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Visual working memory (VWM) is a remarkable skill dependent on
the brain’s ability to construct and hold an internal representation of
the world for later comparison with an external stimulus. The pre-
frontal cortex (PFC) and basal ganglia (BG) interact within a cortical
and subcortical network supporting VWM. We used scalp electroen-
cephalography in groups of patients with unilateral PFC or BG
lesions to provide evidence that these regions play complementary
but dissociable roles in VWM. PFC patients show behavioral and
electrophysiological deficits manifested by attenuation of extrastri-
ate attention and VWMe-related neural activity only for stimuli pre-
sented to the contralesional visual field. In contrast, patients with
BG lesions show behavioral and electrophysiological VWM deficits
independent of the hemifield of stimulus presentation but have
intact extrastriate attention activity. The results support a model
wherein the PFC is critical for top-down intrahemispheric modula-
tion of attention and VWM with the BG involved in global support
of VWM processes.
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ven a seemingly simple action such as determining which of two

bananas is riper requires us to compare real world visual in-
formation, such as the color of the banana you are currently
looking at in the store, with your memory of the yellowness of the
other banana you just put down. This relies in part on visual
working memory (VWM), a remarkable ability wherein we con-
struct and hold an internal model of a real-world visual stimulus
that we then later compare against another stimulus. In essence, we
construct and hold a model of the visual world and compare that
model against subsequent inputs from the external world. VWM
relies upon an intact and functioning prefrontal cortex (PFC), and
damage to this region, such as from stroke, causes VWM impair-
ments (1-3). However, cognitive processes do not localize to spe-
cific brain regions per se and a behavior as complex as VWM
recruits a distributed network of cortical and subcortical structures
(4-8), including the basal ganglia (BG) (9, 10) and visual extras-
triate regions (11-13).

Most computational models of VWM rely upon intercom-
munication between the PFC and the striatum such that memories
are maintained via recurrent activation in fronto-striatal loops
(14-16). In vivo, working memory maintenance is associated with
sustained delay-period activity in the PFC (5, 17) and BG (18),
although the BG are thought to play a role in gating information
into the PFC to allow it to update representations where necessary
(19). Although neurons in both visual extrastriate and the PFC
maintain VWM representations during delay periods, PFC neu-
rons encode more information about the stimuli and are more
resistant to distractors than visual extrastriate neurons (20). Ani-
mal research shows that the BG rapidly learn task-relevant rules
and may send relevant, preprocessed information to the PFC for
subsequent selection and further processing (21). Anatomically,
the BG are situated in an ideal position to mediate cognitive be-
havior modulated via reinforcement learning (22, 23). Each stria-
tum receives bilateral inputs from many cortical regions including
the PFC and visual extrastriate cortex (24), and these inputs con-
verge with dopaminergic afferents from the substantia nigra (25).
The striatum is organized in parallel interconnected loops (24, 26,
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27) with frontal cortical regions (including the PFC) via the globus
pallidus, thalamus, and subthalamic nucleus. From a neuroana-
tomical perspective, each striatum receives PFC input bilaterally
from both hemispheres (28) and thus both BG have connections to
both PFC hemispheres. The BG are anatomically situated such that
they receive inputs from many cortical regions, which may allow
them to integrate broadly distributed cortical information such as
from the PFC and visual extrastriate cortices (29).

Patients with BG pathology, such as from stroke or Parkinson
disease, have deficits in a variety of cognitive learning and
switching tasks (30-35) similar to the profile observed in patients
with lateral PFC lesions (2). The BG deficits are proposed to be
due to a general deficit in the manipulation of internally repre-
sented stimuli (36). Human neuroimaging shows that activity in
the BG and PFC is associated with individual differences in
VWM capacity and that BG activity is specifically associated with
filtering out irrelevant distracting information (9, 37), consistent
with gating models of BG function and stimulus manipulation.

Scalp electroencephalography (EEG) studies show that extras-
triate activity increases with the number of items held in VWM up
to an individual’s VWM capacity limit and that this activity cor-
relates with individual VWM capacity differences (11). Although
sustained PFC activity is associated with working memory main-
tenance, the role of attention in working memory—both to exter-
nal stimuli and internal representations of the same—cannot be
ignored (38-40). This attention/working memory interrelationship
has lead to theories of PFC function that highlight the role of the
PFC in information integration (41), with interactions between the
PFC and BG necessary to build models of complex rules and be-
havior from discrete components (42).

Lesion studies in human and nonhuman primates have provided
the strongest evidence for a causal relationship between anatomy
and function (1, 43). For example, because PFC lesions lead to
working memory deficits, the PFC can be said to play an important,
necessary role in working memory networks. Research has shown
that unilateral PFC lesions cause lateralized deficits in top-down
modulation of visual attention (44, 45). These deficits manifest as
errors in target detection specifically to targets that appear in the
contralesional hemifield. These target-detection errors are asso-
ciated with attenuation of visual extrastriate event-related poten-
tials (ERPs), including the early visual N1. This early latency ERP
(100-200 ms after stimulus onset) is modulated by attentional state
and is enhanced in the stimulated visual hemisphere during lat-
eralized attentional allocation (46) and attenuated in the damaged
hemisphere in the presence of a unilateral PFC lesion (44). Be-
cause EEG studies provide a direct neural measure of working
memory load (11) and attentional allocation (46, 47), we used
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EEG to assess top-down cognitive deficits associated with unilat-
eral lesions on a within-hemisphere basis.

