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Neuronal Coherence as a
Mechanism of Effective

Corticospinal Interaction
Jan-Mathijs Schoffelen,1,2* Robert Oostenveld,1,3 Pascal Fries1,2

Neuronal groups can interact with each other even if they are widely sep-
arated. One group might modulate its firing rate or its internal oscillatory
synchronization to influence another group. We propose that coherence be-
tween two neuronal groups is a mechanism of efficient interaction, because it
renders mutual input optimally timed and thereby maximally effective. Modu-
lations of subjects’ readiness to respond in a simple reaction-time task were
closely correlated with the strength of gamma-band (40 to 70 hertz) coherence
between motor cortex and spinal cord neurons. This coherence may contribute
to an effective corticospinal interaction and shortened reaction times.

Within the central nervous system, the main

occupation of a given group of neurons is to

interact with other groups. It is commonly

assumed that the influence of one neuronal

group on another is primarily determined by

the mean rate of action potentials generated

(1). However, recent evidence suggests that a

postsynaptic neuron actively compensates

for slow changes in mean input rate and

primarily responds to precisely synchronous

input barrages (2–5). Studies in awake and

behaving animals suggest that neuronal groups

increase their impact on target groups through

precise oscillatory synchronization (6, 7), and

it has been hypothesized that this might con-

stitute a general mechanism for regulating the

flow of information in the nervous system (8).

Here, we propose a mechanism that might

greatly amplify the effects of oscillatory syn-

chronization. Activated groups of neurons

typically oscillate in the beta or gamma fre-

quency bands (9, 10) and thereby undergo

temporally predictable excitability fluctuations.

Synaptic input to an oscillating neuronal target

group will be maximally effective if it arrives

within a few milliseconds of the excitability

peaks of the target (11). Thus, for a neuronal

group to provide maximally effective input, it

should be coherent with the target group.

We tested whether this potential mecha-

nism has a functional role in human cognition

and whether this role can be demonstrated

through a behavioral correlate of coherence

between distant groups of neurons. We studied

coherence between motor cortex and spinal

alpha-motoneurons (12–15) (Fig. 1). Because

a spinal motoneuron and the corresponding

muscle fibers form a motor unit with one-to-

one correspondence of their action potentials,

we used the electromyogram (EMG) of the

right musculus extensor carpi radialis longus to

indirectly measure the activity of the corre-

sponding spinal neuronal group. Activity in the

corresponding left motor cortex was assessed

with magnetoencephalography (MEG). Corti-

cospinal coherence (coherence between motor

cortex and spinal cord) could then be assessed

with standard analysis methods (16).

We investigated the effect of a manipu-

lation of corticospinal interaction on cortico-

spinal coherence. We used the well-studied

behavioral effect that in simple reaction-time

tasks, the hazard rate of the go-cue (17) de-

termines the subjects_ readiness to respond as

operationalized by shortened reaction times

(18, 19). Subjects extended their right wrist to

elevate their hand against the lever of a force

meter to bring the measured force into a

specified window. After a baseline period, a

visual stimulus appeared and subjects had to

keep the wrist extension until the stimulus

changed speed at an unpredictable moment in

time (fig. S1). The crucial experimental

manipulation was to systematically modulate

the hazard rate of the stimulus_ speed change.

In the UP-schedule, a stimulus change

became more and more likely the longer the

stimulus was on without change. In the

DOWN-schedule, a stimulus change became

less and less likely. A given subject was

trained in three sessions on one of the

schedules before neuronal activity was re-

corded in a fourth session. After several days_
break, the same was done for the other sched-

1F. C. Donders Centre for Cognitive Neuroimaging,
Radboud University Nijmegen, 6525 EK Nijmegen,
Netherlands. 2Department of Biophysics, Radboud
University Nijmegen, 6525 EZ Nijmegen, Nether-
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Aalborg University, Fredrik Bajers Vej 7 D-3, 9220
Aalborg, Denmark.
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E-mail: jan.schoffelen@fcdonders.ru.nl

Fig. 1. (A and B) Readiness
to respond induces cortico-
spinal gamma-band coher-
ence. In (A), corticospinal
coherence [z-transformed
(30), averaged over the six
sensors highlighted in (C)
and (D)] is shown before
(blue) and after (red) onset
of the visual stimulus; (B)
shows the difference. Hor-
izontal bars in (A) indicate
frequency ranges used in
(C) (blue bar) and (D) (red
bar). Horizontal bar in (B)
indicates frequency band
with significant difference
(P G 0.05, nonparametric
randomization test). (C)
Topography of beta-band
coherence before the onset
of the visual stimulus. (D)
Topography of gamma-
band coherence after the onset of the visual stimulus.

