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a b s t r a c t

In analyzing neurophysiologic data, individual experimental trials are usually assumed to be statisti-
cally independent. However, many studies employing functional imaging and electrophysiology have
shown that brain activity during behavioral tasks includes temporally correlated trial-to-trial fluctu-
ations. This could lead to spurious results in statistical significance tests used to compare data from
different interleaved behavioral conditions presented throughout an experiment. We characterize trial-
eywords:
acaque
culomotor
ocal field potential
pectral analysis

to-trial fluctuations in local field potentials recorded from the frontal cortex of a macaque monkey
performing an oculomotor delayed response task. Our analysis identifies slow fluctuations (<0.1 Hz) of
spectral power in 22/27 recording sessions. These trial-to-trial fluctuations are non-Gaussian, and call
into question the statistical utility of standard trial shuffling. We compare our results with evidence for
slow fluctuations in human functional imaging studies and other electrophysiologic studies in nonhuman
onstationarity
rial-to-trial

primates.

. Introduction

.1. Trial-to-trial fluctuations in brain activity

Most of our knowledge of the relationship between brain
nd behavior comes from studies of the brain’s physiologic or
etabolic responses to various behavioral task conditions. Task-

elated responses have primarily been studied with functional
rain imaging techniques (e.g., fMRI or PET) and electrophysiol-
gy (e.g., depth electrode recordings of field potentials or single
nit activity). Because trial-to-trial variability is usually considered
oise, the brain’s activity is typically evaluated by averaging task
esponses over trials.

However, many recent studies have indicated that physiologic
nd metabolic brain activity is characterized by temporally cor-
elated fluctuations that contribute to trial-to-trial variability in
ask-dependent responses. A study by Llinás et al. (1999) demon-
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

trated spontaneous fluctuations in human brain activity during a
est period not involving a behavioral task, and several subsequent
tudies have shown task-independent, but nevertheless correlated,
rial-to-trial fluctuations in signals recorded during behavioral
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tasks (see below). The lack of independence of signals recorded
on successive trials of an experiment could compromise the use of
standard statistical methods to compare task-dependent responses
on interleaved trials from different behavioral conditions. The aims
of this study are to present methods for characterizing trial-to-trial
fluctuations in neuronal activity recorded during a behavioral task
and explain how these fluctuations could lead to violations of the
assumptions of standard statistical tests used to analyze experi-
mental data.

1.2. Previous studies on trial-to-trial background fluctuations

Spiking responses of cortical neurons can depend upon trial-
to-trial fluctuations in neuronal activity. Recording in the visual
cortex of anesthetized cats, Arieli et al. (1996) demonstrated
that stimulus-evoked spiking responses of individual cortical
neurons were positively correlated with stimulus-independent
fluctuations of simultaneously recorded local field potential (LFP)
amplitudes. Larger spiking responses were elicited by visual stim-
ulation during intervals of high LFP amplitudes, and smaller
spiking responses were observed during intervals of low LFP ampli-
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

tude. This is consistent with the idea that the LFP signal is a
population-level measure of neuronal activity, representing volt-
age fluctuations arising from synchronized synaptic activity within
approximately 500 �m of the electrode tip (Elul, 1972; Nuñez,
1995).

dx.doi.org/10.1016/j.jneumeth.2009.11.012
http://www.sciencedirect.com/science/journal/01650270
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In the alert monkey, Hasegawa et al. (2000) showed that trial-
o-trial fluctuations in the spiking activity of a subset of prefrontal
ortical neurons matched trial-to-trial fluctuations in behavioral
ccuracy on trials from minutes earlier in a behavioral experiment.
hese authors also showed that trial-to-trial fluctuations in the
ctivity of a different subset of prefrontal neurons matched fluctua-
ions in behavioral accuracy on trials occurring minutes later in the
xperiment. These authors suggested that a component of the spik-
ng activity of these prefrontal neurons may represent attention,
rousal, or motivational level, rather than task-specific behavioral
equirements.

Also in the alert behaving monkey, Leopold et al. (2003) showed
hat the gamma band (30–100 Hz) power of LFP recordings from dif-
erent sites in visual cortex fluctuates coherently at low frequencies
<0.1 Hz) during both rest and task conditions. These authors sug-
est that low-frequency task-independent fluctuation in the power
f LFP signals from brain tissue may underlie the low-frequency
ask-independent fluctuations in BOLD signals (Biswal et al., 1995;
ox et al., 2006a,b; Vincent et al., 2006, 2007) that occur on the
ame time scale, although this putative link between fluctuations
n LFP power and the BOLD signal has not been proven.

