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Abstract: The nose is important not only for breathing, filtering air, and perceiving olfactory stimuli.
Although the face and hands have been mapped, the representation of the internal and external sur-
face of the nose on the primary somatosensory cortex (SI) is still poorly understood. To fill this gap
functional magnetic resonance imaging (fMRI) was used to localize the nose and the nasal mucosa in
the Brodman areas (BAs) 3b, 1, and 2 of the human postcentral gyrus (PG). Tactile stimulation during
fMRI was applied via a customized pneumatically driven device to six stimulation sites: the alar wing
of the nose, the lateral nasal mucosa, and the hand (serving as a reference area) on the left and right
side of the body. Individual representations could be discriminated for the left and right hand, for the
left nasal mucosa and left alar wing of the nose in BA 3b and BA 1 by comparing mean activation
maxima and Euclidean distances. Right-sided nasal conditions and conditions in BA 2 could further be
separated by different Euclidean distances. Regarding the alar wing of the nose, the results concurred
with the classic sensory homunculus proposed by Penfield and colleagues. The nasal mucosa was not
only determined an individual and bilateral representation, its position on the somatosensory cortex is
also situated closer to the caudal end of the PG compared to that of the alar wing of the nose and the
hand. As SI is commonly activated during the perception of odors, these findings underscore the
importance of the knowledge of the representation of the nasal mucosa on the primary somatosensory
cortex, especially for interpretation of results of functional imaging studies about the sense of smell.
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INTRODUCTION

The clarification of somatotopy in the primary somato-
sensory cortex (SI) of humans has passed distinct mile-
stones since the turn of the 20th century. After Brodman
(1909) created different maps for the cerebral cortex of
humans, monkeys and other species and divided the
human cortex into 52 cytoarchitectonic areas, Penfield and
Boldrey (1937) and Penfield and Rasmussen (1950) pio-
neered neuroanatomical research by providing evidence
for a somatotopic representation of the human body in SI.
Designing a somatosensory map of the human body in SI,
they called this map “somatosensory homunculus.” Using
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electrical stimulation during neurosurgery of patients, Pen-
field and colleagues further discovered that the feet, the
hands, and the oral area—parts of the body that are con-
sidered of high somatosensory impact—are represented in
much larger areas of SI than other body parts. Moreover,
Kolb and Wishaw (2003) revealed that the more important
somatosensory information from a certain part of the body
to a species is, the larger the area it occupies on the soma-
tosensory cortex and the larger the density of receptors in
those peripheral body parts is. All of the former and more
recent studies shared a common goal: to establish an ana-
tomical organization for the yet not entirely mapped struc-
ture of the human brain in particular, for the primary
somatosensory cortex.

Somatosensory information of tactile stimulation of the
human face is processed by the trigeminal nerve media-
ting information to its somatotopically organized nuclear
complex in the medulla oblongata. From here, second-
order neurons project to the contralateral thalamus
through two major peripheral pathways: the dorsal col-
umn system that relays impulses for touch perception and
proprioception as well as the anterolateral system that con-
veys nociception and temperature perception. Purely tac-
tile stimulation of the skin is supposed to be transmitted
through the dorsal column system. Information from both
systems is further mediated through the contralateral ven-
trobasal thalamus to SI in the postcentral gyrus (PG) of the
contralateral hemisphere and other cortical areas such as
the secondary somatosensory cortex (SII). Evidence for an
involvement of ipsilateral activation of SI and SII after tac-
tile stimulation has recently been provided (Eickhoff et al.,
2008; Kopietz et al., 2009).

SI is anatomically located on the PG and is subdivided
into Brodman areas (BAs) 3b/a, 1, and 2, whereas BAs
3b/a are located on the rostral part of the PG, BA 1, and
BA 2 are found on the top and caudal part, respectively.
Brodman area 3a receives deep muscle sensory input,
while BA 3b identifies slow neural conduction of the skin,
BA 1 detects fast neural conduction of the skin. In addi-
tion, BA 2 represents activation of joints and pressure
perception. Penfield and colleagues based their somatosen-
sory homunculus on the entire PG. However, there is
proof that each Brodman area in humans consists of its
own homunculus (Kolb and Wishaw, 2003). Therefore,
recent studies about somatosensory representation
focussed on the subdivions of the PG (Eickhoff et al., 2008;
Nelson and Chen, 2008; Martuzzi et al., 2014). Nguyen
et al. (2005) further demonstrated a somatotopic organiza-
tion of SII including three distinct areas in the parietal
operculum: the parietal ventral area, a more posterior
area 2, and the ventral somatosensory area (parts of BAs
40 and 43; Iwamura, 1998; Kolb and Wishaw, 2003).

While the representation of the face (Lin et al., 2010)
and hands (Martuzzi et al., 2014) on the primary somato-
sensory cortex have already been described, the extent and
nature of the mapping of the internal and external surface
of the nose remain poorly understood. Somatosensory

stimulation of the nasal mucosa is recorded by nasal
branches of the ophthalmical (V1) and maxillary part (V2)
of the trigeminal nerve in the whole nasal cavity. The orig-
inal map drawn by Penfield and Boldrey (1937) indicates
that the nose is represented in a very small area based on
its macroanatomical relation between forehead and chin.
To our knowledge, although Penfield and colleagues tried
to locate the outside of the nose, they never mapped the
nasal mucosa. Since those early studies, the position of the
nose and the nasal mucosa on the primary somatosensory
cortex of humans has not been verified using functional
magnetic resonance imaging (fMRI).

Because of the functional and evolutionary relation of
the nasal mucosa to the pharynx, it has since been
hypothesized that the nasal mucosa is represented closer
to the pharynx than to the outside of the nose (Morris,
1988). By assuming the tongue and the pharynx are ana-
tomically localized at the caudal end of the PG (Soros
et al., 2008), the location of the nasal mucosa would be
expected in this region as well. Although findings of a pre-
vious study support the idea of an individual representa-
tion of the nasal mucosa in the homunculus (May, 2011),
the study was hampered by various limitations: First,
despite separate homunculi, the analysis was carried out
only for the entire PG. Second, the subjects had to stimu-
late their nose manually with a TeflonVR tubing nosepiece
placed inside or outside their nose. This probably led to
concomitant activation of the primary somatosensory cor-
tex due to hand movements, activation of the motor cortex
as well as activation of diverse other areas.

Thus, the current study aims to investigate the represen-
tation of the nose, in particular of the nasal mucosa, in the
different BAs of the primary somatosensory cortex by
using fMRI. To address the limitations of the aforemen-
tioned study, the current investigation utilizes a custom-
ized pneumatically driven device and uses the hand as
reference area to ensure that only areas corresponding to
the tactile stimulation of the nose and the nasal mucosa
are evoked.

MATERIALS AND METHODS

Participants

The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Ethics Committee
at the University Hospital Aachen. Twenty-three healthy
human subjects with neither history of neurological disor-
ders nor of illnesses related to the respiratory tract gave
their written informed consent. Seven subjects thereof
were excluded from the study because of agoraphobia,
extrinsic metallic parts in their body, anatomical brain var-
iances, extensive head movement, and technical problems.
This resulted in a final inclusion of sixteen subjects [10
females and 6 males, age range: 22–26 years, M 5 23.69
years, standard deviation (SD) 5 1.30 years]. As the later-
alization of somatosensory processing is dominant in the
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left cortical hemisphere, representing the right side of the
body (Lin et al., 2010), self-reported right-handedness of
the subjects was confirmed with the help of the laterality
coefficient (M 5 99.52, SD 5 2.18, range 90–100; Oldfield,
1971).

