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Effect of disease and recovery on  
functional anatomy in brain tumor  
patients: insights from functional MRI 
and diffusion tensor imaging

Patients with brain tumors provide a unique opportunity to understand functional brain plasticity. Using 
advanced imaging techniques, such as functional MRI and diffusion tensor imaging, we have gained 
tremendous knowledge of brain tumor behavior, transformation, infiltration and destruction of nearby 
structures. Using these advanced techniques as an adjunct with more proven techniques, such as direct 
cortical stimulation, intraoperative navigation and advanced microsurgical techniques, we now are able 
to better formulate safer resection trajectories, perform larger resections at reduced risk and better 
counsel patients and their families about possible complications. Brain mapping in patients with brain 
tumors and other lesions has shown us that the old idea of fixed function of the adult cerebral cortex is 
not entirely true. Improving care for patients with brain lesions in the future will depend on better 
understanding of the functional organization and plasticity of the adult brain. Advanced noninvasive 
brain imaging will undoubtedly play a role in advancing this understanding.

keywords: brain tumors n diffusion tensor imaging n functional MrI n MrI  
n plasticity n surgical planning

Muhammad M  
Abd-El-Barr1, 
Emam Saleh1, 
Raymond Y Huang2 
& Alexandra J Golby*1,2

1Department of Neurosurgery, 
Brigham & Women’s Hospital, Harvard 
Medical School, 75 Francis Street, 
Boston, MA 02115, USA 
2Department of Radiology, Brigham 
& Women’s Hospital, Harvard Medical 
School, 75 Francis Street, Boston, 
MA 02115, USA 
*Author for correspondence:  
agolby@bwh.harvard.edu

Patients with brain tumors present a unique 
opportunity to understand functional brain 
plasticity. The fact that many patients may have 
large intracranial tumors with minimal neu-
rological deficits suggests that the brain pos-
sesses methods of reorganization and plasticity 
that were not appreciated before the advent of 
advanced imaging techniques, pharmacologi-
cal interventions and microsurgical techniques. 
Understanding the underpinnings of this reor-
ganizational and plasticity in a general sense 
and on an individual level is critical in order 
to optimize treatment for patients with brain 
lesions. 

A cornerstone of modern brain tumor man-
agement involves surgical resection. It has been 
shown that expected survival increases with the 
extent of resection of primary and metastatic 
brain tumors [1–3]. However, it has also been 
shown that the presence of a new neurological 
deficit after surgery is an independent predictor 
of worse outcome [4]. Thus, a central tenet of 
modern day brain tumor surgery involves maxi-
mum resection with minimal complications and 
without causing a new neurological deficit. It is 
this central tenet that has been the impetus of 
major advances in functional brain mapping in 
brain tumor patients, as we try to predict the 
functionality of areas of the brain affected by 
brain tumors in order to tailor resections for 
individual patients. 

Historically, brain areas that are functionally 
involved in motor, sensory, language and visual 
functions are referred to by neurosurgeons as 
eloquent areas [5,6]. Determining these areas on 
an individual basis, particularly in patients who 
have mass lesions, is difficult because in addi-
tion to inherent individual differences; variable 
and unpredictable reorganization, invasion or 
displacement may occur due to the lesion [7–9]. 
Therefore, general knowledge about functional 
brain anatomy, whether derived from lesion 
studies, or functional brain mapping in healthy 
subjects can only inform surgical decision-
making in the most general sense. In order to 
guide surgical decisions in patients, individual 
functional mapping must be developed and 
validated.

When trying to attribute a particular function 
to a certain brain area, it is important to dif-
ferentiate between the necessity and sufficiency 
of the brain area to that function. In general, 
one can infer function on the basis of observa-
tion, inhibition or stimulation of a particular 
brain area. Observational techniques can show 
the involvement of various brain areas in a spe-
cific function, but cannot demonstrate alone 
either necessity or sufficiency [10]. Inhibitory 
methods, by blocking local neural activity and 
looking for reversible neurological deficits, can 
demonstrate the necessity of a particular brain 
area to a specific function. Stimulation methods, 
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on the other hand, demonstrate the sufficiency 
of a particular area to a specific function. Two 
of the most common clinical methods are the 
Wada (or intracarotid amytal) test and direct 
cortical stimulation (DCS). The Wada test is 
an inhibitory test that tests the residual capacity 
of the unanesthesized hemisphere after injection 
of the internal carotid artery with amytal, an 
anesthetic. Despite its name, DCS may be used 
for stimulation (motor and sensory mapping) 
or inhibition (language mapping). In general, 
combining these different techniques in the 
pre- and intra-operative management of brain 
tumor patients is undertaken to ensure maxi-
mum resection while minimizing the chance of 
a new neurologic deficit [11,12].

Another concept that is central to functional 
imaging in brain tumor patients is the differences 
between type I and II errors and their implica-
tions. In the case of brain tumor patients, both 
errors can have important and sometimes dev-
astating effects on the patient. For type I errors, 
ascribing a particular neurological function to 
a brain area, when in reality it is not involved, 
may cause a surgeon to erroneously limit their 
resection thereby leaving tumor behind that 
might have been resected; this can have negative 
survival implications [1,13]. Conversely, failure to 
detect that a particular area does have functional 
significance (false negative or type II error) can 
lead to a resection that causes a patient to have a 
neurological deficit. It has been our philosophy 
to err on the side of type I error, as type II error, 
or false negatives, can be so devastating to the 
patient because they could lead to the inadvertent 
resection of critical tissue.

