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The ability to temporarily store and manipulate informa-

tion is necessary in many cognitivedomains. Since the ad-

vent of cognitivepsychology, theories about the processes

involvedin temporarily holdinginformation in a limited ca-

pacity memory system have continuedto evolve.Early theo-

ries of a unitary short-term memory store that prevailed in

the 1960s (e.g., Atkinson & Shiffrin, 1968) were eventu-

ally replaced with theories of a multicomponentialmemory

system dubbed working memory. In a very influential the-

ory of working memory, three distinct components of the

working memory system are described: an articulatory

loop used to rehearse verbalmaterial, a visuospatialsketch-
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Working memory is hypothesized to comprise a collection of distinct components or processes,each
of which may have a unique neural substrate. Recent neuroimaging studies have isolated a region of
the left inferior frontal gyrus that appears to be related specifically to one such component: resolving
interference from previous items in working memory. In the present study, we examined working mem-
ory in patients with unilateral frontal lobe lesions by using a modified version of an item recognition
task in which interference from previous trials was manipulated. In particular, we focused on patient
R.C., whose lesion uniquely impinged on the region identified in the neuroimaging studies of interfer-
ence effects.We measured baseline working memory performance and interferenceeffects in R.C. and
other frontal patients and in age-matched control subjects and young control subjects. Comparisons
of each of these groups supported the following conclusions. Normal aging is associated with changes
to both working memory and interference effects. Patients with frontal damage exhibited further de-
clines in working memory but normal interference effects, with the exception of R.C., who exhibited
a pronounced interferenceeffect on both response time and accuracy.We propose that the left inferior
frontal gyrus subserves a general, nonmnemonic function of selecting relevant information in the face
of competing alternativesand that this function may be required by some working memory tasks.
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pad used to rehearse nonverbal images, and a central exec-
utive that controls these rehearsal processes (Baddeley,
1986). Research over the past two decades has supported
the theory that working memory is not a unitary system.

Strong evidencefor a multicomponentworking memory
system comes from cognitive neuroscience investigations
that have identifiedbrain areas that appear to be selectively
involved in only one of the components of working mem-
ory. For example, some patients have impaired working
memory for verbal information (Basso, Spinnler, Vallar,
& Zanobio, 1982), whereas other patients have impaired
working memory for spatial information (Hanley, Young,
& Pearson, 1991). Functional neuroimaging studies have
supported the idea that the verbal working memory sys-
tem can be further decomposed into two distinct systems:
one that temporarily maintains phonological information
and another that actively rehearses that information.For ex-
ample, Awh et al. (1996) found PET activationattributable
to the phonologicalbuffer in the left parietal cortex and ac-
tivationattributable to verbal rehearsal in the left prefrontal
cortex.

In recent years, frontal lobe function has become almost
synonymous with working memory. Evidence that the
frontal lobesplayan important role in workingmemory goes
back more than half a century, to early reports that frontal
lobe damage in nonhuman primates causes an inability to
remember the location of hidden food after a brief delay
(e.g., Jacobsen, 1935). More recent eletrophysiological
recordingstudiesin monkeyshave further strengthened this
link by demonstrating that some neurons in the frontal
lobes fire only during the delay period of a working mem-
ory task (Fuster & Alexander, 1971). Furthermore, some of
these neurons fire during spatial working memory tasks,
whereas others fire during nonspatial working memory
tasks, consistent with the idea of a multicomponential na-
ture of working memory (Wilson, Scalaidhe, & Goldman-
Rakic, 1993).

Despite many sources of evidence that the frontal lobes
are involved in working memory, investigationsof the ef-
fects of frontal lobedamage on working memory havebeen
somewhat equivocal. Several laboratories have reported
no effect of frontal lobe damage on working memory per-
formance (e.g., Baldo, 1997; Ghent, Mishkin, & Teuber,
1962). Others have reported working memory impair-
ments following frontal lobe damage (e.g., Chao & Knight,
1998). Still other groups have reported working memory
deficits in some patients with frontal lesions, but not in
others, or undersome conditions,but not underothers (e.g.,
Bechara,Damassio, Tranel,& Anderson,1998;Ptito,Crane,
Leonard, Amsel, & Caramanos, 1995). In a recent review
of neuropsychological literature on working memory,
D’Esposito and Postle (1999) concluded that frontal lobe
lesions may impair certain components of working mem-
ory that are not present in simple span tasks (on which pa-
tients with frontal lesions are unimpaired) and that are
present in some delayed response tasks, but not in others.
For example, delayed response tasks that included a dis-
traction task during the delay were more likely to reveal im-

pairments in patients with frontal lobe lesions. D’Espo-
sito and Postle conjectured that the frontal lobes may sup-
port a nonmnemoniccomponent (or components)of work-
ing memory.

Jonides and colleagues used functional neuroimaging
to test the hypothesisthat theprefrontal cortex mediatesnon-
menomic functions in working memory (Jonides, Smith,
Marshuetz, Koeppe, & Reuter-Lorenz, 1998). In particu-
lar, they measured the extent to which activity in the pre-
frontal cortexwas sensitive to interferenceacross trials. Sub-
jects were shown a group of letters on each trial, followed
by a brief delay. At the end of the trial, the subjects had to
decide whether a probe letter was a member of the target
set of letters shown on that trial. The critical manipulation
in this experimentwas whether the probe item was a mem-
ber of the target set on a previous trial. Behavioral data in-
dicated that the subjects were slower and less accurate at
rejecting a negative probe item if that item was a member
of a recently presented trial. In a comparison of blocks of
trials having many such items with blocks of trials in
which probe items were never recently presented, PET
data revealed increased activity in ventrolateral aspects of
the left prefrontal cortex (Brodmann’s area 45; see Figure 1).
This result was confirmed in an event-related fMRI study
that permitted specification of this effect to the response
period (D’Esposito, Postle, Jonides, & Smith, 1999).

