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Abstract: It is unclear how effort translates into brain function. In this study we endeavored to identify
the activity in a working memory task that is related to the allocation of mental resources. Such activity,
if present, would be a likely candidate to explain how effort works in terms of brain function. Eleven
healthy participants performed a Sternberg task with a memory-set of one, three, or five consonants in
an fMRI study. Probe stimuli were either one consonant or one digit. We expected digits to be processed
automatically and consonants to require working memory. Because the probe type was unpredictable
and subjects had to respond as fast as possible, we expected subjects to allocate mental resources on the
basis of the memory-set size, not the probe type. Accordingly, we anticipated that activity in regions
involved in effort would be a function of the size of the memory-set, but independent of the type of
probe. We found that the reaction-time for digits increased in line with our expectation of automatic
processing and the reaction time for letters increased in line with our expectation of controlled process-
ing. fMRI revealed that activity in the right ventral-prefrontal cortex changed as a function of effort. The
ventral anterior cingulate cortex and hypothalamus showed reduced activity as a function of effort. Ac-
tivity in regions regarded as pivotal for working memory (among others, the left dorsolateral prefrontal
cortex, anterior cingulate cortex) appeared to be predominantly related to information processing and
not involved in effort. Hum Brain Mapp 28:431–440, 2007. VVC 2006 Wiley-Liss, Inc.
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INTRODUCTION

How well we perform a task is not only related to the dif-
ficulty of the task, but also to how much effort we put into
performing it. Yet despite the fact that the concept of effort
is commonly used in relation to performance, it is not very
well understood how this concept translates into brain
function. This may be in part because the concept of effort
is not well defined. Previous articles that examined the
effects of effort typically related it to task difficulty, but did
not provide a definition of effort in terms of brain function
[Barch et al., 1997; Grady et al., 1997; Petersen et al., 1998].
In this article we propose a definition of effort in terms of
brain function and present the results of a study that we
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designed to identify activity related to effort based on that
definition.
It can be expected that several brain functions are compet-

ing for mental resources at any given time, given the limited
nature of its capacity. We postulate that if a specific task has
to be executed, the brain needs to allocate mental resources
so that they can be applied to the task without the interfer-
ence of other competing processes. If it is possible to detect
activation related to this allocation of mental resources, then
we believe this is a likely candidate for defining effort in
terms of brain function. In accordance with this working def-
inition, for the remainder of this article we will refer to the
allocation of resources as ‘‘effort’’ and to the use of mental
resources as ‘‘information processing.’’
In our experiment we examined if the execution of a

working memory task evokes activity that is specifically
related to effort, or by our definition, the allocation of men-
tal resources. Our experiment was based on the rationale
that if the task-difficulty varies within a task in an unpre-
dictable manner, then under certain circumstances it can be
expected that the level of effort will be sustained at a con-
sistently high level adequate to perform the entire task. For
instance, in a task that requires a subject to react as fast as
possible, any adjustment of effort after the fact would lead
to a reaction time that is not optimal. In contrast, the level
of information processing required to perform that task
may still vary within the task.
In our experiment we used a task based on a Sternberg

[1966] paradigm to detect activity related to effort. The diffi-
culty of a Sternberg task, measured by reaction time and
the accuracy of response, can be varied by manipulating the
memory-set size or by manipulating the probe type. Typi-
cally, the difficulty of processing a probe, as indicated by
the reaction time, increases with the size of the memory-set.
But if a probe stimulus can be processed automatically, the
difficulty is independent of the memory-set size [Schneider
and Shiffrin, 1977]. If the probe type is varied randomly
within a task and subjects are required to react as fast as
possible, the level of effort cannot be adjusted on the basis
of the probe type. In that case, the level of effort will be a
function of the size of the memory-set: It will be constant
over a run, adequate to process the most difficult probe
(and consequently sometimes too high for probes that can
be processed automatically). However, the level of informa-
tion processing can still vary within a run, being low for
stimuli that can be processed automatically, and high for
stimuli that cannot be processed automatically.
We used fMRI in a combined block- and event-related

paradigm to measure brain activity related to effort and
information processing. On the basis of previous studies of
automatic and controlled processing in a Sternberg task, we
expected performance to be a function of the memory-set
size for letters, but either not at all or significantly less for
digits [Schneider and Shiffrin, 1977]. With regard to brain
activity, we hypothesized that: 1. regions involved in effort
to show a change in activity—either positive or negative—
for digits as a function of the memory-set size. 2. regions

involved in information processing were expected not to
show an increase in activity for digits, but only for letters.

