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Abstract

In order to explore the neurobiological foundations of qualitative subjective experiences, the present study was designed to
correlate objective third-person brain fMRI measures with subjective first-person identification and scaling of local, subtle,
and specific somatosensory sensations, obtained directly after the imaging procedure. Thus, thirty-four volunteers were
instructed to focus and sustain their attention to either provoked or spontaneous sensations of each thumb during the fMRI
procedure. By means of a Likert scale applied immediately afterwards, the participants recalled and evaluated the intensity
of their attention and identified specific somatosensory sensations (e.g. pulsation, vibration, heat). Using the subject’s
subjective scores as covariates to model both attention intensity and general somatosensory experiences regressors, the
whole-brain random effect analyses revealed activations in the frontopolar prefrontal cortex (BA10), primary somatosensory
cortex (BA1), premotor cortex (BA 6), precuneus (BA 7), temporopolar cortex (BA 38), inferior parietal lobe (BA 39),
hippocampus, insula and amygdala. Furthermore, BA10 showed differential activity, with ventral BA10 correlating
exclusively with attention (r(32) = 0.54, p = 0.0013) and dorsal BA10 correlating exclusively with somatosensory sensation
(r(32) = 0.46, p = 0.007). All other reported brain areas showed significant positive correlations solely with subjective
somatosensory experiences reports. These results provide evidence that the frontopolar prefrontal cortex has dissociable
functions depending on specific cognitive demands; i.e. the dorsal portion of the frontopolar prefrontal cortex in
conjunction with primary somatosensory cortex, temporopolar cortex, inferior parietal lobe, hippocampus, insula and
amygdala are involved in the processing of spontaneous general subjective somatosensory experiences disclosed by
focused and sustained attention.

Citation: Bauer CCC, Barrios FA, Dı́az J-L (2014) Subjective Somatosensory Experiences Disclosed by Focused Attention: Cortical-Hippocampal-Insular and
Amygdala Contributions. PLoS ONE 9(8): e104721. doi:10.1371/journal.pone.0104721

Editor: Krish Sathian, Emory University, United States of America

Received March 19, 2014; Accepted July 15, 2014; Published August 28, 2014

Copyright: � 2014 Bauer et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that, for approved reasons, some access restrictions apply to the data underlying the findings. Data are available from
the Qualia Study, corresponding author FAB may be contacted at fbarrios@unam.mx to gain access to our institutional data server.

Funding: C. C. C. B. is a doctoral student from ‘‘Programa de Doctorado en Ciencias Biomédicas’’, Universidad Nacional Autónoma de México (UNAM) and
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Introduction

Before attempting to explain how and why neurophysiological

processes relate to consciousness traits, it seems necessary to find

consistent correlations between subjective phenomenological

features and brain activity patterns [1]. For example, it is now

possible to correlate introspective evaluations of sensory aspects of

subjective experience with imaged local brain activations [2]. Such

neurophenomenological program depends on the development of

dynamic approaches to cerebral activity in conjunction to

standardized and rigorous measurements of subjective experience

obtained from first-person reports [3,4]. A particular difficulty

concerning the subjective character of conscious experience is the

neural substrate of sensorial qualia features such as color, sound,

scent, taste, touch, pain, and the like [5]. It has been suggested that

the ventral prefrontal cortex is necessary, but not sufficient, for the

generation of subjective experiences [6–8] and that there may be

different areas involved depending on their specific character (e.g.

auditory, tactile, emotional) [9,10]. Other studies also report signal

increases in frontopolar prefrontal cortex during different self-

referential processing tasks [11–13] and the magnitude and time

course of its activation predicts whether information is consciously

perceived or slips away unnoticed [6].

Bilateral activations of temporopolar cortex were found during

object encoding, tactile perception and self-related processing [14–

16]. Furthermore, the phenomenal character of perceiving some

objects as different from others is associated with right tempor-

opolar activation [15].

