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bstract

Functional magnetic resonance imaging was used to investigate the relationship between cortical activation and memory load in dual
sks. An n-back task at four levels of difficulty was used with auditory—verbal and visual-nonverbal material, performed separately assingle
sks and simultaneously as dual tasks. With reference to single tasks, activation in the prefrontal cortex (PFC) commonly increases with
cremental memory load, whereas for dual tasks it has been hypothesized previously that activity in the PFC decreases in the face of
(cessive processing demands, i.e., if the capacity of the working memory’s central executive system is exceeded. However, our results
1ow that during both single and dua tasks, prefrontal activation increases continuously as a function of memory load. An increase of
efrontal activation was observed in the dual tasks even though processing demands were excessive in the case of the most difficult
ondition, as indicated by behavioral accuracy measures. The hypothesis concerning the decrease in prefrontal activation could not be
Ipported and was discussed in terms of motivation factors. Similar changesin |oad-dependent activation were observed in two other regions
itside the PFC, namely in the precentral gyrus and the superior parietal lobule. The results suggest that excessive processing demands in
Jal tasks are not necessarily accompanied by a diminution in cortical activity.
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1itroduction for the control and the transfer of information from and to
the verbal and spatial “slave systems’ (phonological loop
and visuospatial sketchpad) and is seen as being involved in
the allocation and coordination of attentional resources. Itis
assumed that the capacity of the CES is limited.

Various functional imaging studies with positron emis-
sion tomography and functional magnetic resonance imag-
ing (fMRI) provided strong evidence of prefrontal cortex
(PFC) involvement in a wide variety of tasks related to
working memory (for areview, see D’ Esposito et al., 1998,

o i or. Denartiment of o — or Fletcher and Henson, 2001). It has been suggested that
5’ Uni‘\’/;“;‘_f;r(‘)f' 'éger":s c?-:.- 30%12?9,253&%2&?%-3 1_?:_* there is a functional specialization within the PFC in rela-
12, tion to WM regarding the type of processes operating on the

E-mail address: susanne.jaeggi @psy.unibe.ch (S.M. Jaeggi). memoranda. While the ventrolateral PFC (VLPFC; BA 44/

Working memory (WM) refers to an on-line information
rocessing system and implies temporary storage and trans-
y of information in the service of higher order cognitive
Inctions such as language comprehension, planning, and
roblem solving. According to Baddeley (1986), WM con-
sts of several components and supports active mainte-
ance of information as well as executive control processes.

central executive system (CES) is considered responsible
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5/47) is concerned with active maintenance and updating
F information, i.e., with tasks conducted by the phonolog-
al loop and the visuospatial sketchpad, the dorsolateral
FC (DLPFC; BA 9/46) is seen as mediating active manip-
ation and monitoring, i.e., executive control (Petrides,
994; Owen et al., 1998; Fletcher and Henson, 2001). How-
ser, activation of additional brain regions has commonly
oen observed during the performance of WM tasks (e.g.,
osterior parietal cortex, as well as premotor and supple-
lentary motor regions), suggesting that WM functions are
Ibserved by multiple brain regions.

The present study focused on the role of WM, especially
ncerning executive control processes and their neural
presentations.

The dual-task paradigm has been widely used as an
fective experimental tool to investigate such executive
ntrol processes aswell astheir limits, since the concurrent
orformance of two tasks requires distribution of attentional
sources to different simultaneous processes, which is one
f the main functions attributed to the CES.

Lesion studies have shown that patients with prefrontal
amage are generally impaired in performing dual tasks
hile performance in single tasks is relatively preserved
3addeley et al., 1991, 1997; McDowell et al., 1997).

On the basis of functional imaging data, D’ Esposito et al.
1995) suggested that the PFC is critical for the CES. They
ompared single-task performance of two non-WM tasks
ith a concurrent performance of both tasks, which was
xpected to engage WM and, especialy, the CES. Activa
on of the DLPFC occurred only during the dual-task con-
tion and not when either task was performed alone. These
ndings have been attributed to the supplementary engage-
lent of WM in this condition and were taken as evidence
r aneura basis of the CES in the PFC. This interpretation
, consistent with the idea that the simultaneous perfor-
ance of two tasks compared to single-task performance
quires additional mental resources, which could be
Jopted by novel areas specialized for dual-task-specific
rocesses not required in either single task, such as task
bordination or shifting attention.

However, several studies failed to elicit such a“surplus’
tivation in the DLPFC during dual tasks compared to
ngle tasks (Klingberg, 1998; Goldberg et a., 1998, Ad-
ck et al., 2000; Bunge et a., 2000). In al of these studies,
e single tasks per se engaged WM and the DLPFC was
ready activated under these single-task conditions. There
 evidence that if the DLPFC is already activated in the
ngle tasks, activation does not increase further during the
orformance of a secondary task. For example, Klingberg
1998) did not find additional activation in the PFC during
ual tasks, relative to the activation during the single tasks.
hus, he could not observe a separate cortical area that
ould be associated with a specific cognitive process, taking
ace only during dual tasks. More recent studies have also
10wn no evidence for an additionally activated site for a
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tal (or any other) regions during dual-task performance
relative to the performance in the single tasks. Rather,
dual-task processing was associated with a stronger and
more extensive magnitude of activation in regions activated
by either single task (Adcock et al., 2000; Bunge €t d.,
2000). Therefore, additional resources required for the per-
formance of dua tasks seem to be reflected as enhanced
activation in the same brain regions that subserve perfor-
mance in either single task. Finally, Goldberg et al. (1998)
reported even a decrease of PFC activation during their
dual-task condition compared to the activation pattern under
their single-task conditions. In consideration of these re-
sults, D’Esposito (2001) concluded that “under dual task
conditions activation in the PFC would increase as a result
of greater demands on processing, up to some level of
asymptote, before attenuating,” i.e., if the capacity of the
CES is exceeded, cortical activity in the PFC may decrease.

Additional theoretical considerations concerning these
results were made by Goldberg et al. (1998). They consid-
ered capacity limits of the CES as well as the concept of
cognitive workload, a concept characterized as the differ-
ence between the expected and the actual performance of a
task due to an increase in task difficulty (Gopher and
Donchin, 1986). An increase in cognitive workload may be
associated with a decrement of performance, and WM
should be especially susceptible to manipulations of work-
load, since WM is thought to be of limited capacity. Thus,
Goldberg and colleagues suppose that the impact of exces-
sive workload on WM could lead to an attenuation of
prefrontal activation, which could indicate a breakdown in
neural networks. Because of the substantial increase of
cognitive workload under dual-task conditions, the capacity
limits of the CES are quite quickly reached, leading to the
reported decrements of accuracy together with decreases in
fMRI signa intensity in some cortical sitesthat are assumed
to be related to the CES (mainly in the DLPFC).

Another dightly different explanation goes back to a
recent fMRI study reported by Just et al. (2001) in which
activations in dual and single tasks were compared in dif-
ferent cortical areas. They hypothesized that if two tasks
compete for a common resource pool, i.e., for the same
brain regions, there should be less activation in those re-
gions during the concurrent performance of the two tasks
than the sum of activation under the two single-task condi-
tions. However, concerning the PFC, Just et al. (2001)
reported similar activation for the dua-task condition com-
pared with the summed activation of both single tasks. But
even though both single tasks activated the PFC, activation
in that area was minimal, leaving the question open of
whether dual-task activation would decrease further if the
PFC was more substantially activated.