SUBJECTS AND METHODS

Participants

Eleven right-handed subjects (M/F 6/5, mean age 33.0 6

2.9) participated in the study. Before the scanning session
participants gave written informed consent to participate in
the study, which was approved by the Intramural Review
Board (IRB) of the National Institute of Neurological Disor-
ders and Stroke at the National Institutes of Health under
protocol #00-N-0082. Participants were provided with ear-
plugs to protect their hearing from the acoustic noise gener-
ated by the MRI gradient system.

Tasks

We based the task used in our study on a Sternberg task-
paradigm (see Fig. 1). This task has been used extensively
in functional MRI (fMRI) studies. It has been shown to reli-
ably activate regions associated with working memory
[Jansma et al., 2001; Manoach et al., 1997; Rypma and
d’Esposito, 1999]. It also allows a trial-by-trial measurement

Figure 1.

Schematic presentation of the task. Subjects were shown a mem-

ory set of one, three, or five consonants for 5400 ms. After this,

18 probe stimuli were displayed for 1000 ms at a rate of one per

1800 ms, comprising one block. Then a new memory-set was

presented for 7200 ms for a second block. Each subject com-

pleted a total of eight blocks of each task level (memory-set size

of one, three or five letters). The order of the blocks in each of

the four runs is shown at the bottom of the figure (M ¼ task,

numbers represent memory load).
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of the level of performance (reaction time and accuracy) to
verify that subjects are executing the task as required.
In our experiments, participants first had to memorize a

specific set of letters referred to as a ‘‘memory-set.’’ To in-
crease the verbal and spatial similarity of the stimuli, all of
the letters used in the task were consonants. After memoriz-
ing the memory-set, the participants then saw a series of
‘‘probe stimuli’’—both letters and digits—that could either
be part of the memory-set (i.e., a ‘‘target’’) or not (i.e., a
‘‘nontarget’’). Participants had to decide as fast as possible
whether each probe stimulus was a target or nontarget.
Nontargets could be either letters or digits. Previous re-

search has shown that performance and brain activity will
increase as a function of the memory-set size [Manoach
et al., 1997; Rypma and d’Esposito, 1999] when probe stimuli
are in the same category as the items of the memory-set (e.g.,
when both are letters). In addition, it has been shown that
probe stimuli that are from a different category, such as dig-
its, can be processed automatically. Theoretically, this means
that the reaction time for digits should be independent of the
memory-set size. In practice, it has turned out that even if
categories are long overlearned and full automatic process-
ing can be expected, there typically still is a small increase in
the reaction time of about 10 ms per item with each addi-
tional item in the memory-set [Schneider and Shiffrin, 1977].
We varied the size of the memory-set between one, three,

and five consonants. This manipulation was expected to
increase the reaction time and information-processing load
for probe letters, but not for digits. In addition, it was ex-
pected to increase the effort, or allocation of mental resour-
ces, over a whole run, independently of the type of probe.
This expectation was based on the fact that the subject was
not able to predict the type of probe. Because the subject
had to react as fast as possible, it was expected that he or
she could not adjust effort after the probe was presented,
but maintained it at a level adequate for the most difficult
probe over the whole run.
A video projector presented the probe stimuli visually on

a small screen attached to the headcoil in the scanner. Partic-
ipants could see the screen via a mirror also attached to the
headcoil. Subjects were instructed to respond to each probe
stimulus as quickly as possible by pushing a button with a
finger of the right hand if the probe was a target or with the
middle finger of the right hand if the probe was a nontarget.
Tasks were presented in blocks of one memory-set fol-

lowed by 18 probe stimuli. Memory sets were computer-
generated and randomly chosen for each block. The memory-
set was presented for 5400 ms, followed by a focus cross for
1800 ms. Each probe stimulus was displayed for 1000 ms,
followed by a focus cross for 800 ms (comprising one trial)
(see Fig. 1). The three categories of probe stimuli—target
consonant, nontarget consonant, and digit—were presented
the same number of times within each block, and each letter
and digit was presented the same number of times over the
course of the experiment. Subjects completed four runs of
six blocks, so that all subjects performed eight blocks with
a memory-set size of one letter (M1), eight blocks with a

memory-set size of three letters (M3), and eight blocks with
a memory-set size of five letters (M5) (see Fig. 1, bottom).
Within each run we added three rest periods (of similar du-
ration as one block) to measure signal levels during the rest-
ing state.
Because digits were by definition always nontargets, we

only compared them with nontarget letters to exclude a pos-
sible confounding effect of the differences between targets
and nontargets. For convenience, when we use the term
‘‘letters’’ in the remainder of the article we refer to nontarget
letters.

