those treated with FUS/MNPs showed an estimated 15-fold higher
therapeutic range of the index drug, Epirubicin, delivered to the tumour site compared to
the conventional in vivo administration of a control drug, Doxorubicin (DOX). A decline
in tumour volume increase was also seen; the control group had a 313% rise in tumour
volume compared to the FUS/MNP group, which saw a 106 ± 24% increase. Additionally,
the median survival of the group of interest was 30.5 days compared to the control group,
which had a statistically significantly lower median survival of 18.3 days (p value = 0.0002).

5.1.5. Silica NPs

Although TMZ’s lipophilicity and small molecular weight allow it to be absorbed
orally, its BBB penetration and bioavailability in patients with GBM, or any other brain
malignancies where TMZ is one of the only chemotherapy options (e.g., solitary fibrous
tumours) are incredibly low at only 20% [10,62,64–66]. Additionally, TMZ has a short
half-life of 2 h, and efflux pumps present within the brain tumour and BBB cause it not to
accumulate sufficiently to cause therapeutic effects. This not only causes less-than-desirable
outcomes, such as a 95% likelihood of GBM recurrence within 7 months of diagnosis and a
<5% 5-year survival rate, but also causes drug resistance. Numerous types of NPs have been
tested to optimize these shortcomings. Mesoporous silica NPs (MSNs) have been shown
to exhibit properties such as a large surface area of >1000 m2g−1, excellent mechanical
stability, and drug release, which can be tuned according to internal stimuli such as pH, and
external stimuli, such as heat, light, and mechanical field [67,68]. This makes them great
NPs for CNS-specific drug delivery systems [66]. Janjua et al. [66] developed novel ultra-
small (30 nm) silica NPs with large pores (7 nm) (USLP) as a medium for chemotherapy
delivery. This was combined with the Lactoferrin ligand to accommodate BBB crossing
and allowed for an increased TMZ accumulation, decreased efflux ratio and improvement
in the anti-cancer response [75]. Following those additional tests, Janjua et al. [66] also
showed that the efflux ratio of TMZ conjugated with USLP and PEG was significantly
lower than that recorded for pure TMZ (0.72 ± 0.11 vs. 2.15 ± 0.18). They also showed
that when Lactoferrin as a ligand is coupled with NPs in PEG solution, it accelerates their
accumulation within the brain, peaking at about 1 h post administration compared to NPs
in PEG solution alone, which peak about 4 h post intravenous administration. This was
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estimated to be associated with the large amounts of Lactoferrin receptors expressed on
the BBB.

5.1.6. Ultrasound-Modulated Chemotherapy: The Case of Zirconium NPs

Wan et al. [69] combined the beneficial properties of NPs formulated in a Zirconium-
based framework (UiO-66-NH2 NP) with ultrasound to increase the efficiency of TMZ
delivery for GBM. Due to internal circulation stability, high loading capacity, and excel-
lent biocompatibility, nanoscale metal-organic frameworks (MOFs), such as UiO-66-NH2,
provide an unprecedented opportunity for the treatment of cancer, making them an ideal
drug delivery vehicle due to the superior cavity volume to load drugs such as TMZ and
slow-release functions, which is expected to increase penetration through the BBB. TMZ
can in fact be released through the microporous network of UiO-66-NH2, and ultrasound
accelerated this process via low-frequency oscillations. Wan et al. showed that those
Zirconium-based NPs have a loading capacity of 0.25 mg of TMZ per mg of UiO-66-NH2.
Their study reflected good delivery and enrichment of the TMZ-carrying NPs locally; how-
ever, those MOFs loaded with TMZ were not able without ultrasound to inhibit tumour
cell migration. The authors explained two possible mechanisms for this dismal result:
either the loaded drug’s release is facilitated by the destruction of the carrier, or ultrasound
induces changes in the structure of the cells so that the therapeutic agent can reach the local
tumour in a targeted manner.

