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The vagus nerve -- the main visceral nerve -- has a somatosensory
auricular branch that innervates the external ear. The central projections of the
auricular branch of the vagus nerve have not been reported on in humans.
Therefore, the focus of this dissertation is to ascertain whether electrical
stimulation of the external ear, in the sensory field of the auricular branch of the
vagus nerve, activates the “classical” visceral vagus central projection sites in
healthy men and women, and to characterize the regional brain activity elicited
by cymba conchae stimulation.

Mild electrical stimulation of the vagal sensory

field in the cymba conchae of the left external ear activated “classical” vagal
central projections, including the nucleus of the solitary tract, spinal trigeminal
nucleus, parabrachial area, dorsal raphe, locus coeruleus, amygdala, and
nucleus accumbens. Activation of the paracentral lobule of the cerebral cortex
was also observed. Deactivations in response to the stimulation were observed
in the hippocampus and hypothalamus. The activity within many of these areas
was found to persist even after cessation of stimulation. Furthermore, there is a
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marked effect on the network among these areas during cymba conchae
stimulation and after stimulation.

These findings provide evidence that the

central projections of the vagus nerve can be accessed non-invasively via the
external ear in humans. The findings suggest a rational basis for the observed
therapeutic anti-nociceptive, anti-depressive, and anti-convulsive effects of vagal
stimulation.
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1. Introduction
The main visceral sensory nerve – the vagus – which innervates the
esophagus, trachea, lungs, heart, pancreas, stomach, intestines, etc., also
includes an anomalous sensory component --an auricular branch that innervates
the external ear (Berthoud and Neuhuber, 2000; Peuker and Filler, 2002). The
cymba conchae of the external ear (Figure 1a) is innervated exclusively by this
branch; other regions of the external ear receive afferent innervation by this
branch solely, or shared with other nerves, e.g., the posterior and inferior walls of
the ear canal (Fay, 1927; Tekdemir et al., 1998) and the cavity of the concha
(Peuker and Filler, 2002).
The evidence regarding the central projections of the auricular branch of
the vagus nerve (ABVN) is limited. A tract-tracing study using horseradish
peroxidase in cats provided evidence that the ABVN projects to the nucleus of
the tractus solitarii (NTS), the classical relay of the visceral vagus trunk primary
afferents, and to other sensory nuclei including the spinal trigeminal nucleus.
Primary afferent terminal labeling was observed specifically in the interstitial,
dorsal, dorsolateral, and commissural subnuclei of the NTS (Nomura and
Mizuno, 1984). A subsequent study in rats provided further evidence of a direct
projection of the ABVN to the NTS (Gao et al., 2010). [A review of the central
projections of the vagus nerve and projections from the NTS can be found in
Appendix A] Two brain imaging studies in humans did not report activation of
NTS in response to electrical stimulation of the external ear, possibly because
potential effects on the NTS were not assessed, or because the location of
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stimulation was not sufficiently supplied by the ABVN (Kraus et al., 2007; Dietrich
et al., 2008).

In both studies, the inner side of the tragus was stimulated. This

region was shown to have, in more than half of cases, dual innervation provided
by the ABVN and the greater auricular nerve (a composite nerve of cervical
spinal nerves 2 and 3) (Peuker and Filler, 2002). [Please refer to Appendix B for
a review of the sensory innervation of the various regions of the external ear.]
Electrical stimulation applied directly to the main trunk of the vagus in the
neck via surgically implanted electrodes has been used therapeutically to treat
drug-resistant epilepsy (DeGiorgio et al., 2000) and treatment-resistant
depression (Rush et al., 2000). There is also evidence of antinociceptive effects
of vagus nerve stimulation, though not FDA approved for use as treatment
(Kirchner et al., 2000). A drawback of the procedure is that it requires costly
invasive surgery and may generate side effects including hoarseness, dyspnea,
nausea, pain, and anxiety (Cristancho et al., 2011). There are early indications
that electrical stimulation of the external ear, which is a non-invasive, less
expensive alternative to the invasive direct electrical stimulation of the vagus
trunk, produces comparable therapeutic effects against drug-resistant epilepsy
(Stefan et al., 2012), major depression (Hein et al., 2013), and pain (Busch et al.,
2013) via stimulation of the ABVN. For that reason, the non-invasive procedure
has been termed, “t-VNS” (transcutaneous Vagus Nerve Stimulation). Evidence
that the ABVN, which provides the exclusive afferent innervation of the cymba
conchae, projects to the classical visceral central projections, would provide a
rational basis for applying non-invasive electrical stimulation to the cymba
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conchae as an alternative to invasive vagus trunk stimulation. It would further
justify exploration of potential therapeutic effects of vagus nerve stimulation and
use of the term, “t-VNS”.
In the first part of this study, functional MRI was used to map brain regions
that respond to electrical stimulation of the cymba conchae, compared to regions
that respond to control (earlobe) stimulation. Preliminary findings have been
published in abstract form (Frangos et al., 2012, 2013, 2013a) and can be found
in Appendix C. Furthermore, due to the observed long-lasting effects of VNS
(Groves and Brown, 2005; Morris and Mueller, 1999) and because t-VNS therapy
shows beneficial effects with application of a minimum of 4 hours a day, there
was reason to believe that there was persistent brain activity after cessation of
stimulation, and therefore, the post-cymba conchae stimulation period was also
analyzed. The regional brain activity elicited by cymba conchae stimulation was
further characterized by a time-course analysis and an effective connectivity
analysis. The time-course analysis was included to examine sequential patterns
of activity with respect to relevant brain regions during and after cymba conchae
stimulation. Specific regions were then chosen to be included in the effective
connectivity analysis to examine how the network among the regions changes
from before, to after stimulation and post-stimulation.
The second part of the study is the analysis of the functional localizers that
were included in the fMRI data collection of part 1. The finger tap, taste, and
face tap conditions were selected based on their afferent projections to sensory
nuclei in the brainstem. Their respective projection to the nucleus cuneatus, the
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NTS, and the principal spinal trigeminal nucleus made them a valuable source of
reference. The feasibility of localizing these brainstem nuclei using fMRI has
been previously demonstrated by Komisaruk et al. (2002, 2004).
In the third part of the study, heart rate, pupil diameter, and pain detection
thresholds were measured in response to cymba conchae stimulation and
earlobe (control) stimulation. This portion of the study was included based on the
absent effect on heart rate during external ear stimulation (Busch et al., 2013),
pupil dilation in response to vagal afferents (Bianca and Komisaruk; 2007), and
the antinociceptive effects of vagus nerve stimulation, both invasive and noninvasive (Kirchner et al., 2000; Multon and Schoenen, 2005; Busch et al., 2013).
The three parts of this study received approval from the Rutgers
University Institutional Review Board, and the “Rutgers University Brain Imaging
Center (RUBIC) Common Practices for fMRI” guidelines were strictly followed.

2. fMRI analysis of cymba conchae stimulation
2.1. Methods
2.1.1. Research participants
Twelve healthy participants (9 females and 3 males; age range 21-71
years; mean ± SD age, 32.6 ± 13.8 years) were recruited for the study by word of
mouth. Each person provided written informed consent and was compensated for
participating in all three parts of the study.
For the first and second parts of the study, participants underwent two
structural and functional magnetic resonance imaging scans in the same session
!
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and were instructed to remain alert and awake while performing tasks and
viewing a sequence of still images of natural scenery (“travelogue” images)
during each scan.

2.1.2. Stimulation procedure
Before each scan, participants were fitted with the Cerbomed NEMOS®
device designed specifically for mild electrical stimulation of the cymba conchae
of the external ear (Figure 1a) via an adjustable earpiece containing two
hemispheric titanium electrodes (Figure 1d) connected to a battery-operated
stimulator. The device was used to provide transcutaneous electrical stimulation
of the left cymba conchae and the left earlobe (as a control). Control stimulation
of the earlobe was conducted by positioning the earpiece upside down (Figure
1b). Cymba conchae stimulation was conducted by positioning the earpiece
upright, as designed to be used (Figure 1c).
The battery-containing stimulator unit remained in the monitor room; the
unshielded cable (7 meters in length) attached to the earpiece electrodes was
passed through a wave-guide to the participant in the scanner. The stimulus
intensity was adjusted for each of the participants as they lay supine on the
scanner gurney prior to each scan. The intensity was increased from 0.1mA in
0.1mA increments until a participant reported a “tingling” sensation that was
below the intensity that produced a noxious “pricking” sensation (Ellrich, 2011).
The individual stimulation intensities that were selected in this way were 0.30.9mA (0.58 ± 0.19 mA; mean ± SD) for the control (earlobe) stimulation
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condition, and 0.3-0.8mA (0.43 ± 0.14 mA; mean ± SD) for the cymba conchae
stimulation condition. The non-adjustable parameters of the device were
continuous 0.25msec-duration monophasic square wave pulses at 25Hz. The
cable was guided from the left ear down the left side of the head, across the
neck, and down the right side of the body, as this positioning resulted in the
minimum artifact and maximum signal-to-noise ratio in the fMRI images.

2.1.3. Experimental paradigm
Scan 1 - Control: The following data were collected in a 21-min continuous
scan while subjects viewed travelogue images: 2-min rest (travelogue images
were presented); 1-min “boxcar” (10s on/off) right hand finger tap (index finger to
thumb); 7-min left earlobe stimulation (subjects were not cued for this; travelogue
images were presented); 5-min rest; 6-sec taste (sauce-like mixture of salt,
sugar, mustard, and lemon juice in a pipet); 4-min 54-sec rest (travelogue images
were presented); and 1-min “boxcar” (10s on/off) left cheek tap (“face tap”) with
left hand using the pipet as the stimulator.
Scan 2 - Experimental: The following data were collected in a 20-min
continuous scan while subjects viewed travelogue images: 2-min rest; 7-min left
cymba conchae stimulation; and 11-min rest.
The control condition (scan 1) and experimental condition (scan 2) were
not counterbalanced, as a carry-over effect was expected from the experimental
condition. Subjects were blind as to whether the electrode orientation was for the
experimental or the control condition.

!

!

!

!

!

7

2.1.4. fMRI acquisition and data analysis
The fMRI scans were performed at the Rutgers University Brain Imaging
Center using a 3T Siemens Trio with a Siemens 12-channel head coil. For
registration purposes, anatomical images were acquired using magnetization
prepared rapid gradient echo (MPRAGE) sequences (176 slices in the sagittal
plane using 1mm thick isotropic voxels, TR/TE = 1900/2.52ms, field of view =
256, 256 x 256 matrix, flip angle = 9 degrees; 50% distance factor). Field maps
(phase and magnitude images) were collected to correct for inhomogeneity in the
magnetic field and to increase accuracy of registration during the data analysis.
Gradient-echo EPI sequences were acquired of the whole brain including the
entire medulla oblongata (33 slices in the axial plane using 3mm isotropic voxels,
TR/TE = 2000ms/30ms, interslice gap = 1.5 mm, flip angle = 90, field of view =
192, 64x64). The same parameters were used for the field maps with the
exception of the flip angle (60) and TR/TE1/TE2 (400ms/5.19ms/7.65ms).
All data were preprocessed and statistically analyzed using FMRIB’s
(Center for Functional Magnetic Resonance Imaging of the Brain, University of
Oxford, UK) Software Library (FSL) version 6.00. Lower-level fMRI data
processing was carried out using FMRI Expert Analysis Tool (FEAT). The
following pre-processing steps were performed at the individual level: manual
removal of skull and non-brain tissue from the anatomical, functional images, and
magnitude images; motion correction using FMRIB’s Linear Image Registration
Tool (MCFLIRT) (motion was <0.5mm during cymba conchae and earlobe
stimulation); spatial smoothing using a 5mm full-width at half-maximum Gaussian
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kernel (brainstem data were not spatially smoothed); field inhomogeneities were
corrected using B0 Unwarping in FEAT; grand-mean intensity normalization; and
high pass temporal filtering (Gaussian-weighted least-squares straight line fitting,
with σ = 630.0s for scan 1, and σ = 600.0s for scan 2) (Jenkinson and Smith,
2001; Woolrich et al., 2001; Jenkinson et al., 2002; Jenkinson, 2003, 2004).
Registration of the functional images to the high-resolution anatomical
images was performed using Boundary-Based Registration (BBR) (Greve and
Fischl, 2009). A non-linear registration of the high-resolution anatomical to the
MNI152 standard space was then performed using FMRIB’s Nonlinear
Registration Tool (Anderson et al., 2007; Anderson et al., 2007a).
At the individual level, explanatory variables (EVs) were created for the
finger tap, earlobe stimulation, taste, and face tap conditions. The same was
created for the cymba concha stimulation condition and the 11-minute poststimulation epoch. The EVs were used as regressors to determine the average
activity elicited by each condition. The data were thresholded at p=0.05
(uncorrected). The output files (contrast of parameter estimates, or “cope” files)
were then used in the higher-level analysis to determine mean group effects and
to perform contrast analyses between the conditions.
Higher-level cortical and brainstem analyses were performed using
FMRIB’s Local Analysis of Mixed Effects (FLAME 1). Based on the known
projections of the NTS, masks for the following regions of interest (ROIs) were
generated using Harvard-Oxford Cortical and Subcortical Structural Atlases:
amygdala, hippocampus, insula, nucleus accumbens, thalamus, and the
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brainstem (excluding the diencephalon and the cerebellum). Masks for the
hypothalamus and paracentral lobule of the cerebral cortex were created
manually. These masks were used for processing the cymba conchae and
earlobe (control) stimulation conditions. The brainstem mask was used for all
conditions. Mean group effects were processed for all conditions. A paired t-test
to was performed to identify differences between the cymba conchae and
earlobe (control) stimulation conditions.
All higher-level analyses were corrected for multiple comparisons. The
average brainstem activity (compared to baseline) during earlobe stimulation was
processed using a cluster-forming threshold of z = 1.9 and a cluster-significance
threshold of p = 0.01. The average brainstem activity (compared to baseline)
during cymba conchae stimulation was processed using a cluster-forming
threshold of z = 1.0 and a cluster-significance threshold of p = 0.05. Contrasts
(cymba conchae > earlobe, and earlobe > cymba conchae) for brainstem activity
had a cluster-forming threshold of z = 1.0 and a cluster-significance threshold of
p = 0.01. The average regional cortical activity (compared to baseline) during
earlobe and cymba conchae stimulation was processed using a cluster-forming
threshold of z = 1.65 and a cluster-significance threshold of p = 0.05.

2.1.5. Time-course analysis
Masks were created for the following regions based on the significantly
active regions in the brainstem found in the cymba conchae compared to earlobe
contrasts, and the significantly active forebrain regions found during conchae
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stimulation: NTS, hypothalamus, left and right hippocampus, left and right insula,
left and right paracentral lobule, left and right thalamus, right accumbens, and the
right amygdala. The 12 masks were converted from standard space to each
individual’s native space. The “filtered_func_data” file, rather than the original
BOLD file, of the cymba conchae stimulation condition (scan 2) was used to
extract the average time-series for each region of each participant. This file is
temporally high-pass filtered and motion-corrected. The output text files
containing the time-course values were moved to MS Excel for a group
calculation of a minute-by-minute comparison of the percent change from the 2minute baseline.

2.1.6. Effective connectivity analysis
The regions of interest for this portion of the study were selected based on
the same criteria as above, and based on well-documented evidence of the
projections of the NTS. For ease of clarity, demonstration, and interpretation,
only 5 regions were selected for the analysis. The average time-series for the
following regions was extracted for each subject using the “filtered_func_data”
file of the cymba conchae stimulation condition (scan 2) and then moved into MS
Excel: NTS, parabrachial area, right amygdala, right accumbens, and bilateral
insula. To increase power, a group data set was generated for each of the 5
regions listed above. The combined time-series across subjects for each of the 5
regions was partitioned into the 3 conditions of scan 2 -- baseline, cymba
conchae stimulation, and post-stimulation -- then loaded into IMaGES
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(Independent Multisample Greedy Equivalence Search) (Ramsey et al., 2010,
2011), a graphical causal modeling analysis method that operates through the
TETRAD v5.0.0-6 program (http://www.phil.cmu.edu/projects/tetrad/).

2.2. Results

2.2.1. Cymba conchae and earlobe (control) stimulations
2.2.1.1. Brainstem activity
The group analysis of the experimental condition (cymba conchae)
compared to the control condition (earlobe) revealed clear activation along the
length of the left side of the medulla in the region that is consistent with the
location of the ipsilateral NTS. The activity extended from the midline of the lower
medulla dorsolaterally to the upper medulla (Figure 2). Activity in the region of
the spinal trigeminal nucleus (STN) was observed ipsilaterally along the length of
the medulla (Figure 2). Some contralateral activity was observed in the region of
the spinal trigeminal nucleus. In addition, the region consistent with the location
of the hypoglossal nucleus was activated (Figure 2). The activity observed along
the pons was consistent with the locations of the principal spinal trigeminal
nucleus (more contralateral than ipsilateral), the locus coeruleus (more
contralateral than ipsilateral), and the contralateral parabrachial area (Figure 3).
The activity in the midbrain was consistent with the location of the dorsal raphe
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nuclei and the periaqueductal gray (Figure 4). These activations were consistent
in the analysis of cymba conchae stimulation compared to baseline (Figure 5).
The analysis of the post-stimulation period (11 minutes) of the
experimental condition indicated persistent activity in the region of the NTS,
spinal trigeminal nucleus, parabrachial area, locus coeruleus, dorsal raphe, and
periaqueductal gray (Figure 5).
The group analysis of earlobe (control) stimulation compared to cymba
conchae stimulation revealed activation in the ventral region of the caudal
(inferior) medulla. Activation of regions consistent with the location of NTS, spinal
trigeminal nucleus, or hypoglossal nucleus were not observed in the medulla
under these control conditions (Figure 6a). While activation of the ventrocaudal
medulla and lack of activity in the region of the NTS was consistent in the group
analysis of control earlobe stimulation compared to baseline, activity in the region
of the spinal trigeminal nucleus and the nucleus cuneatus was observed (Figure
6b). There was no activity in the regions of the principal trigeminal nucleus, locus
coeruleus, parabrachial area, dorsal raphe, or periaqueductal gray in the contrast
analysis (earlobe > cymba conchae) or in the analysis of earlobe stimulation
compared to baseline. There were no deactivations in the analysis of earlobe
stimulation compared to baseline.

Brainstem activity persisting beyond the

stimulation period was not observed in the control, earlobe, condition. Thus, the
effect of this control stimulation was markedly different from that of the
experimental (cymba conchae) stimulation.
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2.2.1.2. Cortical and subcortical activity
When compared to rest, cymba conchae stimulation produced bilateral
activation in the insula, paracentral lobule, and anterior thalamic nuclei, and
contralateral activity in the nucleus accumbens and amygdala (Figure 7). Activity
was also found in the region of the bed nucleus of the stria terminalis, the stria
terminalis proper, the fornix, and the septum. Deactivations were found bilaterally
in the hypothalamus and extensively throughout the hippocampal formation
(Figure 8). Control stimulation of the earlobe produced activation only in the
contralateral insula (Figure 9). We found no deactivations produced by earlobe
stimulation.

