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Abstract

Previous studies comparing fMRI data acquired at 1.5 T and higher field strengths have focused on examining signal increases in the
visual and motor cortices. No information is, however, available on the relative gain, or the comparability of data, obtained at higher field
strengths for other brain regions such as the prefrontal and other association cortices. In the present study, we investigated fMRI activation
at 1.5and 3 T during visual perception, visuospatial working memory, and affect-processing tasks. A 23% increasein striate and extrastriate
activation volume was observed at 3 T compared with that for 1.5 T during the visual perception task. During the working memory task
significant increases in activation volume were observed in frontal and parietal association cortices as well as subcortical structures,
including the caudate, globus pallidus, putamen, and thalamus. Increases in working memory-related activation volume of 82, 73, 83, and
36% were observed in the left frontal, right frontal, |eft parietal, and right parietal lobes, respectively, for 3 T compared with 1.5 T. These
increases were characterized by increased activation at 3 T in several prefrontal and parietal cortex regions that showed activation at 1.5
T. Moreimportantly, at 3 T, activation was detected in several regions, such as the ventral aspects of the inferior frontal gyrus, orbitofrontal
gyrus, and lingual gyrus, which did not show significant activation at 1.5 T. No difference in height or extent of activation was detected
between the two scanners in the amygdala during affect processing. Signal dropout in the amygdala from susceptibility artifact was greater
at 3T, with a12% dropout at 3 T compared with a 9% dropout at 1.5 T. The spatial smoothness of T2* images was greater at 3 T by less
than 1 mm, suggesting that the greater extent of activation at 3 T beyond these spatial scales was not due primarily to increased intrinsic
spatial correlations at 3 T. Rather, the increase in percentage of voxels activated reflectsincreased sensitivity for detection of brain activation
at higher field strength. In summary, our findings suggest that functional imaging of prefrontal and other association cortices can benefit
significantly from higher magnetic field strength.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Functional magnetic resonance imaging (fMRI) is now
widely used to study brain function and dysfunction. Dueto
their wide availability, 1.5 T systems are currently used in a

* Corresponding author. Program in Neuroscience and Department of
Psychiatry & Behavioral Sciences, 401 Quarry Road, Stanford University
School of Medicine, Stanford, CA 94305-5719, USA.

E-mail address: menon@stanford.edu (V. Menon).

majority of fMRI studies. Increasingly, however, fMRI
studies are being conducted at field strengths of 3 T or
higher. Recent research has demonstrated that exquisite
spatia resolution can be obtained with functional imaging at
higher field strength in a manner that was not possible at 1.5
T. For example, researchers have demonstrated high-reso-
lution maps of ocular dominance columns (Cheng et al.,
2001; Menon et al., 1997) and retinotopy within the lateral
geniculate nucleus (Ugurbil et a., 1999). Many of the early
studies comparing brain activation at 1.5 T with higher
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fields focused on examining signal increases in the visual
(Gati et a., 1997; Turner et a., 1993) and motor (Yang et
al., 1999) cortices. No information, however, is available on
the relative gain, or the comparability of data, obtained at
higher field strengths for regions other than the visua and
motor cortices. In this study we examine qualitative and
guantitative differences in the patterns of activation ob-
served at 3 and 1.5 T during sensory, cognitive, and affect-
processing tasks.

For fMRI, a maor advantage of using higher fields
derives from the fact that the rate of transverse relaxation,
R2* = 1/T2*, scales as the square of the external magnetic
field for small blood vessels and capillaries, whereas the
change is linear for large blood vessels (Gati et a., 1997).
Since the blood oxygen level-dependent (BOLD) contrast
originates from the intravoxel magnetic field inhomogeneity
induced by paramagnetic deoxyhemoglobin, higher fields
should result in improved sensitivity related primarily to
BOLD changes in capillary beds in response to neural
activity (Kruger et a., 2001; Ugurbil et a., 1999). Thus,
theoretical considerations indicate that higher fields should
result in improved sensitivity and spatial specificity for
detection of task-related brain activation. Furthermore,
since BOLD signal changesat 1.5 T are rather small (on the
order of a few percent), it is thought that higher field
strengths of 3 T or more should significantly enhance the
ability to reliably detect signals of interest.

Four published studies to date have directly compared
changes in task-related fMRI activation at 1.5 T and higher
field strengths (Gati et al., 1997; Kruger et al., 2001; Turner
etal., 1993; Yang et al., 1999). Two of these studies focused
on the visual cortex, one on the motor cortex, and a fourth
on the visual and motor cortices. Turner et al. (1993) com-
pared activation in the visual cortex at 1.5 and 4 T during
photic stimulation and reported an increase of approxi-
mately 300% in an eight-voxel (5 mm?) region at 4 T. More
recent studies have taken scanner noise and physiological
fluctuations into account and have reported more modest
increasein signal. Gati et al. (1997) found a70% increasein
average percentage signal change in cortical gray matter
activation during photic stimulation. Yang et a. (1999)
examined activation in the motor cortex during a finger-
tapping task and found that at 4 T, compared with 1.5 T,
there was a 70% increase in the number of voxels activated
and a 20% higher average t score for the activated voxels.
Kruger et al. (2001) examined motor and visual cortex
activation at 3 T, compared with 1.5 T. They found a 44%
increase in the number of voxels activated in the primary
motor cortex and 36% more voxels were activated in the
visual cortex compared with activation during a checker-
board reversal task (Kruger et a., 2001). Taken together,
these studies suggest that higher field strength provides an
advantage for functional imaging of primary sensory and
motor cortices. The extent to which signal gains of the type
found in primary sensory and motor cortices might extend
to association cortices, e.g., the prefrontal and parietal cor-

tex, is not known. Thisis an important question to examine
since fMRI is now extensively used to study cognitive
function and dysfunction.

