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Summary: A left-handed patient with a grade II left frontal
lobe astrocytoma had spontaneous seizures causing speech
arrest and uncontrolled right upper extremity movements.
Word-generation functional MR (fMR) imaging showed
activity nearly exclusively in the right inferior frontal gyrus.
The clinical history of the speech arrest and the intraop-
erative mapping proved left-hemisphere language domi-
nance. Tumor involvement of the left inferior frontal gyrus
caused uncoupling of the blood oxygenation level–depen-
dent (BOLD) and neuronal response, leading to the erro-
neous fMR imaging appearance of right-hemisphere lan-
guage dominance. Discrepancies between BOLD and
intraoperative mapping in areas near lesions illustrate the
complementary nature of these techniques.

The preoperative use of functional MR (fMR) im-
aging to identify eloquent cortex near resectable le-
sions is quickly becoming a common clinical imaging
scenario (1, 2). Yet, it is clear that blood oxygenation
level–dependent (BOLD) contrast can be signifi-
cantly compromised near regional cerebral disease
(3–5). Evidence suggests that cortical BOLD activa-
tion is reduced in glial tumors, both at the edge of the
tumor and in normal vascular territories somewhat
removed from the tumor (4). Loss of regional cere-
bral vasoactivity near these tumors is thought to be a
major contributing factor (3, 4). Such effects may
result in the underestimation of genuine neuronal
function and influence the diagnostic accuracy of
BOLD fMR imaging. The present case is intended to
illustrate how lesion-induced neurovascular uncou-
pling can simulate functional cortical reorganization.

Case Report

Subject
A previously healthy 19-year-old left-handed man experi-

enced sudden speech arrest lasting approximately 1 minute

while he was at a fast food establishment. Subsequently, the
speech arrest was associated with uncontrolled movements in
his right upper extremity that lasted an additional 20 seconds.
No loss of consciousness occurred, and the symptoms quickly
subsided, leaving the patient with normal speech and motor
function. Conventional MR imaging revealed a large nonen-
hancing mass within the left frontal lobe, centered in the left
subcentral and inferior frontal gyri (IFG) (Fig 1). The pars
opercularis of the left IFG was displaced superiorly and ante-
riorly and also stretched by the tumor. The pars triangularis
and pars orbitalis were essentially uninvolved by direct tumor
extension. Also, the tumor displaced the inferolateral portion
of the pre- and postcentral gyri superiorly and posteriorly.

Imaging Parameters
fMR images of the anterior language and regional motor

functions were acquired by using a single-shot echo-planar
T2*-weighted sequence with the following parameters: TR/TE,
3000/50; flip angle, 90°; field of view, 24 � 24 cm; section
thickness, 5 mm; contiguous sections; and matrix; 64 � 64. The
functional images were superimposed onto anatomic spoiled
gradient-recalled acquisition in the steady state (SPGR) images
and represented in three dimensions. A cross-correlation anal-
ysis was performed to construct activation maps by using a
correlation coefficient threshold of 0.5; statistical significance
was defined as P � .001.

Functional Tasks
Functional motor tasks included finger tapping, elbow flex-

ion and extension, shoulder movement, bilateral tongue move-
ment, and bilateral lip movement. A silent word-generation
task and an overt word-generation task were used to generate
cortical maps corresponding to anterior language function.
Tasks were administered in three periods of 30 seconds each.
On-off intervals that generated cortical signal intensity wave-
forms were correlated with an idealized reference wave form to
construct cortical activation maps. Activation maps were rep-
resented on 3D anatomic SPGR images, and the location of
activated areas in relation to the left frontal tumor was corre-
lated with intraoperative mapping results.

Mapping Eloquent Cortex
With functional imaging, right upper extremity motor cortex

was mapped in an expected location of the precentral gyrus
superior and posterior to left frontal mass, whereas tongue and
lip motor function were observed in the superiorly displaced
lower precentral gyrus at the superior-posterior edge of the
tumor (Fig 2). Anterior language activation was robust in
the right IFG and inferior frontal sulcus and miniscule in the
displaced left IFG. This finding implied strong right-hemi-
sphere dominance in this left-handed individual (Fig 3). Ta-
lairach coordinates of the right IFG activity corresponded to
Brodmann areas 44 and posterior 45, as well as to an adjacent
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inferior portion of area 9. The left IFG activity was seen at the
anterior-superior edge of the tumor located in the displaced
and stretched left pars opercularis.