5.1.7. NPs as Radiosensitisers

A Phase I trial called the NANO-RAD [71] trial was conducted on patients with brain
metastases who were unsuitable to receive SRS. A novel gadolinium-based 5 nm NP called
Activation by Guidance of Irradiation by X-ray (AGuIX) was used with RT on a total of
15 patients with 354 metastases from melanoma, lung, breast, melanoma, and colon cancer.
Enhancement on MRI revealed AGuIX to have been distributed across all brain metastases.
The median OS and PFS were 5.5 months. Survival 12 months after the end of the study
was seen in five patients. AGuIX was also observed to be retained within the tumour for
up to one week, supporting its use as a radiosensitiser and potential to be studied in Phase
II trials.

5.2. Immunotherapy

Although several clinical trials have been conducted and others are still ongoing to
test the impact of immunotherapy in the treatment of patients with primary and secondary
brain tumours [75], one point that clearly emerged in all these investigations consists of the
limitations of new antibody-based drugs to bypass BBB due to their molecular weight and
charge. Immunotherapies exploit antigen–antibody interactions and are meant to trigger an
immune response against tumours. Peptides (amino acid chains), polysaccharides (chains
of simple sugars), lipids, or nucleic acids displayed over the cell membrane of tumour
cells can be targeted to tackle tumour growth. In such scenarios, antibodies and aptamers,
consisting of short single-stranded DNA or RNA oligonucleotides, are used to target cancer-
specific molecules with high affinity in a three-dimensional shape and unchain immune
reaction against primary and secondary brain tumours [140]. Given the above, in this
subsection, we will cover the use of nanoscale immunoconjugates, immune checkpoints
blockade, multiplexing targeting, and use of SiRNA to modulate immunotherapy for
brain tumours.

5.2.1. Nanoscale Immunoconjugates (NICs)

The immune system is extremely complex and requires fine-tuning to ensure the pro-
tection of the human body. Immune checkpoints are proteins meant to keep our immune
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system in check, hence avoiding episodes of autoimmunity; nonetheless, they may also
prevent an effective response against cancer cells, for instance, by stopping T cells from
killing tumour cells in the body [84]. Regulatory T-cells (Tregs) are suppressed, and cyto-
toxic T-lymphocytes (CTLs), which enact an anti-tumour immune response, are activated
with the use of humanised monoclonal antibodies (mAbs). Key examples of these mAbs
directed against immune checkpoints are Ipilimumab, Pembrolizumab and Nivolumab,
where the Ipilimumab targets the cytotoxic T-lymphocyte-associated antigens (CTLA1-4),
whereas the other two drugs target the programmed cell death-1 (PD-1) pathway [76,77].
The interaction between PD-1 and its two ligands (PD-L1 and PD-L2) causes a reduction
in the effector T-cell activity by inhibiting the T-cell activation via the kinase-signalling
pathway, leading to immunosuppression [85,86]. Checkpoint blockade immunotherapy
using antibodies against PD-1 and PD-L1 can block immunosuppressive pathways regulat-
ing the T-cells, leading to the enhancement of antitumour immune responses [63]. Hence,
neuro-oncologists have tried to replicate the clinical successes obtained when antibodies
targeted against PD-1 or its ligands were used to treat immunogenic tumours such as
melanomas, renal cell carcinomas, bladder cancer, Hodgkin’s lymphoma, and non-small-
cell lung cancer [87–92]. The current body of evidence shows an in vitro lack of efficiency
by these mAbs when they are administered systemically in glioma murine models [78,79].
Similarly to the strategy adopted for most NPs discussed above, to counteract the issue
of antibodies not being able to cross the BBB, Galstyan et al. [80] designed an NIC, where
antibodies against CTLA-4 and PD-1 were covalently bonded to a drug carrier called the
poly (Beta-L-malic acid) PMLA backbone. These NICs cross the BBB and reach brain
tumours using transcytosis mediated by transferrin receptors (see also Section 5.2.3). When
antibodies against CTLA-4 and PF-1 were administered intravenously, after 4 and 6 h, they
were barely detectable outside of blood vessels. In contrast, when they were delivered
via NICs, they were detectable within the tumour parenchyma only (but not elsewhere
in the brain) within 4 h. This led to the deduction that NICs hold the ability to cross the
BBB and selectively accumulate within brain tumours. The survival of mice with GBMs
that were treated with these NICs containing a combination of antibodies against CTLA-4
and PD-1 was significantly longer compared to when free antibodies targeted against these
immune checkpoint inhibitors were administered or if only a single checkpoint inhibitor
was targeted.

