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Neurophysiological recording techniques and LFP preprocessing:

Neuronal recrdings were made from two hemispheres in two monkeys through
chambers implanted oer aea V4 diring surgeris conducted undeasepic conditions
with isofluorane anesthesia. Before rarcling, four to eght tungsen microdectrodes
(impedarcesof 1-2 MQ) were advaged sepaately at a veryslow rate(1.5mmnvs) tc
minimize deformation of the cortica surface by the electrode (“dimpling’).
Electrodestips were separateby 650 or 900um. Data anplification, filtering anc
acquisition were dore with a Multichannel Acquisition Rocessor from Plexan
Incorported The sigml from eachelectroe was pessedthrough a leadstag with
unit gain and an outpu impedance of 2402 ard then spit to seprately extract tre
spike and the LFP componerts. For spike recordings, the sgnals were filtered with a
passband 0100-8000Hz, furtheramplified and digitized with 40kHz. A thresholc
was set ineractively and spike waeforms were stored for a tiemindow from 150pus
before b 700 us after tiresholdcrossing. Tk thresholdcleaty separated spikes frc
noise but was chosa to include multi-unit activity. Offline, we perfomed a pincipal
comporen aralysis of thewaveforms and potted tte first against te second pricipal
comporent. Those waeforms that correspondedto artifacts were exluded. Fo multi-
unit analyses, all other wavefoms wereacceted and the times of threshold crossiy
were kept anddown-sampled to 1kHz. For LFP recordngs, the sinals were fiterec
with a mssand of 0.7-17®z, further amplified and digitized at kHz. The
powerline artifad was removed from the LFP using the following procedure:All
signals ted been reorded contnuously for the enire duration of the recording
session. For ach time epochof interest(and each recordinghannel), we first took a
10 secondpoch otiof the cortinuous signal wih the epoctof interest inthe middle.
We thencalculated the Discree Fourier Tansfom (DFT) of thelOs epochat 5 Hz,
100Hz and 150Hz withou any tapering. Since the powlare artifact s of a perfectly
constant frequeasy, the 10s epochcontains integr cyclesof the atifact frequencies
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and all tle artifact erergy is containedin those DFTsWe then constructedb0 Hz-,
100Hz- end 150Hz-sine waves Wth the arplitudesand phasg & estimated ty the
respective DFTs and subtrated those sie waves from the 10 s epoch. Te epeh of
interest wasthencut out of thecleared 10 s epach. Pover spetra of the cleaned 10s
epcchs denongrated that al artifact energy was eliminated, leaving a notch of a i
width of 0.1Hz (=1/10s). The actal spectralaralysis used themulti-taper method,
with a spectresmocthing of +4 Hz (for frequerties between 8 and 20 H) or + 16 Hz
(for frequencies etween 20 and 1MHz). Thus, the ntzh typically becane invisible.

Time-frequency spectral analysis based on multitapering:

For the assessent of power andcoheernce spetra, we ugd windows of £+ 125ms
lengh that were moved overthe datain stepsof 10 ms from 500ms before to 150 ms
afterthe stimulus chang. For eactwindow, we applied mutitaper methods to achiee
optimal spedral concertration. Multitapering involves the multiplication of data
segments wih multiple tapers beforeFourier transfomation. Tgpering effectiely
corcertrates spetral edimates acioss a spedfied frequency band. We usedtwo
differentsets of tpers: For the lowfrequeng range(8 to 20 Hz), we chose a speat
corcertration over +4 Hz, while for thehigh frequencyrang (20 to100Hz), we
chos a pedral concentration owver +16 Hz.

For each tper, the data epach was mdtiplied with tha taper and the Fourier

transfomed, giving thewindowed Fourierransbrm, X, (f):
v S 27ft
% ()= w (t)xe ™"
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where x,, (t=12,...,N) is the time series of the signaluncer consiceraton anc

w, (1), (k=12,...,K) are K orthogonaltaper functions.

The multitaper estmates for the pedrum S,(f) and thecross-spectim S, (f) are

given by
1&,.
S.(1) = X% (1)
1
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Spectra and cross-spectra are averaged over trials before cal culating the coherency
S, (f)

J5.(0s8,(h)

Coherency is a complex quantity. Its absolute value is termed coherence and ranges

C(f)=

from 0 to 1. A coherence value of 1 indicates that the two signals have a constant
phase relationship (and amplitude covariation), a value of O indicates the absence of
any phase relationship.

