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Abstract Historically, brain tumour resection has relied up-
on standardised anatomical atlases and classical mapping
techniques for successful resection. While these have provid-
ed adequate results in the past, the emergence of new technol-
ogies has heralded a wave of less invasive, patient-specific
techniques for the mapping of brain function. Functional
magnetic resonance imaging (fMRI) and, more recently, dif-
fusion tensor imaging (DTI) are two such techniques. While
fMRI is able to highlight localisation of function within the
cortex, DTI represents the only technique able to elucidate
white matter structures in vivo. Used in conjunction, both of
these techniques provide important presurgical information
for thorough preoperative planning, as well as intraoperatively
via integration into frameless stereotactic neuronavigational
systems. Together, these techniques show great promise for
improved neurosurgical outcomes. While further research is
required for more widespread clinical validity and acceptance,
results from the literature provide a clear road map for future
research and development to cement these techniques into the
clinical setup of neurosurgical departments globally.
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Introduction

In recent years, there has been significant interest in using
functional magnetic resonance imaging (fMRI) and diffu-
sion tensor imaging (DTI) for localising brain regions that
may be at risk during neurosurgical procedures. There is an
increasing number of groups worldwide that have integrated
both of these modalities with existing stereotaxic guidance
systems, resulting in clinical insights for the neurosurgeon
particularly in terms of mapping eloquent cortical regions.
The successful resection of primary brain tumours can im-
prove survival, functional performance as well as the effec-
tiveness of adjuvant therapies, provided that surgically
induced neurological deficits can be avoided [56].
Eloquent regions of cortex must therefore be identified
pre- and intraoperatively, so that resection can spare these
areas. Traditionally, mapping of eloquent cortex has been
achieved by invasive methods such as direct electrical stim-
ulation (DES) in the awake patient, implantation of a sub-
dural grid with extraoperative stimulation mapping or
operative sensory-evoked potential recordings [56]. While
accurate, these techniques are difficult to perform, place
great stress on the patient and often require a larger craniot-
omy than necessary for the removal of the tumour. For
example, DES, long considered as the ‘gold standard’ for
functional mapping during tumour resection near eloquent
cortex [9], is not without its limitations. Although it can be
performed during tumour resection to identify motor path-
ways in deep WM structures, it prolongs the operating time,
is unable to reveal the full three-dimensional extent of an
important white matter (WM) tract and can only be under-
taken once the specific tract has been encountered surgically
[15]. In contrast to the invasiveness of the aforementioned
techniques, fMRI and DTI are both less invasive methods
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for the mapping of brain structure and function. fMRI can be
obtained preoperatively, is repeatable and is entirely noninva-
sive. The integration of functional imaging data (obtained from
fMRI) together with WM tractography (obtained from DTI)
into a neuronavigation systems provides the neurosurgeon with
a coregistered map of spatial localisation of both functional and
structural information within eloquent cortex. As a general rule,
differentiating tumour from normal brain parenchyma during
surgery can be challenging, given the limitations of visual
inspection. In addition, many primary brain tumours often
grow by infiltration of healthy tissue, meaning that there may
be functional WM tracts within the boundaries of certain tu-
mour types [53]. Thus, knowing the position of important WM
tracts in relation to intracranial lesions can help prevent signif-
icant functional damage subsequent to an overarching resection
and help modify the approach to the tumour’s removal, thereby
enabling a safer, more patient-specific procedure [49].

MRI and blood oxygen level-dependent fMRI

MRI is an imaging technique that enables the depiction of the
inner organs of the body based on the physical properties of
unpaired atomic nuclei and typically has a spatial resolution of
1-3 mm. fMRI, on the other hand, is used to estimate and
localise neuronal activation in the grey matter of the brain. This
method is based on the principle of neurovascular coupling,
which implies that an increase in neuronal activity will cause a
rise in blood oxygen consumption and a concomitant rise in
local cerebral perfusion. This increased blood flow to the
activated region alters the ratio between the deoxyhaemoglobin
and oxyhaemoglobin. Deoxyhaemoglobin is paramagnetic,
allowing it to influence the signal (termed the blood oxygena-
tion level dependent; BOLD) registered in the MRI. The
BOLD response reflects the degree of oxygenation of the blood
in capillaries supplying brain tissue, and its neurophysiological
basis lies in changes to blood flow and level of oxygenation in
response to neuronal activity. Although the exact physiological
mechanisms relating BOLD and neuronal activity are yet to be
fully explicated, it is generally accepted that changes in the
BOLD signal indirectly reflect neuronal activity [7].