Data Analysis

Behavioral measurements

We measured reaction times as well as response accuracy.
Reaction times were computed over correct responses. Per-
formance was averaged over all runs within subjects for each
category of stimulus in each task. To test the performance
hypotheses, we used paired sample t-tests (analysis performed
in SPSS 11.0, Chicago, IL). A P-value of 0.05 was considered
significant, while a P-value of 0.1 is reported as a trend.

Image acquisition and processing

We performed functional MRI using a 1.5 T Siemens
(Erlangen, Germany) scanner equipped with an 8-element
receiver coil (Nova-coil) [de Zwart et al., 2002a] connected to
an 8-channel receiver chain (scan parameters: 64 � 48 � 28
matrix, field of view (FOV): 256 � 256 mm2, voxel size:
4.0 mm2, slice thickness: 4.0 mm (0.4 mm gap), TE/TR 40/
1800 ms). We executed scan reconstruction according to a
protocol described in detail elsewhere [de Zwart et al., 2002b].
After reconstruction, we registered all scans to the last scan of
the last run to correct for subject movement during the experi-
ment [Thevenaz et al., 1998]. Using a Gaussian filter with a
full-width at half-maximum (FWHM) of 8 mm in each direc-
tion, we spatially smoothed individual scans.

Statistical analysis

We used two separate analyses to generate activation
maps. A block design analysis enabled us to maximize the
power to detect those regions involved in executing the
task. This design used a multiple-regression analysis with
separate regressors for each task (M1, M3, and M5), which
were orthogonal. Two regressors were used for trend cor-
rection per block and three regressors to correct for the gen-
eral level difference between run (see Fig. 2a; for details, see
Waldvogel et al. [2000]). The significance tests to detect
active voxels were based on the t-values associated with the
three regressors that modeled task-rest differences for the
three tasks M1, M3, and M5. The other regressors were not
used for further analysis, but were only added to account
for either trends within a scan period or baseline shifts
between scan periods.
To determine the level of activity for each stimulus cate-

gory within each task, we used an event-related design, with
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separate regressors for each stimulus in each task, which
yielded in total nine task regressors (target-letters, nontarget
letters, and digits, for M1, M3, and M5) . To generate these
regressors we convoluted a blood oxygenation level-depend-
ent (BOLD) model with the presentation times of each
stimulus category within each task [see Waldvogel et al., 2000].
We spatially normalized individual activation maps

through a linear transformation using FSL software (FMRIB
Software Library, 3.2 Beta, University of Oxford, UK; param-
eters: affine transformation with 12 parameters, cost function:
correlation ratio, interpolation: trilinear). Transformation param-
eters were determined by registering one functional scan to a
standard echo-planar imaging (EPI) template. We transformed
the original resolution (4.0 � 4.0 � 4.0 mm) to a standard reso-
lution of the EPI template of 2.0 � 2.0 � 2.0 mm in the spatially
normalized activation maps.
Using the normalized activation maps of the blocked-

design analysis, we created regions of interest (ROIs) for
further analysis. Voxels were considered significantly dif-
ferent from baseline activation if the group t-level was ei-
ther higher than 3.09 or lower than � 3.09, which corre-
sponds to a P-level of 0.001 (uncorrected for multiple com-
parisons). We chose a lenient threshold for this first step to
ensure that we included most regions showing signal
changes related to the task; we did not use this threshold to
test the experimental hypotheses. Regions smaller than
eight voxels of original scan resolution (or a total volume of
512 mm3) were excluded from the analysis. We generated
group-level activation maps by applying a t-test voxelwise
over the normalized signals of all subjects. Voxels that were
neighbors and that reached the significance threshold in
either the M1, M3, or M5 group-level activation map were
combined to generate a group of ROIs. Further analysis was
restricted to the ROIs selected with this method. The activa-

tion levels for digits and letters for the M1, M3, and M5
tasks generated by the event-related analyses were aver-
aged over all voxels within each ROI. We then used these
values to test our hypotheses.
To be able to characterize the signal changes, we applied

