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The present experiment was designed to test if sustained attention directed to the spontaneous sensa-
tions of the right or left thumb in the absence of any external stimuli is able to activate corresponding
somatosensory brain areas. After verifying in 34 healthy volunteers that external touch stimuli to either
thumb effectively activate brain contralateral somatosensory areas, and after subtracting attention mech-
anisms employed in both touch and spontaneous-sensation conditions, fMRI evidence was obtained that
the primary somatosensory cortex (specifically left BA 3a/3b) becomes active when an individual is
required to attend to the spontaneous sensations of either thumb in the absence of external stimuli. In
addition, the left superior parietal cortex, anterior cingulate gyrus, insula, motor and premotor cortex, left
dorsolateral prefrontal cortex, Broca’s area, and occipital cortices were activated. Moreover, attention to
spontaneous-sensations revealed an increased connectivity between BA 3a/3b, superior frontal gyrus (BA
9) and anterior cingulate cortex (BA 32), probably allowing top-down activations of primary somatosen-
sory cortex. We conclude that specific primary somatosensory areas in conjunction with other left pari-
eto-frontal areas are involved in processing proprioceptive and interoceptive bodily information that
underlies own body-representations and that these networks and cognitive functions can be modulated
by top-down attentional processes.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Humans have the ability to direct and concentrate their attention
to focus and enhance bottom-up processes of either a somatosen-
ory/external or proprioceptive/internal nature (Buschman & Miller,
2007; Petersen & Posner, 2012; Sarter, Givens, & Bruno, 2001; Treis-
man & Gelade, 1980). Attention towards particular somatic stimuli
selectively enhances domain-specific cortical representations that
probably are determinant for their conscious representation (Farb,
Segal, & Anderson, 2013; Jones et al., 2010). For example, a form
of insight meditation practice requiring sustained awareness of sub-
tle somatic sensations spontaneously arising from different body
parts produces an increased parieto-occipital gamma activity, a
marker for enhanced sensory awareness, and an increased top-
down attentional control over such increased perceptivity (Cahn,
Delorme, & Polich, 2010). Similarly, somatic focusing of attention
during mindfulness practice optimizes the modulation of alpha
rhythms that play a key role in filtering inputs to primary sensory
cortex before the arrival of a stimulus (Kerr et al., 2011).

Tactile attention biases the processing of selected stimuli rele-
vant features by amplifying somatosensory cortex responses
(Romo, Brody, Hernández, & Lemus, 1999). Moreover, compared
to unattended loci, sustained attention to a body part results in en-
hanced processing of tactile stimuli at that location, suggesting that
the activity within modality-specific somatosensory areas (SI and
SII) is modulated by tactile-spatial attention (Sambo & Forster,
2011). Likewise, visual (Ishai, Haxby, & Ungerleider, 2002; Kosslyn
et al., 1993; Lee, Kravitz, & Baker, 2012) and auditory cortex activa-
tion (Zatorre & Halpern, 2005) during mental imagery requires
overlapping top-down mechanisms involved in attention and
memory (Ishai et al., 2002).

Even though attention to externally driven bottom-up stimuli
processing and multisensory integration has been amply explored
(Héroux, Walsh, Butler, & Gandevia, 2013; Johansen-Berg & Lloyd,
2000; Koelewijn, Bronkhorst, & Theeuwes, 2010; Maravita, Spence,
& Driver, 2003; Ruff, 2013; Sambo & Forster, 2011), somatosensory
processing has not been studied in absence of external stimulation,
motion, or retrieval of encoded percepts. Thus, most studies refer
either to external bottom-up (i.e. somatosensory) input stimuli
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or to memory related (i.e. visual or auditory recall of percepts)
enhancement by top-down attentional mechanisms and do not di-
rectly address proprioceptive bottom-up stimuli underlying the
knowledge of one’s own body; a fundamental self-awareness fea-
ture that relies on both somatosensory and proprioceptive inputs
that are actively and continuously mapped on tacit or implicit body
representations (Bermúdez, 1998).

Body representation notions as brain features were first intro-
duced by Head and Holmes (1911) a century ago and evolved over
the years to distinguish a body image (a cognitive representation of
the body based on stored knowledge and sensory experience
underlying perceptual judgments) from a body schema, (a largely
unconscious proprioceptive sketch intimately related to body
movements) (De Vignemont, 2010; Gallagher, 2005). The role of
bottom-up somatosensory mechanisms arising from skin receptors
and resulting in primary somatosensory brain activations are rela-
tively well established (for reviews see Mountcastle, 2005; Romo
& Salinas, 2001). Moreover, the relation between such sensory pro-
cessing to subsequent body representations has been shown to be
distorted by tactile (Longo & Haggard, 2011) and visual information
(Bruno & Bertamini, 2010; Héroux et al., 2013; Longo & Sadibolova,
2013; Taylor-Clarke, Jacobsen, & Haggard, 2004). Likewise, the pro-
prioceptive sense of position of body parts relative to each other and
to the body as a whole is initiated by receptor activity in the mus-
cles, tendons, joints and skin, and is centrally processed by multi-
modal neurons in the posterior parietal cortex (Adrian & Umrath,
1929; Grigg, 1994; Kammers, van der Ham, & Dijkerman, 2006;
Proske & Gandevia, 2012). It seems that both somatosensory inputs
and proprioceptive information are integrated into body represen-
tations that are rather distorted in normal individuals and highly
susceptible to experimental manipulations (Blanke & Metzinger,
2009; Ehrsson, 2007; Héroux et al., 2013; Lackner, 1988; Longo &
Haggard, 2011; Stock, Wascher, & Beste, 2013). In this sense, body
representations arise by the integration of multisensory inputs
(Blanke, 2012; Longo, Azañón, & Haggard, 2010; Tsakiris, 2010) con-
tributing to embodiment and self-consciousness features (Arzy,
Thut, Mohr, Michel, & Blanke, 2006; Lou et al., 2004).