Several groups have shown good concordance between
fMRI and other brain mapping techniques including DES in
localisation of motor, somatosensory and visual areas [32,
34]. fMRI has also been used in delineating language areas,
with Desmond et al. [13] showing good correlation between
fMRI and Wada findings in hemispheric language localisa-
tion. Results of precise language localisation have been
mixed, with Spena et al. [54] precisely identifying language
areas in only 42.8 % of cases in their study of 27 patients
harbouring eloquent-area tumours. Roux et al. [50], on the
other hand, reported all of the 22 language sites identified by
intraoperative cortical mapping to be correlated with fMRI
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findings in their study of 14 patients with left hemispheric
tumours. This variability in findings may be due to (a) multi-
ple and widely distributed nature of language functional epi-
centres and (b) methodological differences between research
groups. Regardless, due to its noninvasiveness, fMRI is re-
peatable, both for many runs in a single session and on
multiple occasions to longitudinally follow patients over an
extended time course. It is also suitable for use in children,
provided they are able to complete the requisite task with
adequate compliance (e.g. with minimal head movement).
Even in the brains of healthy individuals, there exists
considerable variability in terms of function and anatomy.
Interindividual variability, the effects of brain tumours and
their associated mass effects can distort common anatomical
landmarks, making reliance upon anatomy-based localisa-
tion of function less accurate. Hence, fMRI allows the
neurosurgeon to set aside an a priori conception of brain
functional organisation and instead favour a more objective,
individually tailored and pathology-based approach [54].

fMRI in practice

The functions most commonly mapped during fMRI studies
include motor, auditory, somatosensory, visual perception,
as well as both language production and comprehension.
When testing for motor centres, common tasks include
finger tapping, lip pouting and flexion and extension of
the toes [56]. Patients with mild to severe motor-hand pare-
sis can perform hand clenching in place of finger tapping. In
cases of paralysis, localisation of a patient’s primary motor
cortex (M1) may be substantiated indirectly via pure sensory
mapping of primary somatosensory cortex (S1). According to
Lee etal. [31], this can be achieved by stroking or brushing the
associated region of the body. For mapping of primary and
secondary auditory cortices, a variety of simple auditory stim-
uli can be used. Language expression is identified through
word generation tasks and may include picture naming, verbal
fluency, and verb-to-noun generation, which all involve
regions in close relation to and including Broca’s [50].
Language comprehension abilities related to Wernicke’s area
can be mapped by semantic judgement tasks. However, in
cases where these tasks are too difficult or the patient is
suffering from cognitive decline, then listening to spoken
language or reading written language can be an alternative,
albeit a less optimal one [56]. Recently, a novel language task
developed by Berntsen et al. [5], termed the ‘Jeopardy task’,
has been shown to reliably map both Broca’s and Wernicke’s
areas in the one experimental task, thereby reducing the
burden on the patient. Finally, visual stimuli such as flashing
lights or flickering checkerboards can be used to arouse activ-
ity in the occipital region of the brain. According to Sunaert et
al. [57], more detailed mapping of primary and higher-order
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visual areas, including V1, V2, V3, V3A and V4 and hMT/
V35, can be rapidly produced using wedge-shaped alternating
checkerboards placed on vertical and horizontal axes in the
visual field.

BOLD fMRI limitations and considerations
Considerations regarding the BOLD signal

There is a latency of several seconds in the observed signal
change in BOLD imaging, making the temporal resolution
of the fMRI poor when compared to other techniques such
as DES or electroencephalography [58]. This is due to the
‘haemodynamic response delay’ given the time required for
production and diffusion of vascular signal substances to
dilate the vascular bed and cause a washout of deoxygenated
haemoglobin. Another consideration, raised by Lu et al.
[33], is that BOLD fMRI does not measure the neuronal
activity directly but rather the changes in the haemodynamic
properties of the region. This could imply that intersubject
variability in functional localisation may in fact be a result
of physiological differences in the BOLD signal rather than
differences in neuronal activity per se. To this end, it has
been found that the BOLD signal can be influenced by
various pharmacological agents. Accordingly, Laurienti et
al. [29] has shown that caffeine is able to increase the BOLD
response to a task. In contrast, antihistamines reduce it.
Critically, in the context of brain tumours, numerous groups
have found that the tumour can exert adverse effects on the
precision of the BOLD signal. Ulmer et al. [59] found that a
tumour’s vascularisation may influence functional maps.
Hou et al. [22] found that gliomas reduced signal at their
periphery and that the grade of the glioma correlated with
the reduction in the observed signal in their study of tumour
neovascularisation and its effect on BOLD fMRI in the
primary motor cortex. Grade IV gliomas exerted a greater
effect relative to their grade II and grade III counterparts.
Notably, glioma tumours have even been found to influence
the BOLD signal in normal vascular territories somewhat
removed from the tumour mass [52]. The pathophysiology
behind these findings hinges on the ability of neoplasms to
influence the brain’s ability to autoregulate blood flow in
areas that are still functioning, implying that an affected area
would no longer match increased neural activity to increased
local cerebral blood flow—a concept referred to as neuro-
vascular uncoupling. Indeed, the hypothesis that is tested at
each voxel of an imaged brain is that there is no effect of the
fMRI task compared to the baseline condition, and the
statistical analysis involves making a decision as to whether
or not this null hypothesis is true or false. Since fMRI
measurements are intrinsically noisy, this leads to a relative-
ly high number of false negative voxels—areas with actual