2.2.2. Time-course analysis of cymba concha stimulation
The group time-course analysis (Figure 10) showed a gradual increase in
NTS activity that peaked after cessation of cymba conchae stimulation. Other
regions also showed a gradual increase in activity during stimulation. Among all
brain regions, the right amygdala showed the greatest activity during stimulation,
reaching a peak during the post-stimulation period. Nearly all regions became
maximally active during the post-stimulation period; their activity declined
gradually, persisting throughout the 11 minutes.

2.2.3. Effective connectivity analysis of cymba conchae stimulation
The connectivity pattern among the NTS, parabrachial area, insula, right
amygdala, and right accumbens was markedly different between baseline and
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cymba conchae stimulation.
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All edges (arrows) projected outward from the

insula in the baseline graph, whereas in the cymba conchae stimulation graph,
most of the edges project toward the insula. The recurrence of some outward
projections from the insula is noted in the post-stimulation graph.

No

connections were observed between the NTS and any of the other regions in the
baseline graph. Outward projections from the NTS to the insula were observed
in the cymba conchae stimulation graph and persisted in the post-stimulation
graph. With the exception of the NTS, when comparing the cymba conchae
stimulation graph and the post-stimulation graph, only edge directionality
changes but not the connections among the regions. The graphical models for
the 3 conditions are shown in Figure 11.
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2.2.4. Figures and Legends

Figure 1. a. The left external ear indicating the regions referred to in the
Introduction and Stimulation Procedure section; b. Position of the earpiece during
the control condition (earlobe stimulation); c. Position of the earpiece during the
experimental condition (cymba conchae stimulation); d. Detail of the earpiece
and the pair of titanium electrodes.
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Figure 2. Medulla oblongata activations: cymba conchae > earlobe. Serial axial
slices (location indicated by top left sagittal image) showing the regions that were
significantly more active during cymba conchae stimulation compared to earlobe
(control) stimulation. The left schematic diagrams from the Naidich et al. (2009)
atlas indicate the location of the corresponding labeled nuclei. Color-coding:
solitary nucleus = orange; hypoglossal nucleus = blue; spinal trigeminal nucleus
= green. Compass: S = superior; I = inferior; L = left; R = right; D = dorsal; V =
ventral. Top right colored bar indicates the z-score range. This and all the
following figures are based upon group data, N=12. The z-score convention is
the same for all the following figures.
!
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Figure 3. Pons and lower midbrain activations: cymba conchae > earlobe.
Conventions are the same as in Figure 2 with the exception of the color-coding:
principal spinal trigeminal nucleus = orange; locus coeruleus = blue; parabrachial
area = green.
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Figure 4. Midbrain activations: cymba conchae > earlobe. Conventions are the
same as in Figure 2 with the exception of the color-coding: dorsal raphe nuclei =
orange; periaqueductal gray = green.
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Figure 5. Brainstem activations: mean effects of cymba conchae stimulation and
post-stimulation. Labeled regions were each significantly activated.
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Figure 6. a. Earlobe (control) stimulation compared to cymba conchae
stimulation; b. Mean effects of earlobe (control) stimulation. Activations were
significant only in the regions of the medulla oblongata that are labeled. We
found no evidence of significant activation of solitary nucleus or its projections.
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Figure 7. Cortical activations: mean effects of cymba conchae stimulation.
Labeled regions were each significantly activated.
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Figure 8. Deactivations: mean effects of cymba conchae stimulation. Note the
deactivation sites dispersed in hippocampus and parahippocampal gyrus.
Deactivation occurred also in hypothalamus.

Figure 9. Cortical activation: mean effects of earlobe (control) stimulation.
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Figure 10. Time-course analysis of the percent change of the BOLD signal for
each significantly active region compared to the initial 2 minutes of rest
(baseline). Note the gradual increase in activity during the 7 minutes of cymba
conchae stimulation. For most regions, the activity peaked then persisted after
cessation of the stimulation.
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Figure 11. Neural network models for each condition. The numbers in black
correspond to the magnitude of the strength of the connection between the
regions. The numbers in green are the average time-course values for each
region. right_acc = right nucleus accumbens; right_amyg = right amygdala; nts =
nucleus of the solitary tract; pbn = parabrachial area.
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3. fMRI analysis of functional localizers: finger tap, taste, and face tap

3.1. Methods
The finger tap, taste, and face tap conditions were selected based on their
afferent projections to sensory nuclei in the brainstem and their location relative
to the NTS.

The research participant information, and fMRI paradigm,

acquisition, pre-processing analysis, and individual analysis can be found in
sections 2.1.1 – 2.1.4.

3.1.1. Higher-level data analysis
Higher-level cortical and brainstem analyses were performed using
FMRIB’s Local Analysis of Mixed Effects (FLAME 1). FLAME 1 & 2 was used for
the brainstem analysis of the finger tap and taste conditions. Analysis of the
brainstem was conducted using a brainstem mask that included all parts except
the diencephalon and the cerebellum. Mean group effects for the cortex and
brainstem were processed for all conditions.

A conjunction analysis was

performed between the cymba conchae stimulation condition and the taste
condition to identify regions that are responsive in both conditions.
All higher-level analyses were corrected for multiple comparisons. The
average brainstem activity (compared to baseline) during taste and finger tap
stimulation was processed using a cluster-forming threshold of z = 1.0 and a
cluster-significance threshold of p = 0.05.

The average brainstem activity

(compared to baseline) during the face tap condition was processed using a
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cluster-forming threshold of z = 1.7 and a cluster-significance threshold of p =
0.01. The average regional cortical activity (compared to baseline) during the
finger tap condition was processed using a cluster-forming threshold of z = 2.3
and a cluster-significance threshold of p = 0.01. The average regional cortical
activity (compared to baseline) during the taste condition was processed using a
cluster-forming threshold of z = 1.0 and a cluster-significance threshold of p =
0.05. The average regional cortical activity (compared to baseline) during the
face tap condition was processed using a cluster-forming threshold of z = 2.35
and a cluster-significance threshold of p = 0.01.

The conjunction analysis

between the cymba conchae stimulation and taste stimulation condition was
processed at a cluster-forming threshold of z = 1.0 and a cluster-significance
threshold of p = 0.05.

3.2. Results

3.2.1. Finger tap condition
The group analysis of the finger tap condition revealed activity in the
region consistent with the location of the right nucleus cuneatus (Figure 12).
Other medullary and pontine activations were found in the motor regions, e.g.,
the corticospinal tract.

Cortical activations were found in the supplementary

motor area, left secondary somatosensory cortex, and the hand region of the left
primary somatosensory cortex and primary motor cortex (Figure 12).
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3.2.2. Taste condition
Within the medulla oblongata, regions consistent with the NTS,
hypoglossal nucleus, nucleus ambiguus, and spinal trigeminal nucleus were
activated (Figure 13).

Pontine activations were found bilaterally in the

parabrachial area (Figure 14). Cortical activations were found bilaterally in the
insula (more right than left), the ventral posteromedial nucleus and bilateral
dorsomedial nucleus of the thalamus, the face area of the primary
somatosensory cortex, the operculum, and the inferior parietal lobule (Figure 15).
The activity within the brainstem (NTS, spinal trigeminal and hypoglossal
nucleus, nucleus ambiguous, and parabrachial area) and within the cortex (insula
and operculum) are all consistent with the classical taste pathway.

3.2.3. Face tap condition
The area consistent with the location of the principal spinal trigeminal
nucleus was activated in response to tapping the left cheek with the left hand
(Figure 16). Cortical activations were found in the supplementary motor area
face and hand area of the right primary somatosensory cortex. The right anterior
thalamus and ventral posteromedial nucleus of the thalamus were also activated
(Figure 16).
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Conjunction analysis of the taste condition and cymba conchae

stimulation condition
To test the validity of the localization of the NTS and its response to cymba
conchae stimulation, a conjunction analysis of the taste condition and cymba
conchae stimulation condition was performed to determine whether there was a
common region of activation. In this analysis, activity was found in the region
consistent with the location of the NTS, increasing the confidence that it is
accurately located. (Figure 17)
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3.2.5. Figures and Legends

Figure 12. Mean brainstem and cortical activations elicited by right hand finger
tapping. SMA = supplementary motor area; SI = primary somatosensory cortex.
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Figure 13. Brainstem activations: mean effects of taste stimulation in the region
of the medulla.
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Figure 14. Brainstem activations: mean effects of taste stimulation in the region
of the pons.
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Figure 15.
Mean cortical activations elicited by taste.
VPM = ventral
posteromedial nucleus; DMn. = dorsomedial nucleus; SI = primary
somatosensory cortex.
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Figure 16. Mean brainstem and cortical activations elicited by face tap (left
check tap with left hand). SMA = supplementary motor area; SI = primary
somatosensory cortex.
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Figure 17. Conjunction analysis of the cymba conchae stimulation condition and
taste condition.
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Response indicators to cymba concha stimulation: heart rate, pupil

diameter, and pain detection thresholds

4.1. Methods
The research participant information can be found in section 2.1.1. Of the
12 participants that were scanned, only 8 returned for this portion of the study.
Each participant was asked to sit in a comfortable position and asked to
look away during the stimulation procedure. Application of the mechanical pain
stimulus was carried out using the Ugo Basile Analgesy Meter. A fingertip was
positioned over a conical point (1 mm diameter) and gradually increasing force
was applied with a weighted lever over the fingernail, pressing the finger
increasingly forcefully onto the point. The numerical values of the thresholds are
based on an arbitrary scale in which a reading of 25 is equal to a pressure of 1
kg/mm2. Upon starting stimulation, the participants were asked to say “stop” at
the moment they first experienced pain. They were carefully instructed to refrain
from tolerating any pain past the initial moment they experienced pain. Thus, the
reading on the device was that of pain detection and not pain tolerance. The
heart rate was taken by placing the index and middle fingers over the
participants’ left wrist. The reading was taken for 10 seconds and multiplied by
six. Left and right pupil diameters were measured using a Stoelting Pupilometer.
The procedure began with a baseline measure of the pain detection
thresholds of the pointer, middle, ring, and pinky fingers of the left and right hand.
Each pain detection threshold was measured twice. The baseline heart rate and
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pupil diameter were subsequently measured.
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These measurements, in this

order, were repeated for the left earlobe (control) continuous stimulation
condition at 1 minute and 7 minutes, followed by the left cymba conchae
continuous stimulation condition at 1 minute and 7 minutes. The stimulation
conditions were not counterbalanced, as a carry-over effect was expected from
the cymba conchae stimulation condition.
Prior to the first earlobe and cymba conchae stimulation condition, the
stimulation intensity of the Cerbomed NEMOS® device was adjusted for each
individual following the same procedure in section 2.1.2.

The individual

stimulation intensities that were selected in this way were 0.1-0.6mA (0.38 ±0.17
mA; mean ± SD), for the control (earlobe) stimulation condition, and 0.1-0.9mA
(0.38 ±0.29 mA; mean ± SD) for the cymba conchae stimulation condition.

4.2. Results

4.2.1. Heart rate
No significant effects on heart rate were found among any of the
conditions F(7,4) = 1.03; p>.05. (Table 1)

4.2.2. Pupil diameter
Overall, no significant effects on pupil diameter were observed F(7,4) =
1.06; p>.05.

However, the pairwise analysis shows only one significant

difference but no indication of a systematic effect. (Table 2)
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4.2.3. Pain detection thresholds
Overall, no significant effects on pain threshold detections were observed
F(7,9) = 1.65; p>.05). However, the pairwise analysis indicated a significant
increase (p = 0.05) in right hand pain detection thresholds (8.36 ±2.99; mean ±
SD) after 1m cymba conchae stimulation compared to baseline (7.36 ±2.68;
mean ± SD). (Table 3)

4.2.4. Correlation of stimulation intensity and threshold measurements
No significant correlation was found between the stimulation intensity and
change in pain detection threshold measurements after cymba conchae
stimulation (Table 4; Figure 18).

Since there were no major significant changes in pain detection thresholds
and the stimulation intensities and paradigms were different for the fMRI and
thresholds, there was no basis for analyzing the magnitude of brain activity in
relation to the pain thresholds.
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4.2.5. Tables, Figures, and Legends
Table 1. Pairwise comparison of pupil diameter measurements
Heart Rate
1. Baseline
2. 1m CS
3. 7m CS
4. 1m CCS
5. 7m CCS

1
-0.76
0.29
0.17
0.76

2

3

4

5

!
-0.10
0.22
0.17

!
!--

!
!
!--

!
!
!
!--

0.73
0.45

0.48

M
11.38
11.25
11.75
11.88
11.50

SD
2.26
2.38
2.60
2.23
2.51

CS = control stimulation; CCS = cymba conchae stimulation

Table 2. Pairwise comparison of heart rate measurements
Pupil
Diameter
1. Baseline
2. 1m CS
3. 7m CS
4. 1m CCS
5. 7m CCS

1
-0.50
0.52
0.37
0.57

2

3

4

5

-!
0.22
0.12
0.05*

!
-!
0.77
1.00

!
!
-!
0.71

!
!
!
-!

M
30.13
30.75
29.56
29.31
29.56

SD
5.36
5.31
5.47
4.88
4.54

CS = control stimulation; CCS = cymba conchae stimulation

!
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1
2
-0.76 ! -0.53 0.75
0.21 0.13
0.54 0.53
0.15 0.09
0.38 0.36
0.12 0.05*
0.24 0.19
0.23 0.14

4
!
!
! -0.14
0.82
0.14
0.97
0.99
0.97

3
!
! -0.10
0.56
0.04*
0.28
0.04*
0.15
0.14

!
!
!
! -0.15
0.82
0.36
0.26
0.26

5
!
!
!
!
! -0.06
0.88
0.93
0.90

6
!
!
!
!
!
! -0.33
0.40
0.38

7
!
!
!
!
!
!
! -0.98
1.00

8
!
!
!
!
!
!
!
! -0.97

9
!
!
!
!
!
!
!
!
! --

10

M
7.22
7.36
7.51
8.37
7.88
8.40
7.95
8.36
8.36
8.36

!

!

LH = left hand; RH = right hand; CS = control stimulation; CCS = cymba conchae stimulation

Thresholds
1. LH-Baseline
2. RH-Baseline
3. LH-1m CC
4. RH-1m CC
5. LH-7m CC
6. RH-7m CC
7. LH-1m CCS
8. RH-1m CCS
9. LH-7m CCS
10. RH-7m CCS

SD
2.68
2.97
2.84
3.69
3.71
3.37
3.34
2.99
3.17
3.36

!
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Table 3. Pairwise comparison of pain detection threshold measurements
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Table 4. Correlation analysis between stimulation intensity and change in pain
detection threshold from baseline after
Measure
1
Stimulation intensity
-Change in threshold from
baseline after CCS
0.24

2

M
0.38

SD
0.29

--

0.81

2.12

CCS = cymba conchae stimulation

Figure 18. Scatter plot of Table 4 correlation analysis.
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5. Discussion

5.1. Caveats
One could argue that the parameters selected for the higher-level analysis
in the first part of the study are insufficiently conservative. However, we believe
that this selection is justified based on the gradual increase in the activity of the
NTS as revealed by the time-course analysis, which led to its relatively low
average activity. Consequently, we set the cluster-forming threshold for the
brainstem analysis to a less conservative value. Because the activity in the NTS
peaked after cessation of the 7-min stimulation period, a follow-up study in which
we would prolong the stimulation might reveal greater activity, which could justify
a more conservative cluster-forming threshold. Our confidence is increased that
the observed NTS activation is not a false positive, on the basis that the same
analysis criteria applied to the control, earlobe, stimulation failed to reveal
activation of NTS or its projections. The activity in the region of the NTS was
further validated by the conjunction analysis that tested for the areas of
congruence between the taste and cymba concha stimulation condition.
Spatial smoothing was not applied during the preprocessing procedure for
the brainstem data. Some of the regions of interest in the brainstem are smaller
than the size of the voxel in which they are located. Spatially smoothing these
data would allow higher cluster-forming thresholds but would result in flooded
regional activity with excessive false positives. Thus, we believe that for the
purpose of more accurately representing discrete activity in the brainstem, it is
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preferable to not smooth the data and to forego adherence to the conventional
statistical standards of fMRI analysis.
A potential limitation of this study is that cardiac and respiratory activity
was not available for use as regressors in the analysis of the ear stimulation
conditions. However, it is unlikely that these factors contributed to the activity
elicited by cymba conchae stimulation, for they did not influence the fMRI
response to the control, earlobe, stimulation, and there was no systematic
temporal relation between the continuous 25Hz stimulation pulses and cardiac or
respiratory cyclicity.

5.2. Consistency among vagus afferent target sites, brain sites activated
by ear stimulation, and therapeutic effects of ear stimulation

5.2.1. Vagus afferent target sites in the brain
Neuroanatomical studies have provided evidence that the sensory vagus
projects to the NTS (Berthoud and Neuhuber, 2000). The NTS in turn projects to
the following brain sites: spinal trigeminal nucleus, parabrachial area, locus
coeruleus, dorsal raphe, periaqueductal gray, thalamus, amygdala, insula,
nucleus accumbens, bed nucleus of the stria terminalis, and hypothalamus, in
addition to other areas (Sawchenko, 1983; Ruggiero et al., 2000). In the present
study, each of these named brain regions was activated in response to cymba
conchae (left side) stimulation, with the exception of the hypothalamus and
hippocampus (an indirect target of the NTS), both of which were deactivated.

!

!

!

!

!

43

5.2.2. Therapeutic effects of ear stimulation
Three major therapeutic effects have been reported for electrical
stimulation of the vagus trunk or the external ear: antinociception (Kirchner et al.,
2000; Busch et al., 2013), anti-depression (Rush et al., 2000; Hein et al., 2013),
and anti-convulsion (DeGiorgio et al., 2000; Stefan et al., 2012).

a. The anti-nociception effect is consistent with the present finding of
cymba conchae stimulation-induced activation of periaqueductal gray, dorsal
raphe, and locus coeruleus, each of which activates descending inhibitory
pathways to the spinal cord dorsal horn (Basbaum and Fields, 1978; Millan,
2002).
b. The anti-depression effect is consistent with the activation of the
amygdala (Young et al., 2014) and may be boosted by nucleus accumbens
activation, as depression has been showed to decrease the response of the
nucleus accumbens to reward (Pizzagalli et al., 2009). While Kraus et al. (2007)
and Dietrich et al. (2008) reported deactivation of the amygdala and accumbens,
respectively, using ear stimulation, they did not apply the stimulation to the
cymba conchae; regional differential innervation of the ear may account for these
different findings.
c. The anti-convulsion effects are consistent with the deactivation of the
hippocampus (Henry et al., 1998). In humans, temporal lobe epilepsy, with a
focus in the hippocampus, is the most common form of drug-resistant epilepsy
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(Panayiotopoulos, 2004). As the septum is a major source of neural input to the
hippocampus (Gogolák et al., 1968; Felten and Jozefowicz, 2003), the septal
activation, observed in response to cymba conchae stimulation in the present
study, is a possible trigger for the hippocampal deactivation. In addition, the
activation of the dorsal raphe and locus coeruleus found in the present study is
consistent with the anticonvulsive effects of invasive vagus nerve stimulation and
external ear stimulation (Krahl et al., 1998; Mazarati et al., 2005; Fornai et al.,
2011).