A second major issue that has not been addressed in
studies to date is the comparative extent of susceptibility
artifacts at higher field strengths. Susceptibility artifacts
result from abrupt changes in magnetic susceptibility that
occur across tissue interfaces such as the border between
air-filled sinuses and brain parenchyma or between bone
and brain parenchyma (Ojemann et a., 1997). Brain regions
closest to such borders are especially prone to BOLD signal
loss due to this artifact. Brain regions that are affected by
these artifacts include the orbitofrontal cortex, hippocam-
pus, amygdala, and anterior, inferolateral temporal pole
(Devlin et a., 2000; Lipschutz et a., 2001; Ojemann et al.,
1997). No study to date has examined differences in acti-
vation at different magnetic field strengths using tasks that
are known to involve brain regions that are prone to sus-
ceptibility artifact.

In this study, we examined differences in activation at
1.5 and 3 T using three different tasks that are known to
activate distinct brain regions. We used a visual perception
task known to reliably activate striate and extrastriate cor-
tices (DeYoe et a., 1994; Watson et a., 1993), a working
memory task known to reliably activate the prefrontal and
parietal association cortices (Smith and Jonides, 1997,
1998), and an affect-processing task known to reliably ac-
tivate the amygdala (Breiter et a., 1996; Yang et a., 2002).
A random effects model was used to examine differencesin
activation obtained at the two field strengths. The results of
this analysis were used to isolate the precise voxels that
showed statistically significant differences in activation be-
tween the two field strengths. For each task, we examined
the increased sensitivity for detection of activation at 3 T;
by “activation” we mean voxels for which the z scores
exceed a specified threshold. Finally, we also examined the
effect of susceptibility artifacts on amygdala activation at
the two field strengths.

Materials and methods
Subjects

Fourteen right-handed subjects (aged 17-25, mean age =
21.21 years, SD = 2.16; 7 male) participated in the study
after giving written informed consent. fMRI data were ac-
quired for each subject as he or she performed three differ-
ent tasks involving visual perception, working memory, and
affect-processing in scanners with 1.5- and 3-T magnetic
field strengths. Both task order and scanner order were
randomized and counterbalanced in this within-subjects de-
sign. Each subject was presented with the same order of
tasks on both scans. The length of time between data ac-
quisition at the two scanners ranged between 7 and 10 days.
No subject had movement greater than 2 mm (translation)
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and 2° (rotation) during the fMRI scans; movement was
determined based on the displacement and rotation needed
to realign the functional images at each time point with
respect to the first image.

Tasks

Visual perception task

The visual perception task consisted of experimental (E)
and control (C) epochs that alternated every 20 s for six
cycles. The control epoch consisted of a static black and
white radial checkerboard pattern. In the experimental con-
dition the same pattern was inverted (white sections become
black, black sections become white) at a frequency of 8 Hz.
In both the control and experimental conditions, subjects
were instructed to passively view the checkerboard. Total
length of the task was 4 min. Further details of the task have
been described elsewhere (Kruger et al., 2001).

Working memory task

The working memory task consisted of six alternating
experimental (E) and control (C) epochs. Each experimental
and control epoch consisted of 16 stimuli presented for 500
ms each, with a 1500-ms interstimulus interval. The stim-
ulus was the letter ‘O’ presented in one of nine distinct
visuospatial locationsin a3 X 3 matrix. In the experimental
epoch, subjects were instructed to respond if the stimulus
was in the same location as it was two trials back. In the
control epoch the subject was instructed to respond if the
stimulus was in the center position. Each epoch was pre-
ceded by a 4-s instruction regarding the specific task the
subject should perform. Correct response rate, incorrect
response rate, false alarm rate (percentage of stimuli to
which the subject responded with a button press when no
response was needed), and reaction times were recorded.
Further details of the task have been described elsewhere
(Kwon et a., 2001; Menon et al., 2000).

Affect-processing task

Subjects viewed photographs of human faces expressing
angry, fearful, and neutral emotions. Task design features
include: (a) four epochs of each facia expression were
presented; (b) each epoch consisted of a total of eight
different faces expressing the same emotion; (c) al of the
faces presented were unique, with no individual face ap-
pearing more than once during the entire presentation; (d)
three 24-s passive-fixation epochs were used, one each at
the beginning, middle, and end of the task; () each face was
presented for 3 s. Subjects were asked to perform a gender
discrimination task while inside the scanner; they were
instructed to press the right response button for a female
face and to press the left response button for a male face.
Accuracy and reaction times were recorded during the scan
session. Further details of the task have been described
elsewhere (Yang et a., 2002).

