The Journal of Neuroscience, November 28, 2007 • 27(48):13303–13310 • 13303

Behavioral/Systems/Cognitive

Is the Prefrontal Cortex Necessary for Establishing
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There is evidence from neuroimaging that the prefrontal cortex may be involved in establishing task set activity in advance of presentation of the task itself. To find out whether it plays an essential role, we examined patients with unilateral lesions of the rostral prefrontal
cortex. They were first instructed as to whether to perform a spatial or a verbal working memory task and then given spatial and verbal
items after a delay of 4 –12 s. The patients showed an increase in switch costs, making more errors by repeating what they had done on the
previous trial. They were able to establish regional task set activity during the instruction delay, as evidenced by sustained changes in the
blood oxygenation level-dependent signal in caudal frontal regions. However, in contrast to healthy controls, they were less able to
maintain functional connectivity among the surviving task-related brain regions, as evidenced by reduced correlations between them
during instruction delays. The results suggest that the left rostral prefrontal cortex is indeed required for establishing a cognitive set but
that the essential function is to support the functional connectivity among the task-related regions.
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Introduction
In everyday life, we can anticipate tasks or events and prepare the
appropriate mental processes or responses. These processes are
known as “sets,” reflecting preparation for tasks to be performed
in the immediate future. They are important in the regulation of
behavior and are closely associated with the functions of the lateral prefrontal cortex (Miller and Cohen, 2001), including the
maintenance of a specified set (MacDonald et al., 2000; Sakai and
Passingham, 2003, 2006) and switching between sets (Rogers et
al., 2000; Rushworth et al., 2002, 2005). Set-shifting deficits are
also observed with lesions of prefrontal cortex (Owen et al., 1993;
Dias et al., 1997; Manes et al., 2002; Aron et al., 2004).
Event-related functional magnetic resonance imaging (fMRI)
can be used to distinguish the neural correlates of set from the
other task components (Toni et al., 1999). In this way, one can
identify rostral prefrontal activations related to multiple cognitive sets, which are temporally distinct from performance of the
predicted task itself and spatially distinct from the task-specific,
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set-related activations in nonprefrontal cortex (Sakai and Passingham, 2003, 2006). This rostral prefrontal activity occurs regardless of the semantic, phonological, or visuospatial nature of
the preconfigured task. It has therefore been proposed that the
prefrontal cortex is the source of the preconfiguration of appropriate cognitive processes, where these processes themselves are
instantiated in caudal brain regions.
This is indirectly supported by the behavioral deficits after
damage to rostral prefrontal cortex. Patients with frontal lesions
may not use advanced information to prepare motor responses
(Koski et al., 1998; Lepage and Richer, 2000), make predictive
judgments (Gomez-Beldarrain et al., 2004) or engage in appropriate anticipatory behavior (Karnath et al., 1991), or change
behavioral rules even when the change of rule is given or predicted (Stablum et al., 1994; Rogers and Monsell, 1995; Rogers et
al., 1998; Warrington, 2000).
We used the design of Sakai and Passingham (2003, 2006) to
study the effects of rostral prefrontal lesions in humans on the
prediction and performance of two working memory tasks. We
studied four patients with left unilateral lesions. We chose left
lesions because of evidence that impairment of maintenance of
rules is more associated with left frontal lesions (Goldberg et al.,
1994; Burgess et al., 2000). We expected that the patients would
perform the forward span tasks normally because unilateral left
or right prefrontal lesions have minimal impact on such tasks
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(Owen et al., 1996; D’Esposito and Postle, Table 1. Subject characteristics
1999) and that during the task itself, there Subject
Age
Sex
would be normal memory-related activity
P1
38
F
in the intact modality-specific regions.
P2
38
M
However, we predicted that the pa- P3
60
F
tients would be unable to activate the regions that are specific to each modality, in P4
40
M
advance of the presentation of the memory 19 controls 41(SD,12) 9 M
items because of an inability to establish F, Female; M, male.
the appropriate cognitive set. We also predicted that the patients would have impaired functional connectivity among the modality specificregions. This was based on previous observations that activity in
the rostral prefrontal cortex predicted the correlation between
area 8 and parietal cortex during a spatial working memory task
(Sakai et al., 2002).

