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Abstract

Neuronavigation has become an ubiquitous tool in the surgical management of brain tumors. This
review describes the use and limitations of current neuronavigational systems for brain tumor
biopsy and resection. Methods for integrating intraoperative imaging into neuronavigational
datasets developed to address the diminishing accuracy of positional information that occurs over
the course of brain tumor resection are discussed. In addition, the process of integration of
functional MRI and tractography into navigational models is reviewed. Finally, emerging concepts
and future challenges relating to the development and implementation of experimental imaging
technologies in the navigational environment are explored.
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Clinical localization of CNS lesions became possible as physicians began to understand the
spatial organization of functional regions within the nervous system. The precision of
anatomical and functional localization was enhanced dramatically as imaging studies such as
angiography, air ventriculography and later, cross-sectional imaging modalities including
computed tomography (CT) and MRI became available. In addition, the ability to pinpoint
tumors and other nonneoplastic surgical targets was standardized and became increasingly
precise as the stereotactic coordinate system and headframe emerged through the work of
Leksell [1] and Spiegel [2]. The logistical challenges of frame-based stereotactic navigation
were dramatically reduced as frameless navigation systems emerged [3]. Currently, data
from multiple advanced imaging modalities can be combined within the singular reference
frame of frameless stereotactic navigation systems to predict the location of a lesion as well
as key neighboring structural and functional regions, which may be at risk during an
operation. The use of an updated navigational dataset through the use of intraoperative
imaging, diminishes the challenge of maintaining accurate navigational data, even when
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lesional and nonlesional structures shift over the course of an operation [4]. While there are
many important applications of neuronavigation in the fields of functional, vascular and
spinal neurosurgery, this review will explore the applications and future directions of
frameless stereotactic navigation for neurosurgical oncology.

Conceptual basis for frameless stereotaxy

The components of frameless stereotactic navigation systems include a computer-based
image processing module, a reference frame and a pointer that is recognized by an optical or
electromagnetic detector. The basic arrangement for frameless stereotactic navigation relies
on the spatial registration of anatomic landmarks in the operative environment to identical
landmarks in a 3D model based on a reconstruction of cross-sectional imaging studies. The
spatial coordinates of anatomic landmarks that are established through the use of a tracking
system that pairs an optical or electromagnetic detector with a complimentary probe.

Tracking systems

The most-widely used tracking systems utilize dual infrared cameras that track the position
of a probe relative to a fixed reference frame. The main limitation of infrared-based systems
is the need for maintaining a direct line of sight between the camera, the reference frame and
the probe during navigation [5]. Electromagnetic tracking systems are the major
commercially available alternative to optical tracking systems. Electromagnetic-based
navigation relies on the tracking of a probe within an electromagnetic field, created by a
field generator in a fixed location. Line of sight issues are completely obviated by the use of
electromagnetic field-based tracking. Additionally, the electromagnetic navigational probes
are lower profile, making use in catheter placement and under the microscope more
straightforward. Logistically, the main consideration with electromagnetic tracking is the
relatively large size of the field generator and the need for its positioning close to the
operative site. In addition, while concerns have been raised about the accuracy of
electromagnetic field-based tracking systems given the presence of multiple ferromagnetic
instruments in the operative field, the best available evidence suggests that this is rarely a
problem in the clinical environment [6].

Navigational accuracy

Detailed clinical studies suggest that frameless stereotactic navigation can achieve positional
accuracy comparable with that of frame-based stereotaxy. Electrode-based studies using pre-
and post-operative MRI suggested that modern frameless methods for localization yield
positional accuracy within 2-3 mm during surgery, which is equivalent to the accuracy of
frame-based stereotaxy [7]. The error inherent in frameless stereotactic navigation systems
relates to the accuracy of probe tracking as well as the quality of preoperative images and
the method of image-to-patient registration [8]. Clinical factors that cause shift of the brain
or a lesion, such as cerebrospinal fluid loss, cyst decompression and cerebral edema or sag,
may also diminish navigational accuracy [9].

