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Abstract: The unambiguous localization of eloquent functional areas is necessary to decrease the neuro-
logical morbidity of neurosurgical procedures. We explored the minimum spatial resolution requirements
for functional magnetic resonance imaging (fMRI) data acquisition when brain mapping is used in
neurosurgical planning and navigation. Using a 1.5 Tesla clinical MRI scanner, eight patients with brain
tumors underwent fMRI scans using spatial resolution of approximately 4 X 4 X 4 mm® to map the
eloquent motor and language areas during the performance of cognitive/sensorimotor tasks. The fMRI
results were then used intra-operatively in an open MRI system to delineate eloquent areas. Retrospec-
tively, activation patterns were visually inspected by a neurosurgeon to determine qualitatively whether
ambiguity with respect to the activation boundaries, due to low spatial resolution, could be of potential
significance for surgical guidance. A significant degree of ambiguity in both the extent and shape of
activation was judged to be present in data from six of the eight patients. Analysis of fMRI data at multiple
resolutions from a normal volunteer showed that at 3 mm isotropic resolution, eloquent areas were better
localized within the gray matter although there was still some potential for ambiguity caused by
activations appearing to cross a sulcus. The data acquired with 2-mm isotropic voxels significantly
enhanced the spatial localization of activation to within the gray matter. Thus, isotropic spatial resolution
on the order of 2 X 2 X 2 mm?, which is much higher than the resolutions used in typical fMRI
examinations, may be needed for the unambiguous identification of cortical activation with respect to
tumors and important anatomical landmarks. Hum. Brain Mapp. 21:34—43, 2004.  © 2003 Wiley-Liss, Inc.
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Due to its noninvasiveness and ability to provide rela-
tively high spatial and temporal definition of cortical acti-
vation, functional MRI (fMRI) has been used in a wide
variety of basic neuro-scientific investigations over the last
decade. More recently, quantitative fMRI has emerged for
such applications as studying the effect of pharmacological
intervention and following the progression of neurological
disorders [Cifelli and Matthews, 2002; Lowe et al., 2002].
Functional MRI has also been applied for pre-surgical func-
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tional mapping of the brain and for intra-operative guidance
[Bittar et al., 1999; Hirsch et al., 2000; Nimsky et al., 2001;
Roux et al., 2001] and a number of studies validating fMRI
results via direct cortical stimulation or optical recording
have been performed [Fandino et al., 1999; Kober et al., 2001;
Krings et al., 2001; Pouratian et al., 2002a,b].

In developing fMRI for neurosurgical planning, one con-
fronts many challenges. First, the task paradigms should
elicit robust activation in eloquent areas close to target le-
sions; however, they should also be able to be performed by
patients who may have functional deficits due to those
lesions. To safely maximize tumor resection, intraoperative
electrophysiological mapping of the cerebral cortex, com-
bined with preoperative functional imaging is desirable
[Schiffbauer et al., 2001]. In order to do so, the fMRI data
must be transformed and registered for presentation in the
intra-operative environment. The paradigm itself should
also be readily adapted to the intra-operative environment
for potential cross validation of the functional areas under
awake-surgery.

A further important challenge in fMRI is insuring the
spatial accuracy of the activation patterns. Precise definition
of the activation boundaries in neurosurgical planning is
necessary because of the possibility that eloquent cortical
areas are invaded during surgical procedures and neurolog-
ical deficits result. In fact, studies have shown that histolog-
ically abnormal tissues may even show function within the
tumor itself [Ojemann et al. 1996; Skirboll et al. 1996]. The

In-plane pixel dimension (mm)

spatial resolution used when acquiring fMRI data limits the
inherent precision of fMRI for delimiting eloquent areas,
thus high special resolution would seem to be favorable for
such studies. However, the sensitivity of fMRI for detecting
activation may actually decrease significantly if spatial res-
olution is set too high [Yoo et al., 2001]. It is, therefore,
important to determine the exact requirements for spatial
resolution, taking into account the intended application.