Body mass index

Diagnosis

DART

23
29
29

Glioma grade II 4 years after resection
Glioma grade III 4 years after resection
Malignant meningioma, resected twice: 1 year and 3
years before participation
Glioblastoma, 8 months after resection
Healthy controls

42
45
34

26
25(SD,5.5)

39
38 (SD, 7.5)

Materials and Methods
Participants. Nineteen healthy adult subjects [nine men; age, 21– 61 years
(mean, 41; SD, 12)] were recruited from a departmental register of volunteers in Copenhagen. None had a history of significant neurological,
psychiatric, or cardiac disease, and none took regular medication.
Patients with lesions of the prefrontal lobe were recruited through the
Copenhagen University Hospital. The clinical details are summarized in
Table 1. The principal indication for inclusion was a unilateral tumor of
the left rostral prefrontal cortex, sparing Broca’s area and the premotor
cortex. Apart from previous tumor-associated seizures, none had a history of other significant neurological, cardiac, or psychiatric history. We
sought young patients (⬍65 years) with nonmetastatic lesions, to reduce
the likelihood of diffuse ischemic or paraneoplastic changes in the brain.
All patients were competent to give consent. The study was approved by
the Copenhagen district research ethics committee.
Behavioral paradigm. The principal working memory paradigm was
adapted from Sakai and Passingham (2003), using the forward memory
span of four sequential letters or four sequential spatial locations, as
shown in Figure 1. On each trial, subjects were first presented with an
instruction as to whether to remember the spatial or verbal items. There
followed an instruction delay of between 4 and 12 s in steps of 2 s. This
was followed by the presentation of the stimuli to be remembered. Four
images were shown in rapid succession (600 ms display, 200 ms interval),
each with a capital letter and a separate red square. In each image, the
letter and location were in separate quadrants. The sequence of letters or
locations was remembered during a second “memory” task period lasting
6 s, until a probe stimulus questioned during 4 s whether one specific
letter or location was followed immediately by another specific letter or
location in the sequence. The participants pressed the index finger for
“yes” and the middle finger for “no” (or vice versa in half of the subjects).
There was an intertrial interval of 8 s.
The participants were pretrained outside the scanner with two sets of
30 trials on the same day, using a different set of stimuli. During scanning, they performed 44 trials. On half of these trials, the instruction was
to remember the locations and half the letters. The order of trials was
permuted, so that no more than three trials of any one type would be
presented in a row, and there were an equal number of trials in which the
modality switched or was repeated.
The stimuli were presented using E-prime (Psychology Software
Tools, Pittsburgh, PA) and IFIS-SA System (MRI Devices, Waukesha,
WI) software, in Windows 98 environment (Microsoft, Redmond, WA).
The response accuracy and reaction time to the probe stimulus were
recorded from each trial. Group effects were assessed by three-way
repeated-measures ANOVA (SPSS 11.0; SPSS, Chicago, IL) with stimulus modality (verbal vs spatial) and switch (switch vs stay) as withinsubject factors and group (control vs patient) as the between-subject
factor.
The participants also underwent a psychological evaluation with the
Danish Adult Reading Test (DART), analogous to the NART (National
Adult Reading Test). This correlates highly with the Weschler Adult

Figure 1. The task gave subjects advanced warning of the modality of a forthcoming verbal
(letter-based) or spatial (position-based) working memory task allowing the subjects to establish the relevant cognitive set in advance of the actual stimuli. This “instruction delay” varied
between 4 and 12 s. The stimuli each included a letter and square of specific location, but only
one modality needed to be attended to and remembered. The order of letters or locations was
remembered for 6 s and tested by a single probe cue that asked about the order of two of the
four remembered stimuli (e.g., in these examples, was the letter P followed immediately by the
letter G, or was the bottom left square followed immediately by the top square?) (yes to both
examples).

