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ABSTRACT

: Background and Aim: Numerous efforts have been made over the past century. Various
Article info: : innovation techniques are increasingly gaining attention and gradually establishing the
: foundation of recent significant developments in the world of neurosurgery, among which
varied stereotactic neuro-navigation designs and other novel emerging systems are being
developed every day. This narrative review aims to describe basic concepts in frameless
stereotaxy and summarize the primary principles of neuronavigation and clarify basic
characteristics, such as the accuracy of this technique (frameless navigation), and emphasize
the importance of designing phantom.
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Methods and Materials/Patients: The application of brain images to steer the surgeon to a
target in the brain by utilizing the stereotactic principle of co-registration of the patient with
an imaging study that permits brain surgery to be fulfilled with greater safety and smaller
incisions by providing precise surgical guidance of the location of intracranial pathology is
highly noticeable. General uses of frameless stereotaxy are explained and common benefits
are highlighted. It is genuinely inevitable to estimate the accuracy of these systems and
discover sources of error.

Results: The findings have provided considerable insight into recent findings on principles of
frameless stereotactic surgery and novel developments for image-guidance systems.

Keywords: Conclusion: The unprecedented development of image guidance has been much discussed.
Stereotactic Radiosurgery, :  Asa concluding note, several determinants, including updated imaging/registration, ease of
Frameless stereotaxy, Image- : use, robotic instruments, automated registration of increased accuracy, and the program’s
guided, Phantoms, Imaging : potential for expansion to other disciplines, are all under development for image guidance.
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Highlights
¢ Image-guided surgery is known as a technique of frameless stereotaxy.
¢ Neuronavigation counts as a precious assistant tool in the management of neurosurgery.
¢ Co-registration strategies are the fundamental principle of stereotaxy.
* The imaging dataset and registration process are considered major sources of error (MRl image distortion).

» Tumors, epilepsy, functional neurosurgery, spine, and radiosurgery are considered the main fields for image-guid-
ance presence.

Plain Language Summary

Throughout the past century to the present day, diverse novel techniques have been introduced to neurosurgeons
to benefit its guidance during surgery. Neuronavigation is a set of computer-assisted technologies that increases
precision. Neurosurgeons utilize these amazing techniques to plan and direct the route of movement within the skull
or vertebral column in surgical procedures. However, it is inevitable to evaluate the quality of exactness and accuracy
of detail of these systems and find unexpected sources of error. Here we show that these frameless stereotaxies are
widely applicable while having common advantages that are the center of interest. To guide or control the movement
of the surgeon to a target within the brain, imaging findings are well used. Brain images are practically applied using
the stereotactic principle of patient co-registration. This empowers brain surgery to be achieved with greater safety
and smaller incisions. It is possible to diagnose the particular place of intracranial pathology by this precise surgical
guidance with high accuracy. Our essay considers the capacity to gain an accurate and deep intuitive understanding of
the last findings on principles of frameless stereotactic surgery and describes how it can be connected to intraopera-
tive MRI/computed tomography (CT). Also, the importance of implementing image guidance is highlighted. Develop-
ing cases for image guidance, including robotics have been discussed.

1. Introduction navigation of tracking tools and instruments in human

cranial surgery is mentionable that in a short time, opti-
umerous efforts have been made over the cal digitizers were incorporated to reduce the inaccura-
past century, and various innovation tech- cies from sound echoes [1].

niques have increasingly emerged and
gradually established the foundation of 2. Methods and Materials/Patients
recent significant developments. These at-

tempts include the development of primary apparatus General concepts

for placing neurosurgical probes according to Cartesian

coordinate planes and cranial bony segments. Although The word “Stereotactic” is a word that originally con-

it was exclusively applied in primates, the initial usage tains two segments, the Greek word “stereos” means
of stereotactic designs in the human trial to establish three-dimensional, and “tactus” as a Latin part means
a minimally-invasive psychosurgical procedure with touch in space” [2]. Admittedly, the intuitive explana-
the 1% use in movement disorders. the 1% arc-centered tion of the term stereotaxy is spatial positioning, where

stereo in stereotaxy means “spatial” or “three-dimen-
sional”. “Taxis derives from the verb tattein (tdttew)
meaning “to position”[3]. Furthermore, it is well stated
that a colorful term for this surgery is “neuronavigation”
So that using the stereotactic principle of co-registration
of the patient with an imaging study through using im-

frame, the other was publishing the 1% atlas based
upon ventriculography and intracranial brain landmarks
rather than bone landmarks admittedly developing a
frame-based and frameless acoustic-based method for
eye-tracking of the operative microscope and for track-
ing operative microscope, respectively was the other
significant efforts in this regard. Also, with recent ef- ages of the brain can precisely guide the surgeon to a
forts, the spread of the prototype for frameless sonic target in the brain. However, paying attention to usual