Due to the fact that many brain tumor 
patients undergo surgical resections, this popu-
lation represents a unique opportunity to study 
brain organization by correlating histological, 
genetic and neurophysiological analyses with 
functional imaging studies [14,15]. In this report, 
we review new observational techniques such as 
functional MRI (fMRI) and diffusion tensor 
imaging (DTI), and they look at how they have 
allowed us a greater understanding of brain con-
nectivity, functionality and reorganization in the 
context of patients with brain tumors.

Functional imaging techniques
 n Functional MRI

MRI uses physical properties of unpaired atomic 
nuclei in a magnetic field to create contrast in 
soft tissues, such as the brain [16]. It has found 
wide application in the diagnosis of brain tumors 
[17], infection [17,18] and epilepsy [19]. As well 

as structural information, there has been an 
increasing interest in understanding the func-
tional topography of the brain. Neurovascular 
coupling is the main physiological basis of fMRI, 
which posits that with increased neuronal activ-
ity, there is a local rise in blood oxygen consump-
tion and cerebral blood perfusion [20,21]. Because 
the supply of oxyhemoglobin normally outstrips 
the demand, there is an increase in the ratio of 
oxyhemoglobin to deoxyhemoglobin [22]. This 
change in blood oxygenation forms the basis of 
the blood oxygenation level-dependent (BOLD) 
imaging modality, which is used synonymously 
with fMRI [23,24]. 

There is some controversy in the literature 
regarding the exact neural mechanisms under-
lying the BOLD signal, with some positing that 
the change in the BOLD signal is proportional to 
neuronal firing rate [25], or local field potentials 
[24]. There is mounting evidence that astrocytes, 
which play important roles in neuronal metabo-
lism and cerebral blood flow, may play impor-
tant roles in modulating the BOLD signal [26]. 
Nonetheless, there has been an extensive overlap-
ping (<1 cm) of the functional maps uncovered 
by fMRI compared with other modalities such 
as PET, transcranial magnetic stimulation and 
DCS [10,27]. But since fMRI is based on blood 
flow, it is subject to artifactual changes when 
there is altered neural hemodynamic coupling, 
which is common in patients with brain tumors 
and other cerebral lesions [28,29]. A related limita-
tion of fMRI is its low temporal resolution due 
to the delay introduced by the hemodynamic 
response function [30].

fMRI has been used extensively to under-
stand the functional topography of the brain 
of healthy individuals and patients with many 
neurologic diseases in the mapping of sensory, 
motor and language cortical regions, as well as 
in a growing number of studies into the under-
pinnings of a myriad of human behaviors. Two 
of the main paradigm designs for fMRI experi-
ments are block design and event-related design. 
For block design paradigms, subjects are asked 
to do a specific task interleaved with a control 
condition in time blocks of approximately 
20 s. In event-related design, single behavioral 
events can be modeled in a complex model of 
the task timing [30,31]. In both block and event 
designs, the BOLD signal during the task and 
control conditions is compared with a predicted 
response based on the task timing. Unfortu-
nately, this signal is often small, on the order 
of 0.5–5%, meaning that many trials have to 
be averaged to get a reasonable signal-to-noise 
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ratio [32]. Blocked design may have larger statisti-
cal power and a relatively larger increase in the 
BOLD signal [33], while event design may allow 
for a greater appreciation of individual differ-
ences and may be less sensitive to head motion 
[34]. We have shown that in healthy subjects and 
brain tumor patients, an event-related design 
paradigm resulted in more robust activation 
of putative language areas [35]. However, event-
related design is also much harder to implement 
than block design paradigms, and thus does not 
lend itself readily to clinical use.

One of the main drawbacks of fMRI in a 
clinical setting is that any task-based para-
digm requires active participation of subjects. 
This participation requires understanding of 
the desired task instructions and the ability to 
accurately perform these tasks with precise tim-
ing. Many of the patients who are referred for 
neurosurgical consultation do not have intact 
comprehension or have focal deficits that limit 
their ability to accurately perform the tasks of 
conventional fMRI. It is because of this inability 
to actively participate in these tasks that ‘resting-
state’ fMRI has found traction and interest in 
the neurosurgical community [36,37]. The basic 
premise of resting state fMRI is that the control 
epochs of the block and event design paradigms 
are not in fact ‘zero’, but rather this baseline state 
demonstrates important connectivity between 
brain regions and functional information may be 
extracted from these data. This was first noted 
by Raichle and colleagues in that areas of the 
brain that had been previously shown to have 
very high metabolic demands were paradoxically 
found to have the greatest amount of deactiva-
tion during externally imposed cognitive tasks 
[38]. This led to the definition of a ‘default mode 
network’ within the brain. 

