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Summary

The cortical local field potential (LFP) is a summation
signal of excitatory and inhibitory dendritic potentials
that has recently become of increasing interest. We
report that LFP signals in the parietal reach region
(PRR) of the posterior parietal cortex of macaque
monkeys have temporal structure that varies with the
type of planned or executed motor behavior. LFP sig-
nals from PRR provide better decode performance for
reaches compared to saccades and have stronger
coherency with simultaneously recorded spiking ac-
tivity during the planning of reach movements than
during saccade planning. LFP signals predict the ani-
mal’s behavioral state (e.g., planning a reach or sac-
cade) and the direction of the currently planned
movement from single-trial information. This new evi-
dence provides further support for a role of the pari-
etal cortex in movement planning and the potential
application of LFP signals for a brain-machine inter-
face.

Introduction

The cortical local field potential (LFP) has long been
known as a summation signal of excitatory and inhibi-
tory dendritic potentials in a “listening sphere” around
the tip of the electrode (Buzsaki, 2004; Fromm and
Bond, 1964; Gray et al., 1989; Mitzdorf, 1987). In the
last few years, the LFP signal has received increasing
attention for a number of reasons. First, the temporal
structure of the LFP has been shown to reflect sensory
and motor-related signals that can be modulated by
cognitive processes. The LFP therefore provides addi-
tional information to single neuron activity (Fries et al.,
2001; Mehring et al., 2003; Pesaran et al., 2002; Sanes
and Donoghue, 1993). Second, the source of LFPs is
largely from synaptic activity, whereas action potentials
recorded from conventional microelectrodes are gen-
erally from large pyramidal cells. Thus, LFPs and spikes
recorded from the same sites tend to represent dif-
ferent sources—the LFPs represent the inputs and local
processing, and the spikes represent the outputs
(Mitzdorf, 1987). Third, LFPs appear to be more closely
correlated than spikes with the BOLD signal recorded
in fMRI (Buzsaki, 2004; Logothetis et al., 2001; Logo-
thetis and Wandell, 2004). Fourth, spiking activity has
been shown to cohere with the LFP under certain be-
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havioral or perceptual conditions, which potentially can
provide new evidence regarding the functional organ-
ization of the underlying neuronal networks (Engel et
al., 1990; Fries et al., 2001; Murthy and Fetz, 1996; Sie-
gel and Konig, 2003). Finally, the cortical LFP is easy to
record, even over long periods of time, which could be
of practical use for the development of reliable brain-
machine interfaces, e.g., as needed for a neural pros-
thesis (Andersen et al., 2004).

In the present study, we report the coding properties
of the LFP, spiking activity, and the coherence between
the LFP and spiking activity in the parietal reach region
(PRR) of the posterior parietal cortex (PPC) of macaque
monkeys during the planning and execution of reach
movements and saccades. This region has been shown
to play an important role in the sensorimotor trans-
formations for the planning of arm reach movements
(Andersen et al., 1997; Batista et al., 1999; Buneo et al.,
2002; Mountcastle et al., 1975; Scherberger and Ander-
sen, 2003; Snyder et al., 1997). We find considerable
differences in the temporal structure of the LFP and
the spike-field coherence when monkeys planned and
executed reaches and saccades, and the LFP was
tuned for the planned reach direction. Furthermore, this
information could be decoded on a trial-by-trial basis
from simulated population activity of the LFP. This new
evidence provides further support for a role of parietal
cortex in movement planning.

Results

To compare the properties of LFP and of spiking activ-
ity in PRR during the planning and execution of reach
and saccade movements, two macaque monkeys were
trained to perform a delayed arm reaching task and a
delayed saccade task (Figure 1A). In each trial, the ani-
mal first fixated and touched a central fixation spot
(baseline), before a visual cue was presented at one of
eight possible target positions. Depending on the color
of the presented cue, the animal then planned to reach
(green cue) or saccade (red cue) to the target but had
to withhold movement execution until the fixation light
was extinguished. Figures 1C-1H show the neural ac-
tivity of one typical PRR recording site in these two
tasks. In accordance with previous reports (Batista et
al., 1999; Snyder et al., 1997; Snyder et al., 2000), spik-
ing activity during the reach task increased after the
cue was presented and stayed elevated during the
planning period until the movement was executed (Fig-
ure 1C). During the saccade task, spiking activity was
only moderately elevated (Figure 1D).