Intelligence Scale WAIS-R VIQ, and is resistant to frontal lobe damage.
Thus, they can be used as estimators of the premorbid intelligence quotient (Blair and Spreen, 1989; Spreen and Strauss, 1991)
Imaging data acquisition and preprocessing. Functional magnetic resonance images were acquired with T2* blood oxygenation leveldependent (BOLD)-sensitive echo-planar imaging (EPI) [repetition
time (TR), 1.78 ms; echo time (TE), 30 ms; flip angle (FA), 82] in 30 ⫻ 4
mm interleaved slices (64 ⫻ 64 voxels; in-plane resolution, 3 mm) on a
Siemens (New York, NY) Trio scanner operating at 3 Tesla at the Danish
Research Centre for Magnetic Resonance, Copenhagen University Hospital (Hvidovre, Denmark). Seven hundred fifty images were acquired
during 22 min continuous scanning. T1-weighted, high-resolution
magnetization-prepared rapid gradient echo (MPRAGE) images (TR,
1540 ms; TE, 3.93 ms; inversion time, 800 ms; FA, 9; isotropic 1 mm
voxels) were acquired on all subjects to facilitate anatomic localization
and determine lesion size.
The preprocessing of images used SPM5 (www.fil.ion.ucl.ac.uk/spm).
Images were sinc interpolated in time to correct for phase differences
during acquisition and realigned to the first image. The mean functional
image was coregistered to the MPRAGE. The MPRAGE was transformed
to normal anatomic space (Talairach and Tournoux, 1988) based on the
Montreal Neurological Institute (MNI) mean brain by linear and
smoothly nonlinear transformations (Friston et al., 1995), and the normalization parameters werer applied to the functional, mean, and structural images. For patients, the mean EPI image was masked during normalization (weight set to zero) (Rorden and Brett, 2000) with a mask that
removed areas of lesion and a ⬃1 cm margin. Masks were created using
MRIcro software (www.psychology.nottingham.ac.uk/⬃/mricro.html).
The data were then smoothed spatially with a Gaussian kernel of 10 mm
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any brain location with FWE p ⬍ 0.05). We
then applied a threshold with false discovery
rate (FDR) p ⬍ 0.05. We then set an uncorrected threshold p ⬍ 0.05 with secondary correction within a reduced search volumes. For
letter instruction delays, the reduced search volume was a sphere of 8 mm radius centered on
⫺54, 04, 22 (area 44; at the local maximum for
the verbal instruction delay-related activity in
control subjects). For the spatial instruction delay, we used two spheres of interest centered on
⫺24, ⫺8, 56 (the SFS peak in control subjects
for spatial instruction delay) and ⫺30, ⫺52, 56
Figure 2. The four patients’ (P1–P4) lesions are shown overlaid on the canonical brain in MNI space. The four patients are (the parietal local maximum for spatial instrucseparately color coded: P1, purple, overlapping as pink, white); P2, blue, overlapping as light pink and light purple, white); P3, tion delay-related activity in controls). For both
green, overlapping as yellow, white); P4, red, overlapping as yellow, white). Complete overlap of all lesions is indicated by white. verbal and spatial instruction delays, we used
The cross-hairs are placed at the peak of prefrontal activation associated with set-related activity in previous studies (Sakai et al., ROI spheres of 8 mm radius centered again on
2006).
the prefrontal peaks of task-set activation from
Sakai et al. (2003, 2006) at ⫾36, 44, 6; ⫾34, 44,
32; and ⫾30, 56, 6.
at full-width half-maximum. In addition, lesions were drawn manually
Time series were extracted from spherical ROIs of 5 mm radius cenusing MRIcro software on the MPRAGE sequence.
tered on the presupplementary motor area (pre-SMA; ⫺10, 10, 50)
Imaging data analysis. The fMRI data were analyzed using general
(Picard and Strick, 1996), Broca’s area (area 44: ⫺54, 04, 22), the fusilinear models within SPM5, following the general model structure for
form word form area (⫺36, ⫺64, ⫺14), area 8 (⫺24, ⫺8, 56), parietal
each subject used by Sakai et al. (2003, 2006). In the first level model for
cortex (⫺30, ⫺52, 56) for each subject. These peaks were identified from
each subject, epoch-like covariates were included that specified sustained
the second-level analyses of task-related activations during the instrucactivation during the instruction delay (4 –12 s) for verbal and spatial
tion delay (vs baseline). The pre-SMA was chosen because it was a potasks separately and during the memory delay from the onset of stimuli (9
tential contributor to top-down control of caudal set-related activations.
s) for each task modality. Transient responses were included for the
It was intact in all patients and was active during instruction delay for
events of task instruction (common to all trials) and a “miniblock” for
both modalities (see Fig. 4 A) but did not show differential activation.
the response to the probe (3 s) for each domain. Correct trials were
The other areas showed differential activation according to modality but
modeled conjointly within each modality. Each error trial was modeled
had not shown a reduction in activation in the patients.
separately, not conjointly. All task covariates were convolved by the caTime series data were adjusted for task effects (removing drifts and
nonical hemodynamic response function.
scans with spikes or significant movements) for each subject individually
Between-subject effects were modeled at the second level. For each
and segregated for periods of instruction delay for each modality (from
contrast of interest at the first level, a contrast image was taken forward to