MRI data acquisition

15and 3T

The following features were common to both 1.5- and
3-T scans. A custom-built head holder was used to prevent
head movement. Twenty-eight axial dices (4 mm thick,
0.5-mm skip) paralle to the anterior and posterior commis-
sures (AC-PC) covering the whole brain were imaged with
atemporal resolution of 2 s using a T2*-weighted gradient
echo spiral pulse sequence (Glover and Lai, 1998). Thefield
of view was 200 X 200 mm?, and the matrix size was 64 X
64, giving an in-plane spatial resolution of 3.125 mm. To
reduce blurring and signal loss arising from field inhomo-
geneities, an automated high-order shimming method based
on spiral acquisitions was used before acquiring functional
MRI scans (Kim et al., 2002). The sampling bandwidth was
100 kHz at both the scanners.

To keep BOLD sensitivity and susceptibility effects in
GRE imaging at the higher field unchanged, we scaled TE
and the flip angle with respect to T1 and T2* properties at
1.5and 3.0 T. This set of parameter changes between field
strengths is the most appropriate, as discussed in Kruger et
al. (2001). Based on measured transverse relaxation timesin
cortical gray matter of T2* = 65 and 49 ms at 1.5 and 3.0
T, respectively, we used TE = 40 msfor imaging at 1.5 T,
and TE = 30.0 ms at 3.0 T. To use the Ernst angle at each
field strength we used flip anglesof 89at 1.5 T and 80 at 3.0
T based on differencesin T1 relaxation timesin gray matter.
Details of these and other related methodological issues are
discussed in Kruger et al. (2001).

Instrumental instabilities were negligible over the period
of the study. Quality assurance measurements are taken
weekly at both scanners; these measurements indicate that
scanner noise is much less than physiological noise. The
RMS noise for a phantom scanner at 31 cm FOV was 0.12%
a 1.5 T and 0.10% for 3 T, compared with RMS fluctua-
tions of 2—-3% for human physiological noise. Also, order of
scanning at 1.5 and 3 T was counterbalanced across sub-
jects, thus minimizing any effect of fluctuations in signal
quality.

15T

Images were acquired on a 1.5-T GE Signa scanner (LX
platform) with CRM gradients (40 mT/m, SR 150 mT/m/s)
using a standard GE whole-head coil. The following spiral
pul se sequence parameterswere used: TR = 2000 ms, TE =
40 ms, flip angle = 89°, and one interleave. To aid in the
localization of functional data, a high-resolution T1-
weighted spoiled grass gradient recalled (SPGR) 3D MRI
sequence with the following parameters was used: 124 coro-
nal slices 1.5 mm thick, no skip, TR = 11 ms, TE = 2 ms,
and flip angle = 15°. The images were reconstructed as a
124 X 256 X 256 matrix with a1.5 X 0.9 X 0.9-mm spatial
resolution.



3T and 15T

Fig. 1. Striate, extrastriate, and posterior parietal cortex activation during the visual perception task. Significant clusters of activation from a random effects
analysis of fMRI data acquired from 14 subjects. Voxels that showed overlapping activation at 3 and 1.5 T are shown in green. Activation uniqueto 3 T is
shown in red and activation unique to 1.5 T is shown in blue. Each activated cluster was significant after corrections for multiple spatial comparisons (P <
0.05). fMRI data are shown superimposed on average, spatially normalized, T1-weighted images from the same 14 subjects.

Fig. 2. Striate (V1) and extrastriate (V2 and V 3) regions that showed significantly greater activation at 3 T, compared with 1.5 T, in arandom effects analysis
of between-scanner differences. Other details as in Fig. 1.
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3T and 1.5T

Fig. 3. Prefrontal, parietal, basal ganglia, and thalamic activation during the visuospatial working memory task. Although there is considerable overlap in
activation at 3and 1.5 T, 3-T activation was more extensive. Furthermore, severd distinct regions that are not activated at 1.5 T show significant activation

at 3 T. Other details asin Fig. 1.

3T

Images were acquired on a 3-T GE Signa scanner using
a standard GE whole-head coil. The scanner runs on an LX
platform, with gradients in Mini-CRM configuration (35
mT/m, SR 190 mT/m/s), and has a Magnex 3-T 80-cm
magnet. The following spiral pulse sequence parameters
were used: TR = 2000 ms, TE = 30 ms, flip angle = 80°,
and one interleave.

Simulus presentation

The tasks were programmed using Psyscope (http://
poppy.psy.cmu.edu/psyscope) on a Macintosh (Sunnyvale,
CA, USA) notebook computer. Onsets of scanning and task
were synchronized using a TTL pulse delivered to the scan-
ner timing microprocessor board from a CMU Button Box’
microprocessor connected to the Macintosh with a seria

cable. Stimuli were presented visualy at the center of a
screen using a custom-built magnet-compatible projection
system (1.5 T: Resonance Technology, Van Nuys, CA,
USA; 3 T: Sanyo, San Diego, CA, USA).

