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Parallel Processing of Nociceptive and Non-nociceptive
Somatosensory Information in the Human Primary and
Secondary Somatosensory Cortices: Evidence from Dynamic
Causal Modeling of Functional Magnetic Resonance Imaging
Data
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'Department of Neuroscience, Physiology, and Pharmacology, University College London, London WCIE 6BT, United Kingdom, and ?Institute of
Neuroscience, Université Catholique de Louvain, B-1200 Brussels, Belgium

Several studies have suggested that, in higher primates, nociceptive somatosensory information is processed in parallel in the primary
(S1) and secondary (S2) somatosensory cortices, whereas non-nociceptive somatosensory input is processed serially from S1 to S2.
However, evidence suggesting that both nociceptive and non-nociceptive somatosensory inputs are processed in parallel in S1 and S2 also
exists. Here, we aimed to clarify whether or not the hierarchical organization of nociceptive and non-nociceptive somatosensory process-
ing in S1 and S2 differs in humans. To address this question, we applied dynamic causal modeling and Bayesian model selection to
functional magnetic resonance imaging (fMRI) data collected during the selective stimulation of nociceptive and non-nociceptive so-
matosensory afferents in humans. This novel approach allowed us to explore how nociceptive and non-nociceptive somatosensory
information flows within the somatosensory system. We found that the neural activities elicited by both nociceptive and non-nociceptive
somatosensory stimuli are best explained by models in which the fMRI responses in both S1 and S2 depend on direct thalamocortical
projections. These observations indicate that, in humans, both nociceptive and non-nociceptive information are processed in parallel in

S1and S2.

Introduction

The pivotal role of the primary (S1) and secondary (S2) somato-
sensory cortices in the central processing of both nociceptive and
non-nociceptive somatosensory information is well established
(Mountcastle, 2005). There is compelling anatomical evidence
from primates that S1 and S2 are reciprocally connected through
extensive corticocortical projection neurons arising from super-
ficial layers (I-1II) (Friedman et al., 1980; Burton and Carlson,
1986; Pons and Kaas, 1986; Kandel et al., 2010). Importantly,
both S1 and S2 receive direct projections from multiple thalamic
nuclei such as the ventral posterior nucleus (VP) (including ven-
tral posterior lateral and ventral posterior medial nuclei), the
ventral posterior inferior nucleus (VPI), and the centrolateral
nucleus (CL) (Jones and Leavitt, 1974; Burton and Jones, 1976;
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Friedman and Murray, 1986; Krubitzer and Kaas, 1992; Jones,
1998). All these nuclei relay nociceptive and non-nociceptive so-
matosensory inputs to both S1 and S2 (Gingold et al., 1991; Shi et
al., 1993; Stevens et al., 1993). However, whether nociceptive and
non-nociceptive somatosensory inputs are processed differently
in S1 and S2 remains a matter of debate (Allison et al., 1989a;
Pons et al., 1992; Rowe et al., 1996; Bushnell et al., 1999; Karhu
and Tesche, 1999; Ploner et al., 1999), although recent evidence
has suggested that, in higher primates including humans, the
hierarchy of their cortical processing in S1 and S2 may be funda-
mentally different (Ploner et al., 1999; Apkarian et al., 2005).

In lower primates, several studies have shown that non-
nociceptive somatosensory information is transmitted from the
thalamus to both S1 and S2 via segregated thalamocortical path-
ways, thus indicating a parallel processing of non-nociceptive
somatosensory input in S1 and S2 (Garraghty et al., 1991; Tur-
man et al., 1992). In contrast, the processing of non-nociceptive
somatosensory input in higher primates and humans remains, at
present, a matter of debate (Rowe et al., 1996; Iwamura, 1998). A
number of studies have suggested that non-nociceptive somato-
sensory input is processed serially from S1 to S2 (i.e., from the
thalamus to S1, and then from S1 to S2) (Allison et al., 1989a,b;
Pons et al., 1992; Hari et al., 1993; Mima et al., 1998; Schnitzler et
al., 1999; Inui et al., 2004; Ploner et al., 2009). This difference in
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hierarchical organization has been interpreted as the result of an
evolutionary shift from a phylogenetically older parallel organi-
zation to a more recent serial organization of somatosensory pro-
cessing in S1 and S2 (Mountcastle, 2005). However, a small
number of studies have suggested the opposite: that, even in
higher primates, non-nociceptive somatosensory input is pro-
cessed in parallel in S1 and S2 (Rowe et al., 1996; Zhang et al.,
1996, 2001; Karhu and Tesche, 1999).

In contrast with the large body of evidence investigating the
serial versus parallel processing of non-nociceptive somatosen-
sory input in S1 and S2 in higher primates, only few studies, all
relying on magnetoencephalography, have suggested a parallel
processing of nociceptive somatosensory input in S1 and S2 in
humans (Ploner et al., 1999; Kanda et al., 2000).

Hence, additional evidence is needed to clarify whether in
humans (1) the cortical processing of non-nociceptive input
in S1 and S2 is serial or parallel, and (2) whether the organi-
zation of nociceptive and non-nociceptive somatosensory
processing in S1 and S2 truly differs. In the present study, we
addressed these two questions by applying dynamic causal
modeling (DCM) and Bayesian model selection (BMS) to
functional magnetic resonance imaging (fMRI) data collected
during the selective stimulation of AB (non-nociceptive) and
Ad (nociceptive) somatosensory afferents in humans. This
novel approach allowed exploring a specific aspect of the phys-
iological information contained in the blood oxygen level-
dependent (BOLD) fMRI time series (i.e., how nociceptive
and non-nociceptive somatosensory information flows within
the somatosensory system).