Owing to the correlational nature of functional neuro-
imaging methods, inferences about the necessity of par-
ticularbrain regions for cognitivefunctionscannot be made
on the basis of results from PET or fMRI studies. In con-
trast, examinationof specific deficits resulting from focal
brain injury affords one the ability to draw causal infer-
ences about structure–function relations.Thus, neuropsy-
chological investigations of cognitive deficits provide a
natural complement to neuroimaging studies. In the pres-
ent study, we investigated the necessity of the prefrontal
cortex for working memory performance. Specifically,we
assessed interference effects in working memory, as re-
vealed by the above task, in patients with damage to re-
gions of the left and right prefrontal cortex.

METHOD

Subjects
Seven patients with unilateral damage to the lateral prefrontal cor-

tex were identified on the basis of a focal frontal cortex lesion evident

on computerized tomography (CT) or magnetic resonance imaging
(MRI) scans. All the patients were recruited from the Outpatient

Clinic of the VA Northern California Health Care System and other
local Northern California hospitals. Lesions were identified on MRI

or CT scans obtained at a chronic stage, were transcribed onto cor-
responding axial templates by two independent raters, and were pro-

jected onto a lateral view of the brain (see Figures 2 and 3). None of

the subjects had a history of psychiatric problems or substance
abuse. All the subjects were paid for their participation and gave

their informed consent.
One patient, R.C., was of critical importance for the present in-

vestigation, owing to the unique location of his lesion (see Figure 2).

At the time of testing, R.C. was a 51-year-old male with a signifi-
cant lesion (53 cc) in the anterior aspects of the left middle and in-
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ferior frontal gyri. His lesion was the result of a ruptured arterio-
venous malformation of the left middle cerebral artery with a sub-

arachnoid hemorrhage, followed by surgery, nearly 20 years prior to
testing. The location of R.C.’s lesion, identified from an MRI scan

obtained 1 year prior to testing, was relevant for the present investi-
gation because it had an extent and location remarkably similar to

those for the activation related to interference on a working memory
test, described above (Jonides et al., 1998).

Figure 1. PET activation associated with item recognition on trials with recently presented probe items, as compared with trials with

nonrecently presented probe items. Activation in the lateral prefrontal cortex was centered in the region corresponding to Brodmann’s
area 45 of the left inferior frontal gyrus. From “Inhibition in Verbal Working Memory Revealed by Brain Activation,” by J. Jonides,

E. E. Smith, C. Marshuetz, R. A. Koeppe, and P. A. Reuter-Lorenz, 1998, Proceedings of the National Academy of Sciences, 95, p. 8411.
Copyright 1998 by the National Academy of Sciences. Adapted with permission.

Figure 2. Reconstruction of patient R.C.’s lesion. His lesion is indicated by red shading overlayed on a reference MRI image; the z-
coordinates are indicated below each slice (z 5 218 to 142). The dark red shading indicates the portion of R.C.’s lesion that was unique

in comparison with the frontal control subjects. The light red shading indicates the portion of R.C.’s lesion that was shared by at least
1 other patient in this study. Patient R.C. was selected because of the correspondence between his lesion and the locus of activity in the

neuroimaging study of interference (compare with Figure 1). Damage indicated on Slices 3–6 indicates the specific region of interest.

Left Lateral Superior Right Lateral
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The remaining 6 patients (3 males, 3 females) had lesions to more
posterior or superior aspects of the lateral prefrontal cortex in either

the right or the left hemisphere (M 5 27.2 cc) as the result of a sin-

gle infarction of the precentral branch of the middle cerebral artery

(see Figure 3). The average age of these patients was 67.7 years
(ranging from 56 to 81 years).

Three control groups were established for comparison to the patients

with frontal lesions. All three groups consisted of healthy volunteers

Figure 3. Reconstructions of lesions in 6 frontal control subjects based on computerized tomography and

magnetic resonance scans. Ten slices are shown for each subject (z 5 218 to 142), corresponding to the
10 slices displaced for R.C. in Figure 2. Note that Patient E.B.’s images are in the reverse order to allow dis-

play of her right-hemisphere lesion. The bottom row displays the lesions for 5 patients (excluding E.B.) su-
perimposed to illustrate the common lesion locations in the control group.

W.E.

M.F.

J.M.

W.A.

N.T.

E.B.

100%

0%
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with no history of neurological disease, substance abuse, or psychi-

atric disorders. The first group was matched in age and education to

patient R.C. This group of 8 subjects (4 males, 4 females) had a
mean age of 51.5 years (ranging from 45 to 60). The second group

was matched in age and education to the remaining 6 frontal pa-
tients. This group of 6 subjects (3 males, 3 females) had a mean age

of 62.3 years (ranging from 54 to 81) that was comparable to the

group of frontal patients (t , 1). Finally, a group of 32 young sub-
jects (mean age of 18.7 years) was tested for purposes of compari-

son with all of the above patient and control groups.