Image preprocessing

Images were reconstructed, by inverse Fourier transform,
for each time point. fMRI data were preprocessed using
SPM99 (http://mww.fil.ion.ucl.ac.uk/spm). Images were cor-
rected for movement using | east-squares minimization without
higher-order correctionsfor spin history, and normalized (Fris-
ton et a., 1995b) to sereotaxic Tdairach coordinates (Ta
lairach and Tournoux, 1998). Images were then resampled
every 2 mm using sinc interpolation and smoothed with a
4-mm Gaussian kernel to decrease spatial noise.
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fMRI data analysis

Statistical analysis was performed on individual and
group data using the general linear model and the theory of
Gaussian random fields as implemented in SPM99 (Friston
et al., 1995a). This method takes advantage of multivariate
regression anaysis and corrects for temporal and spatial
autocorrelations in the fMRI data. Activation foci were
superimposed on high-resolution T1-weighted images and
their locations interpreted using known neuroanatomical
landmarks (Duvernoy et al., 1999).

A within-subjects procedure was used to model all the
effects of interest for each subject. Individual subject mod-
els were identical across subjects (i.e., a balanced design
was used). Confounding effects of fluctuations in global
mean were removed by proportional scaling where, for each
time point, each voxel was scaled by the global mean at that
time point. Low-frequency noise was removed with a high-
pass filter (0.5 Hz) applied to the fMRI time series at each
voxel. We then defined the effects of interest for each
subject with the relevant contrasts of the parameter esti-
mates.

Group analysis was performed using a random-effects
model that incorporated a two-stage hierarchical procedure.
This model estimates the error variance for each condition
of interest across subjects, rather than across scans (Holmes
and Friston, 1998), and therefore provides a stronger gen-
eralization to the population from which data are acquired.
This analysis proceeded in two steps. In the first step,
contrast images for each subject and each effect of interest
were generated as described above. In the second step, these
contrast images were analyzed using a general linear model
to determine voxelwise t statistics. Contrast images were
computed for experimental minus control conditions for
each task at the two field strengths. Appropriate t-tests were
then used to determine (i) group activation at 3 T, (ii) group
activation at 1.5 T, and (iii) differences in activation be-
tween 3 and 1.5 T. Finally, the t statistics were normalized
to Z scores, and significant clusters of activation were de-
termined using the joint expected probability distribution of
height and extent of Z scores, with height (Z > 1.67, P <
0.05) and extent (P < 0.05) thresholds (Poline et al., 1997).

To quantify changes in sensitivity for detection of acti-
vation at 3 T, we first determined the number of voxels that
showed significant between-scanner differences (using
comparison iii above) in task-relevant brain regions. This
number divided by the number of voxels that were activated
at 1.5 T in these same regions was used as the measure of
the increased sensitivity for detection of activation at 3 T.
Task-specific regions of interest included (1) striate and
extrastriate cortex for the visual perception task, (2) frontal
lobe (Brodmann's areas (BAS) 6, 8, 9, 44, 45, 46, 11, 47)
and parietal lobe (BA 7, 40, 39) for the working memory
task, and (3) the amygdala for the affect-processing task.

ROI analysis

For further analysis of the working memory task, we
used the automated parcellation scheme of Tzourio-Ma-
zoyer et a. (2002) to demarcate regions of interest in the
prefrontal and parietal cortices and the cerebellum. The
percentage of voxels activated and mean Z scores were
computed for each region at 1.5 and 3 T.

For analysis of the affect-processing task, amygdala
ROIs were demarcated separately in the left and right hemi-
spheres on T1-weighted spatially normalized images. ROIs
were drawn for each individual subject using a reliable
protocol that has been described in detail elsewhere (Kates
eta., 1997). Briefly, amygdala ROIs were drawn on coronal
slices, beginning on the slice where the anterior commissure
first crosses the midline of the brain. ROIs were drawn
beginning inferolaterally, moving medially to the border
between the amygdala and the white matter tract inferior to
it. The media border of the ROl was drawn at the CSF/gray
border. The ROI continued superomedially to the gray/
white border and around the lateral amygdala to the starting
point. In the posterior regions of the amygdala, the superior
border was partially defined by the presence of the enthori-
nal sulcus.

To statistically compare activation across facial expres-
sions and hemispheres in the amygdala, a repeated-mea-
sures ANOVA was conducted with factors of hemisphere
(Ieft, right) and affect (anger vs neutral, and fear vs neutral).
A standard analysis framework was employed in which the
percentage voxels activated and the average Z scores of
activated voxels in each ROl were used as measures of
activation. An o of P < 0.05 (two-tailed) was used as the
threshold for statistical significance.

