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a b s t r a c t

The dorsolateral prefrontal cortex (dlPFC) plays an important role in working memory, including the
control of memory-guided response. In this study, with 24 subjects, we used high frequency repetitive
transcranial magnetic stimulation (rTMS) to evaluate the role of the dlPFC in memory-guided response to
two different types of spatial working memory tasks: one requiring a recognition decision about a probe
stimulus (operationalized with a yes/no button press), another requiring direct recall of the memory
stimulus by moving a cursor to the remembered location. In half the trials, randomly distributed, rTMS
was applied to the dlPFC and in a separate session, the superior parietal lobule (SPL), a brain area implicated
in spatial working memory storage. A 10-Hz (3 s, 110% of motor threshold) train of TMS was delivered at
the onset of the response period. We found that only dlPFC rTMS significantly affected performance,
with rTMS of right dlPFC decreasing accuracy on delayed-recall trials, and rTMS of left and right dlPFC
decreasing and enhancing accuracy, respectively, on delayed-recognition trials. These findings confirm
that the dlPFC plays an important role in memory-guided response, and suggest that the nature of this
role varies depending on the processes required for making a response.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

There is ample evidence that the prefrontal cortex (PFC) plays
an important role in working memory (Fuster, 1997; Goldman-
Rakic, 1990). However, the extent of its involvement in each of the
three theoretically dissociable components of the classic delay task
– stimulus presentation (encoding), delay (storage), and response
– remains a focus of active research. With respect to storage, the
long-accepted view that PFC plays a critical role in storage of
information in working memory has increasingly been called into
question (for a review, see Postle (2006b)). For example, we pre-
viously used repetitive transcranial magnetic stimulation (rTMS)
during the delay period of a spatial delayed-recognition task and
found that, when targeting the dorsolateral PFC (dlPFC) in healthy
subjects, the effects of rTMS on performance were minimal. Delay-
period rTMS of the superior parietal lobule (SPL), in contrast, had a
significant effect on performance (Hamidi, Tononi, & Postle, 2008).
This is consistent with fMRI evidence suggesting an important role
for SPL in the storage of spatial information (Curtis, 2006; Postle,
2006a), a function that is in line with its role in processing per-
ception of spatial information (Awh, Anllo-Vento, & Hillyard, 2000;
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Mesulam, 1999). The results of Hamidi et al. (2008) with regard to
the dlPFC are supported by the literature on patients with dam-
age to the frontal lobes, which shows that patients often perform
well on tasks of simple immediate recall, but can be relatively
more impaired when the task requires memory-guided actions
(e.g., Knight & D’Esposito, 2003). For example, patients with large
frontal lesions have intact short-term memory spans (the num-
ber of items can be recalled immediately after presentation), and
thus would seem to be unimpaired at the storage, per se, of infor-
mation in working memory. However, the performance of many
of these same patients suffers when motor output demands are
manipulated by testing memory with delayed response (D’Esposito
& Postle, 1999). The current study, therefore, was designed as a
prospective test of the hypothesis that the dlPFC, more so than SPL,
contributes importantly to memory-guided response.

There can be, of course, many different kinds of memory-guided
responses. Because previous neuropsychological evidence suggests
that different types of working memory tasks may be differen-
tially supported by the dlPFC (D’Esposito & Postle, 1999; Miotto,
Bullock, Polkey, & Morris, 1996), we selected to study two com-
monly used tasks that differ only in their response requirements:
delayed-recognition and delayed-recall. This design allowed us to
address the broad question about memory-guided response, as
well as begin exploring the finer-grained functional organization of
the dlPFC—that is, whether different hypothesized processes may
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be differentially supported by this region. Recognition, which can
be operationalized by requiring a same/different judgment of a
probe stimulus, requires evaluation of the similarity of the item
currently accessible to perception with that being held in mem-
ory, and a registration of the binary outcome of that evaluation
with a yes or no button press. Thus, it emphasizes stimulus per-
ception, decision processes, and response selection (i.e., mapping
of the decision to the appropriate response choice). Recall, in which
response is cued with a stimulus unrelated to what is stored in
memory, requires a complete reproduction of the stored informa-
tion, and consequently requires a less constrained (and typically
more complex) memory-guided motor response. Therefore, it fol-
lows that accurate performance in a recall task is more reliant on
the neuronal processes involved in the motor planning necessary
for reproducing the remembered stimulus. In addition to the differ-
ences in motor responses, the two tasks are different in that recall
relies more strongly on readout of the stored items in memory,
whereas recognition requires a comparison or verification process
(Cabeza, Locantore, & Anderson, 2003; Haist, Shimamura, & Squire,
1992). Furthermore, recognition can be performed with a weaker
mnemonic representation of the memorandum, because the pres-
ence of the probe provides information to aid in remembering the
details of the stored item (Tulving & Psotka, 1971). As expected,
the long-term memory literature has long shown that normal sub-
jects are better at performing tasks requiring recognition than those
requiring recall (Rock & Engelstein, 1959).