Here we hypothesize that tactile attention directed to focus upon
a single target among stronger stimuli, can enhance sub-threshold
information at the attended location and reveal, in the absence of
external stimuli, movement or recall, brain areas required in the
representation of onés own-body. In order to prove this hypothesis
we will show that somatosensory and other proprioceptive brain
areas can be activated solely by directing and sustaining attention
to punctual body-parts in absence of external stimuli and thereby
demonstrate that top-down attentional mechanisms can enhance
the perceptivity of subtle and otherwise sub-threshold (i.e. uncon-
scious) proprioceptive/internal bottom-up stimuli associated to
specific body parts.
2. Materials and methods

2.1. Subjects

After standard exclusion criteria for functional magnetic reso-
nance imaging (fMRI) research were applied, 37 healthy volunteers
participated in the study (16 female and 21 male, mean age
35.58 years, SD 7.97, 14 left handed and 23 right handed). Subjects
were evaluated with digital versions of the Symptom Checklist 90
and Edinburgh Inventory to exclude psychological and/or psycho-
pathological symptoms, and to evaluate handedness (Derogatis,
1994; González-Santos, Mercadillo, Graff, & Barrios, 2007; Oldfield,
1971). Subjects were considered a ‘‘case’’ when scoring higher than
the norm population on the Global Severity Index (GSI), or,
alternatively, when the subscale cutoff is exceeded in scores on
by two or more subscales (Derogatis, 1983). According to this cri-
teria as adapted to Mexican gender-specific norms (de la Rubia &
Bravo, 2011) target symptom caseness was defined by a T-score
at or above 63. Subjects with an Edinburgh Inventory score >24
were considered as right-handed (Oldfield, 1971). All subjects gave
informed consent for the experimental procedure, and the protocol
had IRB approval.

2.2. Experimental protocol

Brain activation was examined during covert focused attention
directed towards the right or left thumb under two experimental
conditions: (a) External-Stimulus Condition (manual caressing of
either thumb with a 2-cm sponge brush at 1–2 Hz and stimula-
tion aftereffect) and (b) Spontaneous-Sensation Condition in ab-
sence of any external stimulation (Fig. 1). Resting periods
without attention tasks separated both experimental conditions.
Subjects were instructed to focus their attention on either thumb
during the two experimental conditions and to abstain from mov-
ing it during the whole experiment. The instructions emphasized
that, in the absence of touch stimuli, the subjects should focus
their attention on the spontaneous sensations arising from either
thumb rather than visualizing or imagining this body part. The
protocol consisted of a block design paradigm alternating be-
tween focusing of attention towards the External-Stimulus of
either thumb (60 s blue block in Fig. 1) or focusing of attention
towards Spontaneous-Sensation of the same body part in the ab-
sence of external stimuli (60 s yellow block in Fig. 1). The length
of the blocks was decided after a pilot study where the response
indicated that the subjects started to feel clear and distinct sen-
sations 20–40 s after the instruction. The External-Stimulus block
was further divided into a 30 s Touch-Stimulus Condition (shown
as a dark-block in Fig. 1) and a 30 s Stimulation Aftereffect Condi-
tion (shown as a light-blue block in Fig. 1). External-Stimulus and
Spontaneous-Sensation conditions were separated by 30 s resting
intervals to ensure no overlapping brain activity. Each run lasted
540 s and consisted of three epochs. One epoch was a 180 s se-
quence of Touch-Stimulus, Stimulation Aftereffect, Resting, Spon-
taneous-Sensation, and Resting. While in the scanner, the subjects
received a previously agreed one-word instruction (‘‘attention’’ or
‘‘rest’’) via MRI compatible audio equipment (NordicNeuroLab,
Bergen, Norway) directing them to focus their attention on the
target thumb, or to rest. Subjects had their eyes closed during
the whole experiment. Right and left thumbs were run in sepa-
rate procedures. The order of right or left initial target thumb
was random. All runs occurred in a single visit.

Additionally we acquired 12 min of resting state fMRI (i.e. 6 min
before and 6 min after the attentional task runs), �5 min of high-
resolution structural 3D-T1-weighted images, and 36 directions
diffusion tensor imaging. The total scanning time was less that
60 min. During the scanning an examiner closely monitored the
subject’s thumb to ensure there was no motion. If there was any
perceptible movement the run was discarded. Only six runs from
3 subjects (all right handed) were discarded due to involuntary
thumb movement, and the results presented were obtained from
the remaining 34 subjects.

2.3. Magnetic resonance imaging

fMRI imaging was performed on a 3.0T GE MR750 instrument
(General Electric, Waukesha, WI) using a 32-channel head coil.
Functional imaging included 35 slices, acquired using a T2*-
weighted EPI sequence with TR/TE 3000/40 ms, a 64 � 64 matrix
and 4-mm slice thickness, resulting in a 4 � 4 � 4 mm3 isometric



Fig. 1. Single run experimental paradigm for either thumb. Touch-Stimulus (TS, in dark-blue), Stimulation-Aftereffect (SA, in light-blue) and Spontaneous-Sensation (SS, in
yellow). Focusing attention (FA, in gray) was required during every condition. No attentional task was required during resting periods between conditions (gaps). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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voxel. High-resolution structural 3D-T1-weighted images were ac-
quired for anatomical localization (resolution of 1 � 1 � 1 mm3,
TR = 2.3 s, TE = 3 ms) covering the whole brain. The images were
acquired with an acceleration factor = 2.
2.4. Image processing and statistical analyses

2.4.1. Preprocessing
Functional image datasets were processed and analyzed with FSL

4.1.5 (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) (Smith
et al., 2004). The following preprocessing steps were applied: The
skull and other non-brain areas were extracted from the anatomical
and functional scans using the script brain extraction tool (BET) of
FSL, motion correction using MCFLIRT (Jenkinson & Smith, 2001)
with 6 degrees of freedom, spatial smoothing using a Gaussian ker-
nel of FWHM 6 mm, mean-based intensity normalization, and non-
linear highpass temporal filtering. Extracted brains of all
participants were linearly registered into the brain-extracted
MNI152 template using a linear spatial transformation function.