6 s after onset of instruction delay to 6 s after the first stimulus presentaa second-level model. These second-level models were of three types: (1)
tion reflecting the delay to peak hemodynamic response). The correlaone-sample t tests, expressing the null hypothesis that the control group
tions between Broca’s area and the fusiform gyrus, the pre-SMA and the
mean differential activation was zero (e.g., spatial delay activity equaled
fusiform cortex, area 8 and parietal cortex, and the pre-SMA and area 8
verbal delay activity); (2) two-sample unpaired t tests, expressing the null
were calculated for each subject and entered into a between-groups, fourhypothesis that the difference between the control group and a patient
way repeated-measures ANOVA, with group (control vs patient), conwas zero for a given contrast between task conditions; and (3) we split the
nection (four connections), switch versus stay, and modality (verbal vs
control subjects into high and low DART groups, excluding the median
spatial) as factors. Statistical inferences ( p values) are reported after
subject, and compared delay-related activations in high and low DART
Greenhouse-Geisser correction for nonsphericity.
groups. When comparing a patient with the control group, we used the
entire control group. We could not in practice study a large separate
Results
control population for each subject, and to subdivide our existing control
Subject details
group would entail too great a loss of statistical power. A single control
group is acceptable because our patients were not outliers in terms of
Four patients completed the study and were comparable to the
demographic details or DART estimates of premorbid intelligence, and
control group in age, sex, and DART scores (Table 1). Their
the patients’ behavioral data were, on average, equivalent to controls, for
lesions are shown in Figure 2 superimposed on the T1 canonical
both spatial and verbal tasks even when adjusting for DART (with one
brain in normal space. The cross-hairs indicate the location of “all
exception; see Results).
tasks” set-related activity from Sakai et al. (2006), and the center
For each contrast of interest, our standard statistical threshold was, for
of the ROI was used for small-volume correction. All lesions
family-wise error (FWE) rate, p ⬍ 0.05 corrected for whole-brain comaffected this region (white color in Fig. 2).
parisons. For contrasts of instruction delay-related activity in the control
group, we also applied the threshold FWE p ⬍ 0.05 within reduced search
Behavioral data
volumes. This affords a more sensitive test in which previous or indepenThe reaction times and accuracies for the spatial and verbal tasks
dent data can be used to define the region of interest (ROI). Our ROIs
were defined as spheres with 8 mm radius centered on ⫾34, 44, 32 [area
are shown for the control group and four patients in Figure 3, A
46; the coordinate of local maximal differential activation for all tasks sets
and B, respectively. The accuracy of responses was lower for
vs baseline in Sakai et al. (2006)]; ⫾36, 44, 6 [area 10; the left-hemisphere
switch trials than stay trials (F(1,21) ⫽ 14,1; p ⬍ 0.001), but there
correspondence from the rostral local maximal differential activation for
was an interaction with group as shown in Figure 3C (F(1,21) ⫽
task set vs baseline in Sakai et al. (2003)]; ⫾30, 56, 6 [area 10 from Sakai
12.6; p ⬍ 0.005), with patients making more errors on switch
et al. (2006)]; and ⫺54, 04, 22 (area 44; the local maximum for the verbal
trials and fewer on stay trials (within-patient difference between
instruction delay-related activity in control subjects).
switch and stay: t ⫽ 3.7; p ⬍ 0.01), whereas control subjects’
For contrasts expressing the interaction between task-related activadifferences were minimal (Fig. 3C). There was no main effect of
tion and group, we first applied the threshold with FWE p ⬍ 0.05 cortask modality (F(1,21) ⫽ 3.0; NS) or interaction between group
rected for whole-brain comparisons (e.g., was verbal instruction delay
and modality (F(1,21) ⫽ 1.8; df ⫽ 1,21; NS). There was no thirdactivity vs baseline different between a patient and the control group at
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The reaction times did not differ between switch and stay trials
(F(1,21) ⫽ 2.6; NS), nor was there an interaction between switching and group (F(1,21) ⫽ 0.2; NS). There was a trend toward
longer reaction times in patients (F(1,21) ⫽ 3.3; p ⬍ 0.10). In
contrast to the results for accuracy, there was a main effect of
modality (F(1,21) ⫽ 8.8;p ⬍ 0.01), although this was primarily
driven by the interaction between modality and group (F(1,21) ⫽
9.4; p ⬍ 0.01), with patients taking longer for verbal trials as
shown in Figure 3A. There was no interaction between modality
and switching (F(1,21) ⫽ 0.7; NS) and no higher-order interaction
between modality, switching, and group (F(1,21) ⫽ 2.6; NS).
In control subjects, the verbal reaction times correlated with
DART (r 2 ⫽ 0.28; df ⫽ 1,18; p ⬍ 0.05). Three patients (1, 2, and
4) had mean reaction times within the 95% confidence intervals
adjusted for DART. In control subjects, the spatial-task reaction
time did not correlate with DART (r 2 ⫽ 0.10; df ⫽ 1,18; p ⫽ NS),
and no patient lay beyond 95% confidence limits. Verbal accuracy in controls did correlate with DART (r 2 ⫽ 0.35; df ⫽ 1,18;
p ⬍ 0.01), but no patient lay beyond 95% confidence limits for
accuracy when adjusted for DART. Spatial accuracy did not correlate with DART in controls (r 2 ⫽ 0.06; df ⫽ 1,18; p ⫽ NS), and
no patient lay beyond 95% confidence limits.