Seddighi AS, et al. Principles of Neuronavigation. Iran J Neurosurg. 2022; Special Issue:E3



https://irjns.org/

U@gqs Iranian Journal of
H NEUROSURGERY

concerns about brain surgery and its complications con-
duces the minds to safety enhancement and, of course,
smaller incisions which is the goal of this amazing tech-
nique by providing precise surgical guidance of the loca-
tion of intracranial pathology [2].

Navigation is based on targeting relative to known ref-
erence points; thus the precise definition of “fiducial”,
which is especially of a point or line assumed as a fixed
basis of comparison, would be significant. Fiducial is lex-
ically originated from the Latin “fiducial”, meaning trust,
which is regarded as a point of reference identified via
the software package and or surgeon. Notably, the accu-
racy of targeting is determined using two variables, con-
stancy of target-associated fiducials and the number of
fiducials in the vicinity of the target zone. Moreover, two
kinds of stereotaxy were named based on the existence
of a frame and contained “frame-based stereotaxy”,
which is a technique that may utilize an external frame
attached to the head where fiducials play a role as bars
contrived into a box or cage which settles on a frame
amid imaging. In contrast, in frameless stereotaxy, refer-
ence markers, such as bone screws or stickers are em-
ployed as the fiducials directly fixed before imaging.

It is strongly believed that co-registration remains the
pivotal principle of stereotaxy here, we can refer to the
projects of the “animal stereotactic frame” by Horsley and
Clarke in 1906, “human stereotactic frame” by Spiegel
and Wycis in 1947, and the “proliferation of stereotactic
frames” in the time interval of 1947- 1980 as well. Com-
putational resources meaningfully provided frameless
transformation-based stereotactic results in the 1980s [1].

Considerations toward the frame-based stereotaxy

To begin with, considerations of frame-based stereo-
taxy, referring to the direct or indirect target localization
method, frame placement, subsequent imaging errors,
and imaging errors following the distortion, remain
remarkable items. By anterior and posterior commis-
sures (AC-PC)’s position, image-based target localization
methods were performed indirectly, including standard
coordinates, among which Leksell’s pallidotomy target
reflects a classic paradigm and Schaltenbrand-Wahren
is regarded as the most frequent adjusted map. Aver-
age AC-PC distance varies from 23 to 27 mm; otherwise,
concerns about accuracy can arise in cases wider than
30 mm. Another form of the above-mentioned target
localization is the direct method, where the target is vi-
sually chosen from the scan. It is noteworthy that local-
izing AC/PC and the midsagittal plane (MSP) is crucial in
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stereotactic and functional neurosurgery, human brain
mapping, and medical image processing [4].

In indirect targeting, fixed coordinates are specifically
considered, including ventral intermediate nucleus (Vim)
of thalamus 1-7 mm posterior, 12-17 mm lateral and 0-3
mm superior, GPi (globus pallidus internus) (2-3 mm an-
terior, 3-6 mm inferior, and 18-22 mm lateral) and STN
(subthalamic nucleus) (3-5 mm posterior, 5-6 mm infe-
rior and 11-14 mm lateral). Note that all aforementioned
coordinates are relative to mid commissural point [1].

3. Results
MRI image distortion

MRI image distortion is meaningfully propounded as
a source of error. Non-linear spatial encoding magnetic
fields and magnetic field inhomogeneities are the main
contributors to distortion, often making it worst in coro-
nal sections. Additionally, distortion severity could be
determined by measuring Leksell® Coordinate frame.
Besides, the aforementioned frame may introduce fur-
ther distortion. Preoperatively, the process of measur-
ing target distance using the middle cerebellar peduncle
(MCP) on MRI enables the surgeon to guide targeting
from the stereotaxic framed images. Importantly, not
only computed tomography (CT) scan is not subject to
the above-mentioned distortions but also CT/MRI fusion
may lead to minimal distortion effects. Bandwidth can
greatly impact contrast, for example, lower bandwidth
improves white/gray contrast to a single point, and high
low bandwidth can lead to a worse distortion [1].