.3. Specific issues addressed in the present study

In this study, we examine trial-to-trial variability in LFP record-
ngs from the frontal cortex of an alert macaque monkey performing

behavioral task. We investigate two questions regarding the
rial-to-trial variability of the LFP recordings. The first question is
hether the trial-to-trial variability is consistent with an underly-

ng Gaussian stochastic process. For a stationary stochastic process,
he Fourier transform at a single frequency is asymptotically Gaus-
ian distributed (whether or not the original process is Gaussian),
s long as the process does not have a very long memory. This
s a result of the central limit theorem: the Fourier transform of
he process is a linear sum of many random variables, and as
ong as correlations are sufficiently weak, the sum tends to an
symptotic Gaussian distribution. However, this does not imply
hat the original process is Gaussian: it may be either Gaussian
r non-Gaussian. The non-Gaussianity does not manifest itself in
he distribution of the complex amplitude at a single frequency
due to the central limit theorem), but in general the joint distri-
ution of the complex amplitude at two different frequencies will
how non-Gaussian behavior. Thus, P[X(f1), X(f2)] will not in gen-
ral be Gaussian. If the original process is stationary, then second
rder correlations between two different frequencies f1 and f2 will
e zero as a consequence (unless f1 + f1 = 0). This does not rule out
igher order correlations, as captured by the spectral power cor-
elations we study in this paper. We reasoned that if trial-to-trial
ariability is consistent with a Gaussian stochastic process, then the
og power estimates of the LFP separated by more than the estima-
ion bandwidth should be uncorrelated (see section 6.6 in Percival
nd Walden, 1993). To evaluate this, we calculated the correlations
etween log power at distinct frequencies of the spectra of the LFPs
ecorded over the timecourse of the experiment.

The second question is whether trials in the behavioral exper-
ment are independent for the purposes of statistical significance
esting. Most statistical procedures for estimating confidence inter-
als assume that the LFPs from different trials of the behavioral
xperiment are independent. However, if the trials are truly inde-
endent, then the LFP log power estimates in a given frequency
and should be uncorrelated across adjacent trials. We evaluate
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

his second question by calculating the spectrum of trial-to-trial
hanges in log power in specific frequency bands. We then exam-
ne the entropy of the spectra of these trial-to-trial fluctuations
n power to determine whether trial-to-trial fluctuations in a
iven frequency band are uncorrelated. We conclude that trial-
 PRESS
nce Methods xxx (2009) xxx–xxx

to-trial fluctuations in LFP log power are not consistent with
an underlying Gaussian stochastic process and have substantial
correlations.

2. Methods

2.1. Animal subject and surgical methods

One adult male rhesus macaque monkey (Macaca mulatta) was
used in the study. All behavioral and electrophysiologic procedures
were in compliance with the guidelines of the National Institutes of
Health (NIH) and were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Weill Medical College of Cornell
University. We prepared the animal for the experiment by behav-
ioral training and surgical implantation of a head post adapter and
a recording chamber that allowed for electrode recordings from its
brain. The chamber was located at the right anterior region of the
animal’s skull, and was positioned to record from the right frontal
eye field (FEF), located in the right arcuate sulcus.

2.2. Behavioral methods

We trained the animal by operant conditioning to perform an
oculomotor delayed response task (Goldman-Rakic, 1987). Trials of
the oculomotor delayed response task were grouped into 3 behav-
ioral conditions (see Fig. 1). The 3 behavioral conditions were: (1)
memory guided saccade (MGS) trials, (2) visually guided saccade
(VGS) trials, and (3) fixation-only trials. In each of the 3 conditions,
every trial began with the appearance of a central fixation point
on a visual stimulus display. On ∼80% of the trials (the MGS and
VGS trials), the central fixation point appeared in green, and on the
other ∼20% of the trials, the central fixation point appeared in red
(the fixation-only trials). The appearance of a green fixation point
indicated to the animal that a saccade was to be made on that trial.
In this case, the animal was required to maintain fixation on the
fixation point for a period of 1.37 s (the baseline period of the task),
before a target flashed at one location in the periphery of the visual
display.

The target stimulus, a white square, subtended 2◦ of visual angle.
The target could appear in one of eight sectors on the screen cen-
tered on the angles 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦. The
eccentricity of the target location with each sector was drawn from
a uniform distribution ranging from 11◦ to 18◦ of visual angle from
the central fixation point. For purposes of data analysis, we grouped
locations of the target stimuli into 8 categories corresponding to its
sector orientation. The target was equally likely to appear at any of
these sectors.

The MGS trials constituted a randomly chosen half of the trials
in which the central fixation point appeared in green (∼40% of the
trials, on average). In these trials, the target stimulus was flashed for
80 ms; then disappeared. Following the disappearance of the target
stimulus, the animal maintained visual fixation on the central fixa-
tion spot for a variable delay period of between 1000 and 2000 ms.
On ∼25% of the MGS trials, the delay period lasted for 1000 ms, on
∼37.5% of the MGS trials the delay period lasted for 1500 ms, and
on the remaining ∼37.5% of the MGS trials, the delay period lasted
for 2000 ms. At the end of the variable delay period, the central
fixation point extinguished, cueing the animal to make a saccade
to the location in the periphery of the display where the target
stimulus was flashed prior to the beginning of the delay period. If
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

the animal made a saccade to the correct location in visual space
within 800 ms, the animal was rewarded with water for a period of
300 ms.

The VGS trials constituted the other half (∼40%) of the trials in
which the central fixation point appeared in green. In these trials,

dx.doi.org/10.1016/j.jneumeth.2009.11.012
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ig. 1. Schematic diagram of the memory guided saccade task used in the present s
he fixation point was colored green. On the fixation-only trials, the fixation point w

he target stimulus was illuminated in its peripheral location but
emained visible during the variable delay period. The other aspects
f the trial (distribution of the delay period and reward criteria)
ere identical to that of the MGS trials.