neural activation but large physiological and/or technique-
dependent noise that do not show up on the activation maps.
These findings serve to highlight that an absence of fMRI
activity in a particular brain region does not indicate that
neuronal activity within this area is nonexistent.

Considerations regarding fMRI

One issue that arises in relation to fMRI results is that of
essential vs. expendable regions of the brain. Expendable areas
are those that correlate with but which are not essential for the
performance of a given neurological task. In terms of methods
of observing brain function, the current gold standard, DES,
works by reversibly inhibiting neuronal function in certain
areas so as to derive the functional consequence of its removal.
fMRI, on the other hand, is an observational method which
seeks to reveal, via a proxy (i.e. blood flow), increased regions
of electrical activity as a result of a task or function. Mapping
with fMRI demonstrates involvement of various brain areas in
a specific function, without demonstrating neither necessity
nor sufficiency [58], an obvious shortcoming.

Functional MRI is based on T2*-weighted MRI imaging.
The use of this imaging sequence makes the technique
vulnerable to distortions and artefacts of multiple origins.
In regions where the magnetic field crosses between tissues
(e.g. in proximity to air-filled sinuses) geometric distortion
can occur, giving a false indication of the true position of the
activated region. Artefacts can also arise due to subject
motion or be physiology-related with cardiac pulsation and
respiration both known to cause signal distortion artefacts.
Krings et al. [28] found that head movement artefacts rep-
resented the most frequent cause for unusable fMRI images.
Motion artefacts also occurred more frequently with tasks
involving proximal rather than distal muscle use. Artefacts
or distortions were also found to arise due to magnetic field
inhomogeneities arising within the scanner itself. Finally,
the process from image acquisition to the production of
functional brain activation maps and their eventual interpre-
tation consists of several steps, each of which is complex
and vulnerable to sources of error. For this reason it is of
great importance for expertise and hands-on training in
fMRI acquisition, analysis and functional neuroanatomy to
better ensure the correct implementation of fMRI investiga-
tions [8, 56]. The fMRI technique, therefore, has a number
of shortcomings relating mainly to image quality and con-
sistency, which the neurosurgeon must be mindful of and
take into account during clinical decision making.

Diffusion tensor imaging and tractography

Until recently, assessing the structure and extent of white
matter tracts within the brain has been limited. The advent of
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DTT and tractography techniques has overcome this obstacle
and is now widely used for the studying of white matter in
vivo. Diffusion imaging estimates the local direction of white
matter from measurements of water diffusion. Tractography
takes this a step further, piecing together this information on a
voxel-by-voxel basis to infer long-range connectivity between
distant brain regions. Water molecules in some tissues diffuse
equally in all directions, a concept known as isotropic diffu-
sion. In nerves and white matter tracts, however, the neural
cell membranes and the myelin sheaths covering the axons
pose a barrier to diffusion and therefore, diffusion of water
molecules occurs preferentially in a direction parallel to the
main fibre orientation rather than perpendicular to it. This
concept is known as anisotropic diffusion and is the basis of
this imaging technique [17]. The diffusion anisotropy enables
the comparison of fibre tracts so as to allow the estimation of
the main fibre orientation within each voxel of the brain. This
allows insights into important white matter bundles such as
the corticospinal tract, the corpus callosum, association tracts,
and visual, language and limbic pathways [4, 12, 21, 25, 38].