This resting-state fMRI technique was origi-
nally described by Biswal et al. [39], where it was 
found that there are low-frequency (<0.1 Hz) 
oscillations that are correlated in the BOLD 
signal in areas that are functionally related [40]. 
Importantly, there is a close correspondence 
between the areas of activation during ‘active’ 
MRI and those found to be related using resting-
state fMRI [41]. Preliminary evidence suggests 
that this modality may prove to be important 
in mapping brain functionality in those patients 
who are unable to participate in the conventional 
task-based paradigms [36,37]. We have shown the 
feasibility of using this type of paradigm for 
mapping language networks in a series of healthy 
subjects and we are pursuing the possibility of 
using this paradigm for surgical planning.

As described in the introduction, observational 
methods such as fMRI do not prove necessity 
or sufficiency of a particular area for function, 
rather fMRI is only able to demonstrate a partic-
ular area’s involvement for such functions. Thus, 
there has been an interest in comparing fMRI 
data to other more direct methods of ascribing 
function to particular brain areas. DCS, where 
current is applied to certain areas of the brain 
has been considered to be the ‘gold standard’ in 
assessing eloquence of brain areas [15]. In a meta-
analysis comparing fMRI and DCS it was found 
that it was difficult to directly compare these two 
methods as many of the tasks used in fMRI were 
not used during DCS. In those studies that were 
able to calculate sensitivity and specificity, these 
were found to be very variable, from 59 to 100% 
and 0 to 97%, respectively. This suggests that 
clinical fMRI, as it stands now, is not ready to 
supplant DCS in surgical resection mapping in 
brain tumor patients. Nevertheless, as a nonin-
vasive method, which can be used across a wide 
variety of patients and also may be repeated over 
time, fMRI is emerging as a key tool for the 
study of individual and group brain functional 
anatomy and plasticity.

 n Diffusion tensor imaging 
Whereas MRI and fMRI describe cortical areas 
and give us clues to their functionality, these two 
modalities give us minimal information about 
the white matter (WM) subcortical pathways 
that connect these areas and may be encountered 
during the approach to, within, or surrounding 
brain tumors. DTI is an imaging modality that 
has gained increasing attention in mapping WM 
pathways in the brain. Based on the fact that 
the diffusion of water in axonal tracts is direc-
tion-dependent or anisotropic and greatest in a 
direction parallel to fiber tracts, one is able to 
construct a tensor (matrix) describing the mag-
nitude and directionality of water movement for 
every voxel by applying magnetic field gradients 
in multiple directions [42]. DTI is an extension 
of more classical diffusion-weighted imaging, 
which measures the diffusivity of water in three 
directions, rather than in the six or more non-
collinear directions that DTI is capable of [43]. 
Currently, the spatial resolution of DTI is on the 
order of a voxel size of 2 × 2 × 2 mm3, but this 
is improving [44]. An important parameter that 
can be derived from DTI is fractional anisotropy 
(FA), which is a measure of the degree of direc-
tionality of water diffusion and is expressed as 
a numerical value between 0 (least directional) 
and 1 (most directional) [20].
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By estimating the maximum diffusivity of 
water in a particular voxel, one is able to con-
struct 3D maps of the most probable WM path-
ways, a concept called tractography [45]. The two 
main approaches to the construction of these 
fiber pathways are deterministic and probabi-
listic tractography [20]. For deterministic fiber 
tracking, the principal direction of the diffu-
sion tensor is tracked from voxel to voxel starting 
from seed voxel or a region of interest (ROI; such 
as a brain tumor), until the FA falls below a pre-
set threshold [46]. For the probabilistic approach, 
one constructs the tracts by sampling a Gauss-
ian probability density function at each voxel, 
whose covariance matrix is defined by the tensor 
at that voxel [47]. In the deterministic method, 
the next point reached is not known a priori, 
while in the probabilistic method, the connectiv-
ity between two areas can be tested by evaluating 
the probability that the two areas are connected 
[48]. Another parameter that has now been intro-
duced is the related fiber density index, which 
is a measure of the mean number of fiber paths 
passing though a particular pixel or ROI [49].

DTI is presently the only method that is able 
to demonstrate WM anatomy in vivo. Thus DTI 
has earned a place as an important tool for imag-
ing patients with brain tumors. Nevertheless, 
DTI is limited by many issues, including arti-
facts due to tumors, edema, inhomogeneities in 
the magnetic field and head movements. Eddy 
currents, which occur due to the use of heavy 
gradient sequences in DTI must be corrected 
by mathematical algorithms [50]. As with any 
nonsingular mathematical problem, the pos-
sibility of more than one ‘correct’ answer can 
have important consequences in assessing the 
accuracy of the tracts that are hypothesized 
to occur in any one voxel [51]. One particular 
problem that is clinically relevant, is trying to 
find efficient algorithms to help with the prob-
lem that within a particular voxel, there may be 
more than one crossing or intersecting fiber tract 
[52]. Again, both probabilistic and deterministic 
models have been used to solve this problem. 
We have used a two-tensor deterministic model, 
called the eXtended Streamline Tractography to 
show that this model is an efficient and reliable 
method to help resolve this problem [52]. 