Materials and Methods

Participants. Fourteen healthy right-handed volunteers took part in the
study (six females and eight males; aged 20—36 years). All participants
gave written informed consent, and the experimental procedures were
approved by the local ethics committee.

Experimental design and data acquisition. Lights in the scanner room
were dim. While lying in the scanner, participants received stimuli of four
different sensory modalities: nociceptive somatosensory, non-nociceptive
somatosensory, auditory, and visual, and all stimuli were delivered to or
around the participant’s right side (Mouraux et al., 2011). The brain
responses elicited by auditory and visual stimuli were not analyzed and,
hence, are not reported in the present study. Nociceptive somatosensory
stimuli were pulses of radiant heat (5 ms duration) generated by an
infrared neodymium yttrium aluminum perovskite (Nd:YAP) laser
(wavelength, 1.34 wm; ElEn Group). The laser beam was transmitted
through an optic fiber, and focusing lenses were used to set the diameter
of the beam at target site to ~7 mm. The energy of the stimulus (3 = 0.5
J) was set to elicit a clear painful pinprick sensation, related to the selec-
tive activation of A8 skin nociceptors (Bromm and Treede, 1984). The
stimulus was applied to the dorsum of the right foot, within the sensory
territory of the superficial peroneal nerve. To prevent fatigue or sensiti-
zation of nociceptors, the laser beam was manually displaced by ~2 cm
after each stimulus. Non-nociceptive somatosensory stimuli were con-
stant current square-wave electrical pulses (1 ms duration; DS7A; Digi-
timer), delivered through a pair of skin electrodes (1 cm interelectrode
distance) placed at the right ankle, over the superficial peroneal nerve.
For each participant, stimulus intensity (6 * 2 mA) was adjusted to elicit
anonpainful paresthesia in the sensory territory of the nerve. The inten-
sity of electrical stimulation was above the electrical activation threshold
of A fibers (which convey innocuous non-nociceptive sensations) but
well below the electrical activation threshold of nociceptive Ad and C
fibers (Burgess and Perl, 1967; Mouraux et al., 2010), and never elicited a
painful percept. Visual stimuli consisted of a bright white disk (~9°
viewing angle) displayed on the projection screen, above the right foot,
for 100 ms. Auditory stimuli were loud (65 dB), right-lateralized 800 Hz
tones (0.5 left/right amplitude ratio; 50 ms duration; 5 ms rise and fall

J. Neurosci., June 15, 2011 - 31(24):8976 — 8985 « 8977

times), delivered binaurally through custom-built pneumatic earphones
bored into a set of low-profile ear defenders (Mayhew et al., 2010).

The fMRI experiment consisted of a single acquisition, divided into
four successive runs. Each run consisted of a stimulation period (~8 min
duration), followed by a rating period (~2 min duration). During the
stimulation period, each type of stimulus was delivered 8 times (4 stim-
ulus modalities X 8 = 32 stimuli/period). All stimuli were delivered in a
pseudorandom order, such that stimuli of the same sensory modality
were not delivered consecutively more than twice. The interstimulus
interval (ISI) was 10, 13, 16, or 19 s. For each stimulus modality, each ISI
was used 8 times (4 stimulus modalities X 4 ISI X 8 = 128 stimuli in
total). The order of ISIs was pseudorandomized, such that the same ISI
was not used consecutively more than twice. Throughout the stimulation
sequence, participants were instructed to fixate a white cross (~1.5°
viewing angle) displayed at the center of the screen. During the rating
period, participants were asked to rate the saliency of each stimulus mo-
dality. This was done by adjusting the position of a cursor on four con-
secutively displayed visual-analog scales, labeled “laser,” “electric,”
“visual,” and “auditory.” Each scale was displayed for 9 s. For each rating,
the position of the cursor was transformed into a numerical value be-
tween 0 and 10. Left and right extremities of the scales were labeled “not
salient” and “extremely salient.” The order of presentation of the four
scales was randomized across blocks. Stimulus saliency was explained to
each participant as “the ability of the stimulus to capture attention”
(Mouraux and Iannetti, 2009). Therefore, this behavioral feedback was
expected to integrate several factors such as stimulus intensity, frequency
of appearance, novelty, and its potential relevance to behavior. Several
studies have shown that human judgments of saliency correlate well with
predicted models of saliency (Kayser et al., 2005).

Functional MRI data were acquired using a 3T Varian-Siemens whole-
body magnetic resonance scanner (Oxford Magnet Technology). A
head-only gradient coil was used with a birdcage radiofrequency coil for
pulse transmission and signal reception (a whole-brain gradient-echo
time; 41 contiguous 3.5-mm-thick slices; field of view, 192 X 192 mm;
matrix, 64 X 64; with a repetition time of 3 s over 740 volumes, resulting
in a total scan time of 37 min). At the end of the experiment, a T1-
weighted structural image (1-mm-thick axial slices; in-plane resolution,
1 X 1 mm) was acquired for spatial registration and the anatomical
overlay of the functional data.

