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Abstract: This parametric functional magnetic resonance imaging (fMRI) study investigates the balance of
negative and positive fMRI signals in the brain. A set of visual attention (VA) and working memory (WM)
tasks with graded levels of difficulty was used to deactivate separate but overlapping networks that
include the frontal, temporal, occipital, and limbic lobes; regions commonly associated with auditory and
emotional processing. Brain activation (% signal change and volume) was larger for VA tasks than for WM
tasks, but deactivation was larger for WM tasks. Load-related increases of blood oxygenation level-
dependent (BOLD) responses for different levels of task difficulty cross-correlated strongly in the deac-
tivated network during VA but less so during WM. The variability of the deactivated network across
different cognitive tasks supports the hypothesis that global cerebral blood flow vary across different
tasks, but not between different levels of task difficulty of the same task. The task-dependent balance of
activation and deactivation might allow maximization of resources for the activated network. Hum Brain
Mapp 27:694-705, 2006.  © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Functional magnetic resonance imaging (fMRI) studies of
visual stimulation in cats [Harel et al., 2002] and humans
[Shmuel et al., 2002] demonstrated negative blood oxygen-
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ation level-dependent (BOLD) responses (NBR) in non-
stimulated areas of the visual cortex. Similarly, fMRI studies
using cross-modal stimuli showed deactivation of the audi-
tory cortices during visual stimulation, whereas deactivation
of the visual cortices occurred during auditory stimulation
[Laurienti et al., 2002; Lewis et al., 2000]. These findings
suggest that the concomitant deactivation could represent
cross-modal inhibition (an active suppression of neural ac-
tivity), to minimize potentially distracting, task-irrelevant
neural processes. Studies in rodents, however, using optical
imaging of hemoglobin oxygenation and physiological re-
cordings of spiking activity and local field potentials suggest
that the negative hemodynamic activity might not corre-
spond to changes in neuronal activity [Devor et al., 2005].
Functional MRI deactivation may also represent a direct
hemodynamic response (“blood stealing”) in the vascular
system in response to changes in adjacent regional cerebral
blood flow (rCBF), because negative BOLD signals are ac-
companied by decreases in rCBF [Hoge et al., 1999b; Raichle,
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1998; Shmuel et al., 2002; Stefanovic et al., 2004]. In this
model, rCBF-increases (A ) in activated regions would ne-
cessitate synchronous rCBF-decreases (A_) in other brain
regions, i.e. A, =k A_, where the constant k depends on the
vascular distribution. This hypothesis is supported by the
finding that global brain metabolism, which is proportional
to global CBF, is remarkably constant despite varying men-
tal and motor activity [Raichle and Gusnard, 2002]. The
BOLD signal depends in a complex manner on CBF, cerebral
blood volume (CBV), and cerebral metabolic rate of oxygen
consumption CMRO, [Buxton, 2002]. Hoge et al. [1999a],
however, have suggested that during visual stimulation
(flickering checkerboard), A.. and the BOLD., signals in the
human occipital cortex are coupled; A. is proportional to
CMRO, increases, and the BOLD.. signal = A, °?.

Positron emission tomography (PET) also showed
rCBF-decreases in visual [Kawashima et al., 1995] and
auditory [Shulman et al., 1997] cortices during spatial-,
visual- or selective-attention tasks, and in auditory and
somatosensory cortices during tasks that did not require
attention [Born et al., 2002; Haxby et al., 1994; Shulman et
al., 1997].

Brain deactivation also has been reported during atten-
tion-requiring tasks [Deary et al., 2004; Hester et al., 2004;
Lawrence et al., 2003]; however, whether it reflects neural
inhibition of task-irrelevant neural processing or hemody-
namic compensatory mechanisms in the brain remains un-
clear. Deficits in attention and memory are common in many
brain disorders, including Alzheimer’s disease, attention
deficit hyperactivity disorder, schizophrenia, Parkinson’s
disease, human immunodeficiency virus (HIV) infection,
and drug addiction. A better understanding of the mecha-
nism for deactivation may therefore be important if fMRI is
used to evaluate brain pathophysiology or to monitor treat-
ments.

In a series of fMRI studies on the effect of scanner noise on
visual attention and working memory processing in healthy
subjects and HIV patients [Tomasi et al., 2005a,b,c], we
observed similar patterns of brain deactivation for both
tasks. The goal of this study was therefore to investigate if
the activation—deactivation balance during attention-de-
manding tasks (working memory [WM] and visual attention
[VA] tasks with graded levels of difficulty [Chang et al.,
2001, 2004]) is task dependent.

We hypothesized that if global CBF is constant across
tasks, then larger fMRI activation (% BOLD signal change)
should be counterbalanced by larger fMRI deactivation. This
hypothesis assumes the same (constant) global CBF during
the tasks (A, = k A_), and that fMRI signals and hemody-
namic responses are coupled (BOLD. o« A*_, where a is a
constant). With these assumptions, BOLD activation should
be accompanied by synchronous proportional BOLD deac-
tivation, i.e., BOLD, = g BOLD_ where g is a constant. Two
different tasks (WM and VA) with parametric changes of
cognitive load therefore were used to modulate brain acti-
vation and deactivation to allow a comparative analysis of
activation and deactivation. The study was conducted at

high magnetic field strength (4 Tesla) in a cohort of 22
healthy volunteers.