DTI has been used to image many of the 
major WM tracts, including the cingulum, 
arcuate fasiculus [53,54] corticospinal pathways 
and optic radiations [55–57]. Four patterns of 
differences in anisotropy have been described 
in disease states: altered position and direction 
but normal signal, which corresponds to tract 

displacement; decreased anisotropy but normal 
direction and location, thought to correspond 
to vasogenic edema; decreased anisotropy sig-
nal with disrupted direction maps, thought to 
correspond to infiltration; and loss of anisotro-
pic signal corresponding to tract obliteration or 
destruction [57]. Although some histopathologi-
cal validation studies [58] have been performed 
in recent years in animals, there is still contro-
versy about the correlation of histopathological 
changes and the changes seen in anisotropy [59]. 

Edema, an elevation in water content that is 
commonly seen in both brain tumors and stroke, 
changes diffusion anisotropy at a particular voxel 
[48,60]. Edema can be categorized as vasogenic, 
cytotoxic or cellular. Although edema does not 
change the properties of axons or myelin, it does 
change the weighted cellular contribution in a 
particular voxel, thus changing the calculated FA 
[60]. Vasogenic edema, which is a common reac-
tion to inflammation (as seen in brain tumors or 
subacute stroke), is characterized by disruption 
of the blood–brain barrier and hence leakage of 
normally excluded intravascular proteins into 
the extravascular space causes a reduction in 
the FA most likely due to the fact that the WM 
tracts become less organized and less dense [61]. 
Cytotoxic edema, which is seen in acute stroke, is 
due to the damage to the cell membranes of neu-
rons and glia, causing the intracellular space to 
increase, at the expense of the extracellular space. 
The DTI findings with cytotoxic edema are not 
uniform, with some groups reporting an increase 
in the FA [62], while other report a decrease [61]. 
Importantly, although DTI can give us ideas of 
the structural integrity of WM tracts, it does not 
provide information on the functional integrity 
of these tracts [63].

diagnosis of brain tumors
A common clinical problem in patients with 
mass lesions of the brain, is making an accurate 
diagnosis on the basis of imaging. The differen-
tial diagnosis is wide and clinical care is impacted 
depending on the diagnosis. Advanced imaging 
techniques have allowed for greater accuracy in 
making these diagnoses. Besides aiding diag-
nosis, these new functional imaging paradigms 
have allowed us a greater understanding of the 
microscopic structure and mechanisms of tumor 
transformation, invasion and destruction. 

The main differential diagnosis of intra-axial, 
supratentorial lesions in adults includes meta-
static neoplasm, primary brain tumor, infec-
tion and lymphoma. A recent paper proposes 
a purely MRI-based algorithm to differentiate 
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these entities, using lesion characteristics such as 
enhancement, spectroscopy, diffusion-weighted 
imaging and perfusion MRI [17]. Retrospectively 
evaluating images and histolopathological sam-
ples from over 100 patients, the authors were 
able to diagnose tumors with greater than 85% 
accuracy.

Advanced imaging using DTI has been 
investigated as a way of differentiating under-
lying pathology in both newly diagnosed and 
recurrent brain lesions. To differentiate between 
metastasis and glioblastoma multiforme (GBM), 
which are the two most common intrinsic supra-
tentorial lesions in adult, Byrnes et al. showed 
that in 28 patients with histopathologically 
proven diagnoses, the FA in the peritumor 
edema was significantly less in metastases com-
pared with GBM [64]. Similarly, the mean dif-
fusivity was higher in the peritumoral edema 
surrounding metastases compared with GBM. 
The authors explained these findings by ascrib-
ing them to the relatively high levels of vasogenic 
edema surrounding metastases compared with 
GBM. These findings have been corroborated 
in other studies [65–67]. 

There has been some controversy about the 
relationship of FA and tumor cell density. In 
a retrospective review of patients that received 
stereo tactic or open biopsy, Kinoshita et al. 
showed a positive correlation between FA and 
tumor cell density in the tumor core, while Stadl-
bauer et al. showed negative correlation, but this 
may be because their FA values were taken at the 
tumor periphery [68,69]. Another group showed 
that in the periphery of low-grade gliomas, there 
was higher FA and fiber density index compared 
with high-grade gliomas, which they attributed 
to less disruption of WM tracts by low-grade 
gliomas compared with high-grade gliomas [70]. 
This same group failed to show a statistical dif-
ference in FA values in the tumor center between 
low-grade and high-grade lesions. This same type 
of analysis is simply not possible when assessing 
WM tracts because tissue sampling of these WM 
tracts through biopsy or craniotomy are usually 
avoided due to the risk of neurologic deficit. In 
an attempt to circumvent this, Stadbauer et al. 
report a case series of ten patients with glio-
mas close to the pyramidal tracts. Five of these 
patients had sensorimotor deficits, which could 
be attributed to tumor cell invasion into the pyra-
midal tracts. Those patients had a lower FA ratio 
in the pyramidal tracts, although this difference 
was not significant [71]. Interestingly, they did 
show significant increase in uptake of 18F-FET 
in those patients with sensorimotor deficits using 

PET imaging, suggesting that this may be a fea-
sible noninvasive test that could reliably differ-
entiate between those patients that presumably 
had infiltration into their sensorimotor tracts and 
those that did not.