Procedure

The design of the experiment was a modification of the experimen-
tal paradigm used in the neuroimaging studies of Jonides et al.

(1998) and D’Esposito et al. (1999). Each subject completed 160 tri-

als of an item recognition memory task, in which they were required
to judge whether a test probe item was a member of a set of studied

items. At the beginning of each trial, a “Get Ready” cue was presented
for 1,000 msec. This was followed by a cross in the center of the screen,

on which the subjects were instructed to fixate. After 500 msec, the
target set was presented. The target set was a visual display of four

lowercase letters arranged above, below, to the left, and to the right

of a central fixation cross. The target set remained on the screen for
1,500 msec, followed by a 3,000-msec delay. Following this delay,

the probe (i.e., a single uppercase letter) appeared in the central lo-
cation, and the subject was instructed to indicate whether that probe

was a member of the current target set or not.

The subject indicated his or her responses by pressing a key la-
beled either yes or no with one finger of his or her dominant hand

(except in cases of hemiplegia of the dominant hand). The response
device had three buttons. Throughout the trial, the subject rested a

finger on the central button. To respond, the subject had to move the
finger either to the left or to the right to press the correct response

button. There was a 5,500-msec time limit for the response, but the
subjects were instructed to respond as soon as they knew the answer.

The subjects were also instructed to guess if they were not certain.

No feedback was given. Trials were grouped into four 40-trial blocks
that were separated by approximately 1 min. Prior to the experi-

mental trials, the subjects completed a 16-trial practice block; sev-
eral patients required a second practice block to ensure understand-

ing of the task.
There were four types of trials arranged pseudorandomly through-

out the experiment. Half of the trials contained probe items that were

members of the current target set (positive trials), and half of the tri-
als contained probe items that were not members of the current tar-

get set (negative trials); if responding correctly, the subjects would
give a yes response to the positive trials and a no response to the neg-

ative trials. For both positive and negative trials, half of the trials

contained probe items that were members of the previous target set
(recent trials), and half of the trials contained probe items that were

not members of either of the previous two target sets (nonrecent tri-
als). For all the trials, two of the four letters in the target set were re-

peated from the previous trial, so that repetition of items in the tar-
get set was not confounded with trial type. The location of items in the

target array was randomly determined, so a repeated item had a .25

chance of occurring in the same location on two consecutive trials.
The recent– negative trials were the trials that were associated with

increased activity in the left inferior frontal gyrus in neuroimaging
studies (D’Esposito et al., 1999) and, therefore, were the trials that

were critical for the present investigation.

Following this procedure, each subject completed one 40-trial block
of a control task. The control trials were nearly identical to those de-

scribed above, although there was no repetition of target or probe items
between trials. Specifically, the target letters used on each trial were

not present (as targets or probes) in either of the two previous trials.
This control task served as a baseline measure of working memory

ability, in the event that item repetition on both the recent and the

nonrecent trials would produce performance impairments. Exam-
ples of each of the trial types are given in Table 1.

RESULTS

For each of the six trial types (control-positive, control–
negative,nonrecent–positive,nonrecent–negative, recent–
positive, and recent–negative), accuracy and median re-
sponse time (to correct items) were calculated for each sub-
ject; mean error rate and mean median response time for

Table 1

Two Consecutive Sample Trials for Each of the Trial Types
in the Item Recognition Task

Trial n21 Trial n

Condition (Trial n) Target Set Probe Target Set Probe

Control positive g k p n D s f h m F

Control negative w b t q X c z r v J
Nonrecent positive m d s k M s f k t T

Nonrecent negative v n b f C r b j n D
Recent positive k r z b N b t k s B

Recent negative h l w p L k p w n H

Note—The trial type indicated in each row corresponds to the second
trial in the table (trial n).

Table 2

Mean Median Response Latencies (in Milliseconds; With Standard Deviations) for All Subject Groups
for Six Trial Types of the Item Recognition Task

Trial Type

Control Nonrecent Recent Interference

Subject Positive Negative Positive Negative Positive Negative Effect

Group M SD M SD M SD M SD M SD M SD M SD

Young

(n 5 32) 973 204 1,031 203 1,009 221 1,027 202 1,001 228 1,114 242 87 86
Elderly

(n 5 6) 1,212 155 1,347 185 1,331 299 1,374 190 1,260 279 1,464 215 90 149
Frontal

(n 5 6) 1,443 290 1,463 142 1,446 228 1,406 117 1,402 203 1,499 70 94 114
R.C. controls

(n 5 8) 995 163 1,100 255 1,037 174 1,009 126 1,048 147 1,172 194 163 116
R.C. 1,374 1,604 1,405 1,658 1,494 2,325 667

Note—The interference effect is the difference between the recent–negative and the nonrecent–negative trials.
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each group are given in Tables 2 and 3. The first two tri-
als in each block (with the exception of the control block)
were excluded, since they could not be assigned to either
the recent or the nonrecent conditions,using our two-trial
history criteria. Comparisonsbetween subjectgroups were
made to assess two effects: (1) the effect of agingand frontal
damage on baseline working memory performance and
(2) the effect of aging and frontal damage on interference
effects in working memory. In order to assess baseline
working memory performance, comparisons were made
between subject groups on both the nonrecent trials and
the control trials. In order to assess interference effects,
the critical comparison was the difference in performance
between the recent–negative and the nonrecent–negative
trials. The magnitude of this interference effect was com-
pared between young and elderly subjects, between el-
derly control subjects and frontal patients, and between
frontal patients and patient R.C.

