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The direction of functional information flow in the sensory thalamo-
cortical circuit may play a role in stimulus perception, but, surprisingly,
this process is poorly understood. We addressed this problem by
evaluating a directional information measure between simultaneously
recorded neurons from somatosensory thalamus (ventral posterolat-
eral nucleus, VPL) and somatosensory cortex (S1) sharing the same
cutaneous receptive field while monkeys judged the presence or
absence of a tactile stimulus. During stimulus presence, feed-forward
information (VPL → S1) increased as a function of the stimulus ampli-
tude, while pure feed-back information (S1 → VPL) was unaffected. In
parallel, zero-lag interaction emerged with increasing stimulus ampli-
tude, reflecting externally driven thalamocortical synchronization dur-
ing stimulus processing. Furthermore, VPL → S1 information decreased
during error trials. Also, VPL → S1 and zero-lag interaction decreased
when monkeys were not required to report the stimulus presence.
These findings provide evidence that both the direction of information
flow and the instant synchronization in the sensory thalamocortical
circuit play a role in stimulus perception.
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Amajor challenge in systems neuroscience involves under-
standing how perceptual experiences arise from coordinated

neural activity, and how functional information flows among the
interacting neurons (1–5). The sensory thalamus is an essential node
within the perceptual circuit, relaying stimulus information from the
periphery to cortex (6). Given the connectivity between the thalamus
and cortex, feed-back corticothalamic inputs could modulate feed-
forward thalamocortical stimulus information transmission during
perception (7–10). Thus, the thalamus could act as a processing unit
in continuous interaction with the cortex (6, 11, 12). Evidence sup-
porting this view comes from previous studies in anesthetized (13–15)
and awake animals (10, 16). However, it is unclear how feed-forward
and feed-back information flows coexist within the thalamocortical
circuit and whether they correlate with the subject’s perception.
To address these questions, we recorded the simultaneous activity

of single neurons in the ventral posterolateral nucleus (VPL) of the
somatosensory thalamus and in primary somatosensory cortex (S1)
sharing the same cutaneous receptive field while monkeys per-
formed a vibrotactile detection task. The animals were trained to
report the presence or absence of a tactile stimulus of variable
amplitude. In this task, previous work showed that VPL and
S1 neurons encode mostly the physical features of the stimulus (17,
18). These findings raise several questions. First, how is sensory
information communicated between the VPL and S1 at the level of
single neurons? Second, what is the balance between the in-
formation flowing in a feed-forward direction (VPL → S1) and in a
feed-back (S1 → VPL) direction? Third, does the information flow
between VPL and S1 correlate with the subject’s perception?

In the current work, we addressed the above questions by
detecting time-varying directional couplings between the recor-
ded VPL and S1 neuron pairs across many trials as a measure of
the functional thalamocortical information flow needed to per-
form a vibrotactile detection task. During the stimulus presence,
feed-forward (VPL → S1) information largely prevailed over
feed-back (S1 → VPL) information. Interestingly, zero-lag in-
teractions emerged with the stimulus amplitude above detection
threshold, suggesting the existence of cortical common inputs
facilitating the transmission of stimulus information. Critically, at
the stimulus onset, feed-forward information correlated with the
subject’s perception. During a variant of the detection task (passive
condition, in which no response was required from the animal),
feed-forward information was reduced during the expected stimu-
lation windows of stimulus-present and stimulus-absent trials, while
zero-lag interaction was mainly reduced in the first half of the
stimulus. Taken together, our results characterize the functional
information flow between VPL–S1 neuron pairs during tactile
perception. They reveal that besides relaying stimulus information

Significance

The direction of information flow between brain circuits may
be key in cognitive functions. We addressed this problem by
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and zero-lag interactions decreased when monkeys were not
required to report stimulus presence. Thus, directional and
coordinated information in the thalamocortical circuit is asso-
ciated with stimulus perception.

Author contributions: A.T.C. and R.R. designed research; Y.V., M.Á., A.Z., and R.R. per-
formed research; A.T.C. and R.R. contributed new reagents/analytic tools; A.T.C., R.R.-P.,
and G.D. analyzed data; and A.T.C., Y.V., R.R.-P., G.D., and R.R. wrote the paper.

Reviewers: S.G., Research Center Juelich; and S.P., Italian Institute of Technology.

The authors declare no conflict of interest.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: adria.tauste@gmail.com or rromo@
ifc.unam.mx.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1819095116/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1819095116 PNAS Latest Articles | 1 of 10

N
EU

RO
SC

IE
N
CE

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1819095116&domain=pdf&date_stamp=2019-03-22
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:adria.tauste@gmail.com
mailto:rromo@ifc.unam.mx
mailto:rromo@ifc.unam.mx
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1819095116


feed-forward information conveys task-context information, whereas
zero-lag interactions might reflect the cortically driven coordi-
nated activity of VPL and S1 that is required for information
transmission during task performance.

Results
Two monkeys (Macaca mulatta) were trained to perform a tactile
detection task (2, 3). In each trial, the animal had to report
whether the tip of a mechanical stimulator vibrated or not (Fig.
1A). Stimuli were sinusoidal, had a fixed frequency of 20 Hz, and
were delivered to the glabrous skin of one fingertip; crucially,
they varied in amplitude across trials. Stimulus-present trials
were interleaved with an equal number of stimulus-absent trials
in which no mechanical vibrations were delivered (Fig. 1A). The
presence or absence of the stimulus (0.5 s) was preceded by a
variable prestimulus period (1.5 to 3 s), followed by a fixed
poststimulus delay period of 3 s before the monkey reported its
decision by pressing one of two push buttons (Fig. 1A). In
stimulus-absent trials, we will refer to the possible window of
stimulation (PWS) as the temporal windows when the monkeys
may expect the stimulus (19). Stimulus detection thresholds were
calculated from the behavioral responses (Fig. 1B, Left). Im-
portantly, depending on the monkeys’ responses, trials could be
classified into four types: hits and misses in the stimulus-present
trials and correct rejections and false alarms in the stimulus-
absent condition (Fig. 1B, Right). Once the animals performed
the task at near detection threshold (8 μm), we recorded the
simultaneous activity of spike trains from individual neurons
from VPL and S1 (areas 3b or 1; Fig. 1C) while monkeys per-
formed the task. Here, it is important to highlight that the
recorded neuron pairs (n = 84) from the VPL and S1 shared
exactly the same cutaneous receptive fields (Fig. 1D). Fig. 1E
qualitatively shows that the neurons of VPL and S1 modulate
their firing rate during the stimulus-present condition (Fig. 1E,
Left), but not during the stimulus-absent condition (Fig. 1E,
Right). Thus, it appears an optimal experimental condition for
assessing the functional time-varying information flow between
neuron pairs from VPL and S1 during the detection task.

