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Abstract

Although the prefrontal cortex (PFC) is consistently found to be associated with various working memory
processes, the necessity of the PFC for such processes remains unclear. To elucidate PFC contributions to storage
and rehearsal /maintenance processes engaged during verbal working memory function, we assessed behavior of
patients with lesions to the left or right lateral PFC, and neural activity of healthy young subjects during fMRI
scanning, during performance of working memory tasks. We found that PFC lesions did not affect storage
processes—which is consistent with the notion that posterior cortical networks can support simple retention of

information. We also found that PFC lesions did not affect rehearsal /maintenance processes, which was in contrast
to our finding that healthy subjects performing a verbal delayed recognition task showed bilateral PFC activation.
These combined imaging and behavioral data suggest that working memory rehearsal /maintenance processes may

depend on both hemispheres, which may have implications for recovery of function and development of
rehabilitation therapies after frontal injury. (JINS, 2006, 12, 248-260.)
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INTRODUCTION

Working memory refers to the temporary representation of
information that was just experienced or just retrieved from
long-term memory but is no longer accessible in the exter-
nal environment (Baddeley, 1986). These internal represen-
tations are short-lived, but they can be maintained for longer
periods of time through active rehearsal or maintenance
strategies, and can be subjected to various operations that
manipulate the information such that it becomes useful for
goal-directed behavior. Working memory is a system that is
critically important in cognition and seems necessary in the
course of performing many other cognitive functions such
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as reasoning, language comprehension, planning, and spa-
tial processing.

Jacobsen was the first to report a link between the func-
tion of the prefrontal cortex (PFC) and working memory
(Hebb, 1939; Jacobsen, 1936). He interpreted the results of
his experiments, impaired performance on a delayed response
task in monkeys following large bilateral frontal lesions, as
evidence for a memory deficit. Subsequent research, how-
ever, challenged this view, postulating instead that deficits
on delayed matching-to-sample, delayed response, and
delayed alternation tasks arose from deficits of encoding
(Nissen et al., 1938), of distractibility (Malmo, 1942; Orbach
& Fischer, 1959), of stimulus discrimination (Mishkin &
Pribram, 1955, 1956), of accessing recently acquired infor-
mation (despite intact long-term memory) (Gross & Weis-
krantz, 1964), or of set-shifting (Mishkin, 1964). Researchers
in the 1950s and 1960s, by making more circumscribed
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lesions and using better-controlled behavioral experiments,
established clearly that PFC lesions cause mnemonic defi-
cits in monkeys (for review, see Fuster, 1989). Importantly,
monkeys with PFC lesions are not impaired on control tasks
where they simply must move their eyes towards a target
present on the video screen, suggesting that the deficit
on delayed response tasks is mnemonic in nature and not
due to deficits in bottom-up or sensorimotor processes
(Funahashi et al., 1993). Results from neurophysiological
studies have complemented the findings from lesion stud-
ies in that lateral PFC neurons exhibit persistent activity
above baseline during the delay period when the monkey is
maintaining information in memory prior to a making a
motor response that is contingent on this information (e.g.,
Funahashi et al., 1989; Fuster & Alexander, 1971). Activity
in lateral PFC in the monkey has therefore been interpreted
as supporting the temporary retention of relevant informa-
tion in the service of guiding behavior.

To maintain and manipulate relevant information when
that information is not accessible in the environment, the
brain needs (1) a storage process, (2) rehearsal or mainte-
nance processes that can prevent the contents of the storage
system from decaying, and (3) other control processes to
perform manipulations on the mnemonic representations of
the information being stored and rehearsed. The interaction
of these three classes of processes gives rise to the behav-
ioral phenomenon of working memory.

Although clearly not completely dissociable, these sub-
component processes can be studied with some degree of
isolation using different task designs. For example, storage
is measured in terms of capacity, and can be indexed in
humans by span tasks (Baddeley, 1990): digit span for ver-
bal working memory (Wechsler, 1981) and block span for
visuospatial working memory (Milner, 1971). Each of these
span tasks assesses how much information a subject can
recall immediately. Another component process of working
memory is rehearsal or maintenance, which refers to the
processes necessary to keep relevant information held in
working memory accessible for longer than a few seconds
(Baddeley, 1986; Jonides, 1995). Delay tasks (such as
delayed response and delayed recognition) can typically be
considered to rely on rehearsal/maintenance processes to a
greater degree than do span tasks, because they tax a subject’s
ability to retain information over a longer period of time
than do span tasks (Awh et al., 1996; Paulesu et al., 1993).