Data preprocessing. The MRI data were analyzed using SPM8 (Well-
come Trust Centre for Neuroimaging, London, UK; http://www.fil.
ion.ucl.ac.uk/spm/). Data preprocessing included the following steps.
For each individual dataset, the first four volumes were discarded to
allow for signal equilibration. The remaining 736 fMRI volumes were
spatially realigned, normalized to the Montreal Neurological Institute
(MNTI) space using the unified normalization-segmentation procedure of
SPMS, resampled to 3 X 3 X 3 mm? voxel size, and spatially smoothed
with an isotropic 8 mm full-width at half-maximum Gaussian kernel.
Finally, the time series from each voxel were high-pass filtered (1/128 Hz
cutoff) to remove low-frequency noise and signal drifts.

Regions of interest selection. For each participant, first-level statistical
parametric maps were obtained using a general linear model with regres-
sors modeling the occurrence of each of the four types of stimuli (noci-
ceptive somatosensory, non-nociceptive somatosensory, auditory, and
visual) and their corresponding temporal and dispersion derivatives. Ad-
ditional regressors were defined using the head motion parameters esti-
mated during the fMRI volumes realignment in preprocessing. To
identify the brain areas responding to both nociceptive and non-
nociceptive somatosensory stimulation, a conjunction analysis was per-
formed using the nociceptive and non-nociceptive activation maps
obtained for each individual, as implemented in SPM8 (Price and Fris-
ton, 1997; Friston et al., 1999, 2005; Caplan and Moo, 2004; Nichols et al.,
2005). Group-level conjunction maps were obtained as a second-level
analysis across participants. These conjunction maps were finally used to
define the three regions of interest (ROIs) used for DCM: the thalamus,
S1, and S2, all contralateral to the stimulated side (i.e., the three brain
structures concerned with our hypothesis testing). Defining the ROIs
using the conjunction maps was justified by the fact that only models
comprising exactly the same voxels can be validly compared using BMS
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Figure 1.

Structures of the 16 DCM model families (A—P). In all model families, four intrinsic connections were defined. These intrinsic connections are indicated by the black lines with arrows,

and the arrows indicate the direction of the connectivity. The 16 model families differ in terms of how the connections between the thalamus and STand between the thalamus and S2 are modulated
(i.e., whether each of the two connections are modulated by non-nociceptive stimuli, by nociceptive stimuli, by both stimuli, or by neither of them). These modulations are indicated by the black
dashed lines. The color of the vertical lines at the end of the dashed lines indicates the modality of the stimuli that exert the modulatory effect. Each model family contains 16 single models (data not
shown) that differ in how the connections between S1and S2 are modulated. Therefore, 256 models in total (16 models < 16 families) were defined in the present study. The thalamus was set as
the receiving area, and the driving input to the thalamus was formed by all stimuli regardless of their modality. These stimuli are represented by vertical lines with different colors indicating different
sensory modalities (red, nociceptive; blue, non-nociceptive; green, auditory; purple, visual). S1, Primary somatosensory cortex; S2, secondary somatosensory cortex; TH, thalamus.

(Stephan et al., 2010). Importantly, our previous study has shown that, in
these three brain structures, nociceptive and non-nociceptive somato-
sensory stimuli elicit spatially indistinguishable responses (Mouraux et
al., 2011). Therefore, the ROIs defined by the conjunction maps included
the bulk of the BOLD responses elicited by both types of somatosensory
stimuli.

ROIs were defined as follows. (1) The response local maximum in the
thalamus, S1, and S2 was identified in the group-level conjunction maps.
(2) Starting from the group local maximum, the nearest local maximum
of each ROI was identified in the conjunction maps of each participant.

(3) Single-subject ROIs were constructed by including all the 19 voxels
contained within a sphere (radius, 5 mm) centered over each subject’s
local maximum. For each participant and ROI, a BOLD time course was
obtained using the first eigenvector of the time series of all the voxels
contained within this ROI, adjusted for the F contrast of effects of inter-
ests to remove the head motion related confound, as implemented in
SPMS8.

Dynamic causal modeling. DCM analysis of BOLD fMRI signal is an ap-
proach that has been introduced to estimate the effective connectivity be-
tween different brain areas (Friston et al., 2003) and is receiving increasing
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the effective connectivity is based on the tem-
poral precedence of BOLD signals and can thus
easily be contaminated by differences in the he-
modynamic response function (HRF) across
different brain areas, the inference on brain
connectivity obtained by DCM is less affected
by the HRF variability and thus yields more
accurate results (David et al., 2008). In addi-
tion, DCM performed in a bilinear form (Fris-
ton et al., 2003) allows modeling not only the
effective connectivity between brain areas but
also the changes in the effective connectivity
caused by experimental perturbations (e.g., the
occurrence of a stimulus) (Friston et al., 2003;
Stephan et al., 2010). Importantly, DCM is not
an exploratory technique [i.e., a technique
used to look for connected brain areas by
searching the entire brain, such as GCM (Goe-
bel et al., 2003) and psychophysiological inter-
actions (Friston et al., 1997)]. Instead, DCM is
a hypothesis-driven technique [i.e., a tech-

nique used to test for a specific set of hypothe-
ses, defined a priori (see, in our case, Fig. 1)].