Assessing Directional Information Flow Between VPL and S1. It is
well-established that the VPL relays information from the skin
mechanoreceptors up to S1 (Fig. 1 C and D). This knowledge
allows us to test the following hypothesis in the detection task:
After the stimulus onset, the flow of functional information
becomes crucially larger in the VPL → S1 direction than in the
S1 → VPL direction. However, given the stronger anatomical
connectivity from S1 to VPL than from VPL to S1 (12), the
second hypothesis is that the flow of functional information is
higher from S1 → VPL than from VPL → S1. Importantly, we
also hypothesize that the information flow between VPL and
S1 could be affected by task conditions (Fig. 1B). We addressed
all these hypotheses by using a nonparametric method that
measures directional information flows between the simulta-
neously recorded spike trains of pairs of VPL–S1 neurons in
single trials and within slicing time windows of 0.25 ms using a
directed information-theoretic measure (5, 20, 21) (SI Appendix).
The method is illustrated in Fig. 2A. To measure single-neuron
interactions on a fine temporal scale along each task trial, we
estimated delayed versions of the directed information-theoretic
measure (SI Appendix, Eq. S1) in both directions (VPL→ S1 and
S1 → VPL) for every pair of simultaneous VPL–S1 spike trains
at the short time delays [0, 2, 4, . . ., 20 ms] (Fig. 2A, Left). To
infer the significance of each estimation, we defined a
maximizing-delay statistic (SI Appendix, Eq. S2) and built the
corresponding null distribution using circular shifts of the target
spike-train sequences ðYTÞ, which preserved the firing rate and
the short-range (0 to 50 ms) autocorrelation of both spike trains
while destroying their temporal alignment (Fig. 2A, Middle). For
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Fig. 1. Detection task, psychophysical performance, recording sites, and neu-
ronal responses during the task. (A) Vibrotactile detection task. Trials began
when the stimulator probe indented the skin of one fingertip of the monkey’s
restrained right hand (probe down, PD); the monkey reacted by placing its left,
free hand on an immovable key (key down, KD). After a variable prestimulus
period (1.5 to 3 s), a vibratory stimulus of variable amplitude (1 to 34 μm, 20 Hz,
0.5-s duration) was presented on one half of the trials; no stimulus was presented
on the other half of the trials. Following the stimulus presentation period or a
period where no stimulus was delivered, the monkey waited for 3 s until the
probe was lifted off from the skin (PU, probe up), then the animal removed its
free hand from the key (KU, key up) and pressed one of two push buttons (PBs)
to report whether the stimulus was present or absent. Lateral and medial but-
tons were used for reporting stimulus presence and stimulus absence, re-
spectively. Stimulus-present and stimulus-absent trials were randomly interleaved
within a run. (B) The button pressed indicated whether the monkey felt the
stimulus (henceforth referred as yes and no responses, respectively). (B, Left) Mean
psychometric function depicting the probability of the monkey’s reporting yes as a
function of the stimulus amplitude (th = 8 μm, detection threshold). (B, Right)
Behavioral responses depending on the stimulus presence (Hit or Miss) or stimulus
absence (CR, correct rejection; FA, false alarm). (C) Recording sites in the ventral
posterior lateral (VPL) nucleus (green) of the thalamus and in areas 1 and 3b of the
primary somatosensory cortex (S1, cyan). (D) Scheme depicting how the neural
activity from single neurons in the VPL and S1 (3b or area 1) sharing the same
cutaneous receptive field was simultaneously recorded during the detection task.
(E) Mean firing rate for the simultaneously recorded VPL (n = 53) and S1 (n = 75)
neurons during the stimulus-present and stimulus-absent trials.
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each directional spike-train pair, ðXT ,YTÞ, the method assessed the
significance of the statistic together with an unbiased estimation of
the statistic value and the maximizing delay (Fig. 2A, Right). Di-
rectional spike-train pairs associated with significant estimators
ðα= 0.05Þ will be referred to as directional information (DI) trials
(SI Appendix) and will be represented for different experimental
conditions as a percentage over the corresponding pairs and trials.
Finally, statistical comparisons between percentages were assessed
with nonparametric methods (21) and validated via Cohen’s H (22)
effect size (H) for proportion differences (SI Appendix).
A first characterization of the VPL–S1 simultaneous activity

was done by measuring the percentage of DI (SI Appendix, Fig.
S1A) as well as the mean DI value (SI Appendix, Fig. S1B) for
VPL → S1 and S1 → VPL directions during the time course of
the detection task for spike trains above a firing rate threshold
(35 Hz). Both quantities were calculated separately for the
stimulus-present (SI Appendix, Fig. S1B, Left) and stimulus-
absent (SI Appendix, Fig. S1B, Right) trials. For the analysis of
stimulus-present trials here and in the subsequent figures, we
removed the variable-time prestimulus period in every trial and
aligned all trials to the stimulus onset time. The analysis showed
that for the stimulus-present trials the amount of VPL → S1 DI
(trials = 3,216 in neuron pairs = 84, P < 0.01, H > 0.5, cyan line;
SI Appendix, Fig. S1A, Left) was significantly larger than the
amount of S1 → VPL DI during the first half (250 ms) of the
stimulus period and weaker but still significant during the second
half (H < 0.5). However, the strongest effect at stimulus onset
was not mimicked by the mean DI value (P < 0.01, D < 0.3; SI

Appendix, Fig. S1B, Left). In contrast, for stimulus-absent trials,
the greatest differences were manifested by the amount of DI
(trials = 4,371 in neuron pairs = 84, P < 0.01, H > 0.3; SI Ap-
pendix, Fig. S1A, Right) during the PWS (1.5 to 3.5 s) with no
counterpart evidence from the mean DI value (SI Appendix, Fig.
S1B, Right). Despite its moderate statistical effect (H < 0.5), SI
Appendix, Fig. S1 shows a positive gap between VPL → S1 and
S1 → VPL directions already during the prestimulus period, which
could reflect an underlying directionality imbalance facilitating sub-
sequent sensory information transmission. In conclusion, we re-
stricted our analysis to the percentage of DI (rather than the mean
DI value) due to its greater sensitivity to detect directionality dif-
ferences during the stimulus and possible stimulation windows.
As a first approach, we considered exclusively two di-