Previously, in order to determine the role of the human
PFC in working memory storage and rehearsal /maintenance
processes, we reviewed published reports of performance
of patients with lateral PFC lesions on simple span and
delay tasks (D’Esposito & Postle, 1999). The review iden-
tified 11 studies of patients with PFC lesions that included
measures of forward verbal and/or spatial span, reflecting
the performance of 166 individual patients. None of these
studies demonstrated a statistically significant deficit rela-
tive to healthy control subjects. This observation is consis-
tent with the notion that the PFC is not necessary for storage
processes. Surprisingly, in nine studies reporting delay tasks
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in patients with PFC lesions, more than half of the experi-
ments also failed to demonstrate statistically significant def-
icits relative to healthy control subjects. As reviewed above,
this observation in humans is inconsistent with numerous
monkey lesion studies, as well as monkey physiology
and human imaging studies that have demonstrated that the
PFC is active during delay tasks that require rehearsal/
maintenance processes to successfully retain information
over time.

Prompted by the observations of our literature review
(D’Esposito & Postle, 1999), we aimed in this study to
investigate the role of the PFC in component processes of
working memory. The inconsistency between lesion and
physiological studies regarding the role of the PFC in
rehearsal /maintenance processes may be explained by the
different types of inferences that can be drawn from such
studies. It is the nature of functional neuroimaging studies
(and all methods of physiological measurement, including
single-unit electrophysiology and evoked related poten-
tials) that they support inferences about the association of a
particular brain system with a cognitive process, but not
about its necessity to that process (Sarter et al., 1996). That
is, neuroimaging studies cannot, alone, tell us whether the
function of a neural system represents a neural substrate of
that function, or rather a nonessential process that is asso-
ciated with that function. Therefore, only lesion studies can
establish necessity. Human lesion and imaging studies thus
provide complimentary evidence regarding brain-behavior
relationships. In the present study, to investigate the role of
PFC in working memory rehearsal /memory processes, we
report functional magnetic resonance imaging (fMRI) data
from healthy young adults performing a delay task, as well
as behavioral data from patients with frontal lesions per-
forming a similar task.

METHODS

Functional MRI studies

Subjects

20 young, healthy participants (Study 1: n =9, 7 females;
ages 18-32; Study 2: n = 11, 8 females; ages 21-30) gave
written informed consent according to University of Cali-
fornia guidelines. Subjects were screened for use of pre-
scription medication, history of neurological or psychiatric
disorders, blood pressure abnormality, and any other con-
ditions that would preclude completing the study (e.g., metal-
lic implants, difficulty with manual responses, low visual
acuity). In addition, subjects were screened for current mood
disturbances with the Beck Depression Inventory.

Behavioral Task

Data are reported from two fMRI studies with different
subjects. Both studies employed the same verbal delayed-
recognition task, which was similar to that used in the behav-
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ioral studies with patients described below. In one fMRI
study (study 2), subjects performed the task in two different
fMRI sessions 2 hours after oral administration of dopami-
nergic agonist or placebo, in which the order of the sessions
was counterbalanced. Only fMRI data from the placebo
session are reported here. fMRI scans were acquired while
subjects performed four types of working memory trials.
Two or six block capital letters were presented for 4 sec-
onds, followed by an unfilled 12-second delay period. At
the end of the delay period, a single lower case probe letter
appeared for 2 seconds. The probe letter was presented either
masked by a background of visual noise or unmasked. Sub-
jects indicated whether the probe letter was a part of their
memory set with a manual button press. The response period
was followed by a jittered intertrial interval lasting between
8 and 12 seconds. Four trials of each of the four types were
presented per 7-minute run. There were six runs, for a total
of 96 trials per scanning session.

Functional MRI methods

MRI Data Acquisition.  Functional and structural images
were acquired with a Varian INOVA 4.0T scanner (www.
varianinc.com) and a TEM send-and-receive RF head coil.
Head movement was restricted using a foam cushion adjusted
for each subject. Stimuli were back-projected onto a screen
at the subject’s waist, and viewed through a mirror mounted
inside the head coil.

