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Abstract

Cortical reorganization of function due to the growth of an adjacent brain tumor has clearly been
demonstrated in a number of surgically proven cases. Such cases demonstrate the unmistakable
implications for the neurosurgical treatment of brain tumors, as the cortical function may not
reside where one may initially suspect based solely on the anatomical magnetic resonance imaging
(MRI). Consequently, preoperative localization of eloquent areas adjacent to a brain tumor is
necessary, as this may demonstrate unexpected organization, which may affect the neurosurgical
approach to the lesion. However, in interpreting functional MRI studies, the interpreting physician
must be cognizant of artifacts, which may limit the accuracy of functional MRI in the setting of
brain tumors.
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The human brain is constantly changing. This is seen over long time scales, such as the
development of the brain of a growing child or the involutional changes in the elderly. In
addition, the brain undergoes fundamental changes on a much shorter time scale. For
example, every acquired memory is reflected as a physical change in the brain.1:2 With the
advent of advanced neuroimaging techniques, the changes in the brain due to acquisition of
new competencies can be appreciated in both structural and functional studies.3

Attempts by the brain to overcome injury and to reacquire capabilities lost due the
anatomical damage by having other parts of the brain take over (or try to take over) the lost
functions can be termed cortical reorganization. Successful cortical reorganization in
response to various insults has been described in a number of clinical scenarios. For
example, in early Alzheimer’s disease, the brain is able to initially overcome decreased
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functionality in parts of the brain, for example, the inferior parietal cortex in the study by
Lind et al* or the hippocampus in the study by Trivedi et al°, by recruiting other parts of the
brain (eg, the temporal lobe as in the study by Bondi et al®). These compensatory changes,
which are efficient in the initial stages of the disease, can be seen on neuroimaging
studies.*~® Similarly, partial recovery is well documented in patients with stokes.” However,
the ability of the brain to undergo reorganization is limited and is soon exhausted. In the
Alzheimer’s disease example, the progression of neurodegeneration is relentless and
eventually overcomes the inadequate compensatory capability of the brain. Similarly, it is
unusual to completely recover from devastating cortical infarcts. A further confounding
factor is that the ability of the brain to recover from various insults decreases with age.

Currently, the understanding of cortical plasticity is in its infancy. It is unknown which
factors influence recovery of neurological function of successful cortical reorganization.
Perhaps more importantly, the factors that accentuate cortical plasticity to allow for more
effective recovery from neurological damage remains completely obscured from the view of
neuroscientists and clinicians. Clearly, the ability to enhance the recuperative powers of the
human central nervous system would be a major boon for patients suffering from
neurological damage such as strokes or spinal cord injuries.

CORTICAL REORGANIZATION DUE TO BRAIN TUMOR GROWTH

The possibility of cortical reorganization of brain function in response to the growth of a
tumor is clearly important when considering therapeutic options for the treatment of brain
tumors. This is perhaps most important when considering neurosurgical intervention.
Generally, brain functions can be localized to specific neuroanatomical locations. However,
the involvement of a neuroanatomical location by a tumor, which leads to cortical
reorganization and the displacement of this function to another location, can lead to the
expansion of neurosurgical options. In other words, the displacement of neurological
function away for the area of the tumor opens up the possibility of a more complete
resection of the tumor without the incurrence of iatrogenic damage. In order to appreciate
such changes, preoperative functional imaging is essential. Specifically, the results of
preoperative functional imaging that demonstrates the displacement of neurological function
away from the expected area can convert a case wherein a neurosurgeon declines an
operation to the successful resection of a tumor. Therefore, reorganization is an important
phenomenon to consider in treatment planning of neurosurgical candidates.

As a tumor invades part of the brain and affects the underlying functions, other parts of the
brain attempt to compensate for the functional deficit through cortical reorganization, or
plasticity.89 Although the exact mechanism for reorganization is not known, it is likely that
many factors, such as the type and extent of injury and the affected function, influence
intrahemispheric or interhemispheric compensations.1% Evidence suggests that not only can
a tumor lead to neuronal hyperactivity in the immediate vicinity, but also tumor growth may
elicit reorganization and transfer of functional control to the contralateral hemisphere, as
shown to occur in strokes,810-13

Top Magn Reson Imaging. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fisicaro et al.