Thus, it seems that activation in the PFC during the
concurrent performance of two tasks can exceed the activa-
tion during the single-task conditions, as long as the single
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iemory load in the single tasks only induces minimal PFC
tivation.

A crucia question is now whether the enhanced prefron-
| activation during dual tasks in the studies cited above
as actually due to an increase of WM demands or rather
flected an unspecific increase in “mental effort” or
ousal, due to greater task difficulty. This question of task
fficulty and its confounding with WM load was directly
ddressed in a study by Barch et a. (1997). They system-
ically varied cognitive workload and task difficulty by
icreasing task difficulty independent of WM demands by
sing degraded stimuli to enhance task difficulty and delay
ariation to enhance WM load. In fact, they found a double
ssociation between regions recruited in WM tasks
JLPFC, Broca's area, and parietal cortex) and those re-
uited in task difficulty (primarily anterior cingulate).
hus, the DLPFC seems indeed to be involved in WM
rocessing. Other imaging studies supply further evidence
at the prefrontal region is quantitatively more activated if
e WM load isincreased (Braver et al., 1997; Cohen et d.,
997; Jonides et al., 1997; Owen et ., 1996; Petrides et dl.,
993a, 1993b; Schumacher et a., 1996; Smith and Jonides,
997). However, the processing demands in these studies,
xpressed in accuracy, never fell below 75%, which could
dicate that the subjects never reached the limit of their
rocessing capacity. Therefore, it is not clear whether acti-
ation would still increase in such a case.

The present study investigated cortical activation with
Inctional MRI during the systematic variation of memory
ad both in single and in dual tasks. To this end we used a
ariation of the n-back paradigm adapted from Gevins and
utillo (1993) at four levels of difficulty with auditory—
orbal and visual-nonverba material (see Fig. 1). This task
onerates a specific response pattern in behavioral perfor-
ance as well as in the fMRI signal and has reliably pro-
uced activation in WM-related cortical regions (Braver et
., 1997; Cohen et al., 1997; Jonides et a., 1997). The
-back paradigm requires a continuous monitoring of se-
uentially presented stimuli, and subjects must answer pos-
ively whenever the current stimulus matches the stimulus
ccurring n positions back in the sequence. The task com-
nes maintenance as well as active manipulation, i.e., ex-
utive processes, because of the necessity to continuously
code, update, and discard the information held in WM
ith the presentation of each new stimulus. The value of n
, regarded as proportional to memory load (Braver et d.,
997).

On the basis of earlier findings severa hypotheses were
sted.

First, for the single tasks it was predicted that cortical
“tivity increasesin proportion to the WM demands, i.e., we
xpect a linear relationship between activity and WM load,
specialy in the PFC (Braver et al., 1997; Cohen et d.,
997; Jonides et al., 1997; Owen et ., 1996; Petrides et dl.,
993a, 1993b; Schumacher et a., 1996; Smith and Jonides,
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tively and qualitatively in most areas (i.e., no increasing
activation and no recruitment of additional areas with in-
creasing WM demands) with the exception of the DLPFC
(BA 46/9) and Broca's area (BA 44/45) where, by compar-
ing the 1-back with the 2-back condition, we expect an
increase in cortical activation due to novel task demands
(updating and rehearsal).

Second, for the dual tasks the hypothesis formulated by
D’ Esposito (2001; see above) was tested: initialy, activa
tion in the PFC should gradually increase due to the aug-
mentation of processing demands on the WM; but, when
processing demands reach a level where the subject is un-
able to perform the task with an accuracy above chance
level, we predict an attenuation of prefrontal activation.

Third, comparing the activation pattern in the summed
single tasks with the corresponding dual tasks, it is predicted
that the greater the sum of the activation with increasing
memory load during the single tasks in a given area (here,
in the DLPFC), the smaller the portion of activation result-
ing from the dua tasks in comparison with the sum of
activation in the single tasks (Just et a., 2001). Thus, there
should be an interaction between the sum of activations in
the single tasks and those of the corresponding dual tasks
with increasing memory load, i.e., in the 1-back condition,
the sum of the activations of the two single tasks should be
smaller than the activation in the corresponding dua task,
whereas in the 3-back condition, the summed activations of
the two single tasks should exceed the activation of the dual
task.

Materials and methods
Qubjects

Six subjects (three femal e, three male; age range 24 to 27
years, mean 25.3) participated in this study. All were as-
sessed as right-handed (Oldfield, 1971) with no seeing,
hearing, or neurological disorders and normal structured
MRI scans. All participants gave written informed consent
according to a protocol approved by the local ethics com-
mittee. All subjects were given identical practice with the
task and were scanned only after reaching a criterion level
of performance (>75% accuracy in the 2-back single task).

Task design

Materials

The n-back paradigm was used at four levels of difficulty
with auditory—verbal and visual-nonverbal material, con-
structed as single tasks as well as dual tasks.

The auditory—verbal material consisted of 10 consonants
(b, c,d, g, h Kk, p, g, t, and w), which were spoken by two
males and two females. The voice was varied in order to
prevent alow-level auditory-matching strategy. The visual—
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g. 1. The four memory conditions for the sequential n-back task. Under the 0-back condition, the task was to respond to a prespecified target (e.g., “G"),
hereas under the other conditions, a response was required whenever the current stimulus matched the stimulus 1, 2, or 3 positions back in the sequence.
us, WM load increased gradually from the 0-back to the 3-back condition. The task was performed as single task with auditory—verbal and visua—nonverbal
aterial, as well as a dua task, where the attention had to be divided between two tasks presented simultaneously in either modality.

indom shapes (Attneave and Arnoult, 1956) with low as-
ciation value, i.e, which were difficult to verbaize
/anderplas and Garvin, 1959; numbers 14, 15, 17, 18, 20,
2, 23, and 27 of the 8-point shapes, as well as numbers 20
1d 24 of the 12-point shapes). The shapes were stained
ith four different colors (blue, green, orange, magenta)
hich were varied in order to prevent a low-level visual-
atching strategy.

The stimulus material was carefully chosen on the basis
F preexperiments (not described in this paper) for the
urpose of adapting the difficulty level between input mo-
alities (auditory—verbal and visual—nonverbal) in order to
iake sure that both corresponding single tasks required
milar working memory demands under the dual-task con-
tions. Successful adaptation of the difficulty level was
hieved as the behavioral data (accuracy and reaction
mes) in the corresponding tasks were comparable in both
odalities (e.g., same accuracy and same reaction times in
e 2-back condition in the visual-nonverba and the audi-
ry—verbal tasks).

For each difficulty level and modality, computerized lists
F 64 stimuli were constructed for both single and dual
sks, whereas the lists of the dual tasks consisted of onelist
r each modality. For the single tasks, each list consisted of
5 targets and 48 nontargets and for the dual tasks of 8
rgets and 56 nontargets in each modality, respectively.
orrespondlng to the later fMRI requirements, the listswere
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for the single tasks and 1 target and 7 nontargets for each
modality for the dual tasks, respectively.

Under the 0-back condition, the target was a single pre-
specified stimulus. Under the 1-back condition, the target
was any stimulus identical to the one immediately preceed-
ing it (one trial back). Under the 2-back and 3-back condi-
tions, the target was any stimulus identical to the one pre-
sented two or three trials back, respectively (see Fig. 1).