Statistical analysis was performed with FMRI Expert Analysis
Tool using FMRIB’s Improved Linear Model (FEAT FILM) Version
5.98 with local autocorrelation correction contrasts with a signifi-
cance threshold criterion of Z > 2.3 with a cluster significance
threshold of p < 0.05 corrected for multiple comparisons (Woolrich,
Ripley, Brady, & Smith, 2001) and using the canonical hemody-
namic response function (HRF) convolved with a function longer
in duration (e.g., a longer boxcar function that is 60 s in the case
of spontaneous sensation) to model the entire duration of the block
and its time derivative as basic functions. The model included the
following regressors with their corresponding HRF and their tem-
poral derivatives: Touch-Stimulus and Spontaneous-Sensation as well
as stimulation-aftereffect per thumb, with motion parameters con-
trolled for in the model. The Touch-Stimulus regressor was modeled
to fit a transient response curve in accord with previous somatosen-
sory habituation reports (Klingner, Nenadic, Hasler, Brodoehl, &
Witte, 2011; Moulton, Keaser, Gullapalli, & Greenspan, 2005) where
somatosensory cortex activation peaked around 6 s after the onset
of the stimulation and then exponentially returned to baseline for
the rest of the block. In this manner it was ensured that only the
touch-related processes were identified and measured. Only the re-
sponses obtained for Touch-Stimulus and Spontaneous-Sensation of
each thumb were assessed. Unless otherwise specified, all activa-
tions, correlations, and contrasts had a significance threshold crite-
rion of Z > 2.3 with a cluster significance threshold of p < 0.05
corrected for multiple comparisons (Friston & et al., 1994).
2.4.2. First-level fMRI analysis
First-level fMRI analysis of single subject data was performed

with FMRI Expert Analysis Tool using FMRIB’s Improved Linear
Model (FEAT FILM) Version 5.98 with local autocorrelation correc-
tion (Woolrich et al., 2001) to identify those regions that increased
blood oxygen level dependent (BOLD) signal intensity for each of
the two conditions relative to baseline.
2.4.3. Mid and higher-level analysis
To find out which brain regions are specifically involved during

the process of attending to either thumb in each subject, a mid-le-
vel analysis was carried out using a fixed-effects model, which
ignores cross-session/subject variance. Finally, to identify activa-
tions at the group-level related to these attention processes we
conducted the analysis using FLAME (FMRIB’s Local Analysis of
Mixed Effects) and a voxel threshold of p < 0.05 and one-tailed t-
testing (Worsley, 2002).

2.4.4. PPI connectivity analysis of BA 1/2 and BA 3a/3b
After having identified the involvement of the specific primary

somatosensory cortices, (i.e. BA 1/2 and BA 3a/3b, see results), dur-
ing sustained attention to either Touch-Stimulus or Spontaneous-
Sensation, we performed a psychophysiological interaction (PPI)
analysis (Friston et al., 1997; O’Reilly et al., 2012) to distinguish
brain regions that showed significantly stronger covariation with
BA 1/2 and BA 3a/3b during sustained and focused attention to
Touch-Stimulus or Spontaneous-Sensation. The coordinates of the
peak voxels from the random effect analysis comparing focusing
to Touch-Stimulus vs. Spontaneous-Sensation (see results) were used
to serve a landmark for the individual seed voxels. A region of
interest (ROI) covering a sphere with a diameter of three voxels
was searched around the peak voxel in BA 1/2 (�56, �24, �34)
or BA3a/3b (�42, �12, 32). The time series of each ROI were then
extracted, and a PPI regressor was calculated as the element-by-
element product of the mean corrected activity of this ROI and a
vector coding for the differential task effect of focusing to Touch-
Stimulus versus focusing to Spontaneous-Sensation. The PPI regres-
sors reflected the interaction between the psychological variable
(focusing to Touch-Stimulus versus focusing to Spontaneous-Sensa-
tion) and the activation time course of BA1/2 or BA3a/3b. The indi-
vidual contrast images reflecting the effects of the PPI on other
brain areas were subsequently subject to a one-sample t-test.
The results of the group analysis identified brain regions that
showed increased activity during focusing to Touch-Stimulus versus
focusing to Spontaneous-Sensation when the activity in BA1/2 or
BA3a/3b was high. Statistic images were thresholded using clusters
determined by Z > 2.3 and a cluster significance threshold (cor-
rected for multiple comparisons) of P < 0.05 for the identification
of brain areas that showed significant functional connectivity with
the selected ROI.