The limit of spatial resolution for fMRI is determined by a
complicated interplay of many study parameters such as
temporal resolution, the duration of the overall scan session,
volume to be covered, magnetic field strength, and type of
MRI sequence. A review of recent fMRI studies for neuro-
surgical planning (Fig. 1), shows that several fMRI studies
have been conducted (within a limited field-of-view [FOV])
at a spatial resolution that would be considered relatively
high for fMRI studies, i.e., with voxel sizes as small as 3 X 3
X 3 mm?® [Fandino et al., 1999; Kober et al., 2001]. However,
there are no reports of systematic studies that have demon-
strated the need or advisability of using high spatial resolu-
tion for pre-surgical functional mapping. In general, it seems
that the spatial resolution parameters used for most fMRI
studies have been derived from protocols used for normal
subject studies, i.e., 5- to 6-mm slice thickness, often cover-
ing the whole brain with an in-plane resolution of 3 to 4 mm
[Hanakawa et al., 2001; Rohlfing et al., 2000; Schlosser et al.,
1999].
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TABLE I. Brain tumor patient information, history, and neurological findings

Age (yn)/
gender Tumor location Diagnosis fMRI task History and neurological findings
33/F Left SFG & PrCG Suspicous low-grade glioma Motor tasks Focal seizures with slight weakness/
lack of coordination of the right
hand
34/F Right temporal lobe Oligodendroglioma WHO II/1V Language task History of brain tumor biopsy and
radiation therapy with presence of
generalized seizures
58/F Left mSFG & SFG Oligodendroglioma WHO II/1V Motor tasks No neurological deficits
64/M Medial aspect of left Anaplastic glioma Motor tasks Recurrent tumor with history of
PrCG radiation therapy and moderate
left leg monoparesis
39/M Left PrCG Oligodendroglioma WHO II/1V Motor and Recurrent generalized seizures
Language tasks
59/M Right parieto-occipital =~ Metastastic melanoma Motor and No neurological deficits
lobe Language tasks
44/F Right fronto-parietal Recurrent anaplastic astrocytoma  Motor tasks Recurrent tumor with history of
lobe radiation therapy and moderate
left hemiparesis
60/F Right SFG & PrCG Meningioma Motor tasks Recurrent generalized seizure with

slight left hemiparesis

SFG, superior frontal gyrus; PrCG, precentral gyrus; mSFG, medial superior frontal gyrus.

Here we report results from eight brain tumor patients
who underwent fMRI exams and subsequently had surgery
in an open MRI system. The fMRI data in these studies were
acquired at an intermediate, approximately isotropic spatial
resolution of 4 mm. Activation patterns from the studies
were examined following surgery by a neurosurgeon to
determine qualitatively (regardless of whether ambiguity
with respect to activation boundaries could be attributed to
low spatial resolution) might have important ramifications
for surgical guidance. In addition to the patient study, we
also conducted a study examining data obtained from a
normal subject performing several tasks, using different sets
of spatial acquisition resolution parameters up to 2 X 2 X 2
mm?®. In this study, we were motivated to investigate the
utility of increasing the spatial resolution much higher than
the resolution commonly used for typical applications for
studying normal cognitive functions. This is the first report,
to our knowledge, of an attempt to specifically address
spatial resolution with respect to the precision of functional
localization for surgical planning.

PATIENTS AND METHODS
fMRI of Surgical Patients
Patients

Pre-operative functional mapping studies were performed
on eight patients (5 women, 3 men, mean age 48.9 *£12.7
years). Information about tumor location, primary diagno-
sis, and brief medical history is given in Table L. All patients
who participated in the study gave written consent accord-
ing to guidelines set forth by our local Institutional Review

Board. Two separate imaging examinations were conducted
for each patient: an anatomical imaging session and a func-
tional imaging session. All exams were performed on a 1.5T
clinical MR scanner (GE Medical Systems, Milwaukee, WI)
with enhanced gradient hardware.

Anatomical MRI

In the anatomical imaging session, the following whole-
brain image sets were acquired: (1) a 3D-Spoiled Gradient
Recalled (SPGR) sequence with 1.5-mm sagittal slices,
TE/TR = 6/35 msec, FA = 75 degrees, FOV = 24 cm, matrix
= 256 X 256; (2) a T2-weighted fast-spin-echo series with
5-mm axial slices, TE/TR = 100/3,000 msec, FOV = 22 cm,
matrix = 256 X 192; and (3) a phase-contrast MR angio-
graphic sequence with 1.5-mm sagittal slices, TR = 32 msec,
FA = 20 degrees, FOV = 24 cm, matrix = 256 X 128, V.
= 60. From these sets, gray matter, white matter, and CSF
were segmented along with tumor and venous structures
using software developed at our institution. Pre- and post-
contrast T1-weighted images were also acquired to detect
enhancing tumor tissue. In some cases, localized diffusion-
tensor and proton spectroscopic data were acquired in the
vicinity of the tumor.