The ability to voluntarily direct, concentrate, and sustain

attention can bring into focus and enhance bottom-up qualitative

processes of either a somatosenory/external or proprioceptive/

internal nature [17–21]. A form of insight meditation requiring

sustained awareness of subtle somatic sensations spontaneously

arising from different body parts increases parieto-occipital
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gamma activity, a marker for enhanced sensory awareness [22].

Tactile attention also biases the processing of selected stimuli

relevant features by amplifying somatosensory cortex responses

[23]. Attention towards particular somatic stimuli, in turn,

selectively enhances domain-specific cortical representations that

probably are determinant for their conscious perception [21,24].

Based on previous studies implicating several brain regions in

the generation of subjective experiences [6–8,14,15] and the

evidence that top-down attention control can be used to define

particular sensory targets [21,22,24], we hypothesized that

focusing attention on subtle pre-reflective somatosensory experi-

ences would activate frontopolar prefrontal and temporopolar

cortices, and, specifically, that the objectively measured brain

activity within these regions would correlate with subjective

sensory experience reports.

Materials and Methods

Subjects
All subjects gave written informed consent for the experimental

procedure, and the protocol follows the principles expressed in the

Declaration of Helsinki and was authorized by The Bioethics

Committee of the Neurobiology Institute (Comité de Bioética del

Instituto de Neurobiologı́a, Universidad Nacional Autónoma de

México). After standard exclusion criteria for functional magnetic

resonance imaging (fMRI) 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 [25,26]. All

subjects gave informed consent for the experimental procedure,

and the protocol had IRB approval.

Experimental design
Brain activation was examined during covert focused attention

directed towards either 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

stimulation aftereffect) and (b) Spontaneous-Sensation Condition in

absence of any external stimulation (Figure 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

moving 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 between focusing of attention towards the External-
Stimulus of either thumb (60 sec blue block in Figure 1) or

focusing of attention towards Spontaneous-Sensation of the same

body part in the absence of external stimuli (60 sec yellow block in

Figure 1). The length of the blocks was decided after a pilot study

where the response showed that the subjects started to feel clear

and distinct sensations ,20–40 sec after the instruction. Right and

left thumbs were run in separate procedures and the order of the

thumb was randomly counterbalanced (Left thumb first 52%). The

External-Stimulus block was further divided into a 30 sec Touch-
Stimulus Condition (shown as a dark-block in Figure 1) and a

30 sec Stimulation Aftereffect Condition (shown as a light-blue

block in Figure 1). External-Stimulus and Spontaneous-Sensation
conditions were separated by 30 sec resting intervals to ensure no

overlapping brain activity. Each run lasted 540 sec and consisted

of three epochs. One epoch was a 180 sec sequence of Rest,

Touch-Stimulus, Stimulation Aftereffect, Resting, and Spontane-
ous-Sensation. 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.

Immediately after the scanning procedure all subjects were

submitted to a Phenomenology Questionnaire to assess first-person

Subjective Sensations experienced during the Spontaneous-Sensation
Condition. The Phenomenology Questionnaire was designed to reflect

the participant’s subjective assessment of their experience through all

the blocks. It consisted of a qualitative free description of the

experienced sensations followed by a quantitative section where

attention strength and intensity of specific sensory qualia experienced

across all Spontaneous-Sensation blocks were assessed by means of a 1

to 5 Likert scale (see below and Table 1 in Results section for details).

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.

Imaging protocol
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 axial slices, acquired using a T2*-

weighted EPI sequence with TR/TE 3000/40 ms, a 64664 matrix

and 4-mm slice thickness, resulting in a 46464 mm3 isometric

voxel. High-resolution structural 3D-T1-weighted images were

acquired for anatomical localization (resolution of 16161 mm3,

TR = 2.3 sec, TE = 3 ms) covering the whole brain. The images

were acquired with an acceleration factor = 2.