Page 3

Two examples that highlight reorganization are as follows: A 34-year-old, right-handed man
was first diagnosed with an astrocytoma involving the left inferior frontal cortex 7 years
before the current admission.14 A stereotactic biopsy at that time demonstrated a grade 11/IV
astrocytoma. As the patient was right handed, there was a 95% to 98% chance that the lesion
involved Broca’s area. Therefore, surgical resection was not performed for fear of causing
mutism in a young patient with a long expected life span. Instead, the patient was treated
with fractionated external radiation therapy and chemotherapy. He was followed with serial
magnetic resonance imaging (MRI) scans that demonstrated slow progression of the tumor.
The current admission was prompted by the presence of uncal herniation with compression
of the brainstem and mild right-sided weakness and dysarthria. A functional MRI (fMRI)
scan with 2 language paradigms revealed that Wernicke’s area was in its expected location in
the left hemisphere, while Broca’s area localized to the right hemisphere (Fig. 1). During the
operation, the patient did not tolerate conscious sedation and therefore intraoperative
mapping was not performed. The patient’s dysarthria and right hemiparesis resolved after
resection of the temporal component of the tumor. Pathologic examination confirmed a
grade 111/1V astrocytoma.

The second example is of a 62-year-old right-handed man who had a left temporoparietal
lesion involving the expected location of Wernicke’s area.1> An fMRI scan with multiple
language paradigms revealed that Broca’s area localized to its expected location in the left
hemisphere, while Wernicke’s area unexpectedly localized to the right hemisphere (Fig. 2).
During the operation, the patient tolerated conscious sedation and underwent intraoperative
mapping for language localization. Intraoperative mapping confirmed fMRI localization of
Broca’s area. For Wernicke’s area, the patient’s language function remained intact during
stimulation of the expected location in the left hemisphere. Total resection of the enhancing
portion of the tumor, including the expected Wernicke’s area, followed and the patient
suffered no postoperative language dysfunction. Had fMRI not been performed and cortical
reorganization was not considered, the patient would not have undergone optimal treatment
for his lesion. Together, these cases highlight cortical reorganization and how preoperative
fMRI aids in treatment planning for neurosurgical candidates.

MOTOR CORTEX AND THE SUPPLEMENTARY MOTOR AREA

The supplementary motor area (SMA), located in the superior frontal gyrus, plays a vital
role in motor planning and organization and is split into 2 functional parts.16-17 The part
related to motor planning is the caudal SMA proper and its function is intimately related to
motor control. SMA localization is more difficult than the primary motor cortex (M1) on
routine MRI examinations, as there is not a clear anatomical delineation. Nevertheless,
iatrogenic damage can lead to temporary paresis.18 The SMA has 2 main characteristics that
allow for it to be helpful in motor mapping using fMRI. First, the hemodynamic response of
the SMA occurs before the motor cortex during a motor paradigm. Second, despite not
having a clear anatomical delineation from the motor cortex, the SMA is located a distance
away from the precentral gyrus, which allows for it to be used in the study of motor function
when a tumor infiltrates the motor cortex.
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Because of the characteristics of the SMA, our group hypothesized that when a high-grade
tumor invades in the motor cortex, the ipsilateral SMA takes on some of the function of the
motor cortex. Evidence to support this hypothesis exists as the volume of activation in the
SMA ipsilateral to a tumor increases. As a tumor causes a decrease in the volume of
activation in the motor cortex, a greater area of the SMA activates in response to a motor
paradigm.1? In addition, the hemodynamic response function of the SMA ipsilateral to a
tumor shifts temporally and looks more like the response function of a normal motor cortex.
Figure 3 shows an example of a patient with a glioblastoma multiforme (GBM) in the left
motor cortex performing a bilateral finger tapping fMRI paradigm. The peak in the
hemodynamic response function curve occurs 1.5 seconds earlier in the SMA than the motor
cortex in the normal, contralateral hemisphere, while in the tumor hemisphere, the SMA
peak has temporally shifted and is only 0.5 seconds sooner than in the motor cortex.1® Thus,
the hemodynamic response function ipsilateral to the tumor assumes a configuration closely
resembling the configuration of the hemodynamic response function in the primary motor
cortex. The conclusions we can draw from this are that the SMA appears to assume at least
some of the function of the motor cortex when infiltrated by a tumor and that hemodynamic
response function analysis may offer a sensitive alternative to volume of activation
measurements in our understanding of plasticity.