F value

For this reason, DCM is usually combined with
BMS (Penny et al., 2004, 2010; Stephan et al.,
2009) to test which model or which family of
models (i.e., which physiological hypothesis)
provides the most likely explanation of the ob-
served data. The combination of DCM and
BMS has been validated in two previous studies
(David etal., 2008; Schuyler et al., 2010). Using
simultaneously recorded electroencephalogra-
phy (EEG) and fMRI data obtained in rats, Da-
vid et al. (2008) found that the results of DCM

z=10mm

0.1%

and BMS were consistent with the results of
direct functional coupling estimated from in-
tracerebral EEG. Furthermore, Schuyler et al.
(2010) reported a high consistency of the esti-
mation of DCM parameters across repeated
fMRI acquisitions. DCM combined with BMS
has been already applied successfully to test
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Figure2. TheROIs used in the DCM analysis: contralateral S1 (left column), contralateral S2 (middle column), and contralateral
thalamus (TH) (right column). The locations of the maximally activated voxels across the group (red dots, top panel) were selected
from the contralateral (left) hemisphere based on the conjunction map of the responses elicited by nociceptive and non-
nociceptive stimuli, thresholded at p << 0.001 and cluster size of >10 voxels (middle panel). The ROIs of each participant were
formed by the voxels contained within a sphere of 5 mm radius, centered at the maximally activated voxel (white dots, top panel)
nearest to the corresponding group maxima, based on the individual conjunction map thresholded at p << 0.05 and cluster size of
>10 voxels. The locations of the group maxima (red dots) and individual maxima (white dots) are superimposed on axial and
coronal structural MRIs from the MNI template (top panel), selected from the location of the group maxima. Coordinates of both
individual and group maxima of activation are reported in Table 1. The bottom panel shows the BOLD time courses of the responses

the cortical interactions related to reading and
speech processing (Stephan et al., 2007; Leff et
al., 2008; Seghier and Price, 2010).

In the present study, bilinear DCM was per-
formed using the time courses of the three
ROIs defining the thalamus, S1, and S2 con-
tralateral to the stimulated side. The bilinear
DCM is featured by three different sets of pa-
rameters (Friston et al., 2003): (1) intrinsic pa-

elicited by both nociceptive and non-nociceptive stimuli in each ROI.

interest (Friston et al., 2007; Kiebel et al., 2007; David et al., 2008; Marreiros
et al,, 2008; Stephan et al., 2008, 2010; Daunizeau et al., 2009; David, 2009;
Friston, 2009a,b; Roebroeck et al., 2009a,b; Schuyler et al., 2010). In
DCM, the brain is considered as a dynamic system driven by external
perturbations (e.g., the occurrence of an experimental stimulus). Com-
pared with other methods for analyzing effective connectivity of fMRI
data such as Granger causal mapping (GCM) (Goebel et al., 2003) or
structural equation modeling (McIntosh and Gonzalez-Lima, 1994;
Biichel and Friston, 1997), an important advantage of DCM is that the
effective connectivity between brain areas is modeled directly at the hid-
den neural level using an evolution equation, and that the link between
neural activity and the hemodynamic BOLD fMRI response is modeled
and estimated explicitly by an observation equation (Friston et al., 2003;
Daunizeau et al., 2009; Stephan et al., 2010). Therefore, whereas in GCM

rameters reflecting the latent connectivity

between brain regions in the absence of exper-

imental perturbations (e.g., the occurrence of a
sensory stimulus), (2) modulatory parameters reflecting the changes in
the intrinsic connectivity caused by experimental perturbations, (3) in-
put parameters reflecting the driving influence on brain regions by ex-
ternal perturbations. These parameters constitute a measure of the
tightness of temporal coupling, that is, if a brain area “A” is strongly
connected to another brain area “B,” neural activity of brain area A will
induce a fast change in the neural activity of brain area B (Friston et al.,
2003).

In the present study, we hypothesized that the external perturbation
generated by sensory stimulation enters our model in the thalamus con-
tralateral to the stimulated side, and we explored the effective connectiv-
ity in the pathways connecting the thalamus, S1, and S2. Based on
previous knowledge (Apkarian et al., 2005; Kandel et al., 2010), four
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intrinsic connections were defined (Fig. 1): unidirectional connections
from the thalamus to S1, unidirectional connections from the thalamus
to S2, and bidirectional connections between S1 and S2. Our hypothesis
testing relies on the modulatory parameters (see above), which reflect
whether or not the connectivity changes according to the type of external
perturbation, that is, whether or not the connectivity from the thalamus
to S1 and from the thalamus to S2 differs during the processing of noci-
ceptive and non-nociceptive somatosensory input. As there are four in-
trinsic connections in our model, and as each intrinsic connection is
associated with four different possible modulatory configurations (i.e.,
whether a given connection is modulated by nociceptive stimuli, non-
nociceptive stimuli, both, or neither), 256 models in total (4* = 256
models) were examined. Because we aimed to test whether the processing
toward S1 and S2 is parallel or serial, these 256 models were grouped into
16 different model families according to the modulatory configuration of
the connections from the thalamus to S1 and from the thalamus to S2
(Fig. 1). Therefore, the model families differed only in terms of how the
connections from the thalamus to S1 and from the thalamus to S2 are
modulated by nociceptive and non-nociceptive stimuli, and the models
within a given family differed only in terms of how the connections
between S1 and S2 are modulated. By this partitioning of model space, 16
model families were formed, each containing 16 models (Fig. 1). As the
brain responses modeled by DCM are treated as the result of perturba-
tions caused by external stimuli, a driving input and a receiving region
must be defined. Because the sensory information belonging to all mo-
dalities projects onto the thalamus, from where it is relayed to the cortex,
the stimuli belonging to the four different sensory modalities were de-
fined as the driving input, whereas the thalamus was defined as the re-
ceiving region. The construction and estimation of the 256 models were
performed on each individual dataset, resulting in a total of 3072 models
(256 models X 12 participants).