Assessing susceptibility artifacts

Signal loss due to susceptibility artifacts was quantified
by counting the percentage of voxels within the amygdala
that had an intensity below a prespecified threshold. For
each subject, we approximated the threshold masking pro-
cedure used in SPM99 by first eliminating all voxels whose
T2* intensity in the averaged smoothed image was less than
one-eighth of the global mean. The mean of the remaining
voxels was used as a second threshold such that any voxels
below this mean were aso eliminated. In the subsequent
statistical analyses performed by SPM, these voxels are
labeled NaN (not a number) on contrast images and have a
t score of O on the statistical maps. Further details of this
analysis and its application to susceptibility artifact detec-
tion are described elsewhere (Greicius et a., 2003). The
percentage of voxels with signal dropout was computed for
each individual subject using T2* images acquired at 3 and
1.5 T. Between-scanner differences were examined using
ANOVA with factors magnetic field strength (3 T, 1.5 T)
and hemisphere (left, right). To visuaize the precise loca-
tion of the signal dropout within the amygdala, a composite
image of voxels with signa dropout was computed by
averaging across al 14 subjects.
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Smoothness of T2* images

The smoothness (spatia correlation) of T2* images was
determined using the methods described by Kiebel et al.
(1999) and the procedures implemented in SPM99. Briefly,
this involves computing the determinant of the covariance
matrix of the first spatial partial derivatives of the residual
field derived after removing task-specific and nonspecific
physiological noise components (e.g., low-frequency drifts).
The inverse of the determinant is the spatial smoothness of
the fMRI data. Spatial smoothness of images acquired at 3
and 1.5 T was compared using two-tailed paired t tests.

Results
Visual perception task

Activation

Significant activation was observed in the striate, extra-
striate, and posterior parietal cortex at both 3and 1.5 T, with
more extensive activation at 3 T (Fig. 1). A direct compar-
ison of activations using random effects analysis revealed a
greater number of activated voxels at 3 T in the striate
cortex (V1) and extrastriate regions (V2 and V3) (Fig. 2).
Significant between-scanner differences were detected in
896 voxels; 3811 voxels were activated at 1.5 T, implying
an increase in activation of 23.5%.

No regions showed greater activation at 1.5 T compared
with 3 T.

Smoothness of T2* images

The average smoothness of the images was 5.56 = 0.45
mm at 1.5 T and 6.34 = 0.45 mm at 3 T. The smoothness
at 3T wassignificantly greater (t(12) = 6.67, P < 0.00002).

Working memory task

Behavioral performance

There were no significant differences in accuracy or
reaction times obtained at the two scanners. Mean accuracy
on the working memory task was 90.5 + 3.6 and 91.8 =
2.7% in the 1.5- and 3-T scanners, respectively. Mean
reaction times were 688.0 = 148.7 and 682.5 + 141.5msin
the 1.5- and 3-T scanners, respectively.

Activation

The extent of working memory-related activation was
greater at 3 T in the left and right frontal and parietal 1obes
(Fig. 3). A direct statistical comparison showed a grester
number of activated voxelsat 3 T bilaterally in the superior,
middle, and inferior frontal gyri, orbital gyrus, supplemen-
tary motor area (SMA), pre-SMA, superior and inferior
parietal lobules, as well as cerebellum (Larsell region
HVIIB), caudate head, globus pallidus, and thalamus (Fig.
4). The percentage increase in activation was approximately
82% in the left frontal lobe (% increase = 100 X 3852/
4700; 3852 voxels were activated in the 3 T-1.5 T compar-

ison, 4700 voxelswere activated at 1.5 T), 73% (4635/6324)
in the right frontal lobe, 83% (3494/4208) in the |eft parietal
lobe, and 36% (1825/5129) in the right parietal lobe.

We examined the distribution of Z scores in voxels that
showed significant activation at 3 T. Figure 5 compares the
distribution of Z scores for these voxels at the two field
strengths. The distributions were significantly different
(Kolmogorov—Smirnov test, D = 0.521174, P < 0.001)
with means of —0.202 + 2.093 at 1.5 T and 2.658 + 1.932
a 3T, and kurtosisof 0.13 at 1.5Tand 0.49 at 3 T.

Figure 6 shows the percentage of voxels activated and
mean Z scores at 1.5 and 3 T in specific prefrontal, parietal,
and cerebellar regions of interest during the working task.
Activation increases were significant (P < 0.01) in all
regions shown.

Smoothness of T2* images

The average smoothness of the images was 5.68 + 0.57
mmat 1.5 T and 6.49 = 0.62 mm at 3 T. The smoothness
at 3 T was significantly greater (t(13) = 3.04; P < 0.0095).

Affect-processing task

Behavioral performance

Mean accuracy on the tasks was 92.4 + 5.4 and 93.9 +
44% in the 1.5 and 3-T scanners, respectively. Mean
reaction timeswere 892.7 = 166.8 and 849.4 + 130.7 msin
the 1.5- and 3-T scanners, respectively. There were no
significant differences in accuracy or reaction times ob-
tained at the two scanners.

Amygdala activation

Amygdala activation in response to emotional, compared
with neutral, faces was observed at both 3 and 1.5 T.
Between-scanner differences were detected in eight voxels
in the amygdala, with greater activation at 3 T, compared
with 1.5 T. This difference was, however, not significant
when a small volume correction was applied.

To further quantify between-scanner differences in acti-
vation an ROl analysis was also performed. A 2 (field
strength: 3T, 1.5 T) X 2 (hemisphere: Ieft, right) repesated-
measures ANOV A was used to directly contrast the extent
and magnitude of activation in the amygdala. There was no
significant main effect of field strength (F (1,13) = 0.050, P
= 0.826) or significant interaction between field strength
and hemisphere (F (1,13) = 0.514, P = 0.486) (Fig. 7).
Nearly identical results were found for average Z scores of
suprathreshold voxels (Z > 0.05) in the amygdala.