Working Memory Performance
In the initial analysis of working memory performance

across subject groups, we combined the data of the elderly
control group and the R.C.–control group into one group
(age-matched control subjects), and we combined the data
of the frontal patients and patient R.C. into another group
(frontal; see Figure 4). A one-way analysis of variance
(ANOVA) of response latencies from the nonrecent trials
from young, elderly, and frontal subjects revealed a sig-
nificant main effect of subject group [F(2,50) 5 12.24,
p , .01]. Planned contrasts indicated that young subjects
(M 5 1,018 msec) responded more quickly than did age-
matched subjects (M 5 1,164 msec) and frontal (M 5

1,441 msec) subjects (t 5 4.66, p , .01), and that age-
matched subjects responded more quickly than did frontal
subjects (t 5 2.85, p , .01). Likewise, an ANOVA of error
rates from young, age-matched, and frontal subjects re-
vealeda significantmain effect of subjectgroup [F(2,50) 5

25.89, p , .01]. Planned contrasts indicated that young
subjects (M 5 1.8%) made fewer errors than did age-
matched (M 5 6.2%)and frontal (M 5 18.8%)subjects (t 5

6.45, p , .01) and that age-matched subjects made fewer
errors than did frontal subjects (t 5 4.78, p , .01).

These patterns were replicated in the control task: There
was a significant main effect of subject group on both re-
sponse latency [F(2,50) 5 16.45, p , .01] and error rate
[F(2,50) 5 15.38, p , .01]. A between-subjects compar-
ison of the control trials and the nonrecent trials indicated
no difference in response latency or error rate (ts , 1).

In order to examine the working memory performance
of patients with frontal lesions in more detail, a single-
case approachwas used in which we tested whether the per-
formance of a given individualdiffered significantly from
that of the controlgroup.Because it may be incorrect to treat
the diverse frontal patientsas a homogeneousgroup, this ap-
proach allowed us to identify any patients who were per-
forming outsideof the normal range on this task. Using the
control trials as a baseline measure of working memory,
the performance of each patient was compared with the
mean and standard deviation of the age-matched group.
Any patient who scored more than 1.64 standard devia-
tions beyond the mean (approximately the 95th percentile)
was considered impaired. The performance for each pa-
tient is reported in Table 4. Three patients (J.M., W.A., and
R.C.) had response times that exceeded the cutoff for nor-
mal response time (1,483 msec). Likewise, 3 patients
(M.F., J.M., and W.A.) had error rates that exceeded the
cutoff for normal performance (21%).

Interference Effects
In youngcontrol subjects, we observed a significant in-

terference effect on response time [t(31) 5 5.74, p , .01].
Young subjects were, on average, 87 msec (8.5%) slower to
respond no to a recent–negative trial than to a nonrecent–
negative trial. The magnitude of this effect was compara-
ble to that reported in previous studies (e.g., D’Esposito
et al., 1999). There was a trend for young subjects to make
more errors (1% difference) on recent–negative trials than
on nonrecent–negative trials [t (31) 5 2.03, p , .06].

As in the above analyses of working memory perfor-
mance,we initiallyanalyzedthe interference effect (recent–
negative 2 nonrecent–negative) by comparing young,
age-matched, and frontal subject groups with a one-way
ANOVA, with group as the between-subjects factor. The
analysis of response latencies revealed no effect of group

Table 3
Mean Error Rates (Percentages; With Standard Deviations) for All Subject Groups for Six Trial Types of the Item Recognition Task

Trial Type

Control Nonrecent Recent Interference

Subject Positive Negative Positive Negative Positive Negative Effect

Group M SD M SD M SD M SD M SD M SD M SD

Young

(n 5 32) 3.8 5.8 0.5 1.5 2.7 4.4 0.5 1.4 1.6 2.2 1.3 2.0 0.8 2.2
Elderly

(n 5 6) 6.2 10.7 5.8 9.7 10.5 15.3 3.8 6.6 9.6 8.6 11.3 10.2 7.5 4.3
Frontal

(n = 6) 28.1 18.1 6.7 9.8 28.3 14.6 7.4 7.4 27.1 16.9 12.1 9.3 4.7 7.8
R.C. controls

(n 5 8) 11.8 15.3 3.8 6.9 9.4 11.8 1.0 2.1 5.0 10.3 5.0 5.0 4.0 4.4
R.C. 21.1 10.0 35.0 11.1 12.5 30.0 18.9

Note—The interference effect is the difference between the recent–negative and the nonrecent–negative trials.
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(F 5 1.68, n.s.). However, the analysis of error rates re-
vealed a main effect of group (F 5 8.59, p , .01). Planned
contrasts indicated that young subjects (M 5 1%) showed
a smaller interference effect than did age-matched (M 5

5%) and frontal (M 5 7%) subjects (t 5 4.10, p , .01) but
that age-matched subjects did not differ from frontal sub-
jects (t , 1). It should be noted that young subjects were
performing near ceiling, so a smaller interference effect
in error rates of young subjects is difficult to interpret.
One way to address this ceiling effect is to select a subset

of young and age-matched subjects that are matched in
overall error rate and then to compare the interference ef-
fects in these subjects.The medianerror rates for the young
and the age-matched subjects were used to select the young
subjects who had a relatively high error rate (n 5 20, M 5

3%) and the age-matched subjectswho had a relatively low
error rate (n 5 12, M 5 3%). These subsets of subjects
were matched in terms of their overall error rate for non-
recent trials [t(30) 5 0.27], as well as in their error rates
for negative–nonrecent trials [t (30) 5 0.34]. Even in these
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matched samples, young subjects showed a smaller inter-
ference effect than did the age-matched controls [t (30) 5

4.02, p , .01]. Thus, it appears unlikely that this differ-
ence between young and age-matched subjects can be ex-
plained entirely as a scaling artifact.