Stimulation Device

A pneumatically driven device for tactile stimulation
was customized in cooperation with the Interdisciplinary
Center for Clinical Research (IZKF) Aachen and the E.ON
Energy Research Center of RWTH Aachen University. The
device consisted of six lines of 8 m-long TeflonVR tubing
leading through the waveguide of the MRI scanner. The
six lines of tubing were divided into three pairs of two
lines each. Each pair of tubing was connected to the two
ends of a double acting, full-plastic, pneumatic-cylinder
(Type 1108; PSK Ingenieursgesellschaft mbH, Erfurt, Ger-
many). A pressure pump (Rietschle/Thomas, Sheboygan,
Wisconsin) generated compressed air (approximate pres-
sure of 5 bar), which extended and retracted the plastic
piston rod of the cylinder. A gear rack was attached to the
piston rod moving a gear wheel in order to translate the
longitudinal movement of the piston rod into a rotation of
one of the three plastic sticks. The end of each stick was
covered with a TeflonVR nosepiece (outer diameter 5

25 mm, length 5 2 cm; see Fig. 1). A rotation frequency of
1.67 Hz was chosen to potentially activate Merkel cell
mechanoreceptors in the epidermis of the skin (Klinke and
Silbernagel, 2003) leading to 35 turns in each stimulation
block. For times of rest, a pressure control valve was inter-
posed in the TeflonVR tubing system to minimize airflow
accumulation. The PC program terminal 1.9b bray (version
1.9b 20040204) was employed to synchronize the trigger
signal of the MRI scanner with tactile stimulation and to
control one of the three possible stimulation sites. Thus,
the MRI trigger signal initiated a sequence of electrical
impulses sent to a microcontroller (ATmega 16; Atmel,
San Jose, CA), which itself led the stimulation impulses to
a valve island (B€urkert 8640; Ingelfingen, Germany). The
valve island represented the cutting point between the
electrical impact and the air pressure for the tubes.

A plastic frame was mounted onto the scanner table to
fixate the stimulus device while still enabling individual
adjustment of the position of the Teflon pieces by a lateral
movement mechanism. Additionally, the plastic sticks
were covered with flexible tubes allowing for an adjust-
ment of the nosepieces to the subjects’ individual anatomy
in a second way. The device was tested in 10 pilot subjects
and confirmed as MRI-safe for tactile stimulation. No
interferences during data acquisition could be detected.

Functional Magnetic Resonance Imaging

Participants were placed in a supine position and asked
to keep their eyes closed so as to avoid any movement.

Two sessions of the experiment were carried out during
one experimental run. During Session A, the right alar
wing of the nose (NOR), the left lateral wall of the nasal
mucosa (NIL), as well as the left middle and index finger
on the distal interphalangeal joint (HL) were stimulated.
During Session B, the opposite side of each area was
stimulated (NOL, NIR, and HR). A block design was cho-
sen and the order of Sessions A and B was counterbal-
anced across subjects. Because of technical problems, 2 of
the 23 subjects had to be rescanned for one session, but
were still included in the cohort of sixteen subjects whose
data was considered for data analysis. Since the localiza-
tion of the fingers on the homunculus had already been
revealed, this area was used as a reference for later analy-
ses (Nelson and Chen, 2008; Martuzzi et al., 2014).

Each session consisted of 27 cycles of a 21s-stimulation
block followed by a 21s-baseline block. The order of cycles
was pseudorandomized. Stimulation blocks for each side
were repeated nine times during one session. Due to the

Figure 1.

(A) Scheme of the pneumatically driven device. The Teflon
VR

tub-

ing forwards the air pressure to the cylinder that moves back

and forth. The gear wheel translates the longitudinal movement

into a rotation of the Teflon
VR

pieces that are applied to the

stimulation sites (HL/HR, NOL/NOR, and NIL/NIR). (B) Posi-

tioning of the machine in the MRI scanner. The three Teflon
VR

pieces are adjusted to the stimulation sites. The arch displays

the device mounting of the machine onto the scanner table. HL/

HR: hand left/right, NOL/NOR: nose outside left/right, and NIL/

NIR: nose inside left/right.
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large inter-individual variance of tactile perception thresh-
old values and to control for habituation effects, partici-
pants rated the intensity of the stimulation for each
stimulation site on a scale from 1 (not perceivable) to 10
(strong intensity) for the beginning and the end of each
stimulation session (Park et al., 2001). In cases where sub-
jects provided a rating of 10, they were separately asked
whether or not they rated the stimulation as painful.

Images were acquired on a 3.0-T Trio TIM system (Sie-
mens, Erlangen, Germany) using a 12-channel head matrix
coil (Siemens) and gradient echo planar imaging (EPI),
T2*-weighted sequence [47 slices of 2.5 mm thickness
ensuring whole brain coverage, matrix size 5 64 3 64
with field of view (FOV) 5 240 mm 3 240 mm, repetition
time (TR) 5 2,500 ms, time to echo (TE) 5 22 ms, voxel
size 5 3.8 mm 3 3.8 mm, flip angle 5 70�, no parallel
imaging]. Slices were oriented along the ACPC line based
on a sagittal localizer image. A total of 465 functional
scans per session was acquired. Each session lasted a total
of 19.37 min and was followed by a gradient-echo
sequence (adjusted volume of EPI sequence, TE 1 5 4.5
ms, TE 2 5 6.96 ms) to adjust for geometric distortion dur-
ing analysis of the functional data. A Magnetization Pre-
pared Rapid Gradient Echo (MPRage) structural scan [slice
thickness 5 1 mm, FOV 5 250 mm 3 250 mm, inversion
time (TI) 5 900 ms, TR 5 1,900 ms, TE 5 2.52 ms, voxel
size 5 1 mm 3 1 mm, flip angle 5 9�, no parallel imaging]
was also acquired.

Statistical Analyses of the Behavioral Data

The perceptual ratings of the tactile stimulation were
analyzed with a repeated-measures analysis of variance
(ANOVA) in SPSS 20.0 (SPSS, Chicago, IL) with the
within-subject factors “time” and “stimulation site.”
Mauchly’s test for interaction was used to test the assump-
tion of sphericity. If being violated, degrees of freedom
were corrected using the Greenhouse–Geisser method. P-
values below 0.05 were considered significant. An individ-
ual subject’s perceptual ratings of the intensity ratings for
the beginning and the end of each stimulation session
were averaged and used as covariates during the analysis
of the fMRI data.

fMRI Analyses

The fMRI data was analyzed using statistical parametric
mapping software (SPM8; Wellcome Trust Centre for Neu-
roimaging, University College London, UK; Friston et al.,
1994). First, the anatomical landmark of the anterior com-
missure on the anatomical image was used to reorient the
anatomical image and all functional images with regard to
zero within the Montreal Neurological Institute (MNI)
space. For correcting geometric distortions, the gradient-
echo field data was submitted to the Fieldmap toolbox
implemented in SPM8, to create voxel displacement maps

(VDMs; Jezzard, 2012). The VDMs were further applied to
the functional scans which were then unwarped and
motion-corrected by realigning each scan to the first scan
of each series (Friston et al., 1995). Afterward, the individ-
ual anatomical scan of each subject was co-registered to
the respective functional scans. By using the Bayesian rule,
the probability of each voxel of the anatomical image vol-
ume belonging to a certain tissue type was assessed dur-
ing segmentation (Ashburner and Friston, 2000). For one
subject, the bias-corrected anatomical pattern of the first
segmentation step was used as a template for another seg-
mentation process as technical problems during the first
segmentation step had occurred. All functional scans were
then spatially normalized onto the standard brain template
of the MNI resulting in 3 mm 3 3 mm 3 3 mm voxels for
the functional image volumes and 1 mm 3 1 mm 3 1 mm
voxels for the anatomical image volume (Friston et al.,
1995). Preprocessing was completed by using an isotropic
Gaussian kernel of 8-mm full width at half maximum for
smoothing and thereby reducing the low frequency signal
fluctuations in order to improve the signal-to-noise ratio.