Sgnal dropout in amygdala

Of the 468 voxels in the left amygdda, 9.8 + 7.0% voxds
showed signal dropout from susceptibility artifacts a 1.5 T,
compared with 11.3 = 6.4% at 3 T; of the 458 voxels in the
right amygdda, 84 = 52% voxels showed signal dropout
from susceptibility artifacts a 1.5 T, compared with 13.2 =
54% a 3 T (Fig. 8). Figure 9 shows the precise regionsin the
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Fig. 4. Brain regions that showed significantly greater activation at 3 T, compared with 1.5 T, in a random effects analysis of between-scanner differences
during the working memory task: (A) coronal cross sections, (B) surface rendering. Greater activation was observed in the prefrontal and parietal cortex as
well as subcortical structures including the caudate, putamen, and thalamus.
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Fig. 6. Percentages of voxels activated (A, B) and mean Z scores (C, D) at 1.5 and 3 T in specific prefrontal, parietal, and cerebellar regions of interest during
the working task. Activation increases were significant in all regions shown. Left and right hemisphere regions are shown on the left and right, respectively.
The automated parcellation scheme of Tzourio-Mazoyer et a. (2002) was used to demarcate regions of interest: Frontal_Sup, superior frontal gyrus;
Frontal_Mid, middle frontal gyrus; Frontal_Inf_Oper, inferior frontal gyrus, opercular part; Frontal_Inf_Tri, inferior frontal gyrus, triangular part; Frontal-
_Inf_Orb, Inferior frontal gyrus, orbital part; Cingulum_Ant, anterior cingulate cortex; Parietal_Inf, inferior parietal cortex (sans supramarginal and angular
gyri); Angular, angular gyrus; Cerebellum_7B, Larsell’s cerebellar region HVIIB.

amygdala where signal dropout was observed in al 14 sub-
jects. Andysis of variance revedled a trend toward greater
signal dropout at 3 T (F(1, 13) = 4.528, P = 0.053), and there
was no significant interaction between field strength and hemi-
sphere (F(1, 13) = 2.875, P = 0.114).

Amygdala activation after adjusting for signal dropout
When the ROI analysis of amygdala activation during
affect processing was restricted to artifact-free voxels, no

significant main effect of field strength or interaction be-
tween field strength and hemisphere emerged.

Discussion

During both the visual perception and visuospatial work-
ing memory tasks significantly greater cortical activation
was observed at 3 T, compared with 1.5 T. Increased acti-
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Fig. 5. Distribution of Z scoresat 3 and 1.5 T among voxels that showed significant activation at 3 T during the working memory task. The distributions were
significantly different with means of —0.202 + 2.093 at 1.5 T and 2.658 = 1.932 at 3 T, and kurtosis of 0.13 a 1.5 T and 0.49 at 3 T.

vation at 3 T was most dramatic in frontal and parietal
cortices during the working memory task. Compared with
an increase in visual cortex activation of about 23% during
the visual perception task, increases in activated voxels of
78% in the prefrontal cortex and 59% in the parietal cortex
were observed during the working memory task. In contrast,
amygdala activation during the affect-processing task was
not significantly different at 3and 1.5 T.

We used identical tasks, data acquisition procedures, and
a counterbalanced design in which the same subjects were
scanned at both 3 and 1.5 T, thus minimizing the effects of
habituation and learning on differences in activation. The
fairly large number of subjects and use of a random effects
analysis provide better generalizability and localization of
activation differences than has been possible in previous
studies. The measure used to examine increased sensitivity
for detection of activation at 3 T captures (1) voxels that
may not have been activated at 1.5 T, which show signifi-
cant activation at 3 T, aswell as (2) voxels that activated at
1.5 T, which show statistically significant increases in ac-
tivation at 3 T. The increased volume of activation at 3 T
may, therefore, arise either from differences in extent of
activation or from changes in the height of activation or
both. Our measure therefore provides a more sensitive
gauge of voxelwise changes at 3 T than ssimply comparing
the number of voxels that were activated (above a specified
threshold) at the two field strengths.

Our results clearly indicate that the increase in regional
activation at 3 T extends across several centimeters of the
cortex in one or more directions. In comparison, the spatial
smoothness, or intrinsic spatial correlation, increased by
less than 1.4 mm at 3 T. The smoothness was assessed on
residual fields that are free of physiological signal, thus
allowing one to estimate the smoothness of the resulting t
field under the null hypothesis of no activation (Kiebel et
a., 1999). These observations suggest that the more exten-
sive activation observed at 3 T may arise from increased
vascular (presumably venous vessel) contributions to the

BOLD signa (Kruger et al., 2001); however, since the
density and distribution of vessels of various sizes were not
studied here we do not know whether the intermediate
vessels sizes were particularly heterogeneous across the size
scales of the relatively large imaging voxels.

