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Abstract 

Background  Microvascular decompression (MVD) is the gold-standard surgical treatment for cranial nerve compres-
sion disorders, including trigeminal neuralgia (TN), hemifacial spasm (HFS), and glossopharyngeal neuralgia (GPN). 
This review synthesizes historical milestones, recent advances, and evolving techniques in MVD, with a primary focus 
on these conditions.

Methods  A comprehensive literature review was conducted using databases such as PubMed, SpringerLink, Google 
Scholar, BioMed Central, Scopus, and ScienceDirect. Studies published between 1970 and 2024 were analyzed, 
emphasizing surgical techniques, clinical outcomes, and technological innovations in MVD. Articles addressing TN, 
HFS, GPN, and other cranial nerve disorders treated with MVD were selected for detailed evaluation.

Results  MVD demonstrates high efficacy, with 80–90% of patients achieving immediate symptom relief. Never-
theless, 15–25% of patients experience symptom recurrence, though long-term outcomes remain favorable. Fully 
endoscopic MVD has shown potential for enhanced intraoperative visualization, particularly in complex anatomical 
regions; however, its impact on surgical precision and clinical outcomes is still under investigation. Moreover, innova-
tions in visualization technologies, including three-dimensional exoscopic systems and artificial intelligence-assisted 
surgery, continue to improve procedural safety and outcomes. Despite these advancements, complications such 
as hearing loss (1–2%) and cerebrospinal fluid leakage (2–4%) persist, highlighting the need for continuous refine-
ment of techniques.

Conclusions  MVD is evolving with the integration of cutting-edge technologies, resulting in improved clinical 
outcomes and reduced complication rates. Emerging innovations such as robotic-assisted MVD and gene therapies 
for cranial nerve disorders, including TN and GPN, promise even greater efficacy and precision. However, further 
research is necessary to standardize surgical protocols and address disparities in healthcare systems globally.
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Graphical Abstract

Introduction
Trigeminal neuralgia (TN), often referred to as tic dou-
loureux, is a debilitating condition characterized by 
recurrent episodes of intense, electric shock-like facial 
pain. The condition is typically triggered by minor 
stimuli, such as chewing or light touch, and most com-
monly affects the mandibular or maxillary branches 
of the trigeminal nerve. The natural history of TN, as 
described by Burchiel and Slavin [1], reveals a progres-
sive course where pain episodes become increasingly 
severe and resistant to medical management over time. 
Furthermore, as highlighted by Simms and Honey [2], 
autonomic symptoms such as lacrimation and nasal 
congestion frequently accompany TN, underscor-
ing the complexity of its pathophysiology. Microvas-
cular decompression (MVD), a cornerstone surgical 
technique for treating cranial nerve disorders such as 
trigeminal neuralgia (TN) and hemifacial spasm (HFS), 
provides significant symptom relief by addressing neu-
rovascular compression at the nerve root entry zone, 
with Burchiel [3] emphasizing the importance of precise 
surgical techniques for optimizing patient outcomes 
(Fig. 1). Walter Dandy made foundational contributions 
to neurosurgery by pioneering early cranial nerve sur-
gery techniques; however, his methods did not address 
neurovascular compression as observed in modern 
MVD procedures [4]. Dr. Peter Jannetta pioneered 

advancements in the field during the 1960s by elucidat-
ing the association between neurovascular compression 
and cranial nerve dysfunction, leading to the develop-
ment of the contemporary MVD technique [5]. His 
innovative use of Teflon implants to separate compres-
sive blood vessels from cranial nerves cemented MVD 
as the gold-standard surgical treatment for conditions 
like TN and HFS [6–8]. Subsequently, advancements 
such as endoscopic-assisted techniques and neuronavi-
gation systems further enhanced the safety, precision, 
and outcomes of the procedure [9–11].

The emergence of fully endoscopic MVD introduced a 
minimally invasive alternative to the traditional micro-
scopic approach [12, 13]. Endoscopy offers enhanced 
visualization, particularly in anatomically restricted areas 
such as the cerebellopontine angle. However, the clini-
cal superiority of endoscopy over traditional microscopy 
remains under debate. Beyond TN and HFS, MVD has 
been employed in other conditions, broadening its clini-
cal utility. For instance, it has been used in treatment-
resistant cases of vestibular paroxysmia and pulsatile 
tinnitus caused by vascular compression of the vestibu-
locochlear or cochlear nerves, though outcomes remain 
mixed [14, 15]. Additionally, early studies have explored 
its role in addressing refractory hypertension caused by 
neurovascular compression of the rostral ventrolateral 
medulla, with promising initial results [16].
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Clinical outcomes of MVD are generally favorable. 
Studies report high success rates, with many patients 
experiencing immediate and significant symptom 
relief [17]. However, the procedure is not without 
risks, including hearing loss, facial numbness, and pain 
recurrence. Long-term follow-up studies reveal that 
while MVD provides substantial relief, some patients 
may experience recurrent symptoms requiring fur-
ther intervention [18]. Despite these challenges, MVD 
continues to be heralded as the gold standard surgical 
intervention for cranial nerve compression disorders.