For single-subject analysis, a block design was modeled
using a boxcar function convolved with a canonical hemo-
dynamic response function (hrf) in the context of the gen-
eral linear model (Friston et al., 1995) with regressors
corresponding to the onset times of the stimulation blocks
during each of the six conditions. The six realignment
parameters as well as the calculated mean intensity ratings
of the stimulation were included as covariates of no inter-
est. Statistical parametric maps were generated to contrast
each of the conditions against baseline.

For group-level inference, a mixed-effects GLM was
implemented with the factor “subjects” as random-effects
factor and the factor “stimulation site” as fixed-effects fac-
tor. A main effect was set to analyze brain activation dur-
ing the different stimulation conditions. Implicit
anatomical regions of interest (ROIs) masks for BAs 3b, 1,
and 2 of both hemispheres were defined with the help of
guidelines for somatotopic mapping proposed by other
cytoarchitectonic studies (Geyer et al., 1999, 2000; Grefkes
et al., 2001) as implemented in the Anatomy toolbox for
SPM (Eickhoff et al., 2005, 2007). In the Anatomy toolbox,
the activation map of each condition as a result of the
group-level analysis was masked with the defined ROIs (P
< 0.05 FWE-corrected). For BA 2, the NOL and NIL condi-
tions showed no activation by using the FWE-correction.
Thus, an uncorrected P value of <0.01 was considered.
Within those ROIs, six search coordinates for each BA
were extracted for the contralateral site and two search
coordinates for NIL and NIR for the ipsilateral site by
choosing the center of mass (CoM) of the activation clus-
ters with the highest number of voxels. Furthermore, the
data was evaluated with respect to the individual first-
level analyses. Therefore, a sphere of 5 mm was created
around the eight search coordinates for each ROI and was
combined with the anatomical ROIs for the BAs 3b, 1, and
2 using Marsbar in SPM (MRC Cognition and Brain
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Sciences Unit, Cambridge, UK; Brett et al., 2002) as has
been accomplished in other studies (Beisteiner et al., 2001;
Eickhoff et al., 2008; H�etu et al., 2011; Ma et al., 2010;
Nadel et al., 2013; Yoncheva et al., 2010). This was done to
ensure that the sphere was only localized in a particular
BA. For each subject, the new ROIs were applied to the
statistical parametric maps for each stimulation site at a
threshold of P < 0.05 (uncorrected for whole-brain com-
parison) using the Anatomy toolbox. Only coordinates
with the highest correlated activation maximum and high-
est probability for the subregion were selected to account
for statistical analysis. In addition to local activation max-
ima, cluster volumes of the activation maxima of the dif-
ferent conditions were extracted.

Statistical analysis encompassed two approaches to assess
somatotopy in SI. First, the individual contralateral activa-
tion maxima were entered for the left or right BAs in indi-
vidual repeated-measures ANOVAs in SPSS 20.0 with the
two within-subject factors “stimulation site” (H, NO, and
NI) and “coordinates” (x, y, and z). Second, the Euclidean
distances in three-dimensional space were calculated
between each of the conditions of one hemisphere. Distribu-
tion of the data was tested using Shapiro-Wilk tests. Signifi-
cant differences in localizations and distances were then
tested using the t-test for paired-samples for parametric
data or the Wilcoxon signed-rank test for nonparametric
data. P values were considered significant at P < 0.05.

Afterward, activation maxima were tested for differences
in BAs 3b, 1, and 2. Therefore, repeated-measures ANOVAs
with the two within-subjects factors “coordinates” and
“BA” were calculated. Cluster volumes were entered into
repeated-measures ANOVAs with the within-subjects fac-
tors “hemisphere” (right or left) or “BA” to test for cluster
volume differences between the right- and left-sided condi-
tions or between the different BAs. Another repeated-
measure ANOVA was calculated with the two within-
subjects factors “hemisphere” (ipsi- or contralateral) and
“BA” to test for significances between ipsi- and contralateral
activation maxima. t-Tests for parametric and Wilcoxon
signed-rank tests for nonparametric data were subsequently
computed. Again, P values were considered significant at
P < 0.05.

Furthermore, a Matlab function that accessed Marsbar
(MRC Cognition and Brain Sciences Unit, Cambridge, UK;
Brett et al., 2002) was implemented to calculate the change
in the BOLD signal in each of the 5-mm ROIs for the time of
the stimulation. A rationale for this calculation is to compare
BOLD signals between the different stimulation conditions
and to proof that there had been no habituation to the stimu-
lation. The BOLD response was averaged across the nine
repetitions that had been established for each of the six stim-
ulation conditions. One stimulation block lasted 21 s; how-
ever, activation periods were extended for 6 s after the end
of the stimulation. Measuring points were set in accordance
to the TR of 2.5 s, leading to 11 mean values for each condi-
tion. The mean response was calculated by considering acti-
vation of each subject on a single-subject level.

RESULTS

Intensity Ratings

Ratings of perceived intensity of the stimulation were
not significantly affected over time, [F(1,15) 5 2.37, P 5

0.15], thereby indicating that subjects did not adapt to the
stimulation. For different stimulation sites, a significantly
different perception of the stimulation was detected
[F(5,75) 5 11.68, P < 0.001]. Post hoc pair-wise t-tests
showed a significant difference between the ratings of NIL
versus NOL (P 5 0.011), NIR versus NOR (P < 0.001), and
HR versus NOR (P 5 0.007; Fig. 2). Stimulation at NIL
was rated as more intense than NOL (NIL: M 5 6.47, SD
5 1.30, range 5 3–8; NOL: M 5 4.44, SD 5 1.77, range 5

2–7.5, and HL: M 5 5.34, SD 5 1.58, range 5 3–8). For the
right-sided conditions, NIR and HR showed no significant
difference, but both were more intense in comparison to
NOR (NIR: M 5 6.78, SD 5 1.86, range 5 3–9.5, HR: M 5

5.94, SD 5 2.16, range 5 3–10, and NOR: M 5 4.22, SD 5

1.24, range 5 2–7). No painful activation was reported
after the rating of the highest stimulus intensity. No inter-
action effect between time and stimulation site was
observed [F(3.2,48.3) 5 1.30, P 5 0.285].

Somatotopy in the PG

The mixed-model analysis for group-level inferences
revealed contralateral activation in the masks of BAs 3b, 1,
and 2 in each of the six contrasts following tactile

Figure 2.