three tests: first, in order to test if a region showed activity
conforming to our expectation of effort, we tested whether
the activity level for digits was a function of the memory-set
size; second, in order to test if a region was sensitive to the
level of information processing, we tested whether the activ-
ity level for letters was a function of the memory-set size;
and third, in order to test if the effect of effort and that of in-
formation processing were significantly different, we tested
whether the effect of the size of the memory-set on activity
was different for letters than for digits. The first two tests
were based on t-tests (one-sided P-values). The third test
was conducted by comparing the change between M1 and
M5 for digits and letters. The activation for M3 was used to
select ROIs, but was not directly included in the hypothesis
testing, because in an analysis for linear change with three
points, the middle point does not affect the test result. Omit-
ting the middle point allowed for direct tests of our hypothe-
ses. We conducted all three tests for the signal changes in
each ROI separately, for the signal changes averaged over
those ROIs showing a signal increase, and for those ROIs
showing a signal decrease. All image analysis was per-
formed using software developed in-house (NINDS, LFMI,
advanced MRI) and implemented in IDLTM (Research Sys-
tems, Boulder, CO). We conducted all hypothesis tests on
the fMRI data in SPSS 11.0, using a significance level of P ¼
0.05. Results with a significance level between 0.05 and 0.1
are mentioned as a trend.

RESULTS

Performance

All subjects performed the tasks according to the instruc-
tions, indicated by the fact that each individual responded
correctly on more than 90% of the trials for each stimulus
category and each task. The reaction time for digits increased
significantly with the size of the memory-set (t(10) ¼ 56.7;
P < 0.001). The reaction times for letters increased signifi-
cantly as the size of the memory-set increased (t(10) ¼ 75.2;
P < 0.001). The increase in reaction time for digits was signif-
icantly smaller than the increase for letters, (t(10) ¼ 79.2; P <
0.001, see Fig. 3). The accuracy of task performance for letters
lessened as the size of the memory-set increased (t(10) ¼
6.33; P ¼ 0.003, see Fig. 3b). For digits, accuracy was consis-
tently 100%, independent of the memory-set size.

Functional MRI

Selection of ROIs

To evaluate the fMRI data, we first analyzed the block-
design results to identify regions showing significant brain

Figure 2.

Regressors used for the blocked analysis (a) and event-related

analysis (b). The event-related regressors were created by convo-

luting the timing of each category of probe stimulus with a fixed

BOLD model curve. The regressors for the presentation of the

memory-set (thick lines, below) were added to increase the fit of

the model, but results were not further analyzed and included in

this article (ms, memory-set; tl, target letter; ntl, nontarget letter;

d, digit; number represents memory-set size).
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activity in any of the tasks. This preselection was used to
further limit analysis to regions most likely to be involved
in executing the task. This procedure resulted in nine
regions that showed a signal increase and seven regions
that showed a signal decrease compared with the resting-
state baseline (see Table I, Fig. 5).
Regions showing a signal increase were found in the occi-

pital cortex in the right hemisphere (rOCC, approximately
in Brodmann area 18 (BA 18)) and left hemisphere (lOCC,
BA 18). Five regions were located in the frontal cortex: Two
regions in the left and right frontal cortex were located in
the dorsolateral prefrontal cortex (DLPFC, BA9). Two other
regions were located in a more ventral part of the prefrontal
cortex in the left hemisphere (lVPFC, BA 45) and right
hemisphere (rVPFC, BA 10), while in the left hemisphere

there was also an ROI located in the right insula (rINS). A
bilateral ROI was located in the dorsal part of the anterior
cingulate cortex (dACC, BA 32). In the parietal cortex, we
also identified a lateralized region in the left superior parie-
tal cortex (lSPC, BA 7).
Regions that showed task-related signal decreases (see

Table I, Fig. 6) were found in the ventral part of the anterior
cingulate cortex (vACC, BA 32), the left angular gyrus
(lAG, BA 39), the postcentral gyrus (rPCG, BA 3), the left
insula (lINS, BA 13), the right middle frontal gyrus (rMFG,
46), the left posterior cingulate cortex (lPCC, BA 30), and
the bilateral hypothalamus (HTM, BA 25).

Testing of Hypotheses in ROIs Showing

Signal Increases

For each ROI we evaluated the average signal change as
a function of the size of the memory-set.
On the basis of our hypotheses, we expected brain activ-

ity to increase as a function of memory-set size for letters
and digits if a region was involved in effort. Combined over
all ROIs, the increase was a function of the size of the mem-
ory-set for letters (t(10) ¼ 2.77; P ¼ 0.01), but not for digits
(t(10) ¼ 0.32; P ¼ 0.64; see Table II, part A, Fig. 4a). The sig-
nal increase from M1 to M5 was also greater for letters than
for digits (t(10) ¼ 2.04; P ¼ 0.035); see Table II, part A). Of
the nine ROIs the right VPFC showed a increase in the signal
for digits (t(10) ¼ 2.93; P ¼ 0.008).
Six of the nine ROIs showed a increase for letters in the

signal as a function of the size of the memory-set. These
regions were located in the lOCC (t(10) ¼ 2.39; P ¼ 0.019),
the lDLPFC (t ¼ 2.88; P ¼ 0.009), the dACC (t ¼ 2.08; 0.032),
the rINS (t ¼ 2.03; 0.035), the rVPFC (t ¼ 2.38; P ¼ 0.019),
and the lVPFC (t(10) ¼ 3.51; P ¼ 0.003).

