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Introduction To evaluate the accuracy of different neuronavigation systems and
establish factors that influence their accuracy and their indications for use.

Methods This is a systematic review of the literature with meta-analysis based on the
guiding question of the Preferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA): What is the accuracy of neuronavigation systems and the factors
that influence it? For that, a search was performed in PubMed, LILACS, SciELO, Embase,
Web of Science, and SCOPUS databases using descriptors combined with two Boolean
operators. The articles found were submitted to eligibility criteria, and the reading was
partial and complete. A total of 51 studies were selected, and 11 were included in the
meta-analysis.

Results In total, 5,316 procedures were evaluated using neuronavigation systems
and different types of procedures performed on the skull and spine. After meta-
analysis, it was possible to establish the accuracy of the optical (N=297) and AR
(N=195), with SBT of 2.34mm and 2.09 mm, respectively. However, studies were
evaluated regarding the influence of different recording methods, the use of associated
technologies, and their indications for use.

Conclusions The accuracy of the systems was established through the TRE of
2.34mm for the optical and 2.09 mm for the augmented reality, while it was not
possible to establish the electromagnetic one. Thus, the ARN is the system with the
best accuracy value, in addition to presenting advantages during the surgical period
when compared with the others.
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Resumo
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Introducao Avaliar a precisao de diferentes sistemas de neuronavegacao e estabelecer
fatores que influenciam sua precisao e suas indicacoes de uso.

Métodos Trata-se de uma revisdo sistematica da literatura com meta-analise baseada
na questdao norteadora do Preferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA): Qual a precisdo dos sistemas de neuronavegacao e os fatores que a
influenciam? Para tanto foi realizada uma busca nas bases de dados PubMed, LILACS,
SciELO, Embase, Web of Science e SCOPUS utilizando descritores combinados com dois
operadores booleanos. Os artigos encontrados foram submetidos aos critérios de
elegibilidade e a leitura foi parcial e completa. Foram selecionados 51 estudos e 11
foram incluidos na meta-andlise.

Resultados No total foram avaliados 5.316 procedimentos utilizando sistemas de
neuronavegacao e diferentes tipos de procedimentos realizados no cranio e na coluna
vertebral. Ap6s a meta-andlise foi possivel estabelecer a precisao da 6ptica (N=297) e
da RA (N=195) com SBT de 2 34 mm e 2.09 mm, respectivamente. No entanto foram
avaliados estudos quanto a influéncia de diferentes métodos de registro ao uso de
tecnologias associadas e suas indicagoes de uso.

Conclusoes A precisao dos sistemas foi estabelecida por meio do TRE de 2.34 mm para
a optica e 2.09 mm para a realidade aumentada enquanto nao foi possivel estabelecer o
eletromagnético. Dessa forma a ARN é o sistema com melhor valor de precisdo além de

imagem

Introduction

Neurosurgery encompasses various image-guided surgical
approaches, among which neuronavigation emerges as a
principal tool. These devices exhibit millimetric precision
and accuracy, significantly enhancing procedural safety
and facilitating less invasive surgeries. Neuronavigation
employs a Cartesian framework, enabling the monitoring
of calibrated instruments within three-dimensional space
while considering their orientation and position relative to
cranial structures.’ Consequently, these systems find
utility in a wide array of applications, including
intracranial biopsies, spinal pedicle screw placement,
precise localization of minimally invasive craniotomies,
planning and execution of microsurgery for intracranial
tumors and arteriovenous malformations, among other
procedures.

Currently, the market offers diverse navigation technolo-
gies, predominantly featuring two tracking systems: optical
and electromagnetic. These systems are responsible for
perceiving the intraoperative environment in three dimen-
sions, thereby enhancing surgical accuracy and yielding
improved clinical outcomes. Moreover, augmented reality
systems are available, providing an enhanced user
experience.

Therefore, the purpose of this study is to conduct a
systematic review focusing on the accuracy of neuronaviga-
tion. It aims to explore different navigation systems and
investigate the impact of application errors (AE) and associ-
ated imaging techniques on the overall accuracy of neuro-
surgical procedures.
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apresentar vantagens durante o periodo cirtrgico quando comparado aos demais.

Methodology

This study comprises a systematic literature review with a
meta-analysis, adhering to the criteria and guidelines out-
lined in the Cochrane Manual? (The Cochrane Collaboration)
for investigating current neuronavigation technologies. The
primary objective is to determine the accuracy of neuro-
navigation systems. The research question is formulated
based on the Preferred Reporting Items for Systematic Re-
view and Meta-Analyses (PRISMA)? guidelines.