Insights into brain tumor behavior
With the advent of molecular and genetic profil-
ing of brain tumors, it is clear that certain brain 
tumors, although similar in terms of histological 
diagnosis, may have widely different behaviors in 
terms of biological transformation, infiltration 
and destruction of nearby structures [72]. Dif-
ferent groups have attempted to use non invasive 
techniques to gain a greater understanding of 
these behaviors. With this information, it is 
hoped that more insight can be gained into prog-
nosis as well as amenability to different treatment 
paradigms. 

For example, in a study of 41 patients with 
different grades of gliomas, Inoue et al. showed 
a positive correlation between FA and different 
grades of glioma, and an inverse relationship 
with mean diffusivity, although the relationship 
was not as significant [73]. The authors posited 
that the reason that high-grade gliomas have 
a higher FA value is owing to the fact that the 
tissue is more organized. This is because GBM 
is known to form organized structures such 
pseudopallisading and endothelial proliferation. 
However, the authors point out that the ROI 
in their series of high-grade gliomas were spe-
cifically chosen not to include areas of necrosis, 
where it has been shown to decrease FA values 
[74]. Partially confounding this finding is the 
fact that deeper WM tracts such as the splenium 
of the corpus callosum, a structure invaded 
commonly by GBM, is known to have a higher 
FA than more superficial WM tracts invaded by 
lower grade gliomas [75]. Use of histogram anal-
ysis across large areas of brain tumors appears to 
be promising in differentiating low-grade and 
high-grade gliomas by overcoming some of the 
subjective nature of deciding different ROIs 
[76,77]. Current grading of gliomas has centered 
on their histo logical differences, but it is becom-
ing increasingly clear that molecular differences 
may better differentiate gliomas into clinically 
relevant prognostic categories [72,78]. It will be 
interesting to see whether using these molecu-
lar differences will uncover differences in their 
infiltrative and displacement characteristics that 
have not been able to be uncovered using the 
traditional histological classification. 

Currently, human DTI studies are limited 
by a low signal-to-noise ratio and relatively low 
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spatial resolution, making direct histological 
comparison of neurological structure and DTI 
measurements almost impossible. However, with 
the advent of microcoils with high magnetic 
fields, groups have been able to perform DTI 
in animals at much higher resolutions, making 
these correlations possible [58]. 

A potentially important application of diffu-
sion-weighted imaging is in analyzing whether 
new enhancement in areas close to a resection 
cavity represents recurrence or pseudoprogres-
sion – a very important clinical distinction [79,80]. 
There is some evidence that immediate diffu-
sion-weighted imaging after surgical resection 
may identify areas that will later show contrast 
enhancement, but in fact represent areas that 
will later progress to encephalomalacia and not 
correspond to tumor recurrence [81]. Similarly, 
it may be possible to identify areas that do cor-
respond to tumor recurrence and focus further 
treatment, whether surgical or radiation-based 
to those areas. Other groups have attempted to 
assign prognostic factors to patients based on 
postsurgical classical and diffusion-weighted 
imaging [82].

Plasticity of functional areas
By studying patients that had strokes, Broca, 
Wernicke and Geschwind helped define the 
structural basis of language function [83]. These 
areas were found to anatomically correspond to 
the inferior frontal gyrus, the superior temporal 
gyrus and inferior parietal gyrus [84]. As these 
patients had permanent language deficits as a 
result of these lesions, the idea of specifically 
localized brain function began to be developed. 
In particular, lesion studies over the ensuing 
years suggested that brain plasticity in certain 
brain areas was very limited and once an elo-
quent area was lost, the associated function 
would also be permanently lost. 

With the advent of fMRI, came the ability 
to study these areas in normal patients without 
lesions. Amongst people unaffected by neuro-
logical diseases, there appears to be general rules 
of localization of language function, but with 
some variability [85,86]. This also seems to hold 
true for motor and somatosensory function [87,88].

The pioneering work of George Ojemann 
and associates using electrocortical stimula-
tion (ECS) revealed that patients with brain 
tumors had a much higher rate of variability in 
the localization of these important brain areas 
[89]. Later, Sanai et al. used this information to 
propose a new paradigm of brain tumor surgery 
in eloquent cortex. They proposed that instead 

of trying to find putative language areas by ECS 
(positive mapping), it would be safe to limit the 
craniotomy to the tumor region and by making 
sure that resections were kept 1 cm away from 
eloquent areas found by ECS (negative map-
ping), neurological outcome would not be sac-
rificed, yet maximum tumor resection could be 
obtained [7]. Using this method on 250 patients, 
only four (1.6%) had a persistent language defi-
cit at 6 months postoperatively. This method of 
negative mapping for tumor resection around 
eloquent areas has found traction in the neuro-
surgical community. From these results, one may 
infer that due to the presence of these tumors, 
eloquent areas ‘moved’ to other areas. This reor-
ganization of functional cortex calls into ques-
tion the old dogma of the irreversibility of brain 
plasticity in adult patients.

It is because of this variability/plasticity of 
functional areas that fMRI has found an impor-
tant role in the presurgical surgical planning 
of neurosurgical patients [10,20,63]. By preop-
eratively mapping eloquent functions such as 
motor and language, neurosurgeons can make 
informed decisions about surgical trajectories, 
maximum resection volumes and can make 
reasonable predictions of postoperative deficits.