5.2.2. Co-Encapsulating Paclitaxel with Immune Checkpoint Inhibitors

Zhang et al. [81] also looked at antibodies against PD-1, but the innovative approach
in their study was that they loaded those antibodies against PD-1 (aPD-L1) into redox-
responsive micelles and combined them with Paclitaxel (PTX), a chemotherapeutic drug.
The combination of antibody and the chemotherapeutic agent in a nano-micelle with
angio-pep2 (A2) peptide was termed A2 APM by the investigators.

T-lymphocyte activation, the production of damage-associated molecular patterns
(DAMPs) by dying cells, and dendritic cell maturation are phenomena that have been
linked with immune cell death due to chemotherapy [82,83]. The point of interest here
is the activation of T-lymphocytes. This combination allowed the micelles to penetrate
the BTB: using an in vitro BTB model, the study showed that the utilisation of A2 peptide
allowed aPD-L1 nano-micelles to cross the cell monolayers. They also showed a greater
half-life for A2APM compared to free aPD-L1 (33.05 h and 23.86 h, respectively), which
was noted to be associated with decreased aPD-L1 clearance as they were in a PEG shell.

Accumulation testing was carried out via aPD-L1 labelling with Cy7.5 dye. After
A2APM, free aPD-L1 and APM samples were intravenously administered, and it was
seen that A2APM accumulated in greater amounts 72 h post administration compared
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to the other groups with statistical significance. The A2APM combination also showed
significant tumour regression after day 7 and 60% of A2APM mice bearing the GL261
tumour line had a striking reduction in their tumour size, exhibiting superior tumour
regression properties in comparison to mice, which were treated with free-PTX, A2AM,
and A2PM. The authors suggested that those latter groups were not able to elicit a strong
tumour regression response due to inadequate brain accumulation.

The improved survival of the A2APM group, in comparison to free aPD-L1 and free
PTX, was further explored post-resection of the gliomas: mice injected with A2APM after
having their GBM tumours surgically removed under a microscope did not show any
infiltrating tumour cells around the resection site or elsewhere in the rest of the normal
brain parenchyma, whereas mice who received free aPD-L1, free PTX, and APM all had
infiltration by tumour cells within the brain.

5.2.3. Immunotherapy with Multiplexing Targeting

The development of brain metastases can affect between 8 and 10% of adults with
cancer [93]. Primary tumours from the breast and lung and melanoma contribute to the
formation of most of these brain metastases [51,94]. Brain metastases from breast cancer
are often diagnosed late, as only when the disease burden is significant do neurological
symptoms manifest [95,154].

Human epidermal growth factor receptor (HER) overexpression is a biological signa-
ture of breast cancer, as this oncogenic receptor is also implicated with apoptosis avoidance
and drug resistance via the coupling with the PI3K/Akt cell-signalling pathway [96–99].
Lim et al. [100] loaded hyperbranched polymers (HBPs) with DOX, and, to achieve tumour
targeting, labelled the NP with anti-HER3/anti-PEG bispecific antibody fragments. This
served as one of the first attempts to use nanotechnology to refine immunotherapy strate-
gies for brain metastases. However, the treatment of brain metastases secondary to breast
cancer can be challenging despite the use of Trastuzumab (TZ), an anti-HER2 antibody
that has been shown to ameliorate patients’ survival; in fact, TZ has poor penetrance to the
CNS [101–103].

As seen in previous paragraphs, NPs have been used to bypass BBB, and with regard
to metastatic lesions, one of the proposed strategies revolved around ferritin NPs (HFn)
binding to the transferrin receptor 1 (TfR1) [104–106]. Sevieri et al. [107] conjugated TZ and
HFn to compose an NP, termed H-TZ, which could specifically target HER2, as well as the
TfR1 (see Figure 4).

