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The Effect of Brain Tumors on BOLD Functional MR
Imaging Activation in the Adjacent Motor Cortex:

Implications for Image-guided Neurosurgery

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

BACKGROUND AND PURPOSE: Functional MR (fMR) imaging data coregistered to a neu-
rosurgical navigation system have been proposed as guides for the resection of brain tumor in
or adjacent to eloquent cortices. The purpose of this study was to compare data obtained from
the side of the brain affected by tumor with the contralateral side and to determine if there
are physiological limitations of fMR imaging in accurately determining the location of the
primary motor cortex.

METHODS: Ten patients with tumors in or directly adjacent to the motor cortex were
studied with fMR imaging (finger-tapping paradigm). fMR imaging data were analyzed using
multiple R values. These data were coregistered to a real-time intraoperative neurosurgical
navigation system.

RESULTS: Significant variability of motor cortex activation patterns was noted among in-
dividual patients. The activation volumes on the side of the tumor were significantly smaller
compared with the contralateral side for all tumors not previously resected (0.6660.47). This
was most pronounced in glioblastomas (0.2760.21). We propose that these differences were
caused by a loss of autoregulation in the tumor vasculature of glioblastomas and venous effects.

CONCLUSION: Notwithstanding the differences noted, the motor cortex was identified suc-
cessfully in all patients. This was confirmed by intraoperative physiological identification of the
motor cortex and a lack of postoperative neurologic deficit.

The goal of brain tumor surgery is to maximize
tumor resection while preserving important brain
function (1–3). It has been shown that the length
and quality of survival among patients with brain
tumors is improved with maximized tumor resec-
tion in both malignant gliomas and menigiomas (1,
2, 4–6). In order to preserve vital neurologic func-
tion controlled by the brain tissue directly adjacent
to or involved by the tumor, it is important for the
neurosurgeon to be able to identify the anatomic
location of this eloquent cortex intraoperatively.
Morphologic identification of the eloquent cortices
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to be avoided during surgery is complicated by dis-
tortion of the anatomy of mass lesions (3, 7–10)
and by the fact that the functional cortex does not
always correspond to its expected anatomic loca-
tion (3, 10–15). Traditionally, the eloquent cortices,
such as the motor cortex, have been identified in-
traoperatively by physiological methods such as di-
rect cortical stimulation or somatosensory evoked
potentials (2).

A number of investigators have reported that pre-
surgical blood-oxygen-level–dependent (BOLD)
functional MR (fMR) imaging can be used to define
functional cortices of the brain in preoperative plan-
ning for glioma and meningioma surgery (1, 2, 16,
17). Methods based on preoperative identification of
the eloquent cortices by functional imaging would
be advantageous, because they avoid certain diffi-
culties encountered by intraoperative methods. First,
identification of the eloquent cortices would occur
preoperatively, which would decrease the length of
surgery and the time the patient would be under
anesthesia. Second, intraoperative identification of
some eloquent cortices, such as the language cortex,
requires the patient to be awake during the operation
(2). Third, intraoperative physiological methods are
occasionally unsuccessful.



AJNR: 21, September 20001416 HOLODNY

Quantitative data from functional and anatomic MR images in patients with tumors in or adjacent to the motor cortex

Pt.
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F
F
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F
M
F
M
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Metastasis
Meningioma
Meningioma
Meningioma
Meningioma
Meningioma
Glioblastoma multiforme
Glioblastoma multiforme
Glioblastoma multiforme
Oligodendroglioma