Cortical reconstruction was performed with Freesurfer suite
(http://surfer.nmr.mgh.harvard.edu/) (Dale, Fischl, & Sereno,
1999). The names of the brain regions reported were derived from
the Jülich histological atlas (Eickhoff et al., 2007; Geyer, Schormann,
Mohlberg, & Zilles, 2000) and the corresponding coordinates from
the MNI152 template. In a separate analysis the subject’s individual
activations for each condition were correlated with the Edinburgh
Handedness scores.

http://www.fmrib.ox.ac.uk/fsl
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C.C.C. Bauer et al. / Brain and Cognition 87 (2014) 86–96 89
3. Results

3.1. First-level analysis

Sixty-eight runs (34 right thumb and 34 left thumb) from 34
subjects were included in the analysis. Fig. 2 shows that, compared
with the resting task-free condition (neither external touch-stimuli
nor spontaneous sensations), focusing of attention on Touch-Stim-
ulus on each thumb produced a robust contralateral cortical activa-
tion where the peak MNI coordinates for the right thumb (Fig. 2B)
were found in the left primary somatosensory cortex (BA2:
X = �56 mm, Y = �26 mm, Z = 34 mm) and for the left thumb
(Fig. 2A) in the right primary somatosensory cortex (BA1: 58,
�18, 48). In addition, there was activation of the contralateral sec-
ondary somatosensory cortex (SII: �48, �30, 20) and right inferior
parietal lobule (BA40: 68, �28, 30) for the right thumb stimulation,
and secondary somatosensory cortex (SII: �56, �20, 18), right infe-
rior parietal lobule (BA39: 58, �60, 20), and of the left secondary
somatosensory cortex (SII: �56, �20, 18) for the left thumb
(Fig. 2A and B). Coordinates of peak activation for this and all sub-
sequent contrasts are shown in Table 1.

Compared with the resting task-free condition, focusing atten-
tion on Spontaneous-Sensation of the right thumb (Fig. 2D) showed
a group activation of left parietal lobe (PL: �26, �48, 26), bilateral
secondary somatosensory cortices (SII: 34, 2, 20 and �42, �2, 12),
anterior cingulate cortex (BA32: �18, 14, 28) and right insula
(BA13: 38, 10, 2). Focusing attention on Spontaneous-Sensation of
the left thumb (Fig. 2C), showed activations in the left primary
somatosensory cortex (BA3a: �46, 4, 16), left premotor cortex
(BA6: �56, 10, 42), and left Broca’s area (BA44: �50, 6, 8).

Since a left parieto-frontal activation common to all conditions
was observed in the first-level analysis of the right handed sub-
jects, we included a statistically suitable sample of the 14 left
handed individuals to test if this group would presented a right lat-
eralized parieto-frontal activation. After comparing all conditions
between right- and left-handed groups only one significant differ-
ence was found, namely a positive correlation between right-
handed individuals (Edinburgh scores >24) and Z-mean scores of
left primary somatosensory cortex (BA1/2: �56, �18, 36) and left
inferior parietal cortex (BA39: �54, �56, 20) area when the left
thumb was externally stimulated (r = 0.62 and p = 9.4e�05, for
peak coordinates see Supplementary Material and Fig. S1). In view
of this result, we considered both groups as statistically not differ-
ent regarding the Spontaneous-Sensation Condition.
Fig. 2. Lower-level analysis: overall activations associated with focusing of attention duri
the left thumb. (B) Focusing attention on Touch-Stimulus to the right thumb. (C) Focusing
Spontaneous-Sensation of the right thumb. All activations, correlations, and contrasts had
(corrected for multiple comparisons). Images are presented in radiological convention a
Next, to eliminate the attention mechanisms common to both
conditions and to distinguish the brain regions involved solely dur-
ing Touch-Stimulus or Spontaneous-Sensation for either thumb, we
contrasted them (i.e. Touch-Stimulus > Spontaneous-Sensation)
using a voxel threshold at p < 0.05. Fig. 3 shows inflated left and
right hemisphere brain images with activations for the respective
contrasts. For the right thumb, contralateral posterior primary
somatosensory cortex (BA2: �56, �24, 34) and right inferior pari-
etal lobule (BA40: 70, �36, 22) were more active during Touch-
Stimulus (blue clusters in Fig. 3B) while bilateral anterior primary
somatosensory cortex (BA3a: 34, �14, 32 and �38, �14, 30), right
premotor cortex (BA6: 16, �20, 52), left Broca’s area (BA44: �42,
12, 10), right superior parietal cortex (BA7a: 24, �54, 52) and bilat-
eral visual cortex (BA18: 36, �88, 8 and �22, �78, 22) were more
active during Spontaneous-Sensation (yellow clusters in Fig. 3B). For
the left thumb contralateral posterior primary somatosensory cor-
tex (BA1: 58, �16, 48), bilateral inferior parietal cortex (BA40: 68,
�42, 22 and �60, �26, 32) and right insula (BA13: 40, �8, 2) were
more active during Touch-Stimulus (blue cluster in Fig. 3A) while
only left anterior primary somatosensory cortex (BA3b: �44,
�18, 42), left premotor cortex (BA6: �22, �28, 60) and left visual
cortex (BA18: �24, �82, �4) were more active during Spontane-
ous-Sensation (yellow clusters in Fig. 3A).

3.2. Mid and higher-level analysis

A mid-level analysis for each subject was performed in order to
further identify the brain regions involved during both Touch-Stim-
ulus and Spontaneous-Sensation regardless of thumb laterality. This
analysis was carried out at an individual level in order to average
the right and left thumb contrasts and eliminate the particular
thumb laterality mechanisms and attention processes involved. It
was performed using a fixed-effects model, which ignores cross-
session/subject variance. The data obtained from each subject
was then used in the higher-level contrasts.