5.3.

Unexpected widespread activation of NTS by cymba conchae

stimulation
Contrary to expectation based on evidence of a viscerotopic organization
of the NTS (Sawchenko, 1983; Altschuler et al., 1992), the cymba conchae
stimulation in the present study activated not just the rostral region of the NTS,
but rather much of the rostrocaudal extent of the NTS through the medulla
oblongata.

This distributed activation is consistent with neuroanatomical

evidence in cats of the afferent distribution of the auricular branch of the vagus
nerve, i.e., more dispersed throughout the NTS than viscerotopically distributed
(Nomura and Mizuno, 1984). This convergent evidence indicates an extensive
distribution of, and perhaps diverse role for, the auricular branch of the vagus.
This somato-viscero-vagal convergence manifests itself usually as
auriculo-reflexes, which can be visceral motor reflexes or referred auricular
sensation. The most commonly reported visceral motor reflex is the ear-cough
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reflex where coughing is elicited by stimulation of the posterior and/or inferior ear
canal whether experimentally with a probe or cotton swap, or by impacted
cerumen (ear wax) or wounds (Bloustine et al.,1976; Gupta et al., 1986,
Tekdemire et al., 1998). In cats, an auriculo-genital reflex (Agr) that causes
contractions of the muscles around the penis and perineum can be elicited by
rubbing the base of the ear or by internal stimulation of the ear (Brandford, 1937;
Engel 1979). In a single case similar to Agr, an auriculo-uterine reflex was noted
in a patient who reported the sensation of menstrual flux (caused by contraction
of the uterus) after being repeatedly touched in her wounded ear canal by her
physician (Vasiliu, 1932; Engel 1979). Lastly, a 13-year-old girl being treated for
“absence” seizures was instead diagnosed with auricular syncope after becoming
aware that the “attacks” were followed by ear stimulation (scratching or cleaning
of the ear canal). Further testing confirmed bradycardia and a sense of fainting
after stimulation of the posterior wall of the left ear canal. Abstaining from ear
stimulation alleviated her symptoms (Thakar et al., 2008). Cases of referred
sensation have been described as “gastro-auricular phenomena” (Gaph) (Engel,
1979). This is a reflexive itching or hypersensitivity of the ear canal in response
to afferents from a vagally innervated internal organ such as the stomach or
lungs.

Discomfort or complications that arise within these organs such as

heartburn or tuberculosis were reported to elicit the reflex within the ear canal.
(Engel, 1979).
How the vagus nerve -- the main visceral nerve -- produces a
somatosensory branch in such an obscure location as the ear is a question of

!

!

!

!

!

46

phylogenetic origin. Engel (1979) postulated that the connection observed
between the somatosensory vagus branch of the ear and the viscerosensory
vagus is due to the phylogenetic connection between the vagus nerve and the
cranial nerves of the lateral line system in fish.
Embryologically, all vertebrates share a similar developmental pattern,
parts of which begin to diverge at the pharyngeal arches. Each arch pair is
associated with a specific cranial nerve: 1st arch - trigeminal nerve (V); 2nd- facial
nerve (VII); 3rd- glossopharyngeal (IX); 4th-6th – vagus nerve (X); fish possess up
to 6 additional pairs of cranial nerves that supply the sensory organs of the lateral
line system, which detects water current from the head, through the branchial
(pharyngeal) arches, extending to the tail fin (Kardong, 2002). There is evidence
that the primitive vagus nerve merged with the lateral line cranial nerves (Keith,
1902; Kardong, 2002). Today, in vertebrates such as salamanders, sensory cell
bodies of the lateral line system are found adjacent to the superior (jugular)
ganglion of the vagus nerve (Nieuwenhuys et al., 1998).

In humans, the

superior jugular ganglion contains the cell bodies of the sensory neurons that
innervate the external ear (Felten and Jozefowicz, 2003). Thus, in subsequent
evolution, it is not unlikely that the two ganglia fused following the merging of the
vagus and lateral line nerves.

Furthermore, in fish, the first two pharyngeal

arches form the jaw bone and the corresponding surface of the skin, along with
the rest of the body, contains the sensory organs of the lateral line system that
are partially innervated by the vagus nerve (Cochard, 2002; Kardong, 2002). In
humans, the first two pharyngeal arches form the external ear and the middle ear

!

!

!

!

!

47

bones (homologous to the lower vertebrate jaw bone) (Cochard, 2002). Thus,
from an evolutionary standpoint, it is not surprising, after all, to see vagal
innervation of the external ear nor somato-viscero-sensory convergence
associated with the auricular branch of the vagus nerve, as seen with auriculoreflexes.
While some regard this branch as a vestige of the lateral line system
(Keith, 1902), it is evident that it is not functionless as demonstrated by the
reflexes.

Moreover, stimulation of this “relic” has evidently demonstrated

therapeutic benefits that are similar to that of the invasive vagus nerve
stimulation procedure.

5.4. Intense activation of the paracentral lobule of the cortex by cymba
conchae electrical stimulation
While this finding may at first seem anomalous (because the paracentral
lobule contains the homuncular “genital sensory cortex”), there is actually strong
convergent supportive evidence. We reported recently, based on fMRI, that
vaginal, cervical, and clitoral self-stimulation activate overlapping regions of the
paracentral lobule (Komisaruk et al., 2011; Appendix C.1.). Previously, evidence
was reported that the vagus nerves convey sensory activity from the vagina and
cervix (Komisaruk et al., 2004). That is, using fMRI, the NTS was found to be
activated in women with complete spinal cord injury at T10 and above, injury that
would block all the known genito-spinal ascending pathways to the brain. The
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only likely remaining sensory innervation of the vagina and cervix is the vagus,
for which there is evidence in rats (Ortega-Villalobos et al., 1990; Komisaruk et
al., 1996; Collins et al., 1999). Furthermore, the women with complete spinal cord
injury, cited above, reported perceptual awareness of the vaginal and cervical
stimulation, but not clitoral, trunk or limb awareness below the level of the injury.
In that study, there was evidence of activation of the paracentral lobule in some
of the cases.
Thus, stimulation of the ABVN via the cymba conchae of the external ear
activates not only the classical visceral projections of the vagus nerve but it also
activates regions of the genital sensory cortex. However, the pathway of the
ABVN to the genital sensory cortex remains unclear as it may be due to a direct
projection from the ABVN or a sensory response to the auriculo-uterine reflex via
vagal or non-vagal pathways.

5.5. Effective connectivity analysis
Though the fMRI analysis can provide evidence that the region of the NTS
and its projections are activated in response to cymba conchae stimulation, it
does not provide information about the connectivity pattern among those regions.
IMaGES allowed examination of the neural network among these regions,
specifically, regions that were found to be active during and after stimulation.
There is a striking difference between the baseline graph and the cymba
conchae stimulation graphs in that there is a clear reversal of the network when
the NTS is involved. Of further interest is the slightly different connection pattern
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between baseline and post-stimulation. The continued involvement of the NTS in
the post-stimulation connectivity pattern may be indicative of the persistent
therapeutic effects of external ear stimulation and invasive vagus nerve
stimulation. It is evident that cymba conchae stimulation has a notable effect on
the neural network among the NTS and its projections. Future studies comparing
the effects of cymba conchae stimulation on the network among patients with
drug-resistant epilepsy, treatment-resistant depression, and chronic pain may
elucidate the mechanism of action behind its therapeutic effects.

5.6. Response indicators to cymba conchae stimulation
In the present study, no significant effects were observed on heart rate.
This corroborates the findings in the Busch et al. (2013) study where no effect on
heart rate from bilateral external ear stimulation was observed. In addition, no
significant systematic effects on pupil diameter were observed in response to
electrical stimulation of the vagus nerve. The only significant effect was found
between 1m control stimulation and 7m cymba conchae stimulation, in which
case the pupil diameter decreased after cymba conchae stimulation. However,
this was contrary to Bianca and Komisaruk’s (2007) report of pupil dilation in rats
in response to stimulation of vagal trunk afferents. A significant but not robust
effect was detected between baseline pain detection thresholds of the right hand
compared to pain detection thresholds of the right hand after 1 minute of cymba
conchae stimulation. This should be interpreted with caution, as the effect was
not observed after 7 minutes of cymba conchae stimulation, possibly because of
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low intensity stimulation or because of the short duration of stimulation. It is likely
that a replication of the methods in the Busch et al. (2013) study, in which
bilateral stimulation of the external ear was applied for approximately 1 hour, will
produce a greater increase in pain detection thresholds, and possibly bilaterally,
compared to that of the current study.

6. Future Directions

6.1. Proposed Studies

6.1.1. Right cymba conchae stimulation
The study just completed, examined the effects of left ear cymba conchae
stimulation. The findings, particularly the persistent activity post stimulation, the
neural network influence, and the insignificant effects of stimulation on the
autonomic system, are an impetus for the examination of the effects of right ear
stimulation. The main concern of right invasive or non-invasive vagus nerve
stimulation is that it may cause a decrease in heart rate by activating vagal
parasympathetic efferents. Stimulation of the left vagal trunk is the medically
accepted procedure to reduce the risk of bradycardia, but Busch et al. (2013)
reported no significant autonomic effects from bilateral stimulation of the external
ears. If the findings of a replicated study show that the effects of right cymba
conchae stimulation are similar to that of left side stimulation, then we can further
test the effects of bilateral stimulation to determine if there are compounding or
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synergistic effects that may be clinically useful. On the other hand, there may
very well be a bradycardic effect of right cymba conchae stimulation. While this
effect may not be therapeutically beneficial for the currently accepted uses of
external ear stimulation, it may provide an opportunity to test this effect on
tachycardic patients. Thus, any results from studying the effects of right cymba
conchae stimulation may prove to be of potential clinical therapeutic value.

6.1.2. Optimal duration of stimulation for the NTS
The time-course of the active brain regions during cymba conchae
stimulation (Figure 10) indicates that the NTS reaches its maximum peak shortly
after stimulation. Two questions arise from this: 1. Is the NTS being actively
inhibited during cymba conchae stimulation?; and 2. Instead of active inhibition,
might the peak seen after cessation of stimulation be an indication that a longer
stimulation period is necessary for optimal effects? A study that compares the
time course of short-duration (e.g., 7min) cymba conchae stimulation with longduration (e.g., 15min or longer) cymba conchae stimulation may elucidate
whether or not the gradual increase of the NTS, and its peak after cessation of
stimulation, are due to active inhibition or due to a short duration of stimulation.

6.1.3. Dose-response study
A “dose-response” study, where “dose” refers to the duration of
stimulation, will provide insight as to the optimal duration of cymba conchae
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Examining the regional brain

effects of 1h vs. 4h of cymba conchae stimulation applied daily for 4 weeks will
allow us to determine any change in responsiveness to cymba conchae
stimulation. Furthermore, the effective connectivity results from the current study
indicate a change in the network as a result of cymba conchae stimulation, which
suggests a more permanent change with a longer stimulation duration. Diffusion
tensor imaging could provide evidence as to whether there are observable
morphological changes in brain pathways in relation to the 1h vs. 4h per day
month-long cymba conchae stimulation.

7. Conclusion
The present findings are the first to provide fMRI evidence in humans that
the vagus nerve and its central projections are accessible non-invasively from the
left external ear, specifically from the region of the cymba conchae. Furthermore,
electrical stimulation of the “somatic” (i.e., external ear) afferent branch of the
vagus nerve can activate the projections to its “visceral” and to its “somatic”
afferent targets in the brain.
The pattern of activation and deactivation of brain regions in response to
electrical stimulation of the cymba conchae provides a rational basis for the
reported anti-convulsive, antidepressive, and antinociceptive effects of invasive
electrical stimulation of the vagus trunk and by noninvasive electrical stimulation
of the external ear. The present finding that brain regions to which the vagus
projects remain active after cessation of the cymba conchae stimulation suggests
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that there may be a concomitant persistence of the therapeutic effects of the
stimulation. Moreover, there is a marked effect of cymba conchae stimulation on
the network among these regions during stimulation and after stimulation. Based
on the present findings, we believe that it is indeed valid to term electrical
stimulation of the cymba conchae of the external ear, “transcutaneous vagus
nerve stimulation (t-VNS)”. The results of the proposed studies will provide a
better understanding of the central effects of t-VNS and, therefore, may expand
the therapeutic applications of the device. The current evidence that the ABVN
projects to the classic projections of the vagus nerve now provides a rational
basis for testing the effects of t-VNS on maladies that are currently responsive to
the invasive vagus nerve stimulation treatment.
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Appendix A
Central Projections of the Vagus Nerve
A review of the afferent vagal system from the thoracic and abdominal
visceral organs in both humans and animals provides convergent evidence that
information from these organs projects directly to the solitary nuclei (NTS) in the
brainstem, a pair of elongated nuclei that extend vertically through the medulla
oblongata and into the lower dorsal region of the pons (Berthoud and Neuhuber,
2000).

Other studies also report vagal afference from the sacral region,

specifically from the cervix and vagina [in rats (Collins et al., 1999; Ortega et al.,
1990) and humans (Komisaruk et al., 2004)].

In addition, the NTS receives

gustatory information from the glossopharyngeal and facial nerves (Komisaruk et
al., 2004).

The NTS is located medially in the most caudal portion of the

medulla and extends dorsolaterally as it extends towards the pons.

It is

composed of 10 subnuclei (McRitchie and Törk, 1993) and the afference is
topographically organized such that gustatory information is projected rostrally,
while intestinal information is projected caudally (Berthoud and Neuhuber, 2000).
A study on the central projections of the auricular branch of the vagus
nerve (ABVN) was performed on cats (using horseradish peroxidase labeling)
and showed fibers of the ABVN originating in the superior jugular ganglion and
terminating in not only the NTS, but also in the principal sensory trigeminal
nucleus, spinal trigeminal nucleus, nucleus cuneatus and dorsal horn of C1, C2,
and C3 cord segments. The fibers projecting to the NTS terminated in specific
subnuclei
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interstitial,
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dorsolateral,

and

commissural

!

!

!

65

subnuclei.(Nomura and Mizuno, 1984).

A similar study, performed on rats,

reported similar findings (Gao et al., 2010). Projections to the nucleus of the
solitary tract from the auricular branch of the vagus nerve have not been reported
in humans.
!
Projections from the NTS
Tract-tracing and labeling studies in animals and humans indicate that the
projections from the NTS are widespread and recurrent (Sawchenko, 1983;
Ruggiero et al., 2000). Within the medulla, the NTS projects directly to the dorsal
motor nucleus of the vagus and the nucleus ambiguus, the origin of the
presynaptic neurons of the parasympathetic system (vagal efferents to the
visceral organs). The hypoglossal, facial, and spinal trigeminal nucleus caudalis
also receive input from the NTS (Sawchenko, 1983; Ruggiero et al., 2000).
Within the midbrain, the contralateral medial and lateral parabrachial nuclei
receive input from the rostral (gustatory) and caudal (visceroceptive) subnuclei of
the NTS (Cheng et al., 2004; Sawchenko, 1983; Henry, 2002).

Other NTS

projection sites in the midbrain include: locus coeruleus (via the nucleus
paragigantocellularis and nucleus prepositus hypoglossi) (Aston-Jones et al.,
1991), multiple raphe nuclei, Kölliker-Fuse, and the periaqueductal gray matter
pons (Berthoud and Neuhuber, 2000; Henry, 2002).

The well-characterized

gustatory pathway from the NTS includes projections to the parabrachial nucleus,
the ventral posteromedial nucleus of the thalamus, and termination in the insular
and prefrontal cortices (Sawchenko, 1983). Subcortical projections include the
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nucleus accumbens, central nucleus of the amygdala, bed nucleus of the stria
terminalis, and paraventricular thalamic nuclei (and other thalamic nuclei)
(Sawchenko, 1983; Henry, 2002; Beckstead et al., 1980). The noradrenergic
neurons of the NTS project to the paraventricular nucleus (PVN) of the
hypothalamus. In addition to the PVN, the lateral hypothalamic nuclei, dorsal
medial nuclei, arcuate nuclei, and the medial preoptic area also receive input
from the NTS (Berthoud and Neuhuber, 2000; Sawchenko, 1983; Ter Horst et al.,
1989). Nearly all the structures that receive input from the NTS send projections
back to the NTS.
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Appendix B: Nerve supply of the external ear
36
Peuker and
Filler
The nerve supply of the external human auricle
was
examined
on 14
TABLE 1. Overview of the Innervation Pattern
of the Lateral Surface of the Auricle

specimens and revealed three sources of sensory innervation:ABVNthe GAN
greater
ATN
Crus of helix
Spine of helix
Tail of helix
Scapha
Crura of anthelix
Antihelix
Antitragus
Tragus
Cymba conchae
Cavity of concha
Lobule of auricle

20%

9%
100%
100%
91%
9%
100%
46%

80%
91%

auricular nerve, the auriculotemporal nerve, and the auricular branch
of the
9%
73%

45%
100%
45%

18%

9%

vagus nerve. (Peuker and Filler, 2002) The auriculotemporal nerve (ATN)
and
55%
100%

ABVN ! auricle branch of the vagus nerve; GAN !
great auricular nerve; ATN ! auriculotemporal nerve.

auricular branch of the vagus nerve (ABVN) are branches from cranial nerves 5
(trigeminal)

and

10

(Schmalfuss et al., 2002).

(vagus),

respectively

The greater auricular

nerve (GAN) arises from the ventral rami of cervical
spinal nerves 2 and 3. (Tubbs et al., 2007) The
nerve supply of the lobule, antitragus, tail of the

Fig. 2. A. Lateral surfa
scheme. ABVN ! auricular
auricular nerve; ATN ! aur
temporal artery. B. Medial su
ing scheme. ABVN ! auricu
occipital nerve; V ! vessels

helix, and scapha was provided solely by the GAN
in 100% of the specimen that Peuker and Filler

well. For details on do
and 2.