Bayesian model selection. The 16 model families were compared using
BMS. BMS uses a Bayesian framework to calculate the model evidence for
each model. The model evidence represents a trade-off between the
goodness of fit and the complexity of the model, namely the number of
parameters defining the model (Penny et al., 2004; Stephan et al., 2010).
Here, the model evidence was estimated using the negative free energy, a
measure that has been shown to be both more robust and more sensitive
compared with the commonly used Akaike information and Bayesian
information criteria (Stephan et al., 2009). BMS can be implemented
using either fixed-effect analysis [i.e., assuming that the model structure
is fixed across participants (FEX BMS)] or random-effect analysis [i.e.,
assuming that the model structure might vary across participants (REX
BMS)]. REX BMS was used in the present study, as it treats each model as
arandom variable and is thus more robust to the presence of outliers than
FFX BMS (Stephan et al., 2009). Based on the estimated model evidence
of each model, REX BMS calculates the exceedance probability (i.e., the
probability of each model being more likely than any other model). The
model with the highest exceedance probability was considered as the best
model. When comparing model families, all models within a family were
averaged using Bayesian model averaging (BMA) and the exceedance
probabilities were calculated for each model family (Penny et al., 2010).
An average model of the winning family was also obtained at group and
single-subject level. In the present study, RFEX BMS was performed on the
16 model families (to determine the best model family) as well as on the
256 single models (to determine the best single model). Once the best
model family and the best single model were determined, the modulatory
effect of nociceptive and non-nociceptive inputs on the connections be-
tween the thalamus and S1 and S2 were further compared across partic-
ipants, using a paired  test, to assess whether these two somatosensory
modalities modulated the two connections differently.

Results

Behavioral data

All subjects described nociceptive laser stimuli as painful and
pricking, whereas non-nociceptive electrical stimuli elicited a
mild paresthesia that was never described as painful. The average
ratings of stimulus saliency were as follows: nociceptive somato-
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Table 1. MNI coordinates of ROIs at group level and individual level

S1 S2 Thalamus
Group —9, —49, 64 —57,—2522 =12, —13,13
S01 —15, —46, 64 —60, —28, 22 —12,—16,7
S03 —9, —46, 64 —60, —25,19 -3,-7,10
S04 —12, —46, 67 —60, —28, 25 —6,—4,13
S05 —12,—49,70 —51,—22,19 —12, —13,13°
S07 —9, —58, 67 —63, —31,37 —12,—13,1
S08 —15,—43,73 —63, —22,28 —12, —13,13°
S09 —6, —61,61 —60, —22, 16 —12,—19,10
S10 —12, —52, 64 —57,—34,25 —12, —16,4
ST —15, —49, 64 —51,—13,16 —12,—13,10
S12 —9, —49, 64° —60, —28, 19 —12, —13,13°
S13 -9, —40,79 —42,-31,31 -9,-10,13
S14 —15, —49, 67 —60, —22,19 —6,—7,10

“No activation was observed at the threshold of p << 0.05 (uncorrected) and cluster size >10 voxels; therefore, the
group ROl was used for these four single-subject ROIs.

sensory, 6.1 = 2.2; non-nociceptive somatosensory, 5.2 * 2.2;
auditory, 5.1 * 3.0; visual, 5.0 = 1.7. The average ratings of
saliency were not significantly different across modalities
(repeated-measures ANOVA: F; 55, = 0.75, p = 0.53).

General linear model analysis, conjunction analysis, and

ROI selection

At single-subject level, all but two participants showed reliable
BOLD responses to nociceptive and non-nociceptive somatosen-
sory stimulation (p < 0.05, uncorrected; cluster size, >10 voxels)
and, hence, a corresponding conjunct activation (p < 0.05, un-
corrected; cluster size, >10 voxels). The two participants who did
not show any response to non-nociceptive stimulation, and con-
sequently no conjunct activation, were discarded from additional
analyses.

A threshold of p < 0.001 (uncorrected) and cluster size of >10
voxels was applied to the group-level conjunction map. The areas
jointly activated by both nociceptive and non-nociceptive so-
matosensory stimuli included the contralateral S1, and bilateral
thalamus, S2, insula, temporal superior lobe, inferior frontal
lobe, supplementary motor area, mid-cingulate cortex, and ante-
rior cingulate cortex. Figure 2, middle panel, shows the conjunct
responses in the thalamus, S1, and S2 in the hemisphere con-
tralateral to the stimulated side, which were used to build the
DCM models. The BOLD time courses of the responses elicited
by both nociceptive and non-nociceptive stimuli in each ROI are
shown in the bottom panel of Figure 2.

Table 1 and Figure 2, top panel, show the coordinates of the
maxima of the three ROIs at group level and the coordinates of
the nearest local maxima of each ROI in each participant. The
contralateral thalamus of three participants (S05, S08, and S12)
and the contralateral S1 of one participant (S12) did not reach the
significance threshold of p < 0.05 and the cluster threshold of size
>10 voxels. Therefore, the coordinates of the group-level max-
ima were used to define these single-subject ROIs.

