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Abstract

Objectives: Several lines of evidence suggest that the prefrontal cortex is involved in working memory. Our goal was to determine

whether transient functional disruption of the dorsolateral prefrontal cortex (DLPFC) would impair performance in a sequential-letter

working memory task.

Methods: Subjects were shown sequences of letters and asked to state whether the letter just displayed was the same as the one presented

3-back. Single-pulse transcranial magnetic stimulation (TMS) was applied over the DLPFC between letter presentations.

Results: TMS applied over the left DLPFC resulted in increased errors relative to no TMS controls. TMS over the right DLPFC did not

alter working memory performance.

Conclusion: Our results indicate that the left prefrontal cortex has a crucial role in at least one type of working memory. q 2001 Elsevier

Science Ireland Ltd. All rights reserved.
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1. Introduction

Working memory refers to temporary storage and manip-

ulation of the information necessary for complex tasks such

as language comprehension, learning, and reasoning

(Baddeley, 1992). Fuster et al. (1982) found that some

neurons of the prefrontal cortex increase their ®ring when

a cue is presented and continue to ®re during a delay period

after the cue disappears. Functional magnetic resonance

imaging (fMRI) and positron emission tomography (PET)

studies indicate that the frontal cortex plays a crucial role

during working memory tasks (e.g. Roland, 1984; Paulesu et

al., 1993; Jonides et al., 1993; Petrides et al., 1993a,b;

Cohen et al., 1994). PET and fMRI studies have shown

increased metabolic activity in the frontal lobes during

working memory tasks, with other cortical areas also acti-

vated depending on the task involved (e.g. Berman et al.,

1995; Smith et al., 1996; Salmon et al., 1996; D'Esposito et

al., 1995). The activation of frontal cortex appears to be

proportional to working memory demands and not `mental

effort' more generally (Barch et al., 1997). Using EEG tech-

niques with high spatial resolution, Gevins et al. (1996)

identi®ed several frontally localized waveforms modulated

by working memory task manipulations. A left-lateralized

slow frontal positivity with a mean peak latency of 450 ms

(P450) was larger in both spatial and verbal memory tasks

than in the respective controls.

Single-pulse transcranial magnetic stimulation (TMS)

can transiently disrupt the function of restricted regions of

cortex. For example, TMS over sensory cortex can decrease

perception of cutaneous stimuli delivered to the ®ngers of

the contralateral hand (Cohen et al., 1991; Seyal et al., 1992)

for up to 500 ms after the TMS pulse (Seyal et al., 1997).

Repetitive TMS (rTMS) of the frontal cortex has been

shown to increase errors in a visuospatial delayed-recall

task when stimulation was applied throughout the entire

delay period, but not with a shorter duration of stimulus

(Pascual-Leone and Hallett, 1994). TMS of human cortex

causes brief disruption of cortical activity and can therefore

provide information on dynamic cortical processes with

sub-second temporal resolution. Single-pulse TMS can be

safely used in normal human subjects without the risks

inherent with rTMS (Wassermann, 1998).

We proposed that under certain conditions single-pulse

TMS should be effective in disrupting verbal working

memory. First, we targeted the pulse to an approximate

time and location where Gevins et al. (1996) found EEG
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evidence of dorsolateral prefrontal cortex (DLPFC) activity

in a verbal working memory task. Second, we ensured that

subjects were engaged in a task with a high working

memory load by having them participate in a relatively

dif®cult `3-back' working memory task. This `3-back'

sequential letter matching task activates the DLPFC

(Cohen et al., 1997) Third, we explored a number of regions

on the left frontal scalp of each subject to ®nd the location

where TMS appeared to have the greatest effect on task

performance.

2. Methods

Nine healthy human subjects were tested. The age range

was 23±59 years (mean 34 years). Eight were strongly right-

handed; one was strongly left-handed. Subjects gave

informed consent, and the local Human Subjects Review

Committee approved the study.