Search Strategy

Comprehensive searches were conducted in multiple online
databases, including PubMed, Latin American and Caribbean
Literature in Health Sciences (LILACS), Online Scientific
Electronic Library (SciELO), Embase, Web of Science, and
SCOPUS. The descriptors “neuronavigation,” “accuracy,” “re-
liability,” “neurosurgery,” “neurosurgical procedures,” and
“image-guided surgery” were combined using Boolean oper-
ators. The search criteria employed were (“neurosurgery” OR
“neurosurgical procedures”) AND (“image-guided surgery”
OR “neuronavigation”) AND (“reliability” OR “accuracy”). The
search spanned from 1993 to January 1, 2023.

” o«

Study Selection

Upon completing the initial search, two authors (E.R.S.S.; M.
A.C.L.) independently assessed the identified articles. Dis-
crepancies were resolved through discussion with a third
author (B.F.0.S.) to achieve a consensus. The following inclu-
sion criteria were applied: articles published in English;
experimental, observational studies (including cross-sec-
tional, cohort, and case-control) or clinical trials that
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reported the accuracy of the neuronavigation system;
articles published within the past 30 years; and availability
of the full text. Articles that did not address the topic or
lacked sufficient data to fulfill the objectives of this review
were excluded (see ~Fig. 1).

Data Extraction

A single author conducted the data extraction using a
standardized form, and the collected data were organized
in a Microsoft Office Excel®* table. Subsequently, a second
author reviewed the extracted data from the studies. The
extracted information included the number of participants,
registration method, mean errors or precision, and the
imaging method utilized.

Critical Evaluation of Studies

Tools were employed to assess the articles based on their
study design. For randomized studies, the revised Cochrane
risk of bias tool for randomized trials (RoB2)> was utilized.
Non-randomized clinical studies were evaluated using the
Cochrane tool for assessing the risk of bias in non-random-
ized studies of interventions (ROBINS-1).? Cohort and case-
control studies were evaluated using the Newcastle-Ottawa
tool, while cross-sectional studies were assessed using the
Joanna Briggs’ tool. Diagnostic accuracy studies were evalu-
ated using the revised tool for quality assessment in diag-
nostic accuracy studies (QUADAS—Z).8 One author critically
evaluated all the studies using the appropriate tool for each
study design, and discussions were held with a second
author.

Statistical Analysis

To perform the meta-analysis means and standard deviations
were extracted as effect measures. For studies that presented
measures other than averages, such as medians with mini-
mum and maximum intervals or quartile measures, the tool
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proposed by the Cochrane Manual (The Cochrane Collabora-
tion)? was employed, as described and made available by
Wang et al. In cases where necessary data were missing,
attempts were made to contact the corresponding authors
via email. If no response was received, the article was
excluded from the synthesis. The measure of central tenden-
cy of the target’s registration error distribution was consid-
ered as accuracy, while the measure of dispersion was
considered as precision. The data were synthesized using
weighted average grouping. All calculations were performed
using RO (version 4.0.3, The R Foundation for Statistical
Computing, 2020) and Python (version 3.9.10, NumPy ver-
sion 1.22.4, Panda’s version 1.4.4, and Matplotlib version
3.7.1).

Results

The tables below provide details regarding the analyzed
articles, including the authors’ descriptions, year of publica-
tion, titles, and summaries of each study. The selected
articles that best address the research questions are
highlighted for easier reference.

Study Selection

A total of 2,581 articles were identified from all databases.
After applying the eligibility criteria, 1,942 articles were
selected for title and abstract screening. Subsequently,
1,274 articles underwent full-text reading, and among
them, 51 articles met the inclusion and exclusion criteria,
thus forming the database for this study. Among the selected
articles, 12 were included in the meta-analysis.

Quality Evaluation of Studies

The studies were assessed using the tools. The majority
(93.2%) of the studies were classified as cross-sectional/ac-
curacy studies and evaluated using the Joanna Briggs (Moola

Studies identified in the databases (n=
2.581)

Identification

g

Studies deleted after applying filters
(n=1.942)

——>| Removed duplicate studies (n=668)

J

Screening

Studies after reading the abstract (n=
108)

4

Studies chosen for review (n= 51)

included

Source: study data, 2023.