Functional MRI

Each fMRI session began with the acquisition of a T1-
weighted 3-plane localizer series. Following the acquisition
of localizers, reference anatomical images were then ac-
quired covering the same slice locations as the echo-planar
imaging (EPI). These reference images were used to deter-
mine parameters for co-registering fMRI results with the
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high-resolution T1-weighted anatomical images acquired in
the anatomical imaging session. For each fMRI run, EPI data
were acquired from 22 axial slices (thickness 4 mm) covering
the surgical field. Parameters of the EPI sequence were
TR/TE = 2,000/50 msec, FA = 90 degrees, FOV = 24 cm,
matrix = 64 X 64. The voxel size was 3.75 X 3.75 X 4 mm?,
slightly less than the maximum spatial resolution (3.12
X 3.12 X 3 mm?) reported at 1.5T for presurgical functional
imaging [Fandino et al., 1999]. The reference anatomical
sequences were (1) a dual gradient-echo sequence with TE1/
TE2/TR = MIN/50/2500 msec, 128 X 64 in-plane matrix
and (2) a T1-weighted SPGR series with TE/TR = MIN/30
msec, FA = 30 degrees, 256 X 128.

Task Paradigms

Depending on the tumor location in the individual pa-
tients, primarily two different types of tasks were selected to
map eloquent motor and language areas for the patient
group (See Table I). For patients for whom the tumor was in
an area where eloquent motor areas could be affected by
surgery, hand-clenching tasks were performed. These tasks
involved clenching the right and left hand separately and
together. The clenching was paced at 1-Hz frequency using
computer-generated auditory cues delivered via a MR-com-
patible headset (Avotec, Jesen Beach, FL). For mapping the
language areas, a semantic language task (semantic deter-
mination of concrete vs. abstract nouns [Howard and Ka-
hana, 2001]) was performed. The auditory cues/stimuli
were delivered using the MR-compatible headset. In all
fMRI runs, five task periods of 30-sec duration were inter-
leaved with six 30-sec rest periods. The timing of auditory
cues was controlled by Presentation software (Neurobehav-
ioral Systems, CA).

Data processing

EPI data sets were reconstructed and then motion-cor-
rected with respect to the first set of images using SPM99
(online at http:/ /www fil.ion.ucl.ac.uk/spm). Pixel-by-pixel
paired t-test scores were calculated across the time course of
the MR signal and converted to corresponding P values
using in-house software. The functional data were then spa-
tially registered to the high-resolution anatomical images
using an approach based on maximization of mutual infor-
mation [Wells et al., 1996]. The mis-registration between EPI
and anatomical reference images was measured by match-
ing the EP images to the second-echo image set acquired
using the dual gradient-echo sequence. Images from the
dual-echo sequence are T2*-weighted and have similar con-
trast to the EPI images. However, because the dual-echo
images are not spatially distorted, correction parameters can
be determined by measuring the spatial mismatch between
them and the EPI images. EPI data were not spatially
smoothed to retain the original spatial resolution.

Intra-operative mapping

Patients were operated in an open-configuration MRI sys-
tem (Signa SP; GE Medical Systems, Milwaukee, WI) and

underwent functional mapping using electro-cortical stimu-
lation (ECS) during the surgical procedure. Prior to surgery,
the fMRI P value results from the pre-operative imaging
session were thresholded (P < 10~°) and overlaid on ana-
tomical images along with segmented tumor and vascular
structures using 3D-slicer software [Gering et al., 2001]. In
the intra-operative MRI system, reference anatomical images
were acquired and co-registered to the 3-D slicer data. Using
these co-registration parameters and real-time optical track-
ing (Flashpoint, Boulder, CO) of an Ojemann-type electro-
cortical stimulator, the location of the stimulator tip could be
visualized by the surgeon in MRI data sets [Nabavi et al.,
2001]. Thus, an intra-operative comparison of eloquent areas
detected by ECS and those detected by fMRI could be made
by the surgical team.

Post-operative assessment

After surgery, the fMRI mapping result was re-evaluated.
A surgeon (not the operating surgeon) was asked to deter-
mine qualitatively whether ambiguity with respect to the
activation boundaries could be of potential significance dur-
ing the surgical guidance in any of the cases. In light of the
individual surgeries, spatial features of activation were ex-
amined with respect to tumor boundaries and to location of
the surgical field.