MATERIALS AND METHODS
Subjects

Twenty-two healthy, nonsmoking, right-handed volun-
teers (10 men, 12 women; age 30 = 8 years; education: 16 * 2
years) with normal vision participated in the study. The
subjects signed a written consent, approved by the Institu-
tional Review Board at Brookhaven National Laboratory.
Subjects were screened carefully with a detailed medical
history, physical and neurological examination, and blood-
and urine-screening tests to ensure they fulfilled all inclu-
sion (age 18 years or older, English as their first language,
healthy, and on no medications) and exclusion criteria (his-
tory of head injury, current or past drug abuse or depen-
dence including positive urine toxicology, any past or cur-
rent medical or neuropsychiatric illnesses, significant
abnormalities on screening blood tests, pregnancy tested by
urine test or breast-feeding if female subjects, any contrain-
dications for MRI).

Neuropsychological Tests

All subjects were evaluated with a battery of neuropsy-
chological tests to evaluate attention [Symbol Digit Modal-
ities; Smith, 1982], WM (forward and backward digit span
and letter-number sequencing; Wechsler Adult Intelligence
Scale-Third Edition [WAIS-III]), and executive function
[Stroop Color Interference Test; Stroop, 1935].

Visual Attention Paradigm

Subjects carried out a set of three VA tasks that involved
mental tracking of 2, 3, or 4 of 10 moving balls [Culham et
al., 1998; Jovicich et al., 2001; Tomasi et al., 2004]. During the
TRACK periods, the target balls (2, 3, or 4) were briefly
highlighted and then all 10 balls started to move. Subjects
were instructed to fixate on the cross while mentally track-
ing the target balls as they moved randomly across the
display. At the end of TRACK periods, the balls stopped
moving and a new set of balls was highlighted, and subjects
were trained to press a button if these balls are the same as
the target set. Reaction times and accuracy in performance
thus were recorded. After 0.5-sec delay, the original target
balls were then rehighlighted to refocus the subjects” atten-
tion on these balls, and the sequence was repeated five
times. During DO NOT TRACK periods, all 10 balls moved
in the same manner; however, no balls were highlighted.
The subjects were instructed to stop tracking the balls and
view them passively. These tasks activate a neural network
that includes primarily the dorsolateral prefrontal cortex
(DLPFC), inferior and superior parietal lobes (IPL and SPL,
respectively), cerebellum, and motion areas V5/MT+ [Cul-
ham et al., 1998; Jovicich et al., 2001]. The stimuli were
created as movies in audio video interleave (AVI) format
using MATLAB (The Mathworks, Inc., Natick, MA), and
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presented to the subjects on MRI-compatible LCD goggles
connected to a personal computer. The display software was
synchronized precisely with the MR acquisition using an
MRI trigger pulse.

Working Memory Paradigm

Three sequential letter tasks were used to test WM. The
zero-back task was a simple reaction task: During the 30-
sec-long task block, a letter was flashed for 500 msec at
random times (10 events). The task was to push a response
button as soon as a letter appeared on the screen. During the
control periods of 30 sec, only a fixation cross was displayed.
For the one- and two-back tasks, random alphabetical letters
were presented sequentially at a rate of 1 per second. The
subjects were instructed to push a button as quickly as
possible when the current letter was the same as the one
before (one-back task) or two before (two-back task). During
each task period of 30 sec, five targets were presented at
random time points. During the resting period (30 sec),
nonsense characters were displayed randomly at the same
size, rate, and luminance, and the subjects were instructed
not to respond but to maintain fixation at the center cross.

Task order was counterbalanced to minimize habituation
effects. Half of the studies started with WM tasks; the re-
maining studies started with VA tasks. The stimuli were
presented to the subjects on MRI-compatible LCD goggles
connected to a personal computer. All response button
events during stimulation were recorded to determine task
performance.

The subjects were briefly trained outside the scanner (for
approximately 10 min), using shortened versions of the par-
adigms, to ensure that they understood and were able to
carry out the tasks.

DATA ACQUISITION

Subjects underwent MRI in a 4 Tesla whole-body Varian/
Siemens MRI scanner (VARIAN, Inc., Palo Alto, CA; Sie-
mens, Munich, Germany), equipped with a self-shielded
whole-body SONATA gradient set. A T2*-weighted single-
shot gradient-echo echo-planar imaging (EPI) sequence with
ramp-sampling (echo time/repetition time [TE/TR] = 25/
3,000 msec, 4-mm slice thickness, 1-mm gap, typically 33
coronal slices covering the whole brain, 48 X 64 matrix size,
4.1 X 3.1 mm in-plane resolution, 90 degree flip angle, and
time points of 84 for WM, 124 for VA) was used to measure
BOLD responses. The entire battery was carried out twice to
increase statistical power. Padding was used to minimize
motion. Task performance and subject motion were deter-
mined immediately after each fMRI trial to assure perfor-
mance accuracy better than 80%, and motion <1-mm trans-
lations and <1-degree rotations [Caparelli et al., 2003].

A Tl-weighted 3D-MDEFT sequence [Lee et al., 1995]
(TE/TR = 7/15 msec, 0.94 X 0.94 X 3 mm spatial resolution,
axial orientation, 256 readout and 192 X 48 phase-encoding
steps, and 8-min scan time) and a modified T2-weighted
Hyperecho sequence [Hennig and Scheffler, 2001] (TE/TR

= 42/10,000 msec, echo train length = 16, 256 X 256 matrix
size, 30 coronal slices, 0.86 X 0.86 mm in-plane resolution,
5-mm thickness, 1-mm gap, and 2-min scan time) were used
to obtain anatomical images.