(2002) examined. The spine of the helix was found

DISCUSSION

The external ear a
density of nerve fibers
to other regions of th
addition, four differen
external ear. They ar
matogenic. Concernin
is a gap in the origi
branchiogenic nerves

to be innervated by the auriculotemporal nerve in
91% and in 9% by the GAN.

In 73% of the

specimens, the ABVN solely innervated the

Fig. 1. Scheme of left auricle, lateral aspect.

Figure 19.
Surface of the left external
ear. Peuker & Filler, 2002

antihelix, GAN supply was found in 18% and 9%
of the specimens showed an overlap of innervation. The crus of the helix was
innervated by the ATN in 80%, and by the ABVN in 20%. The crura of the
antihelix was supplied by the GAN in 91% of the specimens, and by the ABVN in
9% of the specimens. In 45% of the specimens, the tragus was solely innervated
by the GAN, and by the ATN in 9%; in all other cases there was an overlap. The
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surface of the inner side of the tragus, which is considered to be continuous with
the cavity of the concha, may have dual innervation supplied by the ABVN and
the GAN. The surface of the cavity of the concha was solely innervated by the
ABVN in 45%; 55% of the specimens were found to have dual innervation
supplied by the AVBN and the GAN. The nerve supply of the cymba conchae
was provided solely by the auricular branch of the vagus nerve in 100% of the
specimens.

Other reports provide evidence that the auricular branch of the

vagus nerve innervates the external auditory meatus (ear canal) (Tekdemir et al.,
1998), specifically the posterior and inferior meatal skin (Fay, 1927; Gupta et al.,
1986).

Table 5. Summary table of the sensory innervation of the external ear.

Modified after Peuker and Filler (2002), by Jens Ellrich.
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Appendix C.1. Women's clitoris, vagina, and cervix mapped on the sensory
cortex: fMRI evidence.
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Abstract
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Introduction—The projection of vagina, uterine cervix, and nipple to the sensory cortex in
humans has not been reported.
Aims—To map the sensory cortical fields of the clitoris, vagina, cervix and nipple, toward an
elucidation of the neural systems underlying sexual response.
Methods—Using functional Magnetic Resonance Imaging (fMRI) we mapped sensory cortical
responses to clitoral, vaginal, cervical, and nipple self-stimulation. For points of reference on the
homunculus, we also mapped responses to the thumb and great toe (hallux) stimulation.
Main Outcome Measures—fMRI of brain regions activated by the various sensory stimuli.
Results—Clitoral, vaginal, and cervical self-stimulation activate differentiable sensory cortical
regions, all clustered in the medial cortex (medial paracentral lobule). Nipple self-stimulation
activated the genital sensory cortex (as well as the thoracic) region of the homuncular map.
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Conclusion—The genital sensory cortex, identified in the classical Penfield homunculus based
on electrical stimulation of the brain only in men, was confirmed for the first time in the literature
by the present study in women, applying clitoral, vaginal, and cervical self-stimulation, and
observing their regional brain responses using fMRI. Vaginal, clitoral, and cervical regions of
activation were differentiable, consistent with innervation by different afferent nerves and
different behavioral correlates. Activation of the genital sensory cortex by nipple self-stimulation
was unexpected, but suggests a neurological basis for women’s reports of its erotogenic quality.

Introduction
The original map of the representation of the genitals in the sensory cortex in humans was
generated by applying roving electrical stimulation to the brain in awake men, and asking
the men from which part of their body the stimulation seemed to emanate. The men reported
penile sensation when the interhemispheric region, i.e., the medial cortex (medial region of
the paracentral lobule, Figure 1) was stimulated; they reported foot sensation when the
electrical stimulation was applied immediately superior to the penile representation [1–3].
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While Penfield and Rasmussen [3] did not report the effect of brain stimulation on genital
sensation in women, they did report that their patient with spontaneous sensory seizures
likely stimulated by a small glioma in the postcentral gyrus near the falx (i.e., the
interhemispheric component of the dura mater) had labial, breast, and foot sensations during
her seizures.
Subsequent studies used electrical stimulation of the dorsal nerve of the penis to measure the
distribution of evoked potentials in the cortex. Those studies confirmed the earlier
homuncular map, for each reported that the evoked potentials were focused in the medial
cortex, (in the medial region of the paracentral lobule), i.e., in the genital region as
represented in the Penfield map [4–6]. Similar findings were reported by Allison et al [7] in
response to electrical stimulation of the clitoris as well as the penis.
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However, more recent studies using PET or fMRI, and another using penile evoked
potentials, reported that a more dorsolateral portion of the paracentral lobule, rather than its
medial region, was activated when direct penile stimulation was applied by the experimenter
(using a toothbrush and recording fMRI [8]), when penile stimulation was applied by the
subject’s partner (using manual stimulation and recording PET [9]), or in response to
electrical stimulation of the penis [10]. While the basis for this discrepancy in the penile
map is still not reconciled, it is possible that sensory activation of the more dorsolateral
region of the paracentral lobule may result from inadvertent and incidental stimulation of the
groin, on the basis that Penfield’s [3] map and even Kell’s [8] “revised” map both show the
transition zone between upper thigh and trunk (i.e., “groin”) to be located on the dorsolateral
region of the paracentral lobule.
A parallel discrepancy in the genital map of women has now become evident. Two recent
studies, using fMRI with electrical stimulation of the clitoris [11] or using PET and
mechanical stimulation of the clitoris by the subject’s partner [12], reported that clitoral
stimulation activated the dorsolateral, rather than the medial, region of the paracentral
lobule. . In those studies, the clitoral stimulation was applied by the experimenter or the
subject’s partner.
As seen in the present findings, using fMRI, in which the women applied clitoral, vaginal or
uterine cervical self-stimulation, there is clear evidence of activation of the medial region of
the paracentral lobule, in the sensory genital region of the homuncular map of Penfield and
Rasmussen [3]. In addition, there is an occasional secondary activation in the dorsolateral
paracentral lobule, indicative of groin stimulation.
Rationale for the present research

NIH-PA Author Manuscript

The map of the genital sensory cortical representation is based almost exclusively on
responses to penile and clitoral stimulation, both of whose afferent innervation is provided
by the pudendal nerve. However, additional nerves convey sensation from the vagina and
cervix, i.e., the pelvic, hypogastric and vagus nerves [13; for review: 14]. To our knowledge,
the projection of vagina and uterine cervix to the sensory cortex in humans has not been
reported previously. To address this gap, in the present study using fMRI, we mapped the
regions of the sensory cortex that are activated by clitoral, vaginal, and cervical selfstimulation. For points of reference on the homunculus, we also mapped responses to the
thumb and great toe (hallux) stimulation and nipple self-stimulation. Portions of these
findings have been reported in abstract form [15].
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Methods
Research Participants
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Eleven healthy right-handed women, ages 23–56, recruited by word of mouth, were
prescreened with the SCL-90 questionnaire to rule out any psychological contraindications
to study participation. Each participant tested negative for pregnancy prior to scanning. All
participants gave informed consent as required by the research protocol approved by the
New Jersey Medical School – University of Medicine and Dentistry of New Jersey IRB.
Participants were compensated $100 for participating in the study; the duration of each scan
session was 1–2 hours.
Experimental Paradigm

NIH-PA Author Manuscript

A “boxcar” experimental design was employed with each 5-minute trial consisting of 30 sec
of rest, then 30 sec of stimulation, repeated 5 times in succession. Control trials consisted of
an experimenter rhythmically tapping a participant's thumb or toe in separate trials to
establish reference points on the sensory cortex. Experimental mapping trials consisted of
participants self-stimulating, by hand or personal device, using “comfortable” intensity, the
clitoris, anterior wall of the vagina, the cervix, or the nipple, in separate, randomizedsequence trials. Clitoral self-stimulation was applied using rhythmical tapping with the right
hand. Vaginal self-stimulation (of the anterior wall) was applied using the participant's own
stimulator (typically a 15mm-diameter S-shaped acrylic rounded-top cylinder). Cervical
self-stimulation was applied using a similar-diameter, glass or acrylic straight rounded-tip
cylinder brought to the study by each participant. Nipple self-stimulation was applied using
the right hand to tap the left nipple rhythmically. All trials started with a 30-sec rest period.
The participants were instructed by an experimenter via headphones as to when to start and
stop self-stimulation. The participants were in continuous audio contact with the
experimenters for the duration of the experimental paradigm.
fMRI Acquisition
Data were collected using a 3T Siemens Allegra (head only) system using gradient-echo
echo-planar sequence (EPIBOLD) with the following acquisition parameters: 2000/40 (TR/
TE); 64X64 matrix, 22 cm field of view, 5-mm thick contiguous sections, and 90 degree flip
angle. For each 5-min sensory paradigm, 150 image sets of 32 slices per TR were obtained
using a standard quadrature “bird cage” head coil. The participant's head was stabilized with
an individually-fitted thermoplastic frame that was affixed to the head coil to limit motion.
Images were reconstructed from Siemens proprietary software (Advanced Neuropackage)
and transferred to a remote workstation for processing and analysis.
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Anatomical images
T1 weighted (TR/TE = 450/14, FOV=24 cm, Matrix=256x256, Slice thickness = 5 mm skip
0, 32 slices) high-resolution anatomical images were acquired in the transaxial plane in
identical slice locations during each imaging session. This data set was used for image
underlay with functional data to identify the anatomical landmarks.
Data analysis
Statistical parametric mapping (SPM-8) was utilized. In SPM-8, the blood-oxygenationlevel-dependent (BOLD) signal intensity of each voxel during the stimulus conditions was
compared statistically with its activity during the prestimulus condition (baseline condition).
The images from each trial were pre-processed for realignment, normalized to MNI space,
motion-corrected, and smoothed using an 8x8x10 kernel. The high pass filter was set to a
default value of 128 sec to remove the slow signal drifts.
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In order to obtain the overall presentation for each paradigm, group maps were generated
with second level analysis using a random effects model. A canonical hemodynamic
function was selected for the basis function to estimate the hemodynamics. To calculate the
model parameters, the Restricted Maximum Likelihood (ReML) algorithm was used. In
addition, an autoregressive model (AR) to correlate the time series was used with ReML to
account for the aliased biorhythms and unmodeled neuronal activity.
MRIcro [32] was used for visualization of group maps on a standardized anatomical
template. The numbers in the calibration bars in Figures 2 and 3c are the range of Z scores
that correspond to the “hot metal” representation of the fMRI activity levels in the adjacent
brain images. Thus, the closer the color of the brain activity is to “white hot”, the more
highly significant is that activity. Z scores: 1.96 = p< 0.05; 2.3 = p<0.01.

Results

NIH-PA Author Manuscript

Figure 2 shows the group maps of cortical responses to self-stimulation of clitoris, vagina, or
cervix, or investigator-applied stimulation of left thumb or left hallux. The columns, (left to
right: coronal, sagittal and transaxial views) show the maps of group data based upon Ns
between 9 and 11. In these views, the convention is that the subjects’ right side is on the left
side of the image, as if their feet are closer to the observer than their head. For reference, in
Figure 1, the homuncular map of Penfield and Rasmussen [3] is shown with lines indicating
the relation between the boundaries of the postcentral gyrus laterally and the paracentral
lobule medially on the schematic map and the brain anatomical template. As labeled in
Figure 1, the paracentral lobule is the medial continuation of the more lateral postcentral
(sensory) gyrus. In the Penfield and Rasmussen [3] homunculus, the face, hands and arms
are represented in the postcentral gyrus, whereas the groin, legs, feet and genitals are located
in the paracentral lobule. In Figure 2, the arrows indicate sensory cortical brain regions
activated by the specific stimuli. Note that the response to stimulation of the thumb, in the
postcentral gyrus, corresponded closely to the homuncular map. The group response to
stimulation of the toe (weaker than that to the thumb) was in the medial region of the
paracentral lobule, corresponding precisely to the homuncular map.
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The group responses to clitoral, vaginal, and cervical self-stimulation were all located in the
medial paracentral lobule, with the precise localizations being distinct from each other. Note
that the groin region of the paracentral lobule (i.e., its dorsolateral region) was also activated
in all but the thumb stimulation conditions. Note also the region of activation of the
ventrolateral (sensory) thalamus by the clitoral self-stimulation condition. We have
intentionally avoided “modeling out” the participants’ hand movement involved in the selfstimulation. Note the absence of hand movement in the case of experimenter-applied thumb
stimulation. Two unexpected observations were that a) although the participants were all
using just their right hand to apply the self-stimulation, both the contralateral and ipsilateral
hand areas were activated, a highly reliable effect, and b) in the case of investigator-applied
toe stimulation, the participants’ hand areas were also activated. These findings are
addressed in the Discussion.
An unexpected finding was that nipple self-stimulation, which we had selected as a
reference point on the homunculus, also activated the medial paracentral lobule, in the
region activated by genital self-stimulation (Figure 3b and c).
A composite coronal view of the clitoral, vaginal and cervical activation sites is shown in
Figure 3a. The sites are all in the medial paracentral lobule, but regionally differentiated.
This clustered, but differential, localization pattern is likely due to the differential sensory
innervation of these genital structures, i.e., clitoris: pudendal nerve, vagina: pelvic nerve,
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and cervix: pelvic, hypogastric and vagus nerves (for review: [14]). It is likely that the
overlap between the sites activated by vaginal and cervical self-stimulation (using a passive
dildo) is due at least in part to the stretching stimulation of the vagina that inevitably
accompanied the cervical self-stimulation.
The sagittal views in Figure 2 show that in each of the self-stimulation conditions, activation
was evident also in the supplementary motor area, which is immediately rostral (anterior) to
the paracentral lobule.

NIH-PA Author Manuscript

Figure 3b and c presents evidence that nipple self-stimulation activated not only, as
expected, the thoracic (rib) region (as situated between the abdomen and the neck on the
Penfield & Rasmussen homuncular map), but also, unexpectedly, the genital sensory cortex,
i.e., the genital (medial) region of the paracentral lobule. Shown (Figure 3b) are
superimposed responses to nipple and genital self-stimulation in three participants. Left
panel: Note the overlap between activation produced by stimulation of nipple and cervix.
Center panel: overlap between activation produced by stimulation of nipple, cervix and
clitoris. Not unexpectedly, cervical self-stimulation activated the groin region of the
dorsolateral paracentral lobule, probably as a consequence of unavoidable mechanical
stimulation of the groin in the course of self-stimulating the cervix. Right panel: overlap
among activation produced by stimulation of nipple, vagina, cervix and clitoris. Two
unexpected observations were that nipple self-stimulation also activated the groin sensory
region (dorsolateral paracentral lobule; Left panel) and, conversely, vaginal self-stimulation
activated the thoracic nipple region (Center panel). Figure 3c is a three-axis view of the
response to nipple self-stimulation in the brain shown in the center panel of Figure 3b.

Discussion
Clitoral, vaginal, and cervical self-stimulation differentially activated regions of the sensory
cortex, but all were clustered in the medial paracentral lobule.
Because the perineal (groin) region is also stimulated incidentally during the clitoral,
vaginal, and cervical self-stimulation, its corresponding sensory cortical region -- i. e, the
dorsal convexity of the paracentral lobule, immediately lateral to the midline -- was also
activated.
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The present findings may help to resolve a discrepancy in the literature that claims that the
location of the genital sensory cortical representation is on the dorsolateral paracentral
lobule, rather than the medial paracentral lobule [8–12]. That is, based on the present
findings, the discrepancy in the literature may be due to responses to indirect stimulation of
the perineal (groin) region rather than to adequate stimulation of the genitals per se.
It is likely that the clitoris is indirectly stimulated by self-stimulation of the cervix or vagina.
Under the conditions of the present study, it is not possible to discern whether the overlap
among regions of the sensory cortex activated in response to self-stimulation of each of
these three genital regions is due to true overlap of the brain regions that would be activated
by “pure” stimulation of each of these three genital regions separately, or whether the
overlap is due to incidental stimulation of one genital region (e.g., vagina) during selfstimulation of a different genital region (e.g., cervix). What is clear, however, is that to some
extent, the sensory cortical regions activated by each of these three genital regions are to
some extent separable and distinct. Unexpectedly, nipple/breast self-stimulation activated
not only the (expected) thoracic sensory homuncular region, but also the region of the
paracentral lobule that overlaps with the region activated by clitoral, vaginal, or cervical
self-stimulation. This finding is consistent with many women's reports that nipple/breast
stimulation is erotogenic and can elicit orgasms ([16–18] and personal communication).
J Sex Med. Author manuscript; available in PMC 2012 October 1.
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The present finding of convergence between nipple and genital input in the genital sensory
cortex is supported by an intriguing observation by Penfield and Rasmussen ([3], p.26):
“One patient, Case E.D., a woman of 27 years who had a small glioma in the right
postcentral gyrus next to the falx [i.e., the dura mater in the midline, separating the two
cerebral hemispheres], experienced spontaneous sensory seizures that involved the left
labium and left breast. At times…[the sensation] began in the left labium, spread to the left
breast and continued to tingle in the labium and nipple. On one occasion this sensory aura
was followed by twitching of the left foot…there was nothing in the sensation that
resembled sexual excitement. But the description does suggest that the labium and nipple
have a neighboring localization in the contralateral sensorimotor area near the motor
representation for foot.”
The ability of nipple stimulation to activate genital sensory cortex could have an indirect
basis. Thus, nipple/breast self-stimulation-induced oxytocin secretion could stimulate
uterine contractions that in turn generate afferent activity that projects to the paracentral
lobule. However, it is also possible that nipple/breast and genital sensory activity converge
directly not only on oxytocinergic neurons of the hypothalamic paraventricular nucleus [19],
but also on paracentral lobule neurons of the genital sensory cortex.
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The cerebellum activation observed in the present study during vaginal and cervical selfstimulation is a common observation during genital stimulation, especially during orgasm
[12, 13]. It is likely that it is involved in controlling muscle tension during genital
stimulation [14]. Two other brain regions that were seen to be activated in the present study
are the supplementary motor area and SII (Secondary somatosensory cortex). Other brain
regions activated more variably were thalamus, frontal and parietal cortices.
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Regarding the observation of bilateral activation of the hand representation in sensory cortex
in response to unilateral hand-applied self-stimulation that was noted in the Results section
for clitoral and vaginal self-stimulation, it is likely that the sensory stimulation emanating
from that single hand, by utilizing the corpus callosum, generates contra- as well as ipsilateral activation of the hand representation in sensory cortex. This observation is supported
by substantial evidence in the literature of bilateral sensory cortical response to unilateral
hand stimulation [20, 21]. A more curious observation was the activation of the hand
representation in sensory cortex during investigator-applied toe stimulation. One speculation
to account for this observation is that subtle muscle-induced contractions of the hand in
response to toe stimulation (a compensatory response preparatory to breaking the fall in the
“stumble” response: [22]) activates the hand representation area in the sensory cortex,
although no obvious hand movement was observed. Another possibility is that the response
is among the class of atypical forms of referred sensation (e.g., [23]).
The present findings provide evidence that, rather than vaginal stimulation being just an
indirect means of stimulating the clitoris [17, 24], vaginal and cervical stimulation per se
activate specific sensory cortical regions that are distinct from the clitoral sensory
projection. These differential routes of entry into the brain are undoubtedly of significance
in activating the diverse and differential consequences of clitoral, vaginal or cervical
stimulation; they include differential physiological effects, e.g., on prolactin secretion [25],
analgesia [26], and blood pressure reactivity to stress [27], and differential behavioral
effects, e.g., on orgasm [28], sexual satisfaction [29], and intimate relationship quality [30,
31].
While the present study mapped the primary sensory field of genital input to the sensory
cortex, it would be of interest in future studies to extend this analysis to brain fields beyond
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the sensory cortex that are activated when genital stimulation is perceived as ‘erotic’ versus
when it is perceived as ‘just pressure’.