rectionality cases: VPL → S1 and S1 → VPL (SI Appendix, Fig.
S1). However, when studying DI flow for two simultaneous spike
T-length trains XTand YT at a given time interval (e.g., 250 ms)
one may instead consider three disjoint cases: The spike trains
are coupled in only one direction ðXT →YTÞ, in only the oppo-
site direction ðYT →XTÞ or simultaneously coupled in both di-
rections ðXT ↔YTÞ. In principle, these three cases correspond to
neurons in each pair taking three different roles—driver, target,
or both—which may be associated with distinct functional
mechanisms (24). According to this notion, we classified DI es-
timates by pairing the location and role of each neuron per trial.
In short, we defined as feed-forward information (VPL → S1)
those DI estimates involving pairs where the neuron of VPL was
only driver and the neuron of S1 was only target. Similarly, we
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Fig. 2. Assessing DI between pairs of VPL and S1 neurons during the detection task. (A) Sequential scheme representing the method to infer DI at single-trial
level. (Left) Information-theoretic measure is estimated between single-trial spike trains of the simultaneously recorded neurons in VPL and S1 for delays
(0, 2, . . ., 20) ms. (Middle) Significance is locally determined via nonparametric testing (α = 0.05) of a maximizing-delay statistic. (Right) Every significant
statistic (P < α) is associated with an unbiased information-theoretic measure value (T −‹T›) and a maximizing delay ðD̂Þ. (B) Graphical representation for feed-
forward (VPL → S1, in blue), feed-back (S1 → VPL, in red), and bidirectional (S1 ↔ VPL, in orange) information between VPL and S1 neurons. (C–F) Raster plots
and spike density functions depicting the neural activity occurring during the first 250 ms of stimulation (34 μm) for examples of VPL (green) and S1 (cyan)
neuron pairs involved in feed-forward (C), feed-back (D), and bidirectional (E) information and nonsignificant (F) statistic values.
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defined as feed-back information (S1 → VPL) where the neuron
of S1 was only driver and the VPL neuron was only target. Fi-
nally, pairs where the neuron in VPL and the neuron in S1 were
simultaneously drivers and targets (at possible different delays)
of that interaction were labeled as bidirectional information. Fig.
2B shows a schematic representation for the three types of DI
and Fig. 2 C–E shows four example pairs of neurons (five re-
petitive trials; green for VPL raster plots and cyan for S1 raster
plots) responding during the first 250 ms after stimulus onset
holding feed-forward (Fig. 2C), feed-back (Fig. 2D), and bi-
directional (Fig. 2E) information, together with neuron pairs
with nonsignificant statistic values (Fig. 2F). Since the signifi-
cance analysis leading to DI is always single-trial, the choice of
five trials in Fig. 2D is only for illustrative purposes here.

Stimulus Presence Modulates Feed-Forward and Bidirectional
Information. Having set the above definitions, we first examined
for each type of DI the average DI delay as a putative intrinsic
property of each directionality case (SI Appendix, Fig. S2). Bi-
directional information occurred at shorter delays than unidirec-
tional information for both stimulus-present (trials = 3,217 in
neuron pairs = 84, D= 0.35, time-average Cohen’s d; SI Appendix,
Fig. S2A, Left) and stimulus-absent trials (trials = 4,731 in neuron
pairs = 84,D= 0.37, time-average Cohen’s d; SI Appendix, Fig. S2A,
Right). The delay histograms (SI Appendix, Fig. S2B, Top) outside
the stimulus period or the PWS revealed that these differences were,
in general, due to higher percentage of zero-delay couplings (around
33%) in bidirectional information compared with unidirectional
information (around 15%). Further, we examined the DI delay
distribution during the stimulus period (SI Appendix, Fig. S2B). We
found that the arrival of the stimulus increased the relative amount
of bidirectional information at zero delay (from 33 to 49%).
However, the relative amount of feed-forward (from 9 to 19%)
and feed-back information (from 9 to 15%) was enhanced at 8 ms.
Second, we investigated two main questions regarding feed-

forward, feed-back, and bidirectional information: (i) What was
the contribution of each DI type to a greater amount of VPL →
S1 DI observed during the stimulus presence? and (ii) What was
the contribution of each neuron pair to this effect? Fig. 3A de-
picts the percentages of DI according to their types (feed-
forward, feed-back, and bidirectional) for stimulus-present
(Fig. 3A, Left) and stimulus-absent trials (Fig. 3A, Right) dur-
ing the time course of the task. The proposed decomposition
highlighted the contribution of each type into the directionality
differences illustrated in SI Appendix, Fig. S1. The increment in
the VPL → S1 DI, especially after the stimulus onset, was mainly
contributed by feed-forward information (trials = 3,216 in neu-
ron pairs = 84, P < 0.05, H = 0.23; blue trace in Fig. 3A, Left) and
lesser by the bidirectional information (trials = 3,216, neuron
pairs = 84, P < 0.05, H = 0.1; orange trace in Fig. 3A, Left). In
contrast, the increase in the S1 → VPL direction (SI Appendix,
Fig. S1) could only be explained by an increase in bidirectional
information. Indeed, genuine feed-back information was not
significantly modulated during the stimulus presence (P > 0.05;
red trace in Fig. 3A, Left). However, for stimulus-absent trials, no
DI type showed a significant modulation (trials = 4,271 in neu-
ron pairs = 84, P > 0.05; Fig. 3A, Right).
We then investigated the contribution of each neuron pair to

the increment in feed-forward and bidirectional information
during the first half of the stimulus period in the stimulus-present
trials. To do so, we repeated the analysis of Fig. 3A for every
VPL–S1 pair and obtained a stimulus-driven effect size per pair.
Fig. 3B illustrates these results by sorting the neuron pairs in-
dependently for each DI type in a descending effect size order.
Consistent with our previous findings, there were more neuron pairs
exhibiting large stimulus effects in feed-forward and bidirectional
information than in feed-back information. Besides that, ∼40%
(33/84) and 20% (18/84) of the neuron pairs increased the number

of feed-forward and bidirectional information, respectively, with
moderate and large effect sizes (H > 0.3; Fig. 3B).
Next, we asked how often a VPL–S1 neuron pair could si-