Multiresolution fMRI With Normal Subject

In addition to the patient studies, a series of fMRI inves-
tigations using different spatial-resolutions were performed
on a healthy, right-handed 50-year-old male volunteer. The
subject was free of neurologic and psychiatric disorders. A
motor task (sequential finger tapping of the right hand,
paced at 1-Hz frequency using computer-generated auditory
cues) and a cognitive task (auditory word-comparison test
where the subject was required to tap upon hearing a re-
peated word) were performed. Four 30-sec task periods
were interleaved with five 30-sec control periods. Subject
performance was monitored by using a motion-sensitive
optical device attached to the tip of the second finger of the
right hand.

In the fMRI sessions, three separate acquisition protocols
were used with different spatial resolution parameters. Data
was acquired at low, intermediate, and high resolution as
detailed in Table II. Volume coverage and number of image
acquisitions varied for each of the three protocols, however,
the scan time was set equally to 4 min 30 sec for all runs. The
data processing methods were the same as those used for the
surgical patients and were applied for each of the three
protocols. A lower statistical threshold (P < 107%) was used
for the two higher resolution protocols than that used for the
low-resolution protocol (P < 10°) due to the lower contrast-
to-noise ratio of the higher resolution data.

In a separate processing stage, the 2-mm isotropic data
was smoothed with a 3-D Gaussian kernel to have approx-
imately the same resolution as the lowest resolution proto-
cols in Table II (ie., 3.75 X 3.75 X 6 mm?® voxel size).
Smoothing was followed by a processing step using the
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TABLE Il. Acquisition parameters for scan protocols employing different spatial resolutions

Voxel size (in-plane X

Protocol Matrix size thickness), mm? TR (msec) Slices (n) Acquisitions (n) Scans/epoch
Low 64 X 64 3.75 X375 X6 2500 24 108 12
Intermediate 80 X 80 3X3X3 3750 38 76 8
High 128 X 128 2X2X%X2 2500 19 108 12

same methods for detecting activation as were used for all
other datasets. Functional activation patterns in the acquired
low-resolution data and the smoothed data were qualita-
tively compared to see how closely activation patterns ob-
tained using smoothed datasets matched the activation pat-
terns obtained with data that were acquired directly.

The quality of the co-registration between the fMRI im-
ages and the high-resolution anatomical images was evalu-
ated by examining the spatial overlap between the original
EPI images and the anatomical images as demonstrated in
Figure 2. Figure 2A shows a coronal section of the first set of
EPI images acquired in the fMRI experiment. T2-weighting
in the EPI sequence causes cerebrospinal fluid (CSF) to be
bright in such an image. The EPI image was then thresh-
olded to delineate the CSF space and overlaid on the ana-
tomical reference image as shown in Figure 2B. To evaluate
the co-registration, we now compare this overlay with Fig-
ure 2C, which shows the result of a segmentation of the
T1-weighted reference image that locates CSF pixels. Com-
paring Figure 2B and 2C, we see a very close correspondence
between CSF in the EPI image and CSF in the T1-weighted
reference.

RESULTS
fMRI of surgical patients

Upon examination of patient data by a neurosurgeon, it
was judged that significant ambiguity was present in the
functional activation maps in six of the eight patients. Table

TABLE Ill. Cases with ambiguity in delineating eloquent
area with respect to the surgical field

Age/Gender Regions-of-interest with ambiguity
33/F Tumor margin near the border of left PrCG
Tumor margin at the border left SFG and
58/F anterior PrCG
60/F Tumor margin at the border of mSFG
Inferior aspect of right STG and the
34/F superior aspect of right MTG
Central sulcus near hand motor area in
59/M PrCG
44/F Superior frontal sulcus anterior to the PrCG

SFG, superior frontal gyrus; mSFG, medial superior frontal gyrus;
PrCG, precentral gyrus; STG, superior temporal gyrus; MTG, mid-
dle temporal gyrus.

III summarizes the cases and locations of relevance where
the ambiguity was judged to be present. For example, acti-
vation was observed adjacent to the tumor boundaries, ob-
scuring the exact delineation of areas of activation with
respect to tumor boundaries (33/F, 58/F, and 60/F). This
was considered significant for surgical guidance because
eloquent tissue could not be unambiguously differentiated
from tumor tissue. The second type of noted ambiguity
consisted of activation profiles that appeared to cross a
sulcus. This was considered significant because cortical tis-
sue on either side of the sulcus could be determined as the
optimal surgical corridor to the lesion.