Imaging plays a pivotal role in diagnosing neuro-
vascular compression and planning MVD [19]. High-
resolution three-dimensional (3D) MRI, particularly 
3D-FIESTA and 3D-TOF MRA, has demonstrated 
high sensitivity (97.4%) and specificity (100%) in iden-
tifying neurovascular conflicts, thereby enabling pre-
cise surgical planning [20]. These imaging modalities 
not only offer precise anatomical depictions of the 
offending vessels, but also enable prognostic evalua-
tion. Advances in imaging technology have enhanced 
the diagnostic accuracy and preoperative planning for 

MVD, enabling surgeons to address complex neurovas-
cular relationships effectively [20].

Furthermore, innovative techniques continue to 
expand the scope of MVD. For instance, the biomedical 
glue sling technique offers a simple yet effective solution 
for trigeminal neuralgia caused by an atherosclerotic ver-
tebrobasilar artery, providing complete decompression 
[21]. These advancements underscore the ongoing evolu-
tion of MVD techniques, catering to a broader spectrum 
of clinical scenarios.

This review aims to provide an updated synthesis of 
the historical milestones, recent advances, and emerg-
ing techniques in MVD. By offering critical insights into 
the evolution and applications of this valuable surgical 
procedure, the study seeks to highlight its importance in 
improving patient outcomes and addressing diverse cra-
nial nerve disorders.

Methods
Literature search strategy
A comprehensive literature search was conducted across 
multiple reputable databases to thoroughly examine 
the historical development and recent advancements in 
MVD. The search strategy was meticulously refined to 
ensure inclusivity and relevance. Keywords were com-
bined using Boolean operators (AND, OR) to enhance 
specificity, and the search was restricted to peer-reviewed 
papers, systematic reviews, and clinical trials published 
in English between 1970 and 2024. This timeframe was 
chosen to encompass both foundational studies and con-
temporary innovations in MVD. The databases included 
PubMed, Google Scholar, SpringerLink, BioMed Central, 
Scopus, and ScienceDirect.

The search terms used were "microvascular decompres-
sion," "history of microvascular decompression," "trigem-
inal neuralgia," "glossopharyngeal neuralgia," "Jannetta 
procedure," "endoscopic microvascular decompression," 
"tentorial sling technique," and "hemifacial spasm." Inclu-
sion criteria required studies that addressed the history, 
techniques, procedures, outcomes, and advancements in 
MVD. Only peer-reviewed articles in English, compre-
hensive reviews, meta-analyses, and clinical trials with 
robust methodologies were included. Exclusion criteria 
encompassed studies without full-text availability, those 
unrelated to MVD or focused on alternative surgical pro-
cedures, and case reports or case series with fewer than 
five patients. Furthermore, studies published before 1970 
were excluded to maintain focus on the period marked by 
the introduction of the Jannetta procedure, which estab-
lished a new standard for surgical practice.

Titles and abstracts were screened to filter irrelevant 
studies, and potentially relevant full-text manuscripts 
were retrieved for further evaluation. Eligibility was 

Fig. 1  Conditions Treated by Microvascular Decompression Surgery 
(This figure highlights the primary neurological conditions addressed 
by MVD surgery, including trigeminal neuralgia, hemifacial spasm, 
glossopharyngeal neuralgia, and vertigo. These disorders are caused 
by blood vessels compressing the nerves, leading to debilitating 
symptoms. MVD alleviates these conditions by relieving vascular 
compression on the affected cranial nerves, thus providing symptom 
relief )
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assessed according to the inclusion and exclusion crite-
ria. Additionally, the reference lists of selected studies 
were reviewed to identify further relevant articles, ensur-
ing a comprehensive and exhaustive literature review.