Activity in the dlPFC is thought to play a significant role in
both working memory-guided response generation and in motor
planning and response execution (e.g., Hester, D’Esposito, Cole,
& Garavan, 2007; Miller, Erickson, & Desimone, 1996; Rypma,
Berger, & D’Esposito, 2002). This has been well studied in the
long-term memory literature. For example, Donaldson and Rugg
(1999) showed that in normal subjects, both recall and recogni-
tion of associated word pairs elicit frontal event-related potentials
(ERPs) during retrieval, although the specific pattern of the ERPs
differed. Recognition was associated with an early bilateral frontal
component and a late right-sided positive ERP whereas recall was
associated with only the late right-sided frontal ERP. Neuropsy-
chological studies of patients with frontal lobe damage, however,
have produced conflicting data. For example, Wheeler and Stuss
(2003) found, with a task requiring memory of a list of nouns, that
recognition memory was intact, whereas van Asselen et al. (2006)
found that patients with frontal lobe damage were impaired on a
task of spatial search (which predominantly employs recognition).
Similarly, Bor, Duncan, Lee, Parr, & Owen (2006) found that frontal
lobe patients had a decreased spatial span, whereas D’Esposito and
Postle (1999) found no such changes in spatial span. Furthermore,
Kopelman and Stanhope (1998) found that frontal lobe patients
perform at control levels in a task requiring recall of words.

These conflicting results are further complicated by evidence
of hemispheric asymmetry during tasks of working memory
(D’Esposito et al., 1998; Muri et al., 2000). The overall pattern of
these findings is such that with spatial working memory right
hemisphere activity dominates, whereas with verbal and other
nonspatial working memory tasks the left hemisphere dominates.
However, some suggest that these results are more associated with
memory-related motor preparation than storage of information,
per se (Hester et al., 2007; Volle et al., 2005). Furthermore, in a
study comparing recall versus recognition from long-term memory
of verbal information, Cabeza et al. (2003) found that the left PFC is
more active during recall tasks whereas the right PFC is more active
during recognition tasks. They proposed that this asymmetry arises
from a division of the PFC into a system involved in monitoring and
verification of retrieved items (dominant during recognition) and a
system associated with production of information (dominant dur-

ing recall). Whether this mechanism might generalize to the spatial
domain, or with recognition versus recall from working memory,
is not known.

To determine the extent to which memory-guided response
relies on the dlPFC, we applied rTMS to the dlPFC (Brodmann Area
9/46), as well as the SPL (Brodmann Area 7). Furthermore, compar-
ison of the effect of rTMS on recall versus recognition let us explore
the nature of response-related processes supported by the dlPFC.
rTMS uses the principle of electromagnetic induction to temporar-
ily alter processing in a specific brain area (Walsh & Rushworth,
1999). If activity of a brain area is required for accurate perfor-
mance of a task, rTMS applied to that area is expected to alter
performance in systematic ways (e.g., Feredoes, Tononi, & Postle,
2006; Sack & Linden, 2003). If response period rTMS to the dlPFC
has a greater effect on delayed recognition trials than on delayed-
recall trials, then it would suggest that the dlPFC plays a greater role
in the processes involved in comparison between the probe and the
remembered stimuli. If response period dlPFC rTMS has a greater
effect on delayed-recall trials, then it follows that the dlPFC is more
important in control of the motor response. To our knowledge this
is the first systematic study of recall versus recognition in spatial
working memory.

2. Methods

2.1. Subjects

24 right-handed, young adults (14 male, mean age = 22.9 [S.D. = 4.8]) were
recruited from the University of Wisconsin community. Subjects did not have any
psychiatric or neurological conditions, as determined by a psychiatrist or clini-
cal psychologist who administered a structured psychiatric diagnostic interview
(MINI, Sheehan et al., 1998) and mood assessment (HAM-D, mean = 0.25 [S.D. = 0.61],
Hamilton, 1960). The study was approved by the local ethics committee. All subjects
were compensated monetarily.

