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N
eu

ronal re
cordings w

ere m
ad

e fro
m

 tw
o h

em
isph

eres in tw
o m

on
keys throu

gh 

cham
bers im

planted over area V
4 during surgeries conducted under aseptic conditions 

w
ith isofluorane anesthesia. B

efore rec
ording, four to eight tungsten m

icroelectrodes 

(im
ped

ances of 1-2 M
:

) w
ere advanced separately at a very slow

 rate (1.5 m
m

/s) to 

m
inim

ize 
deform

ation 
of 

the cortical 
surface 

by 
the 

electrode 
(“dim

plin
g”). 

E
lectrodes tips w

ere separated by 650 or 900 P
m

. D
ata am

plification, filtering and 

acquisition w
ere 

done w
ith 

a 
M

ultichannel 
Acquisition 

Processor 
from 

Plexon 

Incorporated. T
he signal from

 each electrode w
as passed through a headstage w

ith 

unit gain and an output im
pedance of 240 :

 and then split to separately extract the 

spik
e and the LF

P com
po

nents. For spike re
cordings, the sig

nals w
ere filtered w

ith a 

passband of 100-8000 H
z, further am

plified and digitized w
ith 40 kH

z. A
 threshold 

w
as set interactively and spike w

aveform
s w

ere stored for a time w
indow

 from
 150 P

s 

before to 700 P
s after threshold crossing. T

he threshold clearly separated spikes from
 

noise, but w
as chosen to include m

ulti-unit activity. O
ffline, w

e perform
ed a principal 

com
ponent analysis of the w

avefo
rm

s and plotted the first against the second principal 

com
ponent. T

hose w
aveform

s that corresponded to artifacts w
ere excluded. F

or m
ulti-

unit analyses, all other w
aveform

s w
ere accepted and the tim

es of threshold crossing 

w
ere kept and dow

n-sampled to 1 kH
z. For LF

P recordings, the signals w
ere filtered 

w
ith 

a 
passband 

of 
0.7-170 Hz, 

fu
rther 

am
plified 

and 
digitized 

at 
1 kH

z. 
T

he 

pow
erline artifact w

as rem
oved fro

m
 the LF

P using the follow
ing procedure: A

ll 

signals 
had 

been 
recorded continuo

usly for the 
entire 

duration of 
the recording 

session. F
or each tim

e epoch of interest (and each recording channel), w
e first too

k a 

10 second epoch out of the continuous signal w
ith the epoch of interest in the m

iddle. 

W
e then calculated the D

iscrete F
ourier T

ransform
 (D

F
T

) of the 10 s epoch at 50 H
z, 

100 H
z and 150 H

z w
ith

o
ut any tapering. S

ince the pow
er
lin

e artifact is of a perfectly 

constant frequency, the 10 s epoch contains integer cycles of the artifact frequencies 
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and all the artifact energy is contained in those D
F

T
s. W

e then constructed 50 H
z-, 

100 H
z- and 150 H

z-sine w
aves with the amplitudes and phases as estim

ated by the 

respective D
FT

s and subtracted those sine w
aves from

 the 1
0 s epoch. The epoch of 

interest w
as then cut out of the cleaned 10 s epoch. P

ower spectra of the cleaned 10 s 

epochs dem
onstrated that all artifact energy w

as elim
inated, leaving a notch of a bin 

w
idth of 0.1 H

z (=
1/10 s). T

he actual spectral analysis used the m
ulti-taper m

ethod, 

w
ith a spectral sm

ooth
ing of ± 4 H

z (for frequencies betw
een 8 and 20 Hz) or ± 16 H

z 

(for freq
uencies betw

een 20 and 100 H
z). T

hus, the notch typically became invisible. 

 T
im

e-freq
u

en
cy sp

ectral an
alysis b

ased
 o

n
 m

u
ltitap

erin
g

: 

F
or the assessm

ent of pow
er and co

herence spectra, w
e used window

s of ± 125 m
s 

length that were m
oved over the data in steps of 10 m

s fro
m

 500 m
s before to 150 m

s 

after the stimulus change. F
or each window

, we applied m
utitaper m

ethods to achieve 

optim
al spe

ctral concentration
1

-3. M
ultitapering involves the m

ultip
lication of data 

segm
ents w

ith m
ultip

le tapers before Fourier transform
ation. T

apering effectively 

concentrates 
spectral estim

ates 
across 

a 
specified 

frequency band. W
e 

used 
tw

o 

different sets of tapers: F
or the low frequency range (8 to 20 H

z), w
e chose a spect

ral 

concentration over ± 4 H
z, w

hile for the high frequency range (20 to 100 H
z), w

e 

chose a spectral concentration over ± 16 H
z.  