Mean and standard deviation values of the perceived stimulation

intensities for the six conditions. No significant difference could

be detected for the stimulation at the beginning versus the end

of the scanning session in a repeated-measure ANOVA in SPSS.

*Pair-wise t-tests (P < 0.05).
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stimulation (P < 0.05, FWE-corrected for whole-brain com-
parison; Fig. 3) and in BA 2 for the conditions NOL and
NIL (P < 0.01, uncorrected for whole-brain comparison).
Table I presents the CoMs of the individual ROIs, display-
ing the search coordinates for the single-subject analyses.
Since the anatomical masks consisted of both the ipsilat-
eral and contralateral hemispheres, an ipsilateral activation
of the primary somatosensory cortex could be detected for
only the right and left nasal mucosa (NIR/NIL) at a
threshold of P < 0.05 (FWE-corrected for whole-brain com-
parison) with the exception of NIR in BA 2. It was
observed that the x-, y-, and z-coordinates for the ipsilat-
eral activation were close to the coordinates on the contra-
lateral side: For BA 3b an ipsilateral representation for
NIL was found in 11 of the 16 subjects at x 5 256, y 5

214, and z 5 36 (in comparison: NIR_contra 5 254, 215,
38). NIR revealed an ipsilateral activation in 8 of the 16
subjects (NIR_ipsi 5 58, 214, 37, in comparison: NIL_con-
tra 5 59, 211, 32; Table II). Occurrences for BA 1 and 2
paralleled occurrences for BA 3b and are displayed with
mean values and SDs in Table III. Comparison of cluster
volumes of the activation maxima between the ipsilateral
and contralateral sites yielded no significant differences.

Contralateral activation was found in BA 3b for the left
and right hand in 13 of the 16 subjects. For the left alar
wing of the nose, 9 of the 16 subjects exhibited activation
maxima and for the right alar wing of the nose 11 of the

16 subjects revealed activation maxima for the left and 8
for the right lateral wall of the nasal mucosa. Although
occurrences in BA 1 showed similar numbers, they were
less prominent for BA 2 (see Table IV). Calculated were

TABLE I. Search coordinates displayed by centers of mass (CoM) in MNI space in BAs 3b, 1, and 2, P < 0.05 FWE-

corrected or P < 0.01 uncorrected for whole-brain comparison

BA 3b BA 1 BA 2

x y z x y z x y Z

HL 43 227 53 50 224 56 49 230 53
NOL 56 213 41 55 217 50 51 227 53
NIL 59 211 32 63 212 36 58 219 37
HR 246 225 50 252 222 51 248 231 51
NOR 252 218 42 258 216 42 257 219 37
NIR 254 215 38 259 216 40 258 218 35

The coordinates were found by applying the ROIs of BA 3b, 1, and 2 to the different conditions on the second-level analysis. BA: Brod-
man area, HL/HR: hand left/right, NOL/NOR: nose outside left/right, and NIL/NIR: nose inside left/right.

TABLE II. Ipsilateral and contralateral CoMs for the stimulation of the lateral nasal mucosa in BAs 3b, 1, and 2

BA 3b BA 1 BA 2

x y z x y z x y Z

NIL_contra 59 211 32 63 212 36 58 219 37
NIL_ipsi 256 214 36 261 214 38 258 218 35
NIR_contra 254 215 38 259 216 40 258 218 35
NIR_ipsi 58 214 37 61 214 39 — — —

Ipsilateral ROIs were found as SI-ROI and sub-ROIs on both hemispheres. CoM: center of mass, PG: postcentral gyrus, BA: Brodman
area, contra: contralateral, ipsi: ipsilateral, and NIL/NIR: nose inside left/right.

TABLE III. Mean values (6SD) in MNI space and occur-

rences of the ipsilateral activation maxima in BA 3b, 1,

and 2, P < 0.05 (uncorrected for whole brain

comparison)

Occ. x y z

BA 3b

NIL_ipsi 11 256.18 6 1.40 217.09 6 2.02 37.55 6 1.21
NIR_ipsi 8 58.88 6 1.55 212.25 6 2.66 38.13 6 1.55

BA 1

NIL_ipsi 12 260.75 6 1.86 216.75 6 2.50 38.00 6 2.00
NIR_ipsi 9 62.00 6 1.50 213.33 6 3.16 39.67 6 1.00

BA 2

NIL_ipsi 12 258.50 6 2.39 216.75 6 1.36 34.00 6 0.00
NIR_ipsi – – – –

Activation maxima were selected on the subjects’ first-level analy-
sis. BA: Brodman area, NIL/NIR: nose inside left/right, and Occ.:
occurences.
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the mean values and SDs of only the activation maxima
with the highest t-value and probability to be in that par-
ticular region (Table V). The mean probabilities for activa-
tion maxima and their clusters for a specific localization
are listed in Table VI.

A spatial organization of the six stimulation sites in all
BAs was observed after the mean values had been calcu-
lated. The hand is represented in a more medial and supe-
rior position than the nose. Comparing the alar wing of
the nose with the nasal mucosa, the nasal mucosa is
located more lateral and inferior than the alar wing, except
for the left nasal conditions in BA 2 (Figs. 3–6). Thus, the
results indicate a somatotopy on the hand- and nose-level.

Comparison of the MNI coordinates confirms the idea of
a somatotopic organization and reveals that the stimulation
conditions are separable in the single axes. There is evidence
for a significant dissociation between the three different
conditions on the left side in all three axes for BA 3b [main
effect “stimulation site”: F(2,10) 5 16.52, P 5 0.01; main
effect “coordinates”: F(2,10) 5 4855.93, P < 0.001; interaction
effect: F(4,20) 5 275.0, P < 0.001, HL vs. NOL: P 5 0.016 for
all axes, n 5 7, HL vs. NIL: P 5 0.004 for all axes, n 5 10,
NOL vs. NIL: P 5 0.01 for x-axis, P 5 0.023 for y-axis, P 5

0.011 for z-axis, n 5 8]. Significance in locations in the right-
sided conditions could be established for HR versus NOR

(P 5 0.008 for x-axis, P 5 0.007 for y- and z-direction, n 5 9),
and HR versus NIR [P 5 0.016 for all axes, n 5 7; main effect
“stimulation site”: F(2,8) 5 34.75, P < 0.001; main effect
“coordinates”: F(2,8) 5 3795.68, P < 0.001; interaction effect:
F(4,16) 5 40.83, P < 0.001].

As a second approach to show separable localizations,
the Euclidean distances between each condition of one
side were tested for differences from zero (one-sample t-
test). Figure 4 shows the averaged Euclidean distances for

TABLE IV. Number of subjects with activation maxima

found in contralateral SI during single-subject analysis in

a group of sixteen subjects (P < 0.05 uncorrected for

whole-brain comparison)

BA 3b BA 1 BA 2

HL 13 16 12
NOL 9 7 6
NIL 12 13 5
HR 13 14 9
NOR 11 9 8
NIR 8 13 12

HL/HR: hand left/right, NOL/NOR: nose outside left/right, and
NIL/NIR: nose inside left/right.