Figure 3. A, Reaction times (RT). B, Error rates for the control group and each patient (P1–
P4). In A and B, spatial tasks are indicated by light gray bars, and verbal tasks are indicated by
dark gray bars. C, Error rates are shown separately for trials in which the modality had just
switched (switch) or was the same as the previous trial (stay), for control and patients groups,
respectively, averaging across modality. Control data are shown as group mean ⫾ SE.

order interaction (F(1,21) ⫽ 0.7; NS) or main effect of group
(F(1,21) ⫽ 0.1; NS). In view of high variance in the verbal switch
errors for patients, we performed a second restricted ANOVA of
switch versus stay for the spatial task, with group as the betweensubject factor. There was again an effect of switch (F(1,21) ⫽ 5.5;
p ⬍ 0.03) with an interaction with group (F(1,21) ⫽ 9; p ⬍ 0.005),
but no main effect of group (F(1,21) ⫽ 0.8; NS).

Imaging data: control subjects
Instruction delay
Figure 4 A shows spatial instruction delay-related activity versus
baseline (green) and verbal instruction delay-related activity versus baseline (red) for the control participants (details in supplemental Table S1, available at www.jneurosci.org as supplemental
material). At a standard threshold (FWE, p ⬍ 0.05) there was no
prefrontal activation associated with instruction delay. However,
for letter instruction delay, there was significant activation (vs
baseline) when corrected for a reduced search volume in the area
10 ROI centered on ⫺36, 44, 06 (cf. Sakai et al., 2003) at ⫺36, 36,
6 (t ⫽ 3.51; p ⬍ 0.01) and ⫺38, 38, 10 (t ⫽ 3.51; p ⬍ 0.01). There
were no corresponding peaks of significant activation (vs baseline) on the right hemisphere or in area 46 ROIs centered on ⫾34,
44, 32 or area 10 ROIs centered or ⫾30, 56, 6.
For spatial instruction delay, there were peaks of activation (vs
baseline) in the left area 46 ROI centered on ⫺34, 44, 32 at ⫺36,
38, 32 (t ⫽ 3.38; p ⬍ 0.05) but not on the right area nor in the area
10 ROIs centered on ⫾36, 44, 6 or ⫾30, 56, 6. This region of
significant spatial instruction delay-related activity in control
subjects was included in the lesions in all subjects.
In Figure 4 A, an impression is gained that the ventral regions
are more active when anticipating a verbal working memory task,
and dorsal regions more active when anticipating a spatial working memory task. This was tested formally with contrasts of letter
versus spatial instruction delay activity and vice versa (Fig. 4 B).
Letter instruction delay activation was greater than spatial instruction delay activation in Broca’s area 44 (when thresholded
within the reduced search volume) with the peak difference at
⫺60, 2, 18 (t ⫽ 3.58; p ⫽ 0.004). Spatial instruction delay activation was greater than letter instruction delay activation in the
frontal eye fields (area 8; ⫺24, ⫺8, 56; t ⫽ 5.47; p ⫽ 0.005,
thresholded at initial FWE 0.05). Additional specific activation in
the spatial instruction delay (vs verbal instruction delay) was seen
with a more liberal threshold FDR correction of p ⬍ 0.05 at 26,
⫺10, 52 (t ⫽ 4.59; p ⫽ 0.019); 26, 4, 56 (t ⫽ 4.48; p ⫽ 0.023); 10,
⫺58, 54 (t ⫽ 4.52; p ⫽ 0.021); 44, ⫺38, 44 (t ⫽ 4.52; p ⫽ 0.021);
⫺12, ⫺60, 56 (t ⫽ 3.97; p ⫽ 0.031); and 50, 8, 20 (t ⫽ 3.93; p ⫽
0.033). This is shown in Figure 4 B, using an equivalent global
threshold of p ⬍ 0.001 uncorrected for illustrative purposes.
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Imaging data for patients: each patient
versus controls
Patient 1. For the letter instruction delay
(vs baseline), there was no reduction or
increase in activation at thresholds FWE
0.05 or FDR 0.05 and none in reduced
search volumes. For the spatial instruction
delay, there was no reduction or increase
in activation at thresholds FWE 0.05 or
FDR 0.05 and none in the reduced search
volumes.
Patient 2. For the letter instruction delay (vs baseline), there was no reduction or
increase in activation at thresholds FWE
0.05 or FDR 0.05 and none in reduced
search volumes. For the spatial instruction
delay, there was no reduction or increase
in activation at thresholds FWE 0.05 or
FDR 0.05 and none in the reduced search
volumes.
Patient 3. For the letter instruction deFigure 4. SPM{t} maps of activations during the instruction delay, before subjects have seen the stimuli that are to be remem- lay (vs baseline), there was no reduction or
bered. A, Thresholded at p ⬍ 0.05 (FWE) for verbal (red) and spatial (green) instruction delays against baseline. B, Thresholded at increase in activation at thresholds FWE
p ⬍ 0.001 (uncorrected) for the difference between modalities. Activations that were greater for verbal than spatial instruction 0.05 or FDR 0.05 and none in reduced
delays are shown in red, whereas activations that were greater for spatial than verbal instruction delays are shown in green. See search volumes. For the spatial instruction