NIH-PA Author Manuscript

Acknowledgments
We are especially grateful to Dr. Robert Savoy for his generous provision of the head stabilization instrument. We
thank Ms. Gladys Martinez for her insights and help, and gratefully acknowledge Ms. Sebina Versi, Ms. Sophie
Greller and Ms. Grace Maher for their excellent technical assistance. Support: NIH 2 R 25 GM060826, the Rutgers
University Research Fund, and The Carnegie Trust for the Universities of Scotland.

References

NIH-PA Author Manuscript
NIH-PA Author Manuscript

1. Foerster, O. Handbuch der Neurologie. Berlin: Springer; 1936. Sensible corticale Felder.
2. Penfield W, Boldrey E. Somatic motor and sensory representation in the cerebral cortex of man as
studied by electrical stimulation. Brain. 1937; 60:389–443.
3. Penfield, W.; Rasmussen, T. The Cerebral Cortex of Man. New York: Macmillan; 1950.
4. Makela JP, Illman M, Jousmaki V, Numminen J, Lehecka M, Salenius S, Forss N, Hari R. Dorsal
penile nerve stimulation elicits left-hemisphere dominant activation in the second somatosensory
cortex. Hum Brain Map. 2003; 18:90–99.
5. Nakagawa H, Namima T, Aizawa M, Uchi K, Kaiho Y, Yoshikawa S, Orikasa S, Nakasato N.
Somatosensory evoked magnetic fields elicited by dorsal penile, posterior tibial, and median nerve
stimulation. Electroenceph Clin Neurophysiol. 1998; 108:57–61. [PubMed: 9474062]
6. Narici L, Modena I, Opsomer RJ, Pizzella V, Romani GL, Traversa R, Rossini PM. Neuromagnetic
somatosensory homunculus: a non-invasive approach in humans. Neurosci Lett. 1991; 2:51–54.
121. [PubMed: 2020390]
7. Allison T, McCarthy G, Luby M, Puce A, Spencer D. Localization of functional regions of human
mesial cortex by somatosensory evoked potential recording and by cortical stimulation.
Electroenceph Clin Neurophysiol. 1996; 100:126–140. [PubMed: 8617151]
8. Kell CA, Kriegstein K, Rosller A, Kleinschmidt A, Lauf H. The sensory cortical representation of
the human penis: revisiting somatotopy in the male homunculus. J Neurosci. 2005; 25:5984–5987.
[PubMed: 15976087]
9. Georgiadis J, Holstege G. Human brain activation during sexual stimulation of the penis. J Comp
Neurol. 2005; 493:33–38. [PubMed: 16255007]
10. Bradley WE, Farrell DF, Ojemann G. Human cerebrocortical potentials evoked by stimulation of
the dorsal nerve of the penis. Somatosens Motor Res. 1998; 15:118–127.
11. Michels L, Mehnert U, Boy S, Schurch B, Kollias S. The somatosensory representation of the
human clitoris: an fMRI study. Neuroimage. 2010; 49:177–184. [PubMed: 19631756]
12. Georgiadis J, Kortekaas R, Kulpers R, Nieuwenburg A, Pruim H, Reinders S, Holstege G.
Regional cerebral blood flow changes associated with clitorally induced orgasm in healthy
women. Eur J Neurosci. 2006; 24:3305–3316. [PubMed: 17156391]
13. Komisaruk BR, Whipple B, Crawford A, Grimes S, Liu W-C, Kalnin A, Mosier K. Brain
activation during vaginocervical self-stimulation and orgasm in women with complete spinal cord
injury: fMRI evidence of mediation by the Vagus nerves. Brain Res. 2004; 1024:77–88. [PubMed:
15451368]
14. Komisaruk, BR.; Beyer, C.; Whipple, B. The Science of Orgasm. Baltimore: The Johns Hopkins
University Press; 2006. p. 358
15. Komisaruk BR, Wise N, Frangos E, Liu W. Women’s clitoris, vagina and cervix mapped on the
sensory cortex, using fMRI. Soc Neurosci. 2009 562.18, October.
16. Kinsey, A.; Pomeroy, W.; Martin, C.; Gebhard, P. Sexual Behavior in the Human Female.
Philadelphia: WB Saunders; 1953.
17. Masters, W.; Johnson, V. Human Sexual Inadequacy. Boston: Little, Brown; 1970.
18. Paget, L. The Big O. New York: Broadway Books; 2001.
19. Netter, FH. Anatomy and Physiology. Summit, NJ: Ciba Pharmaceutical; 1986. The Ciba
Collection of Medical Illustrations. Nervous System. Part I.

J Sex Med. Author manuscript; available in PMC 2012 October 1.

!

!
!
!
!

!

!

!

!

76

!
Komisaruk et al.

Page 8

NIH-PA Author Manuscript
NIH-PA Author Manuscript

20. Blatow M, Nennig E, Durst A, Sartor K, Stippich C. FMRI reflects functional connectivity of
human somatosensory cortex. Neuroimage. 2007; 37:927–936. [PubMed: 17629500]
21. Sutherland MT. The hand and the ipsilateral primary somatosensory cortex. J Neurosci. 2006;
26:8217–8218. [PubMed: 16906643]
22. Haridas C, Zehr EP. Coordinated interlimb compensatory responses to electrical stimulation of
cutaneous nerves in the hand and foot during walking. J Neurophysiol. 2003; 90:2850–2861.
[PubMed: 12853441]
23. Richter C. Mysterious form of referred sensation in man. Proc Natl Acad Sci USA. 1977; 74:4702–
4705. [PubMed: 270709]
24. O’Connell HE, Eizenberg N, Rahman M, Cleeve J. The anatomy of the distal vagina; towards
unity. J Sex Med. 2008; 5:1883–1891. [PubMed: 18564153]
25. Brody S, Kruger THC. The post-orgasmic prolactin increase following intercourse is greater than
following masturbation and suggests greater satiety. Biol Psychol. 2006; 71:312–315. [PubMed:
16095799]
26. Whipple B, Komisaruk BR. Analgesia produced in women by genital self-stimulation. J Sex
Research. 1988; 24:130–140.
27. Brody S. Blood pressure reactivity to stress is better for people who recently had penile-vaginal
intercourse than for people who had other or no sexual activity. Biol Psychol. 2006; 71:214–222.
[PubMed: 15961213]
28. Cutler WB, Zacker M, McCoy N, Genoves-Stone E, Friedman E. Sexual response in women.
Obstet Gynecol. 2000; 95(4,suppl 1):S19.
29. Tao P, Brody S. Sexual behavior predictors of satisfaction in a Chinese sample. J Sex Med. 2011;
8:455–460. [PubMed: 21114768]
30. Costa RM, Brody S. Women’s relationship quality is associated with specifically penile-vaginal
intercourse orgasm and frequency. J Sex Marital Ther. 2007; 33:319–327. [PubMed: 17541850]
31. Brody S. The relative health benefits of different sexual activities. J Sex Med. 2010; 7:1336–1361.
[PubMed: 20088868]
32. Rorden C, Brett M. Stereotaxic display of brain lesions. Behav Neurol. 2000; 12:191–200. See also
http://www.cabiatl.com/mricro/mricro/index.html. [PubMed: 11568431]

NIH-PA Author Manuscript
J Sex Med. Author manuscript; available in PMC 2012 October 1.

!

!
!
!

!

!

!

!

77

!
Komisaruk et al.

Page 9

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Figure 1.

Three views of the paracentral lobule, showing its relation to adjacent cortical regions
(adapted from [32]). The relation of the paracentral lobule to the sensory cortical
homunculus of Penfield and Rasmussen [3] is shown by the lines connecting the
corresponding regions.
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Figure 2.

Three-axis (columns: coronal, sagittal and transaxial) views of the group-based responses to
experimenter-applied (finger and toe) or participant self-applied (clitoris, vagina, or cervix)
stimulation in relation to the homuncular map (adapted) generated by Penfield and
Rasmussen [3]. The arrows indicate the sensory cortical regions activated by the various
stimulated body regions. Finger stimulation activated the postcentral (sensory) gyrus. Hallux
(large toe) stimulation activated the medial paracentral lobule. Clitoral, vaginal, cervical,
and nipple self-stimulation also activated the medial paracentral lobule. Note that the
perineal (groin) region just lateral to the midline in the paracentral lobule was also activated
by clitoral, vaginal, and cervical self-stimulation. There was marked hand-related activation
J Sex Med. Author manuscript; available in PMC 2012 October 1.
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in the postcentral gyrus, and continuation of activation into the supplementary motor area
immediately rostral to the sensory cortical responses, in the self-stimulation conditions. The
secondary sensory cortex (SII; at the base of the homunculus) was activated under all the
stimulus conditions (not evident in these images in the thumb stimulation condition). The
“hot-metal” calibrations show the range of Z-scores for the intensity of the fMRI responses.
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Figure 3.

a: Group-based composite view of the clitoral, vaginal and cervical activation sites, all in the
medial paracentral lobule, but regionally differentiated. We interpret this as due to the
differential sensory innervation of these genital structures, i.e., clitoris: pudendal nerve,
vagina: pelvic nerve, and cervix: hypogastric and vagus nerves (e.g., [14]).
b: Nipple self-stimulation activated not only the thoracic region, but also unexpectedly, the
genital region of the medial paracentral lobule. Shown are superimposed responses to nipple
and genital self-stimulation in three participants. Note the congruence between activation
produced by stimulation of nipple and cervix (left panel), nipple, cervix and clitoris (center
panel), and nipple, vagina, cervix and clitoris (right panel). Not unexpectedly, cervical selfJ Sex Med. Author manuscript; available in PMC 2012 October 1.
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stimulation activated the groin region (center panel). However, it is surprising that vaginal
self-stimulation activated the thoracic nipple region (center panel), and nipple selfstimulation activated the groin sensory region (left panel). Color coding: nipple (white),
cervix (yellow), clitoris (green), vagina (red, or when congruent with nipple - pink).
c: Three-axis view of the response to the nipple self-stimulation in the case of the center
image of Figure 3(b) (downward pointing blue arrow).
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Appendix C.3.1. Persistent activation of vagus projections in humans after
electrical stimulation of the external ear: fMRI evidence
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Library (FSL).
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activation of the nucleus accumbens suggests a possible mechanism for the antidepressant effect; the activation of the
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We!provide!fMRI!evidence!that!the!vagus!input!to!the!brain!is!accessible!
nonUinvasively!from!the!external!ear,!speciﬁcally!from!the!concha.!!
!
The!padern!of!acPvaPon!and!deacPvaPon!of!brain!regions!in!response!to!
electrical!sPmulaPon!of!the!concha!provides!a!raPonal!basis!for!the!reported!
anPepilepPc,!anPdepressive,!and!anPnocicepPve!eﬀects!of!sPmulaPon!of!
the!auricular!branch!of!the!vagus!nerve.!
!
The!persisPng!eﬀects!of!tUVNS!on!criPcal!vagal!projecPons!suggest!that!this!
nonUinvasive!method!can!provide!longUterm!modulaPon!of!pain,!depression,!
epilepsy.!

Conclusion!

Discussion(!

!
Electrical!sPmulaPon!of!the!concha!acPvated!the!NTS!and!its!known!
projecPons:!
Parabrachial!nucleus,!nucleus!accumbens,!insula,!and!amygdala.!!!
!
The!paracentral!lobule!(genital!area!of!the!sensory!cortex)!was!also!
acPvated.!!Previous!research!provided!evidence!that!the!vagus!nerve!
conveys!vaginal!and!cervical!aﬀerence.9U12!!!
Recent!evidence!using!fMRI!showed!that!the!vagina!and!cervix!project!to!the!
paracentral!lobule,!which!is!the!genital!region!of!the!sensory!cortex.10!!This!is!
consistent!with!the!report!that!women!with!“complete”!spinal!cord!injury!at!
and!above!T10,!which!would!block!all!known!genital!spinal!aﬀerence!through!
the!spinal!cord,!were!sPll!able!to!feel!vaginal!and!cervical!sPmulaPon.!!This!
observaPon!suggested!that!the!vagus!nerves!convey!vaginal!and!cervical!
aﬀerent!acPvity!to!the!brain,!and!was!conﬁrmed!by!fMRI!evidence!that!the!
NTS!was!acPvated!by!vaginal!and!cervical!sPmulaPon!in!these!women.9!
!
A!striking!ﬁnding!was!the!diametrically!opposite!response!of!the!
hippocampus!to!concha!sPmulaPon.!!!
That!is,!concha!sPmulaPon!deac#vated!hippocampal!acPvity.!This!is!
consistent!with!the!reported!anPepilepPc!eﬀects!of!sPmulaPon!of!the!
sensory!ﬁelds!of!the!auricular!branch!of!the!vagus!nerve.5!!
!
The!acPvaPon!of!the!nucleus!accumbens!suggests!a!possible!mechanism!for!
the!anPdepressant!eﬀect!of!concha!sPmulaPon.!8,13!
!
The!acPvaPon!of!the!periaqueductal!gray,!raphe!nuclei,!and!locus!ceruleus!
suggests!a!mechanism!for!the!analgesic!eﬀect!of!concha!sPmulaPon.6!
!
The!present!ﬁndings!that!the!NTS!and!its!projecPons!were!acPvated!by!
concha!sPmulaPon!are!inconsistent!with!claims!based!on!anatomical!studies!
that!the!auricular!branch!of!the!vagus!nerve!projects!to!the!spinal!trigeminal!
nucleus,!but!not!to!NTS.14,15!!The!funcPonal!acPvaPon!of!the!NTS!is!evidently!
not!limited!to!the!classical!anatomical!projecPon.!The!two!nuclei!are!
adjacent!to!each!other!and,!therefore,!it!is!possible!that!aﬀerent!acPvity!to!
spinal!trigeminal!nucleus!could!spread!to!the!NTS.!The!signiﬁcant!and!
widespread!acPvaPon!in!the!brainstem!that!occurs!in!response!to!concha!
sPmulaPon!may!be!due!to!the!nonUphysiological,!but!potenPally!
therapeuPcally!signiﬁcant,!nature!of!the!electrical!sPmulaPon.!!!
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Research(Par+cipants!
!
Twelve!healthy!parPcipants!(9!females,!3!males;!ages!21U71)!were!recruited!for!
the!study!by!word!of!mouth.!!The!study!received!approval!by!the!Rutgers!
University!InsPtuPonal!Review!Board,!and!the!“Rutgers!University!Brain!Imaging!
Center!(RUBIC)!Common!PracPces!for!fMRI”!were!strictly!followed.!!Each!person!
was!compensated!for!their!parPcipaPon.!
!
Experimental(Paradigm!
!
Scan!1!U!Control:!The!following!fMRI!data!were!collected!in!a!21Umin!conPnuous!
scan:!2Umin!rest;!1Umin!boxcar!right!hand!ﬁnger!tap!(10s!on/oﬀ);!7Umin!leQ!
earlobe!sham!sPmulaPon;!5Umin!rest;!5Umin!taste;!1Umin!leQ!cheek!tap.!
Scan!2!U!Experimental:!The!following!fMRI!data!were!collected!in!a!20Umin!
conPnuous!scan:!2Umin!rest;!7Umin!concha!sPmulaPon;!11Umin!rest.!!!
!
Before!each!scan,!parPcipants!were!ﬁded!with!Cerbomed’s!NEMOS®!device,!a!
transcutaneous!vagus!nerve!sPmulator!designed!for!electrical!sPmulaPon!of!the!
concha!of!the!ear.!!Sham!sPmulaPon!of!the!earlobe!was!conducted!during!the!ﬁrst!
scan!by!posiPoning!the!electrode!upside!down!(Figure!3a).!!Concha!sPmulaPon!
was!conducted!during!the!second!scan!by!posiPoning!the!electrode!right!side!up!
(Figure!3b).!!For!calibraPon,!the!sPmulus!intensity!was!increased!from!0.1mA!in!
0.1mA!increments!unPl!parPcipants!reported!a!“Pngling”!sensaPon!that!was!
below!a!noxious!intensity!(performed!before!each!scan).!!The!nonUadjustable!
parameters!of!the!device!were!conPnuous!0.25msecUduraPon!monophasic!square!
wave!pulses!at!25Hz.!!The!sPmulator!remained!in!the!monitor!room!and!the!20'!
sPmulator!cable!was!passed!through!a!wave!guide!to!the!subject!in!the!scanner.!!!!
!
fMRI(Acquisi+on(and(Data(Analysis!
!
The!fMRI!scans!were!performed!at!RUBIC!using!a!3T!Siemens!Trio!with!a!12U
channel!head!coil.!!For!registraPon!purposes,!anatomical!images!(MPRAGE)!were!
acquired!(176!slices!in!the!sagidal!plane!using!1mm!thick!isotropic!voxels,!TR/TE!=!
1900/2.52ms,!FOV!=!256,!256!x!256!matrix,!ﬂip!angle!=!9!degrees).!!Fieldmaps!
(phase!and!magnitude!images)!were!collected!to!correct!for!inhomogeneity!in!the!
magnePc!ﬁeld.!!GradientUecho!EPI!sequences!were!acquired!of!the!whole!brain!
including!the!brainstem!below!the!medulla!(33!slices!in!the!axial!plane!using!3mm!
isotropic!voxels,!TR/TE!=!2000/30ms,!interslice!gap!=!1.5!mm,!ﬂip!angle!=!90,!FOV!
=!192,!64x64).!!The!same!parameters!were!used!for!the!ﬁeld!maps!with!the!
excepPon!of!the!ﬂip!angle!(60)!and!TR/TE1/TE2!(400ms/5.19/7.65).!
!
All!data!were!preprocessed!and!staPsPcally!analyzed!using!FMRIB’s!SoQware!
Library!(FSL)!version!5.0.4.!!LowerUlevel!analyses!were!carried!out!using!FEAT.!!The!
following!preUprocessing!steps!were!performed!at!the!individual!level:!removal!of!
skull!and!nonUbrain!Pssue!from!the!anatomical!and!funcPonal!images;!moPon!
correcPon;!spaPal!smoothing!using!a!Gaussian!kernel!of!FWHM!5mm!(brainstem!
data!were!not!smoothed);!ﬁeld!inhomogeneiPes!were!corrected!using!B0!
Unwarping!in!FEAT;!highpass!temporal!ﬁltering!(gaussianUweighted!leastUsquares!
straight!line!ﬁpng,!with!σ!=!630.0s!for!scan!1,!and!σ!=!600.0s!for!scan!2).!!
RegistraPon!of!the!funcPonal!images!to!the!highUresoluPon!anatomical!images!
were!performed!using!BBR!followed!by!a!nonUlinear!registraPon!of!the!highU
resoluPon!anatomical!to!the!MNI152!standard!space.!Individual!data!were!
thresholded!at!p=0.05!(uncorrected).!!!!
!
HigherUlevel!analyses!were!performed!using!FLAME!1.!!Masks!for!the!following!
ROIs!were!generated!using!HarvardUOxford!CorPcal!and!SubcorPcal!Structural!
Atlases:!amygdala,!hippocampus,!insula,!nucleus!accumbens,!thalamus,!and!
brainstem.!!Masks!for!the!hypothalamus!and!paracentral!lobule!were!created!
manually.!!Contrasts!(tUVNS!>!sham!and!sham!>!tUVNS)!had!a!clusterUforming!
threshold!of!Z>1.0!and!a!cluster!signiﬁcance!threshold!of!p<0.01!(corrected!for!
mulPple!comparisons).!Sham!and!tUVNS!comparisons!to!baseline!had!a!clusterU
forming!threshold!of!Z>1.65!and!a!cluster!signiﬁcance!threshold!of!p<0.05.!