Spectrograms of simultaneously recorded LFP sig-
nals from the same site revealed a change in the LFP
power spectrum during the reach task after the cue was
presented. The power at frequencies below 15 Hz de-
creased strongly, while the power in the frequency band
15-40 Hz increased (Figure 1E). In contrast, the spec-
trogram of this recording site showed only moderately
increased power at low frequencies (0-15 Hz) but not
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Figure 1. Neural Signals from a Typical Site

(A) Temporal evolution of the behavioral tasks. (C and D) Spike ras-
ters and peristimulus time histograms including 95% confidence
limits of spiking activity during the delayed reach and delayed sac-
cade task. (E and F) Spectrogram of the simultaneously recorded
LFP activity. Color legend shown in (B). Vertical bars: begin and end
of the cue and planning periods. (G and H) LFP spectrum during the
baseline (black lines) and planning period of the reach (blue line)
and saccade task (red line). Thin lines indicate 95% confidence
limits.

at higher frequencies during the saccade task (Figure
1F). The spectra of the LFP in the planning period (Fig-
ures 1G and 1H) indicate that these changes are signifi-
cant. Clearly, for this site, the temporal structure of the
LFP depends on the type of planned and executed mo-
tor behavior.

These findings were confirmed by a population
analysis of 119 sequentially recorded sites. Figure 2A
shows the mean LFP spectrum for the population on a
logarithmic scale normalized by the LFP activity during
the baseline period (horizontal zero line). During reach
planning, we found that the mean LFP power of the
population was significantly lower than the baseline
LFP spectrum at frequencies below 10 Hz and signifi-
cantly larger than baseline at frequencies of 10-100 Hz.
During saccade planning, the LFP power was moder-
ately elevated in the frequency range 1-100 Hz. This
confirms the presence of different temporal structure
for different motor plans in the population. During
movement execution (Figure 2B), the mean LFP power
during reaching was significantly larger than baseline
at frequencies up to 100 Hz except for a small dip
around 10 Hz that appeared no different from baseline.
In contrast, the LFP spectrum during saccade execu-
tion showed only moderate deviations from baseline.

LFP spectra of individual recording sites showed a
high degree of discriminability between time intervals
of reach and saccade planning and execution. To quan-
tify the differences between the reach and saccade LFP
spectra, we calculated for each recording site a discrimi-
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Figure 2. LFP Spectra during Movement Planning and Execution

(A and B) LFP spectrum of the population during planning and exe-
cution of reach and saccade movements. LFP power is given in
decibels relative to baseline activity. Thin lines indicate standard
error.

(C and D) Histogram of discriminability coefficient (dc) between
reach and saccade spectra over all recording sites. Solid vertical
line, mean; dotted line, significance level p = 0.001.

(E) Decoding predictability of the animal’s behavioral states from
the LFP (red) and spiking activity (black) using Bayesian classifica-
tion as a function of the number of recording sites (both axes on a
log scale). Behavioral states indicated by markers: baseline (cir-
cles), reach planning (squares) and execution (diamonds), saccade
planning (upward-pointing triangles) and execution (downward-
pointing triangles). Horizontal line, 10% error level.

nability coefficient (dc) that describes the average
discriminability between the reach and saccade
spectra at frequencies 1-100 Hz (see Experimental Pro-
cedures). Using this measure, we found a mean dc
value of 2.18 dB for movement planning and of 3.26 dB
for movement execution (vertical solid lines in Figures
2C and 2D), which significantly exceeded the 0.1% er-
ror lines for the hypothesis of identical spectra (vertical
dotted lines in Figures 2C and 2D). These findings con-
firm different LFP spectra in PRR for the planning and
execution of reach movements and saccades.