Functional images were acquired using a 2-shot gradient
echo EPI sequence, in 18 5.0-mm thick axial slices with a
.5-mm interslice gap and a TR of 2000 ms. Each slice was
acquired with a 22.4 c¢cm? field of view with a 64 X 64
matrix size resulting in an in-plane resolution of 3.5 X
3.5 mm. This slice prescription allowed for near whole-
brain coverage. Data were acquired during six runs lasting
7 minutes each. The first ten images from each run were
deleted to approach steady-state tissue magnetization. High-
resolution in-plane T1-weighted images were acquired using
a gradient echo multislice sequence for anatomical local-
ization. In addition, high-resolution MPFlash 3D TI-
weighted scans were acquired for normalization to the
Montreal Neurological Institute (MNI) reference brain.

MRI Data analysis. Functional images acquired from
the scanner were reconstructed offline from k-space. Image
volumes were corrected for slice timing skew using tempo-
ral sinc-interpolation and corrected for movement using rigid-
body transformation parameters. Image preprocessing and
statistical analyses were performed using SPM2 (Wellcome
Department of Cognitive Neurology, www.fil.ion.ucl.ac.uk /
spm). Images were resampled to 2X2X2 mm and then
smoothed with an 8 mm FWHM Gaussian kernel. A high-
pass filter was used to remove frequencies below 0.01Hz
from the data.

Structural T1-weighted images were normalized to the
MNI reference brain. Transformations calculated from nor-
malizing each subject’s structural images were applied to
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the functional images collected in each run. Data were ana-
lyzed using the general linear model (Worsley & Friston,
1995). For each subject, the BOLD signal during the encod-
ing, delay, and retrieval /response periods in each trial type
was modeled as impulses of neural activity convolved with
the SPM canonical hemodynamic response function ( Pos-
tle et al., 2000; Zarahn et al., 1997). We used a covariate
beginning at the onset of the presentation of the letters to be
remembered (first TR, O s) to model early encoding pro-
cesses. A second covariate at the third TR (4 s) modeled late
encoding activity. As encoding processes may continue into
the delay period, this late encoding period is modeled to
reduce noise in the estimate of the baseline, but not included
in the mapwise analysis. The early and late phases of the
delay period were modeled with covariates at the fifth and
seventh TRs, respectively (8 and 12 s). Delay period effects
reported here represent the sum of the two delay period
regressors. The retrieval /response period was modeled with
a covariate at the onset of the probe (ninth TR, 16 s). These
covariates were then entered into the general linear model
(GLM). Maps of parameter estimates were computed from
the GLM to assess the magnitude of activation during each
trial period. Stereotactic coordinates of peak activations were
reported with respect to the MNI coordinate system.

Behavioral study
Subjects

Patients. Seven patients with CT or MRI-confirmed
unilateral lesions involving the lateral prefrontal cortex
(Table 1, Figure 1). Four patients had left frontal lesions
and three had right frontal lesions. All lesions were due to
strokes
and all patients were studied at least 1 year after their
event. All patients were right-handed. Their mean length of
education was 12 years and their age range was from 44—-86
years old.

Control Subjects. Twenty six healthy control subjects
were split into two groups to match the ages of patients
with lesions (control group I, ages 55-70, mean 64 years;

Table 1. Patient demographic and lesion data

Months

Patient Lesion Age Post-Stroke
KT Left MFG, SFG 44 72
IM Left IFG, Insula 60 75
AS Left MFG 61 28
NT Left IFG, MFG 62 74
SR Right IFG, MFG 76 13
EB Right IFG, Insula,

Rolandic Operculum 86 228
AP Right IFG, MFG,

Insula, Precentral Gyrus 75 42
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control group II, ages 71-85, mean 76 years). None of the
control subjects exhibited evidence of depression as screened
by the Beck Depression Inventory (Beck et al., 1961) or
dementia as documented by a score of 27 or greater on the
Mini Mental State Exam (Folstein et al., 1975) at the time
of testing. The mean length of education in control group I
(n = 14) was 17 years (range 14-24 years) and control
group II (n = 12) was 16 years (range 12-20 years). Prior to
the study, all subjects were screened for any disorders and/or
medication usage that might affect cognitive functioning.
All subjects reported no medical, neurological, or psychi-
atric disorders and were not taking medications that had
central nervous system actions. This restriction included
medications for heart disease, diabetes, blood pressure, psy-
chotropic medications, and sleeping medications.