Regional!acPvaPon!by!Vagus!(auricular!branch)!sPmulaPon!

!

!
The!auricular!branch!of!the!vagus!nerve!innervates!the!concha!of!the!
ear!(a!concave!region!of!the!external!ear!immediately!superior!to!
the!meatus;!Figure!1).1!!The!present!study!extends!our!prior!
ﬁndings2!that!electrical!sPmulaPon!of!the!leQ!concha!acPvates!the!
nucleus!of!the!solitary!tract!(NTS)!and!its!projecPons!(Figure!2).3!!!
!
Invasive!and!nonUinvasive!vagus!nerve!sPmulaPon!has!been!used!
therapeuPcally!against!epilepsy,!chronic!depression,!and!chronic!
pain.!4U8!!!Because!leQ!concha!sPmulaPon!is!applied!for!relaPvely!
brief!periods,!we!hypothesized!that!there!would!be!persistent!
eﬀects!aQer!cessaPon!of!the!sPmulaPon!period.!!Therefore,!we!
measured!the!acPvity!in!the!postUsPmulaPon!period!as!well.!
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Appendix C.3.2. Activation of vagus projections in humans via electrical
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Abstract:

The present study confirms and extends our prior findings that electrical
stimulation of the left concha (the concave region of the external ear immediately
superior to the meatus, which is innervated by the auricular branch of the vagus
nerve) activates the nucleus of the solitary tract and its projections: thalamic VPM,
nucleus accumbens, amygdala, anterior hypothalamus (region of the
paraventricular nucleus), and the insula. Activation was observed in the postcentral
gyrus, specifically, in the paracentral lobule (genital region) and the thoracic
region. In addition, there was a significant deactivation of the hippocampus.
(Frangos, E., et al. 2012, October. Activation of human vagus nerve afferent
projections via electrical stimulation of external ear: fMRI evidence. Poster
presented at the annual meeting of the Society for Neuroscience, New Orleans,
LA.) Time course analysis of the present data indicates a gradual increase in
activation of these regions from the onset of stimulation and persisting through the
11-minute post-stimulation scan epoch. Conclusions: The significant deactivation
of the hippocampus suggests a mechanism by which vagal stimulation attenuates
epileptic activity. There are clinical reports that stimulation of the left vagus trunk,
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via electrodes implanted surgically in the neck, provides therapeutic benefit
against epilepsy, depression, and pain. This type of electrical stimulation of the
external ear, i.e., “transcutaneous vagus nerve stimulation”, which is currently
used therapeutically, evidently provides non-invasive access to the vagus nerve
and its projections.
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Time-course analysis: Activity persisted after concha
stimulation in: NTS, nucleus accumbens, amygdala,
insula, thalamus, hippocampus, and paracentral lobule.

Control, electrical stimulation of the earlobe did not
produce activation of the NTS, although ventral medulla
and the right insula were activated (not pictured).
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The persisting effects of t-VNS on critical vagal
projections suggest that this non-invasive method can
provide long-term modulation of pain, depression,
epilepsy.

The pattern of activation and deactivation of brain regions
in response to electrical stimulation of the concha
provides a rational basis for the reported antiepileptic,
antidepressive, and antinociceptive effects of stimulation
of the auricular branch of the vagus nerve.

We provide fMRI evidence that the vagus input to the
brain is accessible non-invasively from the external ear,
specifically from the concha.

Conclusion

The present findings that the NTS and its projections
were activated by concha stimulation are inconsistent
with claims based on anatomical studies that the
auricular branch of the vagus nerve projects to the spinal
trigeminal nucleus, but not to NTS.14,15 The functional
activation of the NTS is evidently not limited to the
classical anatomical projection. The two nuclei are
adjacent to each other and, therefore, it is possible that
afferent activity to spinal trigeminal nucleus could spread
to the NTS. The significant and widespread activation in
the brainstem that occurs in response to concha
stimulation may be due to the non-physiological, but
potentially therapeutically significant, nature of the
electrical stimulation.

The activation of the periaqueductal gray, raphe nuclei,
and locus ceruleus suggests a mechanism for the
analgesic effect of concha stimulation.6

The activation of the nucleus accumbens suggests a
possible mechanism for the antidepressant effect of
concha stimulation. 8,13

A striking finding was the diametrically opposite response
of the hippocampus to concha stimulation.
●
That is, concha stimulation deactivated
hippocampal activity. This is consistent with the
reported antiepileptic effects of stimulation of the
sensory fields of the auricular branch of the
vagus nerve.5

The paracentral lobule (genital area of the sensory
cortex) was also activated. Previous research provided
evidence that the vagus nerve conveys vaginal and
cervical afference.9-12
●
Recent evidence using fMRI showed that the
vagina and cervix project to the paracentral
lobule, which is the genital region of the sensory
cortex.10 This is consistent with the report that
women with “complete” spinal cord injury at and
above T10, which would block all known genital
spinal afference through the spinal cord, were
still able to feel vaginal and cervical stimulation.
This observation suggested that the vagus
nerves convey vaginal and cervical afferent
activity to the brain, and was confirmed by fMRI
evidence that the NTS was activated by vaginal
and cervical stimulation in these women.9

Electrical stimulation of the concha activated the NTS
and its known projections:
●
Parabrachial nucleus, nucleus accumbens,
insula, and amygdala.
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Higher-level analyses were performed using FLAME 1 . Masks for
the following ROIs were generated using Harvard-Oxford Cortical
and Subcortical Structural Atlases: amygdala, hippocampus, insula,
nucleus accumbens, thalamus, and brainstem . Masks for the
hypothalamus and paracentral lobule were created manually.
Contrasts (t-VNS > sham and sham > t-VNS) had a cluster-forming
threshold of Z>1.0 and a cluster significance threshold of p<0.01
(corrected for multiple comparisons). Sham and t-VNS comparisons
to baseline had a cluster-forming threshold of Z>1.65 and a cluster
significance threshold of p<0.05.

All data were preprocessed and statistically analyzed using FMRIB’s
Software Library (FSL) version 5.0.4. Lower-level analyses were
carried out using FEAT. The following pre-processing steps were
performed at the individual level: removal of skull and non-brain
tissue from the anatomical and functional images; motion correction ;
spatial smoothing using a Gaussian kernel of FWHM 5mm
(brainstem data were not smoothed); field inhomogeneities were
corrected using B0 Unwarping in FEAT; highpass temporal filtering
(gaussian-weighted least-squares straight line fitting, with σ =
630.0s for scan 1, and σ = 600.0s for scan 2). Registration of the
functional images to the high-resolution anatomical images were
performed using BBR followed by a non-linear registration of the
high-resolution anatomical to the MNI152 standard space. Individual
data were thresholded at p=0.05 (uncorrected).

The fMRI scans were performed at RUBIC using a 3T Siemens Trio
with a 12-channel head coil. For registration purposes, anatomical
images (MPRAGE) were acquired (176 slices in the sagittal plane
using 1mm thick isotropic voxels, TR/TE = 1900/2.52ms, FOV =
256, 256 x 256 matrix, flip angle = 9 degrees). Fieldmaps (phase
and magnitude images) were collected to correct for inhomogeneity
in the magnetic field. Gradient-echo EPI sequences were acquired
of the whole brain including the brainstem below the medulla (33
slices in the axial plane using 3mm isotropic voxels, TR/TE =
2000/30ms, interslice gap = 1.5 mm, flip angle = 90, FOV = 192,
64x64). The same parameters were used for the field maps with the
exception of the flip angle (60) and TR/TE1/TE2 (400ms/5.19/7.65).

fMRI Acquisition and Data Analysis

Before each scan, participants were fitted with Cerbomed’s
NEMOS® device, a transcutaneous vagus nerve stimulator
designed for electrical stimulation of the concha of the ear. Sham
stimulation of the earlobe was conducted during the first scan by
positioning the electrode upside down (Figure 3a). Concha
stimulation was conducted during the second scan by positioning
the electrode right side up (Figure 3b). For calibration, the stimulus
intensity was increased from 0.1mA in 0.1mA increments until
participants reported a “tingling” sensation that was below a noxious
intensity (performed before each scan). The non-adjustable
parameters of the device were continuous 0.25msec-duration
monophasic square wave pulses at 25Hz. The stimulator remained
in the monitor room and the 20' stimulator cable was passed
through a wave guide to the subject in the scanner.

Scan 1 - Control: The following fMRI data were collected in a 21-min
continuous scan: 2-min rest; 1-min boxcar right hand finger tap (10s
on/off); 7-min left earlobe sham stimulation; 5-min rest; 5-min taste;
1-min left cheek tap.
Scan 2 - Experimental: The following fMRI data were collected in a
20-min continuous scan: 2-min rest; 7-min concha stimulation; 11min rest.

Experimental Paradigm

Twelve healthy participants (9 females, 3 males; ages 21-71) were
recruited for the study by word of mouth. The study received
approval by the Rutgers University Institutional Review Board , and
the “Rutgers University Brain Imaging Center (RUBIC) Common
Practices for fMRI” were strictly followed. Each person was
compensated for their participation.

Research Participants

Methods

Deactivations, based on concha minus baseline, were
observed in the hippocampus and hypothalamus.

Also activated were NTS projections: nucleus
accumbens, thalamus, insula, and amygdala.
Paracentral lobule (the genital sensory cortex) was also
activated.

Electrical stimulation of the concha produced activation of
brainstem regions consistent with:
solitary nucleus (NTS), spinal trigeminal nucleus,
hypoglossal, locus ceruleus, parabrachial nucleus, dorsal
raphe nucleus, and the periaqueductal gray matter(PAG).

The auricular branch of the vagus nerve innervates the
concha of the ear (a concave region of the external ear
immediately superior to the meatus; Figure 1).1 The
present study extends our prior findings2 that electrical
stimulation of the left concha activates the nucleus of the
solitary tract (NTS) and its projections (Figure 2).3

Invasive and non-invasive vagus nerve stimulation has
been used therapeutically against epilepsy, chronic
depression, and chronic pain. 4-8 Because left concha
stimulation is applied for relatively brief periods, we
hypothesized that there would be persistent effects after
cessation of the stimulation period. Therefore, we
measured the activity in the post-stimulation period as
well.

Results

Introduction
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Abstract:

Men’s  genitals  are  innervated  by  at  least  three  pairs  of  nerves  -  pudendal,  pelvic,  and
hypogastric.  The  same  named  three  pairs  of  nerves  in  women  provide  sensory
innervation  of  the  clitoris,  vagina/cervix,  and  uterus,  respectively.  Using  fMRI,  we
previously  reported  that  self-stimulation  of  these  genital  regions  in  women  activates
different,  but  partially  overlapping,  regions  of  the  paracentral  lobule  (PCL)  of  the
primary  sensory  cortex,  as  does  nipple  self-stimulation  (J  Sex  Med  2011;;  8:  2822).
A  comparable  mapping  of  penile  glans  and  shaft,  scrotum,  testicles,  urethra,  and
nipples  has  not  been  reported  in  men.  In  the  present  study  we  analyzed  the  brain
regions  activated  by  mild  and  forceful  self-stimulation  of  penile  glans,  penile  shaft,
scrotum,  testicles,  and  nipples.  Preliminary  results:  Self-stimulation  of  specific  genital
structures  activated  differentially  distributed  regions  of  the  PCL  of  the  primary
sensory  cortex,  in  addition  to  secondary  sensory  cortex,  insula,  anterior  cingulate  and
frontal  cortices,  thalamus  and  cerebellum.  Mild  self-stimulation  of  penile  glans  or  shaft
activated  a  region  of  PCL  inferior  to  that  activated  by  forceful  compression  of  the
same  structures.  Self-stimulation  of  testicles  activated  a  region  of  the  PCL  deeper
(i.e.,  farther  from  the  surface)  than  did  stimulation  of  the  other  genital  structures.
Nipple  self-stimulation  activation  overlapped  the  PCL  regions  that  were  activated  by
genital  stimulation,  as  we  reported  previously  in  women.  These  findings  provide
evidence  that  the  differential  regional  activation  of  PCL  to  self-stimulation  of  specific
genital  structures  in  men  is  related  to  their  differential  innervation.  Knowledge  of  the
regional  primary  sensory  cortical  responses  to  the  specific  components  of  the  genital
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system  in  men  is  of  potential  significance  in  the  understanding  and  treatment  of  sexual
dysfunction.
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Numbers of participants for the data figures:
Shaft comparison deep versus mild, shaft, glans,
scrotum, testicles, n=10
Nipple, left/right, n=5
Urethra, prostate, rectum, prostate-rectum:, n=4,

While lying in a 3T Siemens Trio scanner subjects
were given visual cues to self stimulate each area of
interest typically for 30sec+30sec rest x 5. Each
subject used his right hand to stimulate his nipples,
testicles and penis and a disposable curved lucite rod
to stimulate his prostate, rectum and perineum.
The urethra was stimulated using a thin (#8)
commercial sterile catheter. Data processing was
carried out in FSL and AFNI in Talairach space. The
hand movements required for stimulation were
modeled and subtracted from stimulation activations
to ensure that stimulation activations were
independent of the movements required to perform
the stimulation. An ROI analysis was carried out on
the paracentral lobules (AFNI TTAtlas) and thresholds
were adjusted to see only the most active voxels.

Methods

The head stabilizer for fMRI. The neck
brace is fitted first (note extension up
to occipital region), followed by the
thermoplastic mesh molded to back
of the head, then to the face.

Prostate-rectum-perineum selfstimulator. Disposable, single
use. Lubricated with petroleum
jelly.

Scrotum stimulation (somatic) activates regions more shallow (i.e.,
(closer to the midline) than testicle (visceral) stimulation

Men’s genitals are innervated by at least three pairs
of nerves – pudendal, pelvic, and hypogastric (see
Figure) [1]. The same three pairs of nerves in women
provide sensory innervation of the clitoris, vagina/
cervix, and uterus, respectively.
Using fMRI, we previously reported that selfstimulation of these genital regions in women activates
different, but partially overlapping, regions of the
paracentral lobule of the sensory cortex, as does nipple
self-stimulation [2]. To our knowledge, a comparable
comprehensive mapping of the genital structures in
men has not been reported.
Previous work on genital mapping in men included a
report of responses to rectal stimulation; however, it did
not include activation in the somatosensory cortex [3].
Electrical stimulation of the dorsal nerve of the penis
confirmed the earlier homuncular map of Penfield [4],
Contrast the superficial stimulation here with deep stimulation
i.e., that the evoked potentials were focused in the
medial cortex (in the medial region of the paracentral
lobule), i.e., in the genital region as represented in the
homuncular map [5–8]. Other studies using mechanical
or electrical stimulation of the penis identified a
responsive region that was either medial [9] or more
dorsolateral [10-12]; however, the latter may have been
due to inadvertent stimulation of the groin. It is likely
that, as in women [2], the different nerves providing
sensory innervation of the genitals in men project to
distinctly different regions of the sensory cortex.
To identify where the afferents from different genital
Urethra stimulation and mild glans/shaft stimulation activate
components in men project onto the sensory cortex, we regions different from those activated by deep penis stimulation
analyzed the localization of activation sites in sensory
cortex in response to self-stimulation of the penile glans
and shaft, scrotum, testicles, urethra, perineum,
rectum, prostate and nipples.

Introduction

Genital innervation in men

The activation produced by testicle stimulation is different from that produced by
scrotum stimulation, consistent with their innervation via different nerves.

The differential activation is evidence that a second sensory nerve, probably
the pelvic nerve, provides significant penile sensation (p<0.05 cluster
thresholded)

Nipple self-stimulation activated the genital sensory cortex, as we previously reported in
women [2]. The contralateral activation provides evidence of a “hard-wired” pathway, rather
than indirect via oxytocin-stimulated genital afference or via cognitive/experiential factors.
Visceral stimulation responses tend to be located “deeper” (i.e., farther from the midline)
than somatic stimulation responses.
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Testicle self-stimulation (not mapped by Penfield) activated a different, but adjacent, region
of the genital sensory cortex, different from scrotum stimulation.
Prostate self-stimulation (also not mapped by Penfield) activated yet a different, also
adjacent, region of the genital sensory cortex, which overlapped partially, but differed from,
the regions activated by rectum stimulation.

stimulation of brain.
Penis mild, versus forceful, self-stimulation activated different, but adjacent, regions of the
genital sensory cortex. This is most likely due to dual innervation -- differential activation of
the pudendal nerve (surface skin) and the pelvic nerve (deep tissue) and their differential
projections to the genital sensory cortex.
•

•

The genital sensory cortex in men, mapped by fMRI, is located in the paracentral lobule,
confirming and extending the Penfield homuncular map, which was based on electrical

Conclusions
•

464.04

Nipple stimulation activated the genital sensory cortex, as we previously reported in women.
Note the distinct contralateral activation pattern, indicative of a “hard-wired” pathway.