To compare the coding of the behavioral state in the
LFP signals and in spiking activity, we explored how
well the behavioral state of the animal (baseline, reach
planning, saccade planning, reach movement, saccade
movement) could be predicted from our data set. For
this, we treated our data set of sequentially recorded
sites as if it were simultaneously acquired and pre-
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dicted the behavioral state of the animal on a trial-by-
trial basis from the resulting population activity using a
Bayesian classifier (see Experimental Procedures). We
found that the correct behavioral state of the animal
can be decoded from LFP signals on a trial-by-trial ba-
sis with an error rate of 10% or less using about 20
randomly selected recording sites (Figure 2E). In con-
trast, about 50 recording sites were necessary to
achieve the same accuracy using spiking activity.
These results indicate that LFP signals are better suited
than spiking activity to predict the behavioral state of
the animal and that PRR processes neural information
in an action-specific fashion.

The action-specific nature of neural processing in
PRR was also observed in the spike-field coherency
between the LFP and spiking activity. Figure 3A pres-
ents the mean coherence across the reach and sac-
cade conditions in the population of 137 recording
sites. LFP and spiking activity for reaches and sac-
cades were significantly coherent at mid frequencies
(10-40 Hz) throughout the task. In contrast, Figure 3B
shows the difference between the reach and saccade
coherence in the population. Differences emerged
mainly in the planning period, where the spike-field co-
herency was significantly enhanced for reaches versus
saccades in the frequency range of 20-40 Hz, while at
low frequencies (0-10 Hz) the coherency for saccade
planning was enhanced with respect to reaches. These
findings provide further evidence that neural process-
ing in PRR is different for the generation of reach and
saccade movements.

Different temporal structure was also observed in the
population spectrogram of the LFP (Figures 3C-3F).
Each panel shows the LFP power relative to the base-
line power during the reach task (Figures 3C and 3E)
and the saccade task (Figures 3D and 3F), while the
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Figure 3. Population Coherograms and
Spectrograms

(A and B) Population coherograms of the
spike-field coherency. Color code indicates
the mean coherency (A) and differential co-
herency (B) between the reach and saccade
task.

(C-F) Population spectrograms of the LFP
1 ’ during the reach (C and E) and the saccade
task (D and F) in the preferred (C and D) and
the nonpreferred direction (E and F) of the
LFP sites. Color code (in [D]) indicates the
LFP power relative to the baseline spectrum
(in dB). Vertical lines mark the beginning of
the cue, planning, and movement period,
respectively.
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movement was made to the preferred (Figures 3C and
3D) or nonpreferred direction (Figures 3E and 3F) at
each recording site (preferred direction was determined
by the tuning of the LFP power at 25-35 Hz; nonpre-
ferred direction was taken as opposite to the preferred).
All four panels show suppression of the LFP power at
the end of the cue presentation (time 0) at lower fre-
quencies (below 20 Hz). Both preferred and nonpre-
ferred reach directions show elevated low-frequency
activity during the reach execution and low-frequency
suppression beginning at cue presentation and contin-
uing into the planning period. For saccades, both direc-
tions show an initial low-frequency suppression and
then enhancements during the planning period. In fact,
the low-frequency behavior is the same for the pre-
ferred and nonpreferred directions but different for
reaches and saccades. In contrast, at higher fre-
quencies (above 20 Hz), there is pronounced activity
during reaching to the preferred direction, starting dur-
ing cue presentation, that drops in frequency and then
persists into the planning period. This pronounced ac-
tivity is directionally tuned and largely absent for
reaches to the nonpreferred direction. A similar but
much weaker directional tuning was also observed dur-
ing the planning of saccades. Taken together, the LFP
shows a clear directional modulation at high fre-
quencies (above 20 Hz) in addition to the state differ-
ences of the LFP at low frequencies.

To further investigate the directional LFP coding
properties in PRR, we examined the directional tuning
of the LFP signals toward eight peripheral targets in the
reach and saccade task and compared it with spiking
activity. The top panel of Figure 4A shows a typical di-
rectional tuning curve of a single unit, in which the cell’s
firing rate during the reach planning period is plotted
against the movement direction, while the fitted von
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Figure 4. Direction Tuning of the LFP

(A) Typical recording site during reach planning. Each panel shows
a tuning curve for spiking activity and in four LFP frequency bands
(5-15, 15-25, 25-35, and 35-45 Hz). Circles denote the LFP power
during individual trials, and thick curves are fitted von Mises distri-
butions.