Fig. 1 Flowchart of the process performed to select articles.
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et al., 2020) and QUADAS-2 tools. Both tools indicated a low
risk of bias for the included studies. Randomized clinical
trials, evaluated using the RoB2 tool, represented 5.8% of the
included studies. The figure below illustrates the risk of bias
for each study (~Figure 2):

Characteristics of the Studies

The total sample size included in this review comprised
5,316 procedures. In terms of location, many procedures
(80%, n=4,250) were performed on the cranium, while 20%
(n=1,066) were conducted on the spinal column. Among
spinal procedures, the thoracolumbar region was the most
frequently targeted, accounting for 36.9% (n=393) of the
total, followed by the lumbar spine with 34.7% (n=370).

Out of the total procedures, 5,210 had their method of
neuronavigation reported. Among these, the optical system
(OP) was the most prevalent, comprising 2,673 cases (51.3%),
followed by augmented reality (AR) with 1,835 cases (35.2%),
and electromagnetic (EM) with 702 cases (13.5%). The meth-
od used for registration was mentioned in 40 studies (78.4%),
with the fiducial method being the most employed, reported
in 22 studies, followed by the anatomical marker method
mentioned in 15 articles. It is noteworthy that the studies
covered both cranial and spinal procedures (see =Chart 1).

Different studies approached the application error results
in various ways. Three studies reported the mean recording
error, except for Van Doormaal et al.,>> who obtained values
of 7.204+1.80 mm and 4.40 4 2.50 mm. The remaining stud-
ies reported results ranging from 0.08 to 1.80 mm. Serej
et al.>? evaluated the fiducial registration error (FRE) using
different methods. The anatomical landmark method yielded
an FRE of 1.20+0.40 mm, the surface method resulted in
1.00 +£0.30 mm, and the projected method had the lowest
value of 0.60 +£0.10 mm (~Chart 1).

The target registration error (TRE) varied between 0.54
and 5.90 mm, with only 5 studies falling outside the com-
mercially expected values. Salma et al.*® assessed the TRE for
different methods used and found that the scalping method
had the highest average TRE of 3.24 mm, followed by the
registration mask with 3.19 mm, while the bone fiducial

method had a TRE within the target range of 1.95 mm. Other
methods employed to assess the application error included
general and average precision, location, and displacement
precision, as well as average deviation (~Chart 1).

In =Chart 1, it is evident that most spinal procedures
utilized the augmented reality method, with only one study
employing the optical method. It is worth noting that the
studies with the largest sample size for spinal procedures in
this review were Fan et al.,?> who achieved a location
accuracy of 97.8% in a sample of 370, and Elmi et al.,2°
who reported an overall accuracy of 94.1% for procedures
performed on 253 spinal columns.

Considering the variation in application error across
studies, a meta-analysis was conducted specifically for
articles that utilized the fiducial registration error (FRE) as
an evaluation method. Six articles assessing the optical
system were included in the analysis, with a total sample
size of 297 tests, resulting in an average FRE of 2.34 mm and a
standard deviation of 1.86 mm.

~Fig. 3 illustrates that Shamir et al.°" and Reinges et a
reported the highest values for target registration error (TRE)
compared with the overall results, with values of
5.90 £ 4.30 mm and 6.10 + 3.40 mm, respectively. Converse-
ly, McLaughlin et al.>® achieved the lowest error with a TRE of
0.90 £ 0.70 mm. Notably, Castilla et al.’® had an estimated
registration error closest to that obtained in the meta-
analysis. It is important to highlight that the study conducted
by Mert et al.3’ contributed the largest sample size, thus
having the highest number of cases among all included
studies.

Additionally, six articles utilizing the augmented reality
system were evaluated, comprising a total sample size of 195
cases. The average estimated registration error (ERT) for
these studies was 2.09 mm, with a standard deviation of
1.42 mm. Consequently, ~Fig. 4 demonstrates that Mar-
uyama et al.> achieved the highest value within the meta-
analysis, reporting a skull-based TRE of 3.104-1.90 mm. In
Carl et al.’s'? study, the TRE for the skull was close to the
overall value at 2.33 4+ 1.30 mm. When comparing it to the
spinal column TRE, which was 0.72 4+ 0.24 mm, the skull TRE

1‘46

Risk of bias domains

Overall

Auloge et al, 2020

Dixon et al, 2013

Study

Roethe et al, 2022

Domains:

000
© 000600
© 000 0.0

Judgement

D1: Bias arising from the randomization process

D2: Bias due to deviations from intended interve
D3: Bias due to missing outcome data. -

rHigh

Some concerns

D4: Bias in measurement of the outcome.

D5: Bias in selection of the reported result.