An important practical concern relating to navigational accuracy in the practice of
neurosurgical oncology is error introduced by using images obtained days or weeks prior to
an intervention [10]. Particularly for rapidly evolving neoplasms, navigation based on
preoperative images is prone to error related to the changing geometry of the lesion.

Navigation based on an immediate preoperative scan obtained in the setting of an
intraoperative MRI suite optimizes the accuracy of data used for initial surgical planning.
Intraoperative MRI also represents a means of addressing the changing position of a lesion,
as well as key normal structures throughout the course of an operation [11-13]. Shifts in the
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position of the brain or tumor related to resection, cyst decompression on removal of
cerebrospinal fluid may cause profound errors in navigational data (Figure 1). By obtaining
iterative intraoperative MR, the surgical plan can be altered to account for shift in the
position of critical cerebral structures as well as the lesion itself [14-16].

Given the logistic limitations related to intraoperative MRI, ultrasound-based techniques to
update navigational data have also been developed. Practically, ultrasound provides an
excellent, rapid means of localizing a lesion and predicting the true geometric position of a
lesion prior to durotomy during a brain tumor resection. In addition, ultrasound can be used
as a substitute for iterative MRI imaging to evaluate for brain shift and other anatomic
deformations experienced during brain tumor resection. One prototype device that can be
used transcranially has been designed, constructed and shown to be effective in
demonstrating positional changes in anatomic landmarks during surgery [17]. While
ultrasound is a relatively poor way to assess the extent of tumor resection [18], it provides an
excellent means of comparing preoperative and intraoperative anatomic data. The interactive
brain imaging system, NeuroNav is one example of a navigational system capable of
updating navigational data based on intraoperatively acquired ultrasound data [19]. In
addition, the low cost and ease of use of ultrasound also makes it an attractive means of
ensuring that navigational data is current [20].

Image registration

Image registration, the process of transforming images into a common coordinate system, is
a key component of neuronavigation, especially when multiple modalities and intraoperative
imaging data are incorporated into the navigational plan. Image registration can be
accomplished by rigid or nonrigid methods. Rigid methods such as rotation and translation
provide less accurate registration than nonrigid methods, which are designed to incorporate
local shifts in brain and lesional tissue that occur during surgery. When intraoperative
imaging data are used to update a navigational plan during surgery, nonrigid registration
methods can be used to model the high dimensional spatial deformation caused by operative
exposure. The basic process of nonrigid registration of two image datasets requires the
creation of a spatial transformation that aligns homologous structures in the two datasets. An
expression can be derived to describe the distance or similarity function, which estimates the
distance between homologous structures in the transform, and R, the regularization function,
which limits the possible transform function to anatomically plausible possibilities. While
not commercially available at this time, it is likely that nonrigid registration algorithms will
add to the navigational accuracy, especially when incorporating functional and
intraoperative imaging datasets [21].

Applications of neuronavigation: brain biopsy

The need for a reliable means of accessing deep brain lesions with high accuracy has been
recognized within neurosurgery since the early 1900s [8]. The earliest neuronavigational
systems relied on an arc-centered stereotactic frame system in which points of interest in the
surgical field could be correlated with points in the imaging data set. Frameless systems
eliminate the need for attaching a rather uncomfortable and cumbersome frame to an awake
patient’s head for imaging and intervention. Stereotactic frames also limit the possibilities
for surgical positioning and exposure. Consequently, while frame-based stereotaxy is still
used, particularly, in the setting of deep brain stimulation, frameless systems have been
increasingly adopted for brain biopsy [22,23] and brain tumor surgery [24-26]. Importantly,
frameless systems provide comparable accuracy with frame-based systems [27,28]. In
addition, the use of frameless stereotaxy has been shown to be safe and effective in
collecting diagnostic tissues in both eloquent and non-eloquent regions of the brain [29].
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Although it is not currently standard practice, some authors have suggested that the accuracy
and yield of frameless stereotactic biopsy is so high that intraoperative histopathology may
not be necessary [30].