Specific activation produced by prostate stimulation

Note partial overlap between regions activated by rectum and prostate stimulation
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Abstract:

There is anatomical evidence that a branch of the vagus nerve provides sensory
innervation of the external ear. More specifically, the auricular branch of the vagus
innervates the concha, which is the concave region immediately superior to the
external meatus of the ear. Premise: The question addressed in the present study is
whether brain regions to which vagal afferents are known to project (e.g., solitary
nucleus [NTS]) can be accessed via electrical stimulation of this peripheral branch
of the vagus nerve in humans. Methods: We identified activated brain regions
using functional MRI. We verified the location of the NTS in the medulla
oblongata by administration of a gustatory stimulus (1 cc sauce of lime juice,
sugar, salt and mustard). We localized and differentiated this nucleus from the
laterally adjacent nucleus cuneatus by the subjects’ tapping their fingers for 40sec.
Electrical stimulation of the concha of the subjects’ left ear was applied using the
battery-driven NEMOS® device manufactured by Cerbomed. The stimulus
intensity was increased from 0.1mA in 0.1mA increments until the subjects
reported a “tingling” sensation that was below noxious intensity, typically below
1mA. The non-adjustable stimulation parameters of the device were continuous
0.25msec-duration monophasic square wave pulses at 25Hz. After a 20 sec
baseline resting period, the stimulation was applied continuously for 7 min,
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followed by a 25 min rest period. The fMRI data were analyzed using FSL
(FMRIB Software Library). Results (preliminary): Brain regions with clearly
delineated landmarks activated by the electrical stimulation included: NTS, raphe
nuclei, thalamic VPM, nucleus accumbens, amygdala, hippocampus, insula, and
postcentral gyrus - paracentral lobule (genital) and thoracic homuncular zones.
Activation was also observed in the regions of the anterior hypothalamus
(paraventricular nucleus), substantia nigra, and locus coeruleus. Each of the 5
subjects tested spontaneously volunteered comments that they felt particularly
relaxed after the stimulation period. Conclusion: There are clinical reports that
stimulation of the left vagus trunk via electrodes implanted surgically in the neck
provides therapeutic benefit against epilepsy, depression and pain. The present
findings suggest that because electrical stimulation of the external ear activates the
major projections of the vagus nerve, the present method of vagal stimulation
could provide a less invasive therapeutic alternative.
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Figure 3a

Figure 2

Figure 1

Figure 3b

Deactivation, based on analysis of sham against
baseline, was observed in nucleus accumbens,
paracentral lobule, and thalamus.

Electrical stimulation of the earlobe produced activation
of the following regions (based on analysis of earlobe
stimulation minus concha stimulation): hippocampus,
operculum, thalamus, small (non-genital) region of the
paracentral lobule.

Deactivation, based on analysis of concha against
baseline, was observed in hippocampus.

Figure 4a
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Figure 4b

Vagus nerve (X)

Spinal tract and spinal
trigeminal nucleus (somatic
afferent)

Solitary tract nucleus (visceral
afferents)

Posterior nucleus of vagus
nerve (parasympathetic and
visceral afferent)

This and other17 evidence is seemingly inconsistent with the
anatomical descriptions claiming that the auricular branch of the
vagus nerve projects to the spinal trigeminal nucleus, not to
NTS 9,10 (Figure 4a,b). However, the functional activation of the
NTS may not be limited to the classical anatomical projection,
for the 2 nuclei are adjacent and, therefore, it is possible that
afferent activity to spinal trigeminal nucleus could spread to the
NTS. The significant and widespread activation in the brainstem
that occurs in response to concha stimulation may be due to the
non-physiological nature of the electrical stimulation.

That is, concha stimulation strongly deactivated hippocampal
activity, whereas earlobe stimulation activated it. This is
consistent with the reported antiepileptic effects of stimulation of
the sensory fields of the auricular branch of the vagus nerve.2
The activation of the nucleus accumbens is consistent with
antidepression effects of concha stimulation.11

Recent evidence using fMRI showed that the vagina and cervix
project to the paracentral lobule, which is the genital region of
the sensory cortex. 14 This is consistent with the report that
women with “complete” spinal cord injury at and above T10,
which would block all known genital spinal afference through the
spinal cord, were still able to feel vaginal and cervical
stimulation. This observation suggested that the vagus nerves
convey vaginal and cervical afferent activity to the brain, and was
confirmed by fMRI evidence that the NTS was activated by
vaginal and cervical stimulation in these women.13
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The pattern of activation and deactivation of brain
regions in response to electrical stimulation of the concha
provides a rational basis for the reported antiepileptic,
antidepressive, and antinociceptive effects of stimulation
of the auricular branch of the vagus nerve.

We provide fMRI evidence that the vagus input to the
brain is accessible non-invasively from the external ear,
specifically the concha.

Conclusion

●

Previous research provided evidence that the vagus
nerve conveys vaginal and cervical afference.13-15,19

The present finding that the septum is activated by
concha stimulation suggests that this is an access route
from NTS to hippocampus. 12

●

A striking finding was the diametrically opposite
response of the hippocampus to concha stimulation
versus earlobe stimulation.

●
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Specifically: parabrachial nucleus, nucleus accumbens,
hypothalamus, and amygdala. Additional activity was found in
the insula and paracentral lobule (genital area of the sensory
cortex).

Electrical stimulation of the external ear exerts
physiological effects comparable to those elicited by
invasive stimulation of the main vagus trunk in the neck,
specifically against epilepsy, pain and depression. 1-5,16,18,20

•

Electrical stimulation of the concha activates the NTS
and its known projections.
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!

1. Ward H.E. Jr, Ninan P.T., Pollack M., Nahas Z., Anderson B., Kose S., Howland R.H., Goodman W.K., Ballenger J.C. 2008. A pilot study of vagus nerve stimulation (VNS) for treatment-resistant anxiety disorders. Brain Stimul. 1(2):112-21.
2. Stefan H., Kreiselmeyer G., Kerling F., et al. 2012. Transcutaneous vagus nerve stimulation (t-VNS) in pharmacoresistant epilepsies: a proof of concept trial. Epilepsia. 53(7):e115-8.
3. Busch V., Zeman F., Heckel A., Menne F., Ellrich J., Eichhammer P. 2012. The effect of transcutaneous vagus nerve stimulation on pain perception - An experimental study. Brain Stimul. [ahead of print]
4. DeGiorgio C.M., Schachter S.C., Handforth A., et al. 2000. Prospective long-term study of vagus nerve stimulation for the treatment of refractory seizures. Epilepsia. 41(9):1195-200.
5. Cristancho P., Cristancho M.A., Baltuch G.H., Thase M.E., O'Reardon J.P. 2011. Effectiveness and safety of vagus nerve stimulation for severe treatment-resistant major depression in clinical practice after FDA approval: outcomes at 1 year. 72(10):1376-82.
6. Peuker E.T., Filler T.J. 2002. The Nerve Supply of the Human Auricle. Clin Anat. 15(1):35-7.
7. Jenkinson M., Bannister P., Brady M., and Smith S. 2002. Improved optimisation for the robust and accurate linear registration and motion correction of brain images. NeuroImage 17(2):825-41.
8. Worsley K.J. 2001. Statistical analysis of activation images. Ch 14, in Functional MRI: An Introduction to Methods, eds. P. Jezzard, P.M. Matthews and S.M. Smith. OUP.
9. Naidich TP, Duvernoy HM, Delman BN, Sorensen AG, Kollias SS, Haacke EM. (2009). Duvernoy’s Atlas of the Human Brain Stem and Cerebellum. Vienna: Springer-Verlag.
10. Felten D.L., Jozefowicz R. (2003). Netter’s Atlas of Human Neuroscience. Teterboro: Icon Learning Systems LLC.

References

The fMRI scans were collected at RUBIC using a 3T Siemens Trio.
Standard MPRAGE and field maps were collected. The EPIBOLD
sequences were acquired in the transaxial plane, 33 3mm slices,
TR=2, TE=30, using a 12-channel head coil. All data were brain
extracted and registered to the MNI152 standard template using
FMRIB Software Library (FSL) Brain Extraction Tool (BET) and
FMRIB's Linear Image Registration Tool (FLIRT), respectively. Lowerlevel fMRI data processing was carried out using FSL’s FMRI Expert
Analysis Tool (FEAT). The following pre-statistics processing was
applied: motion correction using MCFLIRT7 ; spatial smoothing using a
Gaussian kernel of FWHM 5mm; grand-mean intensity normalization
of the entire 4D dataset by a single multiplicative factor; highpass
temporal filtering (Gaussian-weighted least-squares straight line fitting,
with sigma=630.0s). For statistical processing, Z (Gaussianised T/F)
statistic images were thresholded at P=0.05 (uncorrected). Higherlevel fMRI data processing was carried out using FSL’s FEAT. Masks
for the regions of interest (ROIs) were generated using Harvard-Oxford
Cortical and Subcortical Structural Atlases. Z (Gaussianised T/F)
statistic images were thresholded using clusters determined by Z>1
and a (corrected) cluster significance threshold of P=0.05.8

fMRI Acquisition and Data Analysis

Before each scan, participants were fitted with Cerbomed’s NEMOS®
device (Figure 2), a transcutaneous vagus nerve stimulator designed
for electrical stimulation of the concha of the ear. Sham stimulation of
the earlobe was conducted during the first scan by positioning the
electrode upside down (Figure 3a). Concha stimulation was
conducted during the second scan by positioning the electrode right
side up (Figure 3b). For calibration, the stimulus intensity was
increased from 0.1mA in 0.1mA increments until participants reported
a “tingling” sensation that was below a noxious intensity (performed
before each scan). The non-adjustable parameters of the device were
continuous 0.25msec-duration monophasic square wave pulses at
25Hz. The stimulator remained in the monitor room and the 20'
stimulator cable was passed through a wave guide to the subject in the
scanner.

Scan 1 - Control: The following fMRI data were collected in a 21-min
continuous scan: 2-min rest; 1-min boxcar right hand finger tap (10s
on/off); 7-min left earlobe sham stimulation; 5-min rest; 5-min taste; 1min left cheek tap (N=5).
Scan 2 - Experimental: The following fMRI data were collected in a 20min continuous scan: 2-min rest; 7-min concha stimulation; 11-min
rest.

Experimental Paradigm

Seven healthy participants (5 females, 2 males; ages 21-71) were
recruited for the study by word of mouth. The study received approval
by the Rutgers University Institutional Review Board, and the “Rutgers
University Brain Imaging Center (RUBIC) Common Practices for fMRI”
were strictly followed. Each participant was compensated $150.

Research Participants

Methods

There is anatomical evidence that a branch of the
vagus nerve provides sensory innervation of the
external ear.6 More specifically, the auricular branch of
the vagus innervates the concha, which is the concave
region immediately superior to the external meatus of
the ear (Figure 1).

As summarized in the brain images:

The goal of the present study is to ascertain, with the
use of fMRI, whether electrical stimulation of the
concha, which is innervated by the (sensory) auricular
branch of the vagus nerve, activates the solitary
nucleus (NTS) and its projections. This would validate
the use of ear stimulation as a more accessible, less
invasive method of stimulating the vagus nerve.
Invasive and non-invasive vagus nerve stimulation has
been used against depression, epilepsy, and pain.1-5
Electrical stimulation of the concha produced activation
of the following regions (based on analysis of concha
stimulation minus earlobe [sham] stimulation):
solitary nucleus (NTS) and its following projections:
parabrachial nucleus, nucleus accumbens,
hypothalamus, thalamus, amygdala. In addition,
paracentral lobule, and insula were activated.

Results

Introduction
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Abstract:

Background:  Starting  with  genital  stimulation,  what  is  the  chain  of  activation  of  brain
components  leading  up  to,  during,  and  after  orgasm?  We  previously  reported  that  in
the  orgasm  process,  using  fMRI,  specific  brain  components  became  activated  by
genital  self-stimulation  in  differential  temporal  sequence  (Komisaruk  et  al,  2010,  SFN
abst  285.6).  However,  knowledge  of  that  sequence  does  not  inform  as  to  which
brain  component  activates  the  next  brain  component  in  the  sequence.  Question:  What
are  the  patterns  of  connectivity  among  specific  brain  components  activated  during
orgasm,  and  (how)  does  the  connectivity  change  over  the  course  of  the  orgasm
sequence?  Method:  Graphical  causal  modeling  analysis  was  used  to  measure
effective  connectivity  between  paracentral  lobule,  cerebellum,  frontal  pole  and
nucleus  accumbens  in  males  and  females.  These  regions  were  chosen  based  on  their
activation  in  previous  General  Linear  Model  analyses.  The  orgasm  sequence  was
divided  into  3  parts  for  purpose  of  analysis:  buildup  to  orgasm,  orgasm,  and  post-
orgasm.  Results  (preliminary):  A  commonality  among  individuals  included  distinctly
different  patterns  in  the  transitions  from  buildup  to  orgasm  to  the  post-orgasm  phase.
During  buildup,  a  commonality  among  individuals  was  that  activity  in  the  paracentral
lobule,  cerebellum  and  nucleus  accumbens  “fed-forward”,  converging  on  the  frontal
pole.  During  the  post-orgasm  phase,  we  observed  a  negative  feed-forward,
suggesting  inhibition,  from  nucleus  accumbens  to  paracentral  lobule  among
individuals.  The  connectivity  pattern  changed  markedly  during  orgasm,  characterized
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by  varying  degrees  of  convergence  and  divergence  related  to  individual  and/or  sex
differences.  As  one  example,  activity  from  paracentral  lobule  fed-forward,  diverging
to  all  three  regions  --  frontal  pole,  cerebellum  and  nucleus  accumbens  --  and  they,  in
turn,  converged  back  to  paracentral  lobule,  suggesting  a  reciprocal  connection.
Conclusion:  This  study  constitutes  the  first  effective  connectivity  analysis  of  human
orgasm.  While  we  recognize  the  limitations  of  the  present  approach,  e.g.,  a  few
selected  regions  of  interest  (ROIs)  and  limited  sample  size,  nevertheless,  we
observed  significant  connectivity  patterns  and  changes  among  them  related  to  the
orgasm  sequence.  Further  exploration  using  this  analytical  approach  should  help
elucidate  how  specific  connectivity  patterns  among  brain  components  contribute  to
the  behavioral,  cognitive,  and  affective  components  of  orgasm.
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Data were collected using a 3T Siemens Allegra and 3T Siemens Trio.
Individuals were scanned in the transaxial plane using standard functional MR
imaging BOLD and high-resolution MPRAGE anatomical protocols. The orgasm
sequence conditions were defined as follows:
1. “Start” included 1 TR before stimulation began plus
8 TRs forward.
2. “Pre-orgasm” included 1 TR after orgasm began plus
8 TRs backward.
3. “Orgasm” included 1 TR before orgasm began plus
8 TRs forward.
4. “Post-Orgasm” included 1 TR before the end of orgasm
plus 8 TRs forward.

fMRI acquisition

The participants self-stimulated to orgasm, either genitally, or by thought without
physical stimulation. The start and end of orgasm was indicated by button press or
hand raise.

Experimental Paradigm

Twelve healthy women (ages 23-56) and 5 healthy men (ages 28-71) participated in
the present study, which was approved by the Rutgers University IRB.
Groups:
1. Clitoral self stimulation orgasm: 8 women (n= 9 orgasms)
2. Penile stimulation orgasm: 5 men (n= 5 orgasms)
3. Thought-induced orgasm : 4 women (n= 4 orgasms)

Research Participants

Based on our previous time-course analysis, we selected 4 ROIs involved in sensory
(Paracentral) , motor (Cerebellar Tonsil), cognitive (Frontal Pole), and reward
(Nucleus Accumbens).

Selection of ROIs

Methods

●

In contrast to our reports based on fMRI of activation of frontal cortex during selfstimulation-induced orgasm, analysis of partner-induced orgasm using Positron
Emission Tomography (PET) reported significant frontal region deactivation
(Georgiadis et. al., 2009).

Brain studies of orgasm: discrepancy

●

To our knowledge, there are no published studies of brain activity correlated with
thought-induced orgasm.

●

Thought- induced orgasm was reported to result in physiological changes
comparable to that of orgasm induced by genital stimulation (Whipple, Ogden &
Komisaruk, 1992)

“Thought-induced” orgasm

●

Our previous study showed that thinking about clitoral stimulation activates genital
somatosensory cortex (Wise et. al, 2011) overlapping the homuncular region activated
by physical stimulation of the clitoris (Komisaruk et al, 2011b).

“Thought-induced” activation of the genital sensory cortex

●

Clitoral, vaginal, and cervical self-stimulation activate specific, different regions of
the sensory cortex, all clustered in the mesial paracentral lobule in the Paracentral
Cortex , (Komisaruk et al, 2011 b).

Genital Sensory Cortex

Background

To our knowledge, this is the first analysis of effective connectivity in the orchestration
of regions involved in the brain “symphony” of orgasm.

●

Three types of orgasm induction were analyzed: penile self-stimulation, clitoral selfstimulation, and thought-induced orgasm (without physical stimulation) in women.

●

Based on our previous findings, we selected 4 brain regions of interest (ROIs) that
are reliably activated during orgasm, and analyzed their effective connectivity during
the build-up to orgasm, orgasm, and post- orgasm.

●

Conventional fMRI data analyses do not reveal brain network dynamics. The present
study applies a recently developed method (IMaGES) of “effective connectivity,” which
ascertains patterns of temporal characteristics among selected brain regions.

●

Our previous studies showed differential sequence of activations of different brain
regions leading up to orgasm, with the peak involving widespread activation, followed
by a substantial reduction in activity (Komisaruk et al., 2010, 2011a).

●

Orgasm involves the buildup of excitation of neural elements over a period of
minutes, a peak of activity, and then a subsidence following the orgasm.

Introduction

Vagina

Cervix

Nipple

8 women, 9 orgasms

4 women, 4 orgasms

Start

The time course activity of the selected ROIs: two minutes before orgasm, at orgasm (red arrow)
and two minutes after.

Time Course of ROIs

Pre-Orgasm

Orgasm

Post-Orgasm

Male Orgasm, Penis Self Stimulation

“Thinking” of stimulation of a
body part and physical
stimulation of that body part
activated overlapping regions
of the somatosensory cortex,
specifically the paracentral
lobule.

N=9
N = 11

Clitoris

Orgasm

Post-Orgasm

Pre-Orgasm

Orgasm

Post-Orgasm

Female Orgasm, Thought-Induced

Pre-Orgasm

Female Orgasm, Clitoral Self Stimulation
Start

5 men, 5 orgasms

Start

Note that self-stimulation of the clitoris, vagina, cervix and nipple resulted in activations in the mesial
paracentral lobule.

Clitoris

Finger

Genital Sensory Cortex in Women (N=11)
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Gender differences were evident in the brain activity patterns.
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●

The unique type of data analysis provided by IMaGES raises the intriguing question
of the difference in cognition that may be generated, e.g., during afference to the
Frontal Cortex versus efference from the Frontal Cortex.

