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Case Report

Decreased BOLD Functional MR Activation of the Motor
and Sensory Cortices Adjacent to a Glioblastoma

Multiforme: Implications for Image-Guided Neurosurgery

Andrei I. Holodny, Michael Schulder, Wen Ching Liu, Joseph A. Maldjian, and Andrew J. Kalnin

Summary: A patient with a glioblastoma multiforme and
mild sensorimotor deficits had significantly less activation
of the motor and sensory cortices on the side with the tu-
mor than on the contralateral side on blood oxygen level–
dependent (BOLD) functional MR images. This difference,
which may be due to pressure effects or loss of vascular
autoregulation, should be considered in preoperative plan-
ning in which BOLD functional MR imaging is used to
identify eloquent cortices to be avoided during brain tumor
surgery.

In malignant gliomas, the length and quality of sur-
vival are improved with maximum tumor resection
(1–4). Therefore, the goal of neurosurgery in the
treatment of malignant gliomas is to resect as much
of the tumor as possible while preserving important
brain functions (3–5). Anatomic identification of
the eloquent cortices to be avoided during surgery
is complicated by distortion of the anatomy of mass
lesions (5–9) and by the fact that the functional
cortex does not always correspond to its expected
anatomic location (5, 9–14). Presurgical blood ox-
ygen level–dependent (BOLD) functional MR im-
aging has been used to define functional cortices of
the brain in preoperative planning for glioma sur-
gery (3, 4, 15, 16).

BOLD functional MR imaging is based on the
premise that brain activation is inherently linked to
an increase in blood flow in the area of activation
that is disproportionate to the increase in oxygen
consumption. This accounts for the changes in sig-
nal intensity registered by the BOLD functional
MR imaging technique (17). However, a number of
factors are known to affect the blood flow in areas
of the brain adjacent to a tumor. For example, it is
know that vascular autoregulation can be lost in
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and around gliomas (18). It is also possible that the
mass effect of a large tumor mass may affect the
adjacent circulation. If such autoregulation is lost
in brain tissue that is still functioning, then this area
may not respond to increased neural activity by a
corresponding increase in blood flow. Consequent-
ly, the area in question may not show a statistically
significant change on the BOLD functional MR im-
ages. This may cause false-negative results, which
may lead the neurosurgeon to resect an area of
functioning cortex.

Case Report
A 40-year-old man with a right-sided glioblastoma multi-

forme, diagnosed 14 months earlier, presented with a gener-
alized seizure. No focal deficit was evident on examination.
The patient underwent stereotactic biopsy and fractionated ra-
diotherapy (54 Gy in 30 fractions to the enhancing margins
plus 3 cm), along with intravenous chemotherapy with BCNU.
Stereotactic radiosurgery was performed 6 months after diag-
nosis as an adjuvant therapy.

On the current admission, the patient was disoriented, had
a dense left hemiparesis, and left-sided neglect. A routine di-
agnostic MR study showed a large peripherally enhancing
mass in the right temporoparietal area. The mass measured 5.5
3 4.5 3 4.0 cm and had a central area of hypointensity, pre-
sumably representing central necrosis. The area of enhance-
ment was surrounded by edema, which extended to involve
almost the entire right hemisphere, including the white matter
of the right pre- and postcentral gyri. The areas of enhance-
ment and central necrosis did not extend to involve the gyri
in the expected locations of the homunculi of the arm and leg.
Instead, the area of enhancement involved the brain just pos-
terior to the expected location of the sensory cortex for the left
hand. There was significant mass effect and midline shift. The
right pre- and postcentral gyri were displaced anteriorly by the
mass.

High-dose steroids significantly improved the patient’s
symptoms within 2 days, to the point where functional MR
imaging could be performed. Just before the imaging exami-
nation, the patient exhibited mild weakness in the left arm,
including a left pronator drift. The sensory changes in the left
arm were limited to a mild degree of numbness and tingling.