Figure 3 shows examples of activation observed adjacent
to the tumor boundary obtained from Subject 1 (Fig. 3A,B)
and Subject 2 (Fig. 3C,D). Subject 1 was a 33-year-old, right-
handed female patient with a suspicious low-grade glioma
near the left sensorimotor area. The patient concurrently had
slight weakness and lack of coordination of the right hand.
The patient later underwent intra-operative validation of the
eloquent areas using cortical stimulation. Spatial overlap
between the superior/posterior tumor margin and the acti-
vation profile are evident (Fig. 3A). Intraoperative cortical
stimulation near the anterior aspect of the precentral gyrus
(Fig. 3B) resulted in temporary arrests of hand motor func-
tion. Surgical removal of the tumor was approached from
the latero-anterior aspect of the motor areas due to the
eloquent motor areas surrounding the medial and posterior
part of the tumor. The patient recovered from the surgery
with a temporary post-operative motor deficit, which was
later resolved.

Subject 2, a 34-year-old, left-handed female patient with a
3-month history of right temporal intra-axial tumor mass
(oligodendroglioma WHO II/IV), underwent the language
task, and relevant cortical activation was observed in the
posterior aspect of the right superior temporal gyrus. In this
case, clusters of activation cross the sulcus (Fig. 3C). The
intraoperative cortical stimulation on the language-related
loci (Fig. 3D) resulted in temporary speech arrests during a
picture-naming task [Snodgrass and Vanderwart, 1980], val-
idating the fMRI findings. Using intra-operative MR image
guidance, a subtotal tumor resection was performed without
compromising the patient’s language function.

Multiresolution fMRI in a normal subject

Figure 4 shows fMRI results from the healthy volunteer
performing the sequential finger-tapping task, and Figure 5
shows the results from the auditory word-matching task.
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Figure 2.
A: A coronal section from the first set of EPl images acquired in
the fMRI experiment. B: The EPl image was thresholded to delin-
eate the CSF space and overlaid on the T|-weighted anatomical
image. C: Overlay of the segmented CSF-space obtained from the
Tl-weighted anatomical images.

These figures demonstrate how spatial morphology of func-
tional activation is obscured by low-resolution data acquisi-
tion. For example, the activation of the motor area detected
at low resolution, as shown in Figure 4C (see arrow), was
grossly extended over the central sulcus, making it impos-

B g

SN

sible to determine if the activation is on both sides of the
sulcus or primarily on one side or the other. With an increase
in spatial resolution to the intermediate resolution of 3 X 3
X 3 mm?®, the activation still appears to cross over the sulcus
(Fig. 4D).

At the highest spatial resolution of 2 X 2 X 2 mm? (Fig.
4E), the activation is localized antero-inferior to the central
sulcus, suggesting the anticipated involvement of the pri-
mary motor area. Based on a qualitative evaluation of the
spatial accuracy in registration (demonstrated in Fig. 2), we
were able to conclude that mis-registration was not the
cause of the apparent localization of activation to the cortical
gray matter. Figure 4F shows the result when the highest
resolution data are spatially smoothed to have the resolution
roughly equivalent to the low-resolution data. Again the
activation appears to cross the sulcus, resulting in ambiguity
about the gyrus on which the activation can be localized.
Figure 4F together with Figure 4C demonstrate clearly that
the ambiguity in this case is due to spatial smoothing effects
(caused either by low-pass filtering high resolution data or
by acquiring data at lower resolution). Note that the slight
disparities in activation patterns between Figure 4C and 4F
are expected considering that the data were acquired in two
separate fMRI runs. It is well known that activation patterns
can vary considerably from scan to scan [Rombouts et al.,
1998].

A similar trend to that seen in the motor task results was
also found in the auditory word-matching task. The regions-
of-interest located near the border of the transverse temporal
gyrus and inferior parietal lobe are conjoined as a single
large activation loci distributed across the lateral fissure in
the low-resolution result (Fig. 5C). This spatial obscurity in
the activation was significantly reduced by the subsequent

. Right

3

Figure 3.