A
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ule. The sequence of schedules was counter-

balanced across the six subjects studied (20).

The behavioral results from the recording

sessions confirm earlier findings (Figs. 2A

and 3A). When the hazard rate increased

linearly in the UP-schedule, reaction times

decreased in close correspondence (Pearson

correlation coefficient r 0 –0.93, P G 0.0001,

randomization test); the reverse was found

for the DOWN-schedule (r 0 –0.95, P G
0.0001). Thus, subjects had implicitly learn-

ed the hazard rate for the two schedules and

were effective in dynamically modulating

corticospinal interaction accordingly.

Next, we investigated corticospinal co-

herence. Most previous studies using weak to

medium force output have reported coher-

ence primarily in the beta band, between 15

and 25 Hz (12–15). Coherence at frequencies

in the gamma band, between 30 and 80 Hz,

has so far been described during maximal

voluntary contractions or during slow move-

ments (15). In our paradigm, beta-band

coherence was present both before and

during stimulus presentation (Fig. 1A). Dur-

ing visual stimulation but in the absence of

changes in motor output, gamma-band co-

herence was strongly enhanced (Fig. 1, A

and B; P G 0.05, nonparametric permutation

test, corrected for multiple comparisons).

The topography of beta-band coherence

before stimulus onset was very similar to

that of gamma-band coherence after stimulus

onset (Fig. 1, C and D), which suggests that

the same neuronal group or two spatially

highly overlapping neuronal groups were

involved. Obviously, subjects knew that they

had to be ready to respond only when the

stimulus was on. Beta-band coherence was

present throughout the trial and was more

pronounced before the onset of the visual

stimulus; this finding suggests that it has a

role in maintaining a steady-state force

output, in agreement with earlier studies

(12–15). In contrast, corticospinal gamma-

band coherence seemed to come into play

when a movement signal was expected.

We thus compared time courses of the

hazard rate and of corticospinal gamma-band

coherence separately for the UP- and DOWN-

schedules. Corticospinal gamma-band co-

herence showed rapid dynamics. In the

UP-schedule, it increased over time after

stimulus onset (Fig. 2, E and F) and in

close correspondence with the hazard rate

(r 0 0.87, P G 0.0001, nonparametric ran-

domization test). In the DOWN-schedule,

gamma-band coherence first increased rap-

idly after stimulus onset and then fell to

baseline values (Fig. 3, E and F), again in

close correspondence with the hazard rate

(r 0 0.86, P G 0.0001). To test whether this

effect is specific for the gamma band, we

assessed the cross-correlation between the

hazard rate and the time course of cortico-

spinal coherence for all frequencies of the

coherence spectrum. Indeed, a significant pos-

itive correlation was confined to frequencies

between roughly 40 and 60 Hz for both the

UP- and DOWN-schedules (Figs. 2G and 3G).

In addition to the long-range coherence of

motor cortex with the spinal cord, local neu-

ronal synchronization in motor cortex was

also modulated by the task. Oscillatory motor

cortical synchronization can be estimated from

the power spectrum of MEG signals recorded

over motor cortex. Motor cortical gamma-band

power correlated positively with the hazard

rate (UP: r 0 0.54, P G 0.0001; DOWN: r 0
0.61, P G 0.0001). In contrast, motor cortical

beta-band power showed a negative correlation

(UP: r 0 –0.89, P G 0.0001; DOWN: r 0 –0.62,

P G 0.0001). The time course of power and

the frequencywise correlation between haz-

ard rate and power are shown in Fig. 2, B to

D, for the UP-schedule, and in Fig. 3, B to D,

for the DOWN-schedule.