Results for corrected significance levels within ROIs. SPM{t}s are shown superimposed on a canonical T1-weighted image in MNI delay, there was one focus of reduced actispace.
vation at FWE 0.05 anterior to the lesion
(at ⫺14, 44, 30; t ⫽ 8.67; p ⫽ 0.003) but no
additional difference at FDR 0.05 and
none in reduced search volumes. This anWe had predicted rostral prefrontal activation during both
terior focus was not associated with significant spatial instruction
instruction delays. Conjoint activation was tested using the “condelay activity in controls. There were no areas of increased actijunction null” hypothesis, requiring rejection of the null hypothvation, at FWE, FDR, or in the reduced search volumes.
esis for both verbal and spatial instruction delay-related activaPatient 4. For the letter instruction delay (vs baseline), there
tions. There were no prefrontal regions with significant conjoint
was no reduction in activation at FWE 0.05, none at FDR 0.05,
activation for both letter and spatial delays (vs baseline) identiand none in the reduced search volumes; however, there was
fied within any of the three left or right prefrontal ROIs.
increased activation at ⫺34, 8, ⫺10 (t ⫽ 7.20; p ⫽ 0.02, FWE
Memory delay
correction). For the spatial instruction delay, there was none at
Letter memory delay activity did not exceed spatial memory delay
FWE 0.05, none at FDR 0.05, and none in reduced search volactivity at global FWE 0.05 but did differ within the Broca’s area
umes. However, there were regions of increased activation (vs
44 reduced search volume, with peak difference at ⫺58, 2, 16 (t ⫽
baseline) in the right motor cortex at 38, ⫺26, 60 (FWE, p ⬍ 0.05
4.02; p ⫽ 0.014). Spatial memory delay activity exceeded letter
threshold); in the left motor cortex at ⫺26, ⫺28, 76; in the prememory delay activity at a number of foci including the medial
SMA at 8, 8, 60; in the anterior cingulate at 0, 40, 18; and in the
parietal cortex, intraparietal cortex, lateral occipital cortex, and
posterior cingulate cortex at 0, ⫺32, 44 (FDR, p ⬍ 0.05 threshsuperior frontal sulci bilaterally. The latter regions of superior
old). There was no significant increase in activation of the confrontal sulci lie within the spatial working memory region identralateral prefrontal cortex even within the reduced search
tified by Courtney et al. (1998). Full details are given in supplevolumes.
mental Table S2 (available at www.jneurosci.org as supplemental
The magnitude activity for spatial and verbal instruction dematerial). Conjoint letter and spatial memory delay activity (vs
lays is plotted for area 8 and area 44, respectively, in Figure 5.
baseline) was found within the prefrontal reduced search volThese plots rank the entire study population, indicating the inumes with peak at ⫺38, 42, 28 (t ⫽ 3.33; p ⫽ 0.013); ⫺28, 46, 10
struction delay-related activation of patients relative to the con(t ⫽ 3.61; p ⬍ 0.01); ⫺28, 50, 10 (t ⫽ 3.02; p ⬍ 0.05); and 32, 50,
trol group.
10 (t ⫽ 3.14; p ⬍ 0.05).
Letter instruction delay activity (vs baseline) did not differ
Imaging data: functional connectivity
between high and low DART subjects either at global FWE 0.05,
The correlations among the five regions (pre-SMA to frontal eye
global FDR 0.05, or within the prefrontal reduced search volume
fields area 8 and area 44, area 8 to parietal cortex, and area 44 to
(⫺32, 44, 32; 8 mm radius). However, it did differ within the
fusiform gyrus) were, overall, lower in the patients (main effect of
reduced search volume centered on Broca’s area 44 (⫺54, 04, 22;
group: F(1,21) ⫽ 11; p ⬍ 0.01) and more so for stay trials (inter8 mm radius) with a peak difference at ⫺56, 6, 22 (t ⫽ 3.31; p ⫽
action between group and switch–stay: F(1,21) ⫽ 5.0; p ⬍ 0.05) as
0.038). There were no voxels with a significant difference in spashown in Figure 6 A. The correlations differed between connectial instruction delay-related activity (vs baseline) between high
tions (main effect of connection: F(1,21) ⫽ 14; p ⬍ 0.001)
and low DART groups, at FWE 0.05 or FDR 0.05, or in the preand between switch and stay trials (main effect of switch–stay:
frontal reduced search volume.
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Figure 5. The set activity in area 8 at ⫺24, ⫺8, 56 during spatial instruction delay (top) and
in area 44 at ⫺54, 04, 22 during verbal instruction delay (bottom) is plotted separately for each
subject. The four patients (subjects P1–P4) are marked in black, and control subjects (subjects
5–23) are marked in gray. The instruction delay activity effect size is in arbitrary units indicating
the BOLD signal change, derived from the contrast images of verbal instruction delay and spatial
instruction delay, respectively.