In the third type of trial (fixation-only), the central fixation point
ppeared in red, and the animal was to maintain fixation. On these
rials, the animal was rewarded for maintaining visual fixation on
he central fixation spot with water for 300 ms.

We presented the trials in each of the three behavioral con-
itions in a randomly interleaved fashion. The animal typically
ompleted several blocks of trials, each lasting 15 min, during an
xperimental session without breaks between blocks. The ani-
al worked until fatigued or until it reached satiety. We used

n infrared eye tracking system (ASL5000 IR, Applied Science
aboratories, Bedford, MA) to monitor the animal’s eye position.

e used TEMPO (Reflective Computing, St. Louis, MO) running
n a laboratory PC to control the behavioral experiment. Visual
timuli were generated with the VSG 2/3 system (Cambridge
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

esearch Systems, Cambridge, UK) running on a separate lab-
ratory PC and presented on a CRT (frame rate: 96 Hz; screen
uminance of background gray: 78 cd/m2). Control signals for
he VSG were issued by the TEMPO computer through digital
/o.
symbol indicates the direction of the monkey’s gaze. On the MGS and VGS trials,
lored red.

2.3. Neuronal recording methods

We used monopolar tungsten microelectrodes (FHC Inc., Bow-
doin, ME) to record neuronal activity. The electrodes had a nominal
impedance of 1.2–4 M� at 1 kHz. We coupled the electrodes
and the electrode sheaths to single channels in an amplification
system. A titanium strip anchored to one of the skull screws
imbedded in the animal’s head implant served as the reference
ground. The electrodes were connected to a battery powered
preamplifier (HS4, Tucker-Davis Technologies, Alachua, FL). The
preamplifier was connected to a second amplifier (DB4, Tucker-
Davis Technologies, Alachua, FL) with a fiber optic link. All channels
were low-pass filtered at 7 kHz. No high pass filter was used
during the experimental recordings. The gain for each channel
was 8000.

The amplified voltages were sampled at 20 kHz using a data
acquisition card (NIDAQ-6071E, National Instruments Corpora-
tion, Austin, TX) and streamed to disk using LabVIEW (National
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

Instruments Corporation, Austin, TX) running under Windows
2000 (Microsoft Corporation, Redmond, WA). The data-streaming
machine recorded the neuronal activity, outputs from the eye
tracker and visual stimulation system, and timing signals and other
behavioral flags produced by TEMPO.

dx.doi.org/10.1016/j.jneumeth.2009.11.012
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.4. Confirmation of recording locations

We estimated the cortical sites of the microelectrode recordings
sing a 3D computer model derived from coregistered MRI and CT
cans. The results of this anatomical analysis showed that the tip
f the recording electrode was located in the periarcuate cortex
n 10/27 recording sessions and in the anterior cingulate cortex
n 17/27 recording sessions. Because the results of the analyses
resented in this paper were indistinguishable when the data were
eparated by recording location, we present the data from all 27
ecording sessions together.

.5. Data conditioning and artifact removal

We performed all aspects of conditioning data for analysis and
nalysis of the electrophysiologic and behavioral data in MATLAB.
e employed an algorithm described by Hudson (2006) to detect
ovement-related artifacts in the LFP data. We removed trials with
ovement-related artifacts from the analysis.
We used only the data from rewarded MGS and VGS trials.

e did not analyze the data from the fixation-only trials, as the
xation-only trials were included as catch trials to ensure that the
nimal attended to the task at all times. We also dropped from the
nalysis trials during which the animal failed to execute the correct
ye movement within the allotted time.

.6. Data analysis

The overall goal of the analysis methods developed here is
o characterize trial-to-trial fluctuations in local field potentials
ecorded during the baseline and delay periods of each trial of
he oculomotor delayed response task. We studied correlations
etween fluctuations in power at different frequencies, as well as
emporal variations of power in a given frequency band.

Spectral analysis was applied to the LFPs to provide a quan-
ification of the dominant frequencies of extracellular voltage
uctuations produced during the memory guided saccade task. All
pectral quantities were computed with the Chronux toolbox for
ATLAB (available at http://www.chronux.org).

.7. Application of multitaper spectral analysis to LFP data

We downsampled the recorded voltages to a sampling rate of
kHz. This provided a temporal resolution of 1 ms. For purposes of
nalysis, we took 1000 ms of LFP recorded during the first 1000 ms
f each trial as the baseline period LFP. We took the first 1000 ms
f LFP after the first onset of the target stimulus as the delay period
FP. In order to isolate trial-to-trial fluctuations around the aver-
ge LFP response, we computed a residual LFP voltage time series
resid(n)(t) for the baseline and delay periods of each trial. We com-
uted this residual LFP separately for the LFPs from each target

ocation in order to control for any directionally dependent visual
esponses to the cue. We performed this computation by taking the
verage of the raw voltage across trials and subtracting the average
rom each observation in X(t), in the following manner:

resid(n)(t) = X(n)(t) − 〈X(t)〉N (1)

or Xbase and Xdelay for each trial n, where 〈Xbase(t)〉N denotes an
verage across all trials n = 1, 2, 3, . . ., N for the baseline period and
Xdelay(t)〉N represents the average for the delay period. An example
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

ataset showing the raw LFP X(t) averaged over MGS trials is shown
n Fig. 2. The outer ring of the plot shows LFPs averaged over trials
uring which the target appeared in each of the 8 different target
ectors in the visual display. The middle plot shows the raw LFP
veraged over all target sectors.
 PRESS
nce Methods xxx (2009) xxx–xxx