(B) Population results. Percentage of sites with significant direc-
tional tuning (p < 0.05) is shown for spiking activity (SPK) and 11
LFP frequency bands (0-100 Hz) during reach (blue bars) and sac-
cade (red bars) planning and movement.

(C) Distribution of preferred directions of all tuned spiking activity
(SPK) and all tuned LFP frequency bands during reach planning
(blue) and saccade planning (red) with respect to the recorded
hemisphere. Inner circle denotes uniform distribution.

(D) Decoding predictability of reach and saccade directions during
movement planning using a Bayesian classifier. For comparison,
confusion matrices are shown for spiking activity (SPK) and the
LFP. Color code indicates the percentage of correct classifications
(chance level 6.25%). 0° represents the ipsilateral, and 180° repre-
sents the contralateral planning direction.

Mises distribution (thick curve) indicates significant di-
rectional tuning (p < 0.05; preferred direction 181°) (Fi-
scher, 1993). The panels below show the tuning of the
LFP power for this recording site during reach planning
for the frequencies 5-15, 15-25, 25-35, and 35-45 Hz.
The LFP power was tuned in all of these frequency
bands (p < 0.05; von Mises fit) with similar preferred
directions of 238°, 207°, 185°, and 216°, respectively.
These results were confirmed in the population analysis
(Figure 4B). During reach planning, about 47% of all
LFP signals were significantly tuned (blue bars) at fre-
quencies between 5 and 55 Hz, while spiking activity
was direction tuned at 53% of all recorded sites (p <
0.05; von Mises fit). The coefficient of determination (r?
value), a measure of goodness of fit, had a mean of

0.40 for spikes and 0.23 for the LFP across significant
fits in the population (p < 0.05), suggesting that the LFP
conveys more information than spiking activity that is
unrelated to the planned movement direction. A sub-
stantial number of recording sites were also tuned for
saccade planning (red bars), which was demonstrated
previously for spiking activity but not for the LFP (Sny-
der et al., 2000). Similar results were found for the
movement period (Figure 4B, lower panel).

The distribution of preferred directions for the LFP as
for spiking activity was biased toward the contralateral
hemisphere during movement planning (Figure 4C) and
movement execution (data not shown). This bias may
reflect a contralateral preference of space representa-
tion in PRR (Snyder et al., 1997). However, a substantial
number of PRR cells do code for ipsilateral space, con-
sistent with a previous study (R. Quian Quiroga et al.,
2003, Soc. Neurosci., abstract).

To compare the coding information for movement di-
rection in the LFP and in spiking activity, we simulated
the decoding of the planned reach and saccade direc-
tions. Similar to the decoding of behavioral states, we
treated our data set of sequentially recorded sites as if
acquired simultaneously. To reduce noise, only neurons
and those LFP frequency bands of each site were con-
sidered that presented significant directional tuning
either for reaches or saccades (as shown in Figure 4B).
This led to a population of 89 neurons and a population
of 660 frequency bands from 125 LFP sites (57, 58, 86,
80, 79, 56, 41, 66, 54, 43, and 40 sites in the frequency
bands of Figure 4B, respectively). The planned reach or
saccade direction was then predicted from single trials
of the population activity using a Bayesian classifier
(see Experimental Procedures). We found that reach di-
rections were predicted correctly in 81.4% of all simula-
tions (range across directions, 53.7-98.9%) from our
LFP population and in 97.3% (91.9%-100.0%) of all
simulations from the spiking activity population (Figure
4D). The planned saccade direction was correctly clas-
sified in 40.1% (12.9%-96.6%) of all LFP simulations
and in 72.2% (47.9%-98.2%) of all simulations using
spiking activity. In general, classification rates were
better for contralateral (135°-225°) than ipsilateral
targets (-45°-45 deg®), which reflects the contralateral
preference both for spiking activity (reach, 98.3% con-
tralateral, 95.7% ipsilateral; saccade, 80.6% contralat-
eral, 57.5% ipsilateral) and the LFP in this data set
(reach, 86.8% contralateral, 72.2% ipsilateral; saccade,
42.0% contralateral, 22.8% ipsilateral). Misclassifica-
tions occurred mostly to neighboring directions, and
reach and saccade plans were never confused, which
is in line with our state decoding results (Figure 2E).
This analysis indicates that spatial information for
movement planning can be retrieved from LFP signals
on a trial-by-trial basis. For both spikes and LFPs, per-
formance was better for decoding reaches compared
to saccades. While the encoding of the movement type
was better represented in the LFP than in spiking activ-
ity (Figure 2E), spatial information of the planned move-
ment direction was better represented in the spike
data, consistent with the larger variance of the LFP sig-
nals for direction tuning.
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Discussion