Targets and nontargets were determined pseudoran-
domly, i.e, varying the position of the targets in each
sequence randomly in the single tasks and pseudorandomly
in the dual tasks, i.e., to make sure that the two targets were
never set at the same position in both modalities. In addi-
tion, the rate of occurrence of each stimulus was held
constant over the whole list. Color and voice were varied
randomly.

Procedure

Stimulus presentation and response recording were con-
trolled by a Macintosh computer using PsyScope software
(Cohen et d., 1993). Visual stimuli were projected centrally
onto atranslucent screen, which was visible for the subjects
through a mirror mounted above the head coil. Auditory
stimuli were played through headphones. The volume was
adjusted to be comfortably audible. The subjects were in-
structed to respond to each target by pressing a pneumatic
squeeze ball using their dominant hand.
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veen two different task conditions (two different n-back
Sks) every 24 s, eight times, in atotal of 6.4 min. Accord-
g to the required task contrasts al subjects completed
ven different task alternations. All task alternations were
ained beforehand in a practice session. Alternation was
Jstomatically triggered by the computer. In order to analyze
nly data with steady-state task performance (and steady-
ate MRI signal) all task aternation started with an addi-
onal constructed warm-up task (identical to one of the task
ternations). Data from this warm-up task were discarded
om further data analysis.

The order of the task aternations was varied randomly
r each subject. Four task alternations consisted of single-
sk combinations (auditory 1-back vs 2-back, auditory
-back vs 3-back, visua 0-back vs 2-back, visual 1-back vs
-back) and three task alternations consisted of dual-task
ombinations (0-back vs 1-back, 0-back vs 2-back, 1-back
s 3-back). Stimuli were presented sequentially for 500 ms
ith a2500-ms interstimulus interval (1S1). Under the dual-
sk conditions the auditory and visua stimuli were pre-
nted at the same time. Task alternations were indicated
ntrally on the screen, presenting specified instruction
gns (O for the 0-back task, Roman numbers for the other
sks (I, 11, 111), respectively) during the 1SI before each
ternation (2000-ms duration, 250-ms ISl before and after
e instruction sign).

Subject performance during scanning was monitored in
rms of reaction time and accuracy (number of target letters
lentified correctly). In addition, subjects answered a ques-
onnaire in which they rated the subjectively experienced
emands of each task on a five-point scale from small to
Kcessive demands.

ata acquisition

Imaging was performed as previously described (Nirkko
~al., 2001). In short, we used a 1.5-T whole-body MRI
anner (Magnetom Vision, Siemens Medical Systems, Er-
ngen, Germany) with its standard whole-body gradient
/stem and circularly polarized head coil. To restrain head
otion in all directions, the subjects were fixed with both
e standard lateral pads and a smooth U-shaped plastic
ental plate functioning as an improved bite bar. After
limming, whole brain fMRI was performed with a blood
xygenation level dependent (BOLD) echo-planar imaging
-Pl) sequence (matrix 128 X 128 X 30 dlices X 68
)easurements, resulting in 1.56 X 1.56 X 4mm X TR 6 s
E 82 ms). Phase-encoding direction was anteroposterior,
uS preserving brain symmetry. Slice angulation was par-
lel to aline connecting the base of the genu corpori callosi
d the confluens sinuum, resulting in an angle of about
0—30° with respect to the bicommissural (AC—PC) line
Nirkko et al., 2001). Between fMRI experiments, standard-
ed sets of high-resolution structural images were acquired
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Data analysis

Behavioral data

Behaviora data (accuracy and reaction times) were an-
ayzed in order to evaluate the subjects’ compliance with the
task along with the effectiveness of the manipulation of
WM load in single and dua tasks and further, to control
differences in performance across modality (auditory—ver-
ba vs visua—nonverbal). The subjects performance was
evauated using two-way repeated-measures ANOVA with
condition (single vs dual task) and load (1-back to 3-back)
as within-subjects factors. Differences in performance
across modality (auditory—verbal vs visua—nonverbal) were
analyzed using atwo-way repeated-measures ANOV A with
modality and load (1-back and 2-back) as within-subjects
factors.

Post hoc tests for significant main effects and contrasts
for significant interactions were performed throughout and
were corrected for multiple comparisons (Bonferroni cor-
rection).

fMRI evaluation

We used a methodology of fMRI evaluation respecting
interindividual cortical variability and allowing direct sta-
tistical comparison between experimental tasks and brain
regions. To compare the amount of activation in a given
area across experimental tasks, anatomical defined regions
of interest (ROI) were drawn for each subject using the
parcellation scheme described by Rademacher et al. (1992).
In order to examine not just the location of activation but
also how the experimental tasks affected the magnitude of
the activation in each of these regions, it was important to
use an a priori, independent method of defining the ROIs
(Nirkko et d., 2001; Michael et al., 2001). This method uses
limiting sulci as anatomical landmarks to segment cortical
regions. The schematic drawing in the center of Fig. 3
displays the set of ROIs that were defined.

Specifically designed software was used to delineate the
ROIs manually on each EPI dlice of each subject (Nirkko,
2000). Delineation was done by two staff research assistants
after extensive training in the Rademacher parcellation
scheme. To optimize reliability we created a standard ana-
tomical atlas using the EPI images of one of our subjects as
an explicit guide to the delineation of individual sulci fol-
lowing the suggestions of Rademacher et a. (1992), Cavi-
ness et a. (1996), Ono et a. (1990), and Damasio (1995).
The interrater reliability of this ROI-defining procedure
between the two trained staff members was evauated for al
ROIs in one task for two subjects. The reliability measure
was obtained by calculating correlations between the two
raters based on percentage signal change relative to the
control task average. An interrater reliability measure of r =
0.93 in one subject and of r = 0.82 in the other subject
reflects a high degree of reliability in the ROI-defining
procedure.
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sponding ROIs in severa dlices) of the lateral and medial
rebral surface were specified in each hemisphere (see
hematic drawing in the center of Fig. 3).

Laterally, the DLPFC was defined as the middle frontal
yrus (F2; BA 6,8,9, and 46) with the exception of the
osterior-most part (frontal eye fields) to exclude activation
)l ated to eye movements. The inferior frontal VOI included
30 and F3t (BA 44 and 45). The temporal VOI comprised
e superior (Tla and T1lp) and middle (T2a and T2p)
mporal gyri (BA 21 and 37). These gyri were combined
ito one VOI because previous studies of other cognitive
rocesses (e.g., language) have often found activation cen-
red in the superior tempora sulcus between them (Keller
- a., 2001; Michael et al., 2001). The parietal VOI con-
sted of the superior parietal lobule (BA 21 and 37). The
recentral VOI corresponded to the precentral gyrus (PRG;
A 4). Medialy, the supplementary motor area VOI con-
sted of parcellation unit SMC (BA 6) and finally, the
terior cingulate VOI was CGa (BA 24).