We hypothesized that the BG plays a visual-field independent
role in VWM updating and learning. Conversely, we predicted that
the PFC has an executive role in VWM maintenance, attentional
control, and top-down facilitation of visual extrastriate cortices on
a within-hemisphere basis. Thus, we examined two groups of
patients with either unilateral PFC or BG lesions (Fig. 1) per-
forming a lateralized VWM task (Fig. 24) while recording scalp
EEG. By making use of a lateralized visual design, we took ad-
vantage of the inherent contralateral organization of the mam-
malian visual system wherein visual input from the right visual field
enters the left visual cortex and vice versa. In Fig. 2B we illustrate
how a patient with a left PFC lesion viewing a stimulus in the left
visual hemifield would receive the visual input into the intact ce-
rebral hemisphere; that same patient viewing a right hemifield
stimulus would receive the information in the damaged hemi-
sphere, leading to behavioral deficits mainly in the contralesional
visual field. By combining a lateralized VWM design with scalp
electrophysiology in patients with unilateral brain lesions, we re-
veal distinct contributions of the PFC and BG to VWM mainte-
nance and examine the role of each region in top-down modulation
of extrastriate activity.

Results

Behavioral Effect of Lesions. In a three-way ANOVA including all
three groups, we found a main effect of load on accuracy such that
all groups were less accurate with increasing memory load (Fp 4, =
344.45, P < 0.0005). There was also a three-way interaction be-
tween group, memory load, and hemifield of presentation (Fy 45 =
12.47, P < 0.0005). We performed ANOVAs comparing perfor-
mance between and within the patient groups to examine the na-
ture of this three-way interaction. Accuracy results are summarized
by the group x hemifield effect (collapsed across load) in Fig. 2C
(F221 = 10.17, P = 0.001; Table S1 contains all accuracy results).

In a comparison between controls and PFC patients, we found
a three-way interaction (F,3, = 14.41, P < 0.0005). Consistent
with our hypothesis, there was a significant group x hemifield
interaction (Fy 16 = 16.17, P = 0.001). The PFC patients showed
a significant hemifield x load interaction (Fys = 37.46, P =
0.002) and a main effect of hemifield (F, s = 29.21, P = 0.003)
wherein they were less accurate overall for contralesional stimuli.
There was no effect of hemifield in the control group (P > 0.5).
These results suggest that the hemifield X group interactions
were driven by deficits in the PFC group in response to con-
tralesional stimuli. This was confirmed in an analysis comparing
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accuracy by hemifield between groups wherein PFC patients
were impaired for contralesional stimuli compared with controls
(P = 0.026). In comparing controls and BG patients, we also
found a three-way interaction (F,3; = 5.40, P = 0.010). Unlike
the PFC group, BG patients showed no main effect of hemifield
on performance (F; s < 1.0) and were impaired compared with
control subjects in both hemifields (ipsi: P = 0.046; contra: P =
0.025). Analyses of other behavioral measures, including re-
sponse bias, reaction times, and hit rates (SI Results), indicate
that the patient behavioral deficits arise from errors in working
memory rather than from motoric deficits or systematic
response biases.

Research suggests that the BG are critical in learning behav-
ioral requirements (8, 21, 32, 47, 48). Therefore, we examined
the temporal evolution of behavioral performance across the first
100 trials (Materials and Methods). In comparing controls to PFC
patients, there was a main effect of trial on performance (F3 45 =
3.14, P = 0.034) and a main effect of group (Fy16 = 15.88, P =
0.001) but no group X trial number interaction, which suggests
that both groups improved across the first 100 trials and that the
PFC group performed worse than controls. In contrast, when we
compared the BG group to controls, we found a significant group
x trial number interaction (F; 45 = 3.64, P = 0.019). Although
both the BG and control groups showed a main effect wherein
behavior improved across trials (BG: F3;5 = 5.13, P = 0.012;
controls: F333 = 2.95, P = 0.047), only the BG group showed
a significant deficit during the initial trials (Fig. 2D, trials 1-25
compared with 26-51, P = 0.001; P > 0.05 for all other pair-wise
comparisons between successive trial bins for both BG and
control groups). It is important to note that although the be-
havioral deficits in the BG group were exaggerated during the
first 25 trials, they continued to perform worse than controls in
all time bins examined (P < 0.05 for all other binned analyses).
This accuracy deficit was not due to prolonged reaction times
extending through the end of the trial, as there was no effect of
trial number on number of misses (F5 5 < 1.0).

Electrophysiological Effects of Lesions. We examined the effects of
PFC and BG lesions on delay period EEG activity. We replicated
previous findings that in normal subjects (11) the amplitude of
contralateral delay activity (CDA) (Materials and Methods, Fig. 3,
and Fig. S1) increases with memory load in a three-way ANOVA
including all three groups (F,4> = 18.84, P < 0.0005); visual
inspection of the CDA time courses (Fig. 3) showed that patient
CDA amplitudes for contralesional stimuli are abnormal for
both groups and that this is reflected in a different scalp topogra-
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Fig. 1. Patient lesion reconstruction. Structural MRl slices illustrating the lesion overlap across the two patient groups (color represents number of subjects
with a lesion at that voxel). For the PFC group (n = 6), mean lesion volume was 58.6 cm® and maximal lesion overlap (>50%) was in Brodmann areas 6, 8, 9, and
46 centered in the middle frontal gyrus and including portions of the inferior and middle frontal gyrus in some patients. For the BG group (n = 6), mean lesion
volume was 9.7 cm?® and maximal lesion overlap was in the putamen and encompassed the head and body of the caudate as well as the globus pallidus in
some patients. All lesions are normalized to the left hemisphere for comparison; however, two patients in each group had right hemisphere lesions. Software

reconstructions were performed using MRIcro (53).
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Fig. 2. Behavioral paradigm and performance. (A) Diagram of task design.
(B) For a patient with a left unilateral PFC lesion, as illustrated here, stimuli
that appear in the left visual hemifield are ipsilesional, and the visual in-
formation selectively enters the intact cerebral hemisphere, whereas stimuli
that appear in the right visual hemifield are contralesional and selectively
enter the damaged hemisphere. (C) Plots of average behavior by group and
hemifield. Patients with unilateral PFC lesions performed as well as controls
when stimuli were presented ipsilesionally but were impaired for contrale-
sional stimuli. In contrast, patients with unilateral BG lesions performed
more poorly overall, regardless of the hemifield of stimulus presentation.
(*P < 0.05 compared with controls, **P < 0.0005, error bars represent SEM).
(D) Control subjects and PFC patients performed equally well across trials.
BG patients were significantly impaired in early trials.

phy and a general loss of top-down facilitation as indexed by in-
creased alpha power in posterior electrodes in the lesioned hemi-
sphere (detailed analyses are in SI Results; see Fig. S2). For this
reason, we will refer to the abnormal patient visual cortical ERPs
as “sustained negativity” and not CDA. In the three-way ANOVA,
there was a significant quadratic three-way interaction between
group, memory load, and hemifield of presentation (F,,; = 3.74,
P = 0.041), driven by the effects of the lesion leading to the ab-
normal patient contralesional sustained negativity. This was
reflected in a significant group x hemifield effect (F,; = 6.65, P =
0.006; Table S1 contains all CDA results).