Although there were no group differences between age-
matched and frontal subjects in the magnitudeof the inter-
ference effect (in either response latency or error rate), we
examined the performance of R.C. separately from the
rest of the patients with frontal lesions, because R.C. was
the one patient whose lesion impinged on the area of the
prefrontal cortex implicated in previous neuroimaging
studiesof this effect. As was describedabove,we compared
each patient’s performance with the mean and standard
deviationof the interference effect in the control group. In
light of hypothesized differences between R.C. and the
other frontal patients, these comparisons were made with
the relevant control group (see Figure 5). That is, patient
R.C. was compared with the control group matched to his
(younger) age and education, and the remaining frontal
patients were compared with their control group. Patient
R.C.’s interference effect in response latency (667 msec)
and error rate (19%) exceeded the cutoffs (354 msec and
11%) for normal performance in his control group. In fact,
R.C.’s interference effect was more than four standard de-
viations above the mean of his control group for response
time and more than three standard deviations above the
mean for error rate. For the remaining frontal patients,
none exceeded the cutoffs (334 msec and 14%) for normal
performance in their control group (see Table 4).

In order to test whether R.C. differed from the remain-
ing frontal patients, a similar analysis approach was em-
ployed: The performance of R.C. was compared with the
mean and standard deviationof the other 6 frontal patients.
In terms of baseline working memory performance (non-
recent trials), R.C.’s performance was within the range of
the other frontal patients; both his response times and
error rates were within one standard deviationof the group
mean. However, the interference effect exhibited by R.C.
fell outside the range of performance for the other frontal
patients.His interferenceeffect on response time(667 msec)
was more than five standard deviations above the mean of
the frontal patients, and his interference effect on error

rate (19%) was nearly two standard deviations above their
mean.

One possible explanationof the seemingly exaggerated
interference effect exhibited by R.C. is that the more im-
paired a patient’s working memory is, the larger the inter-
ference effect will be. In order to examine the relationship
between working memory performance and the magni-
tude of the interference effect, we calculated the correla-
tion between our measure of baselineworkingmemory per-
formance (i.e., control trials) and the magnitude of the
interference effect (i.e., recent–negative 2 nonrecent–
negative).Across all of our patients and their age-matched
control subjects, the correlationwas quite low (.18 for error
rate and 2.02 for response time, ps > .40). As can be seen
in Figure 6, there was no relationship in any of the elderly
or frontal groups between baseline working memory per-
formance and interference effect. In this figure, it is appar-
ent that R.C.’s baselineworking memory performance was
within the range of performance of the other frontal pa-
tients, but his interference effect was an outlier for both re-
sponse time and error rate. Note that several other patients
with poorer baseline working memory performance ex-
hibited much smaller interference effects.

DISCUSSION

In this study, we examinedworkingmemory performance
on an item recognition test and, specifically, interference
effects in working memory in a group of patientswith uni-
lateral frontal lesions. In particular, we examined the per-
formance of 1 patient (R.C.) who uniquelyhad a lesion that
included the region of the prefrontal cortex (Brodmann’s
area 45) identified in neuroimagingstudies of interference
effects in working memory (D’Esposito et al., 1999;
Jonides et al., 1998). In comparison with age-matched
control subjects, we found a slight, but reliable, working
memory impairment in patients with frontal lobe lesions.
However, only patient R.C. showed an exaggerated inter-
ference effect: On trials in which the probe was not a mem-
ber of the current target set but was a member of the prior
target set (i.e., recent–negative trials), R.C. was nearly
50% slower and made almost three times as many errors
than on nonrecent–negative trials. This marked interfer-

Table 4
For Each Patient, Age at Testing, Lesion Volume, Baseline Working Memory

Performance (Control Trials), and Interference Effect
(Recent–Negative 2 Nonrecent–Negative)

Lesion Baseline Working Memory Interference Effect

Patient Age Volume (cc) Errors (%) RT (msec) Errors (%) RT (msec)

W.E. 69 41 11 1,427 2 60

M.F. 65 40 24* 1,370 7 0
E.B. 81 17 5 1,328 21 203

J.M. 56 19 36* 1,728* 24 221
W.A. 77 26 26* 1,634* 13 264

N.T. 58 20 3 1,233 13 141
R.C. 51 53 16 1,489* 19* 667*

*Scores that exceeded the cutoff for normal performance (1.64 standard deviations

above the mean for age-matched control subjects).
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ence effect distinguished him from 6 other frontal pa-
tients, who performed comparably to R.C. for all trial
types except for the recent–negative trials. That is, R.C. did
not have a more significant working memory impairment
overall; rather, he differed from the other frontal patients
only with regard to the magnitude of his interference ef-
fect. On the basis of this pattern of performance, we pro-
pose that there are at least two dissociable components of
working memory involved in this item recognition task: a
mnemonic component, such as the phonological loop first
described by Baddeley (1986), and a nonmnemonic com-
ponent that prevents catastrophic interference effects, of
the sort observedwith R.C.We can examinechangesin these
two putative components in each of our subject groups.