No maximum z score values or counts of significant
xels were used for quantitative evaluation since both sta-
stical z values and thresholded pixel counts are highly
onlinear and depend not only on the signal increase, but
so on the number of measurements and the amount of
nise and thus invalidate averaging of interindividual, in-
rtask, and even interregion comparisons: for instance, a
gher z score can result from aregion with a smaller signal
1ange, but less noise. This is evident from the formulato
lculate z scores, but in essence aso holds for other sta
stical values like t tests. Using the formula for the z score
or independent samples,

ml_ mo

V 1
20
n; Ng

here m, and m, are the mean values for activation and rest,
, and V, are the variances, and n; and n, are the number
f respective samples, and given the nonlinear characteris-
cs of the variance calculation itself, it can be seen that the
oreisnonlinearily and inversely related to the variances (a
ieasure of the noise contained in the data) and the number
F samples and that the z score of the average (or sum) of
vo values does not equal the average (or sum) of the two
scores. Moreover, selecting “activated pixels’ above a
rtain threshold is a nonlinear operation by definition.
/hile this is valid and very useful as an endpoint for
sualization of significant areas, using activated pixelsas a
oparting point for further analysis is highly problematic
acause of these relationships. in particular, averaging or
therwise evaluating counts of activated pixels for compar-
on between tasks, as in comparing whether the sum of the
tivation of two tasks exceeds the activation of another
sk, is mathematically and statistically invalid: asarealistic
xample, assuming a homogenously activating region of
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measurements for activation and 30 for baseline, and a z
score threshold of 2.0, the number of activated pixelsin that
region will remain O between asignal change of 0% and 0.8,
then steeply rise from 8 pixels at 0.9% signa change to 96
pixels at 1.2% signal change, above which al 100 pixels
will activate. This demonstrates the highly nonlinear behav-
ior of activated pixel counts (higher z score thresholds and
larger number of measurements will even increase the non-
linearity). Now if, in this example, the relation between two
component tasks and a combined “additive task” were to be
assessed, and this region activated 0.5% in each component
task and 1.0% in the additive task, resulting pixel counts
will be 0 for the components and 36 for the additive task,
resulting in the interpretation that the additive task with 36
activated pixels demands much more than the sum of the
component tasks with O pixels each, i.e, reveds a new
region specific to the combination of the two tasks, but not
to the component tasks themselves. Conversely, if each
component would activate 1.2% and the additive task 2.4%,
pixel counts would be 96 for the components and 100 for
the additive task, resulting in the interpretation that the
additive task isnot additive at al, but demands no more than
each component task. In both cases, the interpretation is
wrong because statistical end resultswere used in an invalid
way as a starting point for further calculations. The correct
interpretation results from using the mean vaues of the
signal changes themselves, which in both cases shows that
the additive task activation correspond to the sum of each
component task, whether itis0.5+ 05= 10o0r 1.2 + 1.2
= 2.4. With these signal change values as starting point,
further calculations and statistical tests can be done (despite
being aware of the possibility of a mild nonlinearity of the
BOLD response itself (Friston et al., 2000), in practice
probably only significant at very high activation levels).
With thresholded pixel counts, or signal changes based on
activated pixels only, instead of unselected pixels, the cal-
culations are strongly false and mathematically invalid in
the first place. To avoid these problems, we used the per-
centage signal change relative to the control task average,
which in each VOI from al subjects was subjected to the
typical statistical procedure, i.e., testing the null hypothesis
of no change by calculation of z scores. In addition, the
resulting percentage signal change (between activation and
control task), as determined for each VOI, allowed for
averaging between subjects and further statistical compari-
son between tasks and regions. Minimal statistical signifi-
cance was set at the conventional P < 0.05 (corrected for
multiple comparisons with the Bonferroni correction);
higher significance levels are labeled in the corresponding
table legend. From the resulting percentage signal changes
in the seven realized task alternations, it was possible to
calculate the percentage signal change of other contrasts.
For example, from the task alternations visual 0-back vs
2-back and 1-back vs 2-back, the contrast visual 0-back vs
1-back could be derived, due to the fact that the two primal
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0. 2. Means and standard errors of the behavioral data (accuracy (A); reaction time (B)) during the fMRI session as a function of task load (from 1-back

3-back).

rocess-specific” theory says that the DLPFC is involved
| processes such as monitoring and higher-level planning
1d not sensitive for different types of information (Fletcher
1d Henson, 2001; D’ Esposito and Postle, 1999; Petrides,
994, 1995), we assumed that there are no differences in
LPFC activation across modality (auditory—verbal vs vi-
la—nonverbal). In that case, the results of the redlized
ntrasts in auditory—verba and visual-nonverbal single
sks could be summed up in one line of single tasks with
creasing load (1-back to 3-back task as activation tasks
ith the O-back task as control). To control the differences
| the percentage signal change across modality (auditory—
orbal vs visual-nonverba), we compared the contrast
-back vs 2-back, which was realized under both the audi-
ry-verba and the visua—nonverba conditions, using a
vo-way repeated-measures ANOVA (SPSS for Windows,
elease 10.0) with hemisphere and modality as within-
Ibjects factors for each VOI.

To compare signal changes in single and dual tasks, as
ell as to test a possible interaction between these condi-
ons, repeated-measures ANOVAs were performed, with
ondition (single vs dual tasks), load (1-back to 3-back), and
emisphere (left vs right) as within factors for each VOI.

Additionally, to directly test our hypotheses concerning
e | oad-dependent changes in the percentage signal change
parately for single and dual tasks, repeated-measures
NOV Aswere performed, with load (1-back to 3-back) and
emisphere (left vs right) as within factors for each VOI.

In analogy to Just et a. (2001), the comparison of the
tivation pattern of the dua tasks with the sum of the
rresponding single tasks was analyzed using a three-way
peated-measures ANOV A with condition (sum of the sin-
e tasks vs dual tasks), load (1-back to 3-back), and hemi-
here (left vs right) as within-subjects factors for each
Ol.
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by post hoc tests and contrasts and were corrected for
multiple comparisons (Bonferroni correction).

Results
Behavioral data for single and dual tasks

A two-way repeated ANOVA for both behavioral mea
sures, i.e., the accuracy and the reaction time (RT), indi-
cated a significant main effect of load, i.e., 1-back to 3-back
tasks (accuracy: F(2,5) = 13.24; P = 0.006; RT: F(2,5) =
21.09; P = 0.002), with a significant interaction between
condition (single vs dual tasks) and load (1-back to 3-back)
for accuracy (F(2,5) = 6.73; P = 0.029). The datain Fig. 2
show that, as anticipated, increasing processing load made
the task more difficult, as reflected in both the response
times and the accuracies. Post hoc tests only reached sig-
nificance in the dual tasks: there was a significant difference
between the 1-back and the 3-back task in accuracy (P =
0.000), as well as between the 1-back and the 2-back task in
RT (P = 0.000). The interaction between condition and load
revealed that, concerning accuracy, the observed load effect
was more substantial in the dual tasks than in the single
tasks. The accuracy as a function of memory load declined
less in the single tasks than in the dual tasks. In the single
tasks, accuracy decreased from 89% (SEM: 4.67) in the
1-back task to 80% (SEM: 9.13) in the 3-back task, whereas
in the dua tasks it declined from 90% (SEM: 5.74) in the
1-back task to 45% (SEM: 12.08) in the 3-back task. In this
dual 3-back task, none of the subjects showed a perfor-
mance which differed significantly from chance level.