Conventional frameless stereotactic navigational systems require that the patient should be
immobilized in a rigid head holder to ensure a fixed relationship between the reference
frame and target tissue. Some neurosurgeons prefer to perform brain biopsies in patients
under conscious sedation to eliminate the unwanted side effects of administration of general
anesthetic. However, fixing an awake patient in a rigid head holder can be challenging.
Future stereotactic navigational systems, currently under development, will contain a
trackable component that can be affixed directly to the skull [31]. Skull-attached
navigational systems allow the patient’s head to be positioned in a nonrigid way on a
headrest and, consequently improve the patient’s comfort during the course of the
procedure. The performance of skull-attached biopsy systems is acceptable for targets 4 mm
or greater in size.

Currently, all systems for stereotactic biopsy rely on navigation based on preoperatively
obtained images. As described above, navigation based on preoperatively obtained images
can introduce an unacceptable degree of error, thereby decreasing the efficiency of biopsy.
In a case series of 33 patients, intraoperative MRI obtained during biopsy was been shown
to be effective in enabling real-time tracking of a biopsy needle and yielded diagnostic tissue
in 32 patients [32]. While its implementation has been limited by logistical challenges,
intraoperative MRI-assisted brain biopsy holds the promise of providing additional
reassurance to the surgeon about the accuracy of brain biopsy, particularly for deep or small
lesions in regions of the CNS that are difficult to access. A number of systems for brain
biopsy in the setting of MRI are under development and are likely to become more widely
adopted as intraoperative MRI gains popularity [33].

Applications of neuronavigation: brain tumor resection

Although it has been debated in neurosurgery for decades, complete and, if it is not possible,
maximal safe resection of gliomas has long been suspected to have an important prognostic
role in patient outcome. Recently, retrospective volumetric data analysis has been used to
demonstrate a strong correlation between extent of resection and survival [34,35]. Frameless
stereotactic neuronavigation is now a ubiquitous tool in planning a surgical approach for
brain tumor resection. Neuronavigational data can be reconstructed in three dimensions to
simulate a surgical approach prior to surgery. While the most commonly used platforms for
preoperative planning rely on a standard 2D computer screen interface, some have
developed 3D virtual reality environments that can be used to better simulate an operative
approach [36-40].

Neuronavigation is most useful as an adjunct to other brain-mapping techniques such as
awake mapping and electrocorticography in the resection of lesions within eloquent motor
and language areas [41]. Neuronavigation is also commonly used in skull base tumors,
especially for planning an operative trajectory in regions containing vital neurovascular
structures [42] and may be used for cerebrovascular surgery [43].

Interestingly, however, evidence from a unique randomized controlled trial of 45 patients
with solitary contrast-enhancing intracerebral tumors suggests that standard frameless
neuronavigation does not influence extent of resection [44]. The question arises, if
neuronavigation improves the surgeon’s ability to approach, assess and operate on brain
tumors, and is widely used in modern neurosurgical practice, why is the effect on surgical
outcome difficult to detect? One possible explanation is that the effect of neuronavigation on
extent of resection may be attenuated by the known limitations of the technology.
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Specifically, real-time geometric changes in the anatomy of the brain, as well as the lesion
itself are known to affect the accuracy and efficacy of neuronavigation. Some neurosurgeons
have attempted to utilize neuronavigational data to insert catheters that can serve as ‘fence-
posts’ that establish landmarks near the operative cavity that will shift as the brain and lesion
shift over the course of surgery [45].

Alternatively, the use of intraoperative MRI and CT [46] can be used to address the
changing geometry of the operative corridor and update the surgical plan. The first
intraoperative MRI developed at the Brigham and Women’s Hospital in the 1990s was
designed as a ‘double donut’ configuration with the surgeon standing in the gap between the
two halves of the magnet. This configuration had the benefit of allowing for intraoperative
image acquisition in an iterative fashion [47-50]. This design was the first to have an
integrated navigation system that enabled continuous updating of the navigational dataset
[51].