2.2. Behavioral task

The behavioral task consisted of two different response procedures: one of
recognition, another of recall. The two were randomly interleaved, and until the
response period, the structure of the behavioral task was the same for both trial
types: that is, subjects could not predict the trial type prior to the onset of the
response stimulus (Fig. 1). This eliminated the possibility of any differential pro-
cessing prior to rTMS delivery. Each trial began with a 500-ms presentation of a
central fixation cross, followed by a 4-s presentation of a target set: four white cir-

Fig. 1. Schematic of behavioral tasks: (A) delayed recognition; (B) delayed-recall.
Timing of the task after the probe period is approximate because the ITI began
immediately after subjects made a response.
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cles of 1.4◦ of visual angle, one located at a randomly determined location within
each quadrant of the screen. Organization of the screen into quadrants was not made
explicit in the target display. The targets were presented one at a time, each with
a duration of 1 s. The offset of the final target was followed by a luminance mask
that was flashed on the screen for 100 ms, followed by a 3-s delay period. During the
response phase of the delayed-recognition trials, a circle identical in appearance to
the targets was presented and subjects indicated with a yes/no button press (index
finger/thumb) on a control stick (Attack 3, Logitech, Fremont, CA) whether its loca-
tion corresponded to that of one of the four targets. The probe appeared in each of
the four quadrants with p = 0.25, and at one of the target locations with p = 0.5. If
the probe was non-matching, the distance from the nearest target circle location
varied between 3.33◦ and 4.74◦ of visual angle. During the response phase of the
delayed-recall trials, one quadrant of the screen was highlighted with a red outline,
a cursor appeared at the center of the screen and subjects were to move the cursor
to the location that had been occupied by the target from that quadrant. The cursor
was moved with the control stick and the correct location was selected by press-
ing a “trigger” button (index finger) on the control stick. Prior to testing, subjects
were trained on control of the cursor with the control stick. Subjects were scored
on accuracy (proportion correct for recognition and error in degrees of visual angle
for recall) and reaction time (RT) to the button press on both trial types. Subjects
performed a total of 288 trials resulting in 96 trials per brain area targeted. Of these
96 trials, 48 were recognition trials, 48 were recall trials and orthogonally, 48 were
with rTMS, 48 were without.

Because we were interested in assessing effects of rTMS on the brain hemisphere
targeted, and because we wanted to minimize any effects rTMS would have on motor
output, we randomly assigned subjects into two groups, one responding with their
right hand, the other with their left hand. Before the experimental trials began, both
groups were required to go through practice trials until they reached 75% accuracy
during the recognition trials and were within 2.2◦ of visual angle from the target
during the recall trials. In addition, to obtain a baseline measure of spatial working
memory abilities, we measured the memory span for spatial locations in all subjects.
We found no difference in spatial working memory span between subjects who
received left hemisphere rTMS (mean ± S.D. = 5.83 ± 1.59) versus those that received
right hemisphere rTMS (mean ± S.D. = 5.83 ± 1.47).

2.3. Anatomical MRI

Whole-brain images were acquired with a 3T scanner (GE Signa VH/I). High-
resolution T1-weighted images (256 axial slices, 0.5 mm × 0.5 mm × 0.8 mm) were
obtained for all participants. This scan was used to reconstruct a 3-dimensional
image of each subject’s head, which was used to target rTMS.

2.4. rTMS session

2.4.1. rTMS procedures
For the rTMS session the subject was seated comfortably and his/her head was

localized in space via an infrared-based frameless stereotaxy system (eXimia Nav-
igated Brain Stimulation (NBS), Nexstim, Helsinki, Finland). The TMS coil was also
fitted with infrared-reflecting beacons, thereby permitting us to accurately target
specific regions of the brain.

Prior to the start of the behavioral task, resting motor threshold was determined
for each subject as measured by an electromyograph (Bagnoli Handheld EMG Sys-
tem, Delsys, Boston, MA). We used motor threshold to calibrate the stimulation
intensity for each subject by starting at 110% of motor threshold, but accounting for
scalp-to-cortex distance for each brain area targeted (Stokes et al., 2005).