In comparing PFC patients to controls, there was a significant
group x hemifield interaction (Fy 16 = 7.45, P = 0.015), although
neither group showed a significant effect of hemifield in separate
ANOVAs of each group (controls: Fy 3; = 2.95, P = 0.11; PFC:
F, 5 =3.21, P = 0.13). This interaction was driven by a crossover
effect wherein CDA amplitude is reduced in the PFC group for
ipsilesional stimuli (P = 0.001) but is higher for contralesional
stimuli (P < 0.0005). In separate planned contrasts, we examined
the effects of hemifield of presentation on CDA amplitude within
the patient groups for ipsilesional and contralesional stimuli.
When this analysis was done in the control group, effect of load
was significant for both hemifields (left: F»,, = 7.37, P = 0.004;
right: 5, = 6.44, P = 0.006). In the PFC group there was a sig-
nificant effect of load for ipsilesional stimuli (Fp;0 = 4.17,
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Fig. 3. Electrophysiological analyses (group grand averages). (A) Average
CDA for control subjects collapsed across hemifield. For controls, CDA am-
plitude increases with memory load (*main effect of load, P < 0.0005). (B)
Summary of CDA findings for ipsilesional stimuli in the two patient groups
(shown in detail in C-F) and for left hemifield stimuli for controls. For ipsi-
lesional stimuli (C and E), both controls and the PFC group show a significant
effect of memory load on CDA (*P < 0.05, error bars represent SEM) that is
not seen in the BG group (ns, not significant). For contralesional stimuli (D
and F), the relationship between CDA and load is abolished in both patient
groups. Both patient groups generated a sustained negative shift for con-
tralesional stimuli that was not sensitive to VWM load (S/ Results).

P = 0.048), driven by an effect wherein CDA amplitude increased
from one to two items (P = 0.003) but not from two to three items
(P = 0.69), similar to the pattern seen in control subjects (one to
two: P < 0.0005; two to three: P = 0.13). As predicted due to the
loss of top-down facilitation, for contralesional stimuli there was
no effect of load (F 19 < 1.0) in the PFC group.

In an analysis comparing CDA between the BG and control
groups, there was also a significant group x hemifield interaction
(F1.16 = 13.20, P = 0.002), although neither group showed a sig-
nificant effect of hemifield in separate ANOVAs of each group
(controls: Fy 1, =2.95,P = 0.11; BG: F; s = 3.39, P = 0.13). Just as
with the comparison between controls and PFC patients, this in-
teraction appears to be driven by a crossover effect wherein CDA
amplitude is reduced in the BG group for ipsilesional stimuli (P <
0.0005) but is higher for contralesional stimuli (P < 0.0005). In
contrast to PFC patients, in an analysis of hemifield of presentation
on CDA amplitude within the BG group there was no effect of load
for either ipsilesional or contralesional stimuli (ipsilesional: F; 5 =
1.52, P = 0.27; contralesional: F; 5 < 1.0).

In a final analysis, we examined the effects of lesions on the
attention-related N1. Because of the relatively rapid nature of our
task and the brief stimulus presentation time (180 ms), we hy-
pothesized that the observed behavioral deficits in the patient
groups could be partly due to the effects of the lesion on attentional
control. In a three-way ANOVA including all three groups, we
found a main effect of load on N1 amplitude such that increasing
perceptual load lead to more negative N1 amplitude (F, 4, = 23.54,
P < 0.0005). There was also a three-way interaction between
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group, load, and hemifield of presentation (Fy 4, = 5.63, P = 0.001;
Table S1 contains all N1 results). The N1 results are summarized
by the group X hemifield effect in Fig. 4. In separate analyses
comparing controls with PFC patients and controls with BG
patients, we also observed significant three-way interactions in
both comparisons (PFC: F , 3, = 8.89, P = 0.001; BG: F 53, = 5.78,
P = 0.007). The control versus BG interaction arose from a group
X load interaction (F , 3, = 8.01, P = 0.002) that was mediated by
group differences for one-item arrays wherein BG patients had
lower N1 amplitudes (P = 0.024). These differences disappeared
for higher loads (two items: P = 0.41; three items: P = 0.23). In
a post hoc analysis of the control versus PFC interaction, we ex-
amined the a priori hypothesis that PFC patients would have at-
tention deficits in response to contralesional stimuli. Looking
across all memory loads, there was no significant difference in N1
amplitude between groups for ipsilesional stimuli (P = 0.43).
However, N1 amplitude was attenuated in the PFC group for
contralesional stimuli (P = 0.003). As a comparison, there were no
differences between controls and BG patients for either hemifield
(ipsilesional: P = 0.42; contralesional: P = (.24).

Discussion

These results highlight the distinct roles of the PFC and BG in
VWM maintenance. We tested two separate groups of patients
with either unilateral PFC or unilateral BG lesions, and age-
matched controls while they performed a lateralized VWM task.
By making use of a lateralized VWM design with a scalp EEG, we
were able to take advantage of the anatomical separation of visual
inputs into the neocortex by visual hemifield of presentation and
examine the effects of lesions on top-down VWM maintenance.
This lesion by hemifield design allowed us to assess behavioral and
electrophysiological responses on a within- and between-subjects
basis. That is, because patients’ lesions were unilateral, we could
assess differences in response to contralesional stimuli versus
ipsilesional stimuli. Previous studies have shown this to be an ef-
fective means in highlighting top-down attention deficits associ-
ated with PFC lesions (44).