We used non-parametric multitaper spectral estimation
(Thompson, 1982; Percival & Walden, 1993) to explore the data for
temporally correlated trial-to-trial fluctuations in the residual LFP
signals Xresid(t). We carried out our analyses separately for the LFPs
recorded during the baseline and delay periods of the behavioral
task.

In the multitaper method, estimation of the spectrum relies
upon the multiplication of each trial of the time series data by K
different orthogonal data tapers. The modulus squared of the FFT
of the product of a time series and a taper is referred to as an eigen-
spectrum, and is denoted Ŝ(mt)

k
(·). The K eigenspectra are averaged

together to create a multitaper spectral estimate, which contains
less variance than any single eigenspectrum because the tapers
are orthogonal. The K eigenspectra can then be considered as K
approximately independent estimates of the spectrum.

The tapers are formed by calculation of discrete prolate
spheroidal sequences, or Slepian sequences. The Slepian sequences
with parameters N and W are sequences of length N that have their
energy maximally concentrated in the frequency interval [−W, W].
When Slepian sequences are used as data tapers, increases in the
bandwidth [−W, W] allow for inclusion of more tapers in the spec-
tral estimate, which leads to decreases in the frequency resolution
of the spectra and increases in the bias of the spectral estimates.
The half-bandwidth used in multitaper spectral estimation, W, is
usually chosen by examining estimates on the same dataset using
different values for W. The aim of this procedure is to choose a value
for W that reduces the bias or spectral leakage within the spectrum
without overly distorting the spectrum due to estimation bias.

The time-bandwidth product, NW, was chosen to be 3. The win-
dow size, N, was chosen to be 1000 ms. Thus the bandwidth of the
spectral estimates was ±3 Hz, and the value for �t was .001. The
number of tapers used in the multitaper method, K, is determined
by the rule: 2NW − 1 (Thompson, 1982; Mitra and Pesaran, 1999).
Thus, we used K = 5 dpss tapers in the present study.

The direct multitaper spectrum estimator is given by:

Ŝ(mt)
k

(f ) = �t

∣∣∣∣∣
N∑

t=1

ht,kXte
−i2�ft �t

∣∣∣∣∣
2

(2)

for

Ŝ(mt)(f ) = 1
K

K−1∑
k=0

Ŝ(mt)
k

(f ) (3)

where {ht,k} is the data taper used when computing the kth direct

spectral estimate, Ŝ(mt)
k

(·).
We computed the multitaper residual LFP spectra for the base-

line and delay periods for each trial. The Fourier transforms used
to compute the direct spectral estimators were calculated using
a padded FFT. We converted the LFP spectra to decibels (dB),
10 × log10(S) for plotting and statistical analysis. We used the log of
the spectrum because taking the log equalizes estimation variance
across frequencies in the spectrum (Percival and Walden, 1993).

2.8. Examining trial-to-trial fluctuations by studying correlations
between different frequencies

We first investigated whether the trial-to-trial variability in
residual LFP log power is consistent with an underlying Gaussian
stochastic process. If so, then the residual LFP log power estimates
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

for frequencies separated by more than the bandwidth [−W, W]
should be uncorrelated. To examine the data for the presence of
correlations between log power estimates at different frequencies
over the course of successive trials of the experiment, we calculated
a correlation matrix of residual LFP log power at different frequen-

dx.doi.org/10.1016/j.jneumeth.2009.11.012
http://www.chronux.org/
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ig. 2. Raw LFP voltages averaged over trials at each of 8 different target locations
ession. Time 0 indicates the start of each trial. For each plot, the vertical line at 1
ndicate the end of the delay period for trials with 1 s, 1.5 s, and 2 s delay periods, re
rial numbers are indicated by n.

ies for the residual LFPs. We calculated one correlation matrix for
he baseline period and one correlation matrix for the delay period
or each of the 27 recording sessions.