This study is, to our knowledge, the first examination
of the temporal structure of LFP activity in PRR and its
relation to spiking activity. Very pronounced differences
in temporal structure were found that correlated with
the behavioral state of the animals, including the type
of movement, saccade or reach, that the monkeys were
planning or executing. In fact, it was easier to deter-
mine the behavioral state from the LFPs than from spik-
ing activity. The direction of planned movements is en-
coded in the LFPs, although the decoding of direction
is better for spikes than LFPs. Spike activity is coherent
with the LFPs and shows a greater degree of coherence
for reach planning than for saccade planning. Addition-
ally, the high-frequency (greater than 20 Hz) LFP power
is greater when the monkeys are planning reaches
compared to saccades. These findings provide new
and additional evidence that the PPC is involved in
movement planning (Snyder et al., 1997; Andersen and
Buneo, 2002). The rich information contained in the LFP
temporal structure can potentially provide a source of
control signals for neural prosthetics that operate artifi-
cial limbs and other assistive devices, especially con-
sidering the ease and longevity of LFP recordings.

State and Direction Decoding

We found a larger predictability for the movement type
with the LFP than with spiking activity, while the move-
ment direction was better predicted by spiking activity
than with the LFP. This difference may in part be due
to the fact that LFPs cannot be simply interpreted as
averaged spiking activity, but instead largely represent
the mean dendritic activity within a cortical volume that
results from synaptic input into the area as well as inter-
neuronal activity (Buzsaki and Draguhn, 2004; Logo-
thetis et al., 2001; Logothetis and Wandell, 2004). Since
the generation of action potentials from synaptic input
activity is a nonlinear process, LFPs provide an impor-
tant alternative view at the neuronal input level that
cannot be provided by spiking activity. Spiking activity
is often sampled from larger cells in a cortical area that
are cortical output neurons. Spiking and the LFP activ-
ity could therefore convey complementary information
about the neuronal processing of a cortical area. This
division is supported by our findings. The fact that the
behavioral states are better encoded in the LFP than in
spiking activity may indicate that the behavioral state
information is already present at the input and local
processing stages in PRR. The finding that the move-
ment direction is better encoded in the spiking activity
may be attributed to neural processing at the local and
output stages of PRR.

It was observed that directional information for sac-
cades, a different type of motor action, was encoded
in the spiking activity with significantly less predictive
power than for reaches. This result indicates a strong
modulation for the type of action on the encoding of
movement direction. Such a modulation by movement
intention might use similar mechanisms seen for atten-
tion modulation in visual cortex, where a mechanism
has been proposed that causes stimulus facilitation by
increased synchronization of local cell assemblies

(Fries et al., 2001; Salinas and Sejnowski, 2000). In
other words, increased synchronization of synaptic ac-
tivity during reach planning, reflected in the LFPs, may
lead to higher rates of spiking activity.

LFP activity at higher frequencies (15-40 Hz) is action
and direction selective most prominently during the cue
and planning periods of the task (Figures 3C-3F). These
signals are most likely related to movement planning
and working memory. In contrast, LFP activity at lower
frequencies (0-15 Hz; Figures 3C-3F) is less direction
selective and changes its spectral signature around the
start of the movement (though differently for reaches
and saccades). A possible role of these low-frequency
signals may be to convey timing information, as also
suggested for the low-frequency components of the
LFP in the lateral intraparietal area (Pesaran et al.,
2002). Whether these signals trigger or perhaps sup-
press a motor response needs further investigation.