TABLE I. Selected regions of interest (ROIs)

Region of
interest Hemisphere Reference (abbreviation)

Brodmann
area

Size
(cm3)

Talairach coordinates

x y Z

A. Regions showing a signal increase

ROI 1 Right Occipital cortex (rOCC) 18 25.1 24 �92 14
ROI 2 Left Occipital cortex (lOCC) 18 23.8 �32 �90 6
ROI 3 Left Dorsolateral prefrontal cortex (lDLPFC) 9 9.5 �52 6 30
ROI 4 Left and right Dorsal anterior cingulate cortex (dACC) 32 8.7 �8 4 56
ROI 5 Right Dorsolateral prefrontal cortex (rDLPFC) 9 4.5 28 �2 64
ROI 6 Left Superior parietal cortex (lSPC) 7 2.8 �24 �58 52
ROI 7 Right Insula (rINS) 2.8 30 18 4
ROI 8 Right Ventrolateral prefrontal cortex (rVPFC) 10 2.0 32 40 22
ROI 9 Left Ventrolateral prefrontal cortex (lVPFC) 45 1.3 �48 32 28

B. Regions showing a signal decrease
ROI 1 Left and right Anterior cingulate cortex(vACC) 23 13.47 2 28 �10
ROI 2 Left Angular gyrus (lAG) 39 8.49 �44 �76 28
ROI 3 Right Post central gyrus (rPCG) 3 3.44 18 �28 64
ROI 4 Left Insula (lIns) 13 2.18 �38 �16 14
ROI 5 Right Middle frontal gyrus (rMFG) 46 1.47 58 34 6
ROI 6 Left Posterior cingulate cortex (lPCC) 30 0.81 �10 �48 4
ROI 7 Left and right Hypothalamus (HTM) 25 0.73 �4 6 �10

Figure 3.

Performance results. a: Reaction times for the different stimulus

categories in the four tasks. b: Standard deviation of reactions.

Nontarget consonants showed a strong increase in reaction times

with increasing memory-load (M, memory-set size, 1, 3, or 5 let-

ters). This increase was significantly smaller for digits. The error

rate was not significantly increased by the memory load.
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The increase in activity for letters was significantly larger
than for digits in the lOCC (t(10) ¼ 2.22; P ¼ 0.026), the
rDLPFC (t(10) ¼ 3.9; P ¼ 0.0015), and the rINS (t ¼ 2.24;
P ¼ 0.025) (see second column in Table II, part A).

Testing of Hypotheses in ROIs Showing

Signal Decreases

We applied similar tests to the ROIs that showed a signal
decrease in comparison with the resting state (see Table II,
part B).
Taken over all ROIs, the signal change for digits as a

function of the size of the memory-set was in the expected
direction and bordering on significance, but did not reach it

(t(10) ¼ 1.75; P ¼ 0.06). This indicates that activity in deacti-
vated regions shows a trend towards effort. The activity
level for letters decreased as a function of the size of the
memory-set (t(10) ¼ 2.88; P ¼ 0.0008; see Fig. 4b), but there
was no significant difference in the signal decrease from M1
to M5 between digits and letters (t ¼ 0.69; P ¼ 0.28). This
indicates that brain activity in the deactivated regions did
not reflect the level of information processing.
Tests per ROI showed that the signal decrease for digits

in the vACC (t(10) ¼ 2.26; P ¼ 0.024) and the HTM (t(10) ¼
2.44; P ¼ 0.017) was larger for M5 than for M1.
The signal decrease for letters in the vACC (t(10) ¼ 2.89;

P ¼ 0.008), the right PCG (t(10) ¼ 2.77; P ¼ 0.01), the rMFG
(t(10) ¼ 3.45; P ¼ 0.003), and the HTM (t(10) ¼ 1.81; P ¼
0.05) increased with the memory-set size. None of the ROIs
showed a larger change in activity for letters than for digits
from M1 to M5.