As described in Section 2.7, we calculated the residual LFP by
ubtracting the mean of the LFP voltages across trials from the LFP
oltages recorded on each trial of the experiment. This allowed
s to analyze trial-to-trial variability in the LFPs. We then calcu-

ated the log power spectrum for each trial’s residual LFP using
he multitaper method. Next, we calculated the mean of the log
ower estimates at each frequency across trials. We then sub-
racted the mean of the log power estimates across trials from the
ower spectral estimate from each trial. This step allowed us to
xamine fluctuations in residual LFP log power on a trial-to-trial
asis over the timecourse of each experimental session. The corre-

ation between log power at two frequencies is represented by the
ollowing equation:

f,f ′ = E((log S(f ) − �log S(f ))(log S(f ′) − �log S(f ′)))
� � ′

(4)
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

log S(f ) log S(f )

The results showed significant correlations in log power
etween different frequencies of the spectra of the residual LFPs
or both the baseline and delay periods. The majority (22/27) of the
ecordings showed significant correlations in log power throughout
r ring of plot), and all trials (middle plot) for MGS trials during one experimental
ndicates the start of the delay period. The vertical lines at 2.37 s, 2.87 s, and 3.37 s
vely. The horizontal lines show that standard deviation of the LFP series over trials.

the high frequency range (>30 Hz) of the baseline period. Similarly,
a majority (20/27) of the recordings showed significant correlations
in high frequency power of the delay period. An example of the typ-
ical result for the correlation matrix of residual LFP log power for
one recording’s baseline and delay period activity is shown in Fig. 3.
The results show significant correlations between fluctuations in
residual log power in the 14–30 Hz (beta), 30–60 Hz (low gamma),
and 60–200 Hz (mid gamma to high frequency) ranges of the LFP
spectra. This pattern emerges for both the baseline and delay period
residual LFPs, although the result for the baseline period residual
LFP is noticeably more robust, as was seen in many of the recording
sessions.

Additionally, in 15/27 of the baseline period and 14/27 of the
delay period recordings, discrete correlations were found between
harmonically related frequencies, with the fundamental frequency
ranging from 20 to 40 Hz, indicating non-sinusoidal waveforms
in the residual LFP. An example of this less common result is
shown in Fig. 4. In this example, the correlation matrix for the
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

baseline period shows discrete correlations between frequencies
in the 30–60 Hz (low gamma) and 90–200 Hz (high gamma and
high frequency) bands. The correlation matrix for the delay period
residual LFP shows a similar pattern, however the result is again less
robust.

dx.doi.org/10.1016/j.jneumeth.2009.11.012
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Fig. 3. Correlations between log power fluctuations at different frequencies in the 1–200 Hz range in the residual LFP spectra. This plot shows the typical results of our
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nalysis, observed on 22/27 baseline period and 20/27 delay period recordings. Top
f each trial). Significant correlations appear in the 14–30 Hz, 30–60 Hz, and 60–20
eriod residual LFP (1370–2370 ms of each trial). The same pattern of results emerg
anels shows the pixels in the top panels that are significant at alpha level 0.01.

Finally, in a minority (5/27) of the recordings from the base-
ine period and a minority (7/27) of the recordings from the delay
eriod, there was no evidence of correlations of spectral estimates
cross frequencies. An example of this minimal effect is shown
n Fig. 5. Although some nonzero correlations appear sparsely
etween frequencies in the 130–200 Hz range, the pixels in the cor-
elation matrix in this example are not significant at rates exceeding
he ∼5% expected by chance.

A summary of the results of this analysis for the LFPs from the
aseline and delay periods of each of the 27 different recording
essions is shown in Fig. 6. These results suggest that trial-to-trial
ariability in fluctuations of LFP power during both the baseline and
elay periods is not consistent with a Gaussian stochastic process,
ecause residual LFP power estimates for frequencies separated by
ore than the smoothing bandwidth generally were correlated.
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

.9. Correlated power variations from-trial-to-trial

We next examined whether the residual LFP log power fluc-
uations in specific frequency bands are correlated across trials.
his question is important because most statistical procedures
anel shows the correlation matrix for the baseline period residual LFP (1–1000 ms
anges of the spectrum. Top right panel shows the correlation matrix for the delay
the delay period data, although results are less robust. Bottom left and bottom right

employed to estimate confidence intervals assume that the LFPs
from different trials are independent. These statistical procedures
include trial shuffling, bootstrapping, and permutation tests. If LFPs
from different trials of an experiment are truly independent, then
the log power estimate in a given frequency band should show
uncorrelated fluctuations across trials. In a recording in which
fluctuations in power are uncorrelated over time, the log power
estimate in a given frequency band for one behavioral epoch of each
trial (e.g., baseline or delay), plotted against trial number, should
be a white noise process with a flat power spectrum.

For each of the 27 recording sessions, we examined whether
trial-to-trial fluctuations in log power are uncorrelated by plot-
ting the log power in each of 8 different frequency bands as a
function of trial number in the behavioral experiment. The LFPs
recorded during the baseline and delay periods of the behavioral
task were analyzed separately. We separated the power of the
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

residual LFP from the baseline and delay periods into the follow-
ing 8 different frequency bands: 1–3.5 Hz (delta band), 3.5–8 Hz
(theta band), 8–14 Hz (alpha band), 14–30 Hz (beta band), 30–60 Hz
(low gamma band), 60–90 Hz (mid gamma band), 90–130 Hz (high
gamma band), and 130–200 Hz (high frequency band). These fre-

dx.doi.org/10.1016/j.jneumeth.2009.11.012


ARTICLE IN PRESSG Model

NSM-5469; No. of Pages 12

D.L. Menzer et al. / Journal of Neuroscience Methods xxx (2009) xxx–xxx 7

Fig. 4. Correlations between log power fluctuations at different frequencies in the 1–200 Hz range in the residual LFP spectra. This figure shows a less common result of our
analysis, observed on 15/27 baseline period recordings and 14/27 delay period recordings. Top left panel shows an example of the correlation matrix for baseline period
r he 30–
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esidual LFP spectra in which discrete correlations appear between frequencies in t
he residual LFPs recorded during the delay period of the task, although the result
tatistically significant at alpha level 0.01.