Intraoperative Mapping of Eloquent Cortex
Intraoperative maps of cortical areas representing the right

hand, lip, and tongue motor function were attempted while the
patient was awake by using a bipolar electrode with a depolar-
izing diameter as large as 1 cm. As with the fMR imaging, hand
cortical function was mapped at the expected location within
the precentral gyrus above the lesion. This precisely corre-
sponded to the observed BOLD activation (Fig 2D). Lip motor
function was mapped at the posterior border of the mass,
adjacent to but below the observed BOLD activation (Fig 2C).
Attempts to map tongue function intraoperatively were unsuc-
cessful despite robust BOLD activation seen with fMR imaging
(Fig 2B). Speech arrest was caused by depolarizing cortical
tissue at the superior edge of the left frontal neoplasm, which
was located immediately posterior to the small region of BOLD
activity seen on the fMR image, in the displaced pars opercu-
laris (Fig 2A). The tumor was partially resected with care to
avoid the dominant cortical language area intraoperatively
mapped to the left hemisphere. The patient did not have a
postoperative language deficit. Histologic analysis revealed a
grade II astrocytoma with some gemistocytes and mini-gemis-
tocytes.

Discussion
The physiologic basis of BOLD fMR imaging signal

intensity is the cerebrovascular dilatation induced by
neuronal firing. Cortical neuronal activity stimulates
local vascular dilatation and increases regional cere-
bral blood flow, volume, and oxygen concentration,
exceeding the metabolic demands of the activated
neurons (6). The relationship between oxygen supply
and neuronal demand is mediated by vasoactive
mechanisms at the regional level that increase oxyhe-
moglobin levels and decrease deoxyhemoglobin con-
centration compared with those in the nonactivated
state (7, 8). This neurovascular coupling is likely due
to chemical mediation (9, 10), requiring 2 seconds or
longer to produce detectable changes in deoxyhemo-
globin levels.

The cerebral vasculature is highly responsive to
changes in blood O2 and CO2, but neurovascular
coupling associated with neuronal activation per se is
likely mediated by local ionic and metabolic factors

(9, 10). These mechanisms are not fully elucidated,
but K� locally released into the interstitial space by
activated neurons is believed to cause relaxation of
small resistance vessels. Adenosine and H� are met-
abolic products of increased Na�/K� ATPase activity
that may also directly cause vasodilatation, particu-
larly in conditions in which oxygen and glucose sup-
plies cannot keep up with neuronal demand. Nitric
oxide and arachidonic acid derivatives may have mod-
ulatory (facilitative) roles in supporting vasodilatation
in response to neuronal activity or increased CO2
concentrations. Other ionic and metabolic factors
may more globally affect cerebral perfusion and sec-
ondarily affect BOLD signal intensity via substances
released by vascular nerves and mast cells. Autoreg-
ulation of perfusion pressures could also affect
BOLD signal intensity. This may involve arterial myo-
genic and endothelial mechanisms.

Evidence is beginning to accumulate and suggests
that the BOLD response near regional cerebral dis-
ease less accurately reflects genuine neuronal activity
than that in normal brain (3–5), although systematic
investigations of this phenomenon are lacking.

Recent data indicate that cortical BOLD activation
can be reduced near glial tumors, both at the edge of
the tumor and in normal vascular territories some-
what removed from the tumor (4). Loss of regional
cerebral vasoactivity near these tumors has been sug-
gested to be a contributing factor (3, 4). At the inter-
face of tumors and normal brain, astrocytes and mac-
rophages can release nitric oxide that can regionally
increase CBF and decrease the oxygen extraction
fraction (11), which may also decrease BOLD signal
intensity differences (4). Tumor-induced changes in
regional tissue pH and glucose, lactate, and adeno-
sine triphosphate levels have been documented (12,
13), although such effects on BOLD-neuronal cou-
pling are not clear. Glial tumors can induce abnormal
vessel proliferation in adjacent brain (14–16), altering
regional CBF, CBV, vasoactivity, and potentially,
BOLD contrast. The degree of angiogenesis depends
on the grade of the tumor, and it is regionally variable
within a given glial neoplasm. Thus, subregions of an
active cortical field may be affected. Also, it is well
known that the infiltrative nature of glial tumors may