multaneously handle both DI modulations during the stimulus
period. To address this question, we correlated the stimulus ef-
fect sizes associated with each DI type across all of the recorded
VPL–S1 neuron pairs. The correlation value between the effect
sizes was rather low (ρ = −0.11, P > 0.5, Spearman’s rho),
suggesting that feed-forward and bidirectional information
might be modulated by a different thalamocortical mechanism.
We also analyzed how neuron pairs were differently modulated
during stimulus-absent trials (SI Appendix, Fig. S3). To this end,
we compared the percentage of feed-forward, feed-back, and
bidirectional information per neuron pair during the first interval
of the stimulus window and during the first interval of the PWS.
Each point in SI Appendix, Fig. S3 represents a VPL–S1 neuron
pair and the histograms of all points’ angles with respect to the
stimulus-present axis (x axis: stimulus present; y axis: stimulus
absent) are shown as insets. Therefore, angular values smaller
than 45° indicated a stronger amount of DI during the stimulus
period. Thus, mean angular values indicated that the stimulus-
present effect (θ < 45°) was more prominently manifested in
feed-forward (θ = 30.5°; SI Appendix, Fig. S3) and bidirectional
information (θ = 25.2°; SI Appendix, Fig. S3) than in feed-back
information (θ = 41.1°; SI Appendix, Fig. S3). In sum, we provided
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Fig. 3. VPL–S1 feed-forward, feed-back, and bidirectional information
during the detection task. We analyzed hit and correct rejection trials across
all recorded VPL–S1 neuron pairs. (A) Percentage of feed-forward, feed-
back, and bidirectional information during the time course of the task
during the stimulus-present (Left, trials = 3,216 hits; neuron pairs = 84) and
stimulus-absent trials (Right, trials = 4,371 correct rejections; neuron pairs =
84). Error bars denote the SEM. In all figures, gray boxes depict the stimulus
period for the stimulus-present trials and the PWS for the stimulus-absent
trials. Asterisks denote significant differences (P < 0.05) between the pres-
timulus (first six task intervals, 1.5 s) and the first half (0 to 0.25 s) of the
stimulus period (nonparametric test, α = 0.05). H denotes the effect size
(Cohen’s H) of significant differences. Here and in the next time-varying fig-
ures, we removed the variable-time prestimulus period in every stimulus-
present trial and aligned all trials to the stimulus onset. In stimulus-absent
trials, we aligned the trials to the probe down event (PD). (B) Effect size of
the difference between the percentage of each DI type during the prestimulus
period and during the first stimulus interval as a function of the neuron pairs.
Each curve is represented by ordering the neuron pairs in descending order
according to the magnitude of the effect size for each particular DI type. The
black horizontal dashed line represents the effect size threshold (H ≥ 0.3).

4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1819095116 Tauste Campo et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1819095116


consistent evidence from independent analyses that tactile stimuli
mainly modulated feed-forward and bidirectional information in
the VPL–S1 neuron pairs.

Correlation Between the Firing Rate and the Type of Directional
Information. The statistical method used in this study infers DI
measurements by preserving the firing rate of both sequences in
the null distribution, thus avoiding to a large extent the bias in-
troduced by fluctuations of the neuronal spikes (25, 26). To
empirically corroborate this fact, we examined the influence of
the firing rate into the observed VPL–S1 DI. In previous related
work (17, 18) we showed that the average firing rate was larger in
VPL than in S1 neurons (Fig. 1E). Therefore, the reported in-
crease of feed-forward information (compared with feed-back
information) occurred while the VPL and S1 neurons exhibited
similar firing rates. This initially suggested a low dependence
between the firing rate and the existence of DI. We then tested
this hypothesis by correlating the firing rate driver and target
neurons with the existence of incoming/outgoing DI (SI Appen-
dix). The obtained Spearman correlation coefficients were sig-
nificant but rather low for both driver (intervals = 206,360 in
neuron pairs = 84, ρ = 0.11, P < 0.05; SI Appendix, Fig. S4A) and
target neurons (intervals = 206,360 in neuron pairs = 84, ρ =
0.07, P < 0.05; SI Appendix, Fig. S4A). Moreover, these results
were stable during stimulus-absent trials (intervals = 206,280 in
neuron pairs = 84, ρ = 0.1 for driver spike trains, ρ = 0.07 for
target spike trains, P < 0.05; SI Appendix, Fig. S4B). This shows
that the increase in the number of DI estimates during the
stimulus period could not be explained merely by an increase in
the mean firing rate of either the VPL or S1 neurons.
The results shown above suggested that the firing rate might

be poorly correlated with the distinct DI types. To specifically
address this question, we first computed the time-varying cor-
relation (Spearman’s rho) between the firing rate in VPL and
S1 neurons (SI Appendix, Fig. S4 C and D) associated with feed-
forward, feed-back, and bidirectional information for stimulus-
present (trials = 3,216 in neuron pairs = 84; SI Appendix, Fig. S4
C and D, Left) and stimulus-absent (trials = 4,371 in neuron
pairs = 84; SI Appendix, Fig. S4 C and D, Right). The results show
that the correlation values obtained during the entire time
course of the task were upper-bounded by 0.1 for VPL neurons
and by 0.2 for S1 neurons. For S1 neurons specifically, the cor-
relation values decreased during the stimulus period. This im-
plies that, for a substantial number of S1 neurons, the reported
increase in firing rate (Fig. 1E) during the stimulus presence was
not accompanied by an increase of incoming/outgoing DI with
VPL. Besides, during the stimulus presence, the correlation
values were larger for bidirectional information (rather than
unidirectional) in VPL and S1 neurons, suggesting that neurons
holding bidirectional information were particularly prone to
have large firing rates. To further study this question, we ex-
amined the firing rate of VPL and S1 neurons associated with
feed-forward, feed-back, and bidirectional information (Fig. 4
and SI Appendix). Our analysis revealed that the firing rate of
VPL and S1 neurons was not significantly different (n = 53 and
n = 75, respectively, Wilcoxon rank-sum test, P > 0.05; Fig. 4)
between feed-forward and feed-back information across all task
intervals, including those from the stimulus period. In contrast,
neurons holding bidirectional information showed a significant
increase in their firing rate with respect to the unidirectional case
during the first interval of the stimulus period (P < 0.05; Fig. 4),
in agreement with the reported larger correlation observed in the
bidirectional type (SI Appendix, Fig. S4 C and D). These in-
creases were manifested at suprathreshold stimulus amplitudes
for VPL neurons (n = 53, P < 0.001; Fig. 4) during the entire
stimulus period but for S1 neurons (n = 75, P < 0.05; Fig. 4) only
during the first interval of the stimulus period. Interestingly, for
stimulus-absent trials, bidirectional neurons showed enhanced firing

rates during PWS intervals compared with unidirectional neurons. In
sum, these results show that firing rates were not able to discriminate
between unidirectional information (feed-forward vs. feed-back) but
could be significantly higher for bidirectional information during
specific task intervals regardless of the stimulus presence.
Finally, we simulated a stochastic model to evaluate the per-

formance of the DI estimation method as a function of the
neuronal firing rate and assess any potential bias in the reported
empirical correlations with the firing rate (SI Appendix, Fig. S5;
details provided in the legend). The results of the model for
parameter values that approximated the average firing rate of
neurons and the percentage of DI measured in the real data
validated that the spurious correlations introduced by the DI
estimation method were very low for both unidirectional and
bidirectional models (Spearman’s rho < 0.08). In the meantime,
the DI estimation method was shown to attain large sensitivity
values (>90%) even for low firing rates (∼35 Hz).