DTT is developed from diffusion weighted imaging (DWI).
Whereas standard DWI looks at the total amount of diffusion
within a given voxel when viewed with no special attention to
direction, DTT looks at both the true magnitude and the 3-D
direction of the anisotropy in each voxel. Placing a magnetic
gradient perpendicular to the direction of a nerve or tract will
mean that the water diffusing in the nerve or tract will tend to
stay in the same strength region of the gradient and will show
relatively little decay from diffusion, gradually becoming
brighter relative to the tissue around it. However, if the gradi-
ent is then oriented parallel to the direction of the tract, the
anisotropically diffusing water molecules will tend to move up
and down the gradient more rapidly compared with isotropi-
cally diffusing water molecules and so will experience a more
rapid signal decay. As a result, the white matter bundle will
tend to go dark relative to other tissues around it [30]. DTI
uses gradients in six or more directions, making it possible to
create a mathematical model of diffusion in three-dimensional
space known as the diffusion tensor [25]. From this diffusion
tensor, it is possible to calculate the direction of maximum
diffusivity, which has been shown to coincide with the main
fibre orientation in the white matter of the brain. At least six
directions are needed to accurately describe the tensor, but the
more directions the gradients are applied in, the more accurate
the estimate becomes as it mitigates the effects of noise on the
DT-derived parameters [26]. Typical spatial resolution in DTI
is a voxel size of 2x2x2 mm® although this is improving
rapidly [23].

Fractional anisotropy (FA) is one of the main parameters
that can be derived from DTL. It provides quantitative infor-
mation regarding the degree of directionality of water diffu-
sion and is expressed as a numerical value between 0 and 1
with no unit. The higher the FA value, the greater the
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directionality of water diffusion [36]. Colour-coded maps
can also be produced following on from calculations of FA.
The accepted convention regarding these maps is that blue is
used to highlight tracts travelling in the superior—inferior
plane, red the horizontal plane , while green represents
fibres running in the anterior—posterior plane [14]. Fibre
tracking is another way of presenting DTI images. This
allows the visualisation of neural tracts in three dimensions
and is based on specific algorithms that enable the calcula-
tion of which voxels in the different sequential slices are
connected with each other based on the diffusion tensor.

DTI in practice and methodological considerations

DTI is the main imaging method in place that allows the in
vivo study of WM anatomy and structural connectivity;
however, it is not without its limitations. Two main tracking
approaches are used in DTI: deterministic and probabilistic.
In the former, the principal direction of the diffusion tensor
is tracked from voxel to voxel starting from a seed voxel or
region of interest (ROI) until the FA falls below a preset
threshold [2]. In this repeatable form of tracking, the point
that is eventually reached is not known prior to running the
tracking process. In the probabilistic approach, the tracking
process is the result of consecutive directions sampled at
random from a Gaussian probability density function whose
covariance matrix is defined by the tensor at each voxel
[20]. In this approach, the connectivity between two areas of
the brain can be tested by looking for the probability of the
pathways that connect between these given regions [7].
The MRI sequence utilised in DTI is more sensitive to
inhomogeneities of the magnetic field and head movement
than that used in fMRI. Due to its reliance on heavy gradient
pulses, eddy currents lead to a greater potential for signal
distortions and must be corrected through the use of mathe-
matical algorithms in the processing of the images [47].
Limitations also apply in the DTI modality itself. As previ-
ously mentioned, in tractography, the common voxel size is a
cube of dimensions 2 x2x2 mm?. This voxel may contain tens
of thousands of axonal slices. Standard DTI, however, is
based on the assumption of one main direction of diffusion
per voxel known as a consensus average for each voxel. In
cases where axonal crossing, kissing or merging occurs, the
limited spatial resolution and the tensor’s voxel direction,
being an averaged parameter [26], mean that tractography
will, by definition, be inaccurate and may in fact fail [7].
This places increased importance on the selection of a suitable
tracking algorithm and goes to highlight another issue with
DTTI technique—the lack of a consistent standardised para-
digm. The processing of DTI remains highly user-dependent
as it is left to the technician to choose limit values for variables
like FA and maximum allowed angulations of tracts. This
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limits the ability to compare and reproduce results and create
optimal imaging methods between centres.

Similar to limitations in fMRI, the tracking of fibres in
the vicinity of or within lesions is complicated by changes in
diseased tissue, such as tumour-associated oedema as well
as tissue compression and degeneration. These changes
deform the architecture of the white matter and, in some
cases, prevent selection of the seed ROI from which fibre
tracking begins. DTI, according to Spena et al. [54], under-
estimates the presence of functional tracts in the context of
the tumour. Also worth considering is that, although DTI
provides a representation of WM, it offers little specific
information on the functional status or substrates of these
tracts and hence the information it provides cannot be solely
relied upon to perform surgery; a convergence of informa-
tion has instead been recommended [54].