DCM and BMS

The group-level exceedance probabilities of all 16 model families
are shown in the top left panel of Figure 3. One single family
(family P) displayed an exceedance probability (0.79) that was far
greater than the exceedance probabilities of all other families.
Indeed, the second highest exceedance probability, in the families
H and N, was 0.038. Family P included all models in which both
nociceptive and non-nociceptive somatosensory inputs modu-
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0.42, t;,;) = 0.84; connection from the
thalamus to S2: p = 0.92, t,,, = —0.10).

Discussion

In the present study, we applied DCM and
BMS to BOLD fMRI data to test whether,
in humans, (1) the cortical processing of
non-nociceptive somatosensory input in
S1 and S2 is serial or parallel, and (2)
whether the organization of nociceptive
and non-nociceptive somatosensory pro-
cessing in S1 and S2 differs. The possible
models of brain connectivity were orga-
nized in 16 different families according to
how the connections from the thalamus

sensory input

A B : Cc ’ D - E ’ F ] G : H ’ | J K ] L
Individual models (256 models in total)

Figure 3.

connections between S1and S2 were only weakly modulated by both types of inputs.

late, in parallel, the connectivity both from the thalamus to S1
and from the thalamus to S2.

The group-level exceedance probabilities of each of the 256 single
models (sorted according to families from A to P) are shown in the
bottom panel of Figure 3. All 16 models of the best family (family P)
had higher exceedance probabilities (>0.01) than the models be-
longing to all the other families (<<0.002). The structure of the aver-
age model of the family P, obtained by averaging all 16 models in
this family using BMA, is shown in the top right panel of Figure 3,
together with the corresponding estimated parameters. The av-
erage model structure showed that the two forward connections
from the thalamus to S1 and from the thalamus to S2 were
strongly modulated by both nociceptive and non-nociceptive so-
matosensory inputs, whereas the two reciprocal connections be-
tween S1 and S2 were only weakly modulated by both types of
external perturbations. Among all 256 single models, one model
(Fig. 4, model 14, showing an exceedance probability of 0.21) out-
performed all other models (the exceedance probability of the sec-
ond best model was 0.11) (Figs. 3, 4). Interestingly, the structure of
this model indicated that the connection from S2 to S1 was only
modulated by nociceptive inputs, indicating a stronger effective con-
nectivity from S2 to S1 in response to nociceptive stimulation.

Using this best model (Fig. 4, model 14), we further compared
the modulatory effect of nociceptive and non-nociceptive inputs
on the two connections from the thalamus to S1 and from the
thalamus to S2. Paired ¢ tests revealed no significant difference in
the modulatory effects of nociceptive and non-nociceptive stim-
uli on either of these two connections (connection from the thal-
amus to S1: p = 0.44, t;,, = 0.79; connection from thalamus to
S2: p = 0.93, t;, = —0.09). The same comparison was also
performed on the average model of the best family (Fig. 3, family
P), yielding a similar result, without significant differences in the
modulatory effects of nociceptive and non-nociceptive stimuli
on any connection (connection from the thalamus to S1: p =

The results of the Bayesian model selection (BMS). Top left panel, The exceedance probabilities of all 16 model
families (A—P) showed that the model family P (in which both connections from the thalamus to S1and to S2 are modulated in both
nociceptive and non-nociceptive processing) exceeds by far those of all the other model families. Bottom panel, The exceedance
probabilities of all single models (sorted according to model family) showed that the models in family P had always higher
exceedance probabilities and that, within family P, one model seemed to outperform the other models (i.e., it was the best model).
Top right panel, Structure of the average model of the winning family P. The black lines with arrows represent the intrinsic
connections between brain areas and the thickness of each line indicates the mean strength of each intrinsic connection across
participants. The size of the red and blue dots on each connection represents the magnitude of the modulatory effect of nociceptive
or non-nociceptive stimulation, respectively. This structure shows that the two forward connections from the thalamus to S1and
to S2 were strongly modulated by both nociceptive and non-nociceptive somatosensory inputs, whereas the two reciprocal

to SI and from the thalamus to S2 con-
tributed to the BOLD responses elicited
by nociceptive and non-nociceptive so-
matosensory stimuli. BMS showed a clear
preference for a family of models in which
both nociceptive and non-nociceptive so-
matosensory inputs modulate in parallel
the pathways from the thalamus to S1 and
from the thalamus to S2. Therefore, our
results indicate (1) that the cortical pro-
cessing of non-nociceptive somatosen-
sory input in S1 and S2 is parallel, and (2)
that this parallel organization of the flow
of sensory information in S1 and S2
is similar for nociceptive and non-
nociceptive somatosensory processing.

Parallel processing of non-nociceptive input in S1 and S2

Our results indicate that non-nociceptive somatosensory input is
processed in parallel from the thalamus to S1 and from the thal-
amus to S2 (Figs. 3, 4). This finding is in contradiction to the
evidence supporting the notion that, in human and nonhuman
higher primates, non-nociceptive somatosensory input is pro-
cessed serially from the thalamus to S1 and then from S1 to S2
(Allison et al., 1989a,b; Pons et al., 1992; Hari et al., 1993; Mima et
al., 1998; Schnitzler et al., 1999; Mountcastle, 2005).