The frameless image-guidance

Image-guided surgery or so-called neuronavigation
provides the correlation between the operative field
and imaging studies. This operative technique is per-
formed by co-registration of OR (operating room) pa-
tients with the imaging results. This technique of frame-
less stereotaxy, namely neuronavigation, has become
a ubiquitous and pervasive tool in managing neurosur-
gery, including brain tumors. Understanding the spatial
organization of functional regions in the nervous system
enables physicians to clinically localize central nervous
system (CNS) lesions, dramatically leading to enhanced
precision in anatomical and functional localization in im-
aging studies, such as angiography, air ventriculography,
and later, cross-sectional imaging modalities, including
CT and MRI became available. In addition, standardizing
the ability to determine the tumors and other nonneo-
plastic surgical targets to the finest degree and increas-
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ing accuracy empowered the current technology as far
as the stereotactic coordinate system and headframe
emerged through the work of Leksell and Spiegel [5].
The logistical challenges of frame-based stereotactic
navigation were dramatically reduced with the advent
of frameless navigation systems [6]. Currently, combin-
ing the data from multiple advanced imaging modalities
within the singular reference frame of frameless stereo-
tactic navigation systems enables us to predict a lesion’s
location and key neighboring structural and functional
regions which may be at risk during an operation [5].

Frameless stereotactic neurosurgery needs a preop-
erative imaging study in which diagnostic tools such as
CT scan or MRI are performed to construct a three-di-
mensional (3-D) anatomical map on which neuronaviga-
tion is based [7]. Expansion of expression matrix of the
following Equation 1:

1. P2I=2ITM MTW WT3I P3]

In terms of image coverage, 2I, 2ITM stands for mi-
croscope calibration frame M, MTW stands for tracking
patient and microscope, and WT3I represents patient
registration, and preoperative 3D image, 3l; the index
| corresponds to images 1. Figure 1 demonstrates this
procedure in detail.

Potency to quickly compute the transformations be-
tween the various coordinate systems of imaging stud-
ies, operating rooms, microscopes, and getting on for
everything else is a favorite and can be considered a fac-
tual power of computational stereotaxy [1].
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Involved equipment

Without any doubt, equipment means a set of things
working together as parts of an interconnecting net-
work that contributes to creating such a complicated
system. One of the main required accouterments is a
localization device or so-called digitizer, such as the opti-
cal, electromagnetic, or articulated arm. Additionally, a
computer providing registration algorithm as well as an
effector, such as a microscope heads-up display, pointer,
and monitor are required [8].

Current co-registration strategies

Two major strategies can be used for co-registration,
such as paired-point rigid transformation and surface
(contour) matching. Imaging data are transferred to the
surgical field to reveal the surgical instrument’s spatial
position or localizer in a frameless stereotaxy. Accord-
ing to the surface or point-pair matching, a rigid-body-
transformation algorithm is applied to measure the un-
derlying mathematical association between the surgical
working space and image volume [1].

Before surgery, most patients scheduled to receive the
frameless image-guided procedure receive MRI or CT
scanning with distributed adhesive fiducial markers on
their scalp. In addition, an extra fiducial marker is ap-
plied to the patient’s head as a target, just adjusted to
the intracranial lesion. Preoperatively, an optical track-
ing system is also employed to provide 3 separate pa-
tient-to-image registration techniques, using adhesive
markers, anatomical landmarks, or surface matching.
Following each registration, specifying the target regis-
tration error (TRE), which stands for target registration

Uns

Figure 1. Components of matrix expression calculation and their circulation in the computation of transformations between the various
coordinate systems [1]

Seddighi AS, et al. Principles of Neuronavigation. Iran J Neurosurg. 2022; Special Issue:E3



https://irjns.org/

U@gqs Iranian Journal of
H NEUROSURGERY

error, was evaluated as the Euclidean distance among
the world space coordinates of the target marker and
image space coordinates. Regardless of imaging modal-
ity or target location, due to having a lower amount of
mean TRE than the other two registration strategies,
the mean application accuracy of adhesive markers is
significantly higher, and it can be claimed that the reg-
istration of skin-conformal adhesive fiducial markers
provides the most currently accurate non-invasive reg-
istration procedure. While the accuracy may be slightly
compromised following acquired images from an earlier
investigation, surface matching and anatomical land-
marks provide equally accurate alternatives [9].