Data collection
The data collection process involved a thorough and 
rigorous extraction of pertinent information from the 
selected studies. To ensure accuracy and mitigate bias, 
two independent reviewers carefully evaluated each 
paper. The extracted data encompassed study character-
istics, research designs, sample sizes, follow-up periods, 
and patient demographics, as well as specific diagno-
ses such as trigeminal neuralgia, hemifacial spasm, or 
glossopharyngeal neuralgia. Surgical techniques were 
analyzed in detail, including descriptions of traditional 
microscopic MVD, endoscopic MVD, and adjunctive 
procedures. Outcome measures, complication rates, 
recurrence rates, and patient-reported outcomes, such 
as pain relief and quality of life metrics, were also docu-
mented. Particular emphasis was placed on studies with 
robust methodologies and long-term follow-up data. 
Observational studies and clinical trials were rigorously 
analyzed to ensure high methodological quality. Discrep-
ancies between the two reviewers during data extraction 
were resolved through discussion or consultation with a 

third reviewer. The extracted data were synthesized by 
categorizing studies based on their primary focus areas, 
such as historical evolution, technical innovations, or 
clinical outcomes. This systematic approach ensured the 
inclusion of comprehensive and detailed information, 
facilitating an in-depth analysis of MVD’s historical and 
contemporary advancements.

Surgical techniques
Standard MVD procedure
This section provides a detailed overview of the micro-
vascular decompression (MVD) procedure, emphasizing 
the key guiding principles (Fig. 2).

Patient positioning
The procedure begins with the administration of general 
anesthesia and endotracheal intubation. The patient is 
positioned in the lateral decubitus position, which offers 
several advantages. This positioning facilitates intraop-
erative lumbar needle placement for cerebrospinal fluid 
(CSF) drainage and frees the ipsilateral shoulder from the 
operative field.

Incision
The incision landmark is a line adjoining an imaginary 
trajectory extending from the mastoid groove to the 

Fig. 2  Overview of Microvascular Decompression Surgical Procedure (This figure illustrates the key steps of the microvascular decompression 
(MVD) procedure. The process involves gaining access to the affected cranial nerve, identifying the blood vessel causing compression, and placing 
shredded Teflon to relieve pressure. The surgery concludes with proper closure of the dura and surgical site)
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zygoma. Various incision techniques have been described 
in the literature, each with distinct advantages and dis-
advantages. For instance, Jannetta preferred a linear inci-
sion in his series, while Walter Dandy employed a reverse 
U-incision [22]. While a linear incision allows for quick 
access and reduces scarring, it may increase the risk of 
injury to the occipital neurovascular complex. Conse-
quently, alternative incisions such as the modified U-inci-
sion, C-shaped incision, and hockey stick incision have 
been developed.

The length of the incision varies depending on the cra-
nial nerve involved. For example:

•	 A ‘5–6-4’ incision (5  mm medial, 6  cm above, and 
4 cm below the medial notch) is used for decompres-
sion of the trigeminal nerve (CN V).

•	 A ‘5–5-5’ incision is used for the facial and vestibulo-
cochlear nerves (CNs VII and VIII).

•	 A ‘5–4-6’ incision is used for glossopharyngeal nerve 
(CN IX) decompression [23].

The incision is developed down to the skull with metic-
ulous care to avoid injury to the occipital artery, followed 
by the placement of cerebellar retractors.

Bone work
A burr hole is created at the inferomedial aspect of the 
junction of the sigmoid and transverse sinuses, which 
serves as the superior limit of the craniectomy. The 
craniectomy is then fashioned with a 2  cm diameter 
using a Kerrison rongeur, ensuring the tip points away 
from the sinus to avoid injury. In elderly patients, where 
the dural sinus wall may adhere to the bone, a dural sepa-
rator is used before employing rongeurs [22]. If mastoid 
air cells are breached, they are promptly sealed with bone 
wax to prevent complications such as CSF leakage, men-
ingitis, or air embolism.

Surgical access
A careful durotomy is performed with margins along the 
sinuses, taking precautions to avoid extending into the 
sinus. The dural edges are retracted using stay sutures to 
ensure adequate exposure to the surgical corridor. Cis-
ternostomy and CSF drainage are performed to achieve 
brain relaxation. Additional techniques, such as lumbar 
drainage, osmotherapy with mannitol, or hyperventila-
tion, may also be utilized to facilitate brain relaxation.

Different approaches for different nerve involvement
At this stage, an operating microscope is used to enhance 
precision.