All patients and control subjects signed informed con-
sent according to University of California guidelines and
were paid for their participation.

Cognitive tasks

Immediate serial recall. Subjects viewed letters pre-
sented on a computer screen sequentially. Each letter was
presented for 750 ms with no interstimulus interval. Imme-
diately after the last letter had been presented, three ques-
tion marks appeared on the screen, prompting subjects to
recall aloud the letters that they seen in the order in which
they had been presented. Span assessment began with the
presentation of two letters, and was repeated for two trials.
If both trials were performed correctly, then the subject was
presented with two sequential trials of three letters. This
process continued with increasing numbers of letters until
the subject was unable to correctly repeat the letters for
either of the two trials. The number of letters for which a
subject could correctly repeat at least one trial was then
defined as the subject’s WM span and was used in the delay
task.

Delayed recall and recognition. These were performed
after completion of the span task. The generic procedure
was presentation of letters to be remembered, followed by a
6500 ms delay period, followed by a response/retrieval
period. During the encoding phase, each letter was pre-
sented for 750 ms with no interstimulus interval. Subjects
were required to remember either one letter (low load) or
as many letters as was previously defined as their working
memory span (high load). During the delay period, sub-
jects either viewed a simple fixation cross hair during the
delay (without distractor) or they viewed a series of words
presented at a 333 ms rate (with distraction). Subjects were
instructed to view and pay attention to the words, but not to
attempt to remember them because they would not be tested
on them later. Words were randomly chosen from a group
of common words and were repeated in a random fashion
throughout the experiment. Two types of memory probes
were used, recognition probes and recall probes. Recogni-
tion probes consisted of a single letter, whose membership
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in the present trial’s memory set was indicated by the sub-
ject with a right (“match”) or left (“nonmatch”) button press.
The probe letter was presented with an asterisk on either
side of it, which helped to differentiate it from the letters
presented during the encoding period. Recall probes were
three question marks on the screen, which prompted verbal
recall of encoded items in the order in which they had been
presented.

The within-subject conditions were counterbalanced in
the following way. There were two blocks of low load and
two blocks of high load for each response condition (rec-
ognition and recall). Each block contained 40 trials of delay
task. Blocks were presented in a set order alternating between
low and high load, beginning with low load. All four blocks
for one response condition were presented together and the
order of response condition was counterbalanced across sub-
jects. For example, one subject would first complete 40
trials of the recognition condition at low load, then 40 trials
of the recognition at high load; they would then perform
another recognition low load block and finally a recogni-
tion high load block before moving to the recall condition.
Half of the trials in each block had distractors during the
delay period and half did not. The presentation of these
trials was varied randomly across the block. In total there
were 320 delay trials.

RESULTS

Functional MRI studies

Delay-period activity was considered to reflect the recruit-
ment of rehearsal/maintenance processes. In each of the
individual 20 subjects that performed the verbal delayed
response task during fMRI scanning, delay-period activity
(collapsed across load and probe type) was found within
lateral PFC. In all subjects, lateral PFC was typically greater
in one hemisphere as compared to the other. However, in
each subject, bilateral PFC activity was present. The mag-
nitude and location of PFC activation in each subject is
presented in Table 2. Although each individual subject
showed some degree of bilateral PFC activity during the
delay-period, as expected, the location, extent, and magni-
tude of this activation was extremely variable across
individuals.

Analyzed in a manner to determine the location of acti-
vation that exhibited spatial overlap in at least 75% of sub-
jects, the most consistent area of delay-period activity was
lateralized to the left ventral PFC, which is consistent with
several other imaging studies utilizing a similar verbal
delayed response paradigm (Gruber, 2001; Paulesu et al.,
1993). As illustrated in Figure 2, this location of PFC acti-
vation overlapped with the location of the frontal lesion of
one of our patients (patient JM). Also illustrated in Figure 2
is a composite of the overlap of the frontal lesions of all of
the patients. It can be seen that our group of patients had
lesions across most of the lateral extent of the PFC in both
hemispheres. The only area that was not damaged by any of
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Table 2. FMRI data: PFC activity during delay period