4, Discussion
Error definitions

Several important definitions defined by Fitzpatrick
and West should be considered. Fiducial registration
error (FRE) is estimated by the root- mean square dis-
tance between corresponding fiducial points after reg-
istration; fiducial localization error (FLE) is determined
as an error in locating the fiducial points. TRE is defined
as the distance between the fiducial points and the cor-
responding points after registration.

Generally, in the first-order analysis of error in rigid
point registration, it is essential to accommodate FLE
and arbitrary weighting that may be inhomogeneous
(varying from point to point) and anisotropic (varying
with direction). Covariances are derived for both the
TRE and weighted FRE and are obtained in terms of co-
variances of FLE, culminating in a simple implementa-
tion that embraces all compositions of weightings and
anisotropy. Further, mutual independency of the fluctu-
ations of FRE and TRE has been proved for ideal weight-
ing, in which the weighting matrix for each fiducial
equals the square root inverse of the cross-covariance
of its two-space FLE. These results have been validated
by both comparisons with previously published expres-
sions and simulation [1]. Moreover, an exhibition of
simulations for randomly generated fiducial positions
and FLEs displays an insignificant correlation coefficient,
even correlation coefficient <0.1, in the exact case for
both ideal and uniform weighting. Mainly, uniform
weighting (i.e., no weighting) is utilized in commercial
surgical guidance systems. Admittedly, investigation of
results shows us that despite the existence the valid ex-
pressions between the covariance of FRE and the cova-
riance of TRE for these weighting schemes, no criteria
exist for the beneficence of fit of the fiducials for a cer-
tain registration that gives to first-order any information
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about the fluctuation of TRE from its expected value and
no criteria exist to provide useful information in the de-
tailed case. Accordingly, accomplishing the approached
proceedings with extreme prudence should be consid-
ered both by the purveyors of guidance systems and by
the practitioners who utilize them [10].

According to the following Equation 2, TRE has an ap-
proximate dependence.

As the dependence is approached, more distance of
the target occurs from the fiducial centroid, and more
error is expected.

As the configuration of the fiducials became smaller,
the error also enhanced. It must be accepted that FRE
does not reliably identify the registration accuracy; i.e.,
it does not depend on fiducial Equation 3:

3.

FRE remains independent of bias errors, such as digi-
tizer camera malalignment, MRI gradient, and bent
handheld probes.

Several points should be considered regarding fidu-
cials, including the arrangement of fiducials by which
the center of configuration should be adjacent to the
intended region, avoiding linear fiducial configurations,
avoiding distorted scalp or occipital region, utilizing fi-
ducials as much as rationally possible, spreading out the
fiducials, specified mark scalp at the patient’s fiducial
region [1].

Accuracy in phantom testing

By evolving various stereotactic neuronavigation sys-
tems in the world of neurosurgery and continuous ex-
pansion of novel designs, or instruments, concerns have
been raised regarding in vitro investigations on phan-
toms. A phantom-based neuronavigation identifies a
deformable or rigid structure within the intracranial area
of the skull. Establishing phantoms is required to vali-
date the accuracy of the procedures. Performing studies
on the above-mentioned design is highly encouraged to
increase procedure-related safety before the clinical re-
cruitment of frameless, robotic, and frame-based neu-
ronavigation designs. The aforementioned investiga-
tions aimed to estimate the targeting accuracy resulting
from neuronavigation designs beyond the intracranial
cavity and also to appraise the targeting errors (Entry
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Table 1. Comparison of the accuracy and precision of three frameless stereotactic systems

Registration Error Mean Error Median Error Standard Deviation .
System Variance (mm)
(mm) (mm) (mm) (mm)
ISG wand 1.25 1.67 1.62 0.43 0.20
SMN microscope 1.53 2.61 2.53 0.99 0.44
SMN pointer 1.53 2.26 2.29 0.83 0.36
Cygnus 1.10 1.90 1.72 0.70 0.34