Data Processing

The first four volumes in the time series were discarded to
avoid non-equilibrium effects of the MR signal. The statisti-
cal parametric mapping package SPM99 (Wellcome Depart-
ment of Cognitive Neurology, London UK) was used for
fMRI analyses. A six-parameter rigid body transformation
was used for image realignment to correct for head motion.
Only scans with head motion less than 1-mm translations
and 1-degree rotations were included in the analysis. The
realigned datasets were normalized to a Talairach template
using a 3 X 3 X 3 mm? voxel size and an affine transforma-
tion [Ashburner et al., 1997]. The data were smoothed using
an 8-mm full-width half-maximum (FWHM) Gaussian ker-
nel. A general linear model [Friston et al., 1995], and a
boxcar design convolved with a canonical hemodynamic
response function (HRF) were used to calculate the activa-
tion maps. Because global normalization in SPM can pro-
duce false deactivation signals [Aguirre et al., 1998;
Gavrilescu et al., 2002], the BOLD signal strength was esti-
mated without the removal of global effects. The time series
were band-pass filtered with the HRF as low-pass filter and
an additional high-pass filter (cut-off frequency of 1/126 Hz
for WM and 1/256 for VA).

Statistical Analyses

BOLD responses (% signal change maps) for each trial and
subject were included in a voxel-by-voxel repeated-mea-
sures analysis of variance (ANOVA) model with six condi-
tions (WM: zero-, one-, and two-back; VA: 2, 3, and 4 balls)
to identify significantly activated and deactivated brain ar-
eas during WM and VA tasks. Masks of networks that
activated or deactivated during WM or VA tasks were cre-
ated using the repeated-measures ANOVA model and a
threshold P = 0.05. Simple regression analyses of BOLD
signals and behavioral measurements during fMRI (reaction
times, performance accuracy, and task difficulty, as mea-
sured by the reaction times-to-performance accuracy ratio)
were conducted across subjects and tasks to complement the
statistical analyses of brain activation. Activation maps for
group analyses were calculated using a voxel-level thresh-
old (uncorrected) of P < 0.05 and a minimum cluster size of
15 voxels (400 mm?). Clusters with at least 15 voxels (400
mm®) and P < 0.05, corrected for multiple comparisons,
were considered significant in the group analysis.

Region-of-Interest Analysis

To validate the SPM results, functional regions of interest
(ROIs) with volume of 729 mm?® (cubic, 27 voxels) were
defined at the cluster centers of brain activation (see Tables
I and II) to extract the average BOLD signal from these
regions, using a customized program written in IDL (Re-
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TABLE I. Location of major areas of brain activation in the Talairach frame of reference,
and statistical significance of BOLD responses in these voxel locations

T-scores
Coordinates, mm
Brain region Side (X, y,2) VA WM VA Load WM Load VA > WM WM > VA
IFG (BA47) L —36,15, -3 5.7 8.0 242 3.2° NS NS
R 27,18,0 6.1 5.4° NS 2.1° NS NS
MFG (BA6) L —24, 6,60 8.8 NS NS NS 2.3° NS
R 33, 12,57 4.0 NS NS NS 3.1° NS
MFG (BA9) L —-36,21,15 2.92 7.7% 274 2.8° NS 2.7°
R 39,15, 18 7.9 8.3 NS 2.3° NS NS
medFG (BAS) C 3,21,39 5.1 7.0° NS 2.2° NS NS
FusG (BA19) L -39, —63, —6 8.72 10.0° 4.9? NS NS NS
R 39, —66, —15 10.1° 45" 3.4° NS 2.0 NS
IPL (BA40) L —36, —36,45 10.12 7.7% 420 2.3° 2.72 NS
R 39, —36, 45 9.1 4.8° 5.3 NS 3.9? NS
SPL (BA7) L —30, —51,45 10.02 13.1° 3.8 4.6 NS NS
R 30, —54, 51 12.0° 12.2* 2.3 2.8 3.7° NS
L —21, —57,66 19.42 5.72 3.6 NS 10.9° NS
R 15, —66, 60 13.6 2.8° NS 2.3 8.4 NS
PostCG (BA7) L -3, -51,69 8.8 NS NS NS 7.7 NS
R 3, —51, 69 10.4° NS NS NS 9.8° NS
PCL C 0, —42, 63 4.6 NS —2.5° NS 6.4° NS
SOG (BA19) L —27, —81,27 4.7° NS 5.5% NS NS NS
R 33, —81,21 13.22 NS 5.92 NS 6.2% NS
10G (BA19) L —36, —66, —6 6.4 7.1° 5.4% NS NS NS
R 36, —66, —6 7.4° 5.22 2.0 NS 2.22 NS
Thalamus L -9,-18,9 8.3 8.2% 3.4° NS NS NS
R 3,-21,9 10.12 8.22 2.0 NS 2.32 NS
CER declive L —33, —66, —21 4.7° 5.5? 5.1 NS NS NS
R 33, —66, —21 8.12 12.0 4.2° NS NS NS
CER vermis C —-3,-78,-15 10.9° 11.0° 45° NS NS NS

Sample size: 22 healthy subjects. Repeated-measures ANOVA (random-effects) analyses. IFG, inferior frontal gyrus; MFG, middle frontal
gyrus; medFG, medial frontal gyrus; FusG, fusiform gyrus; IPL, inferior parietal lobe; SPL, superior parietal lobe; PostCG, postcentral gyrus;
PCL, paracentral lobule; SOG, superior occipital gyrus; IOG, inferior occipital gyrus; CER, cerebellum; BA, Brodmann area; NS, not

significant.