A: The functional map from Subject | (33/F) in axial view (with
overlay threshold P < 10®). The tumor boundary is delineated
with a green line overlaid on the images. Activation was observed
adjacent to the border of a tumor in the precentral gyrus (see
arrow). B: Intra-operative view seen by the surgical team. The
location of the cortical stimulator is shown by placement of a 3-D
rendered wand in the image. Eloquent motor areas are shown in

red. C: The functional map from Subject 2 (34/F) in axial view.
Activation is observed at the boundary between two adjacent gyri,
i.e., inferior aspect of STG and the superior aspect of MTG
(arrow). D: Intra-operative view seen by the surgical team. Intra-
operative cortical stimulation identified speech/language areas in
the right posterior superior temporal lobe as shown.
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Figure 4.

Results from motor fMRI study of normal subject. A: Subject’s
coronal anatomy with region-of-interest (see box) in motor-re-
lated functional area. B: Delineation of the central sulcus. (C) Low,
(D) intermediate, and (E) high spatial resolution functional maps

data acquisition at higher spatial resolutions (Fig. 5D,E),
where the activation was localized to the superior bank of
transverse temporal gyrus (primary auditory area). Note
that in this case, the intermediate resolution of 3 X 3 X 3
mm?® (Fig. 5D) appears to be sufficient to unambiguously
localize the activation. Again, smoothing the high-resolution
data causes the activation to appear to extend across the
lateral fissure in the superior-inferior direction (Fig. 5F).

obtained from data according to the protocols described in Table
Il. F: Functional map obtained from high spatial resolution data
that were spatially smoothed to the equivalent level of the low-
resolution data.

DISCUSSION

The outcome of low-grade and high-grade glioma surgery
correlates with the extent of surgical resection [Berger et al.,
1994; Keles et al., 2001; Lacroix et al., 2001]. Therefore, a
principal goal of surgery in these cases is to achieve maxi-
mum tumor resection. However, given the need to insure
the preservation of neurological function, determining the

Figure 5.

Results from language fMRI study of normal subject. A: Subject’s

sagittal anatomy with region-of-interest (see box) at the border of
primary auditory areas and inferior parietal lobe. B: Delineation of

lateral fissure. (C) Low, (D) intermediate, and (E) high spatial

resolution functional maps obtained from data according to the
protocols described in Table Il. F: Functional map obtained from
high spatial resolution data that was spatially smoothed to the
equivalent level of the low-resolution data.
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extent of resection and the optimal surgical corridor to the
lesion can be difficult. The value of imaging in this context
cannot be understated. Approaches combining both intra-
operative and pre-operative imaging, including functional
MRI, have been employed in order to provide a surgical
navigation tool [Gering et al., 2001; Nabavi et al., 2001; Roux
et al., 2001].

To be useful for surgical planning and guidance, accuracy
in delineation of the functional activation with respect to the
surgical anatomy is clearly necessary. However, determin-
ing the exact relationship between fMRI results and neuro-
anatomy as well as the impact of this relationship on surgi-
cal outcome is an enormously difficult task. One of the
approaches used in this study has been to query the neuro-
surgical expert regarding the potential ambiguity in fMRI
results via examinations of a series of surgical cases. The
conclusion of this study is that accuracy in surgical planning
and execution could be improved if fMRI was able to un-
ambiguously predict which gyri should be avoided in the
surgical approach to the lesion.

In our review of the recently reported fMRI investigations
for neurosurgical planning, we found a wide range of reso-
lution parameter settings (Fig. 1) with little or no justification
for their use with respect to the goals of surgical planning.
The voxel sizes that have been used have typically been
significantly greater than 3 X 3 X 3 mm®. In this report,
based on an examination of the results from eight patients,
we have shown qualitatively that a spatial resolution of 3.75
X 3.75 X 4 mm® which is slightly higher than that used in
most fMRI data acquisitions for surgical planning, can cause
ambiguity significant enough to impact surgical decision
making.

Our studies suggest that a relatively high spatial resolu-
tion may be needed for the unambiguous identification of
cortical activation with respect to tumors and important
anatomical landmarks. The thickness of gray matter in hu-
mans is on average approximately 2.5 mm, and varies be-
tween 1 to 4.5 mm [Fischl and Dale 2000]; thus, 2-mm
resolution would seem to be a reasonable choice in order to
keep activation loci from extending beyond their biological
boundaries. Furthermore, given the complex folding of the
cortex, isotropic voxels are most appropriate. Indeed, from
our fMRI studies on a normal volunteer, data acquired at a
2-mm isotropic resolution is sufficient to constrain activation
within cortical areas. However, data acquired at a 3-mm
isotropic resolution could still cause ambiguity. For exam-
ple, activation appeared on both sides of a sulcus at 3-mm
resolution (Fig. 4D) while it was clearly located on only one
side only when the resolution was increased to 2 mm (Fig.
4E).