Fig. 2 RoB2 tool signal graph.
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exhibited higher values, indicating a smaller error than the
studies included in the meta-analysis.

Discussion

Neuronavigation is utilized in various cranial and spinal
procedures to provide enhanced visualization of spatial
relationships between different structures. This is achieved
by superimposing data from diverse preoperative imaging
methods, allowing for intraoperative correction of displace-
ment known as “Brain-Shift.” The acquired information is
processed by a computer system that guides the surgeon
throughout the procedure.

The application of neuronavigation involves four steps.
First, volumetric images are obtained in a modality deter-
mined by the surgeon. These images are then imported into
the system, initiating the surgical planning. The third step
involves patient registration, typically performed on the face
using two methods: point cloud or point-to-point mapping
with a probe and a fixed reference on the patient’s head. The
precise acquisition of these registration points and their
correlation with pre-defined points in the system enables
intraoperative navigation.®

Application Errors (AE) arise from failures at any stage of
the neuronavigation process and directly impact the accura-
cy and final clinical outcome. The accuracy of these systems
depends on variables inherent to their types, including
application and mechanical execution errors during surgery.
These errors can be categorized into two subgroups: those
related to anatomical differences between the obtained
image and the patient, and those associated with failure to
transfer the point of interest between the image and the
patient. Examples include mean registration error (FRE),
target registration error (TRE), and surface registration error
(SRE).60‘61

Errors in the registration phase, which involves trans-
forming the patient’s space into image space using fiducials
(paired points, skin or bone markers, or surface), are crucial
predictors of overall accuracy. Recording errors, combined
with errors during mechanical execution in surgery, signifi-
cantly affect accuracy. Subsequently, errors occurring after
the registration phase, such as the root mean squared error of
registration (RMSE) and TRE, serve as primary predictors of
neuronavigation accuracy.®> RMSE measures the distance
between a fiducial point obtained with the tracker in real
space and its corresponding point in the image, while TRE
measures the distance between a point in real space and its
corresponding point in the image space, representing the
clinically more relevant error. The estimated vector of the
TRE allows surgeons to correct the path based on
visualization.

Accuracy depends on variables specific to the system
types, comprising a combination of application errors (AE)
and mechanical execution during surgery. Previous studies
have defined an upper limit error value of 3.00 to 4.00 mm.%3
However, in the clinical setting, navigation systems typically
operate within an accuracy range of 0.50 to 2.70 mm, aiming
for a TRE value of 1.00 to 2.00 mm to ensure greater safety.%*
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Multiple factors influence the accuracy of the procedure,
including the specific procedure itself, the utilized system,
and the mechanical execution. Analysis of the studies
revealed that the various techniques for patient registration
did not significantly impact accuracy and yielded similar
distances when correlated with the surgical point of interest.

Registration based on anatomical landmarks offers advan-
tages such as low cost and improved efficiency in terms of
performance time.®> However, fiducial registration is con-
sidered the preferred method among non-invasive
approaches, as it demonstrates greater accuracy compared
with the combination of anatomical points and surface
registration.%!

Among the different methods, anatomical landmarks
exhibit the most discrepant results, whereas the others
show comparable levels of precision, leading to satisfactory
clinical outcomes. In a comparative study (N=30), a sub-
stantial difference in accuracy was observed, with fiducials
achieving a precision of 1.70 +0.70 mm, while anatomical
landmarks yielded 4.80 4 1.90 mm, placing them outside the
security range.>*

For skull base procedures, the automatic registration
mask provided by the system demonstrated favorable results
with a target registration error (TRE) of 0.90 + 0.70 mm. This
method proves to be a practical, reliable, and non-invasive
alternative for this specific type of surgery.>®

The use of fiducials was observed in 22 out of 51 evaluated
studies, across various procedure types and in conjunction
with the three types of systems examined in the research.
Although a few results fell outside the acceptable range, most
exhibited safe values, justifying the position of fiducial
registration as the gold standard among non-invasive meth-
ods. Furthermore, the accuracy of fiducial application
remains unaffected even when adjusting the patient’s head
position as necessary.

Regarding the accuracy of different system types, the
meta-analysis included 6 values for each system, optical
(N=297) and augmented reality (AR) (N=195), resulting
in target registration errors (TRE) of 2.34 mm and 2.09 mm,
respectively. Both systems exhibit close values and fall
within the safety range expected for commercial systems.
As for the electromagnetic system, due to a lack of studies
establishing the TRE value, an average value could not be
determined.