Subjects were presented with a pseudo-random set of 33

letters (A±J). Letters were displayed serially on a backlit

LCD screen for 30 ms every 2 s. Subjects were required

to state if the letter just presented was the same as the letter

presented three-back. In this way, 30 responses were

obtained from each set. The true frequency of matches

was approximately 25%. Subjects were allowed to practice

the task until they achieved approximately 75% accuracy or

better, which generally required about 30 min.

TMS was generated using a Cadwell MES-10 stimulator

with a ®gure-eight coil. The coil was held tangential to the

skull with the handle pointing up. The output was adjusted

to 15% above the motor threshold. Motor threshold was

de®ned as the lowest output of the MES-10 required to

produce a reproducible twitch of the contralateral ®rst dorsal

interosseous muscle when stimulating over motor cortex.

We began with 4 sets of trials intended to determine the

optimal site for left DLPFC stimulation. Initially, the

midpoint of the distal edge of the coil was placed at F7

(international 10±20 system). The peak electric ®eld of the

®gure-eight coil is at its center, 2.8 cm from the midpoint of

the distal edge (Cohen et al., 1990). Thus, with the distal

edge of the coil at F7, the peak electric ®eld is medial to F7

in the vicinity of DLPFC (Brodmann's area 46) (Homan et

al., 1987; Steinmetz et al., 1989). In the next 3 trials, the coil

was repositioned 2 cm rostro-medially, 2 cm posteriorly,

and 2 cm posteriorly and rostro-medially relative to the

original site. The site where the subject made the most errors

was chosen for further study.

Testing consisted of 8 sets with TMS, each set of 30

responses was immediately preceded by a control set of

30 responses in which no TMS was applied. In 4 of the

sets, the selected region of left scalp was stimulated. In

the other 4, the corresponding area on the right received

stimulation. Set order was determined randomly for each

subject. The TMS pulse was delivered 400 ms into the

delay period following the presentation of each letter.

Statistical analysis was performed using a commercially

available software package (SigmaStat). The data were

checked for normality (Kolmogorov±Smirnov). If the data

passed the normality test, Student's t test was used to

compare each TMS set with its preceding control set. Other-

wise, the Wilcoxon signed rank test was used. The Mann±

Whitney U test was used for interhemispheric comparisons.

3. Results

Seven subjects completed the entire experiment; two

completed 6 of 8 sets. In all, there were 34 sets of data

following TMS (1020 responses) and the same number of

no TMS controls for each hemisphere. Fig. 1 shows the

errors made by each subject during the TMS condition

and the corresponding control condition.

With left frontal scalp stimulation, signi®cantly more

errors were made following TMS than in the corresponding

controls (P� 0.008). There were 183 (17.9%) incorrect

responses in the left frontal TMS condition and 128
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Fig. 1. Percent errors for each of the 9 subjects are shown. Data from the left

and right hemispheres appear separately. Lighter bars represent errors in the

control condition (no TMS). Dark bars indicate errors in TMS sets. The

stimulation site chosen for each subject is indicated: F7, midpoint of the

distal edge of the coil at F7; M, 2 cm rostro-medial; P, 2 cm posterior. For

right hemisphere stimulation the homologous sites over the right scalp were

stimulated in each subject.



(12.5%) incorrect responses in the left frontal control condi-

tion, an increase of 5.4%.

With right frontal scalp stimulation, the TMS condition

was not signi®cantly different from the controls. There were

140 (13.7%) errors in the right frontal TMS condition and

151 (14.8%) incorrect responses in the right frontal control

condition.

The change in errors attributable to TMS (TMS condition

errors minus ipsilateral control errors) was signi®cantly

greater for the left hemisphere than for the right

(P� 0.03). The errors made during the control conditions

for the left and right hemispheres were not signi®cantly

different.

4. Discussion

In this study, there was a signi®cant increase in task errors

related to TMS applied over the left DLPFC relative to the

control condition. This degradation in task performance is

likely related to transient functional inactivation of the left

DLPFC by TMS. Right prefrontal cortex stimulation

resulted in no signi®cant change in working memory perfor-

mance relative to the control condition.