Bonferroni corrections: ® P < 0.001, ® P < 0.05 cluster-level corrected.

search Systems, Boulder, CO). The position, shape, and size
of the ROIs were invariant across subjects, tasks, and con-
ditions. A repeated-measures ANOVA was conducted for
each ROI to validate the voxel-by-voxel statistical analyses
described above. Additional cross-correlation analyses be-
tween load effects (differential BOLD responses; WM
load: two-back — zero-back; VA load: 4 balls — 2 balls) in
different ROIs were carried out across subjects to study:
(1) potential interconnections in the networks, and (2) if a
larger dynamic range of hemodynamic responses in the
activated network is balanced out by a larger dynamic
range of hemodynamic responses in the deactivated net-
work. Statistical significance for ROI analyses was defined
as P = 0.05 (uncorrected).

RESULTS
Performance and Reaction Times

Figure 1 shows the average values of task performance
and reaction time (RT) during fMRI. Subjects were able to
carry out the tasks with high performance accuracy
(>90%). Performance accuracy was significantly lower for

two-back compared to zero- and one-back (P-value
< 0.0001), but not for one-back versus zero-back (P-value
= 0.08). RT increased from zero-back to one-back, and
from one-back to two-back (P < 0.0001). Performance
accuracy during 4-ball tracking was significantly lower
compared to 3- and 2-ball tracking (P-value < 0.0001);
there was no difference in RTs between 2-ball tracking
(P-value = 0.5). Although RT increased with increasing
number of balls tracked, the increases were not statisti-
cally significant. Performance accuracy for WM and VA
were similar; however, RT was slower during VA tasks
compared to that during WM tasks (Fig. 1). These task-
dependent increases in RT and decreases in performance
suggest increasing difficulty of the WM and VA tasks
(WM load, and VA load, respectively). Task difficulty
during fMRI in individual subjects was defined as the
reaction time-to-performance accuracy ratio (reaction
time/performance accuracy). The subjects” performance
as measured by this task difficulty was associated with
poorer performance (lower scores) on digit-symbol
[Smith, 1982] (R = —0.67) and on WAIS tests (R < —0.42),
as well as slower (longer time) performance on the Stroop
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TABLE Il. Location of major areas of brain deactivation in the Talairach frame of reference,
and statistical significance of BOLD responses in these voxel locations

T-scores
Coordinates, mm
Brain region Side X, y, z) VA WM VA Load WM Load VA > WM WM > VA
SFG (BA9) L —12,54,36 -2.0 -2.8° NS NS NS NS
R 12,57,33 NS —2.8° NS NS NS NS
ACG (BA24) C —6,36,0 —4.9° —4.5° NS 3.6 NS NS
Insula (BA13) L —36, —18,12 —43° —5.5° NS —3.5° NS NS
R 42,-9,3 —-2.8° —4.0° NS NS NS NS
PHG (BA35) L —21, —24, —18 NS —2.7° 3.1° NS NS NS
R 24, —21, —18 NS —3.2° NS NS NS -2.0
(BA36) L —24, —42, -9 NS -2.6° 3.0° NS NS NS
(BA30) L —9, —48,0 NS -2.9° 4.0 NS NS NS
R 9, 48,0 NS —3.7° 2.72 NS NS NS
PreCG (BA4) L —24, —21,57 NS -2.1° NS NS NS -2.3
R 24, —21,57 NS NS NS NS NS -2.0
MTG (BA39) L —45, —63,27 NS -2.3° 3.8 NS NS NS
R 45, —63,27 NS —4.8° 2.0 NS NS -2.0
CG (BA31) C 0, —48,27 —7.2° -10.9* NS —4.8° NS NS
(BA 24) C 3, 6,42 NS —4.8° NS NS NS —2.4P
PCL (BA5) C 0, —42,63 NS —4.5° 2.5% 2.5 NS —6.4°
PCG (BA30) L -9, —48,6 NS -3.1° 3.9% 4NS NS NS
R 12, 54,6 —2.5° —5.4° 2.0 NS NS NS
Precuneus (BA7) L —15, —63, 27 NS —-3.0° 4.9° NS NS NS
R 15, —63, 27 242 —-5.0° 4.0 NS NS NS

Sample size: 22 healthy subjects. Repeated-measures ANOVA (random-effects) analyses. SFG, superior frontal gyrus; ACG, anterior
cinculate gyrus; PHG, parahippocampal gyrus; PreCG, precentral gyrus; MTL, middle temporal gyrus; CG, cingulated gyrus; PCL,
paracentral lobule; PCG, postcentral gyrus; BA, Brodmann area; NS, not significant.

Bonferroni corrections: P < 0.001, ® P < 0.05 cluster-level corrected.

tests (R > 0.56) during neuropsychological testing outside
the scanner. These correlations support the use of this
parameter as a measure of task difficulty, because subjects
that performed worse on common neurocognitive tasks
also experienced the fMRI tasks as more difficult.

Activation

The WM tasks activated a network (Table I) that includes
the prefrontal (PFC) cortex (inferior [IFG; Brodmann area
(BA) 47], medial [medFG; BA 8], middle [MFG; BA 9] frontal
gyri), inferior (IPL; BA 40) and superior (SPL; BA 7) parietal
lobes, the inferior occipital (IOG; BA 19), and fusiform
(FusG; BA 19) gyri, as well as the thalami and the cerebellum
[declive and vermis], in agreement with our prior observa-
tions [Chang et al., 2001]. VA tasks activated a network that
involves the same brain regions and additionally the MFG
(BA 6), PostCG (BA 7), and SOG (BA 19), also in agreement
with our previous studies [Chang et al., 2004; Jovicich et al.,
2001]. Brain activation was highly significant in all these
regions for both WM and VA tasks.