F
or each taper, the data epoch w

as m
ultip

lied w
ith that taper and then F

ourier 

transform
ed, giving the w

indow
ed F

ourier transform
, 
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T
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S
pectra and cross-spectra are averaged over trials before calculating the coherency   
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C
oherency is a com

plex quantity. Its absolute value is term
ed coherence and ranges 

from
 0 to 1. A

 coherence value of 1 indicates that the tw
o signals have a constant 

phase relationship (and am
plitude covariation), a value of 0 indicates the absence of 

any phase relationship. 

C
oherence estim

ates have a positive bias that decreases w
ith an increase in the 

am
ount of data. T

o correct for this, a non-linear transform
ation w

as applied to the 

coherence spectra
1, w

hich w
ill be referred to as a z-transform

ation. If 
C

 is the 

untransform
ed coherence estim

ate and 
v

 is the degrees of freedom
 (tw

o tim
es the 

total num
ber of tapers applied), then the variable  

)
|

C|
2)log(1-

-
(-

 
 

2
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q

 

has a R
aleigh distribution w

ith density  

/2
-q

2

qe
 

 )
(

 
q

p
. 

T
his density function does not depend on Q

 and furtherm
ore has a tail that closely 

resem
bles a G

aussian. F
or certain values of a fitting param

eter 
E

, a further linear 

transform
ation  

)
(

E
E

�
 

q
r

 

leads to a distribution that closely resem
bles a standard norm

al G
aussian for r >

 2. W
e 

therefore refer to 
r

 as the z-transform
ed coherence. A

 reasonable choice for 
E

 is 

23/20. S
pike-field coherence w

as calculated w
ith spikes and L

F
P from

 the sam
e and 

from
 different electrodes. R

estricting the SF
C

 analysis to SF
C

s w
ith spikes and L

FP 

from
 different electrodes left the results unchanged.  

 N
eu

ral activity so
rted

 acco
rd

in
g

 to
 reactio

n
 tim

e: 

W
e assessed pow

er, coherence and spike rate for trials w
ith the 25 %

 fastest and 25 %
 

slow
est reaction tim

es of individual recording sessions. T
he m

ean R
T

 for the subset of 

fast (slow
) trials w

as 346 m
s (490 m

s) (m
edian: 359 m

s / 485 m
s). T

his separation 
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ensured the least overlap of fast and slow
 reaction tim

e bins across recording sites 

(such that slow
est reaction tim

es in the fast bin did not overlap w
ith the fastest 

reaction tim
es in the slow

 bin across sessions), w
hile providing as m

uch neural data as 

possible to calculate the spectral estim
ates. M

oreover, percentile separation ensures an 

equal num
ber of trials in each subset and thereby elim

inates sam
pling biases

1. 

W
e w

anted to test w
hether the variable gam

m
a-band pow

er (or gam
m

a-band 

spike field coherence, or firing rate) differed betw
een the conditions fast response and 

slow
 response. T

herefore, w
e calculated t-values for the difference betw

een the tw
o 

conditions and across recording sites (or pairs of sites), separately for all tim
e 

w
indow

s in the sliding w
indow

 analysis. W
e perform

ed a correction for the m
ultiple 

com
parisons done, using a non-param

etric perm
utation approach for significance 

testing
4,5. T

o this end, the follow
ing procedure w

as perform
ed 10000 tim

es: For each 

recordings site (or pair of sites), a random
 decision w

as m
ade to either exchange the 

tw
o 

conditions 
(50%

 
probability) 

or 
leave 

them
 

unchanged 
(50%

 
probability). 