Using the data obtained from the mid-level analysis a higher-le-
vel analysis was performed at the group level. The higher-level
contrast Touch-Stimulus > Spontaneous-Sensation (blue clusters
in Fig. 4A) resulted in differential activations in left primary
somatosensory cortex (BA1/2: �56, �24, 34) and the right
temporoparietal junction (BA40: 52, �20, 16). The reverse contrast
Spontaneous-Sensation > Touch-Stimulus (yellow clusters in Fig. 4A)
showed differential activations in left primary somatosensory
cortex (BA 3a/3b: �42, �12, 32), left motor (BA4: �16, �28, 56)
ng the different phases of the paradigm. (A) Focusing attention on Touch-Stimulus to
attention on Spontaneous-Sensation of the left thumb. (D) Focusing of attention on
a significance threshold of Z > 2.3, with a cluster significance threshold of p < 0.05

nd mapped to the MNI-152 template.



Table 1
Significant activation for all experiments.

Contrast Anatomical location Peak

x y z

Lower level
Right thumb

TS > restA Ba2 L, SI L �56 �26 34
Ba2 L, SII L, IPL L �48 �30 20
Ba40, IPL R 68 �28 30

SS > restA PL L �26 �48 26
SII R 34 2 20
SII L �42 �2 12
Ba32, ACC �18 14 28
Ba13 R 38 10 2

SS > TSB Ba2 L, SI �56 �24 34
Ba40 R, IPL R 70 �36 22

SS > TSB Ba3a R, SI R 34 �14 32
Ba3a L, SI L �38 �14 30
Ba6 R 16 �20 52
Ba44 L �42 12 10
Ba7a R, SPL R 24 �54 52
Ba18 R 36 �88 �8

Left thumb
TS > restA Ba1 R, SI R 58 �18 48

SII �56 �20 18
Ba39 R, IPL R 58 �60 20
SII L �56 �20 18

SS > restA Ba3b L, SI L �46 4 16
Ba6 L �56 10 42
Ba44 L �50 6 8

TS > SSB Ba1 R, SI L 58 �16 48
Ba40 R, IPL R 68 �42 22
Ba40 L, IPL L �60 �26 32
Ba13 R 40 �8 2

SS > TSB Ba3b L, SI L �44 �18 42
Ba6 L �22 �28 60
Ba18 L �24 �82 �4

Higher level
TS > SSB Ba1/2 L, IPL L, OP1 L �56 �24 34

Ba40 R, IPL R 52 �20 16
SS > TSB Ba3a/3b L, SI L �42 �12 32

Ba4 L �16 �28 56
Ba6 L 0 12 44
Ba7a L, SPL L, Precuneus �22 �66 40
Ba9 L, DLPC L �42 8 22
Ba13 L �34 16 10
Ba18 �24 �78 22
Ba32, ACC �4 12 46
Ba44 L �40 8 26

Peak activations for the lower- and higher-level analysis conditions. TS: Touch-Stimulus, SS: Spontaneous-Sensation, R: right, L: left, Ba: Brodmann area, PL: parietal lobe, IPL:
inferior parietal lobule, SPL: superior parietal lobule, SI: primary somatosensory cortex, SII: secondary somatosensory cortex, OP: operculum, ACC: anterior cingulate cortex,
DLPC: dorsolateral prefrontal cortex.

A Cluster threshold z > 2.3, p < 0.05.
B Voxel threshold at p < 0.05.

Fig. 3. Significant activations for the contrasts between Touch-Stimulus and Spontaneous-Sensation for left and right thumbs. (A) Inflated left and right hemispheres showing
significant activations for the left thumb. (B) Inflated left and right hemispheres showing significant activations for the right thumb. Blue clusters: significant activation for
the contrast Touch-Stimulus > Spontaneous-Sensation. Yellow clusters: significant activation for the contrast Spontaneous-Sensation > Touch-Stimulus. All contrasts are using
voxel thresholding at p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Higher-level analysis: significant activations for the contrasts between Touch-Stimulus and Spontaneous-Sensation irrespective of laterality variables. (A) Inflated left
and right hemispheres showing significant clusters of activation for contrast Touch-Stimulus > Spontaneous-Sensation (in blue) and for contrast Spontaneous-Sensation > Touch-
Stimulus (in yellow). Arrows point to the respective peak voxel for each contrast, specifically BA 1/2 and BA 3a/3b (left hemisphere), after masking using the primary
somatosensory regions (BA 3a/3b, 2 and 1 shown as a gray contour). All contrasts are using voxel thresholding at p < 0.05. (B) % BOLD signal change for peak voxels BA 1/2 and
BA 3a/3b (shown in A) during focusing of attention to Touch-Stimulus (blue bars) and focusing of attention to Spontaneous-Sensation (yellow bars) after SI masking. Numbers
shown are P values, N/S = not significant, ±sign is a standard error (SEM).
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and premotor cortices (BA6: 0, 12, 44), left superior parietal cortex
(BA7: �22, �66, 40), left dorsolateral prefrontal cortex (BA9: �42,
8, 22), left insula (BA13: �34, 16, 10), occipital cortex (BA18: �24,
�78, 22), anterior cingulate gyrus (BA32: �4, 12, 46), and left Bro-
ca’s area (BA44: �40, 8, 26).