Quantitative evaluation of the Phenomenology
Questionnaire

Attention strength towards each thumb was assessed with a Likert

scale ranging from weak attention (1) to strong attention (5). Subject’s

subjective sensations scores for attention strength were used as

covariates to model the attention regressor. A pilot study performed

where volunteers were instructed to focus their attention on either

thumb and generate an unrestricted phenomenological description

revealed that the most frequently used adjectives were: pulsation,

vibration, enlargement, heat, cold, shrinkage, itching, stinging, and

numbness. Thus, these were the adjectives used in the subjective

sensations Likert scale assessment ranging from no sensation (1) to

intense sensation (5). The mean subjective sensation for all these nine

somatosensory sensations was used as the covariate to model the

qualia regressor (see row �QQ in Table 1 in Results section for details).

Image processing and statistical analyses
Functional image datasets were processed and analyzed with FSL

4.1.5 (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) [27].

Preprocessing. 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 [28], spatial smoothing using a Gaussian kernel of

FWHM 6 mm, mean-based intensity normalization, and nonlin-

ear highpass temporal filtering. Extracted brains of all participants

were linearly registered into the brain-extracted MNI152template

using a linear spatial transformation function.

Neural Correlates of Subjective Experiences
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First-level fMRI analysis. 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 significance threshold criterion of Z.

2.3 with a cluster significance threshold of P,0.05 corrected for

multiple comparisons [29] and using the canonical hemodynamic

response function (HRF) convolved with a function longer in

duration to model the entire blocks and its time derivative as basic

functions. The model included the following regressors with their

corresponding HRF and their temporal derivatives: Touch-
Stimulus and Spontaneous-Sensation as well as stimulation-

aftereffect per thumb, with motion parameters controlled for in

the model. The Touch-Stimulus regressor was modeled to fit a

transient response curve in accord with previous somatosensory

habituation reports [30,31] where somatosensory cortex activation

peaked around 6 sec 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. The Spontaneous-Sensation regressor

was modeled to fit the last 30 sec of the block, as this would have

stronger correspondence to the subjective ratings (see Experimen-

tal design), and the first 30 sec were modeled as dummy condition

and discarded. Although all four conditions were considered in the

GLM, only the response obtained for the Spontaneous-Sensation
Condition of the last thumb of each participant was assessed and

correlated with the subject’s Subjective Sensation scores obtained

from the Phenomenology Questionnaire. The rationale is that,

although two functional runs were conducted (one for each

thumb), the Phenomenology Questionnaire was only conducted

once at the end of the session. Due to the recency effect, responses

to this Questionnaire are more applicable to the last thumb

stimulated, so only data acquired from the last functional run were

analyzed with the Questionnaire data.

Group-level Subjective-Sensation analysis. To identify

activations at the group-level related to attention strength and

subjective-sensation for somatosensory experiences, a subjective-

sensation analysis using FLAME (FMRIB’s Local Analysis of

Mixed Effects) was conducted using subject’s subjective sensations

scores as covariates to model both attention and somatosensory

experience regressors (see the Quantitative evaluation of the

phenomenology questionnaire and rows A and �QQ of Table 1). All

group Z statistical images were thresholded at Z.2.3 (p,0 .05) to

define contiguous voxel clusters. The FSL cluster correction for

multiple comparisons (Gaussian-random field theory based) was

set at p,0.05, whole brain correction (http://www.fmrib.ox.ac.

uk/fsl) [29]. Because we did not find any frontal activation at this

threshold as previously hypothesized (see Introduction), we

additionally performed an exploratory whole-brain group-level

analyses using an uncorrected p-value of p,0.001 with a

minimum cluster size threshold (k) of 15 voxels [32,33]. This

statistical threshold is in line with the recommendations for such

complex and subtle cognitive processes, as used in previous social

and affective neuroscience studies [33]. Subsequently, except

where indicated, and due to the documented importance of the

frontopolar prefrontal cortex in the integration of multiple

separate cognitive processes in the service of higher-order

behavioral goals like self referential processes (i.e. mentalizing)

and attention [11], we specifically explored this region using a

small-volume-correction through a region of interest (ROI)