Left frontal Right frontal
Subject Coordinates BA t value Coordinates BA t value
Study 1
1 4347 -3 46 5.0 —2964 -3 46 1.4
2 43603 46 3.1 —2960 —3 46 4.8
3 4043 14 46/44 32 —33573 46 5.9
4 432630 46 3.0 —163630 9/46 4.5
5 40438 46 53 —194719 9/46 5.0
6 29578 46 3.1 —40408 46 5.8
7 4022 14 46/45 2.6 —332214 46/45 5.8
8 474319 46 2.3 —264725 9/46 3.8
9 43408 46 3.6 —33298 46/45 5.7
10 43363 46 1.2 —36433 46/45 4.6
11 2943 -8 46/45 24 —43263 45 2.0
Study 2
1 2447 -3 46 44 —3943 -8 46/45 39
2 16478 46 2.2 —47478 9/46 4.8
3 30613 9/46 4.0 —23518 9/46 33
4 40473 46 29 —54583 46 3.8
5 43243 46/45 2.6 —13588 9 3.0
6 32663 9/46 2.7 —2854 -3 9 0.7
7 5461 -3 46 2.26 —3340 14 9 4.0
8 23543 46/45 4.1 —40518 46/45 3.6
9 23588 46 1.8 —51338 45 4.6

Note: BA—Brodmann’s area

our patients was anterior portion of the superior frontal
gyrus in both hemispheres, and the anterior extent of the
middle frontal gyrus in the left hemisphere. Importantly,
this PFC region that was undamaged in our lesion patients
does not overlap with the site of consistent delay-period
activity across control subjects in our fMRI studies, and so
it is unlikely that we missed a lesion of an important region
of PFC for rehearsal /maintenance processes. Also, it is clear
that the frontal lesions in each of our patients overlapped
with many areas of PFC delay-period activity in our indi-
vidual control subjects (Table 2).

Also consistent with previous fMRI studies using delay
tasks (e.g. D’Esposito et al., 2000; Manoach et al., 2003),
lateral PFC activation was observed during the encoding
and retrieval /response periods of the delay task. The loca-
tion of activation that exhibited spatial overlap in at least
75% of subjects is presented in Figure 2. Like delay-period
activity, it is clear that the frontal lesions in each of our
patients overlapped with many areas of PFC encoding and
retrieval /response-period activity in our individual control
subjects.

Behavioral Study
Memory span

The mean letter span for control group I (ages 55-70) was
4.9 £ 1.1 items and for control group II (ages 71-85) was

4.8 = 0.8 items. The letter span of each patient is listed in
Table 2. None of the frontal patients had a memory span
more than two standard deviations from the mean of the
corresponding control group (mean span = 4 items).

Delay tasks

Accuracy on each of the behavioral conditions of the delay
tasks for patients and controls is presented in Table 3. Our
first analysis of behavioral performance of each of the
patients, relative to their respective control group, is pre-
sented in Figure 3 In these z-score analyses, direct com-
parisons are made between each of the four behavioral
conditions (low load with and without distraction, high load
with and without distraction) in both the recall and recog-
nition tasks. Impairment on any behavioral condition in a
particular patient is defined as a mean performance that
was greater than two standard deviations relative to their
respective control group.

Low load. Without distraction at low load (e.g., one
item), performance was quite high across frontal patients in
both the recall (range 92-100%, mean 97%) and recogni-
tion (range 93-100%, mean 97%) tasks. Performance on
this condition did not differ from control subjects (control
group 1: recall task mean 94%, recognition task mean 97%;
control group 2: recall task mean 96%, recognition task
mean 94%). This condition is similar to the behavioral task
performed in the MRI scanner.
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Delay-Period Activity Encoding-Period Activity