fMRI and DTI in presurgical planning

The use of fMRI in conjunction with DTI for presurgical
planning is currently the most established clinical applica-
tion of these neuroimaging techniques (see Fig. 1 for over-
view of typical procedural steps). The aim is to provide the
surgeon with functional information about the area that
surrounds the tumour, as well as its connections to adjacent
areas. Traditionally, the placing of tracking ROIs has been

1. Preoperative image acquisition

T1-weighted
anatomical MRI scan.
Common spatial

2. Image Processing - offline

undertaken using anatomical atlases. More recently, however,
the use of fMRI landmarks for ROI selection has been shown
to enhance the fibre-tracking performance compared to strictly
anatomically based ROI selection and is usually considered
reliable in the healthy but may be inaccurate in those harbour-
ing brain lesions [51]. Similarly, Kleiser et al. [27] found that
DTI results were more accurate than those using anatomical
landmarks alone, in their study using fMRI to localise start
points for DTI tract reconstruction. Presurgical planning is
also assisted by the ability of DTI to image the local effects
of neoplasms on the integrity and trajectory of white matter
tracts. Four patterns of anisotropy have been observed in
relation to WM tracts in tumour vicinity: (a) normal signal
with altered position or direction, seen in cases of tract dis-
placement; (b) decreased but present signal with normal di-
rection and location, supposedly corresponding with
vasogenic oedema; (c) decreased signal with disrupted maps,
believed to correspond with tumour infiltration; and (d) loss of
anisotropic signal corresponding to fibre tract destruction [25].
Information on WM tracts may prove invaluable in preoper-
ative planning by assisting in the avoidance of intact tracts
affected by tumour and/or oedema while also providing the
surgeon greater confidence when working in areas of the brain
where critical WM tracts ought to be but where DTI reveals
pre-existing tract destruction.

Many groups have studied the impact of presurgical plan-
ning on patient care noting differences in treatment prior to

3. Data provided to surgeon

* T1 structural image used as a
stencil over which functional

resolution of 1-3mm

BOLD T2-weighted
imaging for functional
imaging. Function/task
to be performed
selected on the basis
of the clinical
considerations.

Diffusion weighted
imaging for DTI. Uses
imaging sequence
with 26 gradient
directions. Common
voxel size of
2x2x2mm?

Fig. 1 A flow chart of the steps involved in producing fMRI and DTI maps for neurosurgical planning

DTl information can be
overlayed (coregistered).

fMRI data is realigned,
analysed and motion
corrected. Statistical activation
maps are calculated to
delineate the area of interest

DTl processing and analysis,
including registration
segmentation of critical
structures and tractography.
Selection of appropriate
tracking algorithm including
parameters such as FA
threshold.

* Report provided to

neurosurgeon for
purposes of presurgical
planning

Data integration into
operating suite for
intraoperative
neuronavigation using
appropriate conversion
software
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surgery itself, as well as in the approach to corticotomy, extent
of resection and postsurgical outcome. In a study [6] of pre-
surgical DTI and fMRI for assessment of surgical strategy in
both glioma and non-glioma patients, surgeries were not un-
dertaken in two (of 51) cases because their imaging results
showed that the tumour had embedded itself deep within the
motor strip (in one case) or was in close proximity to the frontal
language area (the other). In these cases, any attempts to
surgically remove the tumour would have resulted in even
further functional deficit. Overall, Bertnsen et al. found that
the preoperative assessment of eloquent areas had a direct
impact on clinical decision making in 8 % of cases, while only
one of 33 glioma patients (3 %) experienced a deterioration of
neurological status that was specifically caused by surgical
manipulation of eloquent areas. In two trials looking at a
modification of the surgical approach to corticotomy, the pre-
surgical use of DTI/fMRI led to a change in the surgical
approach to resection in 16-21 % of cases [48, 49].
Similarly, Rasmussen et al. also found this presurgical ap-
proach to be effective in all five of the cases examined [46].
However, the utility of the technique has been contested by
others who found presurgical planning to influence their sur-
gical approach in only 5 % (i.e. 1/19) of their patients [9].
Functional outcome postsurgery represents another set of
parameters to be analysed following the use of these techni-
ques. Cao et al. [10] found that, in a restrospective analysis of
nine patients with brainstem lesions, presurgical planning us-
ing DTI enabled the neurosurgeon to undertake a patient-
specific surgical approach and helped achieve an improved
modified Rankin scale at follow-up of 0.56—1.66 points over
the preoperative average of 2.22 points. The extent of tumour
resection can also be analysed subsequent to preoperative
fMRI/DTL. Yu et al. [61] reported that, from a patient group
of 16, the extent of tumour resection, when assessed postoper-
atively, was greater than the control group. Notably, Spena et
al. [54] found that fMRI/DTI underestimated the presence of
functional tracts in the context of the tumour, either surround-
ing or inside a mass, in all (15) of their patients.

