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SUMMARY

Memory and attention deficits are common after
prefrontal cortex (PFC) damage, yet people generally
recover some function over time. Recovery is
thought to be dependent upon undamaged brain
regions, but the temporal dynamics underlying
cognitive recovery are poorly understood. Here, we
provide evidence that the intact PFC compensates
for damage in the lesioned PFC on a trial-by-trial
basis dependent on cognitive load. The extent of
this rapid functional compensation is indexed by
transient increases in electrophysiological measures
of attention and memory in the intact PFC, detectable
within a second after stimulus presentation and only
when the lesioned hemisphere is challenged. These
observations provide evidence supporting a dynamic
and flexible model of compensatory neural plasticity.

INTRODUCTION

Brain damage has an immense personal and societal cost, yet
the neural mechanisms underlying recovery are poorly under-
stood. Damage to the human prefrontal cortex (PFC) results
in attention (Barceld et al., 2000; Rossi et al., 2007) and
memory deficits (Voytek and Knight, 2010; Tsuchida and
Fellows, 2009) with variable levels of recovery observed in indi-
vidual patients. However, unlike damage to primary motor or
sensory cortices which results in overt deficits such as hemipa-
resis or hemianopsia, long-term deficits in working memory and
attention after unilateral PFC damage are often less dramatic.
This clinical observation suggests that cognitive processes
supported by frontal association cortex are more plastic and
likely to recover. Electroencephalographic (EEG) and functional
magnetic resonance imaging (fMRI) studies report that neuro-
logical patients who have recovered from motor, language, or
attention deficits show increases in activity in homologous
cortical regions in the nonlesioned hemisphere and in perilesion
cortex (Ward et al., 2007; Johansen-Berg et al., 2002; Blasi
et al., 2002; Corbetta et al., 2005; He et al.,, 2007; Nudo,

2007; Chao and Knight, 1998; Rosahl and Knight, 1995).
However, cognitive compensation after PFC damage is less
understood. In this study, we sought to examine whether intact
cognitive performance in patients with unilateral PFC damage
is mediated by functional compensation by the intact, undam-
aged frontal cortex.

Neural plasticity is critical for functional recovery after brain
damage with improvement possible even 20 years after the initial
injury (Bach-y-Rita, 1990). There are several theories of recovery
of function, including cortical compensation by perilesion and
intact homologous brain regions (Wundt, 1902) or subcortical
(Van Vleet et al., 2003) structures, diaschisis reversal (von Mon-
akow, 1969), unmasking (Lytton et al., 1999), distributed cortical
representations (Jackson, 1958), and axonal sprouting and neu-
rogenesis (Carmichael et al., 2001). Many of these theories
predate neuroimaging and were based on clinical observations
of patients with brain damage. These early theories of recovery
logically concluded that recovery must be mediated by intact,
undamaged brain regions (Kolb, 1992). Cognitive functions
such as working memory and attention are supported by
networks of interacting brain regions (Bressler, 1995; Knight,
2007). Given the number of brain regions needed to support
visual attention and working memory, it is not unreasonable,
given the variety of recovery theories, to hypothesize that
recovery could be supported by the entire network. However,
the PFC plays an important role in these networks by biasing
information flow to favor positive behavioral outcomes (Miller
and Cohen, 2001) and may play a privileged role in cognitive
compensation.

To examine the nature of cognitive compensation in patients
with unilateral PFC damage we conducted two EEG experiments
on patients with unilateral PFC lesions in the chronic phase at
least 1 year postinjury. In experiment 1, six patients with unilat-
eral PFC lesions (Figure 1A) and age-matched controls per-
formed a lateralized visual working memory task (Vogel and
Machizawa, 2004; Voytek and Knight, 2010). In experiment 2,
eight patients with unilateral PFC lesions (Figure 1B) and age-
matched controls performed a lateralized visual attention task
(Yago et al., 2004).

Previous research on patients with unilateral PFC lesions has
demonstrated that patients show behavioral deficits in response
to contralesional stimuli in visual attention (Barcel6 et al., 2000;
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experiment 1

experiment 2

Yago et al., 2004) and working memory paradigms (Voytek and
Knight, 2010). These deficits are associated with a loss of top-
down facilitation of visual cortical regions as indexed using scalp
EEG. These findings suggest that the separation of visual infor-
mation by hemifield can emphasize deficits. By making use of
two lateralized visual tasks we aimed to take advantage of this
lesion by visual-field-of-presentation phenomenon. The design
of randomly presenting stimuli to either the intact or damaged
hemisphere allowed us to randomly challenge the damaged
PFC on a trial-by-trials basis. This technique allows us to make
use of a within-subjects design wherein our patients partially
serve as their own controls, such that we can examine differ-
ences within subjects in response to contralesional versus ipsile-
sional stimuli.