The Amount of VPL–S1 Directional Information Is Modulated by the
Stimulus Amplitude.We showed above that both feed-forward and
bidirectional VPL–S1 information was enhanced by the stimulus
presence, while feed-back information was minimally affected
(Fig. 3). Furthermore, each DI type could be modulated by
different neuronal populations. This prompted us to hypothesize
that feed-forward and bidirectional information could be dif-
ferently related to the stimulus amplitude. To further investigate
this question, we divided the stimulus-present trials into three
groups based on the stimulus amplitude. We grouped the 9-μm
trials within the near-threshold (Fig. 5A, Top Right) group and
defined the suprathreshold (Fig. 5A, Top Left) and subthreshold
(Fig. 5A, Bottom Left) groups as those stimulus-present trials
above and below 9 μm, respectively. We choose 9 μm as the
cutoff amplitude since it is the closer amplitude to the monkey’s
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Fig. 4. Mean firing rate of VPL and S1 neurons during the detection task for
feed-forward, feed-back, and bidirectional information. We analyzed hit
and correct rejection trials across all recorded neurons in VPL and S1. For all
panels, gray boxes depict the stimulus period for the stimulus-present trials
(Left) and the PWS for the stimulus-absent trials (Right). Blue, red, and orange
traces depict the mean firing rate for neurons holding feed-forward, feed-
back, and bidirectional information, respectively, during the time course of
the detection task (neuron pairs = 84). Error bars denote the SEM. (A) Mean
firing rate for VPL neurons (n = 53; Left, trials = 1,995 hits; Right, trials =
2,764 correct rejections). Insets depict the mean firing rate as a function of the
stimulus amplitude during the stimulus period. Asterisks denote significant
differences (*P < 0.05, ***P < 0.001, Wilcoxon rank-sum test) among the firing
rate of neurons holding distinct DI. (B) Similar to A, but for S1 neurons (n = 75;
Left, trials = 2,853 hits; Right, trials = 3,854 correct rejections).
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mean detection threshold (8 μm; Fig. 1B). We also considered
stimulus-absent trials for comparison (Fig. 5A, Bottom Right).
First, we quantified the amount of DI within each group (Fig.
5A). Notably, we found that the stimulus effect observed for all
amplitudes (Fig. 3B) was mainly due to the suprathreshold group
(>9 μm). At these amplitudes, feed-forward and bidirectional
information showed a significant incremental effect (trials =
2,237 in neuron pairs = 84, P < 0.01, H = 0.26 and H = 0.14; Fig.
5A, Top Left), while feed-back information was not significantly
altered (P > 0.05). In contrast, for the near-threshold group, the
feed-forward increment was preserved (trials = 443 in neuron
pairs = 84, P < 0.01, H = 0.2; Fig. 5A, Top Right), while bidi-
rectional information dropped dramatically (P > 0.05). Finally,
the subthreshold amplitudes only showed a weaker significant

increase in the amount of feed-forward information (trials =
536 in neuron pairs = 84, P < 0.01, H = 0.13; Fig. 5A, Bottom
Left). Thus, the results illustrated in Fig. 5A demonstrated that
the amount of DI was amplitude-dependent. To examine this
dependency, we focused on the first 250 ms of the stimulus-
present period and plotted the percentage of DI types as a
function of the stimulus amplitude (Fig. 5B). In addition, we
computed single-trial (r) and average-trial (R) Spearman’s rho
correlations between the amount of DI and amplitude values (SI
Appendix). During the first 250 ms the amount of each DI type
was correlated with the stimulus amplitude values as measured
by single-trial types (P < 0.05; Fig. 5B). However, when consid-
ering average-trial correlations, the significance analysis pro-
vided different outcomes across DI types. Indeed, Fig. 5B shows
that feed-forward (trials = 7,587, r = 0.12 in neuron pairs = 84,
R = 0.96, P < 0.01; Fig. 5B, Left) and bidirectional (trials = 7,587,
r = 0.07 in neuron pairs = 84, R = 0.87, P < 0.05; Fig. 5B, Right)
information exhibited a significant monotonic modulation, while
feed-back information remained approximately constant over the
amplitude values (trials = 7,587, r = 0.03 in neuron pairs = 84,
R = 0.26, P > 0.05; Fig. 5B, Middle). These effects are further
illustrated in SI Appendix, Fig. S6 by representing feed-back and
bidirectional against feed-forward information, which suggested
that the bidirectional trend was mainly driven by suprathreshold
amplitudes. These results complemented the analysis of Fig. 5A,
revealing that the amount of feed-forward and bidirectional in-
formation was monotonically associated with the stimulus ampli-
tude. Overall, feed-forward and bidirectional information was
enhanced by the stimulus presence and they could convey in-
formation about the stimulus amplitude.

Influence of Task Context in Thalamocortical Directional Information.
We showed above that for most recorded VPL–S1 neuron pairs
there was more feed-forward than feed-back information during the
first half (250 ms) of the stimulus-present trials. This differentiated
amount of DI was related exclusively to sensory information pro-
cessing, but whether it was also influenced by the task’s context
remained unknown. To investigate this question, we applied our
directionality analysis to a control task in which the monkey was
passively stimulated by the same set of tactile stimuli but no
perceptual report was required. Using task-balanced datasets (SI
Appendix), we repeated some of the previous analyses for
stimulus-present trials (neuron pairs = 36, trials = 1,307 hits) and
stimulus-absent trials (neuron pairs = 36, trials = 1,364 control
rejects) in both task conditions, exploring potential differences in
the percentage of DI when the monkey was passively stimulated
(Fig. 6). Based on the previous analysis of amplitude modulation
(Fig. 5), we restricted our analysis during stimulus-present trials to
near-threshold and suprathreshold amplitudes for feed-forward
information (neuron pairs = 36, trials = 1,105 hits) and supra-
threshold amplitudes for feed-back and bidirectional information
(neuron pairs = 36, trials = 932 hits).
We first revisited the firing rate of single neurons in VPL and