In addition to the more conventional uses of fMRI and/or
DTI preoperatively, a number of groups have begun looking at
novel uses in relation to tumour surgery. For example, DTT has

Fig. 2 Graphical output of
fMRI and DTI analysis.

a fMRI results in response to
sensorimotor activation and
the proximity of the tumour
(depicted in green) with respect
to the activated cortex. b
Proximity and relationship
between a intraventricular
neurocytoma and the fibres of
the corpus callosum

Tumour
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been used for assessing the probability of an extensive tumour
resection. It is has been found that as the distance between
tumour and eloquent cortex (otherwise known as the ‘lesion to
eloquent area distance’ or ‘LEAD”) decreases, so too does the
likelihood of a complete surgical resection. In this way, DTI
was seen as a tool that might identify which patients would
benefit most from surgery by obtaining a total resection and,
thus, having longer term survival [11]. Other preoperative
uses have focused on diagnosis of tumour itself with Misaki
et al. [36], highlighting the ability of DTI to diagnose astro-
cytic tumour preoperatively, while in a retrospective review of
40 patients, Jakab et al. [24] found that preoperative DTI could
reliably distinguish tumour grading with 92.5 % sensitivity
and 88.5 % specificity for low-grade and high-grade gliomas.
What is more, preoperative estimation of damage was shown
to be possible using fMRI/DTI data [16]. Overall, by provid-
ing information essential to preoperative planning, fMRI/DTI
helps surgeons form a mental map before opening the dura,
thus improving the accuracy of preoperative risk assessments
(Fig. 2). These techniques have found widespread use for
presurgical planning and represent practical options because
of their noninvasiveness and their ease of acquisition [7].

fMRI and DTI in functional neuronavigation

Neuronavigation, is nowadays widely applied in brain surgery
and has become a standard procedure in most neurosurgical
centres [56]. Integration of fMRI/DTI into neuronavigation
systems, termed functional neuronavigation, is still in its
infancy (i.e. in terms of its worldwide uptake); however, it
represents a promising tool for performing patient-specific
surgical procedures and for optimal guidance during tumour
resection. Particularly in the vicinity of cerebral masses which
may be distorting anatomical landmarks, knowing the exact
location of important functional areas is of critical importance
for surgical outcome [46]. Clinical articles have suggested that
the additional information provided by these imaging modal-
ities via a coregistered map delivered to the neurosurgeon on a
heads-up display is valuable and facilitates safe resection [6].
Current methods for the intraoperative display of tractography

Sensory-motor Corpus Callosum

activation

i AL e
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data generally involve preoperative clustering of certain crit-
ical fibres using an ROI approach, representing the selected
fibres in a static 3-D shape and displaying the geometric body
onto the structural and functional images already included in
the clinical navigation system [40].

In their study, Bello et al. [3] were able to show good
correlation between DTI tracking and intraoperative DES
when combining the two techniques, supporting the use of
fMRI/DTT intraoperatively. Several groups have assessed the
effect of these techniques on resection procedures with an
impact on the definition of resection margins seen in 64 and
68 % in two surgical series, respectively [48, 49]. In these two
series, the techniques themselves had an impact in 80 and
82 % of respective cases with the authors citing the improve-
ment of pre-existing symptoms and the absence of any lasting
deficits in the postoperative phase as confirming the value of
the technique. Nimsky et al. [39] concurred with this point,
arguing that DTI-based navigation allowed extended resec-
tions with low likelihood of new postoperative defects, with
only one patient (or 2.8 % of the sample) showing neurolog-
ical deterioration postoperatively. By using these techniques
in neuronavigation systems via the coregistration of fibre tract
data with standard anatomic data, they were able to use it to
good effect in 16 patients with tumours close to the pyramidal
tract or optic radiation [40, 44]. While it involved a smaller
study cohort, Rasmussen et al. [46] found fMRI/DTI to be
useful in two out of the four patients for which these techni-
ques were used during resection, albeit with intraoperative
ultrasonography for guidance. To our knowledge, only one
prospective randomised trial examining the clinical impact of
DTI data on the degree of tumour resection, clinical outcome
and survival has been published. In their study of 238 eligible
patients with high-grade gliomas, Wu et al. [60] found that
patients harbouring these types of lesions had increased tumour
resection, improved postoperative outcome and extended sur-
vival when DTI data were used to navigate intraoperatively in
comparison to the control group who underwent surgery with
conventional neuronavigation using MRI data only. Despite
this, opinions regarding DTI in neuronavigation are divided,
with Buchmann et al. [9] claiming that the impact of DTI data
on their case series was minimal. In this study, it was intra-
operative DES that influenced resection strategy, although, by
their own admission, tumour borders in their patient group
were easily discernible and separate from critical WM bundles
such as the corticospinal tract.