We hypothesized that cognitive recovery in patients with
unilateral PFC damage would be supported by flexible and
dynamic compensatory contributions from the intact frontal
cortex. That is, the plasticity of frontal association cortex would
allow the intact hemisphere to dynamically compensate for the
damaged hemisphere. In this model, activity in the intact PFC
would increase specifically in response to demands placed on
the damaged hemisphere. That is, when behaviorally relevant
stimuli are specifically presented to the damaged hemisphere
the intact frontal cortex would become more active, in a load-
dependent manner, to compensate for the deficits due to the
lesion. This is in contrast to a fixed recovery model that might
predict that frontal activity would increase with memory or atten-
tion load regardless of the hemifield of presentation (see
Figure S1A available online for hypothetical models). Here we
show, in two separate patient groups performing two separate
PFC-dependent tasks, rapid trial-by-trial increases in neural
activity over the intact frontal cortex only when the damaged
PFC is challenged. These observations of subsecond dynamic
neural activity highlight the role of the intact hemisphere in sup-
porting recovery of function.

RESULTS
Working Memory Experiment
In experiment 1, we used a lateralized visual working memory

task that allowed us to parametrically manipulate the memory
load (i.e., 1, 2, or 3 visual objects) delivered to either cerebral
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Figure 1. Patient MRIs

Horizontal MRI slices showing the group-aver-
aged reconstruction of the extent of lesion overlap
of the PFC damage in patients from (A) experiment
1 (n = 6) and (B) experiment 2 (n = 8). Color repre-
sents number of subjects with a lesion at each
specific site. All lesions are normalized to the left
hemisphere for comparison. Maximal lesion over-
lap (>50%) was observed in Brodmann areas 6, 8,
9, and 46 and encompassed portions of the middle
and superior frontal gyri. Software reconstructions
of the lateral perspective of lesions, determination
of lesion volumes, and putative cytoarchitectonic
areas damaged were performed using MRicro
(Rorden and Brett, 2000). Note that one of the six
subjects from experiment 1 also participated in
experiment 2.

hemisphere. As expected, both groups showed a main effect
of memory load on behavioral accuracy (d’) such that accuracy
decreased with increasing memory load (repeated-measures
ANOVA, main effect of set size, [F»20 = 210.41, p < 0.0005],
see Figure S2). There was a three-way interaction between
group, memory load, and hemifield of stimulus presentation
(F2,20 = 11.85, p < 0.0005). A series of post hoc analyses exam-
ining the effect of group on accuracy suggest that this three-way
interaction is driven by an interaction between hemisphere and
group (F1,10 = 17.31, p = 0.002) rather than memory load and
group (F220 < 1.0). Controls show no interaction between
memory load and hemifield (F5,10 = 3.12, p = 0.14) nor a main
effect of hemifield on accuracy (Fi5 = 3.28, p = 0.080). In
contrast, PFC patients show an effect of hemifield on accuracy
(F15=29.21, p=0.003), as well as a load by hemifield interaction
(F2,10 = 15.65, p = 0.001). This interaction is driven by decreased
performance for contralesional stimuli at memory loads one
(one-tailed paired samples t tests, p = 0.002) and two (p =
0.013) with performance equalizing between hemifields at
three-item loads (p = 0.14).