As intraoperative MRI has become more widespread, the evidence supporting the use of
intraoperative MRI to maximize resection has also grown. A systematic review of existing
data on the use of intraoperative MRI for glioma surgery revealed 12 high-quality cohort
studies in the literature and concluded that level 2 evidence exists to support the use of
intraoperative MRI results for improving extent of resection, quality of life and survival in
glioma patients [52]. Moreover, in a unique survival analysis of 156 patients undergoing
intraoperative MRI-assisted resection of low-grade gliomas, the risk of death was found to
be 4.9-times greater in patients undergoing subtotal resection compared with those in which
complete resection was achieved, underscoring the importance of the use to intraoperative
imaging to ensure complete resection on patient outcome [53]. Until recently, however, the
literature lacked a randomized controlled trial comparing neuronavigation with
intraoperative MRI to neuronavigation alone. In 2011, Senft et a/. reported a trial with 58
high-grade glioma patients undergoing neuronavigation with or without the use of
intraoperative MRI, and demonstrated a dramatic improvement in the percentage of patients
in which a radiographically complete resection was achieved (98% for intraoperative MRI
group vs 68% for controls) [54].

Unfortunately, intraoperative MRI is also associated with significant drawbacks that have
limited its widespread adoption. Among the most serious concerns related to intraoperative
MRI are the costs and increased operative duration. Recent series have quantified the
increase in operative time related to the use of intraoperative MRI [55,56]. Quantifying the
cost-benefit ratio of intraoperative MRI for brain tumor surgery remains an area of active
investigation [57].

Applications of neuronavigation: integration of functional imaging data

Advances in MRI imaging have enabled the possibility of incorporating functional data into
the neuronavigational datasets [21]. There are currently two major types of functional
datasets that are used for navigation: functional MRI (fMRI) and diffusion tensor imaging
(DTI).

fMRI is based on blood-oxygen level dependent changes in cortical regions that occur
during specific tasks [58]. Regions of blood-oxygen level-dependent changes can be
overlayed onto structural MR images to create volumes representing active cortical regions.
Active cortical volumes can be created or imported into navigational models (Figure 2B)
and used intraoperatively [59]. Alternatively, fMRI navigational data can also be used to
localize eloquent cortical and subcortical structures via electrophysiological methods [60].
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fMRI-based navigation has been proposed as a way to diminish the incidence of operative
morbidity associated with both extra-axial [61] and intra-axial [62] tumors. The authors have
found incorporating fMRI activation volumes into our neuronavigational models for brain
tumor surgeries to be helpful in ensuring a safe surgical trajectory and strategy for resection
(Figure 3). While some investigators have reported that fMRI is the most reliable means of
localizing functional motor areas [63], others contend that cortical stimulation alone is
adequate to guide maximal safe glioma resection [64]. The utility of fMRI for brain tumor
resection in the future will rely on the continued correlation and refinement of fMRI
activation areas with intraoperative mapping techniques and establishing standardized
paradigms for cortical stimulation [65].

While fMRI may be used in a neuronavigational model to highlight key cortical structures,
DTI is used to map subcortical anatomy. DTI is based on the preferential diffusion of water
in the direction of white matter tracts within the CNS [66]. DTI is a unique tool used by
neurosurgeons to better understand the relationship of a lesion to key subcortical fiber tracts
that could be vulnerable during surgical exposure and tumor resection [67].

DTI data can be incorporated into navigational datasets to allow surgeons to plan and re-
evaluate surgical trajectories in three dimensions to minimize the risk of surgical injury to
white matter tracts (Figure 2A). Interestingly, in a randomized controlled trial of 238
patients comparing neuronavigation with or without DTI of the pyramidal tracts, Wu et al.
demonstrated that extent of resection was higher and postoperative neurologic deficits were
less frequent with the addition of DTI to the navigational dataset [68]. Importantly, DTI can
also be acquired intraoperatively to create updated positional information of key white
matter tracts. As with other structures in the brain, the position of key fiber tracts changes
over the course of an operation [11]. Therefore, for DTI information to retain its value
throughout an operation, it must be updated intraoperatively. Work is currently underway to
streamline the process of incorporating intraoperative tractography into navigational models
using computational methods [67].