When these H-TZ NPs were combined with Docetaxel (H-TZ + Dtx) in murine models,
a statistically significant reduction in tumour growth was observed 7 days after tumour
implantation in the treatment group compared to the mice group treated only by Docetaxel.
Compared to free TZ, the accumulation of H-TZ within the tumour was significantly
greater as per their immunofluorescence signal intensity. Impressively, H-TZ + Dtx also
showed more uniform distribution on the membrane of the cancer cells compared to free
TZ, further confirming that it has properties of accurately targeting the HER2+ tumour
cells. It was also found that in mice treated with H-TZ + Dtx, a significant reduction in
tumour development was linked to macrophage activation around tumours, suggesting
that targeted TZ accumulation helped shape an anti-tumoural microenvironment. Such
mechanisms are likely driven by macrophage activation post interaction between their
receptors and the antibodies bound to cells, which then trigger cancer cell killing in an
antibody-dependent fashion [108,109].
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Figure 4. Immunotherapy can exploit targeted drug delivery to induce a tumour-hostile microen-
vironment. This approach has been used by Sevieri et al. [107] to create ferritin nanoparticles
able to target HER2 and TfR1 receptors on the surface of tumour cell membranes and penetrate
those cancer cells via receptor-mediated transcytosis. Created in BioRender. Khilar, S., 2025
(https://BioRender.com/c82g636/, last modified on 21 January 2025).

5.2.4. Immunotherapy Plus siRNA

Sevieri et al. [107] already showed the effective inhibition of tumour growth when a
combination of TZ and Docetaxel is used and delivered via NPs. However, Ngamcherd-
trakul et al., 2022 [110], combined these two agents with a siRNA against HER2 using a
hydrodynamic 100 nm NP. When tested on the HER2 + HCC1954 drug-resistant tumour
mouse cell line, significant tumour growth inhibition was seen when compared to the
delivery of free Docetaxel. Similarly, tumour growth inhibition was seen when tested on
HER2 + BT474 tumours in mice brains—however, to increase the effectiveness of NP uptake,
microbubble-assisted ultrasound-guided BBB disruption was utilised. They noted the peak
inhibition of the tumour occurred around day 53 post-treatment commencement and had a
median survival time of 80 days compared to 54 days, when the NP was delivered without
focused ultrasound.

In neuro-oncology, the term “Trojan Horse strategy” is commonly used to describe
the use of receptor-mediated transcytosis (see Figure 5); this approach can be mediated
by transferrin (see above in Sections 5.1.3 and 5.2.3) but also apolipoprotein [137] and
photoactivated therapy candidates, such as cyclic ruthenium–peptide conjugates [138].
Liu et al. [111] referred to this masking strategy when they proposed the preparation of
DOX-loaded polymeric NPs, which had a coating derived from the MDA-MB-231/Br
cell membrane, “a brain homing MDA-MB-231 breast cancer cell”; collectively, their NPs
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were called DOX-PLGA@CM. Kaplan–Meier survival analyses showed that the systemic
administration of these NPs significantly increased the survival of mice to 59 days compared
to free DOX (48 days).

Figure 5. Receptor-mediated trancytosis can also be used to increase cancer cells’ toxicity. Such a
Trojan-horse strategy can be used to facilitate the release of Doxorubicin (DOX) into the cytoplasm
and nucleus by nanoparticles exploiting a mimicry coating based on cancer-cell-derived membranes.
This strategy has been nicely described in breast-induced brain metastases by Liu et al. [111]. Created
in BioRender. Khilar, S., 2025 (https://BioRender.com/m06x929/, last modified on 21 January 2025).

Finally, the development of mRNA vaccines is giving a new boost to the hopes of
finding a long-lasting treatment for various cancers. These vaccines work by encoding
tumour-specific antigens and immune-stimulating molecules, effectively activating the
immune system to target and eliminate cancer cells [139].

With more than 120 clinical trials to date demonstrating their potential across various
malignancies, including brain tumours, nanotechnology could play a pivotal role in im-
proving them through the mechanisms described above, hence allowing to achieve more
efficient delivery and precise regulation of the immune response.

5.3. Radio-Immunotherapy

Any type of radiation therapy in principle modulates the local tumour microenvi-
ronment (TME) of irradiated lesions, a property that can be exploited with the use of
immunomodulators to enhance the therapeutic value of RT [141]. In this subsection, we
will explore how various nanostrategies have been used to achieve enhanced efficacy in
the management of primary and secondary brain tumours; specifically, we will cover the
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use of stem cells, vesicles, and nanostars, and we will describe how nanomedicine helps in
harnessing them against cancer cells.