No
No
Leg weakness
No
No
No
No
No
Mild arm weakness
No

0
10
0
0
0
0
8
0
0

15

1284
7146
7380

75561
14127
8760
798

25524
83158
15240

27027
11310
46860

0
7505
9188
3684

30855
249474
80745

3
1
3
0
3
2
0
2
3
1

1.53
0.58
0.4
0.55
1.2
4.5
0.5
0.21
0.09
0.87

2.07
0.98
1.15
0.51
0.87
0.97
1
1.62
1.51
1.09

0.74
0.59
0.35
1.09
1.38
4.64
0.5
0.13
0.06
0.8

Before preoperative methods based on fMR im-
aging can replace the current standard, however, the
accuracy of the former must be established. Anal-
ysis of fMR imaging data is based on statistical
methods. It is axiomatic that application of differ-
ent statistical parameters to define the volume of
the eloquent cortex in question would lead to dif-
ferent results. For example, in evaluating the motor
cortex, if one uses a lower correlation coefficient
(R value) or a higher significance (P value), the
volume of activation, which defines the motor cor-
tex, would be larger. This raises a fundamental
question of critical importance to the surgeon, es-
pecially when the tumor to be resected coincides
with one volume of activation but not with the oth-
er: which R and P value is optimal to define the
volume of activation?.

A recent report (18) has raised a number of ques-
tions that may limit the accuracy of BOLD fMR
imaging in defining eloquent cortices adjacent to
brain tumors. It is known that there is a loss of
autoregulation of the vasculature of malignant gli-
omas. Angiographic and MR studies have shown
that the blood vessels of a glioma respond much
less vigorously to a number of physiological stim-
uli. BOLD fMR imaging is based on there being a
difference in the volume of blood flow and the con-
centration of deoxyhemoglobin in the area of ac-
tivation with increased neural activity. If this loss
of autoregulation of the glioma blood vessels ex-
tends to the inability of blood vessels to respond
normally to increased neural activity, this would
limit the ability of BOLD fMR imaging to define
accurately the area of increased neural activity in
an eloquent cortex involved by a glioma. Herein,
we shall compare the volumes of activation be-
tween the side of the brain with tumor and the con-
tralateral side by using different statistical param-
eters to determine if there is a difference between
the activation patterns.

Methods
Ten patients were studied, of whom five had menigiomas,

three glioblastoma multiforme, one oligodendroglioma, and

one metastasis (Table). In all of the patients, the tumor was
either in or was directly adjacent to the primary motor cortex.
All patients underwent a physical examination, with specific
attention paid to the neurologic function elicited from the area
of the brain that was being considered for surgery. All patients
obtained a routine anatomic MR examination within 3 weeks
prior to the fMR scan and surgery. Imaging included an axial
T1-weighted (500/14/1 [TR/TE/excitations]), balanced (2500/
30/0.5), and T2-weighted (2500/85/0.5) scans. After the IV
administration of 0.1 mmol/kg of Gd-DTPA, axial (500/14),
T1-weighted images were obtained. All of the scans were per-
formed on a 1.5-T unit. The matrix size was 256 3 256, the
field of view was 230 mm, and the slice thickness was 5 mm
with a 1 mm interslice gap.

Quantitative data were obtained for the volume of peritu-
moral edema by drawing regions of interest around the areas
of T2 signal abnormality that were outside the tumor mass on
each slice. To obtain the volume of the tumor itself, a region
of interest was drawn around the area of enhancement for all
tumors that exhibited significant enhancement (all of the tu-
mors except the oligodendroglioma). The volume of the oli-
godendroglioma was obtained by measuring the tumor mass,
as seen on the T2-weighted image. The volume of the motor
cortex itself was also determined for each patient by drawing
a region of interest of the entire precentral gyrus, not only the
volume of activation. For each volumetric measurement (per-
itumoral edema, volume of the tumor, and volume of the motor
cortex), the area of each region of interest was multiplied by
the slice thickness plus the interslice gap, to give a volume for
each slice. The volumes of every slice were then added to give
the total volume.

A qualitative assessment was performed as to the degree of
involvement of the motor cortex (as defined by the fMR study
and later confirmed by intraoperative methods) by peritumoral
edema. A value of 3 indicated marked involvement, a 2 indi-
cated moderate involvement, a 1 indicated questionable in-
volvement, and a 0 indicated no involvement.