•	 Trigeminal Nerve (CN V):

The surgical trajectory targets the junction between the 
tentorium and the petrous bone. Dissection is performed 
carefully using cottonoids, with minimal cerebellar 
retraction over a rubber dam, as described by Jannetta. 
Preservation of neurovascular structures is prioritized, 
although the superior petrosal vein may occasion-
ally need to be sacrificed. A comprehensive 360-degree 
inspection of the nerve’s intracranial course is conducted, 
focusing on the root entry zone, the most common site of 
vascular compression. The offending vessel is mobilized, 
and smaller veins are cauterized and divided to prevent 
recanalization. A Teflon patch soaked in saline is used to 
isolate the nerve from the compressive vessel [22].

•	 Trigeminal Nerve (CN V):

These nerves are located anterior to the flocculus, with 
the vestibulocochlear nerve situated posteriorly and 
slightly lateral to the facial nerve. Minimal superomedial 
retraction and partial excision of the flocculus may be 
necessary for optimal exposure. Intraoperative brainstem 
auditory-evoked potentials are utilized to monitor and 
prevent postoperative hearing loss.

•	 Glossopharyngeal Nerve (CN IX):

This nerve is traced from its exit at the jugular foramen, 
and the surgical field is adjusted accordingly for adequate 
decompression.

Closure
The operative field is thoroughly irrigated with saline, 
and watertight dural closure is performed to minimize 
the risk of CSF leakage and pseudomeningocele forma-
tion. In his series, Cohen-Gadol achieved favorable out-
comes with a leakage rate of only 1% by approximating 
the dura without using additional sealing techniques [22]. 
Bone edges are waxed, and cranioplasty is performed to 
restore structural integrity. The surgical wound is then 
closed in layers to ensure proper healing.

Recent advances: innovations and improvements 
in surgical techniques and technologies
Advances in MVD encompass nearly every aspect of the 
surgical technique, reflecting the ongoing evolution of 
neurosurgical practices. Early innovations included the 
choice of interposition agents, transitioning from the 
use of muscle by early pioneers to synthetic sponges like 
polyvinyl formyl alcohol foam, Ivalon, and Teflon. How-
ever, the use of these agents has been associated with 
complications such as granuloma formation and recur-
rence of symptoms due to their compressive effects [24]. 
Fukushima introduced the vascular sling transposition 
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technique, which uses sling retraction to relieve neuro-
vascular compression. Subsequent advancements have 
expanded on this method, incorporating materials such 
as aneurysm clips, Gore-Tex tape, Dacron sutures, Tef-
lon pieces, glue-coated slings, and fascia strips to man-
age offending vessels [24, 25]. Despite these innovations, 
studies demonstrating the efficacy of the sling retrac-
tion technique are often limited to small patient cohorts. 
Furthermore, comparative long-term outcome data 
between interposition and sling retraction approaches 
remain sparse, underscoring the need for more extensive 
research [25]. The progression from binocular micro-
scopes with a 250  mm objective lens to endoscope-
assisted microscopy has culminated in the development 
of fully endoscopic MVD, first described by Jarrahy in 
2002 [26, 27].

Endoscopic MVD provides improved illumination and 
panoramic visualization, enabling surgeons to navigate 
complex neurovascular conflicts with greater clarity. 
Studies by Yu et  al. and Peng et  al. highlight that endo-
scopic MVD is particularly advantageous in addressing 
deep-seated or angled lesions, where traditional micro-
scopic visualization may be limited [12, 13]. Addition-
ally, Yun et  al. reported comparable rates of symptom 
relief and complication profiles between endoscopic and 
traditional microscopic MVD, with potential benefits of 
shorter operative times and smaller craniectomy sizes 
[28]. Nonetheless, critics argue that enhanced visibility 
offered by endoscopic techniques does not inherently 
equate to improved surgical precision, which remains 
more dependent on surgeon skill and the quality of intra-
operative tools than on the imaging modality alone [29]. 
Furthermore, the adoption of endoscopic MVD necessi-
tates specialized equipment and extensive training, pos-
ing a significant learning curve for surgeons transitioning 
from conventional methods. The current lack of high-
quality comparative studies limits the ability to defini-
tively assess whether the enhanced visualization provided 
by endoscopic MVD translates into superior precision 
or long-term outcomes. In addition to endoscopic inno-
vations, there is a growing trend in the application of 
three-dimensional (3D) exoscope-assisted MVD, which 
provides surgeons with advanced visualization tools 
while potentially mitigating some of the challenges asso-
ciated with fully endoscopic techniques (Fig. 3) [30].