approach. The frontopolar prefrontal ROIs were based on the

peak activation of this exploratory whole-brain group-level

analyses and the results reported in the meta-analysis in Gilbert

et all 2006 that specifically relate to left frontopolar cortex

activation either during attention [34–37] or during self referential

processes (i.e. metalizing) [11–13]. The ROIs were defined by

merging individually created ROIs of 5 voxel (10 mm) diameter

spheres (,131 mm3) around each of the documented peak

coordinates and our own results in order to obtain oblong ROI

volumes for a) Attention of k = 725 voxels (1450 mm3) and

b) Subjective Sensation of k = 500 voxels (1000 mm3) covering the

left frontopolar prefrontal cortex associated with these processes

(ROIs were constructed in the 2 mm MNI-152 template). The

statistical significance for the ROI analysis were corrected for

multiple comparisons using the false discovery rate (FDR)

correction as implemented in FSL [38]. The FDR procedure

ensures that on average no more than 5% of activated voxels for

each contrast are expected to be false positives. The resulting peak

voxel activation for either regressor was used to calculate the

percent changes of BOLD signal in each subject using Featquery

(part of FSL 4.1.5). These signal changes were then correlated with

the subject’s individual specific subjective attention strength or

mean somoatosensory qualia scores of the Lickert scale using

Spearman’s rank correlation coefficient (see rows A and �QQ of

Table 1). Results were projected onto the surface representation of

the MNI-152 template with the Freesurfer suite (http://surfer.

nmr.mgh.harvard.edu/) [39] for visualization purposes.

Results

Qualitative evaluation of the phenomenology
questionnaire

Subject’s answers for the Phenomenology Questionnaire during

the Spontaneous-Sensation Condition are shown in Table 1. All

Figure 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 grey) was required during every condition. No attention task was required during
resting periods between conditions (gaps).
doi:10.1371/journal.pone.0104721.g001
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subjects experienced and spontaneously expressed their subjective

sensations.

Spontaneous-Sensation analysis
Sixty-eight runs (34 right thumb and 34 left thumb) from 34

subjects were included in the analysis. Figure 2 shows that,

compared with the resting task-free condition (neither external

touch-stimuli nor spontaneous sensations), focusing of attention to

Spontaneous-Sensation showed a group activation where the peak

MNI coordinates for the right thumb (Figure 2B) were found in

the left primary somatosensory cortex (BA 3b: X = 258 mm,

Y = 6 mm, Z = 14 mm), bilateral secondary somatosensory corti-

ces (SII: 34, 2, 20 and 242, 22, 12), left premotor cortex (BA 6:

22, 6, 52), left parietal lobe (PL: 226, 248, 26), left Broca’s area

(BA 44: 248, 4, 22), anterior cingulate cortex (BA 32: 218, 14,

28) and right insula (BA 13: 38, 10, 2). Focusing attention on

Spontaneous-Sensation of the left thumb (Figure 2A), showed

activations in the left primary somatosensory cortex (BA 3a: 246,

4, 16), left premotor cortex (BA 6: 256, 10, 42), and left Broca’s

area (BA 44: 250, 6, 8). Coordinates of peak activation, cluster

size and z-values for this and all subsequent contrasts are shown in

Table 2.

The activations found during the Touch-Stimulus Condition and

their relation to the activations during the Spontaneous-Sensation
Condition are detailed in a separate communication [21]. It is

relevant to mention here that the contralateral activation of the

somatosensory cortex (BA 3a/b corresponding to the hand area)

obtained during the Touch-Stimulus Condition was also observed

during the Spontaneous-Sensation Condition. Additionally, a left

parieto-frontal activation was detected in the first-level analysis in

the right-handed subjects during the Spontaneous-Sensation
Condition. This prompted us to include a sample of 14 left-

handed individuals for a statistically suitable comparison, but no

differences between right and left-handed subjects were found

after analyzing right and left thumbs separately and between

groups for details please refer to [21]. Thus, we considered both

hand-dominance groups as statistically similar and the left parieto-

frontal activation as a result of top-down attentional mechanisms

for a discussion on this please see [21].