Effects of Normal Aging
In the comparison of young (mean age 5 19 years) with

older (mean age 5 56 years) subjects, we observed evi-
dence for age-related changes in both mnemonic and non-
mnemonic components of working memory. Older sub-
jects were slower, made more errors on the baselineworking
memory items, and exhibited a more pronouncedeffect of
interference on error rate (but not on response time). This
finding replicated the results of a recent study (Jonides
et al., 2000) in which elderly performance and PET acti-
vation were examined with the same modified item recog-

nition paradigm as that used in the present study. In addi-
tion to the behavioral effects, elderly subjects in Jonides
et al.’s study showed less PET activation in the left inferior
frontal region that was associated with the interference ef-
fect in young subjects.

Age-related declines in working memory havebeen well
documented, although the mechanisms underlying these
changeshavenot been established.Baddley (1986) initially
proposed a decrease in the capacity of the central execu-
tive component of working memory. More recently, evi-
dence has supported the claim that central executive func-
tions, rather than storage capacity, are affected in aging
(Van derLinden,Bredart, & Beerten,1994).However, other
studies have concluded that there are age-related declines
in the capacity of the phonological loop (Meguro et al.,
2000). Some investigators have argued that the capacities
of both the phonological loop and the central executiveare
preserved with aging but that a general slowdown in per-
ceptual speed explains the changes in performance (Fisk
& Warr, 1996; Salthouse, 1985). Finally, the authors of a
recent ERP study concluded that there are multiple dis-
tinct effects of aging on working memory (Pelosi & Blum-
hardt, 1999). Although the present study was not designed
to explicitly test these competing hypotheses, our results
are consistent with accounts of multiple sources of work-
ing memory impairments in aging.

Figure 6. Scatterplots illustrating the relation between baseline working memory performance (control trials) and the in-

terference effect (recent–negative trials 2 nonrecent–negative trials) in frontal patients and age-matched control subjects.
Patients are indicated by filled symbols; control subjects are indicated by open symbols. Patient R.C. and his control sub-

jects are indicated by circles; the other frontal patients and their control subjects are indicated by squares. The dashed lines
indicate the mean for each variable. As is evident in the plots of both response times and error rates, R.C.’s baseline perfor-

mance was comparable to that of other frontal patients, but his interference effect was markedly exaggerated. Note that no
relationship between baseline working memory performance and interference effect was observed (both r s , .20).

Response Time Error Rate
I

n
t

e
r

f
e

r
e

n
c

e
E

f
f

e
c

t
(

m
s

e
c

)

I
n

t
e

r
f

e
r

e
n

c
e

E
f
f

e
c

t
B a s e l i n e R e s p o n s e T i m e B a s e l i n e E r r o r R a t e

8 0 0

6 0 0

4 0 0

2 0 0

0

– 2 0 0

0 . 3

0 . 2

0 . 1

0

– 0 . 1

7 5 0 8 5 0 1 , 1 5 0 1 , 3 5 0 1 , 5 5 0 1 , 7 5 0 0 0 . 1 0 . 2 0 . 3 0 . 4

E l d e r l y C o n t r o l s

F r o n t a l p a t i e n t s

R . C . c o n t r o l s

P a t i e n t R . C .



118 THOMPSON-SCHILL ET AL.

Effects of Frontal Lobe Lesions
In the comparison of patientshaving frontal lesionswith

age-matched control subjects, we observed impairments
in baselineworking memory performance, but no changes
in the magnitude of the interference effect. This is clearly
illustrated in the scatterplots in Figure 6, which show a
shift in the distribution of baseline performance of the
frontal patients (indicatedby filled symbols), as compared
with the control subjects (indicated by open symbols), but
no change in the distributionof the interferenceeffect. This
result appears to contradict the meta-analysis of the effects
of frontal lesions on working memory performance de-
scribed earlier (D’Esposito & Postle, 1999). The conclu-
sions of that analysis were that frontal lesions were more
likely to affect working memory tasks that require atten-
tional or inhibitory mechanisms (e.g., distracting stimuli
during the delay) that are not required in a simpledelayed re-
sponse task. The apparent discrepancy between the con-
clusionsof theirmeta-analysisand thoseof the present study
(which would be classified as a simple delayed response
task) could reflect relevant differences in either the patient
samples or the task.

One possible explanationfor the discrepancy is that the
meta-analysis was based on a diverse collectionof frontal
patients; when patients with heterogeneous lesions are
groupedtogether, certainpatternsof deficitscan beobscured.
Perhaps deficits on the item recognition task are evident
only in patients with certain locations of frontal damage.
A second possible explanation is that the working mem-
ory impairment we observed may be specific to our stim-
ulus set (i.e., letters). None of the studies reviewed by D’Es-
posito and Postle (1999) used item recognition tasks with
letters; rather, they used either spatial tasks (e.g., visual
point localization) or nonspatial tasks with nonverbal
stimuli (e.g., memory for forms, nonsense figures, sounds,
and colors). We also varied the visual form of the stimu-
lus (i.e., we used lowercase letters in the target set and up-
percase letters as a probe) to encourage more verbal or
symbolic processing; this may have resulted in differences
between our study and those reviewed in the meta-analysis.