DISCUSSION

The goal of this study was to detect brain activity related
to effort. We defined effort as the allocation of resources
when performing a task and information processing as the
use of resources to perform the task. We used a Sternberg
task with a memory-set of one, three, or five letters and
probe stimuli that we expected subjects to process either
automatically (i.e., digits) or in a controlled mode (i.e., let-
ters). We expected regions that were involved in effort to
show a change in activity as a function of the size of the
memory-set, but not as a function of the type of probe. We
expected brain regions involved in information processing
to change as a function of the memory-set size if the probe

Figure 5.

Brain activity levels in regions showing

increased task-related activity. All regions

showed significantly higher activity for let-

ters than for digits, except the right VPFC.

Activity in the right VPFC showed a signifi-

cant increase for both digits and letters

with memory-set size, indicating effort-

related activity. Activity in the left DLPFC,

dACC, rINS, and lVLPFC showed an in-

crease in activity for letters related to the

memory-set size, but not for digits, indi-

cating that activity was predominantly re-

lated to the level of information processing

(M, memory-set size, 1, 3, or 5 letters; au,

arbitrary units).

Figure 4.

Figures showing the probe-related activity in regions showing

task-related increases and decreases in activity. Signal increases

were predominantly related to the level of information processing

(a). Signal decreases were predominantly related to effort, and

not to information processing (b: M, memory-set size, 1, 3, or 5

letters; au, arbitrary units).
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was a letter, but to be independent of the memory-set size if
the probe was a digit.
The behavioral data confirmed our expectation that let-

ters would be processed in a controlled mode, while digits
would be processed automatically. There was a small
increase in the reaction time for digits, conforming to what
can be expected if digits are processed automatically. The
increase in the reaction time for letters was significantly
larger, which also conforms to what can be expected if
probes are processed in a controlled mode [Schneider and
Shiffrin, 1977]. The accuracy data showed a profile similar
to that of the reaction time data, indicating automatic pro-
cessing for digits and controlled processing for letters.
We determined a network of nine regions showing posi-

tive activity related to the task. Activity in this network
appeared to change as a function of the memory-set size
for letters, but not for digits, indicating that this network
predominantly reflected information processing and not
effort. Results for separate regions in this network revealed
that activity in the rVPFC changed expressly as a function
of effort, while activity in the left VPFC showed a trend in
this direction. The majority of the other regions involved in
task execution showed activity related predominantly to
information processing (lOCC, lDLPFC, dACC, rINS,
lVPFC, and rVPFC), while there was a trend in this direc-
tion for the rOCC and the lSPC. Activity in the rDLPFC
could not be characterized as related to either effort or infor-
mation processing on the basis of our definitions, because
it did not show an increase for letters, but a decrease for
digits.

We also identified a network showing negative activity
(i.e., activity below the resting state baseline) during the
execution of a task. Signals in this network appeared to
change as a function of the memory-set size (significant for
letters and approaching significance for digits), while the
level of activity did not differ for letters vs. digits. This indi-
cates that as a network these regions showed activity in line
with our expectations for effort and not conform to our ex-
pectation of information processing. Results for separate
regions in this network indicated that the vACC and the
HTM were correlated specifically with the level of effort
exerted, while there was a trend toward effort-related activ-
ity in the rPCG, the lINS, and the rMFG.
The results of our study indicate that positive activity

related to the execution of a working memory task is pre-
dominantly related to the demand for information process-
ing. Regions that traditionally have been regarded as piv-
otal for working memory and executive functioning—the
left DLPFC and the dACC [d’Esposito et al., 1995; Smith
et al., 1998]—did not show activity related to effort. With
regard to the left DLPFC, previous studies have shown that
activity in this region does not change if the perceptual dif-
ficulty of a task is increased [Barch et al., 1997; Grady et al.,
1996]. These studies provide converging evidence that the
left DLPFC is not involved in effort.
In contrast to the notion that the DLPFC performs an

information-processing function, an influential theory about
the dACC postulates that it serves as a ‘‘detector of con-
flict.’’ A conflict can occur when an automatic response
needs to be inhibited or no automatic response is available.

Figure 6.