Subjective-Sensation analysis
Attention. left frontopolar prefrontal cortex (ventral portion)

(BA 10: 24, 66, 24; Z = 3.78, p,0.05, small-volume-FDR-

corrected; red cluster in Figure 3A) was active for attention as

covariate and the percentage BOLD signal change correlated

positively with the subjects’ subjective attention strength reports

(r(32) = 0.54, p = 0.0013, Figure 3B.1) but not for subjects’

subjective somatosensory experience reports (r(32) = 20.1,

p = 0.563, Figure 3B.4).

Subjective Somatosensory Experiences. Activity in several

regions covaried with subjective somatosensory experiences

(Figure 3A, green clusters, all clusters corrected p,0.05). These

regions include the left frontopolar prefrontal cortex (dorsal

portion) (BA10: 220, 72, 8), right primary somatosensory cortex

(BA 2: 28, 242), right premotor cortex (BA 6: 50, 0, 28), right

precuneus (BA 7: 8, 264, 52), left temporopolar cortex (BA 38:

232, 2, 218), right inferior parietal lobe (BA 39: 46, 270, 32),

right hippocampus (30, 226, 214), right insula (38, 28, 4), and

right amygdala (26, 28, 218). Additionally, the percentage

BOLD signal change correlated positively with the subjects’

subjective somatosensory experience reports (i.e. BA10:

r(32) = 0.46, p = 0.007, Figure 3B.2; BA 2: r(32) = 0.36,

p = 0.039, Figure 3B.5; BA 6: r(32) = 0.38, p = 0.029, Figure 3B.6;

Precuneus: r(32) = 0.37, p = 0.034, Figure 3B.7; BA 38:
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Figure 2. Spontaneous-Sensation analysis: Overall activations associated with focusing of attention during the different phases of
the experimental paradigm. A) Focusing attention on Spontaneous-Sensation of the left thumb. B) Focusing of attention on Spontaneous-
Sensation of the right thumb. All statistical maps had a significance threshold of Z.2.3, with a cluster significance threshold of p,0.05 (corrected for
multiple comparisons). Images are presented in radiological convention and mapped to the MNI-152 template.
doi:10.1371/journal.pone.0104721.g002

Table 2. Peak voxel activation for all experiments.

Contrast Anatomical Location MNI Peak coordinates (mm) x, y, z Z-score

Spontaneous-Sensation

Right Thumb

SS.resta Ba3b L, SI L 258, 6, 14 3.23

SII R 34, 2, 20 3.29

SII L 242, 22, 12 5.24

Ba6 L, PMC 22, 6, 52 3.82

PL L 226, 248, 26 5.28

Ba44 L, Broca 248, 4, 22 3.81

Ba32, ACC 218, 14, 28 4.62

Ba13 R, Insula 38, 10, 2 5.16

Left Thumb

SS . resta Ba3b L, SI L 246, 4, 16 3.39

Ba6 L, PMC 256, 10, 42 4.10

Ba44 L, Broca 250, 6, 8 3.38

Subjective-Sensations

Attentionb Ba 10 L, fpPFCb 24, 66, 24 3.78

Subjective Somatosensory experiencesa,b

Ba 10 L, fpPFCb 220, 72, 8 3.16

Ba 2 R, SIa 28, 242, 62 2,83

Ba 6 R, PMC 50, 0, 28 3.47

Ba 7, R, Precun 8, 264, 52 3.39

Ba 38 L, TPCa 232, 2, 218 3.49

BA39 R, IPLa 46, 270, 32 3.93

Hippo Ra 30, 226, 214 3.94

Insula Ra 38, 28, 4 3.73

Amygdala Ra 26, 28, 218 4.98

Peak activations for Spontaneous- and Subjective-sensations analysis conditions. SS: Spontaneous-Sensation, R: right, L: left, Ba: Brodmann area, ACC: anterior cingulate
cortex, SI: primary somatosensory cortex, SII: secondary somatosensory, fpPFC: frontopolar prefrontal cortex, MFG: medial frontal gyrus, SFG: superior frontal gyrus,
Hippo: hippocampus, TPC: temporopolar cortex, Precun: precuneus, IPL:inferior parietal lobe.
a = cluster corrected with threshold z.2.3, p,0.05;
b = small-volume-correction using False Discovery Rate (FDR) with a p,0.05 as implemented in FSL [38].
doi:10.1371/journal.pone.0104721.t002
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r(32) = 0.33, p = 0.57, r= 0.4, p = 0.21, Figure 3B.8; BA 39:

r(32) = 0.4, p = 0.02, Figure 3B.9; Hippocampus: r(32) = 0.51,

p = 0.002, Figure 3B.10; Insula: r(32) = 0.38, p = 0.028, Fig-

ure 3B.11; Amygdala: r(32) = 0.36, p = 0.039, Figure 3B.12).

Additionally, ventral BA 10 (220, 72, 8) did not correlate with

subjects’ subjective attention strength reports (r = 20.07,

p = 0.719, Figure 3B.3). To check for outliers we ran a non-

parametric correlation test for all the brain areas, i.e. Spearman’s

rank-order correlation, which only showed a significant change for

BA 38 (see above and Figure 3B.8).

Discussion

After verifying in 34 healthy volunteers that sustained attention

directed to the spontaneous sensations of either thumb in the

absence of any external stimuli effectively activates brain

somatosensory areas, the present results show that corresponding

subjective somatosensory experiences correlate with left dorsal

frontopolar prefrontal cortex, right primary somatosensory cortex,

left temporopolar cortex, right inferior parietal lobe, right

hippocampus, right insula and right amygdala activations.

Therefore, the main hypothesis of this work was largely

corroborated with the additional finding that the left frontopolar

prefrontal cortex (BA 10) and the temporopolar cortex (BA 38), in

conjunction with primary somatosensory (BA 2), cortex, premotor

cortex (BA 6), precuneus (BA 7), inferior parietal lobe (BA 39),

hippocampus, insula and amygdala are involved in general

spontaneous subjective somatosensory experiences.

The results show that the frontopolar prefrontal cortex has

functional subdivisions, updating previous theories [11]. In

particular, we show that the dorsal part of the frontopolar

prefrontal cortex is involved during subjective sensory experiences

known as qualia [6–8] and that it is coupled with other brain areas

during this process. Hence, contributing to narrow down the

individual brain structures involved [9,10,40]. In particular, our

results agree with Feinstein et al. [6] in terms that the magnitude

and time course of activation within the frontopolar prefrontal

cortex, medial prefrontal cortex, and the anterior cingulate predict

whether information is consciously perceived or slips away

unnoticed. Other studies also report signal increases in frontopolar

prefrontal cortex during different self-referential processing tasks

[11–13]. It has also been shown that synchronic frontal gamma

patterns (around 40 Hz) emerge with the recognition of a 3D

object from an auto-stereogram and this pattern occurred only

when subjects were readily expecting the arrival of the concealed

visual object (26).

We also found that the left temporopolar cortex (BA38),

together with the frontopolar cortex, becomes active during both

attention mechanisms and subjective experience. Since the

temporopolar cortex is a convergence zone where information

from sensory, association, and limbic systems is integrated [41,42];

this activation may relate to the awareness and conscious

processing of the affective component of somatosensory experi-

ences. In agreement with this interpretation, Ramsøy et al. [14]

found that object encoding evokes bilateral activations of

temporopolar, perirhinal, parahippocampal cortices, hippocampus

and amygdala, while D’Argembeau et al. [43] found that the

temporopolar cortex along with dorsomedial prefrontal cortex, left

anterior middle temporal gyrus, and right cerebellum is implicated

in reflective tasks pertaining to self, another person, and social

issues.