Surgical resection was planned in order to reduce mass ef-
fect and implant BCNU-impregnated wafers (Gliadel, Rhone-
Poulenc Rorer, Collegeville, PA). Functional MR imaging was
done to define the location of the sensorimotor cortex in re-
lation to the lesion, and to register it to a surgical navigation
system for real-time intraoperative localization, as described
by Maldjian et al and Schulder et al (3, 4). The patient under-
went paradigms to identify both the motor and sensory corti-
ces. The motor paradigm consisted of alternating periods of
30 seconds of rest and 30 seconds of self-paced finger tapping
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FIG 1. Axial T1-weighted images with coregistered functional MR images obtained during a bilateral motor paradigm show a larger
volume of activation on the normal side than on the side with the tumor (arrows). This effect is seen for different correlation coefficients
(r). The red areas indicate significant activation for r 5 .48, P , .01. The yellow areas indicate significant activation for r 5 .60, P ,
.01. Notwithstanding the difference in the volume of activation, one is still able to identify the motor cortex on the side with the tumor.
The motor cortex on the right is displaced anteriorly and superiorly by the tumor mass. The accessory motor area is seen at the midline
in the superiormost image (bottom right).

for a total of three periods of rest and two periods of activation.
The patient was observed to make sure that he performed the
paradigm accurately. No difference was detected in the per-
formance of the motor paradigms between the right and left
hands. The sensory paradigm consisted of having a physician
rhythmically squeeze the patient’s fingers at a frequency of
1 Hz. The timing of the periods of rest and activation was
identical to the motor paradigm. Likewise, the sensory para-
digms were performed by one of the authors in an identical
manner for both hands.

The functional data were acquired using the BOLD tech-
nique (gradient-echo echo-planar imaging) with parameters
of 2000/60 (TR/TE), 14 sections, 64 3 64 matrix, and a sec-
tion thickness of 5 mm with no gap. A contrast-enhanced
(0.1 mmol/kg gadopentetate dimeglumine) T1-weighted im-
age was obtained immediately afterward. The raw functional
MR imaging data were analyzed off-line using a SPARC20
workstation and software written in IDL, described previous-
ly (3, 4). Functional MR imaging maps were generated using
a cross-correlation technique (19). The functional MR im-
aging data were coregistered to the high-resolution contrast-
enhanced image. These fused images were transferred to a
neurosurgical guidance system over an Ethernet connection,
allowing the neurosurgeon to identify not only the anatomy
but also the functional areas of the brain by viewing the dis-
play in the operating room (3, 4).

BOLD functional MR images showed robust activation in
the expected locations on the motor and sensory homunculi
for the corresponding motor and sensory paradigms for the
side of the brain without the tumor. Using a correlation coef-
ficient of r 5 .60 and .48 (correlating the changes in signal
intensity on the BOLD functional MR image to the paradigm),

we identified volumes of activation of 1.40 cm3 and 2.31 cm3,
respectively, in the motor homunculus (P , .01) (Fig 1). For
the sensory homunculus, the respective volumes of activation
were 0.49 cm3 for r 5 .60 and 2.03 cm3 for r 5 .40 (P ,
.01) (Fig 2).

For the side of the brain with the tumor, the location of the
motor cortex, as defined by functional MR imaging, corre-
sponded to its expected anatomic location. However, the vol-
ume of activation was reduced, especially when the higher cor-
relation coefficient was used. For r 5 .60, there was no
activation; for r 5 .48, the volume of activation was 0.63 cm3

(Fig 1). For the sensory cortex, there was no activation for
either correlation coefficient for up to P , .1 (Fig 2). At sur-
gery, the motor cortex was identified by using direct bipolar
stimulation as well as phase reversal of somatosensory evoked
potentials. This location corresponded to that predicted by
functional MR imaging registered to the surgical navigation
device. Frozen section was consistent with radiation necrosis
and tumor. A gross total resection of the tumor was performed,
followed by Gliadel implantation. The patient was discharged
several days later with no change in the sensorimotor deficits
as compared with the prefunctional MR imaging examination.

Discussion
The development of a system by which func-

tional MR imaging data coregistered to high-reso-
lution anatomic images can be viewed intraopera-
tively to guide resection has recently been
described (3, 4). Such a system, in which the neu-
rosurgeon can identify the eloquent cortices adja-
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FIG 2. Axial T1-weighted images with coregistered functional MR images obtained during right-hand (top row, left sensory cortex) and
left-hand (bottom row, right sensory cortex) sensory paradigms. The right-hand sensory paradigm shows robust activation in the left
postcentral gyrus at different correlation coefficients (r ). The red areas indicate activation for r 5 .48, P , .01. The yellow areas indicate
activation for r 5 .60, P , .01. The left-hand sensory paradigm fails to show activation in the right postcentral gyrus (located just anterior
to the tumor mass), even with P , .10.

cent to a tumor by the use of a probe, has obvious
advantages. Since the eloquent cortices are identi-
fied preoperatively, the exposure during surgery is
limited. In addition, the length of the operation is
curtailed, since the time-consuming and cumber-
some intraoperative physiological tests to identify
the appropriate functional areas of the brain are
eliminated. Recent publications have indicated ex-
cellent correlation between BOLD functional MR
imaging and intraoperative physiological tests to
identify the motor cortex (3, 4).