Response-Period Activity

Lesion Overlap

Fig. 2. Diagram illustrating a group fMRI map of encoding period (top-panel), delay-period (middle panel) and
probe-period (bottom panel) PFC activity across healthy control subjects. The group map represents the summation
of regions that were positively activated during the encoding, delay or retrieval /response period in at least 12 of the
18 subjects. The bottom panel is a diagram illustrating the overlap of frontal lesions across patients.
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Recall Task: Recognition Task:
One Letter Multiple Letters One Letter Multiple Letters
Distraction Distraction Distraction Distraction
Patient Span No Yes No Yes No Yes No Yes
Left frontal
KT 4 0.95 0.95 0.38 0.33 0.97 1.00 0.70 0.78
M 4 1.00 0.98 0.58 0.60 1.00 0.93 0.82 0.78
AS 3 0.95 0.93 0.73 0.63 0.95 0.93 0.85 0.97
NT 4 0.98 0.90 0.75 0.73 0.93 0.95 1.00 0.95
Right frontal
SR 4 1.00 0.97 0.65 0.62 0.95 0.88 0.93 0.93
EB 4 0.92 0.90 0.68 0.70 1.00 0.90 0.90 0.80
AP 5 0.98 0.98 0.58 0.55 1.00 1.00 0.93 0.93
Controls I
55-70 4.9 0.94 0.94 0.67 0.58 0.97 0.97 0.89 0.86
Controls 11
71-85 4.8 0.96 0.95 0.57 0.48 0.94 0.96 0.93 0.90

With delay-period distraction at low load, a slight perfor-
mance decrement was observed in frontal patients relative
to performance on the low load without distraction condi-
tion, in both recall (mean 94%) and recognition (mean 94%)
tasks. However, performance on this condition did not dif-
fer from control subjects (control group 1: recall task mean
94%, recognition task mean 97%; control group 2: recall
task mean 95%, recognition task mean 96%).

Highload. Without distraction at high load (i.e., at each
subjects’ span), performance in patients with frontal lesions
was reduced relative to the low load condition, in both recall
(mean 62%) and recognition (mean 88%) tasks. However,
performance on this condition did not differ from control
subjects (control group 1: recall task mean 67%, recogni-
tion task mean 89%; control group 2: recall task mean 57%,
recognition task mean 93%). This condition is similar to the
behavioral task performed in the MRI scanner.

With distraction at high load, performance in patients
with frontal lesions was also reduced relative to the low
load condition, in both recall (mean 59%) and recognition
tasks (mean 88%). Again, performance on this condition
did not differ from control subjects (control group 1: recall
task mean 58%, recognition task mean 86%; control group 2:
recall task mean 48%, recognition task mean 90%).

In summary, during each of the behavioral conditions
(low load, high load, with distraction, without distraction)
in both the recall and recognition task, all of the patients
with frontal lesions were unimpaired relative to their respec-
tive control groups.

In order to assess the effect of varying memory load, and
the presence of distraction during the delay period (two
factors that should tax rehearsal processes), we also com-
pared performance calculated as a difference between high-

load versus low-load conditions, and the difference between
distraction-present versus distraction-absent conditions.
Again, impairment on any behavioral condition in a partic-
ular patient is defined as a mean performance that was greater
than two standard deviations relative to their respective con-
trol group (see Figure 4). None of the patients exhibited a
significant distractor or load effect on the recall task. Also,
none of the patients exhibited a load effect on the recogni-
tion task. During the recognition task, one left-frontal, and
two right-frontal patients exhibited a disproportionate dis-
tractor effect only in the low-load condition.

Due to the small number of subjects, a statistical com-
parison could not be performed across patients with differ-
ent lesions (e.g., left-frontal vs. right-frontal). However, the
mean scores collapsed across each group, for each behav-
ioral condition is presented in Table 4. Inspection of this
table reveals that there is no clear difference in perfor-
mance between patients with left- versus right-frontal lesions.

DISCUSSION

The aim of this study was to examine the involvement and
necessity of the PFC on certain component processes of
working memory, specifically, storage and rehearsal/
maintenance processes. The present findings from our imag-
ing and behavioral data are generally consistent with the
conclusions drawn from our earlier review of the literature
of previously published studies of delay tasks in patients
with frontal lesions (D’Esposito & Postle, 1999). That is:
The ability to temporarily store and rehearse/maintain infor-
mation is not significantly affected by unilateral lesions of
the lateral PFC.