F(1,21) ⫽ 5.7; p ⬍ 0.05). There was no main effect of modality
(F(1,21) ⫽ 1.3; NS).
There was an interaction between modality and the connection, indicating modality-specific changes in correlation during
the instruction delay (F(1,21) ⫽ 4.5; p ⬍ 0.05) as shown in Figure
6 B. Specifically, on stay trials, the connections of Broca’s area
(area 44) were greater during verbal instruction delays, whereas
connections of the superior frontal sulcus were greater during
spatial instruction delays. On switch trials, a more complex relationship emerges, with higher correlations of the pre-SMA on
verbal trials, even in its connection with the superior frontal
sulcus.
There were no interactions between connection and switch–
stay (F(1,21) ⫽ 0.3; NS); modality and group (F(1,21) ⫽ 0.2; NS);
connection and group (F(1,21) ⫽ 2.2; NS); connection and
switch–stay (F(1,21) ⫽ 0.3; NS); and modality and switch–stay
(F(1,21) ⫽ 0.3; NS) .
The interaction between modality and connection interacted
with the switch–stay factor (F(1,21) ⫽ 4.3; p ⬍ 0.05). However,
there was no interaction between the connection, switch–stay
and group (F(1,21) ⫽ 0.8; NS); connection, modality, and group
(F(1,21) ⫽ 2.8; NS); connection, switch–stay, and group (F(1,21) ⫽
0.8; NS); and modality, switch–stay, and group (F(1,21) ⫽ 0.6;
NS). There was no significant four-way interaction (F(1,21) ⫽ 1.0;
NS).