Comparative analysis
A comparative evaluation of clinical efficacy between 
newer interposition agents, Ivalon and Teflon, was con-
ducted to assess postoperative outcomes. A multicenter 
study by Pressman et  al. demonstrated that Ivalon was 
associated with a higher incidence of temporary post-
operative hearing loss compared to Teflon, although 

both agents exhibited similar relapse rates [31]. Owashi 
and colleagues compared interposition techniques and 
reported a higher rate of early spasm relief in the inter-
position group. However, there were no significant dif-
ferences in recurrence or complication rates between 
the groups [32]. In terms of surgical approaches, Villamil 
and colleagues conducted a retrospective cohort study 
that revealed comparable postoperative pain outcomes 
between patients treated with microscopic and fully 
endoscopic MVD. Interestingly, patients in the endo-
scopic group experienced shorter hospital stays. Shu and 
colleagues reported similar findings, further supporting 
the potential advantages of the endoscopic approach in 
reducing recovery time [13, 26, 28, 33].

Clinical outcomes
MVD has firmly established itself as the gold standard for 
treating cranial nerve compression disorders, particularly 
TN, HFS, and GPN. With decades of clinical experience, 
numerous studies affirm MVD’s efficacy, particularly 
in providing immediate and substantial symptom relief. 
For TN, MVD demonstrates remarkable success, with 
80–90% of patients reporting significant pain relief 
shortly after surgery [34]. Long-term studies further 

Fig. 3  Technological Advancements in Microvascular 
Decompression Surgery (Recent innovations have significantly 
enhanced microvascular decompression procedures. Endoscopy 
offers improved visualization of the nerve‒vessel relationship 
through minimally invasive techniques. The 3D exoscope delivers 
high-definition, magnified views of the surgical site, further refining 
the precision of surgical interventions)
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reinforce these outcomes, showing 70–80% of patients 
remaining pain-free at five years [34]. However, symptom 
recurrence occurs in approximately 15–25% of patients 
within ten years [35]. Similarly, MVD achieves high suc-
cess rates for HFS, with over 90% of patients experiencing 
immediate cessation of spasms and long-term relief sus-
tained in the majority of cases [36]. While recurrence is 
a recognized challenge, it does not undermine the over-
all effectiveness of MVD. Factors such as the surgeon’s 
expertise, the complexity of neurovascular conflicts, and 
the presence of multiple compressive vessels are signifi-
cant predictors of long-term success [34]. Patients with 
complex anatomical presentations or less meticulous 
surgical interventions face a higher risk of recurrence. 
Repeat MVD, although effective, achieves lower success 
rates than initial procedures, typically ranging between 
50 and 60% [34]. These findings underscore the impor-
tance of careful patient selection and comprehensive pre-
operative planning, including detailed imaging studies to 
delineate the exact nature and extent of neurovascular 
compression.

Although MVD is widely regarded as a safe and effec-
tive procedure, it is not without risks. The most common 
complications include cerebrospinal fluid (CSF) leakage, 
hearing loss, facial numbness, and cranial nerve damage.

CSF Leakage
CSF leakage, a significant complication, occurs in 
approximately 2–4% of cases [4]. The advent of calcium 
phosphate cement cranioplasty has emerged as a robust 
solution, significantly reducing CSF leakage compared 
to traditional reconstruction materials such as polyeth-
ylene titanium mesh [37]. This technique leverages the 
osteoconductive properties of calcium phosphate cement 
to create a watertight seal at the surgical site, minimiz-
ing associated complications like pseudomeningocele 
formation [38]. Retrospective studies reveal significantly 
lower rates of wound infection (0.6%) and CSF leaks 
(0%) with calcium phosphate cement compared to tita-
nium mesh cranioplasty, which reported rates of 5.4% 
and 6%, respectively [39]. In retrosigmoid craniotomies, 
the use of calcium phosphate cement has demonstrated 
a statistically significant reduction in CSF leak rates and 
pseudomeningocele formation as well as favorable cos-
metic outcomes compared to non-cement closures [40, 
41]. Furthermore, the safety profile of calcium phosphate 
cement cranioplasty extends to other skull base surger-
ies, such as vestibular schwannoma resections, where 
CSF leak rates were reduced to as low as 1% [42]. These 
findings highlight the essential role of calcium phosphate 
cement in modern neurosurgical practice, making it a 
preferred option for cranioplasty during MVD.