Intention versus Attention

Spiking activity of the PPC has been implicated in ac-
tion planning and spatial attention (Buneo et al., 2002;
Colby and Goldberg, 1999; Goodale and Milner, 1992;
Mountcastle et al., 1975; Robinson et al., 1978). It has
been proposed by some investigators that the PPC
only functions in spatial attention and does not have
any role in movement planning (Bisley and Goldberg,
2003; Bushnell et al., 1981; Colby and Goldberg, 1999;
Goldberg et al., 2002; Goldberg et al., 1990; Gottlieb
and Goldberg, 1999; Gottlieb et al., 1998; Powell and
Goldberg, 2000; Robinson et al., 1978). This strong
claim is difficult to reconcile with the finding that the
lateral intraparietal area within the PPC is more active
when monkeys plan saccades, and less active when
they plan reaches, whereas spiking activity in PRR
shows the opposite behavior, being more active for
reaches than saccades (Snyder et al., 1997). This
double dissociation makes it unlikely that attentional
load between reaches and saccades could be an expla-
nation, especially considering that these two areas are
so similar in terms of spatial representation and pro-
cessing mechanisms other than those related to the
type of action (Batista et al., 1999; Gnadt and Ander-
sen, 1988).

The present study provides new, additional evidence
for a role of the PPC in movement planning. First, the
temporal profile of the LFPs in PRR is very different
when animals are planning saccades and reaches to
the same target. Most notably, there is a dramatic de-
crease in the below 10 Hz spectral component and in-
crease in the above 10 Hz component during reach
planning, whereas there is only a modest increase
across the entire 1-100 Hz spectrum for saccade plan-
ning. Second, the power in the higher (above 20 Hz)
direction-tuned LFP spectrum is substantially larger for
reaches than saccades. Third, when adjusted for spike
activity, spikes and local fields in PRR are more coher-
ent when the animals are planning reaches compared
to saccades. Finally, predicting the planned reach di-
rection from the LFP is more robust than predicting
saccade directions, again consistent with a degree of
specialization of PRR for reach planning. If PRR activity
is only related to attention, then these clear differences
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would not be expected, since only the type of move-
ment is varied in the experimental design. These data
show that the LFP activity in PRR is intention specific,
adding further evidence for the involvement of the PPC
in movement planning.

Neural Prosthetic Applications

While the cortical mechanisms that generate coherent
oscillations in the LFP need to be explored more
extensively, it is apparent that cortical LFP signals are
suitable for decoding movement intentions, e.g., as
necessary for neuroprosthetic applications. A practical
advantage to using LFPs compared to spikes is that
they are easier to record and remain stable for longer
periods of time. Both these features are due to the
larger “listening sphere” of LFPs. Recording spikes is
difficult in chronic implants, since the electrodes must
be near the cell producing the spikes, whereas the LFP
is a local average of cells over greater distances. Addi-
tionally, scarring that results from implants in time leads
to a loss of signal from single neurons (Kralik et al.,
2001; Rousche and Normann, 1998) but does not ap-
preciably reduce the LFP signals. From an information
point of view, using both spikes and LFPs will improve
the amount and quality of information that can be de-
coded, because they largely reflect different aspects of
neural processing. For instance, in the current experi-
ments the behavioral state was better recovered with
LFPs, and the direction of the movement plan was bet-
ter recovered with spikes. The ability to use LFPs is
likely to extend to most cortical regions; for instance,
the direction of eye movements and behavioral state
for planning and executing saccades have been de-
coded from the lateral intraparietal area, and the direc-
tion of reach movements has been decoded from motor
cortex (Mehring et al., 2003; Pesaran et al., 2002). Thus,
the use of LFPs for neural prosthetics has the potential
for extracting a wide variety of cognitive variables from
a number of cortical regions.

Experimental Procedures

Animal Preparation

Two male rhesus monkeys (Macaca mulatta) participated in this
study (animals C and D). Under sterile conditions, a stainless steel
or titanium head post, a dental acrylic head cap, and a left or right
recording chamber were implanted onto the skull (right hemisphere
of animal C, both hemispheres of animal D). In addition, a scleral
search coil was implanted under the conjunctiva of one eye in each
animal (Judge et al., 1980; Scherberger et al., 2003b). Procedures
followed federal guidelines and were approved by the local institu-
tional animal care and use committee (National Research Council,
2003).