Evidence for this plasticity is strengthened 
when studying patients that harbor low-grade 
(WHO grade II) gliomas. These patients often 
present at a younger age than the patients har-
boring higher grade lesions [90]. They also usually 
do not present with obvious neurological deficits 
[91], but rather with seizures or subtle cognitive 
deficits [92]. Another very interesting observation 
is that many of these tumors are located in the 
insula and the supplemental motor area (SMA) 
[93,94]. The reasons for this could be owing to 
the functional and histological similarities 
between these cortical areas – both are involved 
in planning and both represent transitional 
histo logical architecture between agranular and 
granular cortex [93,95–97]. As early as 1999, there 
was evidence that functional plasticity played a 
role in why these patients did not present with 
major neurological deficits, although they har-
bored tumors within, or close to primary motor 
cortex. In a study of 11 such patients, Fandino 
et al. showed that in patients with slow growing 
tumors such as WHO grade II gliomas, there 
was evidence that the motor cortex contralateral 
to the lesion ‘took over’ motor function for the 
ipsilateral hand [98]. On the other hand, those 
patients that had GBM had more typical con-
tralateral cortical control of motor function, sug-
gesting that the rapid growth of these tumors 
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does not provide sufficient time for plasticity to 
develop. 

Another piece of evidence suggesting that the 
kinetics of the insult on the brain is important in 
modulating plasticity is considering that meta-
analyses of patients harboring low-grade gliomas 
suggested that over 90% were able to return to 
work within 1 year of surgery, while only 50% 
of young patients with strokes returned to work 
[99,100]. In a comparison of patients with acute, 
ischemic strokes and chronic, long standing low-
grade gliomas, Desmurget et al. relate that most 
reorganization in acute stroke occur close to the 
lesion site, while the reorganization in low-grade 
glioma often occurs distant to site of insult [101]. 
In another paper supporting the importance of 
the time course of the insult on reorganization 
patterns observed, Carpentier et al., evaluated 
44 patients with various lesions involving motor 
regions. They showed that longstanding lesions, 
such as cortical malformations, were more likely 
to cause remote reorganization patterns com-
pared with ‘acute’ lesions, such as brain tumors 
(the majority being high-grade gliomas) [102].

As such, three main reorganization patterns 
have been recognized [97,101]. In the first, due to 
the infiltrative nature of the tumor, function-
ality still persists within the tumor [9,103]. With 
this, there is very little chance of achieving a 
good resection without causing new neurological 
complications. This type of intratumoral acti-
vation has been estimated to occur in approxi-
mately 40% of patients with low-grade gliomas 
 (Figure 1) [104]. Consistent with this, it has been 
shown that in patients where BOLD activation 
of SMA occurred despite infiltration of tumor, 
surgical resection of tumor caused transient 
‘SMA syndrome’ in at least 50% of patients [95]. 

In the second pattern of reorganization, there 
is redistribution of eloquent areas around the 
tumor, allowing for a greater resection with a 
lower chance of deficit, most of which are tran-
sient [8]. It is important to note that this is not 
simply a result of anatomical deformation due 
to the presence of tumor [105,106]. For example, 
in patients with tumors in Broca’s area that were 
not aphasic, it was shown that these patients had 
activations of left inferior frontal cortex close to 
the tumor (Figure 2) [106].

The third type of reorganization involves 
recruitment of cortical areas ipsilateral to the 
tumor, but far removed and/or the contralat-
eral homologous cortex [107–109]. This is seen 
in patients with gliomas in the motor system, 
with subsequent activation of ‘secondary motor 
areas’, such as SMA and the superior parietal 

lobe [8]. Similarly, in patients with low-grade 
gliomas invading language areas, activation of 
remote areas not necessarily associated with 
language functions such as left frontolateral 
regions, including Brodmann areas 46, 47 and 

LR

Figure 1. A 56-year-old right-handed man 
who presented with a lisp and an odd 
sensation on the left side of the face for 
the duration of a few months. MRI revealed 
a right frontoparietal lesion that was bright on 
T

2
-weighted imaging, dark on T

1
-weighted 

imaging and only minimally enhanced with 
gadolinium. Functional MRI revealed blood 
oxygenation level-dependent activation within 
the lesion for lip pursing (white within tumor). 
Intraoperative electrocortical stimulation 
revealed activation of the left face during the 
resection. Pathology was most consistent with 
anaplastic oligodendroglioma. This is a good 
example of intratumoral activation of 
functional sites.  
L: Left; R: Right.

Figure 2. Functional MrI of a 47-year-old right-handed, bilingual man who 
presented with 4–5 weeks of auditory hallucinations and was found to 
have a large left insular lesion (green). Functional MRI activation was seen in 
variable areas to both Arabic (red) and English (purple) antonym generation tasks. 
Interestingly, the two languages seem to localize to slightly different areas and are 
not limited to the traditional Broca and Wernicke areas.
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the left putamen have been observed [106,110]. 
Although the mechanisms may be different, acti-
vation of the contralateral hemisphere has been 
shown in both motor and language functions 
(Figure 3) [107,111,112].