Figure 2 shows the activation patterns (top panel, red) and
the extent of common activation (bilateral) produced by
both paradigms. Brain activation in the MFG (BA 9) was
larger overall for WM tasks compared to VA tasks (Fig. 2,
middle panel, cyan), whereas brain activation in the SPL,
IPL, MFG (BA 6), PostCG, IOG, SOG, and the thalamus was
greater during VA than during WM tasks (Fig. 2, middle
panel, yellow). The volume of the activated network was

larger for VA tasks than for WM tasks (430 = 10 vs. 310 = 10
cm?).

For WM tasks, increased RT and task difficulty, and de-
creased performance accuracy, were associated with in-
creased activation of the activated network. For VA tasks,
however, increased task difficulty was coupled to increased
activation in the cerebellum, IPL, SOG, and 10G (P
< 0.001; Fig. 2, bottom panel, red).

corrected

Deactivation

Figure 2 also shows the pattern of deactivation for WM
and VA tasks (top panel, blue). WM tasks (zero-, one-, and
two-back combined) deactivated a bilateral network (Table
II) that comprises the frontal (superior frontal [SFG; BA 9],
precentral [PreCG; BA 4], and anterior cingulate gyri [ACG;
BA 24], paracentral lobule [PCL; BA 5], and the posterior
insula), temporal (middle temporal gyrus [MTG; BA 39]),
limbic (cingulate [CG; BA 24 and 31], parahippocampal
[PHG; BA 30, 35, and 36], posterior cingulate [(PCG; BA 30]
gyri), and occipital (precuneus [BA 7]) lobes. VA tasks (2, 3,
and 4 balls combined) deactivated the insula, ACG, CG,
PCG, and the precuneus (Table II).

The amplitude of the negative BOLD responses was larger
during WM than during VA in the right PHG (BA 30), CG
(BA 24 and 31), and the PCG (Fig. 2, middle panel, cyan).
Furthermore, the PCL deactivated during WM tasks but
activated during VA tasks (Fig. 2, middle panel). The vol-
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Figure I.
Performance accuracy and reaction times for working memory
and visual attention tasks.

ume of the deactivated network was larger for WM tasks
than for VA tasks (100 + 5 vs. 40 + 4 cm?).

Furthermore, increased RT and task difficulty, and re-
duced performance accuracy during WM tasks were associ-
ated with increased deactivation of the deactivation network
(Peorrectea < 0.008; Fig. 2, bottom panel, blue). Specifically,
BOLD signals correlated stronger with task difficulty than
with either RT or performance accuracy. For VA tasks, in-
creased task difficulty produced larger deactivation in the
CG (BA 31; Poirectea = 0.008). This demonstrates that the
RT-to-performance accuracy ratio predicts both activation
and deactivation for WM tasks, but not for VA tasks.

Region-of-Interest Results

VA tasks produced larger positive BOLD responses than
WM tasks did in an occipitoparietal network comprising the
FusG, PostCG, SOG, IPL, and SPL (P < 0.001; gray box in
Fig. 3), but no differences were observed in the PFC (IFG and
MFG) and the subcortical brain regions (thalamus and cer-
ebellum). In the PostCG, the average BOLD responses were
positive during VA tasks but negative during WM tasks (see
Fig. 3), and the responses did not modulate with either WM
load or VA load. In the PFC (IFG, MFG, and medFG), BOLD
responses modulated with WM load (P < 0.004) but did not
modulate significantly with VA load. BOLD signals in other
brain regions that activated during the tasks, however, mod-
ulated with WM load and VA load (P < 0.001). The load
effects in the medFG and those in other regions of the PFC
were correlated strongly across subjects for VA tasks (0.84
< R < 0.92; Table III), but less so for WM tasks (0.51 < R
< 0.79). In general, VA load and WM load effects exhibited

remarkably similar cross-correlation coefficients in activated
regions (Table III). In these regions, the average BOLD re-
sponses in the ROIs followed a normal distribution (Gauss-
ian) across subjects and trials; the mean of the distribution
was different but its FWHM was similar across all ROIs
(FWHM = 3.1 + 0.4 and 3.0 * 0.4% for VA and WM tasks,
respectively) for VA and WM tasks.

WM tasks produced larger average negative BOLD re-
sponses (across trials and subjects) than did VA tasks in the
PHG, MTG, PreCG, PCL, and PCG (P < 0.05; paired f-test;
Fig. 4). Conversely, VA tasks did not produce larger deac-
tivation than WM tasks did in any brain region. The PreCG,
PCL, and the precuneus deactivated during WM tasks (P
< 0.0001) but activated during VA tasks (P < 0.0006). In-
creased WM load produced increased deactivation in the
SFG, ACG, insula, CG, PreCG, PCG, and precuneus (P
< 0.05; t-tests for differential [two-back — zero-back] BOLD
amplitudes; Fig. 4). For VA tasks, however, increased VA
load produced decreased deactivation in the PCG, MTG,
and the precuneus (P < 0.05). Cross-correlations of load
responses (% signal change) in the deactivated network
were larger for VA tasks compared to that for WM tasks
(Table IV). Figure 5A and 5B exemplify the linear corre-
lations (across subjects) between load effects in the PCG
and the precuneus, for VA and WM tasks. Figure 5C and
5D plot the distribution of BOLD signal amplitudes across
subjects and tasks, demonstrating that WM and VA tasks
produce different Gaussian distributions of BOLD signals.
The negative average of the distribution is larger during
WM tasks, but its FWHM is larger during VA tasks
(FWHM = 1.55 = 0.1 and 0.95 = 0.1% for VA and WM
tasks, respectively). The position (see Tables I and II),
shape, and size of the ROIs were invariant across subjects,
tasks, and conditions.