With a few but growing number of more recent exceptions,
most of the literature has implemented frameless stereotactic
neuronavigation techniques that rely on preoperative fMRI/
DTI scan images. This can be problematic as tissue deforma-
tion and brain shift during the course of the surgery result in
the loss of spatial congruency between cerebral structures and
preoperative images, thereby severely limiting anatomic ac-
curacy. With regards to brain shift, there have been three main

types described [37]. Type-I shift is a local outward bulging
that occurs after the skull and dura are opened but before a
mass lesion is resected; type-II shift is a local collapse of the
brain tissue into the space previously occupied by the tumour;
and type-III shift is related to loss of cerebrospinal fluid or
brain dehydration and is considered to be due to a general loss
of brain volume. No mathematical model currently exists that
can accurately compensate for brain shift, as it is generally
held that it occurs nonuniformly across different brain regions.
According to Nimsky et al. [41], the extent of brain shift for
WM tracts in patients undergoing tumour resection has been
shown to vary from an inward shift of 8 mm to an outward
shift of 15 mm. In a separate paper, the same author reported
that the absolute degree of shifting correlated with tumour
volume and that the direction of white matter tract shifting,
whether inward or outward with respect to the craniotomy
opening, displayed no such correlation or pattern [42]. While
the neurosurgeon may be able to correct for brain shift intui-
tively [6] or use repeated landmark checks [3], its nonuniform
nature has led some groups to state that it is impossible to
acquire useful data from preoperative imaging about the po-
sition of WM tracts once the dura has been opened [54].
Automatic correction with intraoperative imaging is seen by
many as therefore imperative to proper accuracy. The most
commonly available systems to provide image updates and
registration are intraoperative MRI, computed tomography
and intraoperative ultrasonography [38]. Other issues include
the possibility of image registration errors and distortion when
DTI data are implanted into a neuronavigational system which
has led to the recommendation of a safety margin of about
5 mm to be taken into account when approaching eloquent
tracts [40—42]. Others speak of a ‘golden rule’ or safe resec-
tion distance between tumour and an eloquent structure.
Haberg et al. [19], for example, have shown that the risk of
postoperative loss of function was significantly lower when
the distance between tumour border and region of functional
localisation was 10 mm or more. Nimsky et al., on the other
hand, proposed a distance of 5 mm as reliable when dealing
with tumours near the pyramidal tract [43]. The margin may
nonetheless vary in noncentral areas of the brain due to the
typical distortion of echo planar images in proximity to the
skull base and vault. Another source of error in the intra-
operative system that must be taken into account includes the
optical tracking error of the surgical tool tip. Peritumoural
oedema and fibre crossing remain important issues, with the
former being shown to potentially lead to failure to reconstruct
a fibre pathway despite the presence of intact axonal structures
in that region [61]. FA threshold is another important consid-
eration in the context of WM tract reconstruction with
Stadlbauer et al. [55], showing that different FA thresholds
can have marked effects on the representation fibres in the
vicinity of gliomas. They demonstrated that an increase in the
FA threshold increases the distance between the reconstructed
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fibre bundles and the tumour and, conversely, reduced the
number of detectable fibre bundles. This result could have
significant effects on a patient’s surgical outcome.

In those patients able to undergo awake craniotomy, at the
very least, these techniques can be used in conjunction with
DES due to the complementary information they provide. This
information also has the potential to reduce surgical time by
guiding DES. What is more, DTI information is achieved so
quickly and noninvasively, and places no extra stress on the
patient who may themselves be in a state of heightened anxiety
[35]. In patients who cannot undergo awake craniotomy, then
fMRI and/or DTI is essential, as the surgeon must rely exclu-
sively on this form of mapping during the surgery. Further,
emerging techniques such as turboprop-DTI [1], stereoscopic
virtual reality technology [45] and high angular resolution
diffusion methods appear to promise improvements in model-
ling brain shift and fibre crossing [18, 30].