During rTMSpresent trials a 3-s train of 10 Hz rTMS (30 pulses) began with the
onset of the probe stimulus. TMS was delivered with an air-cooled Magstim Standard
Rapid magnetic stimulator fit with a 70-mm figure 8 stimulating coil (Magstim Co.,
Whitland, U.K.).

2.4.2. rTMS controls
We used two levels of control in this study. The first level consisted of the ran-

domly distributed half of the trials in each block during which rTMS was not applied.
This allowed us to calculate the effect of rTMS (rTMSpresent − rTMSabsent) for each
block in a manner that would control for possible long-term effects of rTMS (i.e.,
effects that might persist longer than the stimulus train, perhaps affecting subse-
quent trials). The second level of control was the inclusion of a brain area that was
not expected to have direct involvement in working memory—the area represent-
ing the leg in the primary somatosensory cortex of the postcentral gyrus (PCG). This
latter level of control allowed us to account for any superficial effects of rTMS on
behavior, such as those associated with scalp sensations and noise, as well as for
regionally nonspecific effects of rTMS of the cortex.

2.4.3. Target selection
Subjects were randomly assigned to receive rTMS of the left hemisphere or the

right hemisphere. Three brain areas (dlPFC, PCG, and SPL) were targeted with rTMS
across two 12-block sessions (four blocks per brain area). To eliminate the effect
of fatigue and to stay within the safety limits of the maximum number of stimuli
per subject per day (Wasserman, 1998), each session was performed on a different

day. The order of the brain areas targeted with rTMS was counterbalanced across
subjects, and repeated for each subject on the second day.

Of the 24 subjects, 12 received rTMS of the left hemisphere, 12 of the right.
rTMS targeting for all subjects was based on individual anatomy. The dlPFC target
was identified as the middle frontal gyrus on the ventral bank of the superior frontal
sulcus at the level of the sulcus frontalis medius (approximately at ±40, +45, +28
atlas coordinates, Talairach & Tournoux, 1988), a region assumed to correspond to
the border of Brodmann areas 9 and 46 (Oliveri et al., 2001; Petrides, 2000). The PCG
target was chosen as an area immediately posterior to the central sulcus, close to the
midline. Care was taken to ensure that subjects did not experience any peripheral
sensations from stimulation of the somatosensory cortex. SPL targets were chosen
dorsal and medial to the intraparietal sulcus and posterior to the postcentral sulcus
(corresponding to Brodmann area 7).

2.4.4. Data analysis plan
Presented below is a summary of the significant results. Full details of the results

(e.g., full reporting of ANOVAs) are available in the supplementary materials. Because
both accuracy and RT were dependant variables in this study we first ran a multi-
variate analysis of variance (MANOVA) that included 3 levels of the factor Brain
Area (dlPFC, SPL, and PCG), 2 levels of hemisphere of stimulation (left, right), and 2
levels of memory task (recognition, recall). We then ran follow-up univariate anal-
yses of variance (ANOVAs) for accuracy and RT separately with the same factors. In
order to allow for direct comparison between the two memory tasks, both accuracy
and RT for each subject were normalized within subject to rTMSabsent levels [“rTMS
effect” = (rTMSpresent − rTMSabsent)/rTMSabsent], then these “rTMS effect” scores were
entered into the analyses. Therefore the factor of the presence of rTMS was also taken
into account in these analyses. With all ANOVAs, if a significant effect involved the
factor of Brain Area, follow-up secondary comparisons were made of each exper-
imental brain area (dlPFC and SPL) versus the control brain area (PCG). We also
analyzed data by the visual hemifield in which the probe was presented and pro-
vide these results in the supplementary materials to this study. For recognition trials,
accuracy data were recorded as the proportion correct for each subject, for recall tri-
als, accuracy was defined as the median error in degrees of visual angle measured
in the response. In both memory conditions, for each subject, RT was defined as the
median RT in milliseconds.

3. Results

3-way MANOVA (Brain Area, Hemishpere, Memory Task) on nor-
malized accuracy and RT data revealed a significant effect [p (Wilk’s
!) < 0.001]. We assessed for significant effects on accuracy and RT
separately.