The closest distance from the tumor to the motor cortex was
determined. The motor cortex was defined as the gyrus indi-
cated to be the primary motor cortex by the fMR study. For
the purpose of this measurement, the tumor was defined as the
area of enhancement for all tumor exhibiting significant en-
hancement (all of the tumors except the oligodendroglioma).
For the oligodendroglioma, the tumor was defined as the mass
as seen on the T2-weighted image. It is acknowledged that in
glial tumors, malignant cells are identified in biopsy material
far past the borders of enhancement.

fMR imaging was performed to define the location of motor
cortex in relation to the lesion, and to register it to a surgical
navigation system for real-time intraoperative localization, as
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described by Maldjian et al and Schulder et al (1, 2). The fMR
scan was obtained 1 day prior to surgery. The patient per-
formed a finger-tapping paradigm to activate the motor cortex.
This consisted of alternating periods of 30 seconds of rest and
30 seconds of bilateral self-paced finger tapping for a total of
3 periods of rest and 2 periods of activation. The patient prac-
ticed the paradigm before the scan. The patient was observed
to make sure that s/he performed the paradigm accurately dur-
ing acquisition of the fMR imaging data. At the time of the
scan, none of the patients exhibited any hand weakness. No
difference was observed between the right and left hands dur-
ing the patients’ performance of the motor paradigms.

The functional data were acquired using the BOLD tech-
nique (gradient-echo echo-planar imaging, 2000/60 [TR/TE],
14 slices, 64 3 64 matrix, 5-mm slice thickness with no gap).
A contrast-enhanced (Gd-DTPA 0.1 mmol/kg) T1-weghted
scan (500/14 [TR/TE], 256 3 256 matrix, 230-mm field of
view, and 3-mm slice thickness with no gap) was obtained
immediately afterward.

The raw fMR data were analyzed off line using a SPARC20
workstation and software written in IDL, as previously de-
scribed (1, 2). fMR maps were generated using a cross-corre-
lation technique (19) for multiple R values ranging from 0.90
to 0.40, at an interval of every 0.05. For every R value, a
region of interest was drawn around the area of activation in
the primary motor cortex, as defined by the fMR data. In draw-
ing the regions of interest of the primary motor cortex, care
was taken not to include the activation that was frequently
noted in the sensory cortex and in the supplementary motor
area. Areas of activation directly adjacent to but outside the
motor gyrus itself were also excluded, because they may have
represented contamination from cortical veins.

For each patient, an optimal R value was determined. This
determination was based on the subjective evaluation by a fel-
lowship-trained neuroradiologist regarding which R value best
demonstrated the motor cortex while minimizing activation in
the area in the brain thought to represent noise. The ratio of
the volume of activation between the side with the tumor and
the contralateral side was determined for the optimal R value
as well as for R values 0.05 above and below the optimal R
value. A value termed the relative activation was determined
by averaging the ratios of the optimal R value with the R
values 0.05 above and below the optimal R value and is illus-
trated in the following equation:

relative activation

5 [VA(T)/VA(N) 1 VA(T)/VA(N)OR OR

1 0.05 1 VA(T)/VA(N) 2 0.05]/3OR

where: VA(T) 5 volume of activation in the motor cortex on
the side with the tumor, VA(N) 5 volume of activation in the
motor cortex on the side without the tumor, OR 5 at the op-
timal R value for each specific patient, and OR10.05 5 at the
optimal R value 1 0.05 for each specific patient, and OR-0.05
5 at the optimal R value2 0.05 for each specific patient

The relative volume of the motor cortex was determined for
each patient by normalizing the volume of the side with the
tumor to the contralateral side.

Vmc(T)
relative volume of the motor cortex 5

Vmc(N)

where: Vmc(T) 5 volume of the motor cortex on the side with
the tumor and Vmc(N) 5 volume of the motor cortex on the
side without the tumor

For each patient, an adjusted activation, defined as the rel-
ative activation normalized to the ratio of the volumes of the
motor cortices, was determined.