A third possible difference between previous delayed
response tasks and the task used in the present study was
a feature of the design we used: Each consecutive pair of
target sets had 50% overlap between items. For example,
if one trial had the letters “b, r, g, a” to remember, the next
trial might have the letters “k, b, s, g.” This was done to en-
sure that repetition of target letters was not confounded
with the trial type (e.g., the recent–positive trials require
such repetition). However, one could argue that the repe-
tition of items across trials increased the attentional re-
quirements of the task, thus making it more sensitive to
frontal lobe lesions.There are two reasons to think this is not
the case. First, if that were the explanation of the impair-
ment in these patients, one also would have expected them
to show a pronounced interference effect, which they did
not. Second, we included the block of control trials to ad-
dress this potential concern; the control trials were con-
structed without any repetition of items on consecutive tri-
als. There were no differences in performance between the

control trials and the nonrecent trials of the item recogni-
tion task with repeating stimuli.

Effects of Inferior Frontal Lesions
One patient in our sample, R.C., was identified because

his lesion included the region of the inferior frontal gyrus
(Brodmann’s area 45) identified by previous neuroimag-
ing studies of the interference effect in working memory
(D’Esposito et al., 1999; Jonides et al., 1998). Although
R.C.’s lesion was large and was certainly not confined to
the region identified in those studies, he was the only pa-
tient in our sample to have a lesion that included the more
anterior aspects of the inferior frontal gyrus. This area can
be seen in Slices 3–6 of his lesion reconstruction in Fig-
ure 2. In comparison with the other frontal patients (and
in comparison with his age-matched control subjects), pa-
tient R.C. showed a significantlyexaggerated interference
effect. His baseline working memory performance was in
the range of the other frontal patients; that is, his working
memory was impaired but not atypicalof the other patients
with frontal lesions. However, the magnitude of his inter-
ference effect was clearly atypical. R.C. made three times
as many errors on recent–negative trials as he did on
nonrecent–negative trials, and he was 50% slower for
those recent–negative trials that he did answer correctly
than for the nonrecent trials. His 667-msec interference
effect on response time was more than five standard devi-
ations above the mean for the other frontal patients.1

In an attempt to understand why R.C. showed an exag-
gerated interference effect, we have focused on the unique
locationof his lesion, in that it involves the anterior aspects
of the inferior frontal gyrus. However, as is to be expected
with lesion studies in humans, there are likely to have been
other differences between R.C. and the other frontal pa-
tients that shouldbe considered.First, R.C. had the largest
lesion in the sample. However, we do not believe that this
factor alonecan account for his impairment.As is shown in
Table 4,2 controlpatients (W.E. and M.F.) with large lesions
showed normal interference effects; the control patient
with the largest interference effect (N.T.) had one of the
smallest lesions. In fact, the correlationbetween lesion size
and interference effect was not significant.Second, the eti-
ologyof R.C.’s lesion was different from the etiologyof any
of the other patients.R.C.’s lesion was the result of surgery
followinga ruptured arteriovenousmalformation,whereas
the other patients had lesions resulting from nonhemor-
rhagic infarction. Comparisonsbetween hemorrhagic and
nonhemorrhagic etiologies are particularly problematic
when imagingdata are availableonly from the acuteperiod.
However, in the present study, we based our reconstruc-
tions on chronic lesion information that documented clear
differences in the regions of prefrontal damage between
R.C. and the other patients.

Implications for Theories of Working Memory
On the basis of the patterns of deficits described above,

we propose that both mnemonic and nonmnemonic
processes contributeto performance on the item recognition
test of working memory and that these two processes can
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be dissociated from one another. Specifically, our results
suggest that broad regions of the prefrontal cortex con-
tribute to the mnemonic processes involved in working
memory but that the left inferior frontal gyrus has a more
specialized role in the nonmnemonic processes. Our evi-
dence for this can be summarized with these three major
findings: (1) Patients with lesions to a variety of prefrontal
regions (dorsal and ventral, left and right) exhibitedan im-
pairment in working memory but normal interference ef-
fects, as compared with control subjects; (2) R.C., who
uniquely had a lesion to the anterior extent of the inferior
frontal gyrus, showed a marked interference effect, but his
baseline working memory performance was comparable to
that of the other frontal patients; (3) across all patients and
their age-matched control subjects, there was no relation
between baseline working memory performance and the
magnitude of the interference effect, either in response
time or accuracy, further supporting the claim that these
are independent processes.

For purposes of simplificationand contrast, we have de-
scribed the interferenceeffect as the reflection of one com-
ponent of working memory, a nonmnemonic process, and
we have described the baseline working memory perfor-
mance as the result of a second,mnemonic component.The
latter statement is clearly an oversimplification. There are
likely multiple processes involved even in the baseline
working memory trials. For example, using a similar item
recognition task and also a two-back working memory
task,Awh et al. (1996) providedevidencefor a dissociation
between storage and rehearsal processes. Their PET ex-
periment identifiedregionsof the prefrontal cortex that were
involved in rehearsal and regions of the posterior parietal
cortex involved in storage. In the present investigation,we
did not attempt to distinguishbetween these different com-
ponents.Rather, we focused on the goal of contrasting that
set of components with a specific nonmnemonic compo-
nent that results in the interference effect.