TABLE V. Mean probabilities (in %, 6SD) for the location of clusters and their activation maxima in BA 3b, 1, and 2

during first-level analysis

BA 3b BA 1 BA 2

AM Cluster AM Cluster AM Cluster

HL 83.08 612.51 94.77 6 2.84 85.63 6 8.14 85.18 6 5.42 84.17 6 5.15 92.93 6 2.57
NOL 55.56 6 8.82 84.42 6 4.27 77.14 613.80 60.33 6 7.52 83.33 6 5.16 90.17 6 2.25
NIL 53.33 6 8.80 92.92 6 2.69 64.62 6 7.76 72.32 6 5.48 40.00 6 0.00 75.58 6 12.43
HR 63.85 6 6.50 78.9 6 11.47 77.14 6 7.26 70.30 6 10.75 74.77 6 5.27 79.80 6 3.42
NOR 61.82 6 10.79 79.51 6 9.20 54.00 6 15.78 58.03 6 4.79 30.00 6 0.00 26.10 6 10.18
NIR 57.50 6 8.86 80.40 6 3.23 51.54 6 8.99 51.61 6 5.12 25.83 6 9.00 28.25 6 5.52

AM: activation maxima, BA: Brodman area, HL/HR: hand left/right, NOL/NOR: nose outside left/right, and NIL/NIR: nose inside
left/right.

TABLE VI. Mean values (6SD) of the activation maxima

in MNI space in BA 3b, 1, and 2, P < 0.05 (uncorrected)

x y z

BA 3b

HL 44.31 6 1.32 225.69 6 1.80 54.54 6 1.13
NOL 55.33 6 1.58 214.67 6 1.58 41.00 6 2.60
NIL 60.25 6 0.87 211.50 6 1.57 32.50 6 2.39
HR 245.92 6 2.84 225.46 6 1.66 51.08 6 1.44
NOR 253.18 6 1.94 217.09 6 1.51 41.09 6 3.36
NIR 255.50 6 1.60 216.00 6 2.27 38.50 6 1.60

BA 1

HL 50.19 6 2.32 223.25 6 1.84 57.31 6 1.25
NOL 57.00 6 0.00 216.43 6 1.13 48.57 6 3.21
NIL 62.77 6 1.92 211.38 6 1.56 38.15 6 3.36
HR 252.93 6 1.49 222.86 6 2.18 52.43 6 2.31
NOR 258.33 6 1.58 216.33 6 2.35 42.00 6 3.35
NIR 259.54 6 1.13 216.54 6 2.07 40.23 6 3.11

BA 2

HL 49.92 6 1.44 228.67 6 1.23 54.50 6 1.17
NOL 51.00 6 2.45 228.00 6 2.45 53.29 6 2.36
NIL 59.00 6 1.41 222.00 6 0.00 39.20 6 1.30
HR 249.11 6 1.83 231.00 6 2.12 51.78 6 0.67
NOR 257.00 6 0.00 210.00 6 0.00 34.00 6 0.00
NIR 259.00 6 1.48 216.75 6 1.36 34.00 6 0.00

Activation maxima were selected on the subjects’ first-level analy-
sis. BA: Brodman area, HL/HR: hand left/right, NOL/NOR: nose
outside left/right, and NIL/NIR: nose inside left/right.
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BA 3b. It was observed that the Euclidean distances of
the activation maxima were significantly different from
zero (P < 0.05). Pairs that are separable include HL
versus NOL separated by 21.2 6 3.3 mm (P < 0.001), HL
versus NIL separated by 30.9 6 1.7 mm (P < 0.001), NOL
versus NIL separated by 10.1 6 3.8 mm (P < 0.001), HR
versus NOR separated by 15.2 6 3.2 mm (P < 0.001), HR
versus NIR separated by 17.6 6 3.0 mm (P < 0.001), and
NOR versus NIR separated by 4.9 6 1.9 mm (P 5 0.004).

Activation patterns in BA 1 paralleled the results of BA 3b
[left: main effect “stimulation site”: F(2,12) 5 11.71, P 5

0.002; main effect “coordinates”: F(2,12) 5 7640.22, P <
0.001; interaction effect: F(2,10) 5 130.16, P < 0.001; right:
main effect “stimulation side”: F(2,16) 5 25.62, P < 0.001;
main effect “coordinates”: F(1,9) 5 7844.76, P < 0.001; inter-
action effect: F(4,32) 5 53.61, P < 0.001]. Contrasts separable
in medial to lateral dimension (x-axis) include HL versus
NOL (P 5 0.015, n 5 7), NOL versus NIL (P 5 0.014, n 5

7), and HR versus NIR (P 5 0.002, n 5 11). In anterior to
posterior direction (y-axis), they include HL versus NOL (P
5 0.017), HL versus NIL (P 5 0.001, value for x- and z-

dimension equal, n 5 13), NOL versus NIL (P 5 0.014), HR
versus NOR (P 5 0.011, value for x- and z-dimension equal,
n 5 8), and HR versus NIR (P 5 0.003). Separable locations
for inferior to superior dimension (z-axis) comprise HL ver-
sus NOL, NOL versus NIL (P 5 0.017), and HR versus NIR
(P 5 0.003). P-values for testing the three-dimensional dis-
tances remained significant. They were 14.6 6 3.0 mm for
HL-NOL (P < 0.001), 26.2 6 3.7 mm for HL-NIL (P <
0.001), 13.2 6 4.0 mm for NOL-NIL (P < 0.001), 14.0 6 4.5
mm for HR-NOR (P < 0.001), 15.0 6 3.6 mm for HR-NIR (P
< 0.001), and 4.9 6 3.1 mm for NOR-NIR (P 5 0.016; Fig. 5).

In BA 2, the results were less clear [left: main effect
“stimulation site”: n.s.; main effect “coordinates”: F(2,6) 5

10063.897, P < 0.001; interaction effect: F(4,12) 5 58.18,
P < 0.001; right: main effect “stimulation site”: F(2,8) 5

67.82, P < 0.001; main effect “coordinates”: F(2,8) 5

36748.632, P < 0.001; interaction effect: F(4,16) 5 276.29,
P < 0.001]. Only activation maxima of HL versus NIL (P
5 0.039 for all dimensions, n 5 5), HR versus NOR (P 5

0.024 for x- and y-dimensions, P 5 0.014 for z-dimension,
n 5 6), HR versus NIR (P 5 0.017 for x-, P 5 0.016 for y-

Figure 3.

Results for the nasal and hand mapping procedure. In (A),

group-level clusters are displayed in axial slices in BAs 3b and 1.

The first column displays stimulation conditions on the left side

of the body, whereas the second column represents the right

side. The color code is displayed in the middle of the figure and

will be maintained for Figures 4–8. The maps of BA 3b of one

representative subject are displayed on the right cortical surface

in (B), and on the left cortical surface in (C). The right cortex

represents the left part of the body and vice versa. In (D), the

different ROIs of the PG for the single-subject analyses are dis-

played in an axial slice. As anatomical reference, the CS is indi-

cated on the slice. BA: Brodman area; H: hand; NO: nose

outside; NI: nose inside; PG: postcentral gyrus; and CS: central

sulcus.
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and P 5 0.008 for z-dimension, n 5 7), and NOR versus
NIR (P 5 0.046 for x-dimension, n 5 6) differed signifi-
cantly regarding their localization. Statistical tendencies
were shown in HL versus NOL (P 5 0.068 for x-dimen-
sion, n 5 6) and NOL versus NIL (P 5 0.068 for x- and z-,
P 5 0.066 for y-dimension, n 5 5). Results from Euclidean
distance analyses further suggested separable localizations,
P 5 0.002 for HL versus NOL (4.48 6 1.81 mm), P < 0.001
for HL versus NIL (19.30 6 1.47 mm), P 5 0.002 for NOL
versus NIL (17.27 6 3.11 mm), P 5 0.026 for HR versus
NOR (24.40 6 1.32 mm), P < 0.001 for HR versus NIR
(24.99 6 1.64 mm), and P 5 0.025 for NOR versus NIR
(2.5 6 1.22 mm; Fig. 6).