Surgeons using DTI must keep in mind that subcortical stimulation remains as the gold-
standard for ascertaining the position of functional white matter tracts during surgery. A
recent report by Zolal ef a/. in 36 patients who underwent subcortical white matter
stimulation during brain tumor resection suggests that DTI provides a rough estimate of the
true location of the corticospinal tract [69]. Generally, a response can be elicited within 8
mm of the location of the DTI-predicted corticospinal tract but distances of 0-15 mm for
stimulation to tract distance have been reported [70,71]. Many factors such as tissue
conductance, anatomical stimulation point (subcortical versus, internal capsule and
brainstem) and stimulation parameters also affect the accuracy of subcortical white matter
mapping. Similarly, MRI parameters and artifacts may also affect the accuracy of DTI.
Consequently a combination of subcortical stimulation and DTI-informed navigation is
likely to provide the most robust data for decision-making during the resection of lesions
near key white matter tracts.

Applications of neuronavigation: pituitary surgery

While the transphenoidal route for resection of pituitary adenomas eliminates the need for
craniotomy to expose the pituitary gland, it creates narrow access to a deep region of the
skull rich with critical neurovascular structures. To ensure an appropriate trajectory, image-
guidance has been used in transphenoidal surgeries for decades. The evolution of image-
guidance in pituitary surgery has included the use of intraoperative fluoroscopy, CT,
ultrasound and MRI. Both electromagnetic [72] and optical [73] navigational systems have
been validated and used successfully in the setting of pituitary adenoma resection. The
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greatest advantages of the use of navigational systems in pituitary surgery include
improvements in safety, a decrease in the duration of surgery and radiation exposure.

In a recent review of 208 pituitary adenoma cases, Eboli ef a/. reported integration of
intraoperative CT data with preoperative MR data into an electromagnetic-based
navigational system and demonstrated 100% concordance between bony landmarks in the
imaging dataset with the probe location intraoperatively. In addition, the use of
intraoperative CT-based navigation decreased operative duration by 10 min [74]. The use of
intra-operative MRI in pituitary surgery affords surgeons the added benefit of evaluating the
extent of resections during surgery. Similar to intraoperative CT data, intraoperative MRI
data can be incorporated into the navigational dataset. In a case series of 32 patients
undergoing pituitary surgery with the assistance of low-field intraoperative MRI, subtotal
resection was encountered intraoperatively in 15 patients, eight of whom underwent
additional resection [75]. A larger study of 40 patients undergoing pituitary surgery with the
guidance of intraoperative MRI found a lower rate of subtotal resection (17.5%) and found
that decompression of the optic chiasm, an important objective of pituitary surgery was
achieved in all of the patients in their series [76]. When intraoperative CT or MR is not
available, highly accurate 3D navigational datasets may also be acquired by the use of a C-
arm alone [77].

The use of endoscopy to improve visualization in the trans-sphenoidal approach has become
widespread in neurosurgery and has recently been reviewed elsewhere [78]. The integration
of endoscopes with the navigational system offers the surgeon the opportunity to view a
surgical view alongside navigational data and has been shown to be feasible in several large
retrospective case series studies of operations for sellar lesions [79,80]. In the future, active
tracking of the endoscope, developed for other neurosurgical applications [81], may also be
helpful in improving navigation during pituitary surgeries.

Neuronavigation based on emerging imaging modalities

The goal of brain tumor resection is to safely reduce the number of tumor cells. However,
surgeons currently lack a means for visualizing tumors at the cellular level. Several recent
reports suggest a possible solution to this problem: intraoperative confocal microscopy
[82,83]. After the administration of a fluorescent contrast agent, such as fluorescein, a
handheld confocal probe can be inserted into the operative field to generate histologic
images. With the confocal probe or point of interest registered to the navigational dataset,
the histologic appearance can be correlated with the MR appearance of the lesion [84]. The
limitations of confocal microscopy-based neuronavigation lie in the limited distribution and
performance of contrast agents as well as the quality of the confocal images achieved.

Mass spectrometry has also been recently proposed as a method uniting neuronavigation
with molecular imaging. Recent advances in mass spectrometry technology have created the
possibility of creating a clinical probe, which could be registered within the
neuronavigational environment to generate a chemical map of points within an operative
cavity [85]. Specific points of interest in a navigational dataset could be sampled to
determine whether their chemical signal is more consistent with normal brain or lesional
tissue. As the mass spectral characteristics of brain tumors are increasingly well understood,
it may be possible to make a decision about whether a given region of tissue contains
resectable tumor [86]. The clinical success of mass spectrometry in brain tumor resection
will require further validation of the technology in clinical studies.