uency bands were chosen because they correspond to the bands
ypically used to analyze EEG recordings in humans. We separated
he residual LFP log power spectra into the 8 different frequency
ands after calculating the multitaper power spectrum of the resid-
al LFP for all frequencies up to the Nyquist limit, then averaging
ver the log power estimates for each frequency contained in each
f the 8 frequency bands separately. This yielded one number rep-
esenting log power in each of 8 different frequency bands for the
aseline and delay period LFPs from each trial of the experiment.

We plotted a time series of average log power estimates from
he baseline and delay periods of each trial for each of the 27 dif-
erent recording sessions. An example of the typical results in the
0–90 Hz frequency band on one day of recording is shown in Fig. 7.
he top left panel of Fig. 7 shows the average log power in the
0–90 Hz range of the residual LFP from the baseline period of each
rial. The middle left panel of Fig. 7 shows the average log power
n the 60–90 Hz range of the residual LFP from the delay period
Please cite this article in press as: Menzer DL, et al. Characterization of tr
cortex of awake behaving macaque. J Neurosci Methods (2009), doi:10.101

f each trial. The bottom left panel of Fig. 7 shows the difference
etween these two time series. In the left column of Fig. 7, the trial-
o-trial fluctuations in residual LFP power in the 60–90 Hz range
how clear evidence of gradual changes over time. However, the
ifference between the log power observed during the delay vs.
60 Hz and 90–200 Hz ranges. Top right panel shows a similar pattern of results for
ess robust. Bottom left and right panels show the pixels in the top panels that are

baseline periods of each trial shows no evidence of gradual changes
over time.

The correlated log power variations from trial-to-trial are quan-
tified in the right column of Fig. 7. The top right panel shows the
power spectrum of the time series of baseline period trial-to-trial
fluctuations in average log power. This spectrum of a spectrum
shows a clear peak in the low-frequency range, indicating reli-
able low-frequency (<0.1 Hz) fluctuations log power of the residual
LFP occurring over the timecourse of the experimental session. To
assess whether or not the trial-to-trial variability is consistent with
a white noise process, we calculated the Wiener entropy of the
spectrum of trial-to-trial power fluctuations. The equation used to
calculate the log Wiener entropy is:

log W = 1
N

∑
f

log S(f ) − log

⎛
⎝ 1

N

∑
f

S(f )

⎞
⎠ (5)
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

where f is the frequency in the spectrum of the spectrum of trial-
to-trial fluctuations.

Values for log Wiener entropy near zero indicate a white noise
process, and values for log Wiener entropy that deviate from zero

dx.doi.org/10.1016/j.jneumeth.2009.11.012
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Fig. 5. Correlations between log power fluctuations at different frequencies in the 1–200 Hz range in the residual LFP spectra. This plot represents an absence of the typical
result of this analysis. An absence of the typical results was seen on 5/27 baseline and 7/27 delay period recordings. The top panels show sparse correlations in the 130–200 Hz
range. The bottom panels indicate the pixels in the top panels that are statistically significant at alpha level 0.01. Note that pixels in the correlation matrices are not significant
at levels exceeding ∼5%.

Fig. 6. Summary of correlations between log power fluctuations at different frequencies in the residual LFP spectra. This figure shows a summary of results across entire
dataset of 27 recordings. Trial-to-trial variability in fluctuations of residual LFP log power during baseline and delay periods is not consistent with a Gaussian stochastic
process, because power estimates for frequencies separated by more than the smoothing bandwidth are usually correlated. Correlations between frequencies during the
delay period are usually less common, possibly due to an overall reduction in delay vs. baseline period LFP power in most recording sessions.
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Fig. 7. Correlated power variations from trial-to-trial at high frequencies. This figure represents the typical result of our analysis for the 60–90 Hz band, observed on 22/27
recording sessions. Left column shows the average log power during baseline (top) and delay (middle) periods of 140 trials during 1 run of the experiment. For example, for
trial 50 in the top left panel, the average power from 1 trial in the band 60–90 Hz from 1 s of baseline is plotted as a single number. The difference between average log power
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n each trial’s delay vs. baseline period is shown in the bottom left panel. There is
f delay minus baseline period log power. Right column shows the spectrum of tria
ottom right panel shows the spectrum of trial-to-trial series of delay vs. baseline p
rial-to-trial fluctuations in log power.

ndicate fluctuations that are correlated over time. The theoretical
ignificance of the Wiener entropy is that it is the ratio of the resid-
al variance of one-step linear prediction for the process, divided by
he process variance. A white noise process is linearly unpredictable
nd therefore has Wiener entropy equal to one, because the resid-
al variance equals the process variance. For a linearly predictable
rocess, the residual variance after linear prediction (and there-
ore the Wiener entropy) is zero. The more linearly predictable the
rocess, the more negative is the log Wiener entropy.