This third type of reorganization allows for a 
greater extent of resection, shown to benefit to 
the patient for both high- and low-grade gliomas 
[1,90,113]. Importantly, these three reorganization 
patterns are not mutually exclusive and many 
patients show varying degrees of these reorgani-
zation patterns. Moreover, there appears to be a 
hierarchical architecture to the different mecha-
nisms of reorganization, with areas close to the 
lesion being recruited first before ipsilateral, far 
removed areas, and lastly, contralateral areas 
[110]. Similarly, these types of reorganization are 
not uniform and it is clear that a patient-centered 
approach of studying individual reorganization 
patterns must be employed [90,97].

Besides the evidence of preoperative reorganiza-
tion discussed above, there is important evidence 
of intraoperative and postoperative patterns of 
reorganizations after surgical resections of tumor. 
Intraoperatively, there have been reports of an 
acute ‘unmasking’ of redundant areas of motor 
control immediately after resection of gliomas in 
frontal areas [114,115]. This is seen with stimula-
tion of contralateral motor responses in areas that 

were previously silent  (Figure 4). The unmasking 
occurs with a time scale of 15–60 min [115]. The 
proposed mechanism of this acute reorganization 
involves an increase in cortical excitability, which 
causes an unmasking of redundant functionality 
[115]. These findings are reminiscent of the more 
extensively studied visual cortex and related ocu-
lar dominance columns, where early in develop-
ment there is a redundancy in encoding of these 
columns, but with experience these topographical 
maps are trimmed [116]. 

There is also considerable evidence of chronic 
reorganization, where instead of unmasking of 
redundant areas of control, there is evidence 
of contralateral compensation. In the case 
of tumors located in the insula, it seems that 
nearby frontal and temporal operculae may take 
over important language specialization. Taking 
this into account may affect surgical resection 
planning. Similarly for tumors located in SMA, 
total resections are possible, which usually result 
in a transient ‘SMA syndrome’, which consists 
of spectrum of symptoms from mutism to 
decreased spontaneous contralateral movements 
and an eventual return to neurological baseline 
in approximately 6 weeks [95]. The return to 
function seems to be related to the ability of 
the contralateral SMA to be recruited to help in 
speech and motor function [117]. 

Regardless of the time line of reorganization, 
it may be that certain areas of the brain are nec-
essary and cannot be resected without causing 
permanent neurological deficit. A retrospective 
analysis of the brain locations where resections of 
low-grade gliomas were stopped due to stimula-
tion of eloquent functions using direct cortical 
and subcortical stimulation, Ius et al. showed 
that certain areas of the brain were ‘not resect-
able’. These areas include both cortical and sub-
cortical structures that the authors propose as 
the ‘minimal common brain’, those regions that 
do not possess redundant pathways for immedi-
ate plasticity [118]. These areas are described in 
a statistical atlas that could be used to predict 
areas of residual tumor.

Plasticity of wM tracts
The majority of studies exploring reorganization 
due to brain tumors have concentrated on func-
tional reorganization using fMRI and ECS. How-
ever, there has been a new found interest in WM 
changes both preoperatively and postoperatively. 
We have used DTI tractography to help guide 
surgical planning, similar to the use of fMRI.

One of the inherent difficulties of using DTI 
imaging to form the basis of tractography is 

LR

Figure 3. Functional MrI of a 26-year-old 
right-handed man who suffered a 
generalized tonic–clonic seizure and was 
found to have a left frontal lesion (red). 
Blood oxygenation level-dependent activation 
for right-hand tasks was seen both in the right 
and left frontal regions, suggesting that 
contralateral reorganization of hand function 
had occured. 
L: Left; R: Right.
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Figure 4. Intraoperative reorganization. (A) Intraoperative reorganization is 
seen here where three functional sites in M1 induced contralateral motor responses 
from the forearm (tag 1), the wrist (tag 2) and fingers (tag 3). (B) Postresection, 
the three original sites still induced motor responses. However, three new 
(previously silent) sites are also present (wrist: tag 4, fingers: tag 5, forearm: tag 6). 
Note original tags 1–3 are slightly deformed owing to deformation caused by tumor 
resection.  
Reproduced with permission from [101].

the nonsingular nature of these algorithms. In 
a head-to-head test of multiple commercially 
available software algorithms, quite variable 
results were found in the anatomical accuracy 
of the fibers predicted in healthy volunteers, as 
well as the amount of incorrectly placed fibers 
[51]. Part of this variability is due to software 
and mathematical algorithms discussed above, 
but some of the difficulty arises from the inter-
pretation of decreased FA. This could be owing 
to increased edema due to tumors or infiltration 
of WM tracts by the tumor itself. In a small 
retro spective study of 21 patients with metas-
tases, meningiomas, GBMs or low-grade astro-
cytomas, Yen et al. found that by comparing 
to contra lateral DTI imaging, metastases were 
more likely to cause edema and disruption of 
WM tracts, while extra-axial tumors caused dis-
placement of WM tracts. GBM and low-grade 
gliomas seemed to cause both infiltration and 
disruption of WM tracts [119].