FIG 1. Sagittal SPGR images of a left
frontal astrocytoma centered in the left
subcentral gyrus and IFG. The tumor dis-
places the pars opercularis of the left IFG
superiorly and anteriorly, as demarcated
by the displaced inferior frontal sulcus (ar-
rows). The lower central sulcus (CS), pre-
central sulcus (Pre-CS), precentral gyrus,
and postcentral gyrus are displaced supe-
riorly and posteriorly.
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leave functional neurons within the tumor bed (17,
18); this may compromise neuronal contacts with the
capillary beds and astrocytes (19). Because astrocytes
may act to redistribute K� released by activated neu-
rons to those vessels that control resistance (20), loss
of astrocytic connections could contribute to the re-
duced BOLD response observed in this setting (4).
The consequences of these phenomena to BOLD
signal intensity are not fully characterized, but clinical
experience suggests that one or more of these factors
may reduce the BOLD signal intensity response to
cortical activation.

Other factors, including vasogenic edema and tu-
moral hemorrhage, could contribute to the observed
decrease in near-lesion BOLD contrast. Despite the
theoretical consequences of vasogenic edema induced
dilutional and tissue pressure changes on neurovas-

cular coupling, evidence for a substantial impact on
BOLD contrast is lacking in a small number of pa-
tients studied (3). The true impact of vasogenic
edema awaits further investigation in larger patient
populations with a range of tumor types. Microhem-
orrhages associated with intraparenchymal tumors
could hinder the detection of changing susceptibility
gradients that provide BOLD contrast, but confirma-
tion of this effect requires verification with histologic
correlation.

The potential for tumor-induced loss of BOLD
contrast is particularly worrisome in mapping func-
tional brain systems associated with asymmetric but
bilateral hemispheric activation, such as the language
and motor systems. The problem may arise from the
assumption that the relationship between BOLD con-
trast and neuronal activity observed in normal brains

FIG 2. Sagittal spoiled gradient-echo and fMR images of the left hemisphere show cortical activation, compared with intraoperative
mapping sites.

A, Language activation. BOLD language activation is displaced superiorly (yellow arrow) but located immediately anterior to language
function mapped intraoperatively (rectangle). A small amount of additional activation associated with the word-generation task (black
arrow) corresponds more closely to the intraoperative location of lip function (see image in C).

B, Tongue activation. BOLD tongue activation is situated between intraoperative maps of lip and language function, as would be
expected, but intraoperative attempts to find tongue motor function were unsuccessful.

C, Lip activation. Corticonuclear (tongue and lip) BOLD activation is in superiorly displaced precentral gyrus at the superior-posterior
edge of the tumor located immediately above the area of lip function mapped intraoperatively (rectangle).

D, Hand activation. The corticospinal (hand, elbow, and shoulder) cortical function is in the normal portion of the precentral gyrus
superior and posterior to the tumor. With these three areas, only intraoperative mapping of hand function was attempted, and the result
corresponded precisely with the location of BOLD activation (rectangle).

E, Elbow activation.
F, Shoulder activation.
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can be extrapolated to diseased brains. Given the
inherent variability in the BOLD activation area
among individuals and among various techniques, it is
appealing to scale activity in cortex involved by a
lesion to uninvolved cortex as an indicator of cortical
reorganization. A greater than expected proportion
of the nonlesional BOLD activation compared with
the perilesional BOLD activation (21, 22) may repre-
sent cortical reorganization. However, the present
case illustrates that reorganization can be simulated by
lesion-induced neurovascular uncoupling that causes re-
duced BOLD contrast despite the presence of genu-
inely functioning cortical neurons.