The Wiener entropy for the power spectrum of baseline period
rial-to-trial fluctuations in the example dataset is shown in the
op right panel of Fig. 7. The deviation of this entropy from zero
ndicates that trial-to-trial variability in baseline period log power
n the 60–90 Hz range is correlated. The spectrum of trial-to-trial
uctuations in log power from the delay period of the task and its
ntropy are shown in the right middle panel of Fig. 7. This result
hows that trial-to-trial variability in log power from the delay
eriod in the 60–90 Hz range is also correlated. Similar to the spec-
rum of trial-to-trial fluctuations in baseline period log power, the
eak in the low-frequency range of the spectrum indicates the pres-
nce of low-frequency fluctuations (<0.1 Hz) in log power of the
FP.

The spectrum of trial-to-trial fluctuations of the difference
etween delay and baseline period log power is noticeably flatter
han the spectra of either the baseline or delay period fluctuations.
Please cite this article in press as: Menzer DL, et al. Characterization of tr
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his difference spectrum and its entropy are shown in the bottom
ight panel of Fig. 7. The entropy of the spectrum in the bottom
ight panel shows a small deviation from zero, indicating that the
ifference between trial-to-trial fluctuations during the delay vs.
aseline periods is roughly uncorrelated over time. The fact that the
nce for long-term trends in power during baseline and delay, but not in the series
ial fluctuations in log power during baseline (top) and delay (middle) periods. The

log power. Note the low-frequency peak in the spectra of baseline and delay period

difference between delay and baseline fluctuations in the 60–90 Hz
band is roughly uncorrelated indicates that the correlated fluctua-
tions in LFP log power observed in the 60–90 Hz range during the
baseline and delay periods occur comparably during both periods
of the task.

Fig. 8 shows the trial-to-trial fluctuations of residual LFP power
in the 3.5–8 Hz band in the same dataset used for Fig. 7. The data in
Fig. 8 show no evidence of correlated trial-to-trial fluctuations in
LFP power in the 3.5–8 Hz range of this example dataset. This result
is typical of our recordings, demonstrating that correlated trial-to-
trial fluctuations in baseline and delay period LFP power tend to
occur at high frequencies in the gamma and high frequency bands,
and are absent at lower frequencies.

Fig. 9 shows the results obtained on a different day of record-
ing, in which trial-to-trial fluctuations in residual LFP power are
uncorrelated in the 60–90 Hz (mid gamma) band. This figure rep-
resents an atypical result, obtained on 5/27 recording sessions. In
these atypical recording session results, trial-to-trial fluctuations
in residual LFP power were generally uncorrelated in each of the 8
different frequency bands.

A summary of the results of this analysis for each of the 27 dif-
ferent recording sessions is shown in Fig. 10. Two results are of
note. First, correlated trial-to-trial variability in residual LFP power
is noticeably more common at frequencies above 30 Hz than at
frequencies below 30 Hz. This result is consistent with the demon-
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

stration in Section 2.8 that trial-to-trial fluctuations in LFP power
are especially strong at frequencies above 30 Hz. Second, the distri-
bution of Wiener entropies for the difference between trial-to-trial
fluctuations in delay vs. baseline log power is tightly clustered
around zero, indicating that the correlated trial-to-trial fluctuations

dx.doi.org/10.1016/j.jneumeth.2009.11.012
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Fig. 8. Absence of correlated power variations from trial-to-trial at lower frequencies. This figure represents the typical result of our analysis for the 3.5–8 Hz frequency
band, observed on 20/27 recordings. Figure shows power variations in the 3.5–8 Hz band from the same dataset used in Fig. 7. Left column shows trial-to-trial fluctuations
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n baseline (top) and delay (middle) periods. Bottom left panel shows trial-to-trial
he spectrum of trial-to-trial fluctuations in log power observed during the baselin
he trial-to-trial series of the difference between delay vs. baseline period log pow
xperiment.

n LFP power occur roughly equally during the baseline and delay
eriods of the behavioral task.

In sum, these results indicate that the trial-to-trial fluctuations
f LFP power at high frequencies during the baseline and delay
eriods are correlated across trials in the majority of recording ses-
ions and call into question statistical procedures that assume that
rial-to-trial variability is uncorrelated across the timecourse of an
xperimental session. The consequences of these findings for the
se of statistical procedures that assume independence of trails
ill be discussed further in Section 3.3.

. Discussion

.1. Main findings of the present study

There are two main findings of this study. The first finding is
hat trial-to-trial variability of LFPs recorded from the cortex of
n alert behaving rhesus monkey is not consistent with a Gaus-
ian stochastic process, because log power at distinct frequencies
f the spectra of the LFPs recorded over the timecourse of an experi-
ent are significantly correlated. The second finding is that trials of

he behavioral experiment are not independent for the purposes of
tatistical significance testing, because the LFP log power estimate
n a given frequency band typically shows correlated trial-to-trial
uctuations. Such correlated fluctuations are more common at fre-
uencies above 30 Hz.
Please cite this article in press as: Menzer DL, et al. Characterization of tr
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.2. Relation to previous studies of task-independent fluctuations

The results of the present study demonstrate task-independent
uctuations in LFP power, a measure of brain activity that specifi-
ations in the difference between delay vs. baseline log power. Right column shows
) and delay (middle) periods of the task. Bottom right panel shows the spectrum of
te the absence evidence for long-term trends in log power over the course of the

cally reflects neuronal activity. The present findings are consistent
with those of Leopold et al. (2003), who showed low-frequency
(<0.1 Hz) task-independent fluctuations in the power of LFPs
recorded in the visual cortex of alert rhesus monkeys.

