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Parallel input makes the brain run faster
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In serial sensory processing, information flows from the thalamus via
primary sensory cortices to higher-order association areas. However,
association cortices also receive, albeit weak, direct thalamocortical
sensory inputs of unknown function. For example, while information
proceeds from primary (SI) to secondary (SII) somatosensory cortex in
a serial fashion, both areas are known to receive direct thalamocortical
sensory input. The present study examines the potential roles of such
parallel input arrangements. The subjects were presented with median
nerve somatosensory stimuli with the instruction to respond with the
contralateral hand. The locations and time courses of the activated brain
areas were first identified with magnetoencephalography (MEG). In a
subsequent session, these brain areas were modulated with single-pulse
transcranial magnetic stimulation (TMS) at 15-210 ms after the
somatosensory stimulus while electroencephalography (EEG) was
recorded. TMS pulses at 15-40 ms post-stimulus significantly speeded
up reaction times and somatosensory-evoked responses, with largest
facilitatory effects when the TMS pulse was given to contralateral SII at
about 20 ms. To explain the results, we propose that the early
somatosensory-evoked physiological SII activation exerts an SII—SI
influence that facilitates the reciprocal SI—SII pathway — with TMS to
SII we apparently amplified this mechanism. The results suggest that the
human brain may utilize parallel inputs to facilitate long-distance
cortico-cortical connections, resulting in accelerated processing and
speeded reaction times. This arrangement could also allow very early
top—down modulation of the bottom—up stream of sensory information.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Serial bottom—up flow of information from sensory thalamic
nuclei via primary sensory cortices to higher-order association areas
has been well-established (Pons et al., 1987). However, direct
thalamocortical inputs bypassing the primary sensory cortices also
exist. In non-human primates, direct input to the secondary
somatosensory cortex SII (Kaas and Garraghty, 1991; Zhang et al.,
2001, 1996) and crossmodal inputs to islets in sensory association
cortices (Schroeder et al., 2001) have been reported. In humans,
higher-order cortices may become activated even earlier than
primary sensory cortices (Barba et al., 2002; ffytche et al., 1995;
Karhu and Tesche, 1999), which suggests parallel pathway
arrangements. However, the functional roles of parallel sensory
inputs to association cortices are unknown. The current study
examines the possible advantages of such inputs. Specifically,
inspired by the “counter streams” theory of visual processing
(Ullman, 1995, 1996), we hypothesized that they facilitate cortico-
cortical communications between primary sensory cortex and the
higher-order cortical areas that receive parallel inputs directly from
the thalamus.

To this aim, we first presented somatosensory median nerve
stimuli with a reaction time (RT) task while measuring the brain
activations with magnetoencephalography (MEG). This provided
the locations and timings of the activated somatomotor network. In
a subsequent session, the identified brain areas were then mod-
ulated with a transcranial magnetic stimulation (TMS) pulse at
different latencies after the somatosensory stimulus. The resulting
modulations were detected with simultaneous RT and electro-
encephalographic (EEG) recordings. We hypothesized that a TMS
pulse given immediately after the somatosensory stimulus would
speed up brain processing and RTs. Moreover, we anticipated that
the RT advantage would be greatest when higher-order cortical
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areas, rather than the primary somatosensory cortex, were stim-
ulated with TMS.

Materials and methods
Subjects, stimuli, and task

The subjects were three healthy human males (age 2641 years,
one left-handed). The somatosensory stimuli were 0.2-ms electrical
impulses to the dominant hand median nerve, generating a visible
thumb twitch. To preclude anticipatory effects, the interstimulus
interval was variable (mean 2.3 s, range 1.5-21 s). The experiment
was conducted in 4-min runs, each containing 40 stimuli/responses.
The task was to respond to each stimulus with the index finger
of the non-dominant hand (contralateral to the somatosensory
stimulus) as quickly as possible while RT was measured. Outlier RTs
(4.3%) were removed based on falling outside mean+2 SD across all
runs.

Magnetic resonance imaging (MRI)

Structural T1-weighted images were obtained with a 1.5-T
Siemens Allegra (Siemens, Germany) scanner and segmented with
the FreeSurfer (Fischl et al., 2002) software (http://surfer.nmr.mgh.
harvard.edu).