Figure 6. A, The correlations (r) among the pre-SMA, area 44, area 8, and parietal and
fusiform cortex were lower in patients, more so on stay trials (bars show group means averaged
across all connections and both modalities ⫾ SE). B, The modality difference in correlation r,
between spatial and verbal instruction delays, varied between the four anatomical connections
and depended on the switch–stay factor but not the group (see Results for ANOVA results). A
positive value indicates higher correlations during verbal instruction periods, whereas a negative value indicates higher correlations during spatial instruction periods. Black bars represent
stay trials, and gray bars represent switch trials. sma, Pre-SMA; sfs, superior frontal sulcus; par,
parietal cortex; bro, area 44 of Broca’s area; fus, fusiform gyrus.

Discussion
The aim of the present experiment was to test whether the rostral
prefrontal cortex is essential for setting up preparatory activity in
posterior areas that are involved in processing the specific task
items. We were able to record such posterior set activity in the
control participants during the instruction delay. It is clear that
the activity is prospective. It is found in spatial areas if the task is
to remember locations and in verbal and visual areas if the task is
to remember letters (Fig. 4 B). Thus, the activity does not reflect
memory for the words of the instruction but rather preparation
for processing in a particular domain. In addition, this preparation was associated with increased coupling between areas related
to the modality of the anticipated task.
If rostral regions of the left prefrontal cortex are essential for
setting up prospective activity in task-related areas, we would
have expected to find a decrease in the set activity in these areas in
the patients. Instead, we found normal set activity within each
region during the instruction delays in each patient. The apparent
absence of reduced regional activations was despite liberal
thresholding for effects within a reduced search volume equivalent to just one-half resel. Moreover, because patient 3 had the
highest activity of all subjects in area 44 during instruction delay,
our failure to detect reduced activation here is clearly not just a
type II error. Statistical power may have been limited to detect
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differences in other regions or other patients. However, we had a
similar number of trials of each type as used by Sakai and Passingham (2002) in previous work and may have gained power
using 3 Tesla MRI.
There are three alternative explanations for the normal task
set activity in patients. The first is that lesions were chronic. Although one patient had surgery only 8 months before testing,
even his lesion is likely to have existed for months if not years
beforehand. This would have given time for plasticity and the
transfer of normal functions to adjacent or contralateral prefrontal cortex that remained intact. It could be that acute lesions from
stroke or trauma would have resulted in less set activity.
The second reason is that our lesions were unilateral. The
intact right prefrontal cortex might be able compensate for the
loss of tissue in the left hemisphere. We found no evidence for
compensatory overactivation in the right prefrontal cortex. But it
still remains that the right rostral prefrontal cortex may have been
sufficient to establish task set activity.
A final reason is that our lesions were in the left hemisphere.
Studies based on functional neuroimaging often emphasize laterality effects in a variety of cognitive processes, including working memory, encoding, and retrieval. However, few studies have
formally assessed laterality effects, relying instead on differences
in thresholded images. For example, rule-set maintenance has
been associated with right anterior prefrontal activations (Sakai
and Passingham, 2003), left homologous activations (Sakai and
Passingham, 2006), or bilateral activations (Bunge et al., 2003) at
standard thresholds. However, we cannot exclude the possibility
that right rostral prefrontal lesions would have had a greater
effect.
Although the patients had normal set activity, they did not
have a normal pattern of brain connectivity (Fig. 6). This confirms the suggestion made by Sakai et al. (2002) that the prefrontal cortex modulates the strength of connections between posterior areas. They found that the correlation between activity in
areas 8 and 7 was dependent on the activation in prefrontal area
46. Moreover, they found that on a spatial delayed response task,
the covariance between the delay-related activity in areas 8 and 7
was related to errors, whereas the magnitude of activity was not.
The importance of abnormal connectivity in the presence of normal regional activations has been shown in other patient populations in the language and motor systems: fronto-temporal connectivity correlates with primary progressive aphasia in a
language paradigm, whereas activation within the frontal and
temporal areas does not (Sonty et al., 2007); and in Parkinson’s
disease, the SMA can be functionally disconnected from prefrontal afferents, without focal underactivation (Rowe et al., 2002).
Together, these data suggest that the functional connectivity is at
least as important as the magnitude of regional activations for
accurate performance and may be more sensitive to cerebral pathology. Our data show additionally that functional connectivity
is impaired even among intact brain regions, after lesions of the
rostral prefrontal cortex.
What, then, is the significance of this reduced connectivity?
Our data should be interpreted in the light of what we know
about delay-related activity on delayed response tasks. These require the subject, whether monkey or human, to hold in mind for
the current trial the intention to respond to a particular location.
During the delay period, there is sustained activity in neurons in
areas 46, 8, and 7 (Fuster, 1973; Goldman-Rakic, 1987; Chafee
and Goldman-Rakic, 1998; Sawaguchi and Yamane, 1999). However, disruption of that activity in either area 8 (Goldman and
Rosvold, 1970) or parietal area 7 (Chafee and Goldman-Rakic,
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2000) does not cause an impairment, whereas selective lesions or
inactivation of prefrontal area 46 produces a severe impairment
(Butters et al., 1971; Sawaguchi and Iba, 2001). Our data suggest
that impaired functional connectivity among posterior taskrelated brain regions, resulting from lesions of area 10 or 46, may
mediate this poor performance.
Like delayed response tasks, the present task requires that subjects keep in mind the specific intention for the current trial. In
healthy humans, such intentions are associated with activation of
rostral prefrontal cortex including area 10 (Haynes et al., 2007)
and area 46 (Lau et al., 2004). Lesion studies have also implicated
these areas in “prospective memory,” which is the holding of a
delayed intention for a secondary task (Burgess et al., 2000) and
the general ability to use advanced information to guide future
responses (Drewe, 1974; Nelson, 1976; Karnath et al., 1991; Stablum et al., 1994; Rogers and Monsell, 1995; Johns, 1996; Koski et
al., 1998; Rogers et al., 1998; Lepage and Richer, 2000; Warrington, 2000; Gomez-Beldarrain et al., 2004). Because our subjects knew that the task modalities would change at some point,
they may also have maintained the prospective memory that a
switch will later be required. Such meta-cognitive processes govern intentions that span several subordinate tasks and are associated with frontal polar cortex (Koechlin et al., 1999), but they are
not restricted to within trials and would not thus appear in our
contrast images.
In the present study, the patients had impaired functional
connectivity in both the spatial and verbal networks and on both
stay and switch trials. However, the reduction was greater on stay
trials. Conversely, our patients made more errors than the control participants on switch trials. Switch deficits after frontal lesions have been interpreted as a loss of a specialist “switch” function within prefrontal cortex (Owen et al., 1993; Dias et al., 1997;
Manes et al., 2002; Swainson et al., 2003; Aron et al., 2004; Mayr
et al., 2006). However, our patients also made fewer errors than
the control participants on stay trials, despite the reduced connectivity. This suggests an alternative interpretation. The default
strategy is to process the items in the same way as on the previous
trial. On switch trials, it is only by holding the current intention in
mind that one can countermand this default. We therefore suggest that the patients were impaired in holding the current rule in
mind and cite the reduced errors on stay trials as evidence for a
preference for the default strategy. The same interpretation can
account for the fact that it is on switch trials and not stay trials
that monkeys with prefrontal lesions make errors on delayed
response (Diamond and Goldman-Rakic, 1989).
Our interpretation would have been strengthened if we could
have compared prefrontal activity on error trials with activity on
correct trials. Unfortunately, we could not do this as a result of
lack of power because of insufficient error trials. We predict that
even in healthy participants, there would be reduced activation in
areas 10 and 46 on error trials compared with correct trials. The
basis for this prediction is the pattern of results in a previous
paper on error trials on a spatial memory task (Sakai et al., 2002).
It would also have been helpful to see whether there were differences in regional activations between switch and stay trials for
each modality in patients compared with controls. This could be
looked at in future studies with more trials per subject, collected
perhaps over several scanning sessions. We predict that in patients the covariance among posterior regions would be especially
reduced ahead of those switch trials on which they made errors.
We conclude that the prefrontal cortex is essential for holding
the current rule and thus the current intention in mind. Activity
in prefrontal cortex is needed for maintaining the normal corre-
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lations between the task-related areas. To put this more generally,
when we interpret the effects of a lesion, we need to take into
account that it may disturb the normal interactions between
those areas that remain intact.
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