According to contrasts, only the performance in the dual
2-back tasks differed significantly from the performance in
the corresponding single tasks (t(5,5) = 3.41; P = 0.028).
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ble 1
eans and standard errors (in parentheses) for seven volumes of interest (VOI)
Ol Single tasks Dual tasks
1-back 2-back 3-back 1-back 2-back 3-back
ft DLPFC —0.15** 0.04 0.49*** 0.11 0.21%** 0.41%**
(0.16) (0.18) (0.08) (0.03) (0.08) (0.08)
ght DLPFC -0.11 0.06 0.43*** 0.15* 0.17* 0.38***
(0.10) (0.09) (0.10) (0.04) (0.07) (0.08)
=ft inferior frontal gyrus 0.09 0.18 0.43*** 0.19** 0.10 0.39***
(0.10) (0.14) (0.16) (0.07) (0.06) (0.10)
ght inferior frontal gyrus 0.00 0.07 0.20* 0.10* 0.03 0.20***
(0.09) (0.08) (0.15) (0.07) (0.08) (0.10)
ft superior parietal lobule 0.14 0.43*** 0.45x** 0.25%** 0.40*** 0.51***
(0.16) (0.10) (0.18) (0.07) (0.08) (0.07)
ght superior parietal lobule 0.21 0.48*** 0.57%** 0.28*** 0.38*** 0.54***
(0.14) (0.10) (0.18) (0.08) (0.10) (0.11)
=ft precentral gyrus 0.02 0.32 0.70*** 0.26* 0.28** 0.49***
(0.09) (0.10) (0.14) (0.05) (0.08) (0.18)
ght precentral gyrus —-0.11* 0.08 0.40*** 0.16 0.13 0.28**
(0.10) (0.12) (0.07) (0.05) (0.07) (0.10)
=ft temporal —0.08 0.01 0.12 0.02 —-0.10 0.02
(0.14) (0.08) (0.08) (0.07) (0.04) (0.05)
ght temporal -0.11 -0.05 -0.11 0.00 —0.19** —0.11**
(0.14) (0.12) (0.07) (0.07) (0.05) (0.08)
ft anterior cingulate gyrus -0.15 —0.02 0.17 0.06 0.06 0.08
(0.10) (0.07) (0.08) (0.06) (0.08) (0.10)
ght anterior cingulate gyrus 0.03 0.11 0.08 0.05 -0.09 0.07
(0.17) (0.11) (0.06) (0.06) (0.04) (0.13)
ft supplementary motor area -0.04 0.19 0.25*** 0.04 0.18 0.19*
(0.19) (0.17) (0.19) (0.07) (0.16) (0.15)
ght supplementary motor area 0.16 0.32 —0.03 —0.04 —0.20 0.02
(0.33) (0.32) (0.10) (0.04) (0.14) (0.11)

Note. Values are given as group average of percentage BOLD signa change with statistical group analysis of fMRI datafrom VOlIs. * P < 0.05 (z > 2.80);
P < 0.01 (z> 3.891); *** P < 0.001 (z > 4.417); corrected for multiple comparisons (Bonferroni). DLPFC, dorsolateral prefrontal cortex.

rmance across input modality of the stimuli (auditory—
orbal vs visual-nonverbal), either in accuracy (F(1,5) =
90; P = 0.387) in RT (F(1,5) = 5.54; P = 0.065).

naging data

eneric brain activation

The average of percentage BOLD signa change and
gnificance levels for the volumes of interest are given in
able 1. At the highest task load (3-back single and dual
sk), a significant response was observed in a distributed
rtical network, comprising bilateral dorsolateral prefron-
| cortex (BA 6, 8, 9, and 46), bilateral inferior frontal
yrus (BA 44 and 45), bilateral superior parietal lobule (BA
1 and 37), bilateral precentral gyrus (BA 4), and the left
Ipplementary motor cortex (BA 6).

A significant response during nearly all working memory
onditions, both in single and dual tasks, only appeared in
e bilateral superior parietal lobule (BA 21 and 37). Addi-
onally, there were two regions producing significant acti-
ations during all dual-task conditions, namely the left pre-
entral gyrus (BA 4) and the right DLPFC. In the left
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responses were observed in two of three dual-task condi-
tions. None of the explored VOl s exhibited modality effects
based on material (auditory—verbal vs visua—nonverbal; see
below).

Load-dependent activation changes in both single and
dual tasks in the DLPFC

A threeeway ANOVA with condition (single vs dua
tasks), load (1-back to 3-back), and hemisphere (left vs
right) as within factors for each VOI revealed only a sig-
nificant main effect of load (F(2,5) = 18.57; P = 0.000),
with a significant linear trend (P = 0.003), but no interac-
tion between conditions (single vs dua tasks) (F(2,5) =
2.46; P = 0.135). Post hoc tests showed significant differ-
ences in percentage signal change between the 1-back and
the 3-back (P = 0.009) and between the 2-back and the
3-back conditions, respectively (P = 0.040).

Hypothesis I: load-dependent activation changes in single
tasks in the DLPFC

As expected, the repeated-measures ANOVA indicated a
significant main effect of load in thisregion (F(2,5) = 9.82;
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icreased from the 1-back to the 3-back condition (1-back:
13% (SEM: 0.12); 2-back: 0.05% (SEM: 0.13); 3-back:
46% (SEM: 0.08)). The linear trend was significant (P =
016). Post hoc tests showed only a significant difference
| percentage signal change between the 1- and the 3-back
sks (P = 0.048) (Fig. 3).

ypothesis I1: load-dependent activation changes in dual
isks in the DLPFC

Similar to the single tasks, the repeated-measures
NOVA showed a significant main effect of load (F(2,5) =
3.17; P = 0.002). The percentage signal change increased
nearly from the 1-back to the 3-back condition (1-back:
13% (SEM: 0.02); 2-back: 0.19% (SEM: 0.06); 3-back:
39% (SEM: 0.07)). The linear trend was significant (P =
012). Post hoc tests showed significant differences in
orcentage signal change between the 1-back and the 3-back
> = 0.036), as well as between the 2-back and the 3-back
sks (P = 0.004).
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Hypothesis I11: load-dependent activation changes in dual
tasks compared with the summed activations of the
corresponding single tasks

Since no VOI showed a significant difference in the
percentage signal change across modality (see below), the
sum of the single tasks was computed as doubled activation
of the corresponding single task. A three-way repeated-
measures ANOVA with condition (sum of the single tasks
vs dual tasks), load (1-back to 3-back), and hemisphere as
within-subjects factors showed that the DLPFC produced a
significant main effect of load (F(2,5) = 14.49; P = 0.001)
as well as a significant interaction between condition and
load (F(2,5 = 5.55; P = 0.024). The increase of the
activation change as afunction of task load was more substan-
tia in the single tasks than in the dud tasks (see Fig. 4).