S
ubsequently, 

paired 
t-tests w

ere 
determ

ined 
across 

the 
sites (or 

pairs of 
sites) 

betw
een the tw

o conditions and for all tim
e w

indow
s. T

he m
axim

al and the m
inim

al 

t-value across all tim
e w

indow
s w

as kept, resulting in 10000 m
axim

al and 10000 

m
inim

al t-values. F
rom

 this em
pirical distribution of global m

axim
a and m

inim
a, w

e 

determ
ined the 2.5 %

 and the 97.5 %
 points, t(global,2.5 %

) and t(global,97.5 %
). F

or 

each tim
e w

indow
, w

e then determ
ined the t-value betw

een the non-random
ized 

conditions. T
he non-random

ized t-value for a given tim
e w

indow
 w

as considered 

significant if it w
as larger than t(global,97.5 %

) or less than t(global,2.5 %
). T

his 

procedure corresponds to a tw
o-sided test w

ith a global false positive rate of 5 %
 and 

corrects for the m
ultiple com

parisons across the tim
e interval. 

 C
o

rrelatio
n

 an
alysis: 

T
o determ

ine the predictive capability of neuronal activity param
eters for reaction 

tim
e, w

e calculated the P
earson correlation coefficient betw

een the trial-by-trial 

variations in reaction tim
es and the trial-by-trial variations of pow

er, coherence and 

spike rate. T
his w

as done separately for each analyzed tim
e w

indow
 and, in the case 

of 
pow

er 
and 

coherence, 
separately 

for 
each 

analyzed 
frequency. 

C
orrelation 

coefficients w
ere Fisher Z

-transform
ed and those Fisher Z

-values w
ere transform

ed to 

z-scores. Z
-scores w

ere pooled across recording sites or pairs of sites according to: 
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w
ith 

i
z

 being the z-score of the i-th recording site or pair of sites. N
ote that spike 

field coherence cannot be estim
ated directly for short tim

e epochs of single trials. W
e 

therefore derived a new
 analysis m

ethod to obtain single-trial coherence estim
ates 

based on z-transform
ed coherence values as outlined in the follow

ing paragraph. 

 E
stim

atio
n

 o
f sp

ike-field
 co

h
eren

ce o
f sin

g
le-trials: 

C
oherence cannot be estim

ated directly for single short data epochs (of tw
o signals). 

T
he reason is that coherence is in itself a statistic about the distribution of phase 

differences betw
een the tw

o signals, that requires m
ultiple estim

ates of this phase 

difference. 
H

ere, 
w

e 
aim

ed 
at 

estim
ating 

the 
correlation 

betw
een 

variations 
of 

reaction tim
es across trials and variations of spike-field coherence across trials. W

e 

furtherm
ore aim

ed at doing this for short (250 m
s) tim

e w
indow

s, that cannot be 

reasonably cut into a sufficient num
ber of pieces, nor allow

 the application of a 

sufficient num
ber of m

ulti-tapers to estim
ate coherence directly from

 the single trial 

data. 
In 

order 
to 

nevertheless 
obtain 

an 
estim

ate 
of 

single-trial 
coherence, 

w
e 

com
puted single-trial coherence pseudovalues (S

T
C

P). T
he rationale of this is that 

w
hile w

e cannot determ
ine the single-trial coherence directly, w

e can determ
ine the 

coherence for all trials and w
e can also determ

ine the coherence for all-but-one trials. 

F
or a linear function 

F
of a sam

ple 
S

, the value of 
�

�i
S

F
, i.e. the value of the 

function for the i-th observation, is identical to the pseudovalue  

�
�

�
�

�
�

�
�i

S
F

N
S

F
N

P
u

�
�

u
 

1
, 

W
ith 

�
�i

S
being the entire sam

ple w
ith the i-th observation left out. W

e accordingly 

determ
ined the ST

C
P

for trial i as  

�
�

�
�

�
�

�
�i

S
C

N
S

C
N

ST
C

P
u

�
�

u
 

1
, 

w
ith C

 being the z-transform
ed coherence. 
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 T
h

e co
rrelatio

n
 b

etw
een

 reactio
n

 tim
es an

d
 n

eu
ro

n
al activity is co

n
sisten

t 
acro

ss th
e tw

o
 m

o
n

keys an
d

 it is n
o

t exp
lain

ed
 b

y a g
en

eral effect o
f tim

e-in
-

trial. 