Studies comparing precision values between optical and
augmented reality systems did not reveal significant differ-
ences in accuracy. However, in a clinical study directly
comparing these systems, the augmented reality system
demonstrated greater application security by exhibiting
better depth accuracy with a median of 3.00 mm, compared
with 5.00 mm in the conventional system.*’

Moreover, the visual coordination between the surgical
field and the monitor can be distracting for the surgeon when
using the conventional system.®®®” Therefore, viable and
advantageous augmented reality neuronavigation (ARN)
techniques have gained traction, as they provide fewer
distractions compared with conventional image navigation
(CIN) and do not restrict surgical positions.®® This makes it
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possible to use ARN in patients who cannot be stabilized with
a head clamp, such as pediatric patients and those with bone
fractures.>®

Regarding the optical and electromagnetic systems, al-
though few clinical studies evaluating the accuracy of the
latter were found, studies indicate that although the electro-
magnetic system enables continuous navigation through
tracked instruments and better integration during the intra-
operative period, the TRE values were similar to those
obtained with the optical system.3’

While these systems are more commonly used in cranial
surgeries, they also offer good accuracy for spinal proce-
dures. In most studies, the augmented reality (ARN) system
was employed and consistently demonstrated accurate po-
sitioning in pedicle screw insertion, ranging from 77.5% to
97.8%.

However, like conventional methods, current systems are
still unable to precisely detect anatomical changes during the
surgical period.® Despite achieving good clinical results in
most analyzed procedures, there is still room for improve-
ment to further minimize application errors within an even
narrower safety range, as proposed in more recent studies.

In this context, methods such as intraoperative ultraso-
nography and augmented reality techniques emerge as
valuable tools, allowing for the updating of images during
surgery and aiming to further reduce application errors.
Influence of different imaging methods.

Various imaging methods serve as additional techniques
for different systems. For preoperative image acquisition,
computed tomography (CT) and magnetic resonance imag-
ing (MRI) are commonly used and exhibit comparable accu-
racy and reliability of information.

A more recent method that has gained popularity is the O-
Arm Cone Beam Tomography, particularly when combined
with the optical system, demonstrating improved accuracy
with an average error of 0 mm in two clinical studies.*° One
of the main advantages of this method is the ability to acquire
intraoperative images without the need to correlate them
with the patient’s anatomy. Furthermore, it offers the flexi-
bility to acquire new images if necessary, such as when the
patient moves.*0

Hence, in addition to selecting the optimal system, sur-
geons need to have access to other techniques that contribute
to precision by compensating for brain shifts. Therefore,
it is crucial to have imaging tools available that allow
the system to be recalibrated using post-craniectomy
images, including auxiliary techniques for three-dimensional
reconstruction.%%-6%

Neuronavigation is employed in neurosurgery with well-
defined objectives, aiming to make procedures less invasive,
increase mechanical precision in target localization, and
reduce surgical time. The technique provides enhanced
safety for both surgeons and patients, making its indications
nearly limitless. It proves particularly useful in approaching
small, deep brain lesions and operating in eloquent areas,
earning its place in brain tumor resection surgeries.%®

Apart from tumor surgeries, two other well-established
indications for neuronavigation are epilepsy and spine
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surgery. In epilepsy surgery, the technique assists in pre-
cisely locating epileptogenic zones for subsequent ablation.
While its application in vascular surgery is somewhat
limited due to insufficient studies and increased intra-
operative time, the few available reviews acknowledge
positive aspects of neuronavigation, such as improved
anatomical orientation for arteriovenous malformations
(AVM) and aneurysms through three-dimensional recon-
struction, reducing the risk of damage to adjacent
structures.®’

In the realm of spine surgeries, the use of neuronavigation
has been extensively studied for the insertion of pedicle
screws in recent years, especially in comparison to the
widely used fluoroscopy guidance. In a study conducted on
fresh cadavers to evaluate the accuracy of both methods,
similar precision was observed, yet neuronavigation provid-
ed greater safety for the surgical team by eliminating radia-
tion exposure.'' Additionally, a retrospective study with the
same objective revealed not only superior precision with
neuronavigation but also improved clinical outcomes and
fewer subsequent surgical interventions.?’

Conclusion

Augmented reality systems combined with a target registra-
tion error of 2.09 mm within the safety range provide the
best accurate results. Optical systems also exhibit similar
accuracy with a target registration error of 2.34 mm. Various
factors influence system accuracy throughout the surgical
procedure, and strategies are employed to minimize errors.
However, there is a need for standardized predictors to
assess accuracy consistently across studies.
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