Experiment 1: MEG

Whole-head 306-channel MEG was recorded with a VectorView
neuromagnetometer (Elekta Neuromag, Finland) at 0.01-330 Hz
and sampled at 1 kHz. Responses from 120 trials were averaged with
respect to the somatosensory stimuli to reveal event-related fields
(ERFs); epochs containing electro-oculogram (EOG) signals ex-
ceeding +£150 uV were discarded. The generators of the ERFs were
located using dipole modeling. The dipole amplitudes were then
allowed to vary in a multidipole model as a function of time while
keeping their locations and orientations fixed. This resulted in
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Fig. 1. Upper panel: MEG experiment. MEG source locations, shown on inflated cortex, and time courses from a typical subject. The subject responded to right
median nerve stimuli with the left index finger. The evoked MEG responses were generated by four sources: the primary somatosensory cortex in the hemisphere
contralateral to the median nerve stimulus (cSI), the secondary somatosensory cortices bilaterally (cSII, iSII), and the primary motor cortex contralateral to the
motor response (but ipsilateral to the median never stimulus, iMI). In the time courses, a somatosensory stimulator artifact is observed at time 0. The c¢SI
waveform showed maxima at 23 ms (upper red arrow)/33 ms, while cSII showed early activity already at about 20—35 ms (lower red arrow) and major peaks at
90/170 ms. The iSII exhibited similar 90/170 ms deflections as cSII. The iMI showed typical motor-evoked activity with a maximum slightly after the movement
onset at 210 ms. Lower panel: TMS+EEG experiment. Somatosensory ERPs (unfiltered grand average waveforms) to identical stimuli and task as above.
Responses recorded from the midline frontal location FCz were selected for display; according to our simulations these mainly reflect bilateral SII activity.
Compared to the condition without TMS (black line), the two shown TMS conditions (blue and red lines) reveal earlier and stronger SII activity already at
~140 ms (black arrow). The ERP time shifts appear to correspond to the speeded RTs (ticks on the ERP time scales).
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millisecond-accuracy time courses of the activated brain areas
(Hémaldinen and Hari, 2002).

Experiment 2: Navigated TMS and EEG

Single-pulse TMS (Ilmoniemi et al., 1999) was delivered with a
Magstim Rapid stimulator (Magstim Company, UK) and figure-of-
eight coil (Magstim 9925) navigated with eXimia NBS™ (Nexstim
Ltd., Finland) to target the brain areas identified with MEG. TMS
intensity was 120% of the subject-specific motor threshold. A total
of 25-31 runs were recorded per subject (including three without
TMS pulses) resulting in 1040-1240 trials per subject. To probe
different stages of processing, the TMS pulse latency across runs
was varied 15-210 ms after the somatosensory stimulus, with the
TMS latencies tailored for each subject individually based on their
MEG responses. The order of TMS latencies in each brain location
was randomized. Simultaneous EEG was recorded using a 60-
channel TMS-compatible eXimia EEG system (Nexstim), band-
pass filtered at 0.1-350 Hz, and sampled at 1.45 kHz at 16-bit
depth (mean reference). The EEG amplifiers were decoupled from
the electrodes for 9 ms during delivery of the TMS pulse. The EEG
responses were averaged with respect to the somatosensory stimuli
to reveal event-related potentials (ERPs) separately for each TMS
location and latency. Epochs contaminated by eye blinks were
discarded using £100 pV threshold. EEG sensor locations that best
reflected the activity of ¢SI, ¢SII, iSII, and iMI were determined by
forward modeling the MEG data to simulate corresponding ERPs.
Peak ERP latencies were then identified for somatosensory-evoked
N20/P45/P75/N140 components separately for each TMS location

and latency (provided that the strong TMS-evoked response did not
distort the somatosensory-evoked component beyond recognition).

Results

First, MEG (Fig. 1, upper panel) revealed expected (Hari and
Forss, 1999) sources and their activation time courses in the
contralateral primary somatosensory cortex (cSI), SlIs bilaterally
(cSIL, iSII), and ipsilateral motor cortex (iMI). Simulations suggested
that the observed cSII activity at about 20-35 ms could not be
explained by volume conduction from unaccounted cSI sources.

Second, in a subsequent session, processing in these four brain
areas was modulated with a single TMS pulse at 15-210 ms after
the somatosensory stimulus while EEG and RT were recorded
(Fig. 1, lower panel). Without TMS pulses, RT was 203+29 ms
(mean+SD, collapsed across subjects; means of individual subjects
had a range of 197-209 ms).

Fig. 2 shows that the TMS pulse after the somatosensory stimulus
clearly effected RTs. In each of the four targeted brain areas, TMS
pulse latency was positively correlated with RT. The linear corre-
lation was strongest in cSII (Pearson's correlation »=0.83), somewhat
weaker in iSII (»=0.74) and cSI (»=0.74), and weakest in iMI cortex
(r=0.54). Lack of correlation between run order and RT suggested
that fatigue did not play a role (for individual subjects, Pearson's
ranged from —0.17 to +0.13).