ISG: Innovated systems group; SMN: Surgical microscope navigator.

point error [EPE], angular error [a], and target point er-
ror [TPE]). Admittedly, in the case of the availability of
human-like anatomy provided by the phantom and the
existence of a realistic simulation of the procedure, the
value of the measured phantom is expected to be high-
er. Recognizing stereotactic neuronavigation phantom
designs and their most pertinent features, identifying
the methodologies for measuring the target point error,
the entry point error, and the angular error (Alpha) [11].

A test accuracy phantom is mainly built for use in the
accuracy experiment. Fiducial markers were placed
across the various regions of the phantom for registra-
tion. Also, fiducial targets along with the various bones
are placed on the base of the empty cranial vault. The
purpose of the accuracy experiment is to measure the
baseline accuracy of the Smart Stylet system. Creating
a segmented three-dimensional model of the Accuracy
Phantom is the 1% step. Then the accuracy phantom was
imaged in a CT scanner using a 1.25 mm slice thickness,
and finally, images were segmented using Slicer soft-
ware [12].

Empirical observation, phantom, and simulation inves-
tigations have demonstrated good accuracy following
an increasing number of fiducials [1].

Stereotactic accuracy

Another usual process is to compare the precision of
the stereotactic system in various studies, such as re-
search performed by Benardete et al. which details of
this study and accuracy comparison of three frameless
stereotactic systems have been listed in Table 1. As well
as a survey by Mascott et al., which attentively investi-
gated the accuracy of clinical application in seven regis-
tration methods [1]. The descriptive information related
to this study has been gathered in Table 2.

Furthermore, the study accomplished by Maciunas et
al. demonstrates the dependence of stereotactic accu-
racy on image slice thickness, Table 3 presents the data
analyzed by this assay [1].

This evaluation was performed toward stereotactic
frames; however, the underlying principles remain the
same. Besides, some important points containing no
frame submillimetric, clinically meaningful is Cl (range),

Table 2. Global application accuracy (comparing seven registration methods)

Mean1SD
Point-Based Registrations Surface-Based Registrations
Parameter

Anatomic Five Ten Four Cranial- 45 Points: 45 Points: 100 Points:
Landmarks Adhesive  Adhesive Implanted Convexit *  Reliefand Relief and
Fiducials Fiducials Fiducials v Convexity Convexity

Calculated accuracy 2.440.9 1.9+0.5 1.8+0.4 0.710.2 1.0£0.3 1.0+0.3 1.1+0.2

TR B i) e 4.8+1.9 3.741.8 3.741.7 1.740.7 4.1+15 43417 42416

Global

SD: Standard deviation.
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Table 3. Accuracy of the sample means as an estimate of the true (population) means for stereotactic frame application accuracies

MeantSD
CT Slice Thickness (mm) Measurement
BRW (mm) CRW (mm) COMPASS (mm) Leksell (mm)
Meant3 SEm 1.9+0.10 1.840.11 1.2+0.06 1.7+0.10
1
99% Cl for the mean 1.80-2.00 1.69-1.91 1.04-1.26 1.60 to 1.80
Meant3 SEm 2.5+0.11 2.2+0.11 2.1+0.10 N/A
1 canted
99% Cl for the mean 2.39-2.61 2.09-2.31 2.00-2.20 N/A
Mean3 SEm 2.7+0.13 2.610.15 2.5+0.12 2.610.14
4
99% Cl for the mean 2.57-2.83 2.45-2.75 2.38-2.62 2.46-2.74
Meant3 SEm 6.610.31 6.610.30 5.1+0.23 5.4+0.24
8
99% Cl for the mean 6.29-6.91 6.30-6.90 4.87-5.33 5.16-5.64

The large numbers of measurements yielded small standard errors of the means and resultant high confidence in these experimentally
derived means as being representative of the true means of application accuracy for these stereotactic frame systems.