We found that patients with unilateral PFC lesions performed
just as well as controls for ipsilesional stimuli and that accuracy
dropped only when stimuli were lateralized to the contralesional
hemifield. When we examined the evolution of performance over
time, we found that PFC patients performed as well in the first few
trials as they did in later trials, similar to the results of normal
control subjects. In contrast to PFC patients, the BG group per-
formed worse than controls regardless of the hemifield of stimulus
presentation. Furthermore, BG patients performed worse during
the initial 25 trials than they did in later trials. This was despite the
fact that subjects were able to explicitly restate the rules and

-4k ipsi- ®
contra-

N1 amplitude (uV)

Control PFC BG
L/R

Fig. 4. Attention-modulated ERPs. N1 amplitudes from the contralateral
visual cortex in response to the memory array. In the PFC group there is
a significant effect of hemisphere (**P = 0.023) where N1 amplitudes are
attenuated for contralesional stimuli and are lower than control amplitudes
(*P = 0.003). The BG group shows no such deficit (error bars represent SEM).
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requirements of the task when questioned before the experiment
began. The fact that the number of misses did not change across
early trials argues against the possibility that this learning effect is
an artifact due to BG patients making more responses outside of
the response window. Interestingly, although patients in the BG
group understood the task, they had difficulties initially engaging
the neural mechanisms necessary to correctly perform it. The
stabilization of behavioral performance at ~30 trials suggests that
the BG group adopted a new strategy for performing the task.

Previous EEG research using a paradigm similar to ours in
normal subjects has shown that delay-period CDA activity
increases in magnitude with increasing memory load up to
a subject’s VWM capacity (11). We replicated this scaling effect
for VWM load in our control group and extended this work to
show that individuals’ CDA amplitudes at each load correlate
with their later behavioral performance (SI Results and Fig. S3).
These results suggest that CDA accurately indexes behavioral
performance. Within our PFC group, we found similar CDA
effects for ipsilesional stimuli only. That is, the PFC group, as
with controls, showed an increase in CDA from one- to two-item
loads. CDA amplitude in response to ipsilesional stimuli also
correlated with later behavioral performance. Similar to their
behavioral performance, patients with unilateral PFC lesions
showed no scaling of CDA amplitude in response to contrale-
sional stimuli nor did CDA amplitude correlate with later
behavioral outcomes.

In contrast to BG patients and controls, we found that PFC
patients also had attenuated attention-dependent N1 amplitudes
within the lesioned hemisphere only for contralesional stimuli.
Previous studies have shown that posterior visual association cor-
tex N1 amplitude is modulated by voluntary attention under top-
down PFC control (46). Combined with the impaired CDA to
contralesional stimuli, these electrophysiological results suggest
that PFC lesions lead to an overall executive functioning deficit
affecting multiple cognitive domains within the damaged hemi-
sphere. That is, PFC damage results in a loss of top-down facili-
tation of visual extrastriate cortex during the working memory
delay period, resulting in attention and VWM maintenance deficits
contributing to poorer behavioral performance. Although we ob-
served a strong brain/behavior correlation (SI Results and Fig. S3),
previous research has found that the best predictor of behavioral
performance is the load difference in CDA amplitudes rather than
the actual amplitudes themselves (49).

Notably, both patient groups showed a pronounced sustained
negativity for all contralesional stimuli that was independent of
VWM load. Contrary to our findings in the PFC group, patients
with unilateral BG lesions showed no load-dependant scaling of
CDA amplitudes for either ipsilesional or contralesional stimuli.
This was despite the fact that N1 amplitudes within the BG group
were intact, even in the lesioned hemisphere. Although patients
with unilateral BG neuropathology show deficits in attentional set
shifting and general cognitive flexibility (19, 30, 50), the BG do not
appear to play a critical role in the rapid allocation of visual at-
tention. Rather, our BG patients show intact electrophysiology
related to attentional allocation, whereas our PFC group has at-
tentional impairments for contralesional stimuli. This suggests that
the BG play a critical visual-field independent role in VWM
maintenance but are not critical for top-down facilitation of early
visual extrastriate cortex attentional processes. This adds further
support to the specificity of the PFC in intrahemispheric control of
top-down visual attention in the visual extrastriate cortex. The
behavioral and VWM maintenance impairments in the BG group
cannot be explained by a general effect of larger lesion volumes, as
overall lesion volumes were significantly smaller in the BG group
compared with PFC patients (P = 0.024). The fact that BG patients
are especially impaired during the first 25 trials provides support
for the hypothesis that the BG are critical for rule-based learning
and implementation (31).
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We hypothesize that unilateral BG lesions lead to a deficit in
updating VWM representations, which in turn leads to a degra-
dation in the fidelity of the VWM representation in fronto-
extrastriate networks. The deficits may also be due in part to
a failure to filter out irrelevant information (9, 37). Even though
our protocol had no explicit distractors, the BG have been
reported to play an important role in filtering out irrelevant in-
formation, and, thus, the stimulus information that is to be rein-
forced may be degrading over time due to increased ambient noise
from the visual world. These results suggest that the PFC plays
a broader role in executive functioning including both top-down
attentional control and VWM maintenance, whereas the BG are
more directly related to global VWM maintenance processes,
extending the role of the BG outside the motor domain. Several
studies have reported VWM deficits after lateral PFC damage
(1-3). In contrast, BG lesions lead to a VWM behavioral im-
pairment associated with maintenance deficits despite intact at-
tention mechanisms. It is important to note that, although patients
performed worse than controls in our study, the N1 and CDA
deficits we report were from our examination of correct trials only.
Thus, despite their pathological electrophysiological responses,
patients performed the task well, albeit with impairments. This
suggests that there are other mechanisms related to correct be-
havioral outcomes, possibly including functional reorganization,
whereby the unilaterality of the lesions allows other intact cortical
structures to compensate for the damaged regions (52).