An important theoretical concern is that whether it is
actually possible to determine which side of a sulcus is
giving rise to an observed signal since BOLD signals, par-
ticularly at low field such as 0.5T, tend to arise predomi-
nantly from larger caliber vessels that may be located within
the sulcus rather then in the cortical parenchyma [Gati et al.,
1997; Krings et al., 1999; Menon et al., 1995]. One of the main

advantages of high-field fMRI, 3T and higher, is that the
portion of signals originating from parenchymal activation
becomes greater than the contribution from large veins and
venuoles [Menon et al., 1995]. In cases such as surgical
planning, where high-spatial resolution is necessary to
achieve precise delineation of activation boundaries, acquir-
ing data at high field strength will also significantly improve
BOLD contrast [Menon et al. 1995].

Unfortunately, increasing spatial resolution also reduces
signal-to-noise ratio (SNR) and detectability of functional
activation generally suffers. We have previously reported
the results of detailed theoretical and experimental analyses
of the relationship between spatial resolution and detectabil-
ity of functional activation as measured by BOLD contrast-
to-noise ratio [Chen et al., 2003; Yoo et al., 2001]. From our
previous analysis, we would conclude that, given the SNR
penalty, high spatial resolution data acquisition is not nec-
essarily advantageous for many neuro-scientific investiga-
tions. For example, precise delineation of activation bound-
aries is of limited use when data is eventually normalized
and averaged over subject populations. Nor would high
resolution be important for fMRI-based language/memory
lateralization tests for patients with intractable temporal
lobe epilepsy [Deblaere et al., 2002; Golby et al., 2002] be-
cause high resolution is not relevant to the hemispheric
localization of language/memory function.

Even at higher field strength, activation in some regions
may be difficult to detect with voxels as small as 2 mm.
Multiresolution detection approaches can be employed for
processing high-resolution data. For example, the data can
be spatially smoothed and processed at multiple resolutions
to detect regions of activation [Brammer, 1998]. Although it
is always possible to perform multiresolution processing on
high-resolution data to optimize the SNR for detection of
activation, it cannot be assumed that there is no SNR penalty
to be paid for high-resolution data acquisition. High-resolu-
tion acquisitions require longer imaging times to cover the
same volume, thus, SNR is lower at high-resolution not only
because voxels are smaller but because fewer acquisitions
can be made during an fMRI scanning session. For example,
using a 3-mm slice thickness, only one half of the volume
acquisitions can be made during an fMRI session of fixed
time as compared to the number of acquisitions that can be
made if a 6-mm slice thickness is used. In such a case, the
reduction in the number of acquisitions results in a reduc-
tion of about 30% in SNR on top of the reduction due to the
smaller voxel size.

There is an optimal resolution at which fMRI data should
be acquired for any given goal [Chen et al. 2003; Yoo et al.,
2001]. Resolution must be high enough to satisfy fundamen-
tal goals of the experiment, e.g., to permit precise delinea-
tion of activation loci with respect to tumor boundaries. On
the other hand, the acquisition resolution should not be too
high, otherwise low SNR may result in obscuring of activa-
tion boundaries by excessive noise or, if SNR is very low,
even cause activation loci to be missed altogether.
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To optimize fMRI acquisition with respect to spatial res-
olution, we have investigated a real-time adaptive acquisi-
tion approach whereby the fMRI scan session is divided into
multiple scan stages [Yoo et al., 1999]. In the first scan stage,
detection of eloquent functional regions-of-interest is done
at low resolution. In subsequent scan stages, higher resolu-
tion data are acquired in a restricted volume (selected by
examining the lower-resolution results). Because the high-
resolution acquisition stage covers only a restricted volume,
the number of acquisitions per unit time is not greatly im-
pacted by increasing spatial resolution. Consequently, SNR
is enhanced compared to a whole-volume, high-resolution
acquisition. The optimization of imaging parameters neces-
sary for adaptive multiresolution fMRI, in the context of
neurosurgical planning, is an active area of research and
development in our laboratory.
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