The present study provides evidence that interactions among brain regions
associated with cognitive (Frontal Pole), sensory (Paracentral Cortex), affective
(Nucleus Accumbens) and motor (Cerebellar Tonsil) processes change sequentially
leading up to, during, and after orgasm.
●

●

While our previous time course analysis of orgasm showed sequential patterns of
ROI activation, the present study directly examines predictive relationships (effective
connectivity) before, during, and after orgasm.

We recognize the main limitations of the present study -- specifically, the limited
number of participants and the brief duration of orgasm, which places constraints on
the optimal number of TRs per condition for the IMaGES analysis.
●

Conclusions

●

In the clitoral self-stimulation “orgasm” condition, there were reciprocal relationships
between Frontal Pole and Nucleus Accumbens, as well as Frontal Pole and
Cerebellum.

During “thought-induced” pre-orgasm and post-orgasm sequences, there was
significant output from the Paracentral Cortex to other ROIs. This supports our
previous evidence that thinking of genital stimulation without physical stimulation
activates the genital sensory cortex.
●

●

●

We observed a significant projection from Frontal Pole to Paracentral Cortex (genital
sensory cortex) during orgasm in all 3 groups.

Each group showed sequential changes in the connectivity among the ROIs leading
up to, during, and after orgasm, and these patterns differed among the 3 groups.
●

Results

IMaGES (Independent Multisample Greedy Equivalence Search) S
earch)
The methods we use are adapted from the Greedy Equivalence Search (GES) (Meek
1997). The search procedure begins with an empty graph with no presumed
connections between nodes and edges, and proceeds to search forward, one new
connection at a time. The algorithm searches for the best fitting models (defined as
acyclic graphs meeting the conditional independence assumptions of a Markov
Equivalence class), which are scored using the Bayesian Information Criterion (BIC)
(Schwarz, 1978). The BIC is calculated using the maximum likelihood estimate of the
model’s free parameters plus the dimension of the model (in our case, the number of
connections plus the number of brain regions) taking into account the sample size.
The algorithm searches forward from the empty graph until no improvement in BIC
score is possible, and then backwards, and outputs a description of the best fitting
models. In practice, the algorithm requires a computation of a series of maximum
likelihood estimates, and is limited to cases where approximations to such estimates
can be obtained rapidly. These models may be parameterized and tested in
conventional ways.

fMRI data for the task were registered into MNI standard space using FSL (FMRIB’s
Software Library). Motion correction was performed using the MCFLIRT module in
FSL and brain extraction was performed using BET. Region of interest (ROI) masks
were created using the Harvard-Oxford Cortical and Subcortical Structural Atlas, and
average time series for these ROIs were extracted using the FSL mean TS module.
Time series were compiled into matrices for each individual subject for all ROIs, and
matrices for the subjects in each group were used as input into the IMaGES module in
the program Tetrad.

Preprocessing

Methods continued:
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Appendix C.3.6. An fMRI video animation time-course analysis of brain
regions activated during self-stimulation to orgasm in women.
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Abstract:

In  an  fMRI  analysis  of  genital  stimulation-induced  orgasm,  we  reported  the  following
sequential  activation  of  multiple  brain  regions:  genital  sensory  cortex  (paracentral
lobule)  then  limbic  system  regions  (insula,  anterior  cingulate,  amygdala,  hippocampus)
then  prefrontal  cortex  and  cerebellum  then  hypothalamus  and  nucleus  accumbens,
followed  after  orgasm  by  an  overall  reduction  in  activity  of  all  these  brain  regions.
That  preliminary  analysis  was  based  upon  continuous  fMRI  recording,  in  which  we
created  regions  of  interest  (ROIs)  based  on  Brodmann’s  areas,  and  represented  the
activity  in  each  of  80  brain  regions  (40  on  each  laterality)  as  a  rising  or  falling  line
graph  over  time  (Komisaruk  et  al,  SFN,  285.6,  2010).  A  more  precise  insight  into
the  sequence  of  activation  of  these  brain  regions  can  be  gained  through  dynamic
visualization  in  the  form  of  an  animation  video  that  utilizes  the  same  form  of  data.
Consequently,  in  the  present  analysis,  we  have  represented  the  activity  of  each  of  80
Brodmann  Area  ROIs  in  its  “hot  metal”  analog,  with  10  gradation  levels  progressing
through  red,  orange,  yellow  to  white.  This  color  code  is  then  applied  to  each  ROI  for
each  2-sec  period  during  the  course  of  genital  self-stimulation  before,  during,  and
after  orgasm.  This  is  represented  in  non-dynamic  form  as  the  matrix  below  (a
representation  of  one  woman’s  orgasm,  which  is  similar  to  others’),  in  which  each
column  is  an  ROI  and  each  row  starting  from  the  top  down  is  a  2-sec  period.
Inspection  of  the  matrix  reveals:  a)  non-uniform  sequence  of  activation  of  different
brain  regions  leading  up  to  orgasm,  b)  greater  activation  in  the  right  hemisphere  than
the  left,  c)  widespread  activation  of  the  brain  at  orgasm,  and  d)  substantial  reduction
in  brain  activity  after  orgasm.  Our  analytic  animation  method  utilizes  a  recurrent  loop
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video.  It  facilitates  an  understanding  of  the  interaction  and  sequential  activation  of  the
brain  components  underlying  the  gradual  development  of  genital  stimulation-induced

orgasm.  
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Appendix C.3.7. An fMRI time-course analysis of brain regions activated
during self-stimulation to orgasm in women
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Abstract:

Our  previous  research  on  genital  self-stimulation  in  women  identified  brain  regions
that  are  activated  during  orgasm.  These  regions  include  the  nucleus  accumbens,
anterior  hypothalamus  (in  the  region  of  the  paraventricular  nucleus),  amygdala,
anterior  cingulate  cortex,  insula,  hippocampus,  cerebellum,  and  paracentral  lobule.  In
the  present  study,  we  extend  these  findings  by  analyzing  the  relative  time  course  of
activation  of  these  and  other  brain  regions.  We  find  evidence  of  differential  rates  of
activation  among  more  than  30  discrete  anatomical  areas  on  each  of  the  left  and  right
sides  of  the  brain.  Based  on  preliminary  analysis  of  self-stimulation  data,  genital
sensory  cortex,  thalamus,  motor  areas,  cerebellum,  hypothalamus,  and  substantia
nigra  are  activated  earliest.  Closer  to  the  onset  of  orgasm  and  continuing  through
orgasm,  frontal  cortical  regions,  entorhinal  cortex,  cingulate  cortex,  insula,  amygdala,
and  hippocampus  become  activated.  Later  in  the  orgasm,  and  shortly  thereafter,  the
levels  of  activation  peak  in  the  hypothalamus,  nucleus  accumbens,  and  caudate.  Thus,
leading  up  to,  during,  and  after  orgasm  there  are  marked  differences  in  the  temporal
profiles  of  activity  (increases  and  decreases)  among  specific  brain  regions.  As
reported  previously  (Komisaruk  et  al,  2004,  Brain  Research,1024:77)  activation
evidently  occurs  in  widespread  regions  throughout  the  brain  during  orgasm.  The  slow
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time  course  of  the  development,  duration,  and  resolution  of  orgasm  (i.e.,  over
seconds  and  minutes)  provides  a  useful  model  to  elucidate  the  integration  of  neural
systems  mediating  the  cognitive,  emotional,  somatic,  and  visceral  components  of  this
intense  human  experience.
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A thermoplastic, semi-rigid head restrainer is custom-molded to
each research participant and the blue frame is then clamped
into the fMRI head cage.

Minimizing head movement during orgasm:

Time course data: For each subject’s data, standard
preprocessing was carried out using AFNI (without detrending)
and data were warped to normalized space. ROIs were
generated based on AFNI’s Talairach (TT) Atlas and mean time
course activations were calculated from each ROI using AFNI’s
3D ROI stats function.

A total of 15 orgasms from 9 women are included in the group
analysis. fMRI data were collected using a standard EPI
sequence in a 3T Siemens Allegra scanner, TR=2 sec, TE=30
sec, voxel size: 4 x 4 x 5 mm, and 32 slices.

The moment when each woman raised her hand to indicate the
start of her orgasm was used as the group alignment point. The
2-minute period prior to, and the 2-minute period after, that
moment was then plotted, as shown in the accompanying
figures. The intensity of each brain region was calculated as a
percent of its maximum over the course of its entire orgasm
“run” and the group averages are plotted.

METHODS

Combined data from 9 women are shown.

In the present study, using fMRI, we extended our previous
studies1-4 by analyzing 80 brain regions repetitively at 2-second
intervals during the course of genital self-stimulation-elicited
orgasm, and plotted their intensity sequentially over time.

Orgasm is a neural process in which the effect of a sensory
stimulus gradually – over minutes – increases the level of
excitation of neural elements in the brain, reaching a peak of
excitation and then subsides. To our knowledge, the sequence
of activation of neural systems in the brain leading up to, during,
and after orgasm, is not known.

INTRODUCTION

The activation occurred in a variety of temporal patterns.

●

To generate a distribution of voxel chain lengths across time, 1000 repeats of a bootstrapping
procedure were run such that 6% of voxels were randomly assigned to each time image and
the likelihood of the same voxel being activated across consecutive time periods was
assessed. From this distribution it was determined that a voxel needed to pass thresholding
in at least 3 consecutive time periods to maintain a total corrected threshold of 0.06. Voxels
not meeting this criterion were removed from the analysis. The corrected data were then
spliced into a movie to graphically show activation of areas over time.

After preprocessing with AFNI, subject data were marked at significant points (start selfstimulation, start orgasm, end orgasm) and data were binned into preset time periods. From
the start of stimulation to the start of orgasm, data were binned into 54 time periods and from
the start of orgasm to the end of orgasm, data were binned into 10 time periods. As timing
varied between subjects, the number of TRs in each bin varied among subjects. For postorgasm times, TRs were binned into 4 second intervals. This gave a total of 264 time bins
spanning each orgasm. For each bin, GLM analysis was carried out on group data. Group
data were thresholded so that only the most active 6% of voxels were selected from each
group image.

MOVIE

●

Still other brain regions showed peak activation after the onset of orgasm (e.g., nucleus
accumbens and hypothalamus).

●

Other brain regions showed an abrupt increase in activity at orgasm (e.g., anterior cingulate
cortex, inferior frontal cortex, and cerebellum).

●

Some brain regions showed relatively early onset of activation leading to orgasm ( e.g.,
amygdala, hippocampus, and head of caudate) relative to brain regions that showed later
onset of activation (e.g., sensory cortex, thalamus, and substantia nigra).

●

These temporal patterns of activation were more similar among telencephalic regions than
among brainstem regions.

There was widespread activation of the brain leading up to, and during, orgasm.

●

SUMMARY:
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The differential, sequential, patterns of regional brain
activation provide insight into the neural process underlying this
gradually developing peak experience.
●

●

The similarities in temporal activation patterns among
telencephalic regions are greater than those among brainstem
regions.

●

The rates and latencies of activation of brain regions leading
up to, during, and immediately after orgasm are non-uniform;
some are gradual and others are more abrupt.

CONCLUSIONS

This method provided the opportunity to “string” the “snapshots”
of brain activity into a sequence, thus generating a visualization
of orgasm activation over time.

We addressed these limitations by developing an analysis
method that attributes statistical significance to voxels that show
temporal consistency. This has the advantage of being able to
analyze small regions of activity over time.

Thus, the analysis of orgasm by these two methods is
suboptimal because the latency and duration of orgasm shows
significant variation within and among subjects.

Time-course analysis is limited to concurrent events across
subjects.

The conventional GLM analysis is limited in representing small
regions, spatially-distributed networks, and dynamic changes
over time.

RATIONALE
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To view movie, please visit
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Appendix C.3.8. Tactile imagery somatotopically activates genital sensory
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Abstract:

In  the  course  of  our  previous  study  (Komisaruk  et  al,  2009;;  SFN  Abstracts  562.18)
in  which  we  mapped  the  sensory  cortical  representation  of  the  clitoris,  vagina,  cervix,
nipple  and  finger,  our  control  procedure  -  imagining  stimulation  of  those  specific  body
regions  while  remaining  motionless  -  generated  activity  that  overlapped  substantially
with  that  induced  by  their  actual  physical  stimulation.  That  is,  when  the  research
participants  were  instructed  to  imagine  the  thumb  being  tapped,  the  corresponding
homuncular  region  of  the  somatosensory  cortex  became  activated.  Similarly,  when
instructed  to  imagine  the  clitoris  or  the  vagina  being  stimulated,  the  corresponding
homuncular  sensory  cortical  regions  became  activated.  Moreover,  in  the  case  of  each
body  region  studied,  the  imagery  procedure  activated  the  sensory  relay  region  (VPL)
of  the  thalamus.  Surprisingly,  when  the  participants  were  instructed  to  imagine  the
nipple  being  stimulated,  activations  were  found  not  only  in  the  corresponding  thoracic
homuncular  region,  but  also  in  the  genital  sensory  cortical  region  (i.e.,  the  paracentral
lobule).  Cerebellar  and  supplementary  motor  area  activations  were  activated  during
the  imagery  procedures.  In  general,  while  there  was  a  lower  magnitude  of  signal
intensity  in  response  to  imagery  than  to  physical  stimulation,  the  reverse  was  true  in
the  frontal  cortex.  The  present  findings  are  consistent  with,  and  extend  to  the  genital
system,  recent  reports  of  imagery-induced  activation  of  the  sensory  cortices  in  each
of  the  sensory  systems  (Yoo  et  al,  2003,  NeuroReport,14:581;;  Belardinelli  et  al,
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Consistent with, and extending, our previous report (Komisaruk et al., 2009: SFN
Abstracts 562.18) “thinking” of nipple stimulation activates the somatosensory cortex
in the region that overlaps with genital self-stimulation.

5. “Thinking” of stimulation of a body part and physical stimulation of that body part
activate overlapping regions of the somatosensory cortex, specifically the paracentral
lobule.

2. Note that the Sensory Cortex starts laterally in the Postcentral Gyrus and
continues medially in the Paracentral Lobule. Thus, the face, hands and arms are
represented in the postcentral gyrus, whereas the groin, legs, feet and genitals are
located in the paracentral lobule.

7. “Thinking” about a body part being stimulated activates the dorsolateral prefrontal cortex, the frontal
superior medial cortex, the frontal inferior orbital cortex, the supplementary motor area, and the insula
substantially more than does the corresponding physical stimulation.

4. Group-based composite view of the postcentral gyrus representing finger tactile
imagery (“think”) activation in red and finger tactile stimulation (“tap”) in green. The
area in yellow represents the location in which the activations for the “think” and
“tap” conditions overlap.

Research Participants
Eleven healthy right-handed women, ages 23-56, prescreened with the SCL-90 questionnaire and interview to ensure their
psychological fitness for study participation. Participants were recruited by word of mouth. Each participant tested negative
for pregnancy prior to scanning. The research protocol received approval by the NJMS-UMDNJ IRB and all fMRI scanner
safety procedures were strictly followed. Each participant was compensated $100 for the study.
Experimental Paradigm
“Boxcar” experimental design, 5-min duration per trial, 30 sec ON – 30 sec OFF.
Landmark trials consisted of an experimenter rhythmically tapping a participant’s thumb or toe in separate trials to establish
reference points on the sensory cortex.
The current study focuses on data collected from a subset of participants included as an additional control condition in which
participants were instructed to “think” about stimulation of specific body parts, counterbalanced with the actual physical
stimulation of these body parts. The “ thinking” control conditions included “think finger” (N=6), “think clitoris” (N=9), “think
vagina” (N=7), and “think nipple (N=9). All data collected for the “thinking” conditions are reported.
Experimental mapping trials consisted of participants self-stimulating, with “comfortable” intensity, the clitoris, anterior wall of
the vagina, the cervix, or the nipple, in separate, randomized trials. Clitoral self-stimulation was applied using rhythmical
tapping with the right hand. Vaginal self-stimulation (of the anterior wall) was applied using the participants’ own “G-Spot”
stimulator (typically a 15mm-diameter S-shaped acrylic rounded-tip cylinder). Cervical self-stimulation was applied using a
similar-diameter, glass or acrylic straight rounded-tip cylinder brought to the study by each participant. Nipple self-stimulation
was applied using the right hand to tap the left nipple rhythmically.
All trials started with 30-sec rest; the participants were instructed by an experimenter via headphones as to when to start and
stop self-stimulation or “thinking” about stimulation of the specific body regions.
The participants were in continuous verbal contact with the experimenters for the duration of the experimental paradigm.
fMRI acquisition
Individuals were imaged in the transaxial plane using standard functional MR imaging BOLD techniques [58]. The individuals
were imaged on a 3T Siemens Allegra system using gradient-echo echo-planar sequences (EPIBOLD) with the following
acquisition parameters: 2000/40 (TR/TE); 64X64 matrix, 22 cm field of view, 5-mm-thick contiguous sections, and a 90
degree flip angle. For each 5-min sensory paradigm, 150 image sets at each of 32 slice locations were obtained using a
standard quadrature “bird cage” head coil. Individuals’ heads were immobilized with foam and taped to the head holder to
limit motion. Images were reconstructed from Siemens proprietary software (Advanced Neuro Package) and transferred to a
remote workstation for post processing and brain mapping analysis.
Anatomical images
Spin echo (TR/TE = 450/14) high-resolution anatomic images were acquired in the transaxial planes in identical slice
locations during the same imaging session.
Data analysis
Statistical parametric mapping (SPM99) was utilized. In SPM99, the blood oxygenation level dependent (BOLD) [49] signal
intensity of each voxel during the stimulus conditions was compared statistically with its activity during the prestimulus
conditions (baseline condition). The images were pre-processed for realignment, normalization to Talairach space, and
smoothness using an 8x8x10 kernel. Motion correction was applied with first-level model specification and estimation for
each individual brain map. Group maps were then generated with first level analysis, since our total subject number was
limited. MRIcroN was used for visualization of individual subject contrasts and group maps on a standardized anatomical
template.

Methods

-Visual imagery activates visual
cortex. (Cohen et
al., 1996; Kosslyn et al., 1995)

-Auditory imagery activates auditory
cortex. (Yoo
et al., 2001)

●

Brain regions activated by imagery
overlap with those activated by physical
sensory stimulation:

●

Belardinelli et al. (2009) showed that
primary sensory areas were
correspondingly activated by imagery in
tactile, visual, gustatory, kinesthetic, and
somatic modalities.

●

Yoo et al. (2003) demonstrated that
tactile imagery activated corresponding
regions of the primary and secondary
somatosensory cortices (SI,SII).

Background
1. Sensory homunculus map based upon roving electrical stimulation of cerebral
cortex in awake, locally-anesthetized men (