DISCUSSION

This study provides the first intra-subject comparison of
fMRI deactivation during two different cognitive tasks. The
main findings are: (1) VA and WM tasks commonly deacti-
vate a network that includes the frontal, temporal, occipital,
and limbic lobes; (2) although WM tasks caused lower over-
all activation, they produced larger overall deactivation than
VA tasks did; and (3) specific regions in the frontal lobes
(PreCG and PCL) deactivated during WM but activated
during VA tasks.

These findings suggest that global CBF is not constant across
the tasks, for two reasons. First, VA tasks produced greater
activation but lesser amplitude of deactivation than WM
tasks do (Figs. 2—-4). Consequently, the BOLD _ in the deac-
tivated network is not proportional to BOLD, in the acti-
vated network; ie., A, # k A_ across tasks. Second, al-
though cross-correlation of load responses in the activated
network were similar during VA and WM tasks (Table III),
in the deactivated network the load responses cross-corre-
lated better for VA tasks than for WM tasks (Table IV and
Fig. 5A,B). The correlation differences between tasks result
from the lower dynamic range of negative BOLD signals

* 699 ¢



¢ Tomasi et al. ¢

Activation 31

IDeactivation

Activation

WM > VA 2 Il 10

BOLD-task difficulty
correlation maps

Positive

during WM tasks compared to that during VA tasks. Simi-
larly, in deactivated brain regions, the Gaussian distribution
of BOLD responses has different FWHM (Fig. 5C,D) for WM
and VA tasks. In activated regions, however, the FWHM is
the same for both tasks. This is also inconsistent with pro-
portional blood flow changes in the activated and the deac-
tivated networks across tasks.

The parametric increases of VA load enhanced the posi-
tive BOLD signals in the IPL, SOG, I0G, thalamus, cerebel-
lum, and the left DLPFC (IFG and MFG), and the negative
BOLD signals in the PCG, PHG, and the precuneus (see
Tables I, II, and Figs. 3, 4). Similarly, parametric increases of
WM load enhanced brain activation bilaterally in the PFC
and left IPL, and brain deactivation in the CG and the insula
(see Tables I, II, and Figs. 3, 4). These corresponding in-
creases of activation and deactivation support the notion
that global CBF is constant across varying task difficulties

Figure 2.

Statistical maps of positive (top; red) and negative (top;
blue) BOLD signals during working memory (WM) and
visual attention (VA) tasks, differential BOLD signals
between tasks (middle), and positive and negative cor-
relation of BOLD signals with task difficulty (Bottom).
The color bars are t-score windows; for the bottom
panel they indicate the significance of the voxel-wise fit
of the linear regression with parametric variation of the
task difficulty, i.e., reaction time/performance accuracy.
Sample size: Twenty-two healthy subjects, random-
effects analyses (repeated ANOVA). IFG, inferior fron-
tal gyrus; medFG, medial frontal gyrus; FusG, fusiform
gyrus; SPL, superior parietal lobe; PostCG, postcentral
gyrus; PCL, paracentral lobule; Prec, precuneus; ACG,
anterior cingulate gyrus; CG, cingulate gyrus; PCG,
posterior cingulate gyrus; LG, lingual gyrus;

within the same task. Our results are supported by one
previous fMRI study that used an auditory target detection
task with parametric changes of task difficulty [McKiernan
et al.,, 2003], and found that increasing task difficulty re-
sulted in greater degrees of brain deactivation in the ACG,
SFG, MFG, PCG, SPL, and precuneus. This study suggested
that the ongoing internal information processing during the
conscious resting state is suspended during the task to allow
for reallocation of processing resources. The present study
therefore suggests that the hemodynamic responses in acti-
vated and deactivated networks are proportional across load
conditions but not across different tasks (WM and VA).
There are two potential mechanisms underlying deactiva-
tion on BOLD fMRI. Model 1 assumes a local reduction of
rCBF in less active brain regions to compensate for rCBF
increases in activated brain regions, without central involve-
ment (“blood stealing”). Conversely, Model 2 postulates
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Figure 3.
Average BOLD signals at specific regions of interest in the acti-
vated network (see Table ).

stimulus-correlated, centrally mediated inhibition of neural
processes in task-irrelevant brain regions.

Model 1 relates primarily to shunting of blood flow to
activated brain regions. Because increased neural activity in
the activated network requires increased rCBF and oxygen

consumption (CMRO,) and the total metabolism of the brain
is approximately constant over a wide range of mental and
motor activities [Raichle and Gusnard, 2002], increased rCBF
in the activated network might require a synchronous de-
crease of rCBF in adjacent regions of the brain (i.e., a hemo-
dynamic response). Consequently, these adjacent task-irrel-
evant regions might present negative rather than positive
BOLD responses. In this purely hemodynamic model, re-
gions with fMRI deactivation would reflect a transition from
decreased rCBF-supply during “task” periods to normal
rCBF-supply during “resting” periods. Despite greater
global activation during VA tasks in this study, the PCL,
PreCG, and precuneus deactivated during WM but acti-
vated during VA. This seems to be inconsistent with Model
1, because the cerebrovasculature is constant in anatomy
and location within each subject; therefore, these areas also
should deactivate during VA because all brain areas acti-
vated by WM tasks also activated during VA tasks, within
the same cerebrovasculature in each subject.