Materials and Methods

Participants. All subjects gave informed consent approved by the University
of California, Berkeley, CA, Committee for Protection of Human Subjects and
the Department of Veterans Affairs Northern California Health Care System
Human Research Protection Program. Control subjects were matched to
patients by age and education. Because there were neither age nor education
differences between PFC and BG groups (P > 0.50 both comparisons), we
compared the results of each group separately to the combined group of 12
controls. For both patient groups, testing took place at least 6 mo after the
date of the stroke; lesion etiology was either cerebrovascular accident or
hypertensive bleed. A neurologist (R.T.K.) inspected patient MRIs to ensure
that no white matter hyperintensities were observed in either patient group.

Electrophysiological Recording. Subjects were tested in a sound-attenuated
EEG recording room at the University of California, Berkeley, CA. EEG data
were collected using a 64 + 8 channel BioSemi ActiveTwo (51) amplifier
sampled at 1,024 Hz. Horizontal eye movements (HEOG) were recorded at
both external canthi, and vertical eye movements (VEOG) were monitored
with a left inferior eye electrode and a fronto-polar electrode. Subjects
were instructed to maintain central fixation and to respond using the thumb
of their unaffected, ipsilesional hand. All data were referenced offline to the
average potential of two earlobe electrodes and analyzed in MATLAB
(R2009b) using custom scripts and the EEGLAB toolbox (52) and SPSS (Rel. 18;
SPSS Inc.). Only correct trials were included in EEG analyses.

Behavioral Task. Subjects were presented with a memory array consisting of
aset of one, two, or three colored squares (180-ms presentation; equiprobable
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presentation of each set size to either the left or right visual hemifield). After
a900-ms delay, a test array of the same number of colored squares appeared in
the same spatial location. Subjects were instructed to manually respond to
indicate whether the test array was the same color as the initial (memory) array.
Behavioral accuracy was assessed using a d’ measure of sensitivity, which takes
into account false alarm rate to correct for response bias. To avoid mathe-
matical constraints in the calculation of d’, we applied a standard correction
procedure wherein, for any subjects with a 100% hit rate or 0% false alarm
rate, performance was adjusted such that 1/(2N) false alarms were added or
1/(2N) hits subtracted where necessary.

Data Analysis. All statistical analyses on behavior and ERP were first assessed
using repeated-measures ANOVAs with group membership (control, PFC, or
BG) as the between-subjects factor and memory load and hemifield of
stimulus presentation (left/ipsilesional vs. right/contralesional) as the within-
subjects factors. Comparisons between control and patient results were such
that responses to left hemifield stimuli in controls were compared against
ipsilesional responses in patients and right hemifield stimuli were compared
with contralesional responses. To test the effects of learning on behavioral
performance, we calculated a sliding window d’ measure across blocks of 25
trials moving in one-trial steps looking at overall behavioral performance
regardless of memory load or hemifield of stimulus presentation. For anal-
yses on learning, we ran a repeated measures ANOVA with trial number as
the within-subjects factor using the mean d’ in the first 100 trials in four bins
of 25 trials each. For post hoc analyses, significant effects were reported
using one-way independent (between groups) or paired-samples (within
group) t tests with the predictions that controls would perform better than
patients, that patients would be impaired for contralesional stimuli, and that
greater memory load would lead to decreased behavioral accuracy and
larger amplitude electrophysiological responses.

ERP analyses were performed on bandpass filtered (0.1-20 Hz) data
resampled to 256 Hz using a 100-ms prestimulus baseline. Blinks and saccades
were identified on raw VEOG and HEOG channels, respectively, and verified
with scalp topographies. Events with incorrect or no response, blinks, or sac-
cades were removed from all analyses. CDA values were calculated as the mean
amplitude difference from 300 to 900 ms between a group of extrastriate
electrodes contralateral to the stimulus and a group ipsilateral to the stimulus.
Thus, for controls, CDA for a right hemifield stimulus was calculated as the
average of left minus right extrastriate activity from 300 to 900 ms. For
patients, CDA was calculated in the same manner but was analyzed relative to
the lesion such that, for patients with left hemisphere lesions, CDA for right
hemifield stimuli was classified as contralesional and CDA for left hemifield
stimuli was classified as ipsilesional (and vice versa). We classified patient be-
havioral data in the same manner. N1 amplitude was calculated as the maxi-
mum negative amplitude over the extrastriate cortex contralateral to the
hemifield of stimulus presentation from 100- to 200-ms poststimulus onset.

ACKNOWLEDGMENTS. We thank Matar Davis and Lisa Tseng for assistance
with data collection and study design, Richard B. Ivry and Michael Silver for
scientific comments on previous versions of this manuscript, Clay Clayworth
for lesion reconstruction, and Donatella Scabini for patient recruitment and
delineation. This work was supported by American Psychological Association
Diversity Program in Neuroscience Grant 5-T32-MH18882 (to B.V.) and
National Institute of Neurological Disorders and Stroke Grants NS21135,
NS21135-2251, and PO40813 (to B.V. and R.T.K.).

9. McNab F, Klingberg T (2008) Prefrontal cortex and basal ganglia control access to
working memory. Nat Neurosci 11:103-107.

10. Levy R, Friedman HR, Davachi L, Goldman-Rakic PS (1997) Differential activation of
the caudate nucleus in primates performing spatial and nonspatial working memory
tasks. J Neurosci 17:3870-3882.

11. Vogel EK, Machizawa MG (2004) Neural activity predicts individual differences in
visual working memory capacity. Nature 428:748-751.

12. Todd JJ, Marois R (2004) Capacity limit of visual short-term memory in human
posterior parietal cortex. Nature 428:751-754.

13. Bledowski C, Rahm B, Rowe JB (2009) What “works” in working memory? Separate
systems for selection and updating of critical information. J Neurosci 29:13735-13741.