EVIDENCE FOR CORTICAL REORGANIZATION FROM OTHER MODALITIES

Direct Cortical, Intraoperative Stimulation

Cortical reorganization of language function described in using the blood oxygenation level-
dependent (BOLD) fMRI method has been confirmed using other methods, including a
landmark study published in the New England Journal of Medicine, by Sanai et al.29 These
authors studied language function in 250 consecutive patients with gliomas using direct
cortical stimulation. They reported that the cortical maps generated with intraoperative
language data showed surprising variability in language localization within the dominant
hemisphere. Specifically, the authors averred that sites associated with speech function were
variably located along the cortex and extended well beyond the classic anatomical
boundaries of Broca area and Wernicke areas. This finding suggested that language function
in these patients was translocated to other areas of the brain not classically associated with
language function.

Transcranial Magnetic Stimulation (TMS)

A recent study using repetitive navigated transcranial magnetic stimulation (rTMS)
confirmed unusual language organization in patients with brain tumors in the inferior left
frontal lobe, implying cortical reorganization.2! In this study, 15 patients with lesions of left-
sided language-eloquent brain areas and 50 healthy, right-handed volunteers underwent
bilateral rTMS language mapping via an object-naming task. Left-sided language function
was confirmed by direct, intraoperative cortical stimulation in all patients. The rTMS-
induced language errors were categorized into 6 different error types. The error ratio
(induced errors/number of stimulations) was determined for each brain region on both
hemispheres. A hemispheric dominance ratio was then defined for each region as the
quotient of the error ratio (left/right) of the corresponding area of both hemispheres (ratio >1
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= left dominant; ratio <1 = right dominant). Patients with language-eloquent lesions showed
a statistically significantly lower ratio than healthy participants, which indicates a higher
participation of the right hemisphere in language function. Hence, this study demonstrated a
shift of language function to the nondominant hemisphere in patients with brain tumors in
the dominant hemisphere using TMS.

CORTICAL REORGANIZATION BENEFITS RETENTION OF LANGUAGE
FUNCTION IN BRAIN TUMOR PATIENTS

The case studies outlined above have shed light on the possibility that the brain’s language
network can reorganize as a result of tumor invasion, recruiting Broca’s homologue in the
right hemisphere after damage to Broca’s area proper in the typically dominant left
hemisphere. A recent study from our group?? sought both to identify whether the unexpected
right-frontal fMRI activation seen in such case studies exists as a group-level trend in
patients with left-frontal tumors and also examine the possible compensatory nature of this
activation. The authors conducted a retrospective analysis of 159 brain tumor patients who
had undergone presurgical fMRI language mapping. Patients with left-frontal tumors were
hypothesized to be more likely to show right- or codominant fMRI language activation than
patients who had tumors elsewhere in the brain (H1). Patients with left-frontal tumors who
were identified as right- or codominant for language were expected to possess more intact
language function as measured by the Boston Naming Test (H2). All patients underwent
presurgical fMRI for purposes of identifying language-related regions of cortex to be
avoided during surgical resection. A trained neuropsychologist administered the Boston
Naming Test before the scan and at least 1 block-design language paradigm during fMRI.
Each patient’s language laterality was determined by the neuroradiologist. Left-handed or
ambidextrous patients and those with technically suboptimal scans were excluded. To test
H1, patients were split into 2 groups: (1) tumors in the left-frontal lobe (n = 81), and (2)
tumors elsewhere in the brain (n = 78). A 2-tailed. z#test comparing the distribution of
hemispheric dominance of the left-frontal group and the overall distribution was significant,
with more right- or codominant patients in the left frontal group than would be expected (2=
2.16, P=0.0308). To test H2, patients with left-frontal tumors were split into (1) left
language dominant (n = 21) and (2) right- or colanguage dominant (n = 8). A 2-tailed
independent-samples #test using each group’s Boston Naming scores found that the mean
was significantly higher ({23] = -2.3, £=.031) for the right- or codominant group (M =
56.38; SD = 2.72) group than for the left-dominant (M = 48.76; SD = 14.49), suggesting that
the atypical was not merely an artifact of the ratio-dependent nature of the fMRI laterality
index. These results suggest that the functional language network may exhibit a greater
degree of plasticity than previously known. Importantly, they also suggest that the right
hemisphere may be able to compensate for damage to putative language cortex.