In recent years, we have witnessed an increasing interest in the utilisation of im-
munotherapy alongside RT and chemotherapy, particularly for the treatment of HGG.
Growing tumour cells/masses can prevent the body’s immune cells from recognising or
killing tumour cells by dysregulating signalling pathways and immunosuppressive cells or
cytokines [142,143]; however, the recognition that the tumour microenvironment possesses
immune privilege [144,145] led to proposing high-dose hypofractionated RT as a vital
adjuvant to immunomodulatory therapy, particularly in occult metastases [141,146,147].

Going beyond primary brain tumours, Kiess et al. [148] combined Ipilimumab (Ipi)
with SRS for the treatment of melanoma brain metastases and showed that the association
between timing of SRS/Ipi and OS was statistically significant, and when patients received
SRS during or before immunotherapy, OS was better and showed lesser recurrence of
the tumour regionally. Hence, the combination of RT with immune checkpoint blockade
immunotherapy has the potential to mount a robust immune response against tumour
cells and potentially evade the issue of immune privilege in tumour tissue. Nonetheless,
challenges still exist regarding the accurate targeting of immunomodulators to the tumour
microenvironment despite synergising RT with immune checkpoint blockade therapy.

Wang et al. [149] attempted to solve this issue by encapsulating aPD-L1 and diselenide-
bridged MSNs within a mesenchymal stem cell (MSC) membrane. CC chemokine recep-
tor 2 (CCR2) was overexpressed on the MSC membrane. After irradiating the glioma
tumour cells, the NPs could be directed toward the chemokine (CC motif) ligand 2 (CCL2),
which is greatly expressed through radiation-induced tropism. In fact, the migration of
the biomimetic nanoplatform designed in this study (which had greatly overexpressed
CCR2 containing MSC), termed CCR2-SCM@MSN, was greatly improved towards the
mouse glioma cell line GL261 that received X-ray irradiation pre-treatment (especially in
comparison to cells that had not received X-ray irradiation).

When it came to the delivery of aPD-L1, CCR2-SCM@MSN nanoplatforms showed
greater release of these antibodies and greater binding affinity when exposed to X-ray
irradiation. Moreover, PD-L1 signals were substantially lost in X-ray-irradiated GL261 cells
secondary to CCR2-SCM@MSN aPD-L1 exposure. Lastly, these biomimetic nanoplatforms
also exhibited a reduction in immunotherapy-related adverse events by showing less
colonisation with secondary antibodies in organs like spleen, kidneys, liver, lungs and heart.

The combination of immunotherapy with RT was also tested by Chen et al. [150] when
they combined gold NPs with E. coli-derived outer membrane vesicles (OMVs), creating
the complex Au-OMV. Gold NPs have numerous advantageous properties such as the
ability to have numerous molecular surface coatings, biocompatibility, and ability to be
synthesised into different sizes. Within the study by Chen et al., those NPs needed to have
a concentration of 200 μg mL−1 and exposure to RT to exert cytotoxic effects.

This combination also reduced the survival rate of GL261 mouse glioma cell lines
(alongside B.end3 mouse brain endothelial cells and C8D1A mouse astrocytes) from 80%
to 30%. Cancer cell death with the generation of reactive oxygen species with the use of
metal-based NPs such as gold was already known [151]; however, this study showed that
with the creation of the Au-OMV complex, ROS generation in GL261 glioma cells increased
by five-fold when RT was co-applied, compared to the control group, and approximately
2.5 times the amount when Au-OMV was utilised alone.

This shows that Au-OMV complexes can serve as important radiosensitisers, similarly
to the plasmonic gold nanostars [50] mentioned earlier with regard to their use as optical
imaging contrast, photoactivated transducer, and therapeutic agents.
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5.4. Anti-Angiogenic Therapy

The high vascularisation of brain tumours in general and gliomas in particular is the
fundamental reason why anti-angiogenic therapeutics have been extremely successful as
adjuvant treatments. In this subsection, we will cover how nanotechnologies have been
adopted to further increase the efficacy of anti-angiogenic treatments.