14. AshbyFG, Ell SW, Valentin VV, Casale MB (2005) FROST: A distributed neurocomputational
model of working memory maintenance. J Cogn Neurosci 17:1728-1743.

15. O'Reilly RC, Frank MJ (2006) Making working memory work: A computational model
of learning in the prefrontal cortex and basal ganglia. Neural Comput 18:283-328.

16. Hazy TE, Frank MJ, O'Reilly RC (2006) Banishing the homunculus: Making working
memory work. Neuroscience 139:105-118.

PNAS | October 19,2010 | vol. 107 | no.42 | 18171

NEUROSCIENCE



L T

/

1\

BN AS  DNAS P

20.

2

=

22.
23.

24.

25.

26.

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

. Fuster JM, Alexander GE (1971) Neuron activity related to short-term memory.

Science 173:652-654.

. Histed MH, Pasupathy A, Miller EK (2009) Learning substrates in the primate prefrontal

cortex and striatum: Sustained activity related to successful actions. Neuron 63:244-253.

. Moustafa AA, Sherman SJ, Frank MJ (2008) A dopaminergic basis for working memory,

learning and attentional shifting in Parkinsonism. Neuropsychologia 46:3144-3156.
Miller EK, Erickson CA, Desimone R (1996) Neural mechanisms of visual working
memory in prefrontal cortex of the macaque. J Neurosci 16:5154-5167.

. Pasupathy A, Miller EK (2005) Different time courses of learning-related activity in the

prefrontal cortex and striatum. Nature 433:873-876.

Schultz W (2002) Getting formal with dopamine and reward. Neuron 36:241-263.
Williams ZM, Eskandar EN (2006) Selective enhancement of associative learning by
microstimulation of the anterior caudate. Nat Neurosci 9:562-568.

Draganski B, et al. (2008) Evidence for segregated and integrative connectivity
patterns in the human Basal Ganglia. J Neurosci 28:7143-7152.

Redgrave P, Gurney K (2006) The short-latency dopamine signal: A role in discovering
novel actions? Nat Rev Neurosci 7:967-975.

Haber SN (2003) The primate basal ganglia: Parallel and integrative networks. J Chem
Neuroanat 26:317-330.

Yeterian EH, Pandya DN (1991) Prefrontostriatal connections in relation to cortical
architectonic organization in rhesus monkeys. J Comp Neurol 312:43-67.

McGeorge AJ, Faull RL (1989) The organization of the projection from the cerebral
cortex to the striatum in the rat. Neuroscience 29:503-537.

Ragsdale CW, Jr, Graybiel AM (1990) A simple ordering of neocortical areas
established by the compartmental organization of their striatal projections. Proc Nat/
Acad Sci USA 87:6196-6199.

Cools R, Ivry RB, D'Esposito M (2006) The human striatum is necessary for responding
to changes in stimulus relevance. J Cogn Neurosci 18:1973-1983.

. Ell SW, Marchant NL, Ivry RB (2006) Focal putamen lesions impair learning in rule-

based, but not information-integration categorization tasks. Neuropsychologia 44:
1737-1751.

Frank MJ, Seeberger LC, O'reilly RC (2004) By carrot or by stick: Cognitive
reinforcement learning in parkinsonism. Science 306:1940-1943.

Graybiel AM (2005) The basal ganglia: Learning new tricks and loving it. Curr Opin
Neurobiol 15:638-644.

Packard MG, Knowlton BJ (2002) Learning and memory functions of the Basal
Ganglia. Annu Rev Neurosci 25:563-593.

Grahn JA, Parkinson JA, Owen AM (2009) The role of the basal ganglia in learning
and memory: Neuropsychological studies. Behav Brain Res 199:53-60.

Lewis SJ, Dove A, Robbins TW, Barker RA, Owen AM (2004) Striatal contributions to
working memory: A functional magnetic resonance imaging study in humans. Eur J
Neurosci 19:755-760.

18172 | www.pnas.org/cgi/doi/10.1073/pnas.1007277107

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

ey

52.

53.

54.

55.

Baier B, et al. (2010) Keeping memory clear and stable—the contribution of human
basal ganglia and prefrontal cortex to working memory. J Neurosci 30:9788-9792.
Postle BR (2006) Working memory as an emergent property of the mind and brain.
Neuroscience 139:23-38.

Awh E, Vogel EK, Oh SH (2006) Interactions between attention and working memory.
Neuroscience 139:201-208.

Kimberg DY, Farah MJ (1993) A unified account of cognitive impairments following
frontal lobe damage: The role of working memory in complex, organized behavior. J
Exp Psychol Gen 122:411-428.

Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex function. Annu
Rev Neurosci 24:167-202.

Miller EK, Buschman TJ (2007) The Neuroscience of Rule-Guided Behavior, eds.
Bunge S, Wallis J (Oxford University Press, Oxford), pp 419-440.

Rorden C, Karnath HO (2004) Using human brain lesions to infer function: A relic from
a past era in the fMRI age? Nat Rev Neurosci 5:813-819.

Barcel6 F, Suwazono S, Knight RT (2000) Prefrontal modulation of visual processing in
humans. Nat Neurosci 3:399-403.

Rossi AF, Bichot NP, Desimone R, Ungerleider LG (2007) Top down attentional deficits
in macaques with lesions of lateral prefrontal cortex. J Neurosci 27:11306-11314.
Luck SJ, Woodman GF, Vogel EK (2000) Event-related potential studies of attention.
Trends Cogn Sci 4:432-440.

Fu S, et al. (2008) When and where perceptual load interacts with voluntary
visuospatial attention: An event-related potential and dipole modeling study.
Neuroimage 39:1345-1355.

Thorn CA, Atallah H, Howe M, Graybiel AM (2010) Differential dynamics of activity
changes in dorsolateral and dorsomedial striatal loops during learning. Neuron 66:
781-795.

Seger CA, Cincotta CM (2006) Dynamics of frontal, striatal, and hippocampal systems
during rule learning. Cereb Cortex 16:1546-1555.