In another recent study from our group,23 we evaluated which anatomical areas were
associated with fMRI evidence for cortical reorganization. Prior studies have shown that
some patients with left-hemispheric brain tumors have an increased propensity for
developing right-sided language support. However, the precise trigger for establishing
codominant language function in brain tumor patients remains unknown. We analyzed the
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magnetic resonance (MR) scans of patients with left-hemispheric tumors and either
codominant (n = 35) or left-hemisphere dominant (n = 35) language function on fMRI to
investigate anatomical factors influencing hemispheric language dominance. Of 11
neuroanatomical areas evaluated for tumor involvement, the basal ganglia was significantly
correlated with codominant language function (P < 0.001). Perhaps more significantly,
among patients whose tumors invaded the basal ganglia, those with language codominance
performed significantly better on the Boston Naming Test, a clinical measure of aphasia,
than their left-lateralized counterparts (56.5 vs 36.5, £=.025). Although further studies are
needed to elucidate the role of the basal ganglia in establishing codominance, our results
suggest that reactive codominance may afford a behavioral advantage to patients with left-
hemispheric tumors.

PSEUDO-REORGANIZATION

However, in interpreting fMRI examinations in patient with brain tumors, it is essential to
appreciate the possibility of false-negative activations due to various factors that result in
pseudo-reorganization rather than true reorganization. Acknowledgment of this distinct
possibility is crucial in interpreting fMRI examination so as not to lull the neurosurgeon into
a false sense of security that the brain she/he is contemplating on resecting is void of
function.

False-negative activation is due to limitations of BOLD fMRI as a test. A common source of
false-negative results in fMRI is susceptibility artifacts. fMRI uses T2* gradient echo (GE)
sequences that lack the refocusing pulse of routine spin echo (SE) sequences. Although the
sequences used in fMRI are sensitive enough to detect the subtle susceptibility differences
between oxyhemoglobin (HbO,) and deoxyhemoglobin (dHb), one consequence is
susceptibility artifacts that cause local field inhomogeneities are accentuated as well.
Susceptibility artifacts occur when tissues or objects with large differences in magnetic
susceptibility are in close proximity to each other and are a problem because they cause
signal distortions that can mask fMRI signals from truly active sites.10 The large
susceptibility differences cause distortions in the local magnetic field and therefore interfere
with image acquisition. The effect of susceptibility artifacts on fMRI results depends on the
neurological surgery history of the patient. In those without prior surgery, artifacts localize
to areas of abrupt magnetic susceptibility changes such as air-tissue interfaces and near
cavities or moving tissues.242> Examples of air-tissue interfaces leading to fMRI signal
dropout are the anterior temporal lobe and orbitofrontal cortex due to their localization near
the ear canal and sinuses, respectively.2425 In those with prior surgery, titanium plates,
metallic staples, hemorrhage and blood products, and residual surgical metal make artifacts
worse.10 Prior surgery causes decreased volumes of fMRI activation on the side of the brain
ipsilateral to the tumor. The most likely reason for the decrease is the prominent signal
intensity dropout on the T2* images due to the susceptibility artifacts resulting from the
previous operation.24:25 |t is also essential to appreciate that the presence of abnormal
neovasculature and the resultant neurovascular uncoupling (NVU) can also lead to a muting
of the BOLD effect and false-negative findings that result in pseudo-reorganization.26-35
The basis for the BOLD signal is neurovascular coupling (NVC), wherein vascular changes
are tied to neuronal activity. With neuronal activity, there is oxygen extraction from the site
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of activity followed by an increase in cerebral blood flow (CBF) that delivers oxygenated
blood and diamagnetic HbO,. The increase in CBF overshoots the oxygen demand from
neuronal activity delivering an influx of HbO, that is greater than what was lost due to
oxygen extraction as well as diluting dHb. The increase in HbO, relative to dHb causes an
increase in BOLD signal strength. This coupling of vascular changes and neuronal activity is
compromised in tumors, especially high-grade tumors such as GBM,26-35