In this case, BOLD functional MR images
showed diminished activation in the motor cortex
and no activation in the sensory cortex on the side
with the tumor in a patient with mild sensorimotor
deficits. This finding raises an important issue re-
garding the ability of functional MR imaging to
define eloquent cortices adjacent to glioblastoma
multiforme. Specifically, what are the limits of
BOLD functional MR imaging data used to guide
resection of a tumor near an eloquent cortex?

Notwithstanding the difference in the volume of
activation, the motor gyrus was still identified in
the present case using preoperative BOLD func-
tional MR imaging. By extrapolation, the sensory
gyrus was identified as the gyrus directly posterior
to the motor gyrus, even though the sensory gyrus
on the side with the tumor was not directly iden-

tified on MR images. Surgery based on intraoper-
ative identification of the motor gyrus by physio-
logical methods (which corresponded to the motor
gyrus on BOLD functional MR images) resulted in
no deficits. Nevertheless, a word of caution must
be raised. If the present technology is applied in-
discriminately to guide resection, especially in ar-
eas directly adjacent to areas of activation or within
the motor gyrus itself, it may lead to resection of
a cortex that has lost the ability to be detected by
BOLD functional MR imaging but that is still
functioning.

The phenomenon described in this report may be
accounted for by the following mechanism. It has
been demonstrated by angiography as well as by
MR imaging that there is a loss of autoregulation
of the tumor vasculature in malignant gliomas. For
example, the vasculature of gliomas has shown an
abnormal response to various physiological and
pharmacologic challenges, including hypocapnia
induced by hyperventilation (18, 20), hypercapnia
(20), induced hypertension (21), and papaverine in-
jection (21). These differences in tumor vasculature
were more notable in malignant gliomas than in
benign gliomas (18, 21). What may have occurred
in the present situation is that the tumor vasculature
in the motor and sensory cortices had diminished
or absent capability for autoregulation. This may
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have precluded an increase in blood flow in the
expected area of activation that normally occurs
subsequent to motor or sensory activity. A lack of
increased blood flow to the expected area of acti-
vation would significantly limit the ability of
BOLD functional MR imaging to detect activation.

It is also known that there is increased pressure
in the area adjacent to gliomas. Radiologically, this
is manifest as mass effect and midline shift. A sig-
nificant percentage, if not the majority, of the signal
change from BOLD functional MR imaging is due
to a change in the oxygenation state of the hemo-
globin in the venules and larger veins, as opposed
to the capillaries (22, 23). Venous structures are
normally under low pressure and are imminently
compressible. What might have occurred to explain
the present situation is that the increased mass ef-
fect compressed the venules and larger veins, there-
by speeding the egress of oxyhemoglobin-laden
blood from the area of activation. This led to a
decrease in the relative concentration of oxyhe-
moglobin in the area of activation, which in turn
resulted in an effective decrease in the difference
in the concentration of oxyhemoglobin between the
resting and active states. This would lead to a de-
creased ability of functional MR imaging to detect
changes between the resting and active states. It is
possible that the two mechanisms described above
are both responsible for the phenomenon described.

Conclusion
This case raises a number of fundamental ques-

tions regarding the validity of BOLD functional
MR imaging as a reliable indicator of functioning
cortex adjacent to a malignant glioma. Until now,
BOLD functional MR imaging has had excellent
correlation with intraoperative physiological tests
and postoperative results. However, it is axiomatic
that no test is 100% reliable, especially when it
pertains to something as complex as brain function.
It is, therefore, important to determine whether the
present case is an anomaly or whether it is indic-
ative of a fundamental limitation of this method. If
such a limitation is identified, future studies should
determine its nature, under what circumstances it
occurs, and what can be done to avoid it.
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