adjusted activation

relative activation
5

relative volume of the motor cortex

The fMR data using the optimal R value was coregistered
to the high-resolution contrast-enhanced scan. These fused im-
ages were transferred to a neurosurgical navigation system
over an ethernet connection. During the operation, the neuro-
surgeon was able to define any point on the brain by the use
of a probe. The defined point was displayed simultaneously in
real time in three orthogonal plains and in a 3D rendering.
Because the fMR data identifying the primary motor cortex
were coregistered to the anatomic images, the neurosurgeon
was able to identify not only the anatomy but also the func-
tional areas of the brain by using the display in the operating
room (1, 2). The neurosurgeon was able to visualize the rela-
tionship of the point defined by the probe to the tumor and to
the adjacent primary motor cortex. The motor cortex was also
identified by physiological methods including direct cortical
stimulation and somatosensory evoked potentials during the
operation. Owing to ethical considerations and institutional re-
view board restrictions, the volume of resection was deter-
mined by the intraoperative physiological methods. Histologic
confirmation was obtained for all of tumors. After surgery, the
patients were assessed both during the immediate postoperative
period and by multiple follow-up examinations to determine
whether they had undergone neurologic deterioration, which
could be attributed to resection of functioning eloquent cortex.

Results
The gyrus, which represented the primary motor

cortex, was identified in every case by the intra-
operative physiological methods. In every case, this
correlated to the gyrus, which was predicted by the
preoperative fMR scans. Postoperatively, none of
the patients suffered any new neurologic deficits.
All cases were confirmed histologically.

General Considerations in Defining the Motor
Cortex

Notwithstanding the ability of fMR to predict suc-
cessfully the primary motor gyrus, there was a wide
variability in a number of factors used to define the
motor cortex (Table). This included the optimal R
value, the volume of activation at the optimal R val-
ue, the first R value where activation was identified,
and the pattern of activation at different R values.
The optimal R value had an average 6SD of
0.5860.09. The range was 0.75 to 0.45. The average
6SD of the R value at which activation first oc-
curred was 0.71 60.09. The range was 0.85 to 0.55.
The mean 6SD of the volume of activation at the
optimal R value was 1,2606412 mm3. The range
was 816 to 1905 mm3. A large variation was also
noted in the in the volume of activation at P,.05.
The mean 6SD is 300961327 mm3.

Differences between the Hemisphere with the
Tumor and the Contralateral Hemisphere

Significant differences were noted in the activa-
tion patterns between the hemisphere with the tu-
mor and the contralateral hemisphere. Counting all
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FIG 1. A, BOLD fMR activation from a finger-tapping paradigm coregistered to an axial T1-weighted image (500/14 [TR/TE]) in patient
9. Pathologic analysis revealed a right parietal lobe glioblastoma multiforme. The areas in yellow correspond to an R value of 0.65. The
areas in red correspond to an R value of 0.50. There is robust activation in the left motor cortex. The activation in the right motor cortex
is barely perceptible (arrows).

B, A graph of the volume of activation for different R values for patient 9. For all R values that reveal activation, the volume of
activation is greater on the side opposite the tumor.

patients, the mean 6SD of the relative activation
was 1.0461.29. If one excludes the only case that
was operated on previously (case 6), the mean 6SD
of the relative activation was 0.66 6 0.47. The mean
relative activation 6SD was the smallest for the
glioblastoma multiforme group (0.276 0.21) (Fig 1
and 2). Therefore, of all the pathologic entities, the
difference between the volume of activation on the
side with the tumor and the contralateral side was
greatest for glioblastoma multiformes. For the me-
ningiomas, the relative activation 6SD was
1.4561.73. If one excludes the case operated on
previously (case 6), then the relative activation 6SD
was 0.6860.35.

Significant differences in the volume of the mo-
tor cortex itself were noted in four patients. In pa-
tient 4, a large meningioma caused marked physical
compression of the adjacent motor cortex, leading
to decreased volume of the motor cortex on the side
with the tumor relative to the contralateral side by
a factor of 0.51 (Table). In three cases, there was
a prominent degree of edema, which led to a dif-
ference in the volume of the motor cortex. Two of
these cases were glioblastomas (patient 8 and 9),
and one was a metastasis (patient 1). The ratio of
the volumes of the motor cortices was 1.62 (patient
8) and 1.51 (patient 9) for the glioblastomas and
2.07 for the metastasis (Table). For the other six
patients, the volumes of the two motor cortices
were within 15% of each other.