In GBMs, vessels are tortuous and disorganized, highly permeable, and have abnormalities
in their endothelial walls.38 Functionally, tumor vessels respond abnormally to both
pharmacological challenges, such as papaverine injections and induced hypertension, and
physiological challenges, such as hypercapnia and hypocapnia.3’~39 Taken together, these
abnormal vessels have a decreased or absent ability to increase blood flow in response to
neuronal activity, which leads to a muting of the BOLD response. A major problem caused
by NVU on fMRI results is neither false negatives nor truly eloquent cortical areas appear as
neither active nor contributing to a specific task, especially as studies have shown the
presence of functional neurons within tumor beds.#%41 However, being mindful of the
effects of tumors and NVU allow for more accurate interpretation of fMRI results and allows
for proper planning and use of other techniques to verify functional cortical centers, such as
with intra-operative direct cortical stimulation.

CONCLUSION

Cortical reorganization of function due to the growth of an adjacent brain tumor has clearly
been demonstrated in a number of surgically proven cases. Such cases demonstrate the
unmistakable implications for the neurosurgical treatment of brain tumors, as the cortical
function may not reside where one may initially suspect based solely on the anatomical

MRI. Consequently, preoperative localization of eloquent areas adjacent to a brain tumor is
necessary, as this may demonstrate unexpected organization, which may affect the
neurosurgical approach to the lesion. However, in interpreting fMRI studies, the interpreting
physician must be cognizant of artifacts, which may limit the accuracy of fMRI in the setting
of brain tumors.
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FIGURE 1.
fMRI scan with language paradigms coregistered to axial T1-weighted images in a 34-year-

old man with a left inferior frontal glioma. The 2 axial slices localize Broca area to the right
hemisphere (yellow arrows), Wernicke area to the left hemisphere (red arrows), and show
their relationship to the tumor location (green arrows). The localization of Broca area to the
right hemisphere suggests cortical reorganization. Axial slices taken from a figure in J
Comput Assist Tomogr2002; 26:941-943.
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FIGURE 2.
A, Postcontrast sagittal image from a 62-year-old right-handed man with a mostly

nonenhancing temporoparietal neoplasm involving the expected location of Wernicke area
(yellow arrow). B, Axial fMRI results show Broca area localizing to the left hemisphere
(yellow arrow) and Wernicke area localizing to the right hemisphere (green arrow) opposite
of the tumor (red arrow). Intraoperative mapping and surgical resection confirmed fMRI
results. Adapted from AJNR Am J Neuroradiol 2004; 25:130-133.
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FIGURE 3.
A patient with a GBM in the left motor cortex performing a bilateral finger tapping

paradigm. The top graphs (A) are the response curves of finger tapping on the right hand
(which are mapped to the tumor-affected hemisphere) and the bottom graphs (B) are the
response curves of finger tapping on the left hand (which are mapped to the normal,
contralateral hemisphere). In A, we see that that the peak in the hemodynamic response
function curve occurs 0.5 seconds sooner in the SMA than the motor cortex, while in B, the
SMA peak 1.5 seconds sooner than in the motor cortex. The shift in the SMA peak in the
tumor-affected hemisphere suggests that the SMA may be taking on some motor functions
from the motor cortex. Used and adapted with permission from Med Sci Monit 2009; 15:
MT55-MT62.
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