This task elicits a lateralized neural event-related potential
(ERP) during the delay period. This contralateral delay activity
(CDA) is focused over extrastriate cortex and is modulated by
the number of items that are currently being maintained in
working memory (Vogel and Machizawa, 2004; Vogel et al.,
2005; Voytek and Knight, 2010). For controls, we replicated the
finding that CDA amplitude increases as memory load increases
(F2,10 =9.75, p = 0.004) and that CDA amplitude was equivalent
for each hemisphere (set-by-laterality interaction: Fz 19 < 1.0;
Figures S3A; and S3A,). However, while the PFC patients
showed a similar load increase in CDA amplitude for ipsilesional
stimuli (F2,10 =4.77, p = 0.035), this load effect was absent when
the memory array was presented contralateral to the lesioned
hemisphere (contralesional hemifield, Figures S3B4 and S3B,;
F2,10 < 1.0). Notably, patient CDA amplitude for contralesional
stimuli are of larger amplitude despite their lack of memory
load specificity. In a two-way post hoc analysis comparing
control CDA for right hemifield stimuli to patient CDA for con-
tralesional stimuli, we found a main effect of group that corrobo-
rates this observation (F1 10 = 7.43, p = 0.021), though there was
no interaction between group and load (F2 20 = 1.30, p = 0.29).
Although amplitudes are larger in patients, absolute CDA
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Figure 2. Experiment 1: Frontal Load-
Dependent Compensation during Visual
Working Memory

(A1-Ag) Patient and (B;—Bj3) age-matched control
data showing load dependence of frontal theta
activity. (A4, and B,) Frontal theta waveforms are
measured from the intact frontal region repre-
sented by the black dots in the scalp topographies
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sustained frontal theta load dependence mea-
sured over the intact frontal cortex when the
lesioned hemisphere is challenged.

(A2 and B,) Frontal theta amplitude and standard
error by memory load and hemifield of stimulus
presentation. (A;) Compensatory theta in patients is
largest over intact frontal sites and increases with
memory load in response to contralesional stimuli.
(Bo) Inage-matched controls, there is no frontal theta
activity difference between one- and three-item or
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amplitude is a poor predictor of behavioral performance; rather,
it is the slope of the CDA load effect that tracks behavior (Vogel
and Machizawa, 2004; Drew and Vogel, 2008).

Working memory paradigms generate increased frontal theta
(4-8 Hz) oscillatory EEG activity (Raghavachari et al., 2001; Bas-
tiaansen et al., 2002), and here we focus our frontal analyses on
the theta band during the memory delay period (see Experi-
mental Procedures for other band analyses which were noninfor-
mative). While controls showed negligible frontal theta activity
over either hemisphere, patients showed sustained frontal theta
activity (600-900 ms) only over their intact hemisphere. This
frontal theta activity increased as a function of memory load for
contralesional stimuli (Figures 2A; and 2Ay; F1 5 = 10.45, p =
0.023), but was absent for ipsilesional stimuli (F4, 5 < 1.0), result-
ing in an interaction in the PFC group between set size and visual
field for sustained frontal theta over the intact PFC (Figure 2A,;
Fi, 5 = 12.07, p = 0.018) that was not seen in controls (Figures
2By and 2By; Fp, 19 < 1.0) nor over the lesioned cortex
(Figure S4; F5, 10 = 1.05, p = 0.39). This pattern of results cannot
be accounted for by eye movement differences between groups
or conditions (see Experimental Procedures) and a source anal-
ysis suggests that this anterior theta may have a PFC source
(Figure S5).

memory load

é 3 theta for contralesion minus ipsilesion (right minus
left) activity for three-item memory loads. (Ag) The
scalp topography highlights the increased theta
in response to contralesional memory load. The
shaded oval represents the relative scalp location

of the patients’ lesions. (B3) There are no load-

+ =

1pv dependent activity changes over frontal sites in

controls.
right -1 v Our hypothesis that intact frontal theta
3.items increases are related to memory function

necessitates that information from the
visual cortex from the lesioned hemi-
sphere crosses to the intact hemisphere
for processing by the intact PFC. To examine such information
flow, we looked at correlations between early visual ERPs
(N1 amplitude from 100-200 ms) between visual hemispheres.
Consistent with the notion that visual information crosses trans-
callosally between visual hemispheres, N1 amplitude is corre-
lated in both hemispheres in both conditions (Pearson correla-
tion across all trials, all subjects; ipsilesional: r = 0.62, p <
0.0005; contralesional: r = 0.68, p < 0.0005). In contrast, for con-
tralesional stimuli only, N1 magnitude of the intact hemisphere
and intact frontal theta amplitude are also correlated, partialling
out the effects of N1 magnitude of the damaged hemisphere
(contralesional: p = 0.076, p = 0.003; ipsilesional: p = 0.007,
p = 0.40) across trials (Figure 3). Intact frontal theta and N1
magnitude from the damaged hemisphere are uncorrelated
partialling out the effects of N1 magnitude from the intact
hemisphere (contralesional: p = 0.019, p = 0.24; ipsilesional:
p = 0.019, p = 0.24). In a sliding-window correlation analysis,
we observed that, in response to an ipsilesional stimulus there
is no correlation between N1 amplitude from the intact hemi-
sphere and intact frontal theta at any time point.
However, this analysis reveals that for contralesional stimula-
tion, N1 amplitude in the intact hemisphere predicts late frontal
theta activity in that hemisphere during the time window of
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Figure 3. Experiment 1: Posterior Visual Activity Is Correlated with
Compensatory Frontal Theta