However, the contrasts showed no significant differences
between the activation of the sum of single tasks and the
activation of the corresponding dual tasks under the 1-back
and the 2-back conditions (Fig. 5). Under the 3-back con-
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0. 3. The schematic drawing in the center shows the anatomical defined volumes of interest (VOI), adapted from the parcellation scheme described and
picted in Rademacher et al. (1992); laterally, the dorsolateral prefrontal cortex, the inferior frontal gyrus, the precentral gyrus, the superior parietal lobule,
d the temporal region; medially, the supplementary motor area and the anterior cingulate gyrus. Each area shaded in gray represents aVOI. The associated
aphs depict the amount of activation in the seven given VOIs as a function of memory load (1-back to 3-back tasks, with the 0-back task as control) for
th the single and the dual tasks. The amount of activation is defined as group average of percentage BOLD signal change. The error bars represent the
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0. 4. The schematic drawing in the center shows the anatomical defined volumes of interest (VOI), adapted from the parcellation scheme described and
picted in Rademacher et al. (1992). The associated graphs depict the amount of activation in the seven given VOIs as a function of memory load (1-back
3-back tasks, with the 0-back task as control) for the sum of the single tasks and the corresponding dual tasks. The sum of the activations in the single
sks was computed as doubled activation of the corresponding single task. The error bars represent the standard error of the mean.

tion, the activation of the sum of the single tasks was
ndentially stronger than the activation of the dual task (P
- 0.084). The 3-back dual task produced only 42% as much
tivation as the sum of the two corresponding single tasks.

ther regions with load-dependent signal change

Apart from the DLPFC, two other regions exhibited a
ain effect of load, the superior parietal lobule and the
recentral gyrus. In both VOl s the percentage signal change
icreased from the 1-back to the 3-back condition [superior
arietal lobule: 0.22% under 1-back (SEM: 0.07), 0.42%
nder 2-back (SEM: 0.04), and 0.52% under the 3-back
ndition (SEM: 0.10); F(2,5) = 4.29; P = 0.045; precen-
a gyrus: 0.08% under 1-back (SEM: 0.03), 0.20% under
-back (SEM: 0.05) and 0.47% under the 3-back condition
SEM: 0.09); F(2,5) = 18.36; P = 0.000]. The post hoc
sts for the superior parietal lobule showed significant
fferences in percentage signal change between the 1-back
1d the 2-back conditions (P = 0.042). The linear trend was
nly significant in the precentral gyrus (P = 0.006). Fur-
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tral gyrus reveaed a significant interaction between condi-
tion (single vs dual task) and load (F(2,5) = 7.45;, P =
0.01). The increase in the activation change as a function of
task load was more substantial in the single tasks than in the
dual tasks. The activation in the 1-back dual-task condition
tendentially exceeded the activation during the correspond-
ing single task (t(5,5) = —3.10; P = 0.085), but increased
less with higher task loads, expressed in a significant
smaller dual-task activation under the 3-back condition
(t(5,5) = 3.55; P = 0.048) compared with the activation in
the corresponding single task (see Fig. 3).

In athird region, in the inferior frontal gyrus, the acti-
vation increased tendentially as afunction of load (F(2,5) =
3.71; P = 0.062). Additionally, this region showed a sig-
nificant main effect of hemisphere (F(1,5) = 49.16; P =
0.001). This hemisphere main effect appeared also in the
temporal VOI (F(1,5) = 10.16; P = 0.024). In both VOls,
the left hemisphere was more activated than the right hemi-
sphere. In addition, for the temporal VOI, a significant
interaction between hemisphere and load was obtained
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visual-nonverbal single task
(0- vs 2-back)

dual task (0- vs 2-back)

0. 5. Representative examples of individual activation patterns resulting from two selected task alternations. (A) Typical activation pattern in one subject
r a dua task (0-back vs 2-back), including bilateral DLPFC, PRG, and CGa. (B) Typical activation pattern in another subject for the corresponding
sual-nonverbal single task (0-back vs 2-back), including bilateral DLPFC, PRG, and CGa. For visualization from the whole depth of the sulci, z scores of
dlices (12 mm) were projected onto the center reference slice. This allows a representative display of the activation pattern. Clusters containing a z score
at least 5.0 (corresponding to a P < 0.01, with full Bonferroni correction for the whole 30-dice data volume) are included, but cluster extent is shown
d color-coded down to a z score of 1.25 (corresponding to an uncorrected P < 0.01).

<hibited an increasing percentage signal change with aug-
lented load, whereas the right hemisphere did not.

ifferences in percentage signal change across input
odality (auditory—verbal vs visual-nonverbal)

No VOI was obtained exhibiting a significant main effect
F modality in the ANOVA hemisphere X modality on the
orcentage signal change (0.01 = F(1,5) = 0.97; 0373 =P
- 0.982). Thus, it was possible to sum up the results of the
alized contrasts in verbal and nonverbal single tasks (1-
ack to 3-back task with the 0-back task as control) for our
Irther data analysis. Two VOl s exhibited a significant main
fect of hemisphere. In both regions, in the inferior frontal
Ol and in the temporal VOI, the mean activation was
ronger in the left hemisphere than in the right hemisphere
nferior frontal: F(1,5) = 49.16; P = 0.001; temporal:
(1,5) = 10.16; P = 0.024).

iscussion

ummary of main results with reference to activations in
e DLPFC

When subjects perform single tasks as well as dual tasks
- different levels of difficulty, comparable activation pat-
rns for both conditions seem to emerge in the DLPFC,
dicating that both single and dual tasks enhance activation
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there are specific cortical areas, mainly prefrontal, which are
critical for load-dependent processing, regardiess of
whether atask is performed as a single task or concurrently
with a secondary task.

Hypothesis |: activation patterns in the DLPFC and
behavioral performance resulting from the single tasks

With reference to our initial hypothesis concerning the
single tasks, the expected relationship between activation in
PFC and WM load was found to yield a monotous increase,
athough not with a strictly linear proportionality: as hy-
pothesized, the smallest activation occurred under the
1-back condition and the strongest under the 3-back condi-
tion (see Fig. 3). But although the linear trend was signifi-
cant, this relationship was most probably based on the
significant increase from the 2-back to the 3-back condition.
Additionally, the signal change was unexpectedly small
under the 2-back condition and even negative under the
1-back condition (see Fig. 3). Thus, even though our data
showed a monotonous increase in activation in the DLPFC,
we failed to find substantial signal changes in the n-back
single task at lower levels of load. In part, thisis concordant
with the literature (e.g., Braver et a., 1997; Callicott et al.,
1999), where prominent activation in other regions, but little
activation in the DLPFC was found in low-level single WM
tasks, and especialy in single 1-back tasks (Calicott et al.,
1999, where arelevant increase in DLPFC activation is seen
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) terms of the chosen criterion level of performance (at
ast 75% accuracy in the 2-back single task) in order to
htain a certain level of accuracy under the dua 1- and
-back conditions, which might have led to that pattern. The
3l ection of high-performing subjects could have resulted in
e possibility that they were not challenged enough in these
latively ssimple 1- and 2-back tasks, suggesting that in this
ase there was not sufficient demand on the WM networks.
he behavioral performance confirms the observed signal
1anges: the accuracy was very high and comparable under
oth the 1- and the 2-back conditions and only decreased
nder the 3-back task (see Fig. 2), indicating that the first
vo tasks were very easy to perform for our subjectsindeed.
he 0-back condition used as control task might also have
ntributed to the low activation patterns under the 1-and
-back conditions: all three tasks were probably too similar
d too easy to execute for our high-performing subjects
d therefore did not yield sufficient signal changes.