The effect of single pulse TMS on working memory in

this study is less pronounced than that reported with rTMS

in a simple delayed-response task. In the latter study, rTMS

applied over the DLPFC at 5 Hz, throughout the delay

period, resulted in rTMS related increase in percent errors

to approximately 25% from about 5% errors in the control

condition (Pascual-Leone and Hallett, 1994). The smaller

effect seen in the present study probably re¯ects constraints

of the experimental design.

The duration of any functional disruption induced by

single-pulse TMS is brief. In the somatosensory cortex,

single-pulse TMS causes disruption of a stimulus localiza-

tion task that gradually decays over 500 ms (Seyal et al.,

1997). If one assumes that the DLPFC is similarly affected

by TMS, the functional disruption of the DFPLC lasts less

than 25% of the interval between presentation of the succes-

sive letters. During this interval, the neuronal circuitry in the

DLPFC may be continually refreshed through connections

with other cortical regions, minimizing any TMS-induced

dysfunction.

Increasing the working memory load, as with a 3-back

task, results in increased brain activation observed by fMRI

changes (Cohen et al., 1997). It is likely that in an experi-

mental design with a lower memory load, single pulse TMS

would be insuf®cient to cause a detectable degradation in

working memory. Indeed, when a relatively easy delayed

response task was employed, there was no detectable

decrease in performance unless rTMS was applied through-

out the delay period (Pascual-Leone and Hallett, 1994).

There is inter-subject variation in the timing of the EEG

P450 (Gevins et al., 1996) It is possible that the ®xed timing

of the TMS pulse in this study (coinciding with the

published mean onset of P450) resulted in less than maximal

degradation of working memory performance. Neverthe-

less, a signi®cant degradation in working memory perfor-

mance was observed. Further studies will be required to

determine whether there is a link between TMS-induced

interference with working memory and the neuronal circuits

underlying generation of the P450.

The relatively focal cortical stimulation by the ®gure-8

coil may not uniformly affect the entire region of DLPFC

engaged in working memory. Within the DLPFC, the extent

and localization of cortex involved with working memory

may vary between subjects. Our limited mapping may not

have completely accounted for this variation. Finally, we

did not study the effect of coil orientation. Coil orientation

does determine optimal stimulation of focal regions of

sensory and motor cortex; this orientation-related sensitivity

is more critical when transcranial magnetic stimulators that

generate a monophasic pulse are used and less so with the

MES-10 system (used in this study) that produces a biphasic

sinusoidal ®eld (Brasil-Neto et al., 1992). The effects of the

TMS pulse may have extended into cortical regions adjacent

to DLPFC. However, the magnetic ®eld degrades rapidly

with distance from the center of the coil, making it unlikely

that stimulation of nearby Broca's area could account for

our ®ndings.

To keep testing time to a reasonable length, we did not

map over the right scalp. Right frontal stimulation was

undertaken primarily as a control to ensure that subject

distraction related to noise associated with the TMS pulse,

or TMS-associated muscle contraction, did not account for

the effects observed with left scalp TMS. However there is

other evidence for involvement of the non-dominant hemi-

sphere in working memory tasks and varying lateralization

is observed that appears to be, at least in part, dependent on

the type of task required of the subject (Fuster, 1989;

Milner, 1985; Manoach et al., 1997). A review of human

functional imaging studies indicates that non-spatial tasks

selectively activate the left prefrontal cortex while spatial

tasks result in greater activation of the right prefrontal

cortex (D'Esposito et al., 1998).

5. Conclusion

The results of this study indicate that working memory

performance, in a sequential-letter-matching task, is

impaired by TMS-induced functional inactivation of left

prefrontal cortex. This effect occurs during the period

when EEG evidence suggests that this region of cortex is

engaged in a working memory task. PET and fMRI provide

localizing information but have relatively poor temporal

resolution as these techniques are dependent on hemody-

namic changes that are delayed and temporally dispersed

relative to periods of neural activity. EEG has excellent

temporal discrimination and improving spatial resolution,

while TMS allows precise targeting of focal and rapidly
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changing cortical events. These tools should allow further

studies of cortical dynamics involved in working memory

with temporal resolutions on the order of a fraction of a

second.
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