To summarize the results for BA 3b and 1, somatotopy
is demonstrated for both sides of the hand, the alar wing

of the nose and the nasal mucosa of the left side of the
nose when testing activation maxima. No separable loca-
tions could be discerned between nasal mucosa and alar
wing of the right side of the nose. In contrast to the lack of
somatotopic organization for the right side of the nose, the
one-sample Wilcoxon signed-rank test of the Euclidean
distances showed significant separable representations for
all conditions. Regarding BA 2, the hands can still be dis-
tinguished for their localization except for comparing to
the alar wing of the nose; different stimulation sites of the
nose are not clearly distinguished, but distances still sug-
gest individual localizations in three-dimensional space.

Cluster volumes of all stimulation conditions except
NOL were tested distinctly in their size when compared
between the different BAs [HR: F(2,20) 5 32.10, P < 0.001,

Figure 4.

Results for BA 3b in the first-level analysis of each volunteer.

(A) Euclidean distances (in mm) were calculated between the

activation maxima of the single conditions. Error bars represent

the standard deviations of the mean. All distances were tested

to be significantly different from zero in parametric one-sample

t-tests. (B) Different colors indicate the three different stimula-

tion sites. (C) Mean coordinates (6SD) for the different loca-

tions. The coordinates were found by applying a 5-mm ROI to

the CoM of an activation cluster as search coordinate at a

threshold of P < 0.05 uncorrected for whole-brain volume.

Activation maxima with the highest probability to be in PG were

selected. PG: postcentral gyrus; CoM: center of mass; HL/HR:

hand left/right, NOL/NOR: nose outside left/right; and NIL/NIR:

nose inside left/right.

Figure 5.

Results for BA 1 in the first-level analysis of each volunteer. (A)

Euclidean distances (in mm) were calculated between the activa-

tion maxima of the single conditions. Error bars represent the

standard deviations of the mean. All distances were tested to be

significantly different from zero during parametric one-sample t-

tests. (B) Different colors indicate the three different stimula-

tion sites. (C) Mean coordinates (6SD) for the different loca-

tions. The coordinates were found by applying a 5-mm ROI to

the CoM of an activation cluster as search coordinate at a

threshold of P < 0.05 uncorrected for whole-brain volume.

Activation maxima with the highest probability to be in PG were

selected. PG: postcentral gyrus; CoM: center of mass; HL/HR:

hand left/right; NOL/NOR: nose outside left/right; and NIL/NIR:

nose inside left/right.
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NIL: F(2,8) 5 23.28, P < 0.001, HR: F(2,16) 5 12.29, P 5

0.001, NAR: F(2,8) 5 14.57, P 5 0.008, NIR: F(2,12) 5

23.10, P < 0.001]. During the following t-tests, cluster vol-
umes for all conditions were equal upon comparison
between BA 3b and 1 except from HL, but upon the
respective comparison with BA 2, significant P values
were detected except for HL: HL 3b versus 1: P < 0.001; 2
versus 1: P < 0.001; NIL 3b versus 2: P 5 0.017; 2 versus
1: P < 0.001; HR 3b versus 2: P 5 0.027; 2 versus 1: P <
0.001; NOR 3b versus 2: P 5 0.002; 2 versus 1: P 5 0.001;
and NIR 3b versus 2: P 5 0.001; 2 versus 1: P < 0.001. In
general, cluster volumes were significantly lower in BA 2
than in BA 3b and BA 1 (Fig. 7). t-Tests comparing the
cluster volumes of the right and left side of the body

showed a significant effect for all BAs except for HL ver-
sus HR in BA 3b and 1 and NIL versus NIR in BA 2.
These results indicate that the right side of the body shows
greater cluster volumes for NO and NI in BA 3b and BA 1
than the left side of the body.

The BOLD response over time depicts several activation
peaks during the 21s-stimulation of each condition before
decreasing at the end of the stimulation (Fig. 8). All BOLD
intensity change curves start at a value above zero at the
beginning of the stimulation block. The hand shows the
strongest BOLD response followed by the intranasal mucosa
and the alar wing in all BAs. For the conditions of the nose,
the average BOLD response for the right side of the body is
larger than for the left side. With respect to BA 2, the results
are not as clear, because BOLD responses for NIL and NOR
showed an undulant shape and no clear activation peaks.

DISCUSSION

The aim of this study was to delineate the representation
of the lateral nasal mucosa, the alar wing of the nose and the
hand as a reference in the BAs on the primary somatosensory
cortex. Using tactile stimulation with a custom-designed,
pneumatically driven device, we observed a clear individual
representation of the left-sided nasal conditions in BAs 3b, 1.
For the right-sided conditions as well as for BA 2 different
Euclidean distances still highlight a separate representation.
In these representations, the hand was in a superior and
more medial position than the nasal mucosa and the alar
wing of the nose. In the nasal stimulation conditions, the
nasal mucosa was located more lateral and inferior.

Figure 6.

Results for BA 2 in the first-level analysis of each volunteer. (A)

Euclidean distances (in mm) were calculated between the activa-

tion maxima of the single conditions. Error bars represent the

standard deviations of the mean. All distances were tested to be

significantly different from zero during parametric one-sample

t-tests. (B) Different colors indicate the three different stimula-

tion sites. (C) Mean coordinates (6SD) for the different loca-

tions. The coordinates were found by applying a 5-mm ROI to

the CoM of an activation cluster as search coordinate at a

threshold of P < 0.05 uncorrected for whole-brain volume.

Activation maxima with the highest probability to be in PG were

selected. PG: postcentral gyrus; CoM: center of mass; HL/HR:

hand left/right; NOL/NOR: nose outside left/right; and NIL/NIR:

nose inside left/right.

Figure 7.

Cluster volume sizes for all conditions in BAs 3b, 1, and 2. For

BAs 3b and 1, cluster volumes are higher for the right side com-

pared to the left side for the conditions NO and NI. Additional

cluster volume sizes are lower for BA 2 compared to the other

BAs except for HL and NOL. HL/HR: hand left/right; NOL/

NOR: nose outside left/right; and NIL/NIR: nose inside left/right.

*Pair-wise t-tests (P < 0.05).
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Anatomical Localization of the Different

Conditions on SI

Despite the clearly separable localizations for the left
stimulation sites in BAs 3b and 1, significant representa-
tion of the right stimulation conditions was less precise in
these BAs (Figs. 3–5). Only the right hand was represented
individually; however, the alignment of all right-sided
conditions with the hand placed more superior and the
lateral wall of the nasal mucosa most inferior was still
consistent.

The inclusion of only right-handed subjects may explain
the lack of separate localizations on the left cortical hemi-
sphere that represents the right side of the body. Kotecha
et al. (2009) reported that the volume of the cortical activa-
tion cluster whilst stimulating the right finger was signifi-
cantly larger than the activation cluster elicited by the left
finger. Hence, activation clusters for the right side of the
body are likely to overlap and complicate the identification

of separable localizations. Other studies support these
findings (Jung et al., 2008; S€or€os et al., 1999; Sim~oes et al.,
2002). In addition, BOLD signal changes and cluster vol-
umes have shown a higher response for the right nasal
conditions compared to the left ones (Fig. 8).