In his seminal report “Intelligence in man after large
removals of cerebral tissue,” Hebb discussed the case of a
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Fig. 3. Behavioral performance of patients for each of the behavioral conditions of the recall and recognition task. The
gray background represents the range of two standard deviations of the mean performance of the control subjects.
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Fig. 4. Behavioral performance of patients for the effect of varying memory load (one item vs. subject’s span) and the
delay-period distraction effect (presence or absence) on the recall and recognition task. The gray background repre-
sents the range of two standard deviations of the mean performance of the control subjects.
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Table 4. Behavioral performance collapsed across subject groups
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Recall task:

Recognition task:

One letter Multiple letters One letter Multiple letters
No No No No
Group Distraction  Distraction  distraction  Distraction  distraction  Distraction  distraction  Distraction
Left m 0.969 0.937 0.606 0.569 0.963 0.953 0.843 0.870
Frontal S 0.024 0.032 0.172 0.171 0.030 0.033 0.123 0.104
Right m 0.965 0.949 0.633 0.625 0.983 0.927 0.920 0.887
Frontal S 0.041 0.045 0.052 0.075 0.029 0.064 0.017 0.075
All m 0.967 0.942 0.618 0.593 0.971 0.941 0.876 0.877
Frontal S 0.029 0.035 0.126 0.132 0.029 0.046 0.097 0.086
Controls I m 0.942 0.943 0.667 0.575 0.966 0.971 0.892 0.855
55-70 S 0.05 0.045 0.216 0.221 0.026 0.033 0.135 0.126
Controls I m 0.962 0.947 0.565 0.475 0.938 0.964 0.933 0.898
71-85 S 0.031 0.037 0.210 0.230 0.082 0.072 0.062 0.087

Note: m—mean, s—standard deviation

woman with incomplete removal of a large bilateral frontal
glioblastoma who retained average adult level digit span
despite a constellation of stereotypically “frontal” behav-
ioral abnormalities (Hebb, 1939). Since that time, surpris-
ingly few human lesion studies have focused on simple
span tasks as a dependent measure of primary interest, and
no such lesion studies have been reported in the monkey
literature. However, in our literature review of human stud-
ies published in 1999, there were eleven studies that reported
span task performance of patients with PFC lesions. None
of the reports of digit span reported a statistically signifi-
cant deficit in patients with frontal lesions (total number of
subjects from the eight studies = 115). The present study
confirmed these findings with a test of immediate serial
recall of letters.

The conclusion that the lateral PFC does not contribute
to the short-term storage of information also derives sup-
port from psychophysical (e.g., Pasternak & Greenlee, 2005),
and functional neuroimaging (e.g., Awh et al., 1996; Postle
et al., 1999, 2003) studies demonstrating that the simple
retention of information in the manner required for perfor-
mance on a span task is supported by the posterior cortical
networks. Such networks may represent, for example, lex-
ical, phonological, and semantic information, or other types
of sensory information (e.g., visuospatial). Thus, lesions in
left inferior parietal cortex are associated with reduced span
for auditory verbal stimuli (Della Sala & Logie, 1993; Risse
et al., 1984; Vallar & Papagno, 1995; Warrington, 1979;
Warrington et al., 1971), and in right inferior parietal cortex
with reduced span for visuospatial stimuli (Alajouanine,
1960; DeRenzi & Nichelli, 1975; Hanley et al., 1991; Mil-
ner, 1971). The patients with parietal lobe lesions is mark-
edly reduced span (e.g., digit span = 2.3 in a patient reported
in (Shallice & Warrington, 1970) as compared with the nor-
mal span of patients with frontal lesions. Corroborating
human neuroimaging evidence also implicates inferior pari-
etal cortex as an important for mediating working memory
storage processes (Jonides et al., 1998; Ravizza et al., 2004).

In addition to intact working memory storage processes,
rehearsal processes also were unaffected by unilateral fron-
tal lesions. For example, no frontal patient performed at
less than 92% accuracy when required to retain a single
item without distraction on either the recall or recognition
task. Even when there were distracting stimuli present dur-
ing the delay-period, or when the subject had to maintain
multiple items, which are both conditions that increase
rehearsal /maintenance demands, performance by the fron-
tal patients was not significantly different than age-matched
control subjects. This finding is consistent with other stud-
ies reported in the literature that have utilized other types of
nonspatial as well as spatial delayed response tasks (e.g.
(Ghent et al., 1962). However, this accumulating evidence
that unilateral PFC lesions do not significantly impair
rehearsal /maintenance processes, when such processes con-
sistently increase PFC activity when measured with single-
unit recording or f MRI, requires some explanation. We offer
two possible explanations. First, given that physiology and
imaging studies support inferences only about the associa-
tion of a particular brain system with a cognitive process,
the empirical findings from the lesion studies suggest that
the PFC is not necessary for rehearsal/maintenance pro-
cesses, which presumably can be supported by other brain
systems.