Two overexpressed receptors found on the surface of new blood vessels in gliomas
are vascular endothelial growth factor 2 (VEGFR-2) and Neurolipin-1 (NRP-1). In 1977,
the potent antiangiogenic protein Endostatin was identified and was shown to be able
to systemically inhibit tumour growth and metastasis [152]. In 2020, Lu et al. [153] de-
signed a modified version of the penetrating peptide-modified polyethyleneimine (PEI)
nanocomplex to provide a potent and safe medium of gene delivery. This was carried out
by combining PEI with a dual BBB-penetrating peptide TAT-AT7 (which had been created
by attaching the cell-penetrating peptide TAT to a vascular-targeting peptide AT7, to target
binding to the VEGFR-2 and NRP-1) with the goal of improving the binding affinity and
BBB/BTTB crossing capacity of the entire nano-complex. The combination of PEI and
TAT-AT7 was termed PPTA by the study’s authors, and the nanocomplex was then loaded
with pVAXI-En plasmid to create PPTA/pVAXI-En. The pVAXI-EN was the secretory
endostatin gene, which inhibits angiogenesis. In comparison to AT7 and TAT alone, the
combination achieved a 3–10-fold greater binding affinity to VEGFR-2 and NRP-1 and
exhibited a 119-fold greater endothelial cell uptake compared to AT7 alone.

6. Discussion

This scoping review allowed us to cover the vast literature on nanodrugs with the
current or forecasted scope in the management of primary and secondary brain tumours.
With the rapid development of delivery systems at the nano scale, consisting of either
organic or inorganic nanocarriers, such as nanoshells, micelles, liposomes, and nanopar-
ticles, it has been possible to tackle selective cancer targets relevant to neuro-oncologists.
Various types of mechanisms, ranging from those to enhance BBB permeability to applica-
tions in thermotherapy, immunotherapy, and radio-immunotherapy against cancer cells,
have been presented, along with the rationale for their testing in vivo and in vitro. The
summary of the evidence collected through our review of the literature has then been
structured in Sections 5.1–5.4 with the aim of providing guidance through this complex
area of nanomedicine.

A few take-home messages should be listed.

(a) The scenarios presented illustrate the different stages of readiness, with some solutions
that are already being tested in patients and others that are far too premature despite
promising laboratory results.

(b) This scoping review outlines some commonalities between primary and secondary
brain tumours, commonalities which can be exploited by scientists to identify in-
novative solutions and change the way we diagnose and treat patients with brain
tumours. Furthermore, it highlights the bottlenecks of current management, from
barriers to vehiculate contrast agents and drugs across the BBB and BTB to the issue
of the tumour microenvironment’s immune privilege [92,144,145], from metabolic
plasticity for brain metastases [70,154] to the issue of nanotoxicity.

(c) We found a rising interest regarding the link between different types of primary
tumours and ways to target common aspects of their biology. For instance, regarding
the association between malignant melanoma (MM) and GBM, we counted fifteen
studies with a total of 220 patients who all showed an association between these
two tumour types [121]. Analysing those studies in detail, several mechanisms to
support this linkage and possible targets for therapeutic solutions were noted, such
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as telomerase reverse-transcriptase promoter mutations [122–127], protein tyrosine
phosphate receptor type D gene mutations occurring at high rates [128], and BRAF
mutations [129–132]. Interestingly, all of them have been tested using various im-
munotherapy strategies [134–136], indicating that this area requires closer inspection
and research, especially due to the aggressive nature of brain tumours.