In the case of strokes, both animal and human 
studies have shown a timeline of changes in 
WM tracts after the acute insult. Acutely, there 
appears to be a loss of FA due to demyelination 
or axonal loss [120]. Chronically, there seems to 
be normalization of this decrease in FA, with the 
extent of this normalization being predictive of 
clinical improvement [121]. Similarly, for patients 
suffering from epilepsy, changes in WM tracts 
have been observed [122]. Interestingly, changes 
in the arcuate fasiculus, which is the WM tract 
that joins Broca’s and Wernicke’s areas have been 
seen both on the right and left side, perhaps sig-
naling the changes in the laterality of these func-
tional areas. More investigation into the WM 
changes associated with the reorganization of the 
functional areas as described is needed.

In an attempt to observe postoperative changes 
in WM tracts, Lazar et al. showed that patients 
with an improvement in their motor function 
after surgery had a concomitant improvement in 
the position and appearance of the corticospinal 
tract [123]. In contrast to the numerous studies 
showing reorganization of functional cortical 
areas both due to tumors and after resections, 
there is minimal investigation into the WM 
reorganization that may or may not occur in 
the face of functional reorganization. 

Given this overwhelming evidence of plastic-
ity, especially as it relates to functional areas, 
a new paradigm in surgical resection involves 
staged resection of low-grade gliomas. Here, 
maximum resection of tumor is performed, 
with care not to resect tumor that infiltrates elo-
quent areas. After some time (usually 4–5 years), 

there is both fMRI and ECS evidence that these 
eloquent area may move, making larger resec-
tions possible [124]. This reorganization may be 
‘helped’ with intensive rehabilitation, as seen in 
stroke. A provocative case report suggests that 
this reorganization process could be shortened 
considerably through the use of high-frequency 
electrical stimulation delivered with a chroni-
cally implanted subdural grid [125]. Noninvasive 
measures such as transcranial magnetic stimu-
lation, which has been shown to modulate 
functional plasticity, may prove a useful tech-
nique to help with this functional reorganiza-
tion. It would allow for greater resections and 
 minimizing neurological deficits.

Conclusion
Advanced imaging techniques such as fMRI 
and DTI have allowed us greater insight into the 
functional brain organization of patients with 
brain tumors. Moreover, studies in these patients 
have allowed us a unique porthole to investigate 
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such important concepts of brain functionality 
and plasticity. It is from such studies that new 
paradigms of management, such as staged resec-
tions of low-grade gliomas emerge, as well as 
insights into different management approaches 
to patients with other lesions of the brain.

Future perspective
Increasingly, technological and scientific advances 
will allow brain tumor therapy to be individu-
ally tailored to each patient’s special needs. This 
individualization will be based on biologic char-
acteristics of these brain tumors including their 
relationship to critical brain structures. Advanced 
imaging techniques, such as fMRI and DTI, 
will continue to play a major role in diagnosis, 
shaping resection planning, the understanding 

of biological transformation and brain plasticity, 
and minimizing complications for our patients. 
Similarly, using insights from our brain tumor 
patients, new treatment paradigms will emerge 
for patients with other neurological disorders.
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executive summary

Background
 � Functional brain plasticity is the basis of our ability to perform surgical resections without permanent deficits.
 � Differentiating between necessity and sufficiency of brain areas for functions and clearly understanding the differences between type I 

and type II errors are crucial in preoperative planning for patients with brain tumors.

Functional imaging techniques
 � Functional MRI (fMRI) and diffusion tensor imaging (DTI) are important new applications of MRI technology.
 � Brain tumor imaging as it relates to fMRI and DTI is particularly challenging, especially since many brain tumor patients cannot reliably 

participate in tasks needed for conventional fMRI.

Diagnosis of brain tumors
 � Advanced imaging techniques allow us to have greater confidence in our diagnosis of brain tumors.

Insights into brain tumor behavior
 � Advanced imaging techniques allow us greater understanding of the biological behavior of brain tumors, including biological 

transformation, infiltration and destruction of nearby structures.

Plasticity of functional areas
 � It is clear that the kinetics of the insult plays a role in determining the occurance of plasticity.
 � Due to the variations seen in functional localization, there has been a recent change from positive mapping – where one localizes a 

particular function to a particular area before surgical resection, to negative mapping – making sure that the proposed resection does 
not include eloquent areas.

 � There is evidence for three different patterns of functional plasticity: persistent functionality within tumors, redistribution of eloquent 
areas around tumors and recruitment of ipsilateral, far removed or contralateral areas.

Plasticity of white matter tracts
 � Evidence for plasticity of white matter tracts is less well understood. This is due to the novelty of DTI, inherent difficulties in tractography 

algorithms, artifacts due to the presence of brain tumors and the inability to have histopathological confirmation of hypothesized 
changes in white matter tracts.

Conclusion
 � Advanced imaging techniques, such as fMRI and DTI, have provided us with greater insight into diagnosis, pathogenesis and the ideal 

management of patients with brain tumors. These noninvasive techniques facilitate our understanding of functional brain plasticity. 
With this understanding of brain plasticity, new treatment paradigms are possible, not only for our patients with brain tumors, but also 
potentially for patients with other neurological disorders.
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