The measurement of adjusted activation (the rel-
ative activation adjusted for the differences in the
volume of the motor cortex itself) is displayed in
the Table. Counting all patients, the mean 6SD of
the relative activation was 1.0361.33. If one ex-
cludes the only case that was operated on previ-
ously (case 6), the mean 6SD of the relative acti-
vation was 0.6360.43. The adjusted activation
6SD was also the smallest for the glioblastoma
multiforme group (0.2360.24). For the meningio-

mas, the adjusted activation 6SD was 1.6161.74.
If one excludes the case operated on previously, the
relative activation 6SD was 0.8560.47.

Discussion
A real-time intraoperative system, which allows

the neurosurgeon to visualize not only the morpho-
logic features of the brain directly, including the
pathologic features, but also accurately delineate
functional cortices adjacent to the tumor to be re-
sected, would be of obvious benefit. Many such
systems, some based on BOLD fMR imaging (1,
2, 20, 21) and others on different imaging tech-
niques (22, 23), have been proposed. In order for
any such system to become accepted for general
use, its accuracy must be established. In addition,
possible limitations of a proposed system and the
conditions in which these limitations occur must
also be defined.

In this study, we present the results of 10 patients
with brain tumors in or directly adjacent to the pri-
mary motor cortex. In these patients, the motor cor-
tex was defined by BOLD fMR imaging. fMR data
were confirmed intraoperatively by physiological
methods and by postoperative assessment of neu-
rologic status. Using the same statistical parame-
ters, the results indicate that there is a considerable
variation in the volumes of activation in the pri-
mary motor cortices of different patients. In addi-
tion, there appears to be a significant difference in
the volumes of activation between the side of the
brain with the tumor and the contralateral side.

The discussion will focus first on possible rea-
sons for the differences observed in the volume of
activation between the side with the tumor and the
contralateral side. Specifically, the possible causes
for such a difference and whether this represents a
fundamental limitation of this method will be ex-
plored. Secondly, general principles on the use of



AJNR: 21, September 2000 BRAIN TUMORS 1419

FIG 2. A, BOLD fMR activation from a finger-tapping paradigm coregistered to an axial T1-weighted image (500/14 [TR/TE]) in patient
8. Pathologic analysis revealed a left frontoparietal glioblastoma multiforme. The areas in yellow correspond to an R value of 0.72. The
areas in red correspond to an R value of 0.67. There is robust activation in the right motor cortex. It is interesting to note that the
activation is seen along the most anterior and posterior aspects of the precentral gyrus. This is the location of the cortical gray matter.
The central portion of the gyrus (which contains the white matter tracts) does not reveal activation. On the right side, activation is
appreciated in the postcentral gyrus, which most likely represents the sensory cortex. Activation is also identified in the left motor cortex;
however, the volume is much less than on the side without the tumor. The activation on the left side is seen in the most superior and
medial part of the precentral gyrus—the area relatively spared by the glioma.

B, A graph of the volume of activation for different R values for patient 8. As in Figure 1, for all R values that reveal activation, the
volume of activation is greater on the side opposite the tumor. The absolute volume of activation and the pattern of activation, however,
differ from patient 9.

statistical analysis to optimize localization of the
primary motor cortex will be investigated.

Differences in the Volume of Activation between
the Hemisphere with the Tumor and the

Contralateral Hemisphere
The results indicate that there are significant dif-

ferences between the volumes of activation on the
side with the tumor and the contralateral side. This
difference was most pronounced in the cases of
glioblastoma multiforme (Fig 1 and 2). The ad-
justed activation 6SD was 0.2360.24. All of the
glioblastoma multiformes had relative and adjusted
activations less than 0.5. The glioblastoma with the
greatest relative and adjusted activation was a very
small tumor with a volume of less than 1 cm3 and
a volume of surrounding edema of 3.7 cm3. The
other glioblastomas had relative and adjusted acti-
vations that were all less than or equal to 0.21. This
means that the ratio of the volume of activation on
the side with the tumor to the contralateral side was
almost 5:1. Meningiomas exhibited a great vari-
ability in both the relative activation and in the ad-
justed activation. The mean 6SD for meningiomas
was 1.4561.73 (relative activation) and 1.6161.74
(adjusted activation). A number of reasons will be
considered as the possible causes of the described
difference. These include the loss of autoregulation,
contribution of the venous component, effect of
edema, and the size of the tumor.