It is therefore clear that various types of nanoconstructs possess specific advantages
that make each of them potential valuable additions to our therapeutic armamentarium.
For instance, we highlighted the ability of polymeric NPs to target brain metastases and
their primary tumour, a strategic advantage that could possibly open the doors to the man-
agement not only of metastatic patients but also of those with more than one primary cancer,
show are unfortunately on the rise in many worldwide statistics. We outlined how various
NPs have multifold actions, from HA’s ability to encapsulate contrast media and shield
chemotherapeutic drugs to the specific use of magnetic NPs in adjuvant treatment thanks
to their ability to be controlled remotely after administration. Furthermore, we pointed
out how nanomedicine allowed diagnostic applications to be converted for theranostic
purposes, moving from the intratumoural uptake of iron oxide (magnetite) NPs to their
use in thermotherapy protocols (by alternating magnetic fields to provide particle heating)
and fractionated SRS. These examples demonstrate not only the potential for enhancing
the medical but also the surgical management of neuro-oncology patients described at the
beginning of this article. All these aspects indicate a golden trend in nanomedicine, which
is the tendency to identify new solutions to older problems and adopt them to exponentially
increase the therapeutic options in a range of clinical scenarios.

As much as NPs often exploit their potential bioavailability and biomimicry, overall
nanotoxicity remains, at present, the biggest limiting factor for the development and further
application of innovative nanosolutions. Of note, the effective drug delivery provided by
coating of NPs in PEG solutions (as presented in Sections 5.1.2 and 5.1.5) does not come
without downsides: on one hand, this solution lacks long-term colloidal stability; on the
other hand, it also exhibits high nonspecific toxicity to BBB endothelial cells. Hence, despite
the advantage of providing an accelerated intratumoural chemotherapy accumulation,
PEGylation strategies still suffer from a potentially detrimental iatrogenic risk. Similar
risks of nanotoxicity are particularly noticeable when reviewing various NPs used for
immunotherapy or as radiosensitisers. Some of these mechanisms of nanotoxicity can be
unforeseeable; others can only be prevented by fine-tuning their administration. From a
biological perspective, nanotoxicity can occur at the genomic (damage to the DNA per
se) and/or epigenomic (alteration of the chemical and enzyme mediated processes that
up- or down-regulate gene expression) level(s) and involves various direct and indirect
mechanisms such as oxidative stress, inflammatory changes, the alteration of DNA repli-
cation, transcription and repair, hypoxia, the impairment of DNA methylation, histone
modification, and damage to noncoding RNAs [155]. For instance, with regards to the
immunotherapy strategies presented above for immune checkpoint receptors, their inher-
ent risk consists in exacerbating immune-related adverse events due to their non-specific
and systemic in vivo distribution. On the contrary, with MNPs, a precise oversight on
the setting of the magnetic field (the stronger it becomes, the greater the chances of these
magnetic NPs attracting one another, aggregating and causing emboli) will suffice to
avoid complications.

As such, a caveat common to all the nanostrategies described above consists of the
attention that should be paid by the neuro-oncological community to understand which
mechanisms of actions are at play and to what extent they can generate unintended
iatrogenic nanotoxicity before translating their use from laboratory settings to widespread
adoption in day-to-day clinical care.
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Limitations of the Study

This study has several limitations, partly due to the nature of a scoping review (which
is to monitor the body of evidence on a large topic) but also related to our decision to
not limit our search study to research conducted on humans. While this allowed us to
describe the impact of nanosolutions on various types of tumour models, which was in
keeping with our aim to review the literature on primary and secondary brain tumours,
it created some heterogeneity, which we were only able to partially address when we
summarised the results of our search. In practice, while the first aim of our scoping
review has been achieved (to identify hot topics and emerging trends in the utilisation of
nanomedicine in drug delivery for primary and secondary brain tumours), the information
available to achieve the second aim (to demonstrate whether and how nanomedicine is
extending survival and quality of life in patients diagnosed with primary or secondary
brain tumours) was too patchy for us to achieve a conclusion. This knowledge gap justifies
why we managed to explore the efficacy (explaining how and why a treatment strategy
works in an experimental setting), but we failed to provide additional details regarding
the effectiveness (how well a treatment strategy improves outcomes in real-life scenarios)
of those nanostrategies. The ongoing development of nanomedicine discouraged us from
defining strict timeframes for our search, and this increased even further the volume of
articles triaged for inclusion in this scoping review. Hopefully, in our future studies, we
will be able to proceed with more specific systematic review questions such as the impact
of NPs on selected aspects of neurosurgical practice (e.g., intraoperative imaging, adjuvant
treatment and prognostication, etc.).