Another possible explanation for this apparent discrep-
ancy between the physiology versus lesion data is that
rehearsal /maintenance processes are supported by a lateral
PFC system distributed across both hemispheres. Unilateral
PFC lesions are therefore not sufficient to significantly affect
performance on tasks that require intact rehearsal/main-
tenance processes. In support of this notion is that the obser-
vation that the level of performance of patients with frontal
lesions on our delay task is in stark contrast to the level of
performance of monkeys with bilateral PFC lesions on sim-
ilar tasks in which significant reductions in performance
are observed. For example, monkeys with lateral PFC lesions
perform at chance on delay tasks even with single items
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and short delays similar to our behavioral and fMRI studies
(e.g., Brozoski et al., 1979). In contrast, in monkeys with
circumscribed unilateral lesions, the deficits on delay tasks
that are observed are subtle (Funahashi et al., 1993). All
humans studies reported thus far that have examined per-
formance on delay tasks have only studied patients with
unilateral PFC lesions. There has been no reported study of
delayed-response task performance in a human with bilat-
eral lateral PFC damage for comparison.

Thus, these findings suggest that rehearsal /maintenance
processes may depend on both hemispheres. This conclu-
sion is further supported by the fMRI data reported in our
study, as well as numerous fMRI and PET studies reported
in the literature that have used delay tasks. In each of these
studies, bilateral PFC activation is typically observed on
such tasks (although one hemisphere is often dominant). In
all the subjects reported in our study, we observed bilateral
delay period activity when rehearsal /maintenance pro-
cesses were recruited. Based on these findings, it is not
surprising that unilateral lesions produce only subtle impair-
ments of performance. We would not expect such lesions to
produce a complete loss of function leading to a profound
deficit.

It is important to note that our patients are older than the
subjects in our fMRI study. A previous PET study of verbal
and spatial working memory demonstrated pronounced age
differences in PFC activity: in younger adults, activation
was predominantly left-lateralized for verbal working mem-
ory, and right-lateralized for spatial working memory,
whereas older adults showed bilateral activation for both
types of memory (Reuter-Lorenz et al., 2000). Data such as
these have led to the hypothesis that age-related hemi-
spheric asymmetry reductions may have a compensatory
function or they may reflect a dedifferentiation process
(Cabeza, 2002). Thus, normal performance on delay tasks
in our patients with unilateral PFC lesions may be due to
bilateral representation of rehearsal/maintenance pro-
cesses that develops as part of normal aging.

The findings from our studies and others previously pub-
lished have implications for understanding the neural mech-
anisms supporting recovery of function and the development
of targeted rehabilitation therapies of patients with frontal
injury. Based on these findings, we propose that specific
component processes of working memory, such as rehearsal /
maintenance processes, are bilaterally represented within
the lateral PFC. If so, recovery of frontal lobe function after
injury should be better in patients with unilateral (as com-
pared with bilateral) lesions. Although such outcome stud-
ies have not been performed directly assessing frontal
function, in clinical experience, patients with large or bilat-
eral cerebral lesions have been observed generally to have a
poorer prognosis for recovery than patients with smaller or
unilateral lesions (Ween et al., 1996). The mechanism by
which patients with unilateral frontal lesions retain some
capacity of working memory function may reflect func-
tional compensation, perhaps through recruitment of the
nondamaged hemisphere. For example, Chao and Knight
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(1998) performed an ERP study with patients with unilat-
eral frontal lesions while performing an auditory delayed-
match-to-sample task. They found that a focal reduction of
frontal negativity over the region of damage in the patients
as compared with control subjects. In contrast, this frontal
negative component was enhanced, as compared with con-
trols, over the non-lesioned hemisphere. These authors inter-
preted this finding as indicative of compensatory activity.

Future studies of frontal lobe function using patients with
damage to this region, perhaps using physiological mea-
sures such as fMRI, could provide insight into the underly-
ing mechanisms for the role of the non-damaged hemisphere
in functional reorganization or compensation. Guided by
this insight, it may be possible to develop cognitive or phar-
macological therapies targeted at enhancing, or recruiting
the nondamaged hemisphere as a means for improving lost
function.
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