Coherence estimates have a positive bias that decreases with an increase in the
amount of data. To correct for this, a non-linear transformation was applied to the
coherence spectral, which will be referred to as a z-transformation. If C is the
untransformed coherence estimate and v is the degrees of freedom (two times the

total number of tapers applied), then the variable

q=+-(v-2)log(1-|CF)

has a Raleigh distribution with density

p(a) =qe*”.
This density function does not depend on v and furthermore has a tail that closely
resembles a Gaussian. For certain values of a fitting parameter S, a further linear
transformation

r=pq-4)
leads to a distribution that closely resembles a standard normal Gaussian for r > 2. We
therefore refer to r as the z-transformed coherence. A reasonable choice for g is

23/20.
Spike-field coherence was calculated with spikes and LFP from the same and
from different electrodes. Restricting the SFC analysis to SFCs with spikes and LFP

from different electrodes left the results unchanged.

Neural activity sorted according to reaction time:
We assessed power, coherence and spike rate for trials with the 25 % fastest and 25 %

slowest reaction times of individual recording sessions. The mean RT for the subset of
fast (slow) trials was 346 ms (490 ms) (median: 359 ms/ 485 ms). This separation
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ensured the least overlap of fast and slow reaction time bins across recording sites
(such that slowest reaction timesin the fast bin did not overlap with the fastest
reaction timesin the slow bin across sessions), while providing as much neura data as
possible to calculate the spectral estimates. Moreover, percentile separation ensures an
equal number of trials in each subset and thereby eliminates sampling biases™.

We wanted to test whether the variable gamma-band power (or gamma-band
spike field coherence, or firing rate) differed between the conditions fast response and
slow response. Therefore, we calculated t-values for the difference between the two
conditions and across recording sites (or pairs of sites), separately for al time
windows in the sliding window anaysis. We performed a correction for the multiple
comparisons done, using a non-parametric permutation approach for significance
testing™>. To this end, the following procedure was performed 10000 times: For each
recordings site (or pair of sites), a random decision was made to either exchange the
two conditions (50% probability) or leave them unchanged (50% probability).
Subsequently, paired t-tests were determined across the sites (or pairs of sites)
between the two conditions and for all time windows. The maximal and the minimal
t-value across al time windows was kept, resulting in 10000 maximal and 10000
minimal t-values. From this empirical distribution of global maxima and minima, we
determined the 2.5 % and the 97.5 % points, t(global,2.5 %) and t(global,97.5 %). For
each time window, we then determined the t-value between the non-randomized
conditions. The non-randomized t-vaue for a given time window was considered
significant if it was larger than t(global,97.5 %) or less than t(global,2.5 %). This
procedure corresponds to a two-sided test with a global false positive rate of 5 % and

corrects for the multiple comparisons across the time interval .

Correlation analysis:

To determine the predictive capability of neuronal activity parameters for reaction
time, we calculated the Pearson correlation coefficient between the trial-by-trial
variations in reaction times and the trial-by-trial variations of power, coherence and
spike rate. This was done separately for each analyzed time window and, in the case
of power and coherence, separately for each analyzed frequency. Correlation
coefficients were Fisher Z-transformed and those Fisher Z-values were transformed to

Z-scores. Z-scores were pooled across recording sites or pairs of sites according to:
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with z being the z-score of the i-th recording site or pair of sites. Note that spike
field coherence cannot be estimated directly for short time epochs of single trials. We
therefore derived a new analysis method to obtain single-trial coherence estimates

based on z-transformed coherence values as outlined in the following paragraph.

Estimation of spike-field coherence of single-trials:

Coherence cannot be estimated directly for single short data epochs (of two signals).
The reason is that coherence is in itself a statistic about the distribution of phase
differences between the two signals, that requires multiple estimates of this phase
difference. Here, we aimed at estimating the correlation between variations of
reaction times across trials and variations of spike-field coherence across trias. We
furthermore aimed at doing this for short (250 ms) time windows, that cannot be
reasonably cut into a sufficient number of pieces, nor alow the application of a
sufficient number of multi-tapers to estimate coherence directly from the single tria
data. In order to nevertheless obtain an estimate of single-trial coherence, we
computed single-trial coherence pseudovalues (STCP). The rationale of this is that
while we cannot determine the single-trial coherence directly, we can determine the
coherence for al trials and we can aso determine the coherence for al-but-one trials.