(A and B) Consistent with information crossing transcallosally from the visual
cortex contralateral to the stimulus over to the opposite hemisphere, N1
amplitude between the ipsi- and contralesional visual cortices is highly corre-
lated across all trials. Unilateral PFC lesions are represented in gray. (A) In
response to ipsilesional stimuli, N1 amplitude between both visual cortices
is highly correlated; however, there is no correlation between N1 magnitude
and frontal theta across trials. (B) Similar to ipsilesional stimuli, in response
to contralesional stimuli, N1 amplitudes are highly correlated between visual
cortices. In contrast however, later compensatory frontal theta amplitude is
correlated with N1 magnitude only within the intact hemisphere. These results
suggest that early visual components are related to later compensatory frontal
theta activity consistent with the hypothesis that information enters the visual
cortex of the damaged hemisphere and crosses to the intact hemisphere for
processing to support working memory.

interest (600-900 ms; see Figure S6). These findings suggest
that the degree of compensatory frontal theta activity is contin-
gent upon the fidelity of the visual information that crosses
from the damaged to the intact hemisphere. Importantly, frontal
compensatory theta activity in response to contralesional stimuli
was larger for correct trials when compared to incorrect trials,
(Figure 5A; p = 0.038 for 3-item load) supporting the contention
that theta activity is related to correct performance and indexes
second to second functional compensation.

Attention Experiment

To test whether the observed compensatory neural activity over
the intact frontal cortex generalizes across PFC-dependent
cognitive functions, we analyzed data from a lateralized visual
attention experiment conducted in patients with unilateral PFC
lesions (Yago et al., 2004; Figure 1B). Subjects viewed a rapid
stream of stimuli presented to the left or right visual fields while
attending to one hemifield and responding to infrequent targets
embedded within a stream of frequent non-target stimuli (see
Experimental Procedures for details). Patients were impaired in
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detecting contralesional targets (repeated-measures ANOVA,
group-by-hemifield of presentation interaction on arcsine trans-
formed percent correct (F1, 17 = 7.62, p = 0.013); controls, 95.7%
and 94.7% correct for left and right targets (p = 0.65); patients
94.7% and 87.9% correct for ipsi- and contralesion targets,
respectively (p = 0.027); one-tailed paired-samples t tests).
However, even though the task placed heavy demands on sus-
tained attention, performance in both hemifields was well above
chance (one-sample t tests for both hemifields; p < 0.0005). As in
experiment 1, preserved behavioral performance was evident
despite the fact that the PFC lesion markedly reduced neural
responses over visual cortices ipsilateral to the PFC lesion during
correct trials (Barcel6 et al., 2000; Yago et al., 2004).

In contrast to controls, the patients’ P1 (60-160 ms) and P3
(450-650 ms) components of the extrastriate ERP were attenu-
ated in the lesioned hemisphere in response to contralesional
targets (P1: p = 0.003; P3: p = 0.009; all between-group compar-
isons are one-tailed independent sample t tests) replicating
the pattern of attenuated extrastriate activity observed in exper-
iment 1. Similar decrements have been shown in fMRI studies of
aphasic patients with PFC lesions during word learning wherein
visual cortical activity in the hemisphere ipsilateral to the lesion
was decreased relative to controls (Blasi et al., 2002). A different
pattern emerged in the frontal neurophysiological data. The PFC
group showed no target-related electrophysiological differences
over the intact frontal cortex compared to controls (Figure 4A,
left panel; p = 0.63) in response to ipsilesional stimuli.
However, a late frontal positivity (450-650 ms) increased in
amplitude in the intact hemisphere in patients in response to
contralesional stimuli compared to controls (Figure 4A, right
panel, and Figure 4B; p = 0.003). Just as in experiment 1, this
enhanced electrophysiological activity in patients in response
to contralesional targets was absent on error trials (Figure 5B;
p < 0.0005). There were no differences in intact frontal oscillatory
activity in this target detection task (see Experimental
Procedures).