S1 (17, 18) and found that the average (over neurons) firing rate
of each area was not substantially altered during the time course
of the passive stimulation task (Fig. 6A). Consistent with this
quantification, we thereafter analyzed the percentage of DI
during the passive condition over all neuron pairs that had been
recorded in both task conditions. For these paired samples, we
outlined task intervals where the difference was significant and
the effect size was larger than 0.3. In general, our analysis
revealed task-specific variations at the level of DI, which oc-
curred around the stimulus period for stimulus-present trials
(Fig. 6 B–D, Left). Compared with the vibrotactile task, the ar-
rival of the (suprathreshold) stimulus in passive trials produced a
lesser increase of bidirectional information (neuron pairs = 36;
Fig. 6D, Left) during the second half of the stimulus window and
a specific increase of feed-back information during the first 250 ms
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Fig. 5. VPL–S1 feed-forward and bidirectional information is modulated by
the stimulus amplitude. We analyzed hit and correct rejection trials across all
VPL–S1 neuron pairs. Hit trials were subdivided into three categories (supra-
threshold, near threshold, and subthreshold). (A) Time course of the percent-
age of feed-forward (VPL → S1, blue), feed-back (S1 → VPL, red), and
bidirectional (S1 ↔ VPL, orange) information between VPL and S1 neurons
during stimulus-present and stimulus-absent trials. From left to right and from
top to bottom: percentage of DI for suprathreshold (>9 μm, neuron pairs = 84;
trials = 2,237 hits; Top Left), near threshold (9 μm, neuron pairs = 84; trials =
443 hits; Top Right), subthreshold (<9 μm, neuron pairs = 84; trials = 536 hits;
Bottom Left) stimulus amplitudes, and stimulus-absent trials (neuron pairs =
84; trials = 4,371 correct rejections; Bottom Right). Asterisks denote signifi-
cance levels (**P < 0.01; nonparametric test) between the prestimulus (first six
task intervals, 1.5 s) and the first half (0 to 0.25 s) of the stimulus period. H
denotes the effect size (Cohen’s H) of significant percentage differences. Error
bars denote the SEM. (B) Mean percentage of feed-forward, feed-back, and
bidirectional information as a function of the stimulus amplitude during the
first half of the stimulus period (Left, 250 ms). The value r is the correlation
between the stimulus amplitude and the existence of DI in each type across
all trials (no amplitude averages) with Spearman correlation (trials = 7,587).
The value R is the analogous correlation considering amplitude-average
values (number of stimulus amplitudes = 8). Asterisks depict significance
(*P < 0.05, **P < 0.01, Spearman correlation). Error bars denote the SEM.
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of the poststimulation window (neuron pairs = 36; Fig. 6C, Left).
Notably, feed-forward information was significantly higher in the
active than the passive condition, both during the stimulus period
(Fig. 6B, Left) and PWS (Fig. 6B, Right). Thus, our findings show
that DI across VPL–S1 neuron pairs was sensitive to the task
context. In particular, passive stimulation mitigated the amount of
bidirectional information during stimulus delivery while enhancing
feed-back information with a certain delay.

Influence of the Task on Zero-Lag Interactions. A priori, we defined
DI types by matching the location of driver or target neurons to
either VPL, S1, or both. However, the characterization of each

DI type presented in SI Appendix, Fig. S2 unraveled features that
could give rise to new characterizations. More specifically, the
large percentage of bidirectional information occurring at zero
delay (≥33%; SI Appendix, Fig. S2B) suggested that the zero-
delay case could partially explain the trends reported for the
bidirectional type. To study this question in detail, we decom-
posed bidirectional information into two subtypes: zero lag, for
which both DI statistics (one per direction) were significant at
zero delay, and non-zero lag, for which both statistics were si-
multaneously significant at non-zero delays (SI Appendix). We
repeated most of the previous analyses on these two subtypes
(Fig. 7). To begin with, we represented the time-varying per-
centage of each DI subtype during the time course of the task
(Fig. 7A). Crucially, Fig. 7A shows that only zero-lag bidirec-
tional information was significantly increased during the first
250 ms of the stimulus period (P < 0.05, H > 0.14; Fig. 7A, Left)
and hence the reported overall bidirectional increase (H = 0.1;
Fig. 7A, Left) was due to the zero-delay subtype. We then related
zero-lag and non-zero lag bidirectional information with the
firing rate of neurons in VPL and S1 (n = 53 and n = 75, re-
spectively; Fig. 7 B and C). The results highlight that the firing
rate of neurons holding zero-lag bidirectional information was
frequently larger than those with non-zero lag (Wilcoxon rank-
sum test, P < 0.05). Nonetheless, SI Appendix, Fig. S7 A and B
validated that this enhancement of the firing rate did not simply
follow from a larger correlation between the firing rate and zero-
lag bidirectional information compared with other DI types
(Spearman’s rho < 0.2). Another reported feature of bi-
directional information was its monotonic association with the
stimulus amplitude (Fig. 5 and SI Appendix, Fig. S7C, Left).
Hence, in light of the new decomposition, we investigated the
contribution of the zero-lag sub-type to this trend. Performing
the same analysis of Fig. 5B, we found that the modulation of
bidirectional information by the stimulus amplitude was mostly
explained by zero-lag bidirectional information (trials = 7,587, r =
0.06 in neuron pairs = 84, R = 0.81, P < 0.05; SI Appendix, Fig.
S7B). Finally, we investigated the influence of the task context into
zero-lag bidirectional information (Fig. 7D). In line with our
previous analysis (Fig. 6D), we considered suprathreshold am-
plitudes (neuron pairs = 36, trials = 932 hits) and compared the
amount of zero-lag bidirectional information across the same
neurons pairs in both tasks. Critically, as compared to the
original task (P < 0.05), zero-lag bidirectional information was
not altered by the stimulus presence during passive stimulation.
In contrast, this context effect was not observed in non-zero-lag
bidirectional information. Taken together, we concluded that
the distinctive features of bidirectional information reported so
far were essentially occurring at zero delay. For the sake of
interpretability, zero-lag bidirectional information will be re-
ferred to hereafter in short as zero-lag interaction.

Feed-Forward Information Correlates with the Animal’s Task
Performance. An important question is whether the DI across
VPL–S1 neuron pairs is modulated by the animal’s task perfor-
mance. To further examine this question, we first analyzed the
differences between hit and miss trials during the stimulus-
present condition (Fig. 8A, Left) and between correct rejec-
tions and false-alarm trials during stimulus-absent trials (Fig. 8A,
Right) across single neuron firing rates (Fig. 8A) and DI types
(Fig. 8 B–D). In stimulus-present trials, we controlled for the
effect of stimulus amplitudes by analyzing the difference between
hits and misses at the near-threshold amplitude value (9 μm),
where the number of samples was the most balanced between hit
(trials = 443 hits in neuron pairs = 79) and miss responses (tri-
als = 389 misses in neuron pairs = 79). In both experimental
conditions, we controlled for a possible sample bias and exper-
imental sessions effect, by using group-based permutation tests
at the level of neuron pairs (SI Appendix). We then outlined task
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Fig. 6. VPL–S1 DI during passive stimulation. For the comparison between
the vibrotactile detection task and the passive stimulation task, we analyzed
supra- and near-threshold hit trials for feed-forward information and
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dition to correct rejection trials. The left panels depict stimulus-present trials,
whereas the right side depict stimulus-absent trials. Dark and light colors
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(A) Time course of the mean firing rates for VPL (n = 21) and S1 (n = 36)
neurons. The same neuron pairs (pairs = 36) were simultaneously recorded
during the detection task and passive stimulation. (B) Time course of the
percentage of feed-forward information (pairs = 36; trials = 1,105 hits; tri-
als = 1,364 correct rejections). (Inset) The percentage of feed-forward in-
formation as a function of stimulus amplitude. (C) Percentage of feed-back
information for the active and passive conditions across time (pairs = 36;
trials = 932 hits; trials = 1,364 correct rejections). (D) Percentage of bidirectional
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intervals where the difference was significant and the effect size
was larger than 0.2. Our analysis primarily revealed that the
amount of feed-forward information during the first half of the
stimulus period in stimulus-present trials was significantly larger
(P < 0.05, H > 0.2) in hit trials (Fig. 8A, Left). In contrast, our
data did not unravel strong significant differences between cor-
rect rejections and false alarms during stimulus-absent trials
(trials = 4,188 correct rejections and false alarm trials = 933 in
neuron pairs = 82; Fig. 8A, Right). Overall, our results indicate
that the amount of feed-forward information during the first half
of the stimulus window was correlated with the monkey’s behavior