Alternatively, the chosen VOI-based methodology for
VIRI data analysis could have contributed to the difficulty
F detecting substantial DLPFC activation changes in those
mple tasks, where signal changes are expected to be con-
rained to a relatively small volume, because the chosen
Ols were relatively large. However, the observed signal
1ange under the dual 1-back condition, which was also
xpected to be of small size, was substantial and therefore
)eaks against a failure of detecting signal changes due to
e chosen methodology.

ypothesis Il: activation patterns in the DLPFC and
chavioral performance resulting from the dual tasks

Since single and dual tasks evoked comparable activa-
on patterns, the hypothesis concerning the dual tasks could
ot be confirmed, given that we could not provide clear
sidence for an attenuation or even just saturation of PFC
tivation under the dual-task condition even in the most
fficult task (dual 3-back); rather, activation still increased
ee Fig. 3) despite behavioral performance with an error
te corresponding to random selection. Thus, the assump-
on made by D’Esposito (2001) that prefrontal activation
ossibly decreases in the face of extreme processing de-
ands, i.e., due to capacity limits of the CES, could not be
Ipported. Instead, our results suggest that increased diffi-
Ity in dual tasks leads to a stronger activation in the PFC
sen if the processing demands are excessive. However, the
Icrease in the dual tasks tended to be smaller than the
icrease in the single tasks, thus supplying some kind of
yidence for a beginning saturation in the BOLD response.
ut still, the interaction between single- and dual-task ac-
vation was not significant and, additionally, the increase in
gnal change between the 2- and the 3-back tasks was also
gnificant.

A possible explanation for the continuative increase in
tivation could be that memory load was not increased
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limit of performance, i.e., that their processing capacity was
not exceeded. Y et, taking the behavioral data into account,
this argument would not apply, since performance dropped
to chance level for al the subjects during the dual 3-back
condition. In contrast to the activation patterns, which were
the same for single and dua tasks, there was a significant
difference in the behaviora performance, i.e., the subjects
produced longer RTs and more errors in the dual tasks
compared to the single tasks. Furthermore, subjective rating
concerning the demands for the dual 3-back condition re-
vealed that each subject experienced this condition as ex-
tremely difficult; hence, it can be concluded that the de-
mands were excessive indeed. In summary, the DLPFC
activation did not yet show saturation at alevel of difficulty
where the behavioral accuracy was already at chance level,
as judged from the error rate.

Therefore, we conclude the following: the activation and
the accuracy do not decrease or saturate accordingly; rather,
they seem to behave quite independently, suggesting that
the observed signal changes did not only represent WM
processes only, but in addition some kind of “mental effort”
or “willful attention” (Frith and Dolan, 1996; Ingvar, 1994)
in order to cope with the task demands, attributable to
executive functioning subscribed to the PFC. Postinterviews
with our subjects clearly indicated that they tried hard in
order to succeed in the given tasks. Such a notion, i.e., the
high motivation of the subjects, could also explain the
similar increasing activation curves in parietal and precen-
tral regions and could also be taken into account for the
capacity-unconstrained activation patterns in those regions.

Alternatively, our subjects could be considered as having
accomplished selectively only one task under the dual-task
condition, trying to ignore the stimuli of the secondary task
in order to minimize interference. Such a process, i.e.,
selectively responding to one task only, despite our explicit
request to alocate attention equally to both tasks, would
have been a comprehensible strategy in order to accomplish
at least one of the tasks sufficiently and is also an often-
ascribed process attributed to executive functioning sub-
scribed to the PFC (Klingberg and Roland, 1997). Never-
theless, the high accuracy achieved under the dual 1-back
and 2-back conditions speaks for a high probability that the
subjects executed the task in the intended mode. Addition-
aly, the reaction times as well as the accuracy under the
3-back condition would have been comparable to those of
the 3-back single task if the subjects had paid attention to
one task only, which was not the case; rather, in the 3-back
dual task the RTs significantly exceeded that achieved in the
corresponding single task, whereas accuracy was reliably
smaler.

Another reason why we could not support the hypothesis
about a possible attenuation in the face of excessive demand
could lie in the fact that this hypothesis was inferred on the
basis of results from different studies (D’'Esposito et d.,
1995; Goldberg et al., 1998), with different subjects, using
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nstructs. This speaks to the possibility that specific task
roperties and the associated task demands may play an
nportant role in determining activation patterns. In partic-
ar, the task used by Goldberg et al. (1998) aso involved
preciable amounts of cognitive reasoning (Wisconsin
rd sorting test), which might also put demands on over-
pping regions of the DLPFC and, thus, interfere with WM.

ypothesis I11: comparison of the activation patterns in
e summed single tasks with the activation in the
orresponding dual tasks

When we evaluated single- and dual-task activations to
st our third hypothesis, the predicted interaction between
/M load and the summed activations in the single tasks,
ompared with the activation in the corresponding dual
sks, could be confirmed: under the most difficult condition
-back), the sum of activation changes in these single tasks
ceeded the activation changes resulting from the 3-back
ual task, whereas under the simpler 1-back and the 2-back
onditions, the summed single-task activations were similar
) the activationsin the corresponding dual task (see Fig. 4).

These results are in agreement with findings by Just et al.
001), who reported similar activation patterns in the pre-
ontal areas for their summed single tasks compared to the
tivation in the dual task, where the dua tasks could be
orformed “without compromising accuracy,” as in our
-back and 2-back tasks. A direct comparison between sin-
e and dual n-back task with excessive behavioral demands
sulting in degradation of accuracy like our dual 3-back
sk has not been assessed before to our knowledge. Also,
rresponding to the relatively low DLPFC activation levels
) our 1-back and 2-back tasks, the activation Just et a.
001) found in the DLPFC “was minimal in both single-
1d dual-task conditions,” so that “the comparison of signal
tensities in the prefrontal areas could not be made because
any participants failed to show reliable activation in those
eas.” In contrast, the sum of our single-task activations
Kceeded the dual-task activations under the 3-back condi-
on, athough only at the tendency level. If accepted for
al, this result can be interpreted in accordance with Navon
1d Gopher (1979) or Klingberg and Roland (1997), stating
at concurrent tasks interfere with each other if they de-
end on a common resource pool, i.e., if they demand
tivation of the same part of the cortex. Such an interfer-
1ce is indicated by increasing RT along with increasing
ror rate and, additionally, as was the case in our experi-
ent, by the smaller activation during the dual task com-
ared to the total of activation during the single tasks under
e 3-back condition. These smaller activations in the dual
sks could represent the physiological homologue of the
yove-mentioned behavioral cost (increasing RT and error
te).

Other studies aso indicate that the BOLD response is
latively smaller in certain cortical areasif asecondary task
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pend on resources of the same cortical area (e.g., Vander-
berghe et al., 1997, or Rees et a., 1997). Just et al. (2001)
suggested that any observed underadditivity in the dual task
could be explained with a certain biological constraint in the
amount of activation that can be distributed to an area at a
given time. This constraint could be another manifestation
of a generaly assumed limit of attention which can be
alocated to tasks at one time (e.g., Broadbent, 1957; Kah-
neman, 1973), resulting most evidently in the decrement of
performance if several demanding tasks are required to be
performed simultaneously. As a physiological reflection,
this limit of attention might result in the relatively smaller
activation of certain cortical areas involved with these tasks.

Just et al. (2001) mention the possibility that any ob-
served underadditivity in prefrontal areas could be attrib-
uted to the nonlinearity of the BOLD response. There is
evidence that, at high levels of demand, a saturation of the
BOLD response may occur, i.e., leading to the lesser mea-
surable activation in the involved areas (Friston et a.,
2000). In our experiment, the criterion of a highly demand-
ing task has been reached, at least in the case of the dua
3-back condition. However, although a certain underaddi-
tivity was observed during the dual tasksin our experiment,
indicating a smaller increase under the dual-task condition
compared with the single-task condition, the activation till
increased with incremental memory load, therefore speak-
ing against a saturation based solely on the BOLD response.
Moreover, the observed maximal signal change even under
the 3-back condition (0.39%) is only a fraction of what we
observe with identical methodology in the motor cortex
during motor tasks (up to 2.33%, Nirkko et al., 2001). It
seems unlikely that the BOLD response should be saturated
at such a lower threshold in these amost neighboring re-
gions of the DLPFC. We conclude that the observed under-
additivity reflects a neuronal phenomenon, not a limitation
of the vascular or physical/technica BOLD response.