DISCUSSION

Our results provide evidence that the intact, non-lesioned hemi-
sphere dynamically compensates for the damaged PFC when
the damaged hemisphere is challenged with either memory or
attentional loads. In a paper examining alterations in cortical
activity related with normal, healthy aging (Davis et al., 2008),
two criteria were established as necessary for cortical activity
differences in older adults to be more likely to be regarded as
“compensatory.” First, novel activity increases not seen in
normal controls must be associated with correct behavioral
outcomes. Second, deficits in processing by one region must
be associated with increases in activity in the putative compen-
satory region. Consistent with the first criterion, increases in
activity over the intact PFC are enhanced on correct trials in
both of our experiments. With regard to the second criterion,
our experimental designs allowed us to preferentially challenge
the damaged hemisphere in patients with unilateral PFC
damage. We show that PFC patients have top-down working
memory and attention deficits for contralesional stimuli reflected
by decreased electrophysiological responses in the posterior
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A B Frontal ERPs to Figure 4. Experiment 2: Frontal Load-
Attended Targets Dependent Compensation during Visual
v+ Attention
B left/ipsi (A) Late frontal positivity (450-650 ms) in patients
5 v 8 ::‘3:::::;""“ b is enhanced over the intact PFC and attenuated
= - - patients / ]g over the extrastriate in the damaged hemisphere
2 4 y & compared to controls in response to attended
§ targets presented contralateral to the side of the
= 0 N lesion. Topographies show average frontal posi-
E‘ \Y4 \ tivity differences — patient minus control difference
=S uv . waves—in response to left/ipsilesional (left panel)
patients ipsilesion patients contralesion -4 0 560 10.00 or right/contralesional (right panel) targets. The
minus minus target shaded oval represents the relative scalp location
controls left controls right onset time (ms) of the patients’ lesions.

(B) Frontal ERPs show the time course of activity

over the intact PFC in comparison to controls. The dashed blue line represents the response to ipsilesion target stimuli. The dashed red line shows the enhanced
activity over intact PFC when stimuli are delivered contralesionally. The ERP waveforms are measured from the intact frontal region represented by the black

circle in (A). Error bars denote SEM.

visual cortex. The fact that we observe increased activity over
the intact PFC, which correlated with posterior visual activity
specifically when the damaged hemisphere is challenged,
satisfies the second criterion.

Thus, we suggest that the observed neural pattern supports
a mechanism of compensation whereby the intact hemisphere
plays a dynamic and flexible role in mediating the cognitive func-
tions impaired by unilateral PFC injury. In both experiments, PFC
damage resulted in marked attenuation of neural activity in the
extrastriate cortex ipsilateral to PFC damage, yet the patients
performed well above chance even when stimuli were delivered
to the impaired field. Our findings account for this behavioral/
electrophysiological discrepancy by providing evidence that
the intact frontal cortex is assuming control of the task on a sub-

second time scale. That is, although patients show attenuated
responses in ipsilesional visual cortex, these decreases are
accompanied by rapid increases in activity over intact frontal
cortex (Figure S1B).

The electrophysiological increases we observed over the
intact frontal cortex varied with load and predicted behavior as
evidenced by their increased neural activity during correct
compared to incorrect task performance. We did not observe
any such electrophysiological changes when stimuli were pre-
sented ipsilesionally. This extends findings in motor recovery
where selective disruption of the intact motor cortex using trans-
cranial magnetic stimulation increases simple reaction times
(Johansen-Berg et al., 2002). Here, we expand the findings of
motor recovery to the cognitive domain and further demonstrate