Hearing loss
Hearing loss, particularly in HFS patients, occurs in 
approximately 1–2% of cases due to the proximity of the 
auditory nerve to the surgical field [43, 44]. Fixed cere-
bellar retraction has been identified as a significant risk 
factor for postoperative high-frequency hearing loss [33]. 
Greater retraction depth correlates with a higher inci-
dence of hearing complications, emphasizing the impor-
tance of minimizing or avoiding fixed retraction [45]. 
Techniques such as preserving the arachnoid membrane 
along the eighth cranial nerve and limiting the dura-
tion of microscopic manipulation significantly reduce 
auditory complications [43]. The use of intraoperative 
brainstem auditory evoked potential (BAEP) monitoring 
provides real-time feedback, enabling surgeons to iden-
tify and mitigate excessive retraction that could result 
in permanent hearing loss [46]. For instance, delays in 
BAEP Peak V latency exceeding 1  ms serve as critical 
warning thresholds requiring immediate surgical adjust-
ments to protect auditory function [46].

Facial numbness
Facial numbness, though less common with modern 
techniques, remains a potential risk for TN patients. This 
complication ranges from mild to severe and is some-
times accompanied by paresthesia. Fully endoscopic 
MVD has shown potential advantages in enhancing 
intraoperative visualization. The panoramic view pro-
vided by endoscopy facilitates the identification of neu-
rovascular conflicts in challenging regions, which may 
remain obscured with traditional microscopy [12, 47]. 
While early studies suggest that endoscopic MVD pro-
vides comparable clinical outcomes to microscopic MVD, 
including effective pain relief and low complication rates, 
high-quality evidence substantiating its superiority 
remains limited [28, 29]. Endoscopic MVD offers advan-
tages such as smaller craniectomy sizes, reduced tissue 
retraction, shorter operative times, and faster recovery 
[48, 49]. However, variability in outcomes underscores 
the need for large-scale randomized controlled trials to 
definitively evaluate the efficacy and safety of endoscopic 
versus traditional techniques.

Global disparities in MVD outcomes
The outcomes of MVD vary significantly between wealthy 
and resource-limited countries, primarily due to differ-
ences in healthcare infrastructure, access to advanced 
technologies, and the availability of skilled neurosur-
geons. Wealthy nations benefit from advanced imaging 
modalities like high-resolution MRI and MR angiogra-
phy, facilitating accurate identification of neurovascular 
conflicts and contributing to higher success rates and 
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lower complication rates [50]. In contrast, resource-lim-
ited settings often lack access to these advanced tech-
nologies, leading to delayed diagnoses and suboptimal 
surgical outcomes [50]. The scarcity of specialized neu-
rosurgeons and inadequate postoperative care further 
exacerbates complications and recurrence rates. Global 
health initiatives, such as surgeon training programs, 
affordable imaging solutions, and telemedicine, play a 
crucial role in bridging these disparities. By improving 
access to high-quality surgical care, these efforts hold 
promise for enhancing MVD outcomes worldwide [50].

Technical and technological innovations
While performing a novel surgical technique, Jan-
netta observed an artery cross-compressing the nerve 
and stated, "That is the cause of the tic” [6, 51]. Since 
then, numerous surgical refinements and technologi-
cal advancements have been introduced to reduce mor-
bidity and enhance the efficacy of this procedure. From 
basic surgical refinements to the integration of robot-
ics, even simple improvements can result in impactful 
changes. For example, optimizing the MVD procedure 
involves ensuring the correct operating room setup, 
precise patient positioning, recognition of anatomical 
landmarks, detailed intraoperative inspections, and a 
commitment to achieving perfect results [22, 52]. These 
foundational elements contribute to further research on 
refining techniques, ranging from incision and approach 
types to cerebellar and meningeal management [53, 54].

Neuromonitoring
Neuromonitoring has become a standard tool for evalu-
ating neurological function during surgery. Blue and 
colleagues described its use in HFS treated with an endo-
scopic technique, where intraoperative monitoring of 
the lateral spread response in the buccal and mandibu-
lar branches provided critical real-time feedback on the 
surgery’s safety and efficacy [55]. This innovation under-
scores the role of neuromonitoring in reducing complica-
tions and enhancing surgical outcomes.

Endoscopic assistance
Over time, endoscopic assistance in MVD has gained 
traction due to its minimally invasive nature, enhanced 
panoramic visualization, reduced need for brain and cer-
ebellar retraction, and shorter operative times [12, 47]. 
Although some studies suggest a lower recurrence rate 
with endoscopic techniques, evidence remains incon-
clusive, as many reports indicate similar recurrence and 
complication rates between endoscopic and microscopic 
approaches [28, 29]. The endoscope primarily improves 
visualization of hidden anatomical regions and facilitates 
the management of complex neurovascular conflicts. 