However, it is important to emphasize that the evidence in
favor of a serial organization of the cortical processing of non-
nociceptive input is not unequivocal. Pons et al. (1992) observed
that, in higher primates, the selective ablation of the hand repre-
sentations in S1 leads to a reduction of the response to non-
nociceptive somatosensory stimuli in S2. The observation that
the response elicited in S2 is dependent on the presence of an
intact S1 has been interpreted as a strong indication in favor of a
serial processing of non-nociceptive input from S1 to S2. How-
ever, this observation does not necessarily imply that non-
nociceptive somatosensory input reaching S2 is relayed through
S1. Indeed, an alternative interpretation could be that the func-
tional state of S2 is dependent on the functional state of S1,
through intrinsic connections between the two areas [i.e., S1
could exert a control on the excitability of S2 neurons (Turman et
al., 1992)]. Hence, the ablation of S1 could reduce the responsive-
ness of S2 to non-nociceptive inputs originating directly from the
thalamus, by removing a background facilitatory influence of S1
on the neural activity in S2 (Turman et al., 1992). Our results,
suggesting a direct processing of non-nociceptive somatosensory
input from the thalamus to S2 (Fig. 3), as well as the existence of
significant intrinsic connectivity between S1 and S2 (Fig. 4), sup-
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port this alternative interpretation. Strong Model 1 GD

intrinsic connections between S1 and S2

are also compatible with the observation

that transcranial magnetic stimulation

over S1 can disrupt tactile discrimination

in humans not only through a direct effect G

on the processing of tactile input in S1 but 0.01

also through an indirect effect on the pro-  esceedance sensory
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cessing of tactile input in S2 (Cohen et al.,

1991; Knecht et al., 2003; Hannula et al., Model 5

2008). Finally, it is important to mention
that the observations suggesting that the
responses elicited in S2 are relayed in S1
(Pons et al., 1992) are in contradiction
with the findings of Zhang et al. (1996),
showing that in higher primates the re- JO:O‘I‘_

sponses to non-nociceptive somatosen-  exceedance sensory
. .. babilit input

sory stimuli in S2 are mostly unaffected by "™ P

the reversible inactivation of SI by cool- Model 9 GD

ing, thus indicating that the bulk of the
inputs triggering the responses in S2 are,
in fact, not relayed through S1.

Allison et al. (1989a,b) used direct in-
tracranial recordings performed in pa- @
tients to observe that non-nociceptive

somatosensory stimuli elicit responses of exc:é:;nce sensory
earlier latency in S1 compared with S2. ~ Prvaily s
Similar findings have been made using Model 13 @&
source reconstruction and Granger cau-

sality analysis of magnetoencephalo-

graphic signals (Hari et al., 1993; Mima et

al., 1998; Schnitzler et al., 1999; Inui et al.,

2004; Ploner et al., 2009). Although these G
findings might suggest a serial processing 0.04

of non-nociceptive somatosensory input  esceedance sensory
from S1 to S2, they could also be explained ~ Propabiity {1yt
by either a slower response onset of S2

neurons (Trappenberg, 2002) or a slower

conduction velocity of thalamocortical

pathways to S2. Furthermore, they could

also be explained by an incomplete sam-

pling of the neural activity of S2 neurons ~ Figure4.

because of the partial coverage of the S2
area by the intracranial electrodes (Allison
etal., 1989a,b) or because of the poor sen-
sitivity of magnetoencephalography to
source currents that are deeply located or
radially oriented relative to the skull sur-
face (Liitkenhoner, 2003). Furthermore,
because these different approaches did not allow sampling the
activity within the thalamus, they could not examine directly the
effective connectivity between the thalamus and S1 and between
the thalamus and S2. Finally, it is important to highlight the fact
that the magnetoencephalographic evidence suggesting a
delayed response to non-nociceptive somatosensory input in S2
versus S1 has been contradicted by Karhu and Tesche (1999),
who showed that the earliest response in S2 after non-nociceptive
stimulation of the hand peaks at 2030 ms after the onset of the
stimulus (i.e., not later than the earliest peak of activity in S1),
thus suggesting that S1 and S2 respond quasi-simultaneously to
non-nociceptive somatosensory stimulation.

Importantly, the existence of serial projections of non-
nociceptive somatosensory input from the thalamus to S1 and from

stimulation, respectively.

— 0.40
— 065

Liang et al. @ Parallel Somatosensory Processing in S1and S2

Model 2 Model 3 Model 4 @
0.08 @
0.03 0.02
R 1
exceedance sensory exceedance sensory exceedance sensory
probability input probability input probability input
Model 6 Model 7 Model 8 @
0.12
0.09 @D,
0.03
exceedance sensory exceedance sensory exceedance sensory
probability input probability input probability input
Model 10 Model 11 @ Model 12 @
0.06 E E
0.02 0.04
exceedance sensory exceedance sensory exceedance sensory
probability input probability input probability input
Model 14 @ Model 15 @ Model 16 @
0.21
G G = @D
0.04
exceedance sensory exceedance sensory exceedance sensory
probability input probability input probability input
— 0.15 e 0.05 - — S
nociceptive modulation
® 015 i
. 0.25 @ non-nociceptive modulation

The estimated parameters and the exceedance probabilities of the 16 models belonging to the winning family P (the
family with the highest exceedance probability) (Fig. 3). These 16 single models share acommon feature (i.e., that the connections
from the thalamus to S1 and from the thalamus to S2 are both modulated by both nociceptive and non-nociceptive stimuli).
However, they differ in terms of how the connections between S1and S2 are modulated. The black lines with arrows represent the
intrinsic connections between brain areas and the thickness of each line indicates its mean strength across participants. The size of
the red and blue dots on each connection represents the magnitude of the modulatory effect of nociceptive or non-nociceptive