In principle, there m
ight be a general effect of tim

e-in-trial on both behavioral 

reaction 
tim

es 
and 

neuronal 
activity 

that results in 
a 

correlation 
betw

een 
those 

variables. T
his w

ould not affect our conclusions. T
he finding that enhanced gam

m
a-

band synchronization results in rapid reaction tim
es is physiologically m

ost plausibly 

interpreted 
as a 

m
echanistic 

link, 
irrespective of 

the 
source of 

the 
trial-by-trial 

variability in gam
m

a-band synchronization. Furtherm
ore, our data suggest that the 

correlation betw
een reaction tim

es and neuronal activity is actually not explained by a 

general effect of tim
e-in-trial. A

 general effect of tim
e-in-trial should affect reaction 

tim
es and neuronal activity sim

ilarly and in both m
onkeys. H

ow
ever, w

e found that 

reaction tim
es show

ed w
eak but opposite trends in the tw

o m
onkeys. W

hile reaction 

tim
es decreased slightly w

ith tim
e-in-trial in one m

onkey, they increased slightly in 

the second m
onkey (Supplem

entary F
igure 1). W

e then analyzed the z-scores for the 

correlations betw
een reaction tim

es and gam
m

a-band (40 - 72 H
z) pow

er, gam
m

a-

band spike-field coherence and firing rate for the tim
e period betw

een the change 

event and 75 m
s thereafter (Supplem

entary Figure 2). T
he Supplem

entary T
able 

provides an overview
 of average correlations for all m

easures and both m
onkeys 

separately for the gam
m

a-frequency band (40-72 H
z) and for the alpha/beta-frequency 

band (8-16 H
z). In both m

onkeys, the distribution of z-scores for the gam
m

a-band is 

strongly biased tow
ards negative values, both for gam

m
a band pow

er and spike-field 

coherence. T
hus, w

hile the tw
o m

onkeys show
ed w

eak but opposite trends regarding 

the dependence of reaction tim
es on tim

e-in-trial, they both show
ed sim

ilar patterns of 

correlation betw
een reaction tim

es and spectral pow
er and coherence. 
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LF

P
 - pow

er 
S

pike-field coherence 

 
m

onkey P
 

m
onkey R

 
m

onkey P
 

m
onkey R

 

42-72 H
z 

-0.05*** (68 %
) 

-0.10*** (100 %
) 

-0.01* (59 %
) 

-0.02* (58 %
) 

8-12 H
z 

0.03** (70 %
) 

0.02 (58 %
) 

0 (44 %
) 

0.02*** (63 %
) 

   S
u

p
p

lem
en

tary T
ab

le: A
verage F

isher z-transform
ed correlation coefficients for LF

P
-pow

er 
and spike-field coherence w

ith reaction tim
e for m

onkey P
 and m

onkey R
 for the gam

m
a 

frequency band and the alpha/beta frequency band. T
he correlations are averages of the 

analysis w
indow

s zero-centered w
ithin the tim

e interval from
 0 - 75 m

s after the change 
event. S

tars denote significance levels of correlations (* =
 p<

0.05, ** =
 p<

0.01, *** =
 p<

0.001). 
T

he num
ber in brackets show

 the proportion of cells w
ith negative reaction tim

e correlations 
(for the 42-72 H

z frequency range) and positive reaction tim
e correlations (for the 8-12 H

z 
frequency range).  
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    S
u

p
p

lem
en

tary F
ig

u
re 1 S

catter plot of reaction tim
es as a function of tim

e after stim
ulus 

onset. T
he tw

o panels show
 data from

 the tw
o m

onkeys and each dot corresponds to the 

reaction tim
e in a single trial. 
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    S

u
p

p
lem

en
tary F

ig
u

re 2 H
istogram

s of z-scores for the correlations betw
een reaction tim

es 

and gam
m

a-band (40 - 72 H
z) pow

er (a), gam
m

a-band spike-field coherence (b
) and firing 

rate (c). H
istogram

s w
ere com

piled across individual recording sites (pow
er and firing rate) or 

pairs of recording sites (coherence). D
ata from

 the tw
o m

onkey are show
n in black and grey, 

respectively. T
he z-scores w

ere averaged across analysis w
indow

s centered on 0 - 75 m
s 

after the change event. B
lack and grey arrow

s denote the average z-score of the distribution 

of the respective m
onkey. 