Drew T, Vogel EK (2008) Neural measures of individual differences in selecting and
tracking multiple moving objects. J Neurosci 28:4183-4191.

. Ravizza SM, Ivry RB (2001) Comparison of the basal ganglia and cerebellum in shifting

attention. J Cogn Neurosci 13:285-297.

Voytek B, et al. (2010) Dynamic neuroplasticity after human prefrontal cortex damage.
Neuron, in press.

Metting van Rijn AC, Peper A, Grimbergen CA (1990) High-quality recording of
bioelectric events. Part 1. Interference reduction, theory and practice. Med Biol Eng
Comput 28:389-397.

Delorme A, Makeig S (2004) EEGLAB: An open source toolbox for analysis of single-
trial EEG dynamics including independent component analysis. J Neurosci Methods
134:9-21.

Rorden C, Brett M (2000) Stereotaxic display of brain lesions. Behav Neurol 12:
191-200.

Voytek and Knight


www.pnas.org/cgi/doi/10.1073/pnas.1007277107

L T

/

1\

=y

Supporting Information

Voytek and Knight 10.1073/pnas.1007277107

SI Results

Behavioral Effect of Lesions. We analyzed subject reaction times,
response bias (proportion of “match” compared with “non-match”
responses), and percent misses. In a three-way ANOVA on re-
action time, including all three groups, we found a load by hemi-
field interaction (F,4, = 8.61, P = 0.001) and a group by load
interaction (Fy 4, = 3.38, P = 0.017). There was a main effect of
load on reaction time such that all groups were slower to respond
with increasing memory load (F,4; = 69.08, P < 0.0005). There
were no group by hemifield interactions (F, 5, = 1.57, P = 0.23) nor
any effect of group (F; 21 = 3.06, P = 0.068). Although both patient
groups showed a main effect of load on reaction time (PFC: F, 19 =
41.77, P < 0.0005; BG: F3 19 = 11.10, P = 0.003) neither group
showed an effect of hemifield of stimulus presentation (PFC:
Fy5=320,P=0.13; BG: F; 5 = 1.31, P = 0.30).

In an analysis of response bias, we found only a main effect of
load (F,42 = 8.62, P = 0.001) where subjects tend to respond
“match” more often at higher loads with no effect of group or
group interactions (F < 1.0 all group effects). No group showed
an effect of hemifield of stimulus presentation on response bias
(controls: F1,11 = 260, P= 014, PFC: F1q5 < 10, BG: F1,5 < 10)
In a series of post hoc ¢ tests, no group showed a significant
response bias overall (P > 0.05, corrected, for all comparisons).
Finally, in an analysis of miss rates, we only found a main effect
of load (F42 = 6.47, P = 0.004) with no effect of group (Fy2; =
1.42, P = 0.26) or group interactions (P > 0.1 for all compar-
isons). To normalize the distribution of miss rates, we performed
statistical analyses on transformed miss rates (square root of the
proportion of miss responses).

Electrophysiological Effects of Lesions. To examine the behavioral
relevance of our electrophysiological findings, we performed
a sliding-window correlation analysis at each time point between
instantaneous CDA amplitude for each subject at each load with
that subject’s behavioral performance at the same load. For control
subjects, instantaneous CDA amplitude and behavior are signifi-
cantly correlated from ~250-950 ms poststimulus onset, which
corroborates the a priori selection of the 300- to 900-ms time
window based upon previous studies (1). This same analysis was
performed separately for each group and each hemifield of stim-
ulus presentation. As can be seen in Fig. S3, for ipsilesional stimuli
in the PFC group there was no difference in the CDA/behavioral
correlation compared with controls (x> = 0.78, P = 0.38); however,
for contralesional stimuli, correlations were lower (X2 =342,P =
0.027). Within the BG group correlations were attenuated for both
hemifields (ipsilesional: ¥? = 32.74, P < 0.0005; contralesional:
x> = 8.68, P = 0.003). These results confirm the CDA and be-
havioral findings and demonstrate a strong relationship between
delay-period electrophysiology and later behavioral outcomes.

It is important to note that although the large hemispheric
differences in CDA amplitudes between hemispheres in the
patient groups are not significant when assessed using paired-
sample ¢ tests and within-subjects ANOVAs, these differences
are significant when assessed using independent-samples ¢ tests.
For example, if we treat hemifield of stimulus presentation as a
between-subjects variable in the PFC analyses, rather than as
a within-subjects variable, and run a two-way ¢ test, then we see
a significant effect of hemifield of stimulus presentation (P =
0.022). We see a similar pattern of results for the BG group. This
means that although the distribution of the slopes between the
ipsilesional CDA and contralesional sustained negativity do not
significantly differ from zero, the distributions for the ipsilesional

Voytek and Knight www.pnas.org/cgi/content/short/1007277107

CDA and contralesional sustained negativity (separately, not the
slopes) do significantly differ.

We performed additional analyses to examine the nature of the
contralesional sustained negativity in more detail. We began by ex-
amining the scalp topographies of our groups during the CDA time
window. Scalp topographies for patients differ significantly from
that of controls for contralesional stimuli only (contra: Fig 168 = 2.88,
P < 0.0005; ipsi: Fy6,168 = 1.20, P = 0.27; Fig. S2A4) due to the larger
spatial spread and increased amplitude of posterior negativity. We
also examined the relationship between CDA/sustained negativity
and alpha power. Because posterior sustained negativity in patients is
similar between groups, alpha/ERP analyses were performed on
controls and a combined patient group (PFC and BG patients). In
control subjects, alpha power is greatest over the midline at visual
cortical sites. In contrast, posterior alpha power is distributed dif-
ferently in the combined patient group (group by electrode in-
teraction comparing three posterior electrodes, PO7, POz, and
POS8; Fy44 = 7.03, P = 0.015). We examined alpha power in our
control and patient groups in relation to posterior ERPs. In the
patient group, alpha power is larger over the visual cortex in the
damaged hemisphere (P = 0.045), whereas power is equally dis-
tributed between the left and right visual hemispheres in controls
(P = 0.15; Fig. S2B).