Model 2 explains deactivation as a consequence of cross-
modal inhibition mechanisms that reduce potentially dis-
tracting neural processes [Laurienti et al., 2002]. With re-
spect to the present study, Model 2 advocates that
deactivation in the posterior insula, PCL, ACG, MTG, CG,
PHG, PCG, and precuneus during WM but less so during
VA is a result of direct neural inhibition. This inhibition may
serve the purpose of optimizing performance by minimizing
interference. Deactivation of these brain areas during rapid
visual information processing [Lawrence et al., 2003] and
auditory target detection tasks [McKiernan et al., 2003] were
associated with the need for focused attention toward more
difficult tasks. For instance, competing neural processes
such as those produced by the stimulation of the auditory
cortices (from scanner noise) or by attention to introspective
or emotional factors (i.e., anxiety during fMRI) could inter-
fere with cognitive task performance. Consequently, neural
processing in task-irrelevant networks might be partially
inhibited (during task periods but not during rest periods) to

TABLE Ill. Cross correlation factors of load responses in the activated networks during working
memory (WM) and visual attention (VA) tasks

VA

WM IFG  MFG6 MFG9 MedFG FusG IPL SPL PostCG SOG 10G Thalamus CER
IFG — 0.897 0.947 0.84" 0.597 0.767 0.29 0.21 0.56" 0.66" 0.84" 0.577
MFG6 0.73% — 0.85% 0.847 0.53% 0.75% 0.27 0.35 0.43 0.627 0.767 0.54%
MFG9 0.717 0.587 — 0.927 0.527 0.747 0.11 0.35 0.39 0.627 0.807 0.47
MedFG 0.75% 0.512 0.79? — 0.37 0.66% 0.15 0.15 0.567 0.48 0.737 0.35

FusG 0.587 0.697 0.607 0.49 — 0.797 0.667 0.41 0.827 0.96" 0.49 0.907
IPL 0.48 0.43 0.59* 0.44 0.58* — 0.53% 0.42 0.767 0.867 0.707 0.772
SPL 0.507 0.42 0.727 0.64" 0.56" 0.47 — 0.747 0.717 0.627 0.28 0.697
PostCG 0.522 0.522 0.24 0.40 0.51% 0.16 0.42 — 0.53% 0.40 0.29 0.58*
SOG 0.537 0.48 0.42 0.37 0.737 0.687 0.41 0.35 — 0.817 0.46 0.787
10G 0.45 0.50? 0.49 0.40 0.90? 0.48 0.41 0.29 0.65% — 0.557 0.90?
Thalamus 0.687 0.567 0.567 0.55% 0.35 0.36 0.527 0.46 0.28 0.15 — 0.567
Cerebellum 0.45 0.522 0.49 0.49 0.86% 0.522 0.58* 0.53% 0.68% 0.807 0.32 —

AR > 0.6.
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increase efficiency of the task-activated network. In this
model, deactivation reflects the transition from an inhibited
neural state (during task periods) to a less inhibited state
(during resting periods). Several regions in the deactivated
networks in our study seem to be related to auditory and
emotional tasks. For instance, passive music listening
[Brown et al., 2004] and facial emotion processing [Gur et al.,
2002; Kircher et al., 2000; Lennox et al., 2004; Pessoa et al.,
2002; Pierce et al., 2004] engage the same regions in the
limbic and paralimbic systems (insula, ACG, CG, PCG,
PHG, MTG, and the retrosplenial cortex). In addition, event-
related fMRI studies on inhibition using go/no-go tasks
have shown that errors during the tasks are associated with
activation of the CG, suggesting an important function of the
CG in the dynamic control of behavior [Fassbender et al.,
2004; Garavan et al., 2002, 2003]. The spatial specificity of
deactivated brain regions in our current study makes a
simple redistribution of blood supply unlikely, because
these regions support neural processing that can interfere
with attention processing. Furthermore, brain deactivation
during WM tasks correlated with the behavioral data (RT

Figure 4.
Average BOLD signals at specific regions of in-
terest in the deactivated network (see Table II).

and performance accuracy during the fMRI tasks; Fig. 2); the
linear increase of deactivation with task difficulty might
reflect greater suppression of neural processes during more
demanding tasks, which is consistent with the inhibition
model. Recent optical imaging studies in the rodent somato-
sensory cortex, however, found no changes in neuronal ac-
tivity in brain regions that showed a negative hemodynamic
response. This suggests that local shunting of rCBF may
occur within a few millimeters within neuronal activity due
to a complex spatially distributed neuronal activity pattern
[Devor et al., 2005]. In our current study, however, deacti-
vation occurred at much greater distance (e.g., insula corti-
ces, cingulated gyrus, and occipital cortices), and across
different vascular distributions, from the activated brain
regions (e.g., lateral prefrontal regions, parietal cortices, cer-
ebellum; see Fig. 2). Neural inhibition therefore may play a
important role in the negative BOLD responses observed on
fMRI, although local changes in rCBF adjacent to activated
brain regions are also possible.