There was an overall trend of rTMS decreasing accu-
racy during recall trials (rTMSabsent (mean ± S.D.) = 2.25 ± 0.42◦

error versus rTMSpresent = 2.36 ± 0.46◦ error; t(23) = 1.59; n.s.
Fig. 2A), but no such trend for recognition trials (rTMSabsent
(mean ± S.D.) = 76.5 ± 7.1% correct versus rTMSpresent = 76.6 ± 6.7%
correct; t(23) = 0.09; n.s. Fig. 2B). There was no difference in baseline
(rTMSabsent) accuracy between subjects who received left hemi-
sphere versus right hemisphere rTMS for either recall [t(23) = 0.53;
n.s.] or recognition [t(23) = 0.27; n.s.]. 3-way ANOVA (Brain Area,
Hemisphere, Memory Task) on the normalized data found a main
effect of Memory Task [F(1, 22) = 10.16; p < 0.005], reflecting the
regionally-nonspecific effect of rTMS decreasing accuracy on recall
trials more than on recognition trials [t(23) = 3.06; p < 0.01]. There
were no main effects of Brain Area or Hemisphere, as well as no
2-way interactions (all Fs < 1.88). However, we did find a significant
3-way interaction of Brain Area × Memory Task × Hemisphere [F(2,
44) = 10.77; p < 0.0005]. Follow-up with posthoc tests on recall tri-
als revealed that rTMS only to the right dlPFC led to a large decrease
in accuracy. Pairwise comparison of the effect of right dlPFC rTMS
versus right PCG rTMS was significant [t(22) = 2.54; p < 0.05; see
Fig. 3B]. With recognition trials, the opposite pattern was true:
compared to its effect on the PCG, rTMS to the right dlPFC led to
a relative improvement in accuracy whereas rTMS to the left dlPFC
led to a relative decrement in accuracy [t(22) = 2.46; p < 0.05; Fig. 3A
and B].

With RT, overall, subjects were slower in performing the recall
versus recognition task [recognition (mean ± S.D.) = 1017 ± 179 ms
versus recall = 1781 ± 410 ms; t(23) = 52.82; p < 0.0001]. Virtually all
responses were made during the 3-s train of rTMS. rTMS had a gen-
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Fig. 2. Accuracy: (A) delayed-recognition task; (B) delayed-recall task; (C) change in accuracy with rTMS in both trial types normalized to the rTMSabsent condition. There
were no regionally-specific significant effects. However, there was a trend towards a larger rTMS-induced decrease in accuracy in recall trial versus recognition trials when
the dlPFC was targeted [t(23) = 1.87; p = 0.07].

eral effect of speeding responses in both recognition [rTMSabsent
(mean ± S.D.) = 1031 ± 191 ms versus rTMSpresent = 1002 ± 174 ms;
t(23) = 2.61; p < 0.05; Fig. 4A] and recall trials [rTMSabsent
(mean ± S.D.) = 1839 ± 412 ms versus rTMSpresent = 1724 ± 412 ms;
t(23) = 13.48; p < 0.0001; Fig. 4B]. There was no difference in base-
line (rTMSabsent) RT between subjects who received left hemisphere
versus right hemisphere rTMS for either recall [t(23) = 0.06; n.s.] or
recognition [t(23) = 0.04; n.s.]. ANOVA on normalized data revealed
a main effect of Memory Task [F(1, 22) = 10.84; p < 0.005] with rTMS
producing a greater speeding of RT in the recall trials. There were
no other effects or interactions (all Fs < 2.47).

4. Discussion

4.1. dlPFC required for response formation in both
delayed-recognition and delayed-recall

In this study we assessed the role of the dlPFC and SPL in produc-
ing a spatial memory-contingent response to two types of response
cues: recognition and recall. With both types of tasks we found that
rTMS to the dlPFC during the response period resulted in changes
in accuracy, a finding that fits well with current accounts of dlPFC

function in memory-guided response (Machens, Romo, & Brody,
2005; Passingham & Rowe, 2002; Postle, 2006b).