The extent of spatial smoothing used in our study is
modest considering that data were acquired with a resolu-
tion close to 4 mm. This level of smoothing essentially
removes spatial noise and, to a lesser extent, reduces the
effects of anatomical variability across subjects. Our results
clearly show that the spatial extent of activation differences
at 1.5and at 3T extendsto several centimeters, far in excess
of the extent of spatial smoothing used. Changes in activa-
tion were detected even in regions where 1.5 T provides
enough sensitivity to significantly activate voxels corre-
sponding to active neuronal tissue. Furthermore, rather than
merely reflecting “volume of activation” changes, our re-
sults also show that at 3 T we can detect significant activa-
tion in neurocanatomically distinct brain regions that were
not activated at 1.5 T.

We used a shorter TE at 3 T to compensate for shorter
T2* at 3 T. The shorter T2* can lead to increased spatial
blurring on the Fourier-transformed images. Although in
general shorter T2* leads to increased spatial blurring, the
effect can be shown to be very small in our case, as the
readout duration was only about 20 ms for both field
strengths due to the high efficiency of the spiral acquisition
method. Our analysis suggests that the intrinsic spatial cor-
relations increase by only about 1 mm at 3 T, whereas the
spatial extent of activation increases over severa centime-
ters. This suggests that the increased activation at 3 T arises
a least partly from increased signa at 3 T, rather than
increased spatia blurring. Furthermore, the distribution of Z
scores within regions above threshold at 3 T was signifi-
cantly different from the distribution at 1.5 T, with signif-
icantly greater meansat 3 T.

Our data aso contribute to an understanding of the im-
portant problem of false negatives (type Il error) in analyses
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with thresholding as is performed in SPM. If we were to
assume that all voxels present at 3 T represent true positives
(or at least the majority of the voxels that differ by field
strength) we would have to assume a very high false neg-
ative rate. This problem, of course, could not be ungiue to
1.5 T—the higher-field instrument will also show false
negatives. While there is no gold standard for true positive
activations and the fMRI design by itself cannot distinguish
between type | and type Il error, converging evidence from
lesion and electrophysiological studies suggests that most of
the activations that were observed only at 3 T represent type
Il error in 1.5-T data.

Our data demonstrate that 3 T shows greater activation in
striate and extrastriate regions. Regions of the extrastriate
cortex that showed increases in activation include V2 and
V3, regions known to be involved in real and illusory
motion perception. Furthermore, these increases arereliable
across subjects as indicated by the random effects analysis
of fMRI data in the present study. The increased activation
a 3 T in both striate and extrastriate regions should allow
for increasingly more sophisticated analyses of visual pro-
cessing systems (Somers et al., 1999).

Compared with the 23% increase in activation of primary
and secondary visual cortex observed during the visual
perception task at 3 T, more striking increases of 35-83%
were observed in association cortices during the working
memory task. Within the prefrontal and parietal cortices,
increases in activation were observed in both hemispheres
in specific regions that are known to play critical roles in
working memory (Nystrom et al., 2000; Postle et al., 2000).
Moreover, activation in these regions is more extensive than
what has been previously reported. The parallel increasesin
activation of these regions are consistent with the involve-
ment of frontoparietal loops in working memory (Smith and
Jonides, 1998) and with electrophysiological studies that
have shown that the prefrontal and parietal cortices are
coactivated during working memory (Chafee and Goldman-
Rakic, 1998). A direct comparison of activation at 3 and 1.5
T revealed greater bilateral activation at 3 T in the dorso-
lateral prefrontal cortex, inferior frontal gyrus, orbital gyrus,
supplementary motor area, inferior parietal cortex, cerebel-
lum, caudate, globus pallidus, putamen, and thalamus. Our
results, therefore, suggest that higher field strength is par-
ticularly advantageous for the study of not only cortical, but
also subcortical, contributions to higher cognitive function.
Furthermore, at 3 T, activation was detected in several brain
regions that did not show significant activation at 1.5 T.
Prominent among these regions are the ventral aspects of
the inferior frontal gyrus, orbitofrontal gyrus in the prefron-
tal cortex, and the lingual gyrus in the temporal-occipital
cortex. The precise role of these regionsin working memory
is now the subject of intense investigation; a discussion of
these issues in beyond the scope of our study. What is
important to note here is that higher field strength, in any
case 3 T, will facilitate a more thorough quantification of
overlapping as well as distributed representations of neural

processes involved in higher cognitive functions (Duncan
and Owen, 2000; Halgren et a., 2002). This in turn should
help in resolving controversies regarding domain- and pro-
cess-specific functional organization of the prefrontal and
other association cortices (Goldman-Rakic, 2000; Miller,
2000).

In contrast to these findings, no increase in amygdala
activation at 3 T was observed during affect processing.
Furthermore, signal dropout from susceptibility artifacts
was greater at 3 T, with dropout regions extending more
laterally in comparison to amygdala regions that showed
dropout at 1.5 T. However, even when the analysis was
restricted to voxels that did not have a significant dropout,
no differences in activation were found at 3and 1.5 T. This
finding suggests either that signal gain in the amygdala is
small or that signa reductions may extend beyond the
dropout regions that have been identified in the present
study. In either case, there appears to be little difference
between detectable activation at 1.5 and 3 T in the amyg-
dala. Deichmann et a., (2002) argue that susceptibility
effects may cause changes in BOLD sensitivity over and
above the results of dropout, due to local variations in
effective echo time (Deichmann et al., 2002). This may
explain the findings described here. The basal nucleus and
the adjoining peri-amygdaloid cortex (Olmos, 1990) are the
main amygdala regions affected by susceptibility artifact.
This region is known to play a key role in attaching emo-
tional significance to stimuli. Furthermore, by means of the
ventral amygdal ofugal pathway, these regions project to the
medial dorsal nucleus, the thalamic relay nucleus for asso-
ciation areas in the frontal lobe. There is also considerable
evidence that the basal nucleus is involved in associating
sensory cues with reward value (Baxter and Murray, 2002;
Cardinal et a., 2002). Thus, signa loss in this region may
adversely affect the analysis and interpretation of amygdala
function.