S1 to S2 does not exclude the coexistence of direct projections from
the thalamus to S2. This has been suggested by Knecht et al. (1996),
who showed that the perception of somatosensory qualities like vi-
bration can be mostly unaffected in patients with lesions of the pa-
rietal cortex encompassing S1. Furthermore, the existence of parallel
pathways to S2 would also explain why Pons et al. (1992) observed
that the ablation of S1 does not abolish completely the responses
to non-nociceptive somatosensory stimuli in S2. The idea of co-
existent parallel and serial processing is also consistent with our
finding of strong intrinsic connections between S1 and S2 (Fig.
4). However, the observations that the modulatory connections
between the thalamus and S1 and between the thalamus and S2
are (1) of similar magnitude and (2) much stronger than the
modulatory connections between S1 and S2, suggest that parallel



Liang et al. @ Parallel Somatosensory Processing in S1and S2

processing dominates the information transmission between the
thalamus, S1, and S2. Together, results from previous studies and
our present findings indicate that the cortical processing of non-
nociceptive inputs sampled using fMRI is not uniquely serial but
involves mostly parallel pathways from the thalamus to S1 and
from the thalamus to S2. It is important to note, however, that, as
in most of previous studies investigating the serial versus parallel
processing of tactile inputs in S1 and S2, we used electrical stimuli
that activate all subpopulations of A fibers in the nerve. Thus,
we cannot rule out that the selective activation of a given subpop-
ulation of A fibers (e.g., fibers innervating Pacinian or Meiss-
ner’s corpuscules) would result in a more serial organization of
S1 and S2.

Parallel processing of nociceptive input in S1 and S2
Our results indicate that, similar to non-nociceptive somatosen-
sory input, nociceptive somatosensory input is processed in par-
allel from the thalamus to S1 and from the thalamus to S2 (Figs. 3,
4). The involvement of S1 and S2 in the cortical processing of
nociceptive input in humans has been reported in a large number
of studies (Ploner et al., 1999; Kanda et al., 2000; Porro, 2003;
Youell et al., 2004; Apkarian et al., 2005; Plaghki and Mouraux,
2005; Tracey and Mantyh, 2007). However, only a few studies
have examined explicitly whether the processing of nociceptive
inputin S1 and S2 is organized in parallel or serially. Using source
reconstruction of magnetoencephalographic responses to noci-
ceptive stimuli in humans, Ploner et al. (1999, 2009) observed
that the responses hypothesized to originate from S1 and S2 had
similar onset times (~130 ms) and that the S2 activity was caus-
ally influenced by the S1 activity during non-nociceptive stimu-
lation but not during nociceptive stimulation. This finding
suggests a serial organization of non-nociceptive somatosensory
processing from S1 to S2, and a parallel organization of nocicep-
tive somatosensory processing in S1 and S2. Using a similar ap-
proach, Kanda et al. (2000) found that the onsets of the responses
to nociceptive somatosensory stimuli in S1 and S2 were simulta-
neous in 7 of 12 participants. However, the interpretation of this
observation remains speculative as it relies entirely on source
analysis techniques whose reliability are inherently questionable
because of (1) the infinite number of solutions to the inverse
problem, (2) the possibly wrong assumptions required to define
the forward model or to constrain the source models (e.g., number
of dipoles and head model) (Liitkenhoner, 2003). Furthermore, and
most importantly, the lack of sensitivity of magnetoencephalogra-
phy to deeply located source currents (Liitkenhoner, 2003) makes it
impossible to explore directly the actual relationships between re-
sponses in the thalamus and responses in S1 and S2. Because in the
present study we used a completely different approach, both in
terms of the method used to sample brain activity (i.e., hemody-
namic BOLD fMRI signal) and in terms of the analysis technique
(i.e., DCM and BMS), and because we compared directly the
information flow between the thalamus, S1, and S2 using the
BOLD responses elicited by nociceptive and non-nociceptive so-
matosensory input at single-subject level, our results provide
strong and complementary support to the magnetoencephalo-
graphic evidence indicating that nociceptive inputs project in
parallel from the thalamus to S1 and from the thalamus to S2.
In conclusion, our results indicate that the hierarchical orga-
nization of the thalamus—S1-S2 network involved in processing
nociceptive and non-nociceptive stimuli is fundamentally simi-
lar. However, it is important to highlight that this conclusion is
based on the recording of fMRI signals that integrate neural ac-
tivity (1) of a large number of neurons and (2) over a timescale of
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the order of several seconds (Logothetis, 2008), and cannot thus
provide details of the dynamic changes of this network at the finer
spatial and temporal resolution attainable using invasive electro-
physiology. Hence, our results cannot rule out that differences in
the thalamus—S1-S2 network involved in processing nociceptive
and non-nociceptive stimuli may exist at a smaller spatial or tem-
poral scale.

Notes

Supplemental material for this article is available at http://iannettilab.
webnode.com/products/supplementary-materials/. The reliability of our re-
sults was verified by four supplemental analyses: (1) we used two different
ROI selection strategies, and (2) we added two additional brain areas to the
model, the contralateral insula or the ipsilateral S2. The results of these ad-
ditional analyses indicate that (1) our ROI selection based on conjunction
map did not bias the results, and (2) the results were still valid when more
complex model structures were tested. This material has not been peer
reviewed.
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