The major difference between the effects of rTMS on recall ver-
sus recognition trials was the direction of change in accuracy. rTMS
to the right dlPFC resulted in a marginal improvement in accuracy
in recognition trials, whereas it resulted in a significant decre-
ment in accuracy when delivered during recall trials. The reason
behind the opposite effects is unclear. A possible reason may be
that for recall cues, the right dlPFC may be required for produc-
ing a response whereas for recognition probes, right dlPFC activity
somehow interferes with response formation. Several groups have
provided evidence that one role of the dlPFC during tasks of working
memory is to contribute to preparation and execution of the appro-
priate motor response (e.g., Curtis, Rao, & D’Esposito, 2004; Pochon
et al., 2001). For example, Pochon et al. (2001) have shown that
memory-guided response is associated with greater dlPFC activity
when a complex motor response is required, compared to a simple
yes/no buttonpress. This hypothesis is also supported by a study by
Rollnik et al. (2000) in which they found that rTMS to the PFC results
in a decrease in the amplitude of motor evoked potentials. Further-
more, the presence of anatomical connections between the dlPFC
and supplementary motor area (e.g., Bates & Goldman-Rakic, 1993)
support a functional role of the dlPFC in motor control. It is certainly
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Fig. 3. Accuracy by hemisphere. Change in accuracy with rTMS in both trial types normalized to the rTMSabsent condition when rTMS targeted the (A) left hemisphere and
(B) right hemisphere. With recognition trials, although the pairwise comparisons of the effect of rTMS of the left dlPFC versus that of the left PCG [t(11) = −1.65; n.s.] and the
effect of rTMS of the right dlPFC versus that of the right PCG [t(11) = 1.84; p = 0.09] did not reach significance, the relative change in accuracy (measured as the difference in
accuracy between PCG rTMS and dlPFC rTMS) between rTMS of the left dlPFC versus that of the right dlPFC was significant [t(22) = 2.40; p < 0.05]. For recall trials, the pairwise
comparison of the effect of right dlPFC rTMS compared to the effect of right PCG rTMS was significant [t(11) = 3.71; p < 0.005], as was the comparison of the relative changes
in accuracy between right dlPFC and left dlPFC rTMS [t(22) = 2.54; p < 0.05]. * p < 0.05.

the case that the motor response required by the recall cue is less
constrained, and thus that its demands on motor execution, per se,
are greater than the button press required by the recognition probe.
Thus, the fact that rTMS to the dlPFC during recall trials results in a
decrement in accuracy may be due to disruption of the preparation
and/or execution of the memory-guided motor response required
to move the cursor to the appropriate location.

One alternative explanation of the recall results could be that
rTMS induced a speed–accuracy trade-off. However, although there
was a speeding of response accompanying the large decrement in

accuracy, a speed–accuracy trade-off is unlikely because a similar
speeding of response was present with rTMS of PCG and of SPL, but
without concomitant decreases in accuracy.

There are some caveats to be aware of with studies using
rTMS. For example, one cannot always assume a disruptive effect
of rTMS on neural activity (e.g., Silvanto & Muggleton, 2008;
Théoret, Kobayashi, Valero-Cabré, & Pascual-Leone, 2003). The
effect of rTMS has been shown to be dependant on the imme-
diate state of the brain (e.g., Thut et al., 2003). Although, in this
study, it is not possible to determine the physiological mecha-
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Fig. 4. Reaction time: (A) delayed-recognition task; (B) delayed-recall task; (C) change in accuracy with rTMS in both trial types normalized to the rTMSabsent condition.
In recognition trials, PCG rTMS trended towards a greater decrease in RT compared to SPL rTMS [t(23) = 1.87; p = 0.07]. Comparison of the effect of rTMS across trial types
revealed that dlPFC rTMS led to a greater decrease in RT in recall versus recognition trials [t(23) = 3.44; p < 0.005]. There was a similar trend with SPL rTMS [t(23) = 1.72;
p = 0.10]. * p < 0.05.

nisms behind the behavioral changes observed with dlPFC rTMS,
the fact that dlPFC rTMS significantly affected behavior in both
recall and recognition tasks shows that the dlPFC clearly plays
an important role in both tasks. Furthermore, if the physiologi-
cal effect of rTMS is state-dependant, then the opposite effects on
behavior seen with response period dlPFC rTMS are likely due to
inherent neurophysiological differences in the brain mechanisms
supporting the two tasks. Another possible explanation for the
differential effects of rTMS across tasks may be that the func-
tional effects of rTMS are in fact at a brain area distant to the
site of stimulation. Indeed, a study combining high frequency
rTMS and 14C 2-deoxyglucose radiolabeling in cats not only found
strong decreases in local metabolic activity, but also discovered
decreases in metabolism at distant, anatomically connected brain
areas (Valero-Cabré, Payne, Rushmore, Lomber, & Pascual-Leone,
2005). Nonetheless, the regional specificity of our effects suggests
that there is something specific about the dlPFC or its connectivity
that is functionally relevant to performance of our tasks. Further-
more, the opposite effects of rTMS on behavior in these two tasks
suggest that this pattern of connectivity plays a functionally dif-
ferent role across the two tasks in this study. Without further
experimentation, it will not be possible to distinguish between
these possibilities.