Abbreviations: SEm: Standard error of the mean; N/A: Not available; CT:Computed tomography; BRW; Brown-Roberts-wells; CRW: Cos-

man-Roberts-wells; Cl: Confidence interval

and slice thickness plays a crucial role. Zinreich and col-
laborators addressed the potential shortcomings of
the excellent accuracy, with an average accounting for
1-2 mm, which could be yielded in vivo, following the
evaluation of the viewing wand system on a plastic skull
model. Golfinos et al. obtained an accuracy of 2 mm in
82% and 92% of their patients using CT and MRI images,
respectively. They demonstrated that the more accu-
rate registration using MRl compared to CT was accom-
panied by a greater acquaintance rate when using MRI
reconstruction in their multiple planes [2].

Figure 2. An illustration of factors involved in imaging dataset as a significant source of error in target localization [13]

To recap, it can be noted that the accuracy of frame-
less neuronavigation can be compromised by several
factors. Due to the determining role of the slice thick-
ness related to the scanned image on voxel resolution
and the subsequent accuracy of the registration, the
registration error can be enhanced following interpola-
tion of voxel intensities in the process of image reformat-
ting. Moreover, artifacts in the MRI or CT scan, patient
motion, change in skin displacement or position of the
fiducials, and faulty probe placement in the correct lo-
cation of the MRI or CT scan has been considered fac-
tors that involve the accuracy of the system [14].

Error sources
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Digitizer performance, imaging data setups, and pro-
cess of registration (image—OR [Operating Room] space)
are well-known sources of error. Furthermore, deforma-
tion or surgical field displacement may be estimated as
the sources of error as in numerous studies, the dis-
placement is often more than 10 mm. Among imaging
data setups, spatial infidelity, such as magnetic field
inhomogeneities in gradient-echo-planar imaging (EPI),
resolution, such as pixel/voxel size, slice thickness, and
imaging study fusion, such as atlas—MRI or CT-MRI, in
terms of sources of error should be highly considered
[15]. In addition, in the registration process (image—OR
space), conditions, such as handedness of coordinate
system, fiducial number, algorithm ambiguity, displace-
ment or localization (digitizer and surgeon), and con-
figuration should be considered. Figure 2 shows a lay-
out of this effort. Although the source of error can be
related to intraoperative MRI/CT as a result of pending
cost-benefit analyses, facilitated co-registration, numer-
ous implementations, and updated image data set [16].

Given that actual surgical position is strongly associ-
ated with the images obtained preoperatively, and con-
sidering the patient’s brain shift that is related to the pa-
tient position, bleeding, brain edema, tumor removal,
change in cerebrospinal fluid volume, cerebral blood
volume, employing of mechanical ventilators, retraction
or diuretics amid the surgery [17], a progressive error
in registration may occur during intraoperative naviga-
tion. In this regard, Dorward and collaborators assessed
brain shifts amid open cranial surgery to measure the
effect of post-imaging brain distortion on intraoperative
neuronavigation, thereby acknowledging that a mean
shift of 4.6mm and 6.7 mm of the cortical surface was
observed following the dural opening and complete tu-
mor resection, respectively. A significant discrepancy
was observed between the shift in various tumor cases
so that, for instance, deep tumor margins existed in
convexity meningioma compared to gliomas, while little
brain shift was represented in skull base lesions [18].

5. Conclusion

This paper provides a review of stereotactic neuro-
navigation systems and their relevant features. Further-
more, this study describes various registration tech-
niques and sources of error incorporated in stereotactic
neuronavigation systems.

Remarkably, in some cases, we are facing situations,
such as a tumor, including biopsy, resection of tumors
harboring MET oncogene or glial tumor, epilepsy (struc-
tural and physiologic data), resection treatment of
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functional abnormalities (movement disorders, pain
conditions) with lesion or stimulation, stereotactic im-
plantations of neural tissue, drug transplantation, gene
therapy, radiosurgery by frameless technologies, spinal
fusion instrumentation, cerebrovascular abnormalities.
Additionally, in other situations, including plastics, oto-
laryngology (ENT), ortho, and general, image guidance
has great significance and has been considered an indi-
cation that utilizing neuronavigation is prominent.

The unprecedented development of image guidance
has been much discussed. However, it can be acknowl-
edged that several determinants, including updated
imaging/registration, ease of use, robotic instruments,
automated registration of increased accuracy, and the
potential of the application to extend to other disci-
plines, all have been under development for image
guidance.
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