A P =0.038 Figure 5. Compensatory Activity and Stan-
1 — - dard Error during Correct Versus Incorrect
_ correc .
> L - Trials
-— =3 incorrect m 300 .
& T; e —— Left panels show means for correct and incorrect
g - 0 - 2 scc;re—p 178 trials, right panels show distributions of differ-
= E 5 200 | P = 0.038 ' ences from resampling statistics (see Experi-
E g— ] ’ mental Procedures).
Q @ -1 100 b (A) Sustained frontal theta amplitudes over intact
ﬂj .E PFC in patients are larger during correct trials
£ ”H || than during incorrect trials in response to three-
-2 i ¥ e, item contralesional stimuli. Error bars denote
-2 0 2 4 SEM.
compensatory theta e_:mpll_tude difference (uV) (B) Frontal ERP amplitudes over intact cortex in
correct minus incorrect ) . ) ”
B patients in response to correctly identified con-
6 P < 0.0005 tralesional targets are larger than for incorrect
— correct [J 400 trials.
~ %. incorrect m
£ 9 e d=7.73 v
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g = 3 200} P < 0.0005 -
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a dynamic compensation model that contrasts with a fixed
compensation model. By using lateralized memory and attention
tasks to alternately challenge the damaged or intact cerebral
hemispheres we highlight intrahemispheric electrophysiological
deficits in top-down visual working memory and attention pro-
cessing. Furthermore, by taking advantage of the temporal reso-
lution of EEG we show that neural compensation occurs rapidly
as task demands increase compensatory requirements.

In experiment 1, theta power over intact frontal cortex
increased with memory load when the damaged hemisphere
was challenged. Frontal theta amplitude has been previously
shown to be modulated by memory load and is proposed to
represent active maintenance of the visual stimuli within the
PFC (Jensen and Tesche, 2002). In experiment 2, late frontal
activity, linked to attentional allocation, increased over the intact
cortex in response to targets presented only to the damaged
hemisphere. If these effects were purely modulated by task diffi-
culty we would expect load-dependent increases in frontal
activity in either the control group or in response to ipsilesional
stimuli. Neither pattern was observed.

Although we found robust, lateralized theta delay period
activity in experiment 1 in PFC patients when the damaged hemi-
sphere was challenged, we note that we observed no frontal
theta activity in normal controls nor in the patients when the
lesioned hemisphere was not challenged. Several scalp and
intracranial EEG studies have found that frontal theta activity
increases with memory load (Raghavachari et al., 2001; Onton
et al., 2005). In scalp EEG, this usually manifests as a midline
frontal theta increase. Notably, these studies most often make
use of a Sternberg or n-back paradigm in which multiple items
are presented in succession, or in delayed match to sample
paradigms similar to ours but across longer (3-10 s) delays.
Single-unit intracranial electrophysiology and fMRI studies also
show similar PFC delay-period activity; however, these studies
often also make use of successive visual presentation and/or
longer delays. Sternberg and n-back paradigms with successive
item presentation may require more frontostriatal resources to
filter out irrelevant distractors (McNab and Klingberg, 2008)
and may not directly reflect only simple visual template mainte-
nance. It has also been shown that frontal theta does not emerge
at delays under 1.5 s in tasks similar to ours (Griesmayr et al.,
2010). We were forced to use a short delay to mitigate eye move-
ments in the control and patient groups since we employed a lat-
eralized visual-field design. Thus, it is not surprising we do not
observe theta at our short delay intervals.

The fact that we observe frontal theta activity in our patient
group across a relatively short delay and with a relatively low
memory load may reflect a shift in the threshold at which large
groups of PFC neurons are recruited to perform the task. That
is, the frontoparietal network involved in maintaining a template
of the visual stimulus during the delay period may be less pre-
frontally dependent in normal controls across a short delay,
with fewer PFC neurons participating in active stimulus mainte-
nance. However, in patients with unilateral PFC lesions, the fron-
toparietal network in the intact hemisphere behaves normally for
ipsilesional stimuli; that is, at short delays and low loads the PFC
is relatively inactive at a level observable in scalp EEG. However,
that same network in the intact hemisphere becomes active at
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a much lower time/load threshold in response to contralesional
stimuli, reflecting a dynamic compensatory process to assist
the damaged hemisphere. Also of note is the fact that the
compensatory activity we observe in our patients in experiment 2
is relatively late and may reflect postdecision processes. While
this may be true in the context of a single trial, over the course
of an entire task postdecision processes related to the increased
frontal EEG activity may lead to improved performance. This
design requires subjects to maintain an internal representation
of the target stimulus across the entire task, and these late
potentials may reflect a reinforcement of the template. While
we cannot directly support this assertion, the fact that intact
frontal activity is associated with correct performance is in
agreement with the argument that this activity reflects a compen-
satory mechanism.