Regions apart from the DLPFC responding to
manipulations of memory load

Apart from the DLPFC there are a few regions that
similarly show load-dependent signal change: bilatera pre-
central gyrus (BA 4), bilateral superior parietal lobule (BA
39/40), left superior and middle temporal gyri (BA 21/37),
and, to a certain extent, inferior frontal cortex (BA 44/45)
(see Fig. 3).

These regions were commonly activated as a function of
memory load in most studies, which used the n-back task as
WM paradigm and, regarding the premotor and inferior—
frontal regions, the assumption has been previously made
(eg., Braver et a., 1997, Smith and Jonides, 1997, or
Rypmaet a., 1999) that these regions house anterior speech
areas and, concerning WM, that premotor and supplemen-
tary motor regionsin cooperation with Broca' s area mediate
maintenance processes, especially subvoca articulatory
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hserved in these regions might presumably reflect the in-
ease in number of rehearsal items associated with the
ontinuous augmentation of WM |oad.

Parietal cortex did not only produce the strongest overall
gnal change, but also exhibited increased activation with
Jgmented WM load which isin accordance with studies by
aulesu et al. (1993), Smith and Jonides (1997), or Salmon
-al. (1996), suggesting that the parietal cortex iscritical for
honological storage processes.

With regard to temporal regions we observed a load-
ependent activation pattern for the left temporal cortex,
hich, similar to parietal regions, could account for phono-
gical storage processes. According to Smith and Jonides
1997) there is some evidence that inferotemporal regionsin
nnection with posterior parietal areas might mediate stor-
ye and rehearsal for object information in addition to
orbal information. However, temporal activations observed
| our experiment were very small (see Table 1) but still
1owed a significant left-lateralized, |oad-dependent signal
1ange that speaks for the involvement of verba and/or
nject storage processes.

Hence, there seems to be a network of cortical regions
iediating WM tasks, including inferior frontal, parietal,
d temporal areas, supporting a WM model like the one
roposed by Baddeley (1986) consisting of different sub-
omponents responsible for different processes carried out
| specific cortical areas.

ifferences in activation between input modalities within
e PFC

WM processes in our experiment seem to induce activa
on in specific prefrontal areas regardless of the input mo-
ality (auditory/visual) or the type of the stimulus material
rerbal/nonverbal) held in WM, supporting the “process-
ecific” theory proposed by Petrides (1994) or Owen et al.
1996). Still, there is evidence for a certain type of “mate-
al-specific” processing in the PFC, specifically concerning
e VLPFC, where verbal processing, as well as processing
F objects, is more likely to be reflected as activations in the
ft hemisphere (Broca's area) (e.g. Smith et a., 1997,
nides et al., 1997), compared to spatial processing mainly
yoking activations in homologous areas in the right. In our
periment, the left VLPFC was more activated under both
ngle-task conditions (shapes and consonants) than the
ght VLPFC, speaking for alateralized stimulus-based pro-
2ssing mechanism.

One explanation for these results is that our subjects can
2 considered as having used the same encoding, maintain-
g, or manipulation strategies across both stimulus types,
g., that subjects verbalized and rehearsed the abstract
1apes as they did the verbal material. Indeed, posttest
terviews revealed that al subjects tended to verbalize the
1apes despite our efforts to select material designed to be
fficult to verbalize. In that case, the processing mecha-

SRR R R [ (R PR (Y SR (R [ (PR (R S P

the same, and left-lateralization of the VLPFC was less due
to the stimulus material, but rather to similar processing
mechanisms, which could also explain the similar activa
tions in the auditory and the visual tasks in the analyzed
VOls. Other, more posterior regions (i.e., occipital areas), in
which modality-specific differences could be expected,
were not explicitly explored. Under the dual-task condition,
however, both tasks apparently competed for the same pro-
cessing system, most probably for the phonological 1oop,
assumed to be responsible for verba rehearsal. Such a
competition for resources might additionally have led to the
observed interferences between the two tasks.

Conclusion

In sum, our results show that single and dual tasks
similarly enhance activation in the DLPFC with increasing
load; therefore, the intended interaction between the mem-
ory load and the activation in single and in dual tasks could
not be observed. This interaction, however, was significant
when the sum of the activation in the single tasks was
compared with the activation in the corresponding dual task,
i.e., the increase in activation was smaller in the dual tasks
in comparison with the increase of activation in the summed
single tasks. Under the 3-back condition, the activation of
the sum of both single tasks exceeded the activation in the
dual task for not less than 42%. However, this finding could
be expected, since the effects concerning the increase in
activation resulting from single-task performance due to
augmented memory load apparently became more substan-
tial when the doubled activation of these tasks was taken as
reference for the activation in the dual tasks. Further inves
tigations with such methods would have address the ques-
tion of which type of evaluation would make more sense,
i.e., either to choose an evaluation comparing single tasks
and dual tasks as independent measures or, rather, to com-
pare the activation in dual tasks with the sum of two single
taskswhich, in redlity, were executed independently. It must
be considered that, presumably, the performance of asingle
task demands entirely different processes compared with the
processes involved in the performance of a dual task.

Our study provides some informative evidence that be-
havioral measures (i.e., accuracy) are not necessarily related
to activation in involved regions in a direct mode, since
activation still increased even as performance was at chance
level in the most difficult task. Task difficulty, as expressed
in task load, and the related mental effort to execute the
tasks seem to play a crucial role for the observed activation
patterns, mainly in a distributed network comprising the
DLPFC, the superior parietal lobule, and precentral regions.
We conclude, that this motivation factor probably plays the
main role in decreases at higher levels of load reported by
other authors (e.g., Goldberg et a., 1998), especialy if the
subjects fail to execute the task appropriately anymore and,
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tymore. But, of course, such factors should be controlled
r, e.9., by posttest interviews.

We suggest that the load-dependent activation changes
e observed did not exclusively represent WM processes
r se, but rather a more global attentional, somehow mo-
vational network (Frith and Dolan, 1996; Ingvar, 1994)
)l ated to strategic task processing. These processes may hot
e related to the decrement of behavioral performance, but,
xplaining our data, seem to rely on the same neural sub-
rates that mediate the executive component of WM.

Consequently, further studies will be needed to deter-
line carefully how and under which conditions dual-task
rocessing affects activation in specific cortical areas, in
der to clarify the role of capacity-constrained regions in
e human brain, as well as to separate WM demands from
10se needed in more global attentional networks. The
registration and evaluation of behavioral data are crucial
| that context, as psychologically relevant reference func-
on in order to interpret activation data. Furthermore, more
udies are needed to clarify the question of how dual-task
rocessing is related to single-task processing, along with
e reasons for possible occurrences of any deviationsin the
nserved activation patterns between dual and single tasks.
/e suggest that the direct comparison of parametrically
aried single tasks with analogously varied dual-task con-
tions might be a fruitful way to succeed.
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