Prolonged RTs demonstrated that the TMS pulse interfered with
the neuronal processes. As hypothesized, early TMS pulses (15—
40 ms after the somatosensory stimulus) were associated with signif-
icantly faster RTs than without TMS (Student's 2-tailed heterosce-
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Fig. 2. Reaction time change (0 ms=RT without TMS) as a function of TMS pulse latency (0 ms=Median nerve somatosensory stimulus). The panels show the
effects separately for the four brain areas that were targeted with TMS. All brain areas showed prolonged RTs with increasing TMS pulse latency (blue trend
lines), with the strongest linear correlation with TMS of the contralateral SII (lower left panel). The earliest TMS pulse latencies were associated with
significantly faster RTs than without TMS. While this effect was observed in each of the four brain areas, it was clearest for ipsilateral MI (contralateral with
respect to the reaction key hand) and for contralateral SII. Data collapsed across subjects, mean+SEM error bars. For details, see text.



T Raij et al. / Neurolmage 40 (2008) 1792—1797 1795

dastic #-test p<0.001; collapsed across all four brain areas from all
subjects at TMS latencies 15-40 ms; for each TMS target area
individually p<0.05). The motor cortex (iMI; Fig. 2, upper right
panel) showed the largest RT speeding effects, but this may have
occurred simply because TMS activated the motor system regardless
of the somatosensory stimulus. However, the earliest (15-23 ms)
TMS pulses to cSI (RT=189+35 ms), cSII (RT=176+27 ms), or iSII
(RT=187+42 ms) also significantly speeded up the RTs (p<0.001
for each area separately collapsed across subjects; for cSII p<0.001
for each subject individually). This effect was TMS location-specific:
supporting our hypothesis, RT was significantly faster when TMS was
given to cSII than to cSI (p<0.001; collapsed across subjects at TMS
latencies 15-23 ms) or to iSII (p<0.01).

We then analyzed the ERP data to understand at which level of
processing the RT speeding effect occurred. Fig. 1, lower panel,
shows that the latency of the SII-generated ~ 140 ms component was
shifted earlier with a TMS pulse at ~20 ms after the somatosensory
stimulus. Peak latency analyses revealed that TMS pulses at 15—
40 ms speeded the 140-ms ERP component by 8+8 ms compared
with the no-TMS condition. This effect was statistically significant
(p<0.05; collapsed across brain areas and subjects). The ERP data
were thus consistent with the idea that the brain activations were
speeded already at the SII level. The ERP waveforms selected for
display in Fig. 1, lower panel, further suggests that, similar to the RT
data, the largest latency shifts were observed when TMS was
targeted at cSII; however, in the ERP data, this trend did not reach
statistical significance.

Compared with the time window when TMS pulses speeded RTs
(15-40 ms), the observed ERP latency shift at ~140 ms appears a
relatively late phenomenon. However, the strong TMS-evoked
ERPs, maximal under the TMS target location and lasting ~100 ms
after the TMS pulse, resulted in that, of the somatosensory-evoked
components, only the 140-ms deflection could be reliably identified
across experimental conditions. It is thus possible that the
somatosensory system latency shifts started before 140 ms but our
paradigm could not detect them. Future studies may benefit from a
subtraction technique that allows separation of the sensory- and
TMS-evoked components (Thut et al., 2003, 2005).

Discussion

We observed speeded RTs and somatosensory-evoked responses
when a TMS pulse was delivered to the somatomotor network 15—
40 ms after a median nerve stimulus. Largest facilitatory effects were
observed when the TMS pulse was targeted at the contralateral SII at
about 20 ms post-stimulus.

Previous studies utilizing human intracranial recordings have
shown SII activity beginning already at 15-27 ms post-stimulus,
which is simultaneous or earlier than onset of the SI activity
(Barba et al., 2002). Therefore, SII must receive direct early
parallel sensory input independent of the pathway via SI, consis-
tent with the current and earlier (Karhu and Tesche, 1999) MEG
observations.

Speeded RTs for TMS at early post-stimulus latencies have
been described before (Gregori et al., 2005), thus supporting our
behavioral results. However, these effects have been attributed to
multisensory redundancy caused by the auditory click from the
stimulator coil, largely because in these studies the RT effect has
been similar regardless of the TMS target area (Gregori et al.,
2005; Walsh and Pascual-Leone, 2003). Our results show TMS site
specificity and therefore are not compatible with this interpretation.

To examine this further, we made control measurements in one
subject where the auditory click from the TMS coil was identical
but the TMS-evoked currents were reduced by over 50% (sham
coil). The TMS pulse was given 21 ms after the somatosensory
stimulus. The subject did not know when real vs. sham TMS was
used. RTs were significantly faster for real vs. sham stimulation
over cSII (»p<0.05) and iMI (p<0.001) but not over c¢SI (p=0.15);
iSII was not tested. Both TMS site specificity and the control
measurement therefore support the idea that the speeded RTs were
caused by TMS-evoked neuronal currents.