In case number 4 (Fig 3), a meningioma, there
was prominent activation of the motor cortex on the
side contralateral to the tumor at R values of 0.65,
0.70, and 0.75 that allowed for accurate delineation
of the primary motor cortex. At these R values, there

was very little activation on the side with the tumor.
At R values of 0.50, 0.55, and 0.60, however, the
activation in the primary motor cortex approached
the activation on the contralateral side. This oc-
curred before the onset of noise in areas of the brain
not related to the neural control of motor function.
This example emphasizes the need to evaluate each
patient individually at multiple R values.

Loss of Autoregulation
The difference in the volume of activation be-

tween the two sides was most pronounced in glio-
blastomas. It is possible that the phenomenon de-
scribed in this report may be accounted for by the
following mechanism. It is known from both an-
giographic as well as MR studies that tumor vas-
culature in malignant gliomas loses the ability of
autoregulation. In angiographic studies, the vascu-
lature of gliomas revealed an abnormal response to
various physiological and pharmacological chal-
lenges including hypocapnia induced by hyperven-
tilation (24, 25), hypercapnia (25), induced hyper-
tension (26), and papavarine injection (26).

BOLD fMR imaging is based on the premise that
increased neural activity is inherently linked both
temporally and spatially to an increase in blood
flow and resultant changes in deoxyhemoglobin
concentration (27). If, however, the brain’s ability
to autoregulate the flow of blood is lost in brain
tissue, which is still functioning, then this area may
not respond to increased neural activity by a cor-
responding increase in blood flow. Consequently,
the area in question may not show a statistically
significant change on the BOLD fMR images.
What may occur in this situation is that the tumor
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FIG 3. A, BOLD fMR activation from a finger-tapping paradigm coregistered to an axial T1-weighted image (500/14 [TR/TE]) in patient
4. Pathologic analysis revealed a left frontal lobe meningioma. There is prominent activation of the motor cortex on the side contralateral
to the tumor, at R values of 0.70 (yellow) that allows for accurate delineation of the primary motor cortex. At these R values, there is
very little activation on the side with the tumor. At R values of 0.55 (red), however, the volume of activation in the primary motor cortex
of the side with the tumor approaches the activation on the contralateral side. This occurs before the onset of ‘‘noise’’ in areas of the
brain not related to the neural control of motor function. This example emphasizes the need to evaluate each patient individually at
multiple R values. Areas of activation located outside the brain over the right frontal convexity probably represent cortical venous
drainage.

B, A graph of the volume of activation for different R values for patient 4. There is a large difference in the volume of activation
between the two sides for R values between 0.65 and 0.75. At 0.50, however, the volume of activation on the two sides is almost the
same.

vasculature in the motor cortex has diminished or
absent capability for autoregulation. This may pre-
clude an increase in blood flow in the expected area
of activation that normally occurs secondary to mo-
tor activity. A lack of increased blood flow to the
expected area of activation would significantly lim-
it the ability of BOLD fMR imaging to detect
activation.

It is not known whether the loss of autoregula-
tion of the vasculature of glioblastomas to the
aforementioned challenges connotes that there is
also a loss of autoregulation with increased neural
activity related to finger tapping. Many factors,
however, seem to support this contention. First, it
appears that the effect described herein is most
prominent in intraaxial tumors. One would not ex-
pect the loss of autoregulation described for glio-
mas to affect extraaxial tumors. It would seem un-
likely that a tumor that, for the most part, exists
outside the brain would affect the autoregulation
properties of vessels, which are physically removed
from the tumor itself. Secondly, the loss of auto-
regulation described in the literature for the glial
tumors was much more prominent in glioblastoma
multiforme than in more benign glial tumors (24,
26). The data from this investigation demonstrate
that the difference in the volume of activation be-
tween the two sides was much more pronounced in
glioblastoma multiforme (patients 7, 8, and 9) than
in the patient with the more benign intraaxial tumor
(patient 10).