3.3. Implications for statistical significance testing

Most of the common methods for estimating confidence inter-
vals, including trial shuffling, bootstrap, and permutation tests
assume that different trials from a behavioral experiment are inde-
pendent. This is because trial-to-trial variability is usually assumed
to be a Gaussian stochastic process. ANOVA, a common method
of comparing signals from different interleaved behavioral condi-
tions in an experiment, also assumes that trial-to-trial variability
is consistent with a Gaussian stochastic process (Eisenhart, 1947).
Our study demonstrates that these assumptions are not met in a
dataset of LFP recordings in the alert behaving macaque. Thus, non-
Gaussian fluctuations in local field potentials could compromise
the use of standard statistical techniques for computing confi-
dence intervals or comparing data from different experimental
conditions. Recent advancements such as the Local Block Bootstrap
(Paparoditis and Politis, 2002) may be preferable for estimating
confidence intervals when substantial trial-to-trial variability is
present.

3.4. Importance of non-Gaussianity as a property of physiologic
ial-to-trial fluctuations in local field potentials recorded in cerebral
6/j.jneumeth.2009.11.012

data

The importance of non-Gaussian behavior in studying phys-
iologic signals is that such non-Gaussianity may result from
physiologically important processes, such as switching between

dx.doi.org/10.1016/j.jneumeth.2009.11.012
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Fig. 9. Absence of correlated power variations from trial-to-trial at higher frequencies. This figure represents an atypical result of our analysis for the 60–90 Hz frequency
band. These results were seen on 5/27 recordings. This plot shows power variations in the 60–90 Hz range on a different day of recording from the one used in Figs. 7 and 8.
Left column shows the average log power during the baseline (top) and delay (middle) periods of 180 trials. The difference between average log power on each trial’s delay
vs. baseline periods is shown in the bottom left panel. Right column shows the spectrum of trial-to-trial fluctuations in log power observed during the baseline (top) and
delay (middle) periods of the task. Note the absence of long-term trends in log power during baseline and delay periods over the course of the experiment.

Fig. 10. Summary of correlated power variations from trial-to-trial. This figure shows the distribution of Wiener entropy values for the entire dataset of 27 recordings. The
rows of the figure show the Wiener entropy values for each of the 8 different frequency bands of the log spectra of trial-to-trial fluctuations. Wiener entropy values for the
baseline, delay and the difference between delay vs. baseline are shown in the left, middle, and right columns, respectively. Note that correlated trial-to-trial variability is
more common at frequencies above 30 Hz. Also, the distribution of Wiener entropies for the difference between delay vs. baseline log power is clustered near zero, indicating
that the correlated log power fluctuations occur comparably during both baseline and delay periods of the behavioral task. The range of Wiener entropies plotted in the right
column are from 0 to −0.25 whereas the range for the left and middle columns is from −1.5 to 0.
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 ING

N

1 roscie

t
d
w
(
t
t
r
q

i
m
t
h
b
t
o
s
a
o

4

o
m
p
t
w
c
t
i
c

A

m
m

ARTICLEModel

SM-5469; No. of Pages 12

2 D.L. Menzer et al. / Journal of Neu

wo states, each describable by a Gaussian process with two
ifferent spectra. For example, if in one state the spectrum is
hite, and in another state the spectrum is piecewise constant

with different constants in different frequency intervals), then
he spectral power correlations computed over times longer than
he state switching times would show blocks of significant cor-
elations corresponding to the different frequency intervals in
uestion.

Gaussian processes are fully characterized by their spectra (and
n the case of multivariate Gaussian processes, the cross-spectral

atrix). The spectra form sufficient statistics for Gaussian distribu-
ions (assuming zero mean). However, for non-Gaussian processes,
igher order moments that are not derivable from the spectra may
e defined. These provide additional information about the process
hat is not captured in the spectra or cross-spectra, and hence are
f potential physiologic value. Tests for Gaussianity are important,
ince they establish conditions under which it is sufficient to char-
cterize the process in terms of the second moments only (spectra
r cross-spectra).

. Conclusions

This study shows that the signal power in LFP recordings
btained from the frontal cortex of an alert behaving rhesus
acaque monkey fluctuates on a trial-to-trial basis in a tem-

orally correlated fashion. These findings refute the assumption
hat trial-to-trial variability in neuronal activity is consistent
ith a Gaussian stochastic process. This study also shows how

orrelated trial-to-trial fluctuations can lead to a violation of
he assumptions of common statistical methods for compar-
ng the signals recorded under different interleaved behavioral
onditions.
Please cite this article in press as: Menzer DL, et al. Characterization of tr
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