and could potentially predict the monkey’s performance in stimulus-
present trials (Fig. 8B, Left).

Discussion
Here, we sought to determine the functional roles of thalamo-
cortical information flows in perception at a fine temporal scale.
This was done by estimating a directional information measure
(referred to as DI) between simultaneously recorded VPL–S1 neuron
pairs sharing the same cutaneous receptive field while monkeys
performed a vibrotactile detection task. Notably, the estimated DI
could not be merely explained by increases in the firing rates of
neurons within VPL or S1 during the stimulus period. We found that
the stimulus presence elicited a significant increment on the amount
of feed-forward information (VPL→ S1) and zero-lag interaction. In
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and for VPL (n = 51) and S1 (n = 73) neurons during stimulus-absent trials.
Neuronal responses were separated according to the monkey’s behavioral
output. (Left) Hits and misses for the stimulus-present trials. (Right) Correct
rejections and false alarms for stimulus-absent trials. Neurons and pairs were
selected to have more than two trials at near-threshold amplitude for each
condition. (B) Time course for the percentage of feed-forward information.
(C) Time course for the percentage of feed-back information. (D) Time
course for the percentage of bidirectional information. (B–D, Left) Hits (dark
colors) and misses (light colors) for the stimulus-present trials (neuron pairs =
79; trials = 443 hits; trials = 389 misses). (B–D, Right) Correct rejections (dark
colors) and false alarms (light colors) for the stimulus-absent trials (neuron
pairs = 82; trials = 4,188 correct rejections; trials = 933 false alarms). Asterisk
denotes significance level (*P < 0.05; nonparametric test) associated with
effect sizes (Cohen’s H) larger than 0.2.
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Fig. 7. Bidirectional information across zero-lag and non-zero-lag trials. We
analyzed suprathreshold hit and correct rejection (CR) trials across neuron
pairs. Error bars denote the SEM. (A) Percentage of overall bidirectional
information (pairs = 84), zero-lag, and non-zero-lag bidirectional in-
formation across the task during stimulus-present (Left, trials = 3,216 hits)
and stimulus-absent trials (Right, trials = 4,371 CR). Asterisks denote signif-
icant differences (**P < 0.01, nonparametric test) between the prestimulus
(first six task intervals, 1.5 s) and the first half (0 to 0.25 s) of the stimulus
period. H denotes the effect size (Cohen’s H) of significant differences. (B)
Mean firing rate for VPL neurons (n = 53; Left, trials = 1,995 hits; Right,
trials = 2,764 CR). Asterisks denote significant differences (*P < 0.05; **P <
0.01; Wilcoxon rank-sum test) among the firing rate of neurons holding
zero-lag and non-zero-lag bidirectional information. (C) Similar to B, but for
S1 neurons (n = 75; Left, trials = 2,853 hits; Right, trials = 3,854 CR). (D)
Percentage of zero-lag and non-zero-lag bidirectional information during
suprathreshold and stimulus-absent trials (n pairs = 36; trials = 932 hits;
trials = 1,364 CR) across the detection task and passive stimulation. Asterisks
denote significance levels (**P < 0.01; nonparametric balanced test) associ-
ated with effect sizes (Cohen’s H) larger than 0.3.
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contrast, pure feed-back (S1 → VPL) information remained practi-
cally unaltered during the stimulus presence. Remarkably, incre-
ments in feed-forward and zero-lag interaction were differently
modulated as a function of the stimulus amplitude. Specifically, we
found a monotonic relationship between both feed-forward and zero-
lag interaction and the stimulus amplitude. However, zero-lag in-
teraction only emerged significantly with suprathreshold sensory in-
puts during task performance. Additionally, we identified that
thalamic and cortical neurons involved in bidirectional information
exhibited higher firing rates during stimulus presence. Interestingly,
the amount of feed-forward information was correlated with the
monkeys’ performance when they judged the presence at near-
threshold stimuli. Also, during a passive stimulation task, when the
monkeys were not required to report their percepts, both feed-
forward and, more prominently, zero-lag interaction were reduced
during the stimulus presence. This suggests that feed-forward in-
formation and zero-lag interaction are modulated by the task context.
We discuss these findings below.
In the current study, we extended previous spectral and neural

population studies on thalamocortical directionality (10, 27–29)
to the temporal domain, at the level of single-neuron activity. To
achieve this, we analyzed the DI between VPL and S1 neuronal
spike trains with a nonlinear measure (5, 20, 21). Indeed, we
decomposed single-neuron DI into three types, feed-forward,
feed-back, and bidirectional, and explored their temporal evo-
lution from the prestimulus up to the poststimulus intervals of
the detection task. In particular, the lack of pure feed-back
modulation (i.e., not concurrent to feed-forward information)
during the stimulus period suggests that the spike-field co-
herence increment in the S1 → VPL direction shown in ref. 29
could be associated with increments in zero-lag interaction. Our
data analysis approach involved the use of nonparametric sig-
nificance tests (30) and the choice of the percentage of signifi-
cant DI estimates as a relevant connectivity metric (5). Both
choices were critical to detect nonlinear spike-train temporal
correlations in a way that was shown to be weakly dependent on
the firing rate in real and simulated data. As a result, we were able
to analyze neuronal data in a dimension that was quasi-orthogonal
to the firing rates (17, 18), while still showing rich stimulus mod-
ulations. It is important to mention the differences between the DI
measure used here and the widespread measure of noise corre-
lation (31, 32). Noise correlation averages across trials under the
same stimulus condition, correlating fluctuations in firing rate of
two neurons. In contrast, DI quantifies, in a single trial and for any
given time, the information that the recent past and present spike
train of a given neuron has about the present spike train of the
other, simultaneously recorded, neuron.
Notably, feed-forward VPL–S1 information was modulated