The amygdal a has been a difficult structure to image with
fMRI (Merboldt et al., 2001; Yang et a., 2002) and findings
about its role in different aspects of affect processing have
been quite variable across studies. For example, most stud-
ies have found amygdala activation in response to fearful
faces (Baird et al., 1999; Hariri et a., 2000; Phillips et a.,
1998; Whalen et al., 1998). However, an fMRI study at 2 T
found no amygdala activation in response to fearful faces
(Sprengelmeyer et al., 1998). For other facial emotions such
as anger, sadness, and happiness, the fMRI studies regard-
ing amygdal a activation have been even more variable (Bre-
iter et al., 1996; Hariri et al., 2000; Phillips et al., 1998;
Schneider et a., 1997; Sprengelmeyer et al., 1998). More
importantly, in the present study we found that there was an
equally large variance in activation across subjects at 1.5
and 3 T. Together these results indicate that BOLD signals
are small and highly variable across subjects in the amyg-
dala even at 3 T; significant technical improvements are
therefore necessary to improve signal detection in this brain
region, and thereby facilitate the resolution of existing con-
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Amygdala activation (% voxels)

Left Right =157
. -0-3T
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Fig. 7. Amygdala activation during the affect-processing task was not
significantly different at 3 and 1.5 T. Vertical bars denote 0.95 confidence
intervals. Note the large variance in activation across subjects at both 3 and
15T.

troversies regarding the precise role of the human amygdala
in affect processing.

More broadly, similar arguments are likely to extend to
other brain regions, such as the anterior hippocampus, an-
terior temporal pole, and inferior orbitofrontal cortex, which
are also affected by susceptibility artifacts. For echo-planar
imaging, the sensitivity to BOLD effects appears to be
directly proportional to signa intensity (Lipschutz et al.,
2001); this suggests that BOLD signa detection can be
reduced even in the absence of complete signal dropout. In
summary, in regions such as the amygdala, there is a trade-
off between signal gain due to higher field strength and loss
due to susceptibility artifacts.

Our findings demonstrate that 3 T is generaly more

18

16

14 —

Signal dropout (% of voxels)

—o—1.5T

Left Right
¥ -o- 3T

Hemisphere

Fig. 8. Percentage of voxelsin amygdala that showed signal dropout from
susceptibility artifacts. Greater dropout was observed at 3 T, with larger
effects in the right hemisphere. Vertica bars denote 0.95 confidence
intervals.

3T only 3T & 15T

Fig. 9. Corona views of amygdala regions that showed signal dropout due
to susceptibility artifacts; the last viewgraph shows a sagittal view of the
locations of these slices. The Taairach coordinate of each coronal diceis
shown in the top left-hand corner. The basal nucleus and the adjoining
peri-amygdaloid cortex are the main amygdala regions affected by suscep-
tibility artifact. Voxels with signal dropout at both 3 and 1.5 T are shown
in red; voxels that showed dropout at 3 T but not at 1.5 T are shown in
green. Voxels in purple did not show dropout at either 3 or 1.5 T. Regions
with dropout are shown superimposed on average, spatially normalized,
T1-weighted images from 14 subjects.

advantageous than 1.5 T for functional brain imaging. This
advantage extends beyond the primary visual and motor
cortices to association cortices, including the dorsolateral
prefrontal and inferior parietal cortices, as well as subcor-
tical structures, including the striatum and thalamus.
Higher-field magnet strength does not, however, guarantee
uniformly superior functional imaging results. In particular,
susceptibility artifacts are greater at 3 T and this has adverse
effects on detection of any potential increasesin task-related
activation in regions such as the amygdala. These effectsare
aso likely to be a significant confounding factor in the
interpretation of hippocampal activation during episodic
memory, an issue that is discussed in detail elsewhere (Gre-
icius et al., 2003). Improvements in high-field instrumenta-
tion and better pulse sequences are essential for fMRI ap-
plications that use high fields (Ugurbil et al., 1999); in
particular, future technological investigations need to focus
on reducing the susceptibility artifacts at high field to max-
imize the benefits of high field scanning (Cordes et al.,
2000). It is possible that magnetic field strengths higher than
3 T will produce greater signal and further improve the
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spatia resolution of fMRI (Yacoub et a., 2001). However,
asthe present study indicates, thereislikely to be atrade-off
with respect to the extent of susceptibility artifacts that can
be tolerated. Future studies will address differences in task-
related decreases in activation, or deactivation (Raichle et
al., 2001).
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