However, its use requires specialized equipment and 
extensive training, presenting a steep learning curve for 
surgeons [48, 56]. Future comparative studies are needed 
to better define the role of endoscopic techniques in 
advancing MVD.

Neuronavigation and imaging
Technological innovations have also advanced imaging 
techniques used in conjunction with MVD. Traditional 
two-dimensional (2D) methods, such as computed tomo-
graphic angiography (CTA) and magnetic resonance 
angiography (MRA), have evolved into more sophisti-
cated neuronavigation systems. These systems integrate 
imaging modalities to form artificial intelligence (AI)-
assisted three-dimensional (3D) models, enabling highly 
accurate preoperative planning [56, 57]. The fusion of 
imaging modalities creates virtual and augmented reality 
environments, allowing surgeons to visualize 3D images 
overlaid directly onto real anatomical structures. This 
real-time navigation capability eliminates the need for 
frequent image-checking pauses, reducing surgical errors 
and enhancing procedural efficiency [10, 58]. For exam-
ple, MVDNet, a deep neural network (DNN), contributes 
to real-time segmentation of vessels and nerve structures 
during surgery, further minimizing complications [59].

Artificial Intelligence (AI) and Prognostic Tools
Emerging evidence suggests that AI and DNN tech-
nologies may extend beyond intraoperative assistance to 
postoperative functionalities. For instance, Hao’s study 
demonstrated the potential of these technologies in pre-
dicting pain prognosis after MVD surgery by identifying 
key predictors. This predictive capability is critical for 
early intervention, ultimately reducing morbidity and 
improving long-term outcomes [60].

Future technologies
The integration of innovative tools continues to shape 
the future of MVD. For example, the 3D Exoscope is a 
cutting-edge tool that has recently gained attention as a 
potential replacement for the traditional microscope in 
MVD procedures. Khalifeh and colleagues demonstrated 
its ability to enhance surgical visualization while main-
taining ergonomic advantages for the surgeon (Fig.  3) 
[61]. However, further research and testing are required 
to evaluate the risks and benefits associated with this 
novel technology.

Recurrence rate
The initial success rate of MVD for TN is reported to 
range between 80 and 95%, with many patients experi-
encing immediate and substantial pain relief following 
surgery [41]. However, recurrence rates vary depending 
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on the duration of follow-up and are generally reported 
to be between 10 and 30% [62]. A 15-year study con-
ducted by Zakrzewska et  al. found a recurrence rate of 
approximately 30% [63]. While recurrence often occurs 
within the first five years postoperatively, late recur-
rences have also been observed. Factors contributing to 
recurrence include incomplete decompression, residual 
neurovascular compression, atypical pain presentations, 
comorbidities such as multiple sclerosis, and vascular 
changes over time [64]. For HFS, MVD achieves an ini-
tial success rate between 85 and 95%, with most patients 
reporting significant symptom relief shortly after sur-
gery [65]. Recurrence rates for HFS are generally lower 
than those for TN, ranging from 5 to 15% [66]. In a long-
term study, Sekula et  al. reported a recurrence rate of 
approximately 8% at five years [67]. Factors associated 
with recurrence in HFS include improper positioning or 
displacement of decompressive material, progressive vas-
cular changes, incomplete resolution of neurovascular 
compression, and recurrent venous compression, which 
presents unique challenges for surgical management [68]. 
For GPN, MVD typically achieves a high initial success 
rate of 85% to 95%. However, recurrence patterns are 
less well-documented due to the rarity of this condition. 
Recurrence rates are estimated to range from 5 to 20%, 
with most cases occurring within the first few years after 
surgery. Contributors to recurrence include insufficient 
decompression, anatomical vascular changes over time, 
or nerve injury sustained during the surgical procedure 
[69, 70].