We propose that the speeded RTs can be best explained if the
somatosensory-evoked physiological SII activation at about 20 ms
normally exerts a top—down SII—SI influence that facilitates the
reciprocal SI—SII pathway. With TMS to SII at ~20 ms, it appears
that we amplified a brain-speeding mechanism already in place.
This interpretation is supported with the current findings of site
specificity of TMS and ERP latency shifts already at the SII level.

More generally, fast thalamocortical parallel sensory inputs to
multiple cortical sites could drop the activation thresholds of the
cortico-cortical connections between the areas (Ullman, 1996). This
mechanism could almost immediately after a stimulus establish a
widespread network where the nodes receiving parallel input would
be likely to communicate with each other.

Theoretical and physiological studies have suggested that top—
down effects may facilitate and guide the reciprocal bottom—up flow,
even though the cellular-level mechanisms are still poorly known
(Siegel et al., 2000; Ullman, 1995, 1996). However, in order to be
effective, top—down processes should be running already when the
bottom—up stream is finding its way towards higher levels of cortical
hierarchy (Ullman, 1996). This is obviously difficult to achieve with
serial processing. One possibility is that the brain utilizes serial
pathways specialized for very fast information transfer to initiate
early activity in high-order association cortices. For example, visual
recognition has been shown to utilize early top—down influences
from orbitofrontal cortex initiated by fast serial (via V1) magnocel-
lular pathways (Bar, 2003; Bar et al., 2006; Kveraga et al., 2007).
The somatosensory data are inconsistent with serial processing
models because activations start earlier in SII than SI. The current
study therefore offers an appealing alternative mechanism: associa-
tion cortices could receive direct thalamocortical sensory input,
allowing simultaneous top—down and bottom—up processing. Both
mechanisms may well coexist.

The idea of parallel thalamocortical sensory inputs to multiple
cortical areas may appear inconsistent with the view that transmission
of sensory information is hard wired from the thalamic sensory
nucleus to the corresponding sensory projection cortex. However,
first-order thalamic nuclei receiving driving input from sensory
organs are reciprocally connected with and heavily modulated by
both higher-order thalamic nuclei (e.g., pulvinar) and cortex,
reflecting attentional and other task-related demands (Guillery and
Sherman, 2002; O'Connor et al., 2002; Sherman, 2007; Sherman and
Guillery, 1996, 2002; see Bender and Youakim, 2001; Briggs and
Usrey, 2007; Zikopoulos and Barbas, 2007 for recent related work in
primates). Pulvinar, on the other hand, has massive reciprocal
connections throughout the neocortex (e.g., Adams et al., 2000;
Buchsbaum et al., 2006; see Shipp, 2003 for a review). The cortex can
thus receive fast sensory input from the thalamus directly from the
first-order thalamic nucleus (when such pathways exist) or through a
higher-order thalamic area such as the pulvinar. Modulating inputs to
thalamic nuclei could in a dynamic manner adjust which cortical areas
receive parallel sensory input.
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Given that both association and low-level sensory cortices appear
to receive very early parallel crossmodal inputs (Fort et al., 2002,
2000; Foxe and Schroeder, 2005; Giard and Peronnet, 1999;
Molholm et al., 2002; Murray et al., 2005; Schroeder and Foxe,
2002,2005; Schroeder et al., 2003), some via the pulvinar (Budinger
et al., 2006; Hackett et al., 2007), a similar mechanism as suggested
in the current study could also explain why reaction times to
multisensory stimuli are faster than to unisensory stimuli (Raab,
1962; Schroger and Widmann, 1998). Early physiological SII
activations may also serve a protective function due to the roles of
SII in pain processing (Timmermann et al., 2001) and sensorimotor
integration (Forss and Jousméki, 1998; Huttunen et al., 1996).

It has been suggested that serial processing is more prevalent in
higher primates, and there seems to be an evolutionary shift in
mammals where humans have the least amount of parallel sensory
inputs to higher-order areas (Coleman et al., 1999; Kaas and
Garraghty, 1991; Zhang et al., 2001, 1996) and therefore increased
serial processing of sensory input. Thus, it appears that in the
course of evolution humans may have traded some processing
speed for better cognitive control.

From the large number of trials and consistent results across
subjects, it follows that the current results are reliable within the
studied population, but due to limited access (the instruments were
located on different continents), our number of subjects was small.
Hence, more studies with larger subject populations are needed to
estimate how abundant this mechanism is.

Concluding remarks

The cerebral cortex receives sensory input from the thalamus not
only to primary projection areas but also directly to hierarchically
higher-order cortices in a parallel fashion. The current results
suggest that this facilitates cortico-cortical communication between
the areas that receive parallel input, thus making the brain faster.
This also allows very early top—down modulation of the bottom—up
stream of sensory input. The same mechanism could drop the
activation thresholds between the participating cortical nodes,
therefore establishing a distributed neuronal network almost
immediately after a stimulus. Further studies are needed.
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