during the stimulus period. Further, the modulation was stronger
250 ms immediately after the stimulus onset. These findings are
congruent with the adaptation of feed-forward information over
the stimulus period. Indeed, previous studies have shown that
thalamic and cortical neurons become adapted to tactile stimuli
after several pulses (17, 18, 33). Moreover, it has been reported
that this adaptation changes the neural code of cortical neurons
and thalamic synchrony from a detection to a discrimination
modality (34). As stated above, our directionality measure is
poorly correlated with differences in firing rate of VPL and
S1 neurons. Therefore, our results are congruent with the
adaptive coding paradigm (34), by showing that feed-forward
and zero-lag interactions exhibit the strongest modulation dur-
ing the first part of the stimulus presence. In sum, we hypothesize
that feed-forward adaptation reflects an internal mechanism that
prioritizes the information contained within the first pulses of
the sinusoidal stimulus to further transmit this information to the
cortex and, therefore, for stimulus detection during this task.
According to the standard classification of thalamic sensory

nuclei (6), VPL is considered a first-order relay nucleus that

mainly transmits afferent information to S1 in the presence of
cortical feedback (9, 35, 36). Our results support this view by
showing that feed-forward information alone was primarily
boosted during the first 250 ms immediately after the stimulus
onset. The increment in feed-forward information was concen-
trated at a delay of 8 ms, which is consistent with previous lit-
erature (37). Moreover, these increments were reduced during
incorrect trials and, to a lesser extent, during the passive control
condition. In particular, the relationship between feed-forward
information and the monkey’s performance during stimulus-
present trials is of special novelty. In previous related studies,
this correlation did not arise either in spiking activity (18) or in
the oscillatory activity (29). This result suggests that perceptual
detection might be related to the amount of stimulus information
flowing from VPL to S1. In contrast, pure feed-back information
did not display substantial task modulations. We hypothesize
that pure feed-back information might be relevant for perceptual
detection but is generally less frequent than feed-forward in-
formation. However, cortical areas and higher-order thalamic
nuclei (reviewed in ref. 38) might show more prominent feed-
back corticothalamic information, perhaps related not only to
facilitating the gating of the stimulus but also to some other
cognitive aspects not detected in this task (however, see the
discussion below).
Our study revealed that feed-back information could take

place concurrently with feed-forward information, suggesting the
emergence of a thalamocortical loop, denominated here in sum
as bidirectional information. In particular, our analysis identified
that bidirectional information showed bimodality between those
cases where DI simultaneously occurred at zero delay (zero-lag
interaction) and those cases at non-zero delay. Crucially, only
zero-lag interaction was modulated by the stimulus presence,
involved neurons exhibiting higher firing rates than in the uni-
directional case, and was significantly diminished in the passive
stimulation task. Hence, zero-lag interaction conveyed both
stimulus and contextual information, thus indicating that its
mechanism might be different from the non-zero subtype. Unlike
the feed-forward type, we suggest that zero-lag interaction may
not reflect direct routing of information (39). Instead, it could be
established by common inputs from mediating cortical neurons.
In particular, it will be interesting in future studies to simulta-
neously record the activity of higher-order areas like prefrontal
cortex to examine how common cortical inputs driving zero-lag
interactions (40) are associated with the expectancy caused by
different prestimulus period times, a variable that was out of the
scope of this study. In light of the existing models of cortico-
thalamic circuitry (ref. 7 and Fig. 1), we hypothesize that the
inferred feed-forward thalamocortical information could be re-
lated to layer 4 (15) as well as deep cortical layers 5/6 in S1 (41).
In fact, future experiments involving multicontact electrodes and
inactivation are needed to shed light on the contribution of the
distinct cortical layers to the information flow within the thala-
mocortical circuit. However, we consider that the task-context
modulation of zero-lag interaction requires the engagement of
downstream cortical areas in this loop. Specifically, in concor-
dance with computational models supporting zero-lag brain
interarea synchronization (42–44), we propose that zero-lag in-
teraction could be originated by a top-down modulation of cor-
tical areas, establishing a similarly delayed reciprocal loop with
both S1 and the thalamus (9, 45).
Recently, a study in monkeys performing a visual detection

task was also able to relate the propagation of neural activity
along the visual pathway with the monkey’s detection accuracy
(46). The authors showed that information about unreported
stimuli may be lost at any stage of the pathway (V1–V4–prefrontal
cortex) with an overall excursion that depended on the stimulus
strength. Despite the methodological differences with the study
presented here [the authors recorded cortical areas along the visual
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pathway, analyzed multiunit activity (MUA) instead of single-unit
activity, indirectly measured activity propagation via local MUA,
and used microstimulation, among others], their results suggest that
stimulus perception of near-threshold stimuli may depend on the
feed-forward information flow across the early stages of the sensory
pathway. More specifically, they explain their results with a model
involving thalamocortical and corticocortical propagation, but no
corticothalamic projections. While our main findings may fit in this
model (see also ref. 3), the task modulation of zero-lag interaction
between VPL and S1 suggests the additional existence of indirect
corticothalamic pathways toward VPL in the somatosensory model.
In brief, the present study employed a fine-temporal meth-

odology supporting that the increment of VPL→ S1 neuronal DI
(as opposed to S1 → VPL) at around 8 ms during the stimulus
period reflects the effective transmission of tactile information
from thalamus to cortex. Moreover, it suggests that the amount
of feed-forward information occurring during the first 250 ms of
stimulation correlates with the monkey’s stimulus perception and
with the behavioral task performance. Meanwhile, zero-lag in-
teraction, which was reduced when monkeys were not required
to report stimulus presence, may reflect the top-down modula-
tion of the corticothalamic circuitry needed for stimulus per-
ception. Our results, therefore, contribute to understanding the
DI functional flow between the VPL and S1 during the detection
of a tactile stimulus. Finally, the minimalistic approach used here,

that is, the simultaneous recording of VPL–S1 neuron pairs sharing
the same receptive field, together with the estimation of DI flow,
could be used not only to investigate the functional role of the
thalamocortical DI during perception but also across other brain
areas in this and other behavioral tasks.

Materials and Methods
Monkeys were trained to report whether or not they felt the stimulus (SI
Appendix). Neuronal recordings were obtained in VPL and S1 while the
monkeys performed the detection task. Directional information was calcu-
lated between neuron pairs simultaneously recorded in VPL and S1 (SI Ap-
pendix). Animals were handled in accordance with standards of the National
Institutes of Health and Society for Neuroscience. All protocols were ap-
proved by the Institutional Animal Care and Use Committee of the Instituto
de Fisiología Celular, Universidad Nacional Autónoma de México.
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