Another indicator for a difference in both hemispheres
is that functional asymmetries for the hemispheres exist in
the language (Grabowska et al., 1994; Steinmetz et al.,
1991) and motor systems (Rose et al., 2012; Serrien et al.,
2012). Knowledge about the effect of left- and right-
handedness on representation on the somatosensory cortex
would have a big impact on successive studies focusing
on somatotopy of SI. Further research is needed to address
this issue.

For BA 2 we were not able to separate the representa-
tion of the inner and outer nose, neither for the left nor
for the right side. Moreover, since fewer subjects
responded to the stimulation in BA 2 (Table IV), a signifi-
cant different representation of both conditions was

Figure 8.

Average BOLD signal change for all subjects in all conditions

and repetitions. One stimulation block lasts 21s. The x-axes dis-

play 11 time points with regard to the TR of 2.5 s, and y-axes

represent signal intensity change (in AU). Brodman area 3b is

displayed in (A) followed by BA 1 (B) and BA 2 (C). Curves of

the graph start at the time point of 2.5 s after stimulation. The

hand shows the highest BOLD signal. The signal for the right

side of the body is superior compared to the signal of the left

side for the nasal conditions. There is no habituation to the

stimulus, because different peaks exist. A low constant BOLD

signal during baseline conditions is assumed, as the curves start

above zero. BA: Brodman area, HL/HR: hand left/right, NOL/

NOR: nose outside left/right, NIL/NIR: nose inside left/right.
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harder to prove during statistical analysis. Nelson et al.
(2008) and Martuzzi et al. (2014) experienced the same
reduced neural response in BA 2 of subjects upon apply-
ing a vibrotactile stimulation to the fingers. Given the con-
verging input of joints and of pressure to BA 2, it is not
surprising that fewer subjects responded to the stimula-
tion. Other stimulus categories that represent the submo-
dalities joints and pressure or, alternatively, an MRI-
Scanner with a higher field strength than 3 T may be bet-
ter suited to show a somatotopic organization in BA 2
(Chung et al., 2013). This is especially supported by lower
cluster volumes of BA 2 and undulant plotted shapes for
the changes in the BOLD signal in NIL and NOR (Fig. 8).
Ferrington and Rowe (1980) further described that Paci-
nian corpuscles are necessary to project contralaterally
into BA 2 (Francis et al., 2000; Gelnar et al., 1998) and a
very high stimulation frequency of more than 50 Hz is
required to activate Pacinian corpuscles (Chung et al.,
2013; Ferrington and Rowe, 1980). We chose a stimulation
frequency of approximately 2 Hz to potentially activate
Merkel cells in the epidermis that project into BAs 3b and
1. This has been proven as a robust stimulation design in
previous settings (Eickhoff et al., 2008; Kampe et al., 2000;
Krubitzer, 1995).

Anatomical Localization in Comparison

to Other Studies

The results of this present study concur with those of
previous fMRI studies focusing on somatotopy of the hand
and face in the primary somatosensory cortex. Martuzzi
et al. (2014) and Nelson et al. (2008) observed the repre-
sentation of the middle and index finger in BAs 3b, 1, and
2 using fMRI (i.e., x 5 244, z 5 54 and x 5 43, z 5 51 for
the index and middle finger in BA 3b) and depicted them
in an area close to the coordinates we established (x 5

246, z 5 51 in BA 3b; Francis et al., 2000; van Westen
et al., 2004). Hence, the hand served as a good indicator to
prove the accuracy and functionality of the present study
design.

A review of the findings of Penfield and Boldrey (1937)
and Penfield and Rasmussen (1950), in which they
delineated the nose below the forehead and the thumb of
the hand, showed consistency for the coordinates of the
alar wing of the nose. More recent studies tested the repre-
sentation of the face on SI (Kopietz et al., 2009; Lin et al.,
2010). Here, the contrast for the cheek activated the PG at
z 5 39 and z 5 40. Both studies agree with our findings
for the representation of the alar wing of the nose (z 5

41).
As stated previously, the nasal mucosa is located more

inferior on the PG than the alar wing of the nose (NOL
with z 5 41 vs. NIL with z 5 32.5 and NOR with z 5 41
vs. NIR with z 5 38.5). This extends the findings of past
research by May (2011), in which a self-applied stimulus
activated the following brain areas after stimulation of the

two sites of the nose, NO with z 5 40 and NI with z 5 32.
The nasal mucosa is represented more caudally than the
chin (Kopietz et al., 2009) and closer to the lips, the
tongue, and the pharynx on the caudal end of the PG. Fesl
et al. (2003) examined the localization of the tongue in an
fMRI study and reported activation to be at z 5 34 and z
5 30 (left: x, y, z 5 262, 26, 34 and right: x, y, z 5 66, 26,
30). In a second study, Miyamoto et al. (2006) found the
tongue to be located at z 5 40 (x, y, z 5 260.1, 25.2, 40.1).
Soros et al. (2008) pictured the left side of the pharynx at z
5 29 (x, y, z 5 62, 213, 29), whereas Blatow et al. (2007)
depicted the lips at z 5 38 (lips left: x, y, z 5 57.8, 29.29,
37.93 and lips right x, y, z 5 258.89, 213.1, 38.05). Com-
pared to each of those coordinates, the nasal mucosa is
represented closer to other parts of the upper airway than
to the alar wing of the nose. This agrees with the anatomi-
cal and evolutionary relation in which the primary nasal
cavity develops from the oral cavity with the palate dis-
playing the horizontal border during the second month of
embryonic growth. To function properly, all parts of the
upper airway are linked among themselves and they fea-
ture the warming and cleaning of the inhaled air during
breathing. They are covered by mucosa, whereas the outer
nose consists of squamous epithelium.

The coordinates of the lateral wall of the nasal mucosa
in the current study are similar to those found during a
meta-analysis of functional imaging studies. Albrecht et al.
(2010) analyzed the findings of nine fMRI and PET studies
during which the intranasal trigeminal system was stimu-
lated by carbon dioxide (CO2), representing a painful stim-
ulus. In this meta-analysis, an activation of the PG was
found at x 5 49, y 5 211 and z 5 25. Both nociception
and somatosensory perception are features of the trigemi-
nal nerve, and it is not surprising that the results are
reflected in the current study.

Euclidean Distances

The Euclidean distances between the different condi-
tions observed here highlight what was reported previ-
ously. Distances in each condition and region were
proved to be significantly different from zero, underscor-
ing the separate localizations of the hand, the alar wing
of the nose, and the nasal mucosa. The distances between
the hand and the alar wing of the nose are consequently
lower than the distances between the hand and the nasal
mucosa (i.e., 21.2 mm for HL-NOL vs. 39.9 mm for HL-
NIL in BA 3b; Figs. 4–6). Thus, the nasal mucosa is
located farther away from the hand and closer to the cau-
dal end of the PG and the upper airway structures. Upon
applying the formula for the Euclidean distances to com-
pare the current findings to those of Fesl et al. (2003), the
distance between the tongue and the alar wing of the
nose is twice the respective distance to the nasal mucosa
(i.e., 12.3 mm for tongue to NOL and 6.0 mm for tongue
to NIL in BA 3b). Finally, it is noteworthy that the mea-
surement of the Euclidean distances is a common
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approach that was used in several studies in the past
(van Westen et al., 2004; Nelson and Chen, 2008; Mar-
tuzzi et al., 2012). Although it is an approximation func-
tion to depict relations of coordinates in the brain,
unfortunately, it cannot cover the 3D-structure of the
brain. In future studies, another way to calculate differen-
ces in the cortical surface in form of 2D-projections is a
function called ISOVIEW that was first introduced by Erb
et al. (1999) and Lotze et al. (2000).