3.3. Differential topographic activations in the primary somatosensory
cortex

To further distinguish between the topographic activations and
their signal intensity within the primary somatosensory cortex
during the different conditions, we masked the previously de-
scribed contrast Z-stat images using the primary somatosensory
regions (BA 3a/3b, 2 and 1 shown as a gray contour in Fig. 4A) pro-
jected in the Jülich histological atlas (Eickhoff et al., 2007; Geyer
et al., 2000) and we calculated the% BOLD signal change from the
resulting peak activation voxel of the specific Brodmann areas.
The peak voxel within BA 1/2 (�56, �24, 34; left hemisphere in
Fig. 4A) was located in a more posterior portion of the anterior
parietal cortex and the upper bank (operculum) of the lateral sul-
cus, and it responded significantly more than the peak voxel within
BA 3a/3b (�42, �12, 32; left hemisphere in Fig. 4A) while attention
was focused on Touch-Stimulus (left blue bar in Fig. 4B, p = 0.002).
Indeed, the voxel at BA 1/2 was only active while attention was fo-
cused on Touch-Stimulus (left blue bar in Fig. 4B, p = 1.434e�05). In
contrast, the voxel at BA 3a/3b, located in a more anterior and dee-
per Rolandic sulcus portion of the same region, was equally active
during both conditions (right yellow and blue bars in Fig. 4B,
p = 0.63). This voxel at BA 3a/3b was significantly more active than
the voxel at BA 1/2 while attention was focused on Spontaneous-
Sensation (right yellow bar in Fig. 4B, p = 0.008). In fact, there
was no activity in the voxel corresponding to BA 1/2 when atten-
tion was focused on Spontaneous-Sensation of either thumbs.

3.4. PPI analysis for BA 1/2

PPI analysis was performed to examine the functional connec-
tivity of the respective primary somatosensory ROI’s and other
brain areas during focusing to Touch-Stimulus versus focusing to
Spontaneous-Sensation. The PPI analysis for BA1/2 during focusing
attention to Touch-Stimulus identified brain regions (light blue
clusters in Fig. 5A) in a large portion of the posterior parietal cortex
(BA40, centered at 46, �42, 48, Z = 5.4, p < 0.05 corrected), and the
precuneus (BA7, centered at 4, �52, 42, Z = 5.1, p < 0.05 corrected).
Active foci were also found in a rostral focus covering portions of
the inferior and superior frontal gyrus (BA8, 50, 12, 32, Z = 4.5;



Table 2
Summary of psychophysiological interactions (PPI) between attention conditions (TS
vs SS) and seed region.

Seed region and attention
condition

Anatomical
location

Peak

x y z

Ba 1/2
TS Ba7 R, Precuneus 4 �52 42

Ba8 R, IFG 50 12 32
Ba10 R, SFG 26 52 18
Ba13 L, Insula �34 14 0
Ba32, ACC 0 50 �2
Ba40 R,L PPC 46 �42 48
Thalamus 12 �12 6

SS –

Ba 3a/3b
TS Ba4 R, PM 10 �28 68

Ba19 R, FG 40 �68 �10
Ba45 L, Broca’s �44 34 �2

SS Ba9 R, SFG 12 50 34
Ba32 ACC 0 44 0

TS: Touch-Stimulus, SS: Spontaneous-Sensation, R: right, L: left, Ba: Brodmann area,
IFG: inferior frontal gyrus, SFG: superior frontal gyrus, ACC: anterior cingulate
cortex, PPC: posterior parietal cortex, PM: primary motor cortex, FG: fusiform gyrus.
All presented coordinates had a cluster threshold of z > 2.3, p < 0.05 and represent
positive PPI, suggesting more positive correlation during TS or SS respectively.
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BA10, centered at 26, 52, 18, Z = 5.0, p < 0.05 corrected) as well as
the anterior cingulate (BA32, centered at 0, 50, �2, Z = 4.5,
p < 0.05 corrected). Further covariations were found in the insula
(BA13, centered at �34, 14, 0, Z = 43.7, p < 0.05 corrected) and thal-
amus (12, �12, 6, Z = 4.7). PPI analysis during focusing attention to
Spontaneous-Sensation did not find reliable functional connectivity
between BA1/2 and other brain areas. Coordinates of all psycho-
physiological interactions are shown in Table 2.
3.5. PPI analysis for BA 3a/3b

PPI analysis for BA3a/3b identified during focusing attention to
Touch-Stimulus (light blue clusters in Fig. 5B) the fusiform gyrus
(BA19, centered at 40, �68, �10, Z = 4.93, p < 0.05 corrected),
primary motor cortex (BA4, centered at 10, �28, 68, Z = 4.89,
p < 0.05 corrected) and left Broca’s area (BA45, centered at �44,
34, �2, Z = 3.38, p < 0.05 corrected). During focusing of attention
to Spontaneous-Sensations (yellow clusters in Fig. 5B), the superior
Fig. 5. Psychophysical interaction analysis. Inflated left and right hemispheres showin
attention to Touch-Stimulus (TS, light blue) or Spontaneous-Sensation (SS, in yellow). All a
cluster significance threshold of p < 0.05 (corrected for multiple comparisons).
frontal gyrus (BA9, centered at 12, 50, 34, Z = 3.78, p < 0.05 cor-
rected) and the anterior cingulate cortex (BA32, centered at 0, 44,
0, Z = 3.57, p < 0.05 corrected) were identified.
4. Discussion

After verifying in 34 healthy young volunteers that external
touch stimuli to either thumb effectively activate brain contralat-
eral somatosensory areas, and after subtracting the attention
mechanisms employed in both the Touch-Stimulus Condition and
the Spontaneous-Sensation Condition, the results show that when
an individual is required to attend to the spontaneous sensations
of either thumb in the absence of any external stimuli, the primary
somatosensory cortex is also activated. Therefore, the main
hypothesis of this work was largely corroborated with the finding
that the focusing of attention on localized, spontaneous sensations
of either thumb would activate the somatosensory cortex corre-
sponding to the hand area. While top-down activation of pri-
mary-sensory areas has been found during visual (Ishai et al.,
2002; Kosslyn et al., 1993; Lee et al., 2012) and auditory imagery
(Zatorre & Halpern, 2005), this is the first time that an attention
task directed to subtle spontaneous somatosensory sensations
has been shown to be capable of activating primary somatosensory
areas. Since the task instructions exclusively involved a top-down
attentional gating that allowed for this subtle and otherwise elu-
sive stimuli to reach a conscious perception, we verified that tactile
attention shares the ability to focus upon a single elusive target
among stronger stimuli, hence enhancing otherwise sub-threshold
tactile processing at the attended location.