Brain activity levels in regions showing

decreased activity. None of the regions

showed a significant difference in activity

between letters and digits. The decrease in

activity in the vACC and HTM was corre-

lated with the memory-set size for both

digits and letters, indicating effort-related

activity (M, memory-set size, 1, 3, or 5 let-

ters; au, arbitrary units).
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In either of these situations the dACC signals to other exec-
utive regions such as the DLPFC if there is a need to adapt
cognitive control [Botvinick et al., 2001]. Our results can be
explained within this theory, in that they showed that the
dACC was more active if the need to change cognitive con-
trol during a task was larger. Furthermore, the dACC
increased activity only if an automatic response was
unavailable. Alternatively, it is also possible that the dACC
activity reflected error detection [Coles et al., 1995]—the
dACC was more active in conditions where subjects com-
mitted more errors. However, the number of errors made
by the subjects was relatively small, which makes it ques-
tionable whether the number of trials with errors could gen-
erate enough statistical power to be detected in activity
changes in the dACC.
We identified two regions in the VPFC that showed posi-

tive activity in line with our definition of effort. These
regions may play a role in the allocation of resources
needed to perform a mental task. Previous studies have
shown that these regions are active during tasks that
require functions such as problem solving and planning
[Duncan and Owen, 2000; Owen, 1997]. Koechlin et al.
[1999] proposed an even more precise role for them: They
showed that the VPFC became active specifically if a subject
had to keep a certain goal in mind while performing other
tasks. These descriptions all seem to fit within our defini-
tion of effort as resource allocation. On the other hand, the
study of Koechlin et al. also indicated that there was no
increase in activity in the VPFC if the task was made more

difficult through stimulus degradation. But our study indi-
cated that activity in these two regions scaled with the
anticipated difficulty of the task, which seems to contradict
Koechlin et al.’s findings. Further studies will have to show
which finding can be reproduced, or possibly that a slightly
different region or different function was targeted by the
current study compared with the Koechlin et al. study.
We also found a network of regions that was inhibited

during task execution. The majority of the regions that we
identified as showing reduced activity during the execution
of a task (vACC, lAG, lINS lMFG, and lPCC) were close to
regions that have been identified previously as belonging to
a network of default activity [Shulman et al., 1997]. In addi-
tion to the regions mentioned by Shulman et al., we also
found decreased activity in the right postcentral gyrus and
the hypothalamus. Future studies will have to indicate if
the latter two regions are indeed part of a resting state net-
work, or whether they are incidental findings. The inhibi-
tion of this network of ROIs appeared to be related to effort
and, in contrast to previous hypotheses [Greicius et al.,
2003; McKiernan et al., 2003], relatively insensitive to the
demand of information processing.
While there is still much debate over how to interpret task-

induced deactivations, two main views seem to have em-
erged. One common view is that regions showing deactiva-
tion during execution of a task are involved in functions that
need to be inhibited in order to execute the task well. This
view is based on findings that a fairly consistent network of
deactivation is seen for many different tasks [Greicius et al.,

TABLE II. Significance tests per region of interest (ROI), effect memory-set size on

digits, effect memory-set size on letters difference in effect on digits and letters, and

characterization of each region, based on the tests (x ¼ P < 0.05; o ¼ P < 0.10

also included)

Digits
(M1 – M5)

Letters
(M1 – M5)

Digits – letters
(M1 – M5)

Effort
Information
processingt(10) P t(10) P t(10) P

A. Regions showing a signal increase

All ROIs 0.48 0.32 2.77 0.01 2.04 0.04 X
rOCC �0.23 0.41 1.40 0.09 1.61 0.07 O
lOCC 0.31 0.38 2.39 0.02 2.22 0.03 X
lDLPFC 1.14 0.14 2.88 0.01 1.03 0.16 X
dACC 0.96 0.18 2.08 0.032 1.34 0.11 X
rDLPFC �1.52 0.08 0.97 0.17 3.9 0.002
lSPC �1.37 0.10 1.71 0.059 0.37 0.72 O
rINS 0.59 0.29 2.03 0.04 2.24 0.025 X
rVPFC 2.93 0.008 2.38 0.02 �1.02 0.17 X X
lVPFC 1.46 0.09 3.51 0.003 0.71 0.25 O X

B. Regions showing a signal decrease
All ROIs 1.75 0.06 2.88 0.008 0.69 0.28 O
vACC 2.26 0.02 2.89 0.008 0.98 0.17 X
lAG 0.189 0.42 0.76 0.23 0.38 0.36
rPCG 1.45 0.09 2.77 0.01 0.23 0.42 O
lINS 1.61 0.07 1.37 0.09 �0.22 0.41 O
rMFG 1.39 0.09 3.45 0.003 1.26 0.12 O
lPCC 0.25 0.41 0.37 0.36 �0.075 0.47
HTM 2.44 0.02 1.81 0.05 1.11 0.15 X