BOLD Response

In this current study, the BOLD response was plotted
for the single conditions as a function of time to depict the
course of the blood flow during stimulation (Fig. 8). This
was done to compare intensities and the time courses of
the BOLD signal in the different conditions and to proof
that there had been no habitation to the stimulation. Sur-
prisingly, the BOLD response showed hemodynamic
response even before the beginning of the stimulation con-
ditions as has been found by Graham et al. (2001). Indeed,
Fransson (2005) found out that there is a low frequency
BOLD signal of 0.012–0.1 Hz in the resting brain and
Zhang and Ding (2010) reported the mu rhythm, an
ongoing neural activity in human SI that is characterized
of field potential oscillations in the 7–13 Hz range. How-
ever, spontaneous fluctuations may not explain the presti-
mulus BOLD response satisfactorily. Another reason might
be the noise level of the prestimulus interval such as the
fact that the nosepieces were adapted to the stimulation
sides throughout the whole session and only started rotat-
ing during the stimulation blocks. Further, there is evi-
dence that tactile expectations modulate prestimulus
activation in SI (Carlsson et al., 2000). Although the sub-
jects did not know the exact length of the stimulation and
resting blocks, they probably expected stimulation after
some time of rest. This is especially the case since we did
not use a jittered length of the resting blocks.

The change in the BOLD responses during the 21-s stim-
ulation showed several peaks before decreasing at the end
of the stimulation. This can help to explain the potential
shortcoming of the present study that touching one’s nose
from the outside is an everyday action whereas inserting a
TeflonVR tube into the nostril is usually less common,
thereby leading to faster or slower habituation. The shapes
of the BOLD responses with several peaks indicate that
subjects do not adapt to the stimulation. In addition, Ran-
kin et al. (2009) pointed out that the weaker a stimulus is,
the bigger the chance for a faster habituation. We detected
a significantly higher sensitivity of the nasal mucosa com-
pared to that of the alar wing of the nose, because the
stimulation of the nasal mucosa was evaluated to be more
intense (Fig. 2). However, the stable intensity ratings of
the stimulation of the alar wing of the nose point out that
the primary somatosensory cortex might not adapt to the

stimulation in a second way (Klingner et al., 2014; Popescu
et al., 2010).

As mentioned earlier, the BOLD response can also help
to explain the lack of anatomical differentiation between
the right nasal mucosa and the right alar wing of the nose,
because the blood oxygenation level indicates higher
responses for the right-sided nasal conditions compared to
those of the left.

Bilateral Activation in SI

Although bilateral activation of the secondary somato-
sensory cortex (SII) after tactile stimulation is considered
to be a prerequisite (Blatow et al., 2007; Ferretti et al.,
2004; Naito et al., 2005; Young et al., 2004), there is ample
evidence that the primary somatosensory cortex (SI) pos-
sesses transcallosal connections for some parts of the
body. Transcallosal projections of SI have already been
revealed in non-human primates (Burton and Fabri, 1995;
Iwamura et al., 2002; Lipton et al., 2006). Eickhoff et al.
(2008) reported a bilateral hemispheric activation after
stimulation of the human face and the trunk in BAs 3b, 1,
and 2 of humans. There was no bilateral activation of the
hand in those areas except for BA 2 that is supposed to
have evolved from increased manual capabilities. Similar
findings have been published about the face (Blatow et al.,
2007; Ferretti et al., 2004; Iannilli et al., 2008; Naito et al.,
2005; Young et al., 2004) and the trunk (Fabri et al., 2005,
2006; Itomi et al., 2000). A transcallosal activation due to
stimulation of the buccal mucosa, the tongue, and the lips
has been reported in 2008 (Tamura et al., 2008). Extending
upon this issue, the results of the current study also reflect
the lack of bihemispheric activation after tactile stimula-
tion of the fingers. We found a bilateral activation of the
nasal mucosa for BAs 3b, 1, and 2. The ipsilateral activa-
tion maxima were established in the same orientation as
the contralateral maxima on the other side (Tables II and
III). Their cluster sizes are even equal to the cluster size of
the contralateral site, thereby indicating an equally strong
activation in both hemispheres. As we chose to stimulate
the lateral wall of the nasal mucosa, it is not likely to find
a simultaneous stimulation of both nasal cavities at once,
although this possibility exists. Despite previous findings
of a bilateral representation of the face, the alar wing of
the nose lacked a bihemispheric activation and challenges
the importance of the outer skin of the nose.

In short, our findings underline the individual and close
localization of the nasal mucosa and the mucosa of the
upper airway in the caudal end of the PG on the right
hemisphere. Nevertheless, the nasal mucosa is represented
closer to the mucosa of the upper airway than the alar
wing in the left hemisphere. This highlights the impor-
tance of the somatosensory impact of the nasal mucosa for
sensory perception of our environment. In addition to its
role during breathing and filtering of the inhaled air, the
second important function of the nose is chemosensory
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perception. Apart from its importance for food consump-
tion, smelling comprises many functions of the body such
as warning a person against danger and for hygiene. Pre-
vious studies have shown the activation of the primary
somatosensory cortex during odor perception (Boyle et al.,
2007; Iannilli et al., 2013; Kobal, 2003; Simonyan et al.,
2007; Sobel et al., 1998) or the activation of olfactory brain
areas during chemosensory perception of the nasal mucosa
(Cain and Murphy, 1980; Iannilli et al., 2008). Hence, acti-
vation of the nasal mucosa would be valuable for informa-
tion processing and the assessment of an olfactory
stimulus. The warning function of the sense of smell is an
example: sensory bihemispheric integration helps the body
to respond adequately by performing a flight reaction. Yet
what is still unknown is the exact connection between the
olfactory pathway and the somatosensory system, which
should be the subject of further research.

CONCLUSION

This study has shown a newly developed and pneumati-
cally driven device to precisely and noninvasively activate
areas corresponding to the lateral wall of the nasal
mucosa, the alar wing of the nose and the middle and
index finger. This method enables the individual somato-
topic localization of the left nasal mucosa in BAs 3b and 1
of the PG. The localization of the nasal mucosa is closer to
the localization of the pharynx as compared to the repre-
sentation of the alar wing of the nose. Somatotopic vari-
ability is found to be less prominent in right-sided
conditions and BA 2, but different Euclidean distances still
highlight distinct localizations. In BAs 3b and 1, the repre-
sentation of the inner and outer part of the nose is organ-
ized in a somatotopic order in which the nasal mucosa is
located more inferiorly and laterally. Also observed is an
ipsilateral activation of the SI for the right and left nasal
mucosa (NIR/NIL). Consequently, this study has helped
to further clarify the somatotopy of the nose and nasal
mucosa in the primary somatosensory cortex of humans.
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