Our results show that readiness to respond

and corticospinal gamma-band coherence are

tightly coupled. Dynamic modulations of the

readiness to respond induce corresponding

dynamic modulations of corticospinal gamma-

band coherence and motor cortical gamma-

band synchronization. Because readiness to

respond was rising in the UP-schedule but fall-

ing in the DOWN-schedule, the parallel changes

in power and coherence cannot be merely an

effect of elapsing time. Furthermore, because

visual stimulation and motor output (21) were

indistinguishable between a given trial in the

UP-schedule and a given trial in the DOWN-

schedule, the observed effects must be ascribed

to the implicitly learned hazard rates and thus

constitute a purely cognitive modulation.

One concern is that the observed dynam-

ics in corticospinal gamma-band coherence

might be fully explained by the changes in

local motor cortical gamma-band synchroni-

zation. Several earlier studies have found

gamma-band power over different parts of

the brain to predict shortened reaction times

Fig. 2. Effect of increasing hazard
rate on reaction times, cortical pow-
er, and corticospinal coherence (n 0 6
subjects). (A) Hazard rate (gray line)
with the resulting reaction times
(pink line). Note the inverted reaction
time axis at the right. (B) Time-
frequency representation of MEG
power over contralateral motor cor-
tex. (C) Time courses of the cortical
power in the gamma band (40 to
70 Hz) (red line) and the beta band
(15 to 30 Hz) (blue line). For com-
parison of power time courses and
hazard rate, two scaled copies of the
latter are shown (gray lines), one
upright (gamma power) and one
inverted (beta power). (D) Pearson
correlation coefficient between haz-
ard rate and cortical power as a
function of frequency of the latter.
Bars indicate significant frequency
bands (P G 0.05, nonparametric ran-
domization test, corrected for multi-
ple comparisons). (E) Time-frequency
representation of corticospinal coher-
ence. (F) Time course of corticospinal
coherence in the gamma band (40 to
70 Hz). As in (C), the gray line is a
scaled copy of the hazard rate. (G) Pearson correlation coefficient between hazard rate and corticospinal coherence as a function of frequency of the latter.
Bars indicate significant frequency bands (P G 0.05, nonparametric randomization test, corrected for multiple comparisons).
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(22). The core of our hypothesis is, however,

that coherence itself is a mechanism for ef-

fective corticospinal interaction, above and

beyond local oscillatory neuronal synchroni-

zation. We therefore reanalyzed the dynam-

ics of corticospinal coherence after eliminating

trials until the average cortical power remained

as constant as possible given the finite trial

number. This left the magnitude and dynam-

ics of gamma-band coherence essentially unal-

tered (20). Thus, the dynamics of corticospinal

gamma-band coherence is not a mere conse-

quence of the dynamics of local oscillatory

synchronization, and the respective mechanisms

appear at least partly independent. Previous

studies have indeed revealed mechanisms that

specifically modulate a neuron_s tendency to

phase-lock to rhythmic input (23) through a

modulation of its ionic conductances.

Our results suggest a role for coherence

in corticospinal interaction. Yet, in our

paradigm, the corticospinal interaction was

only one of the links in the chain from visual

input to motor output. Coherence between

different intervening areas might also con-

tribute to the observed shortened reaction

times during enhanced readiness to respond.

Neuronal gamma-band coherence has been

found in several other cases between distant

neuronal groups along the visuomotor

pathway (24–29) and has been implicated

in visuomotor interactions.

We would like to speculate about the im-

plications if neuronal coherence were a general

mechanism of neuronal communication. Co-

herence likely renders neuronal interactions

not only effective but also selective for the

coherent groups. Input to a target group that

is incoherent with the excitability fluctuations

in this target group will be less effective. Of-

ten many neurons converge on a common

target, but at a given moment, only part of the

input is effective in influencing the target

neuron_s output. Selective coherence is an

ideal candidate mechanism for the regulation

of the efficiency of input. It would at the same

time increase the impact of input that is co-

herent with the target and decrease the impact

of input that is not coherent with the target. In

addition, feedback from the target group of

neurons would also be more effective at the

coherent input than at the noncoherent input,

even if it were anatomically directed to both.

Our results suggest that neuronal coherence

can serve neuronal communication and can be

dynamically modulated by cognitive demands.
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Fig. 3. (A to G) Effect of decreasing
hazard rate on reaction times, cor-
tical power, and corticospinal co-
herence. Format as in Fig. 2.
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