We interpret this larger alpha power in the lesioned hemisphere
as representative of the loss of top-down facilitation due to PFC or
BG damage. We hypothesized that subjects who show larger
relative visual cortical alpha power in the damaged hemisphere
will have the least amount of task-related modulation of the
sustained negativity because those subjects have the least amount
of top-down facilitation. In Fig. S2C Left, we show that, for ip-
silesional stimuli, there is no relationship between damaged visual
cortical alpha power and CDA load effect. In contrast, in Fig.
S2C Right, we see that patients with larger alpha power in the
damaged visual cortex show the least amount of load modulation
in the ERP. That is, patients with the most top-down dysregula-
tion (most posterior alpha in the damaged hemisphere) show the
least normal sustained negativity.

Recent evidence suggests that alterations in alpha power may
account for the load-dependent modulation of posterior scalp
negativities in memory tasks (2). Visual cortical alpha activity is
related to cortical “idling” and reductions in alpha power are as-
sociated with visual attention and processing (3) that may in-
fluence local neuronal activity (4). Research using combined EEG
and PET shows that EEG alpha power correlates with activity in
the thalamus and parieto-occipital cortices (5). Parieto-occipital
regions are strongly related to alpha power but the thalamus ap-
pears to regulate cortical alpha. The fact that both the PFC and
BG groups show visual cortical alpha dysregulation is in accord
with the known fronto-basal ganglia-thalamo-cortical anatomy.
We demonstrate that PFC or BG damage leads to increased visual
cortical alpha activity and that the patients with the greatest alpha
power show the least load modulation of the contralesional sus-
tained negativity. This suggests that PFC or BG lesions lead to
failures of top-down mediated visual extrastriate excitation. Be-
cause striatal activation ultimately leads to disinhibition of the
thalamus, which in turn provides excitatory input to the cortex (6),
our subjects’ BG lesions may impair thalamocortical excitation
resulting in abnormal visual cortical alpha and sustained negative
polarity ERPs as also seen in the PFC group.
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SI Materials and Methods

We examined the correlation between CDA and behavior
across time by correlating each subject’s accuracy for each
memory load with their respective CDA amplitude at that load.
This was done on the average CDA amplitude across a 100-ms
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the alpha band—an electrophysiological correlate of cortical idling: A review. Int J
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sliding window from 300 to 900 ms. To compare differences in
correlation between EEG and behavior between groups and
hemifields, we performed x* tests for equality of correlation
coefficients using the correlation coefficients from the 300- to
900-ms range.
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Fig. S1. CDA to contralesional stimuli. Summary of CDA findings for contralesional stimuli in the two patient groups (shown in detail in Fig. 3 C-F) and for
right hemifield stimuli for controls (*P = 0.006; ns, not significant; error bars represent SEM).
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Fig. S2. Posterior alpha asymmetry underlies abnormal patient ERPs. (A) Scalp topographies of the ERP for three-item memory loads during the time window
of the CDA in response to contralesional stimuli. Patient topographies differ significantly from controls for contralesional stimuli only. (B) Scalp topographies of
alpha power (8-12 Hz) for controls (Left) and patients (Right). Because both patient groups showed similar delay period ERP abnormalities for contralesional
stimuli, we performed all analyses on combined PFC and BG groups. Over the posterior electrodes used in CDA analyses, controls showed no differences in
alpha power between left and right electrodes (P = 0.15, paired samples t test). In contrast, the patients showed greater alpha power over posterior electrodes
in the lesioned hemisphere compared with the intact hemisphere (P = 0.045). (C) Within the patient group, there was no relationship between alpha
hemispheric power differences and CDA load effect in response to ipsilesional stimuli (Left); however, patients with greater posterior alpha power in the

damaged hemisphere showed a smaller CDA load effect (Right; P = 0.01).
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Fig. S3. Correlations between electrophysiology and behavior. CDA activity during the delay period correlates with behavioral accuracy. Here we plot the
median correlation coefficients from 300 to 900 ms. The electrophysiology/behavior correlation analyses reflect our previous results wherein the PFC group
shows a deficit only for contralesional stimuli, whereas the BG group shows an overall deficit (*P < 0.05 y2s tests for equality of correlation coefficients,
significant deficit compared with controls).

Table S1. Summary of results, mean (SEM)

Control PFC BG
Memory load Left Right Ipsilesional  Contralesional Ipsilesional Contralesional
1-item
d’ 3.23 (0.18) 3.32 (0.22) 3.46 (0.04) 2.91 (0.08) 2.76 (0.20) 2.85 (0.15)
CDA —1.34 (0.23) -0.31(0.35) 0.29 (0.76) —2.42 (0.72) 0.39 (0.53) -2.18(0.42)
N1 -2.16 (0.47) -1.29 (0.29) -0.60 (1.21) —0.08 (0.76) —0.55 (1.18) —0.24 (0.93)
2-items
d 2.89 (0.13) 2.81(0.16) 2.64 (0.08) 2.47 (0.08) 2.74 (0.20) 2.41 (0.16)
CDA -1.69 (0.25) -1.03(0.42) -0.89(0.62) -2.57(0.84) -0.20(0.38) —2.29(0.23)
N1 —1.70 (0.53) -2.11(0.44) -2.60 (1.30) —-1.29 (0.84) —2.03 (1.30) -2.13 (1.12)
3-items
d 2.00 (0.09) 2.17 (0.11) 1.79 (0.04) 1.74 (0.06) 1.58 (0.11) 1.82 (0.14)
CDA -2.00 (0.32) -0.97 (0.48) -0.70(0.47) -2.74 (0.67) -0.16 (0.54) —2.26(0.33)
N1 -2.13 (0.70) -3.23 (0.57) -3.24 (1.76) —-0.68 (1.04) —3.86 (1.28) —-2.88 (1.42)
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