Besides frontopolar and temporopolar activation, in the present

study other areas appeared to be involved in the retrieval and

processing of somatosensory experiences, i.e., primary somatosen-

sory cortex, premotor cortex, precuneus, inferior parietal lobe,

hippocampus, insula and amygdala. The combined activity of

these areas probably supports conscious perceptual and phenom-

enological awareness [44,45]. Consequently, pimary somatosen-

sory cortex activation suggests its causal involvement due to the

nature of the attended somatosensory experiences [21,45]. Parietal

and premotor cortices have been implicated in multisensory

integration, embodiment, localization and self-attribution of body

parts [46–49] and insula activation has been implicated in the

integration of interoceptive and exteroceptive signals to construct

the mental self [49,50] and amygdala activation has been found

coupled to frontal brain regions when subjects involve in self-

related processing [43] and is probably a key node involved in self-

referential emotion processing [51–53]. Finally, autobiographical

memory and past experiences relate to consciousness of one self,

which requires hippocampal processing [54–57]. Even though the

instructions in our study focus on actual somatosensory experi-

ences, the activations detected in these brain areas suggests an

underlying neurocognitive requirement of body-ownership and

self-consciousness. Finally, the noteworthy finding that primary

somatosensory cortex is activated in the absence of external

stimulation by the focusing of attention on spontaneous sensory

qualia verifies that selective attention controlled by top-down

cognitive processes enhance bottom-up qualitative processes of

somatosensory/external and proprioceptive/internal nature that

normally do not elicit primary somatosensory cortex activity in

absence of stimuli [17–20]. This spontaneously-elicited somato-

sensory activity is accompanied by phenomenological somatosen-

sory qualitative experiences or qualia, some of the most

characteristic and enigmatic subjective phenomena [58], but

suitable to be correlated with objective measures of brain activity

[59].

Within a broader perspective, the study of sensory qualia
intending to match third-person fMRI brain imaging with

standardized first-person somatosensory reports constitutes a

particular neurophenomenological endeavor to study the neural

Figure 3. Subjective-Sensation analysis: Significant activations and correlations for the covariates from the Phenomenology
Questionnaire. A) Attention as a covariate revealed left ventral frontopolar prefrontal cortex (BA10 in red); Subjective somatosensory experience mean
as a covariate revealed (in green) left dorsal frontopolar prefrontal cortex (BA10 in green), right primary somatosensory cortex (BA2), right premotor
cortex (BA 6), precuneus (BA 7), left temporopolar cortex (BA 38), right inferior parietal lober (BA 39), right hippocampus, right insula and right
amygdala, and. B) Spearman’s rank correlations of subjective sensation scores with % BOLD signal change of peak voxels for 1) Subjective Attention
score vs. ventral BA10 L, 2) Subjective Somatosensory Experiences vs. ventral BA 10 L, 3) Subjective Attention score vs. dorsal BA10 L, 4) Subjective
Somatosensory Experiences vs. dorsal BA 10 L, 5) Subjective Somatosensory Experiences vs. BA 2 R, 6) Subjective Somatosensory Experiences vs. BA 6
L, 7) Subjective Somatosensory Experiences vs.BA 7 R, 8) 6) Subjective Somatosensory Experiences vs. BA 38 L, 9) Subjective Somatosensory
Experiences vs. BA 39 R, 10) Subjective Somatosensory Experiences vs. Hippocampus R, 11) Subjective Somatosensory Experiences vs. Insula R, 12)
Subjective Somatosensory Experiences vs. Amygdala R. Coordinates shown are X, Y, Z in mm for the MNI152 template. Activations have a significance
threshold of Z.2.3, with a cluster significance threshold of p,0.05 (corrected for multiple comparisons) except for *BA10 = small-volume-FDR-
correction with p,0.05. All correlations were assessed with the Pearson product-moment correlation and assessed for outliers using Spearman’s
rank-order correlation. Dashed lines indicate 95% confidence intervals.
doi:10.1371/journal.pone.0104721.g003
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correlates of qualitative subjective experience. In the light of the

present results, the precise mechanism for the production or

correspondence of subjective sensory experiences in the detected

neural networks remains a challenging, but perhaps a more

delimited research question.
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