In addition to neural inhibition, brain deactivation might
also be due to a simple reduction of neuronal activity in

TABLE IV. Cross correlation factors of load responses in the deactivated network for working
memory (WM) and visual attention (VA) tasks

VA
WM SFG ACG Insula PHG PreCG MTG CG PCL PCG Precuneus

SFG — 0.37 0.40 0.65% 0.522 0.59? 0.712 0.22 0.697 0.49
ACG 0.22 — 0.68% 0.57% 0.49 0.72% 0.70* 0.16 0.62% 0.25
Insula 0.24 0.05 — 0.84? 0.70? 0.76% 0.79? 0.49 0.85% 0.49
PHG 0.14 -0.07 0.17 — 0.73% 0.86% 0.82% 0.63* 0.96* 0.89%
PreCG 0.29 0.08 0.54? 0.46 — 0.56% 0.73% 0.50? 0.66% 0.60?
MTG 0.37 —0.04 0.09 0.48 0.38 — 0.80* 0.56% 0.86% 0.80?
CG 0.39 —0.08 0.32 0.772 0.41 0.627 — 0.54? 0.897 0.83%
PCL 0.15 -0.12 0.09 0.66% 0.41 0.56% 0.58% — 0.63* 0.69%
PCG 0.23 0.01 0.20 0.967 0.45 0.50? 0.80? 0.68% — 0.942
Precuneus 0.27 0.00 0.25 0.85% 0.48 0.55% 0.81* 0.71* 0.86% —
aR > 0.6.
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Figure 5.

Correlation of load effects in regions of interest (ROlIs) that
deactivated for visual attention (VA; A) and working memory
(WM; B) tasks, and BOLD signal distribution in the paracentral
lobule (PCL; €) and the precuneus (D) for WM and VA tasks.
Average signal amplitudes in bilateral cubic ROIs (27 3 X 3 X 3
mm? voxels) for all subjects and conditions (22 subjects X 2
repetitions X 2 sides [left and right] X 3 tasks [zero-, one-, and
two-back] = 264 measurements [full and open circles]).

deactivated regions as other brain regions become more
active [McKiernan et al., 2003]. Lastly, deactivation could
also result from subjects” anxiety and discomfort in the MRI
environment. Our MRI system is based on an older 4 Tesla
magnet that has a very long (3 meters) bore, which increases
the risk for claustrophobic reactions (two other subjects did
not carry out the fMRI study for this reason), and produces
loud sound pressure levels of acoustic noise (98 dB at the
entrance of the tube). Functional MRI studies on emotional
pain modulation have shown that anxiety about pain acti-
vates the CG, posterior insula, and the hippocampus
[Ploghaus et al., 2001]. PET studies on anticipatory anxiety
(painful shocks to subject’s fingers) found that activation at
the ACG correlates linearly with the anxiety ratings, sug-
gesting that the rCBF in the medial PFC might reflect a
combined effect of attentional demands causing reductions
of rCBF, and accompanying performance anxiety that atten-
uate those reductions [Simpson et al.,, 2001]. During the
resting periods, neural processing in the limbic regions
therefore might have been enhanced due to greater aware-
ness of the confined MR scanner environment. During the
task periods, however, the subjects might have inhibited the
interfering neural processing in the limbic system while

focusing their attention on the tasks. Similarly, during the
resting periods, neural processing in the auditory cortices
(the posterior insula adjacent to the primary auditory cortex,
BA 41) might have been enhanced by the loud scanner noise.
During task periods, the interfering auditory processing
might have been partially inhibited to maximize attention to
the tasks.

Limitations of the Study

Our study could have been improved by using an addi-
tional task that activates the insula and the limbic lobe (for
instance an emotional task) to test if the areas activated for
this task are the same “interfering” areas deactivated by
cognitive tasks (WM and VA tasks). In addition, matching
the number and duration of tasks and resting blocks could
have minimized the number of design feature differences
between the tasks. We did not make these improvements
because the study was based on a reanalysis of existing data.
Furthermore, the order of task-difficulty levels was not
counterbalanced (zero-, one-, and two-back for WM; 2, 3,
and 4 balls for VA; although the WM/VA order was coun-
terbalanced) in this work to minimize variance due to dif-
ferential practice effects [Tomasi et al., 2004]. This approach,
however, could have reduced the effect of cognitive load,
i.e., WM load and VA load [Tomasi et al., 2004].

In summary, there are multiple findings of this study
(the first intra-subject comparison of fMRI deactivation
during different cognitive tasks). First, distinct cognitive
paradigms (WM and VA) commonly deactivated a net-
work that comprises the frontal (SFG, PreCG, ACG, PCL,
and posterior insula), temporal (MTG), occipital (precu-
neus), and limbic (CG, PHG, and PCG) lobes. Second, WM
tasks produced larger deactivation than did VA tasks.
Third, the PreCG and PCL deactivated during WM tasks,
but activated during VA tasks. WM and VA tasks both
activated a network that includes prefrontal, parietal, and
occipital cortices, thalamus, and the cerebellum, as re-
ported previously. In this network, positive BOLD signals
probably reflect increased local oxygen consumption and
increased rCBF. The larger deactivation during WM tasks
compared to that during VA tasks suggests that global
CBF is task dependent. Brain deactivation seems to occur
predominantly in brain regions that potentially interfere
with or are unimportant for carrying out the required
tasks and is probably a compensatory (primarily neuronal
inhibitory) response to optimize task performance due to
limitations in processing bandwidth.
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