What is the process underlying this interference effect,
the process that has been altered by R.C.’s lesion? One
possibility is that it is a processing component specific to
working memory and, perhaps, makes up part or all of the
central executive. Many studieshave found support for the
claim that the central executive is mediated by the pre-
frontal cortex. For example, Postle, Berger, and D’Espo-
sito (1999) described a doubledissociationbetween work-
ing memory executive control processes subserved by the
prefrontal cortex and working memory storage processes
subserved by the posterior parietal cortex. However, the
region of the prefrontal cortex that is often linkedto the cen-
tral executive is considerably superior to the location of
R.C.’s lesion and the locus of activity of the interference
effect. A second possibility is that the process is a more
general mechanism that is engaged by many tasks, includ-
ing, but not limited to, working memory. For example, we
havepreviouslydescribed the role of the left inferior frontal
gyrus in the selection of information from among com-
peting alternatives in semantic memory2 (Thompson-
Schill, D’Esposito, Aguirre, & Farah, 1997; Thompson-
Schill et al., 1998). Activity in that region is sensitive to

manipulationsof recent experience (i.e., priming) that in-
crease the availability of competing or irrelevant infor-
mation (Thompson-Schill, D’Esposito, & Kan, 1999).
The interference effect under investigation in the present
study could be described in similar terms: A recently pre-
sented probe item will have higher activation than a new
probe item, which will affect the amount of competition
against the items in the current target set.

There are two other possibilities that might be consid-
ered for R.C.’s exaggerated interference effect. First, one
might suppose that we are simply observing an effect of
difficulty, so that performance is worst on the most diffi-
cult condition as the result of a generalized performance
deficit (Chapman & Chapman, 1973). Although this issue
would be most convincinglyaddressed by subsequent ex-
perimentation,there is some reason to believe this is not the
case, based on our present data: If interference increased
as a functionof a generalizedperformance deficit (e.g., poor
motivation, general inattentiveness), one would expect to
observe a systematic relationship between working mem-
ory performance and interference.We did not observe such
a correlation in this study (see Figure 6). Second, R.C.
could have been adopting a familiarity-based strategy (as
opposed to working memory encoding or rehearsal) that
would have increased errors on recent–negative trials. The
issue here is not whether R.C. was influenced by famil-
iarity when making his decision; this was the basis for the
increased competition that we have described above.
Rather, at issue is whether R.C. made a strategic choice
(albeit an ineffective one) to perform the task differently
than the other control patients. This is not an alternative
we can rule out at present. Recent studieshave documented
the role of the prefrontal cortex in selection from working
memory (Rowe, Toni, Jospephs, Frackowiak, & Passing-
ham, 2000), using procedures that did not include a famil-
iarity manipulation,which may be useful in addressing this
issue in the future.

The frontal lobes have been linked to working memory
performance in many studies. Our results and the results
of others underscore the importance of careful character-
izationof the componentsof working memory and their re-
lation to specific regions of the frontal lobes, emphasizing
the multicomponentialnature of the working memory sys-
tem. However, our understandingof working memory and
its relation to different brain regions might require refram-
ing some ideas about working memory processes in terms
of more general processing mechanisms, rather than delin-
eating specialized parts of a working memory system. In
this study, we have focused on a putative selection mech-
anism, linked to the left inferior frontal gyrus in previous
research, that may be required during certain working
memory tasks (i.e., our nonrecent–negative trials) but that
may also be required outside the domain of working mem-
ory (e.g., semantic processing; see Thompson-Schillet al.,
1998). Similarly, other processes might also be called upon
for certain working memory tasks, such as attention shift-
ing (e.g., Garavan, 1998), coordination of multiple tasks
(D’Esposito et al., 1995), and so forth. That is, the search
for the elusive central executiveof working memory might



120 THOMPSON-SCHILL ET AL.

lead us to the conclusion that there is no such specialized
system. This approach might shift future research ques-
tions in this area from “which parts of working memory
are linked to which areas of the frontal lobes?” to “which
functions of the frontal lobes are required by which types
of working memory problems?”
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NOTES

1. Although the focus of the present study was on the interference ef-

fect in recent–negative trials, onecould also examine whether a facilitation
effect was present in recent–positive trials, as compared with nonrecent–

positive trials. Such a facilitation effect has not been reliably observed
in young subjects, either in previous studies using this task or in the pres-

ent study. As can been seen in Tables 2 and 3, R.C. showed what might
be a large facilitation effect in error rate; however, in response latency,

the effect was in the opposite direction. This discrepancy does not allow
us to reject the possibility that R.C. was trading speed for accuracy. Fol-

lowing Salthouse (1992), we computed a composite measure of facilita-
tion effect size on response latency and error rate, using normalized z

scores. With this composite measure, there were no differences between
any subject groups. (R.C.’s normalized facilitation effect size was about

1 SD above the mean for his control group, in contrast to his normalized
interference effect size, which was greater than 4 SDs above the mean for

his control group.)
2. The region of the inferior frontal gyrus identified by Thompson-

Schill et al. (1997; Thompson-Schill et al., 1999) and the region identi-
fied by Jonides et al. (1998) and D’Esposito et al. (1999) may be adja-

cent but distinct. The local maxima of activity in the studies of selection
of semantic information were centered in Brodmann’s area 44. The local

maxima of activity in the studies of interference effects on working
memory were centered just anteriorly, in Broadmann’s area 45. Although

the extent of activation in the inferior frontal gyrus in these studies was
somewhat overlapping, it is possible that within the inferior frontal re-

gions, there are distinct domain-specific specializations that are reflected
in these subtle differences in the local maxima of activation.
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