The pseudo-reorganization of language cortex in
this case may have been potentiated by a genuine
functional adaptive response to the presence of com-
promised left language cortex. Even in healthy indi-
viduals, increasing the relative difficulty of a unilat-
eral motor task is associated with increased ipsilateral
cortical activity (23). Additionally, functional motor
cortical reorganization can occur without morpho-
logic reorganization, through inhibitory-excitatory
neuronal exchange (24). Tumor-induced compromise
of cortical functions could cause the recruitment of
homologous brain regions in the uninvolved hemi-
sphere or in adjacent uninvolved brain, which is
needed to carry out a particular task in the absence of
genuine functional reorganization. The relatively ro-
bust activity observed in the right IFG and inferior

frontal sulcus in this case caused the appearance of
right-hemisphere language dominance. This finding
may have been the result of some actual shared-
hemisphere language function in this left-handed pa-
tient, recruitment of homologous brain regions, in-
complete cortical reorganization, or a combination of
factors. Despite the fMR imaging appearance, the
patient presented here was shown to have had left-
hemisphere language dominance.

Another interesting aspect of the case presented
here is the discrepancy in locations determined by
BOLD mapping versus those determined by intraop-
erative mapping near the tumor. Although the two
techniques showed excellent agreement for hand mo-
tor function somewhat removed from the tumor, both
language and lip motor function showed adjacency
but little overlap between the techniques. Previous
work demonstrated good agreement between fMR
imaging and intraoperative mapping, but displace-
ment of as much as 2 cm has been observed in a
minority of individuals (25). This effect could be due
to inaccuracies with the intraoperative mapping
method or with the BOLD fMR imaging technique,
particularly in brain adjacent to a tumor. The repro-
ducible intraoperative results observed throughout
the surgical procedure in this patient and the precise
agreement in location between techniques for hand
motor function suggests that fMR imaging was, at
least in part, the culprit in this case.

FIG 3. Images falsely suggesting strong
right-hemisphere dominance.

A–C, Axial (A), sagittal (B), and coronal
(C) SPGR fMR images show minimal left-
frontal language activity (crosshairs) dur-
ing a word-generation task.

C and D, Coronal (C) and sagittal (D)
fMR images show robust activity in the
right IFG and inferior frontal sulcus that
falsely implies right-hemisphere language
dominance in this individual.
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The lip movement paradigm used in this case could
have induced considerable tongue movement, causing
BOLD activity in the cortical tongue area. This, in
combination with tumor-induced neurovascular un-
coupling in the lip cortical area, could account for the
discrepancy in localized lip function between the
BOLD method and the intraoperative mapping tech-
niques. Also, tumor-induced neurovascular uncou-
pling could possibly have reduced BOLD contrast in
language cortex, leaving only a small amount of
BOLD signal intensity at the anterior edge of the
activated cortical field. This effect may account for
the more posterior location of language function, as
identified intraoperatively, compared with the fMR
imaging results. That is to say, cortical subfield neu-
rovascular uncoupling may erroneously infer concur-
rence between the epicenters of BOLD and neuronal
activity. In the case presented here, tongue activity
was robust and reproducible at fMR imaging, and it
was situated in the expected location between lan-
guage and lip function proved with intraoperative
mapping. However, it could not be found with the
intraoperative method. This observation may have
been due to limitations of the intraoperative tech-
nique in identifying eloquent cortex deep in a sulcus
and potentiated by tumor-induced anatomic distor-
tions or other logistical factors.

Conclusion
The consequences of misinterpreting tumor-in-

duced BOLD effects as cortical reorganization are
potentially serious. The fMR imaging appearance of
lesion-induced cortical reorganization from one
hemisphere to the other or from one region of brain
to an adjacent site could indicate genuine reorgani-
zation, decreased BOLD-neuronal coupling in in-
volved regions of brain compared with uninvolved
regions, or a combination of factors. The preopera-
tive appearance of glial tumor–induced cortical reor-
ganization generally warrants intraoperative confir-
mation before resection, as in this case. Until more
research is performed, caution should be exercised in
interpreting the fMR imaging appearance of cortical
reorganization caused by other brain diseases. This
case also suggests that the agreement between BOLD
fMR imaging and intraoperative mapping may de-
crease in cortex closer to the lesion of interest com-
pared with cortex removed from the lesion. This re-
sult is likely due to limitations of both techniques, and
it requires elucidation with further studies. At this
point, it is clear that fMR imaging and intraoperative
mapping are complementary methods.
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