Another nonimage-based dataset that has been incorporated into neuronavigational models
is transcranial magnetic stimulation (TMS). TMS systems rely on correlating the activation
of corticospinal tracts via magnetic stimulation of specific foci within the motor cortex and
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distal muscular activation. Points of activation within the motor cortex can be incorporated
into navigational datasets at the time of surgery. TMS systems produce navigable datasets
that are closely correlated with activation areas determined by direct cortical stimulation
[87]. Additional clinical evidence suggests that TMS may also be used for mapping and
navigation within language areas [88].

Integrating neuronavigational information into the operative workflow

The use of neuronavigation for planning an appropriately positioned and sized craniotomy
cannot be underestimated. Some authors argue that this is the central role of a
neuronavigational system in neurosurgery [89,90]. However, placement of a craniotomy
based heavily on neuronavigational systems may be flawed. Virtual reality systems allowing
3D planning environments can diminish the error related to projecting a lesion onto the
surface of the skin for estimating the size of a craniotomy [36]. Moreover, 3D multimodality
data, such as fMRI and DTI, can be incorporated into 3D models to plan ideal approaches.
By allowing a unique perspective into navigational data, virtual reality planning systems
enable the possibility of neurosurgical approaches that are minimally invasive [91].

One of the limitations of most navigational systems is that positional information used
during surgery is displayed outside of the operative field. Therefore, to access navigational
information, surgeons must take their attention away from the operative field and focus
elsewhere on a computer monitor. Increasingly, commonly utilized navigational systems
produced by Brainlab and Medtronic are enabling navigational information to be injected
into the display within an operating microscope. In our experience, commercially available
systems for navigational data injection are helpful but have not been widely embraced by
neurosurgeons (Figure 4). Advancements in data rendering within the microscopic view will
be required for data injection to become a true solution to the surgeon’s challenge of trying
to integrate information displayed on a computer screen into the operative field.

Some have suggested integrating auditory feedback into the navigational environment as a
means of eliminating the need to consult a computer screen to determine if an operative
approach is threatening to involve key structures. In one such system, the surgeon would
hear a warning sign if registered instruments strayed into predetermined eloquent regions
[92].

In the future, it may be possible for surgeons to use ‘smart’ tools that can integrate
navigational information as they are deployed. While a number of robots have been
developed for surgical applications, the MR-compatible NeuroArm robotic arm system has
specific characteristics that make it well suited for application within a neurosurgical
environment. First, the NeuroArm system can integrate pre- and intra-operative imaging
data to determine a trajectory to perform stereotactic and microneurosurgical maneuvers. In
addition, NeuroArm was designed to offer easy tool exchange and the possibility of using
standard neurosurgical instruments. NeuroArm is designed to recreate the multisensory cues
that surgeons experience, including auditory, visual and tactile feedback. Tactile feedback is
achieved via haptic technology incorporating titanium multi-axis torque/force sensors,
which increases efficiency and decreases errors in the operative environment. The
NeuroArm can also be programmed to prevent a surgeon from entering a ‘no-go zone’ or
predefined region, such as the internal capsule, that may cause neurologic deficit if
manipulated [93]. Initial studies have developed the feasibility of using NeuroArm to assist
in brain tumor resection [94]. Further clinical studies are required to determine the
feasibility of integrating robotics into the workflow of neurosurgery.
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Critical interpretation of navigational data