For a linear function F of a sample S, the value of F(S), i.e. the value of the
function for the i-th observation, isidentical to the pseudovaue
P=NxF(S)-(N-1)xF(s).
With §;being the entire sample with the i-th observation left out. We accordingly
determined the STCPfor trial ias
STCP = NxC(S)- (N -1)xC(S;).

with C being the z-transformed coherence.
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Supplementary Note:

Gamma-band synchronization in visual cortex predicts speed of change detection
Thilo Womelsdorf”, Pascal Fries, Partha P. Mitra, Robert Desimone
"These authors contributed equally to thiswork.

The correlation between reaction times and neuronal activity is consistent
across the two monkeys and it is not explained by a general effect of time-in-
trial.

In principle, there might be a general effect of time-in-trial on both behavioral
reaction times and neurona activity that results in a correlation between those
variables. This would not affect our conclusions. The finding that enhanced gamma-
band synchronization results in rapid reaction times is physiologically most plausibly
interpreted as a mechanistic link, irrespective of the source of the trial-by-trial
variability in gamma-band synchronization. Furthermore, our data suggest that the
correlation between reaction times and neuronal activity is actually not explained by a
general effect of time-in-trial. A general effect of time-in-trial should affect reaction
times and neuronal activity similarly and in both monkeys. However, we found that
reaction times showed weak but opposite trends in the two monkeys. While reaction
times decreased dightly with time-in-trial in one monkey, they increased dightly in
the second monkey (Supplementary Figure 1). We then analyzed the z-scores for the
correlations between reaction times and gamma-band (40 - 72 Hz) power, gamma-
band spike-field coherence and firing rate for the time period between the change
event and 75 ms thereafter (Supplementary Figure 2). The Supplementary Table
provides an overview of average correlations for al measures and both monkeys
separately for the gamma-frequency band (40-72 Hz) and for the al pha/beta-frequency
band (8-16 Hz). In both monkeys, the distribution of z-scores for the gammarband is
strongly biased towards negative values, both for gamma band power and spike-field
coherence. Thus, while the two monkeys showed weak but opposite trends regarding
the dependence of reaction times on time-in-tria, they both showed similar patterns of
correlation between reaction times and spectral power and coherence.
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Supplementary Table:

Gamma-band synchronization in visual cortex predicts speed of change detection
Thilo Womelsdorf™, Pascal Fries , Partha P. Mitra, Robert Desimone
"These authors contributed equally to this work.

LFP - power Spike-field coherence
monkey P monkey R monkey P monkey R
42-72 Hz -0.05*** (68 %)  -0.10*** (100 %) -0.01* (59 %) -0.02* (58 %)
8-12 Hz 0.03** (70 %) 0.02 (58 %) 0 (44 %) 0.02*** (63 %)

Supplementary Table: Average Fisher z-transformed correlation coefficients for LFP-power
and spike-field coherence with reaction time for monkey P and monkey R for the gamma
frequency band and the alpha/beta frequency band. The correlations are averages of the
analysis windows zero-centered within the time interval from 0 - 75 ms after the change
event. Stars denote significance levels of correlations (* = p<0.05, ** = p<0.01, *** = p<0.001).
The number in brackets show the proportion of cells with negative reaction time correlations
(for the 42-72 Hz frequency range) and positive reaction time correlations (for the 8-12 Hz
frequency range).



Supplementary Figure 2:

Gamma-band synchronization in visual cortex predicts speed of change detection
Thilo Womelsdorf’, Pascal Fries', Partha P. Mitra, Robert Desimone
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Supplementary Figure 1:

Gamma-band synchronization in visual cortex predicts speed of change detection — monkey P~ monkey R
Thilo Womelsdorf™, Pascal Fries', Partha P. Mitra, Robert Desimone a meanz: 105 D meanz:-021 C mean Z: -0.85
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of the respective monkey.

Supplementary Figure 1 Scatter plot of reaction times as a function of time after stimulus
onset. The two panels show data from the two monkeys and each dot corresponds to the

reaction time in a single trial.