Models of anatomical connectivity changes in response to
unilateral PFC lesions show that frontoparietal connectivity is
drastically reduced within the damaged hemisphere, as is fronto-
frontal connectivity between the damaged and intact hemi-
spheres (Alstott et al., 2009). Thus, in order for subjects to
correctly perform our lateralized visual working memory task,
the most likely route through which the necessary information
can be processed and maintained during the delay period is
across the posterior corpus callosum. That is, at an early stage
post-stimulus onset, visual information must cross from visual
cortex in the damaged hemisphere to the intact hemisphere for
processing by the intact PFC. This idea is corroborated by our
finding that early visual potentials are correlated across hemi-
spheres, and that these early potentials correlate with later
frontal theta amplitude within the intact hemisphere only when
the damaged hemisphere is challenged (Figure 3). Of note, it
has been shown that visual information typically transfers across
the callosum in 15-20 ms (Rugg et al., 1984).

We propose that the visual information delivered to the con-
tralesional hemisphere is transferred transcallosally to the intact
hemisphere where the intact PFC assumes task control as
needed on a trial-by-trial basis. Support for this contention is
provided by studies in nonhuman primates revealing that top-
down PFC control over visual cortex during memory retrieval
relies on callosal information transfer (Hasegawa et al., 1998;
Tomita et al., 1999). Our results show that the neural changes
observed in movement recovery after motor cortex damage
(Ward et al., 2007; Johansen-Berg et al., 2002) expand to cogni-
tive domains and apply to a dynamic model of memory and
attention compensation by the intact, undamaged cortex. We
demonstrate that brain recovery can manifest itself as transient
changes in information processing occurring on a subsecond
timescale after the injured brain has been challenged to perform,
supporting a dynamic and flexible model of neural plasticity.

EXPERIMENTAL PROCEDURES

Subjects

All subjects gave informed consent approved by the University of California,
Berkeley Committee for Protection of Human Subjects and the Department
of Veterans Affairs Northern California Health Care System Human Research
Protection Program. In experiment 1, we tested six patients (three male) with
unilateral PFC damage due to stroke (two right hemisphere, average lesion
volume 59 ¢cm®). Age for the patients (mean 57 years) and education (mean
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15 years) were matched by our six controls such that each control was
within +5 years of age and +3 years of education to their matched patient
(p > 0.05 between groups for age and education). PFC subjects were in the
chronic stroke phase (5-12 years post-stroke at the time of study). Details
for subjects included in experiment 2 are reported in a previous manuscript
(Yago et al., 2004).

Data Collection

Subjects were tested in a sound-attenuated EEG recording room. In experi-
ment 1, EEG was collected using a 64 + 8 channel BioSemi ActiveTwo amplifier
(Metting van Rijn et al., 1990) sampled at 1024 Hz. In experiment 2, EEG was
collected from 32 scalp electrodes and sampled at 512 Hz. Horizontal eye
movements (HEOG) were recorded at both external canthi; vertical eye move-
ments (VEOG) were monitored with a left inferior eye electrode and superior
eye or frontopolar electrode. In both experiments, subjects were instructed
to maintain central fixation and responded using the thumb of their ipsilesional
hand. All data were referenced offline to the average potential of two earlobe
electrodes and analyzed in MATLAB (R2008b; Natick, MA) using custom
scripts and the EEGLAB toolbox (Delorme and Makeig, 2004) and SPSS
(Rel. 16; Chicago, SPSS Inc.). Electrodes in patients with right hemisphere
lesions (n = 2 for each experiment) were swapped across the midline allowing
us to plot scalp topographies wherein lesions are normalized to the left
hemisphere.

Behavioral Tasks
The behavioral paradigm used in experiment 1 was slightly modified from the
procedures used in Vogel and Machizawa (2004). We modified this design
such that subjects were visually presented with one, two, or three colored
squares. These squares were presented for 180 ms and only appeared in
one visual hemifield at a time. After a 900 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 or not the test array
was the same color as the initial memory array. Every subject completed
8-10 blocks of 60 trials each resulting in 80-100 trials per subject per condition
(2 visual hemifields x 3 memory loads for 6 total conditions). All other features
of the task (color template, eccentricity, stimulus size, etc.) are identical to
Vogel and Machizawa (2004). Behavioral accuracy was assessed by normalizing
percent correct responses for each subject using a d’ measure of sensitivity.
The behavioral paradigm used for experiment 2 has been described in detail
previously (Yago et al., 2004), but in brief, subjects were rapidly presented
(107 ms presentation; 200, 800, or 1000 ms interstimulus interval) with a series
of nontarget standard stimuli (p = 0.7), target stimuli (p = 0.2), or neutral novel
stimuli (p = 0.1) to either the left or right visual field (p = 0.5 for each hemifield).
On separate blocks of trials, subjects manually responded to targets pre-
sented only to the left or only to the right visual hemifield. For both experi-
ments, PFC patients responded with their ipsilesional hand to reduce the
influence of motor deficits on responses.