Frameless stereotaxy has revolutionized the workflow for brain tumor surgery. Nonetheless,
neuronavigational systems and the data they generate are fallible. Navigational errors can be
introduced in each step of the use of a neuronavigational platform. Specifically, the type of
imaging modality (CT/MR/ultrasound) [95], slice thickness of cross-sectional imaging,
tracking modality, image to patient registration and brain shift are among the key sources of
navigational inaccuracy [9,96]. A quantitative description of various sources of error has
recently been reviewed [8]. Given the multiple sources of error, and the importance of
maintaining an accurate navigational dataset, it is essential that the surgeon relies on specific
landmarks, both superficial and deep, that can be used to verify navigational accuracy. Large
cortical veins are useful anatomic landmarks that shift with the brain during surgery. Dural
anatomy such as the tentorium and falx are similarly useful and are largely static over the
course of an operation. Incorporating both navigational data and the intraoperative
assessment of key landmarks is likely to result in the highest quality positional information
for surgical decision-making. There remains no substitute for common sense for guiding
surgical intervention regardless of tools, such as neuronavigational systems that may be of
assistance.

Expert commentary & five-year view

In the coming years, we anticipate that the evidence supporting the importance of achieving
maximal resection of brain tumors will continue to accumulate. It is also likely that the data
will continue to support the hypothesis that technologic innovations are vital to ensuring that
optimal surgical outcomes are achieved. The most widely used neuronavigational systems
today are limited by their reliance on preoperative images. Future systems will integrate
updated imaging data, most likely acquired via intra-operative MRI, to improve navigational
accuracy. Consequently, neuronavigational systems that interface well with intraoperative
MR, both from a data standpoint, and from the standpoint of operative workflow, are likely
to become the preferred tools for brain tumor biopsy and resection.

In the future, as the capacity for multimodality neuronavigation becomes incorporated into
commercially available clinical systems, surgeons will have a growing armamentarium of
tools to facilitate the biopsy and resection of brain tumors. We feel that multimodality
neuronavigation incorporating ultrasound, functional MR imaging and tractography will
become increasingly used as adjuncts to structural MRI in planning and executing safe,
efficient interventions for brain tumors located in eloquent regions. In addition, integration
of optical and molecular imaging technologies into the navigational environment holds great
promise for improving the safety and efficiency of brain tumor resections.

Given the increasing necessity for cost-effective delivery of medical care, the importance of
well-designed studies to quantify the value of specific neuronavigational technologies will
be vital. By improving surgical accuracy, we feel that the use of neuronavigational
technology can, in some cases, reduce cost by obviating the need for reoperation for brain
tumor biopsy or brain tumor re-resection. In addition, by enabling gross total resection
among patients with resectable tumors, neuronavigational systems may diminish costs by
decreasing the likelihood of recurrence. The ultimate validation of evolving technologies in
neuronavigation will be designed to measure the clinical and financial impact of the
surgeon’s ability to safely deliver maximal resection of brain tumors.
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Figure 1. Comparison of preoperative and intraoper ative magnetic resonance imaging to
demonstrate shift and decompression encountered during surgery

Note the shift in the position of the surface of the right hemisphere and lesion in the (A)
preoperative and (B) intraoperative T2-weighted images.
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Figure 2. Integration of diffusion tensor imaging and functional magnetic resonance imaging
into 3D modelsfor presurgical planning
(A) 3D model after tumor segmentation (green). (B) Structural model with diffusion tensor

imaging (DTI). (C) Structural model with functional MRI (fMRI). Hand activation (blue),
foot activation (purple) and face activation (orange) are shown as volumes. (D) Structural
model with both DTI and fMRI.

Colour figure can be found online at www.expert-reviews.com/doi/full/10.1586/erd.12.42
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Sagittal View

Figure 3. Selection of trajectory based on tractography

The thalamic region tumor, segmented with a pink outline shifts adjacent fiber tracts
posterior and medially. Tractography suggested a lateral approach would be the safest route
to access the lesion.

Colour figure can be found online at www.expert-reviews.com/doi/full/10.1586/erd.12.42
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Microscope Video
.

Figure 4. Injection of navigational information into microscopic view

In this view generated by the neuronavigational system, an image of the microscope video
feed in the bottom left-hand corner demonstrates the surgeon’s view of the outline (blue) of
the preoperatively segmented lesion that is being resected.

NB: Normal brain adjacent to the operative cavity; TC: Tumor cavity; TM: Tumor margin.
Colour figure can be found online at www.expert-reviews.com/doi/full/10.1586/erd.12.42
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