For abbreviations, see Table I.
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2003; Mazoyer et al., 2001; Shulman et al., 1997; Simpson
et al., 2001]. The inhibited functions are hypothesized to be
related either to a general awareness of the environment or
one’s body, or to nonconscious processes—for instance, those
involved in the recuperation of the brain or used to reinforce
new associations. Also, it has been suggested that the vACC
plays an important role in linking the ‘‘vegetative somatic’’
functions of the brain associated with the subgenual cingu-
late region (BA 25), and cognitive functions located in the
dorsal part of the ACC, as well as the prefrontal and parietal
regions of the brain [Goldapple et al., 2004; Mayberg, 1997].
An alternative view of the default network, proposed by

Binder et al. [1999], suggests that whether an increase or de-
crease is detected is merely related to the design of the ex-
periment. According to Binder et al., regions that are typi-
cally found to show deactivations are related to ‘‘conceptual
thinking,’’ which Binder et al. argue occurs during con-
scious rest. The study of Binder et al. showed that deactiva-
tions did not occur if a subject performed a conceptual task,
which can be explained by the fact that the task also acti-
vates regions that belong to the default network. As the task
we used was not a conceptual task, it is possible that the
task-induced deactivation we found is similarly related to
the inhibition of conceptual language processes.
Our concept of effort as the allocation of resources may

seem close to the concept of sustained attention. However,
the concept of sustained attention is typically associated
with alertness, measured for instance by tasks in which the
subject must monitor the frequent occurrence of a certain
stimulus [Posner and Raichle, 1998; Sturm et al., 1999]. It
can be argued that effort can be manipulated between tasks
without affecting the need for sustained attention. In our
study all tasks required sustained attention, because they
were all reaction time tasks. But the tasks also required dif-
ferent levels of effort. Previous studies have indicated that
the right DLPFC and bilateral SPC are important regions
for sustained attention [Sturm et al., 1999]. In our study we
found for both of these regions a nonsignificant increase in
activity with increasing memory-set size and a decrease
(also nonsignificant) for digits. The difference in activity
between digits and letters was significant for the rDLPFC.
Although these results do not contradict previous findings
related to sustained attention, they do suggest that the right
DLPFC is also involved in some function related to infor-
mation processing.
Our findings provide support for a model of effort as the

allocation of mental resources, but some limitations have to
be taken into account. A possible criticism of our study is
that activity that we attributed to effort could also be related
to information processing. For instance, activity related to re-
hearsal of the memory-set can be expected to increase with
the size of the memory-set, but not to react to the type of
stimulus. However, previous studies have shown that the re-
hearsal of a memory-set does not lead to a prolonged
increase of activity. Jha et al. [2000] showed that activity
related to maintaining the memory-set is a function of the
size of the memory-set only for a very short period after it is

presented: After about 10 s, activity in the prefrontal cortex is
independent of the size of the memory-set. In our study we
presented the first probe stimulus 7200 ms after showing
the memory-set, while the total run for each memory-set
lasted about 40 s. In addition, Rypma et al. [1999] showed
that the size of the memory-set was not associated with an
increase in activity in the VPFC. It is therefore unlikely that
the signal changes we found in the VPFC are related to
maintaining the memory-set. In sum, the VPFC is a likely
candidate to play a role in effort, but its precise function
cannot be determined from the current study.
We did not include in our study alternative measure-

ments of effort, such as a subjective report by the subject.
This may be an interesting addition in a follow-up study.
On the basis of our model the level of effort exerted would
only be related to the memory-set size in the Sternberg task,
and not to the probe type. This could be tested in a design
that would vary the relative number of digits and letters
within a task. In our model this should change the information--
processing activity, but not the activity related to effort.
Consequently, it should not change the subjective level of
effort as reported by a subject.
Because of the spatial normalization, spatial smoothing

of data, and group averaging, the actual spatial resolution
of our activation maps is relatively low. Therefore, our
study was not sensitive to differences between signals
reflecting effort and information processing at a high spatial
resolution. In addition, if activated regions showed very
large differences in anatomical location among subjects,
they may not have been identified in our group activation
map as being task-related. Similarly, brain regions identi-
fied as related to the task may not have been active in all
subjects.

CONCLUSION

The working memory task in our study evoked activity
in line with our expectation that effort involves the alloca-
tion of mental resources, as well as activity that conformed
to our expectation that information processing involves the
use of resources to perform a task. Our results indicate that
the right VLPC as well as the vACC and HTM are brain
regions possibly involved in the allocation of mental resour-
ces. Activity in regions considered pivotal for information
processing—the left DLPFC, SPC, dACC, and the lINS—
appeared to be unrelated to the level of effort exerted.
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