In accord with classical sensory physiology, and the recent re-
sults of Martuzzi, Van der Zwaag, Farthouat, Gruetter, and Blanke
(2012) using touch-stimuli to the fingers, the control Touch-Stimu-
lus Condition to either thumb activated the contralateral primary
somatosensory parietal areas 1, 2, and 3b. Additionally, we found
that, in contrast to the right thumb stimulus, touch-stimulation
to the left thumb recruited a considerably larger contralateral
somatosensory area as well as fronto-parietal regions. It is possible
that such asymmetric activation results from a hemispheric domi-
nance (including left-handed subjects) present in the general
population (Wada, Clarke, & Hamm, 1975) whereby the right
hemi-body is more sensitive to external stimuli than the non-dom-
inant left hemi-body, which would require more neural resources
g significant connectivity with (A) BA 1/2 or (B) BA 3a/3b either during focusing
ctivations, correlations, and contrasts had a significance threshold of Z > 2.3, with a
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to process and interpret external stimuli (Lautenbacher, Roscher,
Strian, Pirke, & Krieg, 1993). But in contrast to the wider contralat-
eral activation for the left thumb compared to the right thumb in
the Touch-Stimulus Condition, in the Spontaneous-Sensation Condi-
tion the left hemispheric activation not only was more significant
for both thumbs, but actually there was no right hemisphere activ-
ity for the left thumb. The left hemisphere activation observed
while attention was directed to the spontaneous sensations of
either thumb was unexpected, especially the ipsilateral activation
of BA3a/3b in the case of the left thumb, because the crossover dis-
position of the ascending somatosensory tracts would predict a
contralateral activation. Nevertheless, in 1966 Sperry and Eccles
reported that left hand writing was controlled by the left hemi-
sphere and suggested that conscious representation of propriocep-
tive features of somatosensory and motor information may involve
the dominant left hemisphere. Likewise, Turk et al. (2002) found in
a split-brain patient who was asked to recognize morphed facial
stimuli presented to each hemisphere as either himself or a famil-
iar other, that there was a left hemisphere bias for self-recognition
and Gazzaniga suggests that the left-hemisphere is the ‘‘inter-
preter’’ enabling the conscious representation of a unified self
(Gazzaniga & Miller, 2009; Gazzaniga, 2000). In contrast to these
reports, some studies in brain-damaged and healthy subjects point
to right hemisphere dominance in bodily self-awareness. For
example, hemi-neglect (Cabeza, Ciaramelli, & Moscovitch, 2012),
anosognosia and hemi-asomatogonosia (Heilman, Barrett, & Adair,
1998) are likely to occur after right hemisphere brain damage and
self-recognition is said to rely on the right hemisphere (Keenan,
Nelson, O’Connor, & Pascual-Leone, 2001). This hemispheric dis-
crepancy may depend in the type of information processed, so that
right hemisphere structures relate to visuospatial information
resulting in a body image, whereas the left hemisphere would be
more involved in the interoceptive-prorpioceptive body schema
processing (De Vignemont, 2010). This hypothesis requires to be
experimentally tested.

Our results reveal that the proprioceptive/somatosensory
dichotomy discovered in monkeys (Kaas, Nelson, Sur, Lin, & Merze-
nich, 1979; Prevosto, Graf, & Ugolini, 2011) is also present in the
anterior parietal cortex of the human brain. Thus, attention brings
into focus either bottom-up somatosensory sensations through the
activation of BA 1/2 during Touch-Stimulus, or proprioceptive infor-
mation through the activation of BA 3a/3b during Spontaneous-Sen-
sation. In humans, Brodmann 3a and 3b roughly correspond to the
posterior bank of the central sulcus and receive proprioceptive
information from muscle spindle receptors (Craig, 2006; Prevosto
et al., 2011). BA 2 receives inputs from BA 3 and BA 1 and consti-
tutes a third level of cortical processing of tactile and propriocep-
tive information (Martuzzi et al., 2012; Pons & Kaas, 2004) so
that, when tactile information is integrated with proprioceptive in-
puts in BA 2, tactile and proprioceptive information is combined in
a haptic process (Lederman & Klatzky, 2009). The present findings
support the idea that each one of the four areas constitutes a mod-
ule with different connections and cognitive functions.

In addition to the activations found in the primary somatosen-
sory cortex, our results show that when an individual actively at-
tends to the spontaneous sensations of either thumb in absence
of any external stimuli, other brain areas are activated. Thus, after
subtracting the attention mechanisms employed in both the Touch-
Stimulus Condition and Spontaneous-Sensation Condition, the left
superior parietal cortex, anterior cingulate gyrus, insula, motor
and premotor cortex, dorsolateral prefrontal cortex, Broca’s area,
and occipital cortices are activated. During the Spontaneous-Sensa-
tion Condition the left parietal cortex (Corradi-Dell’Acqua et al.,
2008; Corradi-Dell’Acqua et al., 2009; Felician et al., 2004; Longo
& Haggard, 2010; Longo et al., 2010; Shomstein, Kravitz, & Behr-
mann, 2012) probably participates in the spatial localization of
either thumb, while cingulate cortex activation (Bechara & Naqvi,
2004; Critchley, Wiens, Rotshtein, Ohman, & Dolan, 2004) in the
interoceptive task. The insular activation (Menon & Uddin, 2010)
may be associated with cognitive control (Craig, 2002; Simmons
& et al., 2012) and the interoceptive attention to salient spontane-
ous thumb sensations. The dorsolateral prefrontal cortex (BA9) and
Broca’s area (BA44) are active during the required working-mem-
ory tasks, directing attention to internal representations of sensory
stimuli (Curtis & D’Esposito, 2003; Kaas, Van Mier, Visser, & Goe-
bel, 2012; Paulesu, Frith, & Frackowiak, 1993), body-part semantics
(Braitenberg & Pulvermüller, 1992), and visuo-spatial body repre-
sentation (Hauk & Pulvermüller, 2011; van Elk & Blanke, 2011).
The activation found in the occipital cortex (Hagura, Hirose, Mat-
sumura, & Naito, 2012) could be part of the long-term representa-
tion of the body involving its pictorial appearance and
visualization. These matrix of activated brain areas during atten-
tion directed to focal spontaneous sensations is consistent with
the growing evidence of an ‘‘interoceptive neural network’’ (Her-
bert & Pollatos, 2012) underlying body representation (Blanke,
2012; Longo et al., 2010; Lou et al., 2004; Tsakiris, 2010).