EEG Analyses

ERP analyses were performed on band-pass filtered (0.1-30 Hz) data re-
sampled 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
saccades were removed from all analyses except where otherwise stated.
For time-frequency analyses, the absolute value of the Hilbert transform of
band-pass filtered raw EEG was used to extract frequency band analytic
amplitudes (frequency-domain Gaussian kernel multiplication; Gaussian stan-
dard deviation was 10% of the center frequency resulting in full width half
maximum of 0.2355 of the center frequency). These frequency band analytic
time series were then subjected to normal event-related analyses.

In experiment 1, in patients, there was no load dependence on HEOG
(F2, 10 < 1.0) or VEOG (F3, 10 = 1.40, p = 0.29) activity. There were no differences
for three-item arrays between patients and controls for HEOG (p = 0.43) or
VEOG (p = 0.25) activity, or in patients for three-item ipsilesional versus con-
tralesional HEOG (p = 0.94) or VEOG (p = 0.52). To test the specificity of the
theta compensatory effect, we examined broadband ERP, alpha (8-12 Hz),
and beta (12-18 Hz) frontal delay activity over intact PFC in experiment 1 in

a series of post hoc analyses. Patients showed no set-by-laterality interactions
for frontal ERP or for alpha or beta frequencies (F1 5 < 1.0 for all analyses), nor
was there an effect of load over intact cortex for contralesional stimuli for ERP
(F1,5 < 1.0), alpha (F45 < 1.0), or beta (F1,5 = 1.25, p = 0.32) bands during the
time window of interest.

In experiment 2, there were no differences between patients and controls in
VEOG (p = 0.88) or HEOG (p = 0.59) activity (mean activity during late frontal
activity time windows; two-sample t tests). We examined theta, alpha, and
beta activity in patients over intact cortex for experiment 2. There was no atten-
tion effect of laterality on compensatory measures of oscillatory activity over
the intact PFC during the frontal positivity time window for theta, alpha, or
beta bands (F; 7 < 1.0 for all analyses).

Because there was an imbalance in the number of patients with right hemi-
sphere versus left hemisphere lesions in each group there is some concern
that the effects of interest may be driven by differences in hemispheric function
rather than specifically reflecting compensation for the lesioned cortex. While
we did not have enough power to examine left/right hemispheric lesion differ-
ences among our patient groups, we do not see any trend toward differences
among patients with left or right hemisphere lesions. In experiment 1, the four
patients with left hemisphere lesions show intact frontal theta increases from
one- to three-item arrays of —0.15, 0.40, 0.63, and 0.94 pV, and the two
patients with right hemisphere lesions show increases of 0.57 and 0.44 pV.
In experiment 2, the six patients with left hemisphere lesions show ERP
increases for contralesion stimuli over ipsilesion stimuli of 2.00, 2.04, 2.83,
2.17, 4.31, and 1.57 nV, and the two patients with right hemisphere lesions
show increases of 4.00 and 0.92 V.

Resampling Statistics

Because patients had many more correct than incorrect trials, in order to more
accurately calculate the significance of any mean amplitude difference
between correct and incorrect trials we calculated the real mean difference (d)
between correct (c) and incorrect (j) trials for experiment 1 theta (d = 1.33 pV)
and experiment 2 ERP amplitude (d = 7.73 pV). For each experiment separately,
we pooled all correct and incorrect trial compensatory amplitudes for patients
and then randomly selected n. and n; amplitudes. We then calculated a differ-
ence between these surrogate data and repeated this process 10,000 times.
For each experiment this provided a distribution of surrogate mean differences
from the actual data from which we could calculate the probability (z score) and
one-tailed significance (p value) of finding such an amplitude difference if the
correct and incorrect labels were uninformative.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and can be found with this
article online at doi:10.1016/j.neuron.2010.09.018.
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