Contribution of a Venous Component
A significant percentage, if not the majority, of

the signal change from BOLD fMR images is due

to a change in the oxygenation state of the hemo-
globin in the venules and larger veins, as opposed
to the capillaries (28, 29). Because the venules, and
especially the larger veins, are removed from the
exact location of the neural activation, it follows
that BOLD fMR signal may not be an exact spatial
representation (albeit by a rather small distance) of
the actual brain activation. This fact has been a
cause of uncertainty as to the exact correlation of
the BOLD fMR signal to the exact location of the
actual activation in the brain (28, 29). In terms of
the current study, the signal in the draining venules
and veins may affect the BOLD fMR signal inten-
sity in two ways.

There is increased pressure in the area adjacent
to brain tumors. Radiologically this manifests as
mass effect and midline shift. Venous structures are
normally under low pressure and are imminently
compressible. What might occur to explain the pre-
sent situation is that the increased mass effect com-
presses the venules and larger veins, thereby speed-
ing the egress of deoxyhemoglobin-laden blood
from the area of activation. This leads to a decrease
in the relative concentration of deoxyhemoglobin
in the area of activation, which in turn results in
an effective decrease in the difference in the con-
centration of deoxyhemoglobin between the resting
and active states. This would lead to a decreased
ability of fMR imaging to detect changes between
the resting and active states (18).

In addition, brain tumors are almost invariably
accompanied by an increase in blood flow. If the
change in blood flow and the concentration of
deoxyhemoglobin due to neural activation is the
same in two patients, then the one with a relatively
larger base line blood flow to the area of interest



AJNR: 21, September 2000 BRAIN TUMORS 1421

will exhibit smaller relative changes in the concen-
tration of deoxyhemoglobin. Regarding fMR im-
aging, this dilution will lead to a smaller percent
change in the fMR signal due to the relative dilu-
tion of the local deoxyhemoglobin concentration.

It is also possible that the venous changes adja-
cent to the brain tumor may actually lead to an
increase in the volume on the side with the tumor
revealed by BOLD fMR imaging. Patient 6 best
characterizes this. The relative and adjusted acti-
vations for this patient were 4.5 and 4.64, respec-
tively. Patient 6 was the only one to have been
operated on previously. The tumor was located
along the high convexity adjacent to the superior
sagittal sinus. What may have occurred in patient
6 is that the previous operation partially disrupted
the venous drainage from the area adjacent to the
tumor, which would have led to a decrease in the
venous drainage adjacent to the tumor (ie, the pri-
mary motor cortex) to accommodate an increase in
venous flow. Therefore, an increase in neural activ-
ity and a corresponding increase in the blood flow
to the area, coupled with a limitation on the venous
drainage, led to an increase in the blood volume
and deoxyhemoglobin in the vicinity of neural ac-
tivation. Such a mechanism would have resulted in
increased BOLD fMR signal in the vicinity of the
previously operated tumor as compared with the
contralateral side. It should also be noted that in
patient 6 the total volume of activation at an R
value of 0.45 was the smallest compared with other
patients. With small numbers, a small difference in
the absolute value can cause great differences in
the ratio.

Contribution of Edema

It does not appear that edema in and of itself
contributes significantly to the difference in the
volume of activation between the two sides. For
example, in patients 5 and 6, there was an actual
increase in the volume of activation, notwithstand-
ing the presence of a large volume of edema and
that the edema involved the primary motor cortex
itself. In patient 7, there was a very small volume
of edema and the edema did not appear to involve
the primary motor cortex. Nevertheless, there was
a significant difference in the volume of activation
between the two sides.

Effect of Tumor Size

Tumor size taken alone also does not appear to
have a direct relationship to the difference in acti-
vation volume between the side with the tumor and
the contralateral side. The adjusted activation for
the second largest tumor (patient 4) was 1.09. It
appears that, for this tumor, the difference in the
relative activation was the result of tumor physi-
cally compressing the motor cortex.