Conclusion

Hitherto, the extant literature supports the notion that the use of
fMRI and DTI for preoperative planning and functional neuro-
navigation is beneficial for both the neurosurgeon and patient
as it enables localisation of eloquent areas, formulation of a
patient-specific approach and increased resection of brain
lesions with reduced risk of iatrogenic neurological deficits.
However, its current use is largely restricted to specialist insti-
tutions with the necessary infrastructure (including the local
technical support from physicists and imaging specialists)
required to maintain a powerful and clinically useable tech-
nique. While there are various considerations to bear in mind,
the feeling is that, given that no single mapping technique is
able to engender all information, a confluence of information
will enable better patient outcomes. Interindividual variability
and distortion due to tumour mass effect make purely anatom-
ical references, in the context of recent technological advance-
ments, insufficient. The effort to acquire the additional
information on the part of the patient is negligible as the DTI
scan can be acquired in a few more minutes in the same scan
session in which all the other necessary images for the surgery
are acquired (anatomical and fMRI data) [27]. The data pro-
cessing is performed offline with dedicated software packages
without involvement of the patient. These are all factors that
make this technology attractive. Shortcomings such as an
inability to model brain shift and fibre crossing remain key
sticking points, but progress is being made within these areas
[1, 18, 45]. The fact that there is no consistency in the use of
paradigms, that different centres use different paradigms to
identify the same brain functions [9] and that preprocessing
and analysis is such a user-defined process also sees hesitance
towards the techniques’ accuracy. Regardless, the complemen-
tary information provided by fMRI and DTI represents a
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quantitative overview of both the structural integrity of the
WM and the functional status of the interconnected relevant
cortical areas that may in some way affect the tumour. This
information can be used not only to enhance presurgical plan-
ning and intraoperative decision making but also to predict
postoperative course and thus improve patient counselling.
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Comments

Mario Giordano, Hannover, Germany

In the present review the authors deal with a very actual topic in the
field of neurosurgery and neuroimaging. Functional magnetic reso-
nance imaging (fMRI) has become fundamental in surgery of intra-
axial lesions adjacent to eloquent cortical areas both for preoperative
planning and intraoperative guidance. However care should be taken to

@ Springer

preserve also white matter connections of these regions in order to
avoid postoperative neurological deficits.

In this scenario, diffusion tensor imaging (DTI) provides informa-
tion about the normal course or the displacement of fibre tracts near the
tumour allowing a noninvasive tracing of the main white matter bun-
dles in the human brain.

Combination of both techniques with intraoperative navigation has
been applied successfully in many institutions, but its diffusion is still
limited. For this reason, is important for the neurosurgical community to be
familiar with the basis of these techniques as well as the complete work-
flow from imaging to surgery. The present review tries to achieve this
result in a schematic and simple way describing the technical bases and
practical use of both fMRI and DTI techniques. The paper has a ‘textbook’
layout that improves its readability, reaching its educational purpose.

Christopher Nimsky, Marburg, Germany

This review by Dimou et al. gives an overview on current preoper-
ative strategies to locate cortical and subcortical eloquent brain areas.
Preoperative fMRI and DTI investigations have become routine in
many neurosurgical centres for lesions close to eloquent brain regions.

Integration of these data into a navigation setup leads to so-called
functional navigation, allowing intraoperative identification of these elo-
quent structures. This concept of functional navigation is also open to
integrate further modalities like MR spectroscopy, PET, transcranial mag-
netic stimulation, etc., resulting in the so-called multimodal navigation.

Besides the knowledge on effects related to patient registration accu-
racy and intraoperative events such as brain shift, all of them decreasing
the accuracy of navigation, it is important that the neurosurgical user also
has a profound knowledge on the technology behind these data. Other-
wise, severe misinterpretations might lead to erroneous tracking results,
finally causing unwanted neurological postoperative deficits. It is impor-
tant to look at the raw data, as well as the strategies on how these data are
analysed. The integration of fMRI and DTI packages into commercial
navigation systems increases the broad availability; however, the inexpe-
rienced user is at risk to reconstruct white matter connections and find
fMRI activations that do not relate to the real anatomy. Furthermore, the
user has to take into account that the raw data are distorted to some extent.
Additional hulls around the reconstructed objects representing major
white matter tracts are a possibility to visualise safety margins, which
ideally would vary in thickness respective to the quality and reliability of
the reconstructed fibre bundle. In case of noisy unreliable data, a thick
hull should be added, while in the highly reliable data, the hull could be
thinner. The technical, as well as clinical definition of the extent of these
safety margins is still under investigation. Maximal safety requires com-
bining electrophysiological brain mapping with functional navigation that
integrates fMRI data and DTI-based fibre tracking acquired before and
also during surgery.
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