Finally, a psychophysiological interaction (PPI) analysis (Fris-
ton et al., 1997; O’Reilly et al., 2012) to distinguish brain regions
that showed significantly stronger covariation with BA1/2 and
BA3a/3b during sustained and focused attention to Touch-Stimu-
lus showed increased connectivity of brain areas that have been
identified in previous studies during similar simple non-noxious
mechanical stimulation. Thus, the complexity of bottom-up stim-
ulus processing involving different cortical networks during tac-
tile attention is consistent with identified foci in parietal
somatosensory, posterior parietal, and superior frontal locations
(Burton & Sinclair, 2000; Lui et al., 2008; Porro, Lui, Facchin, Mai-
eron, & Baraldi, 2004). However, for BA 3a/3b, we discovered
stronger covariation with the fusiform gyrus (BA19), primary mo-
tor cortex (BA4) and left Broca’s area probably related to multi-
sensory experience integration since the fusiform gyrus
participates in uni- and multisensory visual/tactile integration
(James et al., 2002; Stevenson, Kim, & James, 2009) and object
encoding processes (Kassuba et al., 2011). Similarly, the motor
cortex has been found to display synchronous, context-dependent
network dynamics during sensory processing so that complex
stimuli representations may be achieved (Zagha, Casale, Sachdev,
McGinley, & McCormick, 2013). Additionally, it has been shown
that although there is predominantly cortical activation of spe-
cific motor or sensory cortices during either movement or touch,
there is coactivation of these highly-interconnected brain areas
(Trampel et al., 2011). Finally, Broca’s area has been implicated
during attention to sensory stimuli (Curtis & D’Esposito, 2003;
Kaas et al., 2012; Paulesu et al., 1993) probably related to
body-part semantics (Braitenberg & Pulvermüller, 1992), and vi-
suo-spatial body representation (Hauk & Pulvermüller, 2011;
Van Elk & Blanke, 2011) as previously discussed.

Conversely, PPI analysis for BA 3a/3b when attending to Sponta-
neous-Sensations in absence of external stimuli revealed increased
connectivity with the superior frontal gyrus (BA9) and the anterior
cingulate cortex (BA32). This further supports the notion that the
frontal cortex together with the anterior cingulate cortex play a
key role in top–down modulation to direct and focus attention to
the unforced sensations of a target body part. Such top-down
direction of attention is crucial for the enhancement of sub-thresh-
old bottom-up information, the subsequent primary somatosen-
sory cortex activation, and the heightened perceptivity. Thus, the
ability to voluntarily direct, concentrate and sustain attention
can bring into focus otherwise sub-threshold bottom-up informa-
tion of either somatosenory/external or proprioceptive/internal
nature. Tactile attention can therefore bias the processing of se-
lected stimuli relevant features.
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Attention towards particular somatic stimuli selectively en-
hances domain-specific cortical areas that probably are determi-
nant for their conscious representation (Farb, Segal, & Anderson,
2013; Jones et al., 2010; Kerr et al., 2011) by amplifying somato-
sensory cortex responses (Romo et al., 1999). A voluntarily-con-
trolled interoception by means of focused and sustained
attention may provide an empirical research tool to investigate
embodiment and self-awareness (Bekinschtein et al., 2009; Lutz
et al., 2004; Singer, 2012), to disentangle external stimuli from
interoceptive bodily sensations that are probably involved in their
processing (Farb et al., 2013b), and eventually aid in the under-
standing of somatosensory and body representation disorders.
5. Conclusions

The present report demonstrates that by directing and
sustaining attention to the spontaneous sensations of a body part
in absence of external stimuli, the corresponding primary somato-
sensory cortex is activated. This implies that sustained attention
enhances the tactile processing of otherwise sub-threshold and
pre-reflective bottom-up information arising at the focused
location. Consequently, since there is no ordinary external supra-
threshold bottom-up information needed to activate primary
somatosensory cortices; only by voluntarily attending to this quin-
tessential sub-threshold bottom-up somatosensory information
the primary somatosensory cortex is activated and the bottom-
up perceptivity enhanced. Furthermore, other parieto-frontal brain
structures involved in processing proprioceptive and interoceptive
bodily states may constitute an ‘‘interoceptive neural network’’
underlying body representations. Therefore, directing and sustain-
ing attention to a body part can be accomplished only if the target
can be selected from a suitable body representation. There are
probably several relatively independent mental representations
of the body, each generated from distinctive sensory information
and endowed with specific cognitive functions that impinge on
different kinds of interactions between the individual and the
environment. The human cognitive ability to direct attention
may serve as a mechanism to select, enhance, and bring to
consciousness a specific mental representation of the body (e.g.
body image or body schema) through the activation of the neural
substrates involved in its foundation.
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