Animals were trained to touch buttons (diameter 3.7 cm) that
were placed on a board in front of the animal at a distance of 26
cm. Each button contained a red and a green light-emitting diode
(LED). The red LED instructed the animals where to look and main-
tain fixation, while the green LED instructed the animals where to
place their hand. Reach movements were made with the contralat-
eral arm, and eye position was monitored using the scleral search
coil technique.

In the delayed reach task, the animal first fixated and touched a
central fixation spot for a period of 800 ms (baseline period) before
a green LED (visual cue) was presented for 300 ms at one of eight
possible target positions. During the following delay period of 800
ms, the animal could plan to reach to the target but had to withhold

the execution until the central fixation light was extinguished. The
animal then reached in the dark to the target while keeping its gaze
at the (extinguished) central fixation spot. After pressing the target
button for 500 ms, the animal was given a juice reward. In the sim-
ilar delayed saccade task, a red LED was presented, which indi-
cated to the animal to look at the target while keeping its hand at
the central fixation button after the fixation light was extinguished
in order to receive a juice reward.

Spiking (single-unit) activity and LFP activity were recorded
simultaneously from a single varnished tungsten electrode (imped-
ance 1-2 MQ at 1 kHz; Frederick Haer Co.). Spiking activity was
isolated from the amplified and filtered (0.6-6.0 kHz) signal using
a time-amplitude window discriminator (Bak Electronics Inc.) and
sampled at 2.5 kHz. LFP activity was digitized at 1000 Hz after
being amplified and band-pass filtered (2-300 Hz) using a dedi-
cated ac-differential amplifier and head stage (Bak Electronics
Inc.).

Simultaneous spiking and LFP activity were recorded sequen-
tially from a total of 137 recording sites (animal C: right hemisphere,
41; animal D: left hemisphere, 43; right hemisphere, 53). For state
decoding, analysis was restricted to a subset of 119 sites that had
at least 40 trials in each state condition. The approximate center of
the PRR recording sites was 8 mm posterior and 5 mm lateral of
stereotaxic zero (Horsley-Clarke coordinates) at depths below the
superficial cortex (Buneo et al., 2002; Scherberger et al., 2003a).
The correct position of the recording chambers above PRR was
confirmed with MR images in one animal (D).

Data Analysis
Trials were aligned to the beginning of the delay period (cue offset).
For spiking activity, peristimulus time histograms were generated
using a Gaussian kernel (standard deviation 50 ms) and 95% confi-
dence limits calculated by estimating the standard error of the
mean.

Directional tuning of neuronal activity was fitted with a scaled
and shifted version of the circular von Mises distribution:

«xCOS(x — 0)
)

1
y=a+b—¢
27lp(x)

where the activity y is determined by the movement direction x and
the four parameters: preferred direction 6, tuning width «, vertical
scale b, and offset a. The scaling factor ly(x) is derived from the
modified Bessel function of the first kind (Fischer, 1993). As a mea-
sure of the goodness of the fit, the coefficient of determination (r?
value) was computed as: r? = SS.egression! SStotan Where SS,egressions
SS;.:2s denotes the sum of squares of the regression and the raw
data, respectively (Zar, 1999).

To estimate the temporal structure in the LFP and the spike-field
coherency, we applied multitaper spectral analysis that has been
described extensively elsewhere (Jarvis and Mitra, 2001; Percival
and Walden, 1993; Pesaran et al., 2002). In short, a Fourier trans-
form was applied to the tapered time series signal. We used an
optimal family of orthogonal tapers, the prolate spheroidal (Slepian)
functions that are parameterized by their time length T and the
frequency bandwidth W. For each choice of T and W, a maximal
number of K = 2TW - 1 tapers can be used for spectral estimation.