4.2. Effects of rTMS are hemisphere-specific

We also found that rTMS of the right dlPFC specifically affected
recall accuracy. That there is hemispheric asymmetry in the level
of activity in the dlPFC during memory-guided response is well
established. For example, Hester et al. (2007) showed, with a task

requiring working memory of a list of letters, that left dlPFC activ-
ity is associated with producing a memory-guided motor response.
Although it has not been systematically studied, there is a gen-
eral trend that the right dlPFC shows greater activity during tasks
of spatial working memory (e.g., with an oculomotor delayed-
matching to sample task, Curtis et al., 2004), whereas the left dlPFC
shows greater activity when remembering non-spatial items (e.g.,
Schumacher & Jiang, 2003). Additionally, several previous studies
of human frontal lobe lesions have shown that damage specifically
to the right frontal cortex leads to decrements in spatial work-
ing memory performance (e.g., Bor et al., 2006; Clark et al., 2007;
Miotto et al., 1996; van Asselen et al., 2006). Numerous studies have
also provided evidence for right hemisphere dominance of spatial
attention (e.g., Mesulam, 1999). Our recall results are in line with
these findings.

In contrast to recall, however, recognition memory declined
with rTMS of left dlPFC (and improved with rTMS of the right).
Although we did not predict this pattern of results a priori, there
are two precedents that may account for it, one empirical and one
theoretical. Empirically, Miotto et al. (1996) showed that specifi-
cally in patients with right hemisphere PFC lesions, spatial working
memory performance was greatly affected with the addition of a
requirement for the use of strategy. Thus, it may be that our two
tasks were differentially reliant on the use of strategy. Theoreti-
cally, Kosslyn et al. (1989) have suggested that the right hemisphere
is preferentially engaged in processing metric spatial relationships
(e.g., how far a stimulus is from the center of the screen), whereas
the left hemisphere more efficiently processes categorical spatial
relationships (e.g., whether a stimulus is more or less than X mm
from the center of the screen). Our results fit within this framework
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if one considers that recall, which requires exact reproduction of the
spatial coordinates of the stored stimulus, requires the use of metric
information about the stored items, whereas recognition requires
a categorical decision (same or different).

On the surface, our results appear the opposite of those reported
by Cabeza et al. (2003), who found with PET that the left hemi-
sphere dominates during recall, and the right during recognition.
However, there are many differences between these two studies.
First, Cabeza et al. study verbal long-term memory, whereas this
study tested spatial working memory. Second, Cabeza et al. stud-
ied task-related changes in blood flow, whereas the present study
examined the effects of rTMS on performance. Finally, it is worth
reiterating that the implication of these results for lateralization of
function should be made with caution. For example, studies of the
motor system (e.g., Baumer et al., 2006) have revealed strong evi-
dence for interhemispheric effects of TMS. Thus, it is possible that
our finding of a specific effect of rTMS of right dlPFC may, in fact,
have been due to functional changes in the left hemisphere. It has
also been suggested that the effect of rTMS can be due to its effect
on the balance between activities of corresponding cortical areas
in opposite hemispheres (Théoret et al., 2003).

4.3. Parietal lobe not essential for response formation

Although previous studies have provided evidence for parietal
activation during the response period of spatial working memory
tasks (e.g., Schluppeck, Curtis, Glimcher, & Heeger, 2006), we found
that, compared to that of the control area, rTMS of the SPL did
not affect accuracy or RT on our test of spatial delayed response.
Although, there is ample evidence that the SPL plays an impor-
tant role in storage of spatial information (Hamidi et al., 2008;
Postle, 2006b; Srimal & Curtis, 2008), based on our findings, it is
not essential in producing memory-guided response.

5. Conclusions

We applied rTMS during the response phase of delayed recog-
nition and delayed-recall of locations. We found that the dlPFC was
differentially involved across the two response types, with rTMS of
right dlPFC leading to an improvement in accuracy during delayed-
recognition trials and leading to a decrement in accuracy during
delayed-recall trials. Furthermore, we found that for delayed recog-
nition rTMS to the left dlPFC led to a decrement in accuracy. Along
with our previous finding that delay-period rTMS to the dlPFC does
not affect task performance (Hamidi et al., 2008), these results
suggest that the dlPFC’s contributions to working memory perfor-
mance are more important for response formation and execution,
than for storage itself.
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