General Considerations in Defining the Motor
Cortex

This study demonstrated considerable variability
in the pattern and volumes of activation of the mo-
tor cortices for different patients at different R val-
ues. This contention is supported by statistical anal-
ysis. The optimal R value had an average 6SD of
0.5860.09. The range was 0.75 to 0.45. The av-
erage 6SD of the R value at which activation first
occurred was 0.7160.09. The range was 0.85 to
0.55. In patients 2, 4, 6 and 9, the optimal R value
was higher than the R value at which the first ac-
tivation was noted in the case of patient 7 (R 5
0.55). Therefore, if one were to use an R value that
was deemed optimal for patients 2, 4, 6 or 9 as the
R value to define the motor cortex for patient 7,
one would not see any activation. Conversely, if
one used the R value deemed optimal for patient 7
to evaluate patients 2, 4, 6 or 9, there would be too
much activation in areas of the brain not related to
motor function to be of use in identifying the pri-
mary motor cortex.

The mean 6SD of the volume of activation at
the optimal R value was 12606412 mm3. The
range was 816 to 1905 mm3. If one were to apply
a single R value (eg, 0.55) to define the motor cor-
tex for every patient, then the mean 6SD of the
volume of activation would be 222861983 mm3,
with a range of 6649 to 233 mm3. The SD for a
single R value is 4.6 times as large as the SD for
the optimal R value for each patient. Also the range
of volumes of activation is 5.89 times larger for a
single R value as opposed to the optimal R value.
A large variation was also noted in the in the vol-
ume of activation at P,.05. The mean 6SD is
300961327 mm3.

These findings indicate that there is a significant
difference in activation pattern for different pa-
tients, which are exclusive of the differences be-
tween the side with the tumor and the contralateral
side. Therefore, it appears important to stress that
in the preoperative analysis, to determine the lo-
cation of the primary motor cortex, patients be
treated individually. From the presented data, it ap-
pears that one should resist the temptation to ana-
lyze all patients by one set of statistical parameters.
These data indicate that application of a uniform
set of parameters would lead to overestimation in
some patients and underestimation in others. It ap-
pears that different people ‘‘activate’’ their motor
cortices differently.

Varying activation patterns in different people
can be overcome in experiments that deal with
large cohorts of either healthy subjects or patients
with the same pathologic characteristics. In these
cases, the anatomic and fMR data can be normal-
ized to a set of generalized anatomic coordinates
and the fMR data can be averaged together. Results
presented in this manner allow one to make gen-
eralized statements about the type of activation one
sees in certain a condition or involving a specific
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paradigm. This type of analysis is performed in and
is adequate for the majority of experiments involv-
ing fMR imaging in such fields as cognitive neu-
roscience and psychology. A uniform approach,
however, would not be appropriate for patients in
whom actual resection of brain based on fMR data
is planned. The data presented herein have dem-
onstrated that the use of a single set of statistical
parameters would lead to overestimation of the vol-
ume of the motor cortex in some patients and an
underestimation in others. Such errors may lead to
resection of functional cortex and postoperative
neurologic deficits.

Conclusion
The results of this study demonstrate that that

there is a significant difference in volumes of ac-
tivation and the activation patterns of the motor
cortices in different patients. Therefore, in the pre-
operative analysis, to determine the location of the
primary motor cortex, patients should be treated
individually.

In addition, this study demonstrated a significant
difference in the volume of activation in the pri-
mary motor cortex between the side of the brain
with the tumor and the contralateral side. This dif-
ference was most pronounced in glioblastoma mul-
tiformes. It appears that this difference may be at-
tributable to a loss of autoregulation in the motor
cortex, because of infiltration by the glioma. It also
appears that changes in the pattern of venous drain-
age also play a role in the differences in the volume
of activation of the motor cortex.

In this study, the goal of both the fMR imaging
and the intraoperative physiological testing was to
determine the gyrus in which the motor cortex was
located. This was accomplished successfully in all
patients. Therefore, the possible limitations to this
method based on BOLD fMR imaging did not im-
pede the successful identification of the motor cor-
tex in these cases.
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