Future directions
MVD has established itself as a highly effective treatment 
for TN and other cranial nerve compression disorders. 
However, the procedure is not without limitations, and 
several gaps in research remain. While MVD often pro-
vides significant pain relief, the duration of its efficacy 
varies, with some patients experiencing relief for sev-
eral years while others report recurrence within months. 
Additionally, adverse effects, such as facial numbness 
ranging from severe hypesthesia to a pins-and-needles 
sensation, occur in 3–30% of cases [18, 68]. Long-term 
follow-up studies are essential to better understand these 
recurrence rates and mitigate side effects. Common post-
operative complications, including CSF leakage, facial 
hypesthesia, and hearing loss, warrant further investiga-
tion. More robust studies are needed to develop preven-
tive measures and improve postoperative outcomes [67]. 
Although recent studies have compared classic microsur-
gical and fully endoscopic MVD techniques, longer and 
more sophisticated investigations are necessary to deter-
mine which approach is superior in terms of efficacy, 
safety, and long-term results [13]. The expertise and skill 

level of surgeons play a crucial role in MVD outcomes. 
Research should focus on standardized training proto-
cols to improve success rates across diverse healthcare 
systems [71]. Additionally, debates regarding the use of 
fibrin versus Teflon as interposition materials highlight 
the need for further studies to evaluate their effective-
ness, biocompatibility, and long-term impacts.

Advancements in imaging and visualization
Future trends in MVD are centered on the integration 
of advanced imaging technologies to enhance surgical 
precision. Innovations such as three-dimensional (3D) 
imaging and augmented reality (AR) in MVD procedures, 
combined with high-resolution CT and MRI, provide 
surgeons with detailed anatomical visualization during 
surgery. Studies are needed to assess the impact of AR 
and 3D imaging on surgical outcomes [72]. Fusion imag-
ing techniques, such as combining magnetic resonance 
cisternography and angiography, have emerged as essen-
tial tools for preoperative simulation and visualization of 
neurovascular relationships. These technologies facilitate 
the precise identification of compression sites and pro-
vide surgeons with a virtual roadmap of the neurovascu-
lar anatomy [73]. For instance, fusion imaging enables a 
multi-perspective analysis of the trigeminal nerve root 
entry zone, correlating closely with intraoperative find-
ings [74]. Emerging technologies, such as virtual reality 
(VR) planning, offer additional promise by improving 
preoperative visualization and surgical outcomes [75]. 
VR enhances patient satisfaction by enabling surgeons to 
achieve greater accuracy during planning and execution. 
Intraoperative imaging tools, such as indocyanine green 
(ICG) angiography, provide real-time confirmation of 
successful decompression, contributing to greater surgi-
cal safety and efficacy [76, 77].

Robotic‑Assisted MVD
Although MVD and endoscopic techniques have been 
widely studied, there is limited information on robotic-
assisted MVD for TN and HFS. One study reported that 
robotic surgery improved accuracy by introducing steady, 
precise movements, thereby reducing human error [78, 
79]. Robotic-assisted surgery holds the potential to revo-
lutionize MVD by enhancing surgical precision and out-
comes. However, FDA approval is still pending due to the 
lack of specialized instruments required for robotic MVD 
procedures. Further research and testing are essential to 
expand the use of robotic-assisted surgery for various 
cranial nerve disorders.

Artificial intelligence and gene therapy
AI and machine learning are increasingly being utilized 
in the diagnosis and treatment of TN. For instance, 
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MVDNet, a deep learning model, has demonstrated 
remarkable precision in real-time segmentation of blood 
vessels and cranial nerves during MVD operations for 
TN and facial nerve problems [80–82]. Such technologies 
hold promise for minimizing intraoperative complica-
tions and optimizing surgical outcomes.

A recent review synthesized findings from approxi-
mately 345 articles, of which 12 were selected and 
included, focusing on the expression of ionotropic chan-
nels, reactive oxygen species, inflammatory markers, and 
microRNAs. Of these 12 articles, only 4 reported stud-
ies conducted in animal models investigating the corre-
sponding TN mechanism observed in humans [83].

Moreover, gene therapy represents an emerging fron-
tier in TN treatment. KRIYA-748, a novel gene therapy 
currently under development, aims to address the molec-
ular underpinnings of TN [82, 84, 85]. Future research 
into the genetic and molecular pathways of TN may pave 
the way for targeted therapies that could complement or 
even replace traditional MVD.

Conclusion
This paper highlights advancements in MVD for TN, 
HFS, and GN, focusing on the potential of technologies 
like endoscopes, exoscopes, deep neural networks, aug-
mented reality, and robotics to enhance visualization, 
improve precision, reduce complications, and optimize 
patient outcomes. The importance of surgeon expertise 
and standardized protocols in achieving consistent suc-
cess rates is also emphasized. Additionally, innovations 
such as AI, gene therapies and advanced imaging tech-
niques offer promising alternatives for managing cra-
nial nerve compression disorders. Continued research 
is crucial to validate the long-term safety and efficacy of 
these approaches, ensuring their integration into clini-
cal practice and expanding access to cutting-edge care 
worldwide.
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