7. Conclusions

Overall, this scoping review focused on identifying studies that tested and recognised
the ability of NPs as potent delivery systems for antineoplastic agents that can overcome the
notorious hurdle of the BBB and potentially provide a means to prolong survival in patients
with CNS tumours. The results discussed indicate that the study selected for analysis
focused on a variety of nanometric products aimed at use in chemotherapy, immunotherapy,
anti-angiogenic therapies, and RT. These studies allowed us to evaluate, understand, and
reflect on the similarities many of these strategies have, including the receptors that various
NPs target, the antineoplastic agents these NPs tend to be loaded with, and the cautious
strategies used to combine them all (such as for radio-immunotherapy, where a synergistic
effect at delivering treatment across the BBB results in prolonging patients’ survival). What
we noted, however, was that several studies identified in this review worked on cell lines
rather than actual human trials. This is not unexpected, considering that we did not
restrict our search to translational studies but included all those with potential for future
applications in human trials.

We, as authors, also acknowledge a key gap in the field—the difficulty in achieving a
synergistic utilisation of several modalities into a single NP—because the tumour microen-
vironment possesses its immune privilege. Perhaps in the future, more studies will evaluate
the plausibility of encapsulating chemotherapy agents with other immunotherapy and
anti-angiogenic drugs within a single NP. Such an ideal NP could also have several specific
antibodies on its outer layer to specifically target a large number of tumoural receptors.
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Abbreviations

ACGs Annonaceous acetogenins
AGuIX Activation by the guidance of irradiation by X-ray
AMF Alternating magnetic field
BBB Blood–brain barrier
BTB Blood–tumour barrier
CCL2 Chemokine (CC motif) ligand 2
CCR2 CC chemokine receptor 2
CNS Central nervous system
CPPs Cell-penetrating peptides
CTLs Cytotoxic T-lymphocytes
CTLA-4 Cytotoxic T-lymphocyte-associated antigen 4
DAMPs Damage-associated molecular patterns
DCA Dichloroacetate
DOX Doxorubicin
ECM Extracellular matrix
EMF External magnetic field
EOR Extent of resection
EPR Enhanced permeability and retention
fMRI Functional magnetic resonance imaging
FUS Focused ultrasound
GBM Glioblastoma
HA Hyaluronic acid
HACE Hyaluronic acid–ceramide
HA-NPs Hyaluronic acid nanoparticles
HBP Hyperbranched polymers
HER Human epidermal growth factor receptor
HFn Ferritin nanoparticles
HGGs High-grade gliomas
iCT Intraoperative computed tomography
IN Intraoperative neurophysiology
IoUS Intraoperative ultrasound
Ipi Ipilimumab
LGG Low-grade gliomas
mAbs Humanised monoclonal antibodies
MGMT O-methylguanine-DNA methyltransferase
MM Malignant melanoma
MNPs Magnetic nanoparticles
MOFs Metal–organic frameworks
MRI Magnetic resonance imaging
MRP1 Multi-drug resistant protein 1
MSC Mesenchymal stem cell
MSNs Mesoporous silica nanoparticles
NICs Nanoscale immunoconjugates
NMRSA Proton magnetic resonance spectroscopic imaging
NPs Nanoparticles
NRP-1 Neurolipin-1
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o-HA Hyaluronic acid oligomers
OMV Outer membrane vesicle
OS Overall survival
PD-1 Programmed cell death-1
PEI Polyethyleneimine
PEO-PBO Poly(ethylene oxide)-b-poly(butylene oxide)
PFS Progression-free survival
P-gp P-glycoprotein
PTX Paclitaxel
RT Radiotherapy
SCLC Small-cell lung cancer
SLNs Solid lipid nanoparticles
SRS Stereotactic radiosurgery
TMZ Temozolomide
TfR1 Transferrin receptor 1
Tregs Regulatory T-cells
TME Tumour microenvironment
TPP Triphenylphosphonium
TTPs Tumour-targeting peptides
TZ Trastuzumab
USLPs Ultra-small Silica NPs with large pores
usNLCs Ultra-small nanostructure lipid carriers
VEGFR-2 Vascular endothelial growth factor 2
WHO World Health Organisation
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