The Fourier transform of the continuous valued LFP time series
Xs, t=1,..., N (N the number of samples in the time window) is then
given by X, (f) = =N, w¥x,.e 2"" with the K orthogonal taper func-
tions w¥, k = 1,..., K. For the sequence of spike events t;, j = 1,...,
N in the interval [0,T], the windowed Fourier transform of the spike
counts X (f) is given by

N
K () Jwie 2" — NIT WP,
j=1

where N denotes the total number of spikes in the window, and
WY denotes the Fourier transform of the data taper at zero fre-
quency. For continuous and counting processes, the multitaper es-
timates of the spectrum Sx(f), the cross-spectrum Sxy(f), and the
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coherency Cyy(f) are then given by S, () = 1/K S K| % ()12, Sxy
(f) = 1/K =740 % (), and Cxy (f) = Sxrl)/NSx(HSy(f). When aver-
aging over several trials, an index i denoting the trial number is
introduced, X, (f), and averaging in the equations above is taken
over all pairs k, i.

Error bars of multitaper spectrum and coherency estimates were
generated using the jackknife method for single site analysis, and
line noise was removed using an F test (Percival and Walden, 1993).
Error bars in the population spectra indicate the standard error of
the mean of the individual estimates of each site.

To estimate the discriminability of reach and saccade task
spectra, a discriminability coefficient (dc) was defined as dc =
1/Fmaxfgmax‘sreach (f) - Ssac (f)l df! where Sreach(f)! Ssac(f) denote the
LFP log power spectrum (in dB) of the reach and saccade task,
respectively, and F,,x = 100 Hz. To determine the significance of
dc against the null hypothesis of identical reach and saccade
spectra, a Monte Carlo method was employed that generated a null
distribution of dc from randomly reshuffled data (10* repetitions in
which each trial was randomly assigned to be a reach or saccade
trial), from which the significance level for p = 0.001 was deter-
mined.

Decoding

A Bayesian classifier with uniform prior probability distribution was
employed to estimate the behavioral states and the movement
planning directions. For the decoding simulation, the sequentially
recorded database was treated as if recorded simultaneously
(Shenoy et al., 2003). We assumed Poisson spike statistics for the
spiking activity, the log spectrum to be normally distributed in each
of the 11 considered frequency bands of the LFP (0-5 Hz, 5-15
Hz, ..., 95-105 Hz), and statistical independence between different
recording sites and between different LFP frequency bands at
each site.

To estimate the behavioral states of the animal (baseline, reach
planning, saccade planning, reach execution, or saccade execu-
tion), we defined the scalar x<{1,...,5} to denote the state. The vec-
tor a = (a4,..., ay) represents the neural activity of the ensemble of
all recording sites. In the case of spiking activity, M equals the num-
ber of recording sites, and each a; represents the spike count of
the it" recording site. For the LFP, each a; represents the LFP log
power in one of 11 frequency bands. This leads to a vector of size
11 times the number of recording sites. Bayes’ rule gives the fol-
lowing expression for the conditional probability of x given a:

P(xla)= C (a)P(x)ITY,P;(ajx),

where P; is the distribution of a; (Poisson for spikes and normal for
the LFP), and C(a) is a normalization factor that ensures the sum of
all probabilities to be one. P(x) is the prior probability, which is uni-
form by design. The estimated behavioral state X was then taken
to be the one with the highest likelihood:

X = argmax(P(x1a)).

Cross-validation was used to assess the performance of the esti-
mation process. For each repetition of the simulation, a random
subset of the total number of sites was selected, and one trial was
randomly selected from each of the selected sites and set aside as
test data. In the case of spiking activity, the parameter A of the
Poisson distribution was estimated from the mean firing rate in
the remaining trials for each site and behavioral state condition.
In the case of the LFPs, the remaining trials were used to estimate
the mean and standard deviation of the LFP log power, which were
then taken as the parameters p and ¢ of the normal distribution.
After all probability distributions P; were estimated, P(x|a) was de-
termined for each state x using the test data a, and the most prob-
able state was selected as the prediction of a particular repetition.
This process was repeated 100 times in each of the five behavioral
states and for each tested number of sites.

The same method was applied for the decoding of the planning
directions, where the scalar x € {1,...,16} denoted the 8 + 8 pos-
sible reach and saccade directions, and 1000 repetitions per direc-
tion were done during cross-validation.
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