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Propagating waves mediate information transfer

in the motor cortex

Doug Rubino!, Kay A Robbins? & Nicholas G Hatsopoulos!

High-frequency oscillations in the beta range (10-45 Hz) are most active in motor cortex during motor preparation and are
postulated to reflect the steady postural state or global attentive state of the animal. By simultaneously recording multiple local
field potential signals across the primary motor and dorsal premotor cortices of monkeys (Macaca mulatta) trained to perform an
instructed-delay reaching task, we found that these oscillations propagated as waves across the surface of the motor cortex along
dominant spatial axes characteristic of the local circuitry of the motor cortex. Moreover, we found that information about the
visual target to be reached was encoded in terms of both latency and amplitude of evoked waves at a time when the field phase-
locked with respect to the target onset. These findings suggest that high-frequency oscillations may subserve intra- and inter-
cortical information transfer during movement preparation and execution.

Beta oscillations in electroencephalogram (EEG) and local field poten-
tials (LFPs), observed across the sensorimotor cortex of both human
and non-human primates, increase in power during movement plan-
ning or steady postural configurations and attenuate at movement
initiation that is either cued or self-paced'. These oscillations also
occur sporadically throughout behavioral tasks that require increased
attention and active participation’~!°, These findings suggest that beta
activity may signal global aspects of motor planning and behavior such
as attention or arousal.

Beta oscillations are believed to represent the summed activity of
multiple, synchronous postsynaptic potentials near the electrode site.
However, very little is known about their spatiotemporal properties
across the surface of the motor cortex. Although synchronous or nearly
synchronous activity with small, non-systematic temporal phase shifts
between oscillations are observed at different cortical sites horizon-
tally”?, no evidence for spatiotemporal structure within motor cortex
has been found except for a decrease in correlation strength with inter-
electrode distance®. Here we report that beta oscillations propagated as
waves across the primary motor (MI) and premotor (PMd) cortices as
monkeys planned and executed an instructed-delay reaching task.
These waves propagated predominantly in one of two oppositely
oriented directions in each cortical area. The dominant directions
were consistent with the underlying structure of the local transcortical
circuitry of the motor cortex, suggesting intra-cortical and inter-
cortical communication between nearby cytoarchitectonic areas. More-
over, after the onset of the visual stimulus instructing the upcoming
reaching movement, the beta oscillations were found to transiently
phase-lock to the instruction stimulus, which generated evoked waves
propagating along the dominant propagating axis of the on-going LFP
waves. The latency and amplitude of these evoked waves varied

systematically with target direction, indicating that propagating waves
carry behaviorally relevant information.

RESULTS

Power in the beta band during movement planning

Monkeys were trained to perform an instructed-delay reaching task to
one of eight targets. During the instruction period, a visual stimulus
appeared instructing the animal where its upcoming movement should
occur. The animal was trained not to move until the presentation of a
‘go cue’ signaling the initiation of the instructed movement. As others
have shown!?7, power spectra of the simultaneously recorded LFPs
across multiple electrodes on the array revealed a dominant beta
frequency band during the instruction period (Fig. 1a). By applying
a band-pass filter (1045 Hz) to the raw LFP signal (Fig. 1b, top), we
isolated the beta oscillations (Fig. 1b, middle) and separated them from
the slower fluctuations (Fig. 1b, bottom). Mean frequencies across
monkeys ranged from 20 to 25 Hz.

As previously shown’, beta power increased during movement
planning and was most prominent 50-200 ms after the onset of
the instruction stimulus. Beta power remained elevated from sur-
rounding frequencies throughout the remainder of the instruction
period and then dramatically attenuated around the onset of move-
ment (Fig. 1c,d).

Beta waves in the motor cortex

Across a set of spatially separated electrodes in M, the oscillatory peaks
within one cycle of the beta oscillation occurred at different times,
suggesting wave propagation (Fig. 2a). A phase map of the LFP across
the entire two-dimensional array was computed using the Hilbert
transform (Methods) and temporally averaged over one beta cycle
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Figure 1 Time-frequency analysis of local field potentials in the motor cortex during the instructed-delay reaching task. (a) Power spectra during the instruction
epoch, computed across all channels of the microelectrode array. Log power is presented in blue-red false color, and channels are sorted according to power in
the beta range (10 to 45 Hz). (b) Top, an unfiltered LFP from a single electrode taken from data collected during the instructed-delay epoch of a single trial of
the task. Middle, same as above, band-pass filtered at 10-45 Hz. Bottom, the same LFP low-pass filtered at 10 Hz. (c) Averaged wavelet spectrogram
computed with respect to onset of the instruction stimulus. Power is presented in blue-red false color. Spectrograms were computed independently for each
channel of each trial and averaged. (d) Same as c except computed with respect to the movement onset. The vertical lines in ¢ and d mark the onset of the
instruction stimulus and movement onset, respectively. All data presented are from monkey Rs from an array implanted in the primary motor cortex (MI).

(vertical red lines in Fig. 2a). The averaged phase revealed that the
phase of the beta oscillations varied systematically across the array,
which is evidence of a propagating wave (Fig. 2b). As seen from a series
of time snapshots, this particular wave began in the upper left quadrant
of the array and propagated at a mean velocity of 28 cm s~! diagonally
to the bottom right (Fig. 2c¢).

To quantitatively verify that coordinated spatial activity occurred
continuously throughout the instruction epoch, we computed the
spatial coherence of the LFPs across arrays implanted in MI (Fig. 3a,
top and middle) and PMd (Fig. 3a, bottom) over all trials, which
revealed a peak between 10 and 45 Hz corresponding to the beta range
of oscillations typically observed in motor cortex during preparation to
move. To specifically verify that the data were behaving like propagating
waves, we computed the phase-gradient directionality (PGD) over the
same data (Methods). PGD assesses the degree of alignment of the
phase gradients across the array. The peak of the PGD spectrum was
always present in the beta frequency range across all monkeys,
suggesting that beta was the most wavelike frequency band below
100 Hz (Fig. 3b).

For each instance of time during the instruction epoch (every 1 ms),
we generated an instantaneous phase map, from which the instanta-
neous propagation velocity was computed by spatially averaging the
phase gradient. Data with high PDG values have a well defined
propagation velocity, and therefore only data with instantaneous

Figure 2 Wave propagation in the beta frequency range. Data are from a
single trial in MI of monkey Rx. (a) Local field potentials in the beta band
along the diagonal electrodes of the array. Red stars mark the local maxima of
one characteristic beta cycle, and the red lines mark the beginning and end
of the wave snapshots presented in c. Scale bar, 500 pV. (b) Average phase
of the beta wave marked in a plotted with respect to the multi-electrode array
dimensions. Phase is presented using contour lines in black-white false color.
Six missing data points were interpolated for continuity before averaging.

The white arrow indicates direction of wave propagation. (c) Individual time
snapshots of the voltages corresponding to the wave shown in a and b,
plotted with respect to the dimensions of the multi-electrode array. Time (in
milliseconds) is labeled above each plot, with time zero corresponding to the
onset of the instruction stimulus. Voltage is presented in white-red false color
(red indicating positive voltage). This particular wave took approximately

20 ms to propagate across the 4 x 4 mm array.

PGD values greater than 0.5 were included in this velocity analysis. The
distributions of the speeds of propagating waves during the instruction
epoch were single peaked (Fig. 3¢). Mean propagation speeds ranged
between 12 and 26 cm s™! over all monkeys. Given a propagation speed
of 20 cm s7! and a temporal frequency of 20 Hz, the wavelength of the
propagating beta activity was 10 mm, which is comparable to the linear
dimension of the arm area of ML

We also computed the distributions of propagation directions from
the same data (Fig. 4a). Peaks in the propagation direction distributions
revealed the most frequent propagation directions of the beta waves,
which we term the dominant propagation directions. We observed two
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dominant propagation directions (a primary and secondary propaga-
tion direction), which were approximately 180° apart, comprising a
dominant propagation axis. Average phase
maps using data associated with the primary
(Fig. 4b) and secondary (Fig. 4c) peaks
revealed the spatial dynamics of the two
dominant propagating wave directions. The
dominant propagation directions were consis-

o

Direction count

tent across monkeys, showing an anterior-
posterior dominant propagation axis in MI

axis in PMd (Fig. 5). Even though oscillatory
power in the beta range strongly attenuated

Figure 4 The direction of propagating waves
during the instruction epoch. Data from monkey
Rs, MI (top), monkey Rx, MI (middle) and
monkey R, PMd (bottom). (a) Histogram of wave
propagation directions during the instruction
epoch of all trials for all times at which PGD >
0.5. (b) The average phase map, computed
using the instantaneous phases from data with
propagation directions within 45° of the

highest peak in the histograms from a. The

data are presented with respect to the array
dimensions, and phase is presented in
black-white false color. The arrow indicates

the propagation direction of the waves, based
on the direction of the negative phase gradient
of the average phase map. (c) Same as in b, but
using data with propagation directions within
45° of the second peak in the propagation
direction histograms.
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Figure 3 Spatial coherence, phase gradient directionality (PGD) and wave
speed. Data from monkey Rs, MI (top), monkey Rx, Ml (middle) and monkey
R, PMd (bottom). (a) Spatial coherence as a function of frequency for
unfiltered LFP signals across the array, averaged over all trials during the
instruction epoch. The dotted vertical lines mark the 10 and 45 Hz
boundaries of the beta band used to band-pass filter the LFP signals for
further analysis. The second peak in coherence in the bottom panel is due to
60 cycle line noise. (b) PGD as a function of frequency for band-pass filtered
LFPs (bandwidth 10 Hz) from O to 100 Hz. PGD values were averaged over
all trials and times per frequency. The dotted vertical lines mark the 10 and
45 Hz boundaries of the beta band used to band-pass filter the LFP signals
for further analysis. (c) Histograms of the wave propagation speeds during the
instruction period for 10-45 Hz beta activity with PGD > 0.5.

after the initiation of movement, beta activity continued to propagate as
waves and displayed the same dominant propagation directions as
during the instruction epoch (Supplementary Fig. 1 online).

We computed wave propagation velocities separately using two
methods: the first method applied the Hilbert transform to compute
instantaneous phase, and the second method applied Slepian tapers
and singular-value decomposition to Fourier-transformed data. The
results were similar (Supplementary Fig. 2 online), but the Hilbert
transform-based method seemed to be less sensitive to noise, and,
therefore, we analyzed only results based on the Hilbert transform-
based method for information content.

Phase-locked beta waves

During the 50 to 200 ms time interval after the onset of the instruction
stimulus, during which power in the beta band increased (Fig. 1c, red
line), we observed a time-locked evoked potential'! (Fig. 6a, top and
middle). To assess the degree of stimulus-related phase-locking, we
computed the percent phase-locking (PPL) across trials (Methods).
The LFP signal exhibited a strong degree of phase-locking during this
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Figure 5 Dominant propagation directions of the beta waves on the cortical
surface with respect to sulcal landmarks. The two clusters of arrows represent
dominant propagation directions in the primary motor cortex and the dorsal
premotor cortex, respectively. Data from monkey B are presented in orange,
monkey R in red, monkey Rs in dark red, and monkey Rx in yellow.

ac, arcuate sulcus. CS, central sulcus. pcd, precentral dimple. MI, primary
motor cortex. PMd, dorsal premotor cortex. PMv, ventral premotor cortex.

SI, primary somatosensory cortex. SMA, supplementary motor area.

period (Fig. 6a, bottom). The observed temporal phase-locking with
the instruction cue was significantly larger during the 50 to 200 ms
interval after instruction onset as compared to a 200 ms interval before
the instruction onset on all electrodes in both MI and PMd in three of
the four monkeys (P < 0.01, ¢-test; Fig. 6b). In the remaining monkey
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(monkey Rx), we found weak but insignificant phase-locking during
that same 150 ms time interval.

PGD averaged across trials revealed that LEP activity behaved more
like a single propagating wave during phase-locking (Fig. 6c), and
average phase maps computed over evoked LFP data during that time
interval showed that phase varied systematically across the array during
the same time interval (Fig. 6d). The wave activity was consistent with
the dominant wave axis. Because phase-locking of the LFP on one
electrode implies the existence of an evoked potential, phase locking
across electrodes with systematic shifts in phase angle implies the
existence of evoked waves.

Information content in the evoked waves
By examining the evoked waves as a function of the instructed move-
ment direction, we found systematic differences that suggested that task-
related information was contained in the evoked waves. To assess this
quantitatively, we computed mutual information between various fea-
tures of the LFP waves and the target direction at multiple time points.
During the evoked potential (Fig. 7a,b), we found two independent
sources of target information. First, target information was evident in
the form of a latency code in both cortical areas. This was assessed by
computing the mutual information between the instantaneous phase of
the LFP (thereby ignoring amplitude) and the target direction over the
instruction epoch (Fig. 7c). Phase provided significant transient target
information during the evoked wave. That is, we observed systematic
shifts in the latency of the evoked waves when targets associated with

Mean PGD
Array dimensions
(pey) eseyd

0.65
-200 O

200 400 600 800
Time (ms)

0.56

0.54

0.52

(pes) sseyd

0.5

0.48
—-200 O

200 400 600 800
Time (ms)

0.64
0.62

0.6
0.58
0.56
0.54
0.52

(pey) aseyd

200 400 600 800
Time (ms)

-200 O

Figure 6 Waves evoked by the instruction stimulus. (a) Top, a stereotypical beta band LFP taken from one channel in one trial of a PMd array in monkey Rs. Time
is presented on the horizontal axis. The first vertical line marks the time of the instruction cue, the second marks the onset of the go cue. Middle, same electrode
used in a, with data taken from all trials of a single recording session. Voltage is presented in blue-red false color. Bottom, percent phase-locking (PPL) computed
across time for the data above (Methods). (b) PPL computed across all channels during the instruction. Time is presented on the horizontal axis, and channels are
presented on the vertical axis, sorted by maximum PPL. PPL is displayed using blue-red false color. (c) Phase gradient directionality (PGD) averaged across trials
as a function of time with respect to the instruction cue. (d) Average phase maps for the evoked potentials, during the time of maximum PPL (50 to 200 ms after
instruction stimulus onset). Phase is represented in a black-white scale and presented with respect to the spatial dimensions of the array. (b—d) Data collected
from different monkeys and cortical areas: monkey Rs, Ml (top); monkey Rs, PMd (middle); monkey R, PMd (bottom).
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Figure 7 Information content of instruction stimulus-evoked waves in the beta band. Left in all panels, data from Ml in monkey Rs. Right in all panels, data
from PMd in monkey R. (a) Mean local field potentials in the beta band of the instruction epoch as a function of target direction. The graph consists of eight
subpanels corresponding to the eight target directions (degrees), each with time on the horizontal axis, array channels on the vertical axis, and voltage in blue-
red false color. (b) Same data presented in a, with time restricted to the first 200 ms following the presentation of the instruction cue, during which the evoked
waves occur. (c) Wave-phase information, computed across channels and time. Wave-phase information is presented in blue-white false color in bits. The
horizontal red line marks the duration of the evoked potential. (d) Single-channel LFP phases at the time of maximal wave-phase information of c. Each point
represents a phase from a single channel on the array. (e) Wave-amplitude information, plotted as a function of wave-phase and time. Amplitude information is
presented in blue-white false color in bits. Each pixel represents the information carried in the amplitudes at a particular phase of the waves in a 40 ms time
bin. (f) Mean wave amplitudes at the time and phase of maximal wave-amplitude information in e. For ¢ and e, the center value of the color axis was set to be

the computed significant information threshold (P = 0.01; Methods).

different movement directions were presented 50-200 ms after the
onset of the instruction stimulus (Fig. 7d).

Second, target information was also contained in the amplitude of
the LFP oscillation, forming an independent amplitude code. Because
amplitude varies continuously with phase in an oscillating signal, the
amplitude had to be compared at the same phase across different target
conditions. Therefore, amplitude was computed in time at particular
phases of the LFP oscillation (Fig. 7e). As with phase (that is, latency)
information, significant amplitude information occurred transiently
during the evoked wave. This was evident in the differences in
amplitude across different target conditions, for the phase that con-
tained the most information (Fig. 7f). Although both latency and
amplitude provided significant target information, the average infor-
mation provided by latency was, in general, three times larger than that
provided by amplitude during the instruction. No significant informa-
tion was present either after the go cue or around the start of movement
(n.s., shuffle test; Methods). We also found no significant mutual
information between target direction and wave direction or wave speed
during the instruction period, after the go cue, or around movement
onset (n.s., shuffle test).

Our standard instructed-delay reaching task cannot distinguish
information related to the visual target versus information related to
movement planning, as there is a one-to-one correspondence between
the instructed target and the upcoming movement direction.
To disambiguate the nature of the information revealed in the LFP,
we trained two monkeys to perform a ‘choice task’ consisting of two
visual targets (in opposite directions) selected from the original eight

on each trial. On each trial, the monkey was presented with two targets
simultaneously and was required to make a choice to move to one of
them. For all pairs of oppositely positioned targets presented simulta-
neously (Fig. 8a), we computed the mutual information between the
phase (latency) of the LFP and the chosen movement direction
(averaged over all pairs of simultaneously presented targets) across
time during the instruction epoch in MI (Fig. 8b) and PMd (Fig. 8c).
No evidence of transient information was found during the
evoked wave, suggesting that the information in the LFP reflected the
visual target and not the planned movement direction. As a control,
information was computed between the phase of the LFP and move-
ment direction for different pairs of targets presented on separate
trials (Fig. 8d). We observed significant modulation in information 50—
200 ms after the onset of the instruction signal for both MI (Fig. 8e)
and PMd (Fig. 8f), as expected given the difference in visual stimuli.

DISCUSSION

Wave-like spatiotemporal activity is observed in the oscillatory beha-
vior of the nervous system and is thought to be pivotal in computation
and communication between subsystems of the brain'2. Wave-like
behavior occurs in various intact and semi-intact preparations, includ-
ing the olfactory system of invertebrates! and vertebrates'®!> and the
turtle visual cortex'¢-2!, Slice work has yielded insight into the potential
of tissue to spontaneously generate propagating activity and sustain
propagation evoked by stimulation, as observed in the guinea pig
somatosensory cortex and rat barrel cortex?>?*. The cortices of both the
rat and cat are sensitive to GABA, antagonists, such as bicuculline, and
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Figure 8 Target versus movement direction information. The data are computed from the choice task (Methods). (a) A schematic of two of the four pairs of
targets presented in the task and the information calculation presented in b,c. On any given trial of the choice task, two targets appeared 180° apart (for
example, the red or blue targets), and the monkey chose to reach for one of them. Information was computed between the wave phase of the LFP and the
chosen movement direction (for example, left versus right movements or up versus down movements; arrows). (b,c) Mutual information between wave phase
and the chosen movement direction in the choice task. Information values were computed across all trials corresponding to a single pair of simultaneously
presented targets and then averaged over all pairs of targets. Time with respect to the instruction is presented on the horizontal axis, channels on the vertical
axis. Wave-phase information is presented in blue-white false color in bits. The horizontal red dash marks the 50-200 ms containing the evoked potentials.
The center value of the color axis was set to be the computed significant information threshold (P = 0.01). Data are from monkey Rs, MI (b) and monkey Rs,
PMd (c). (d-f) Same as in a—c, with information computed between wave phase and chosen movement direction across different trial types (for example, left

versus up movements; arrows) and then averaged.

removal of only 10-20 % of the inhibition induces 6-9 cm s~! stimulus-
triggered propagatory behavior in cortical slices?2>, Patches of these
cortical slices have preferred propagation directions that are mediated
by excitatory horizontal connections in the cortex.

We observed similar phenomena in the beta oscillations of awake,
behaving monkeys. Beta activity propagated continually as waves across
the cortex, traveling at a range of speeds with a mean of ~16 cm s~
and a mode closer to 12 cm s™! across monkeys. This propagation of the
beta oscillations was a robust phenomenon that was observed in all four
monkeys in both MI and PMd. Different cortical areas showed different
preferences for propagation directions, and these dominant propaga-
tion directions were consistent across time and monkey in both MI and
PMd. In light of other work, these waves may be controlled by local or
thalamic interactions that modulate local GABA, inhibition in the
cortex and may be a characteristic of cortical tissue in general.

The exact function of the beta oscillations in the sensorimotor cortex
has been the subject of intense debate but remains largely unknown.
There are several well documented properties of beta oscillations,
including an increase in power during times of motor planning,
motor imagery and maintained postural configurations, and a ten-
dency to attenuate during periods of active, planned movement in both
human and non-human primates’*~. Transient beta bursts are
observed during tasks when primates actively search for their reward,
which argues for the idea that beta oscillations are indicative of a
heightened state of attention or global arousal®10.

On the other hand, EMG activity observed during the maintenance
of a posture such as a precision grip task is phase-locked to cortical beta

oscillations in the macaque motor cortex, and increased beta activity is
correlated with slower movements®3. These results suggest that beta
oscillations may be more integrally related to muscle behavior, such as
co-contraction during postural maintenance, and not indicative of the
cognitive state of the animal at all.

We propose an account in which beta oscillations mediate intra- and
inter-cortical communication. Within a cortical area, we observed
evoked propagating waves whose latencies and amplitudes provided
task-related information that traveled along the dominant propagation
axis of the ongoing LFP waves. We speculate that the different
dominant propagation axes of beta oscillations in MI and PMd are a
consequence of the intrinsic interconnectivity within two functional
networks: 1) an anterior-posterior network, consistent with the hor-
izontal connectivity between MI and premotor cortex anteriorly and
between MI and somatosensory cortex posteriorly?®?%, and 2) a
medial-lateral network within area Brodmann area 6, consistent with
the anatomical connectivity between PMd and supplementary motor
cortex medially and between PMd and caudal portions of ventral
premotor cortex laterally’*=32. Although suggestive, our data leave
unresolved whether the propagating waves mediate information trans-
fer across cytoarchitecturally defined cortical areas.

Attenuated beta waves continued to propagate during movement
execution, although they did not contain any information that was time
locked to either the go cue or the start of movement. Given the lack of
phase-locking with respect to movement onset (data not shown), it
would not be possible to reliably measure information (if it even exists)
because our methods depend on the existence of phase-locking over
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multiple trials with respect to a behavioral event. This leaves open the
possibility that movement-related information is present in the beta
activity if movement-related features in the beta activity vary in time
from trial to trial. If the appropriate temporal alignment could be
found, this information could be measured.

If our hypothesis that beta wave propagation subserves intra- and
inter-cortical information transfer is correct, we speculate that a
signature of this transfer will be evident on the single-unit level. This
view of transcortical cortical communication in the beta range may
serve as a model for local field potential activity in general and suggests
the possibility that higher aspects of cortical communication and
information transfer may best be understood with respect to the
spatiotemporal characteristics of oscillatory activity.

METHODS

Animals and behavioral tasks. Four macaque monkeys (Macaca mulatta) were
operantly trained to perform an instructed-delay, center-out reaching task. The
task was performed via a two-link exoskeletal robotic arm on which the
monkey’s arm was attached®’. The position of the monkey’s hand controlled
the location of a cursor projected onto a horizontal screen above the monkey’s
arm. The animals were head-fixed to prevent movement artifacts. These
experiments included four animals, termed monkeys B, R, Rs and Rx.

The instructed-delay center-out task consisted of three periods, referred to as
the hold, instruction and movement periods. During the hold period, the
monkey was trained to hold the cursor on a center target and wait 500 ms for
the instruction cue. During the instruction period, the monkey was presented
with one of eight evenly spaced peripheral targets and continued to hold at the
center for an additional 1,000-1,500 ms. At that time, the go cue was presented,
signaling the monkey to begin movement to the peripheral target. The monkey
completed the trial successfully upon reaching the target and was given a juice
or water reward.

Two of the animals were also trained to perform a second task, referred to as
the ‘choice task’, designed to disassociate neural activity related to target versus
movement direction. The task introduced a forced choice by instructing two
targets instead of one. These targets were 180° apart and were selected from the
original eight. The monkey could choose which target to move to and was
rewarded for either, though the reward was higher for the target less frequented.
Unequal rewards were instituted to prevent perseveration.

Electrophysiology. Each monkey was implanted with a multi-electrode array in
either the arm area of the dorsal premotor cortex (PMd), the arm area of the
primary motor cortex (MI) or both. The array was composed of 100 electrodes
arranged in a 10 x 10 matrix with an inter-electrode distance of 400 microns
(Cyberkinetics Neurotechnology Systems). All local field potentials (LEPs) were
amplified with a gain of 5000, recorded digitally with a sampling rate of 1 kHz
per channel, and digitally band-pass filtered from 0.30-250 Hz or 0.30-500 Hz
using a Cerebus acquisition system (Cyberkinetics Neurotechnology Systems).

LFP data were post-processed by removing all unsuccessful trials and all
channels with obviously errant means or standard deviations. These channels
might not be functional due to broken electrodes, head-stage amplifiers or
other sources of extreme noise. Each dataset used for analysis represented a set
of simultaneously recorded LFPs from an array on one recording session and
contained between 300 and 700 trials. A total of 23 datasets were analyzed
(12 from PMd and 11 from MI) over four monkeys. In monkey Rs, three of the
datasets from MI were recorded simultaneously with three datasets from PMd.
All of the surgical and behavioral procedures were approved by the University
of Chicago Institutional Animal Care and Use Committee and conform to the
principles outlined in the Guide for the Care and Use of Laboratory Animals
(NIH publication no. 86-23, revised 1985).

Analysis. All algorithms were implemented in Matlab®. Unless otherwise
indicated, the instruction epoch refers to the 800 ms interval following the
onset of the instruction cue.

The power spectrum for each channel was computed separately for the
instruction epoch of each trial using a fast Fourier transform (FFT). The spectra
were then averaged to produce the power spectrum of the instruction period.
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Time-frequency spectrograms were computed using the continuous wavelet
transform with complex Morlet wavelet family scales®* corresponding to
wavelet center frequencies [1..100]. In contrast to standard FFT spectrograms
using fixed time windows, the wavelet spectrogram uses longer time windows
(larger scale) for lower frequencies than for higher ones. All temporal filtering
was done by applying an 8t order 10 to 45 Hz Butterworth filter forward and
backward in time to prevent phase distortion.

We applied the Hilbert transform to extract instantaneous phase and
amplitude attributes®. The Hilbert transform (Hb) of a real signal can be
computed by convolving the signal with 1/n in the time domain or by
performing the equivalent operations in the frequency domain.
s(t) +iHb[s(t)] = a(r)e?®) is called the analytic signal of a real signal s. The
instantaneous phase of s(t) is ¢(t), the instantaneous amplitude is a(t), and the
instantaneous frequency is do/dt.

For each trial, we band-pass filtered each channel of the local field potential
ina 1 s portion from 200 ms before the instruction cue to 800 ms following the
instruction cue to obtain V(x,)t), the local beta field potential at point (x, y) on
the array at time ¢. We applied the Hilbert transform Hb to the signal on each
(%, y) channel to obtain the instantaneous amplitude a(x,y,t) and the instanta-
neous phase, @(x,)t):

V(x,y,t) +iHb[V(x,y,t)]) = a(x,y, t)ei"’(x’y’t) (1)

To unwrap the phase for display purposes, we assumed that the phases across the
array at a single time step were within 27 of each other. Let ¢ be ¢ — ¢ wrapped
into [—m,m] using the tangent function. ¢ is the spatial average of the wrapped
phase at a fixed time. The unwrapped phase is computed as ¢, = ¢ + @. This
unwrapped phase was also used for the phase gradient computation. Average
phase maps were computed by spatially unwrapping the phase at each time
point as just described and then subtracting the phase value of a reference
electrode at that time before averaging. Note that phase need only be un-
wrapped in one dimension at a time to compute the derivatives for phase
gradient calculations.

We defined the velocity of coherent activity to be the velocity of the contours
of constant phase®®. Let @(x,)t) be the phase of beta activity at time  and
coordinates x and y of the multi-electrode array. The velocity, v = (dx/dt, dy/dt)
was computed by taking the total derivative of @(x,)t) = ¢ with respect to time:

do/dt =V¢ - v+0¢/0t =0 (2)

The velocity direction, which is perpendicular to the phase contours, is —V¢.
The velocity magnitude or speed is %‘f Vol

Velocity is only well defined when the phase gradient is not zero and when
the signal exhibits a ‘coherent’ propagation direction. We define the phase
gradient directionality, PGD(t), to measure how well phase gradients align
across the array as a function of time:

PGD(1) = Vol [TV ol ()

The bar denotes the spatial average at a fixed time. If the phase gradients at all
spatial points on the array align at time ¢, PGD(t) will be 1. On the other hand,
if the phase gradients are randomly distributed, PGD will be close to 0.
Estimates of wave direction and speed were based on times for which
PGD(t) > 0.5. When the phase gradients are well-aligned across the array,
the direction of the velocity is well estimated by —V¢ and the speed by

speed(t) =[G /31)| [TV o]l @)

The PGD criterion eliminated the need to impose a threshold on the phase
gradient magnitude when computing the velocity. PGD cannot detect the
presence of radial waves propagating away from or toward an epicenter, but
visual inspection suggests that this is not a relevant feature in our data. To verify
that wave-like activity was most prevalent in the beta frequency range, we
computed the average PGD (averaged over all trials and times) on LFP data
band-pass filtered in 10 Hz bands from 0 to 100 Hz and determined that the
average PGD peaked within 10 and 45 Hz (Fig. 3b).

The spatial coherence, which is based on space-frequency analysis'’, is an
alternative measure of how wave-like a signal is. Let V., be the measured LFP
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on channel x at time ¢. The LFP in the frequency band [f— W, f + W] and the
time interval [1 ... T] was isolated using the following projection:

T
Veklf) = D Vs wii(W) (5)

Multiplication by ¢?¥" shifts frequencies by —f. w, (W) is the k™ Slepian
function®” at time ¢ and bandwidth W. The Slepians are orthogonal time basis
functions that capture contributions in different parts of the time window in
the frequency band [-W,W]. Frequencies are scaled by the sampling frequency
and lie in [0, 0.5]. There are K = floor (2WT) Slepians available at resolution
bandwidth 2W. The V4 (f) are the elements of the M’ K matrix V(f), where M
is the number of channels in the multi-electrode array.

A necessary (but not sufficient) condition for wave-like activity in time
interval [1 ... T] and frequency band [f — W, f + W] is that the Slepian
projections (equation (5) are highly correlated’, a condition that can be tested
using the singular value decomposition:

V(f) = E(ANG(f)

The matrices F(f), A(f) and G(f) are M M, M’ K and K* K matrices,
respectively. The singular values, A;(f), lie on the diagonal of A(f). Typically
M > K, and K determines the number of nonzero singular values. The
coherence is defined by

() = a(f)’ Zﬂk(f (6)

C(f) is one for a completely coherent response. Spatial coherence effectively
measures how spatially stereotyped the signal is over a time window of length T
in the frequency band [f— W, f+ W]. We calculated the coherence as a function
of frequency with a bandwidth W of + 0.005 (+ 5 Hz unscaled) for 300 ms
windows chosen at random from the instruction periods of the trials. K = 3.
The coherence was averaged across time windows and used to select a frequency
band that included the spatially coherent activity of interest across all monkeys.
We found this window to be from 10 to 45 Hz in the beta frequency range.

Previous researchers!” estimated the phase from F; (the first column of F in
the space-frequency SVD) remapped as a complex image to physical coordi-
nates of the array. Because of the short duration of the beta waves, we used the
instantaneous phase computed from the Hilbert transform for the velocity
calculations (Supplementary Fig. 2).

To quantify the locking of the signal to a behavior cue, we define the percent
phase locking at position (x, y) on the array at time t as

H(p(x,,t))/Hma] (7)

@(x,p5t) is defined in equation (1). H is the Shannon entropy:

PPL(x,y,t) = 100[1 —

N

= pilog, (px) (8)

k=1

H(x,y,t) =

where N is the number of trials and py is the fraction of values of @(x,,t) at
fixed x, y, and ¢ that lie within the kth bin. H,,,, = log,(N). We used 5 bins for
the calculation. PPL(x,)t) conveys the degree of certainty in the phase angles at
a single location in space and time. PPL is zero if the LFP phase angles are
randomly distributed at a given location in space and time and 100 if they are
identical. PPL can therefore be used across space as a measure indicating the
presence of an evoked potential at each time in the task. If the phase image of
this evoked potential at a given time has wave characteristics and therefore a
meaningful velocity, then the evoked signal is necessarily wave-like in nature.

We evaluated the information content of the waves using the mutual
information between the behavioral cue (target direction) and a characteristic
of the wave (propagation direction, propagation speed, amplitude, or phase at a
particular channel and time). Mutual information is defined as®®

I(X,Y) = H(X) — H(X|Y) ©)
for random variables X and Y. H(X) is the Shannon entropy as defined in
equation (8) and H(X|Y) is defined by

HX[Y) = ZP(}’ {ZP (x[y) 10gzp(xy)} (10)

p(x|y) is the conditional probability of X taking on the value x given that Y has
the value y. I(X,Y) is always non-negative and equals zero only if the
uncertainty of X is not reduced by knowledge of Y. For this paper, Y represents
the target directions. Y takes on one of eight possible values for the instructed-
delay, center-out task.

X is a random variable representing an attribute of the signal such as the
phase. Information conveyed by phase was computed using the distribution of
@(xp4t) at fixed x, y, and ¢ over all trials. To compute the information conveyed
by amplitude, we estimated the amplitude at fixed j and ¢ over all trials. Using
equation (1), we binned the amplitudes a(x,),t) in the 40 ms time window
centered at f into 10 bins based on their phase value. @(x,,t) was adjusted
modulo 2n before determining the bin.

We also estimated information in wave speed and wave direction as a function
of time using speed given by equation (4) and direction given by —V¢ for those
times at which PGD(#) > 0.5. Because speed and direction did not contain
significant information, these results were not displayed in the paper. To account
for biases in estimating information from limited data, the target direction labels
were randomly shuffled across all trials so that a trial originally associated with
target direction i could be assigned one of the eight target directions by randomly
interchanging the target direction labels. Mutual information was then computed
between target direction and a feature of the LFP wave at each time point. The
mean information from twenty shuffles was subtracted from the estimated
information values that are presented in Figures 7 and 8.

The random shuffling procedure described above was also used to assess
statistically significant information. The mean and standard deviation of the
twenty shuffled estimates of information were first computed. By assuming a
normal distribution of information values among the shulffles, an information
value associated with P < 0.01 was found. For example, when X represented
the phase, @(x,t), this computation produced a significant information
threshold for each x, y and t. However, to scale the color map in Figures 7
and 8 with a single significance threshold, we applied a second method for
assessing statistically significant information. We computed the distribution of
information, I, over all x, y and ¢ during a 200 ms time interval before the onset
of the instruction cue. Again, by assuming a normal distribution of information
values before the instruction cue onset, the mean and standard deviation of the
information values generated a single significant information threshold. The
significance values computed by the first method were nearly identical to the
single threshold determined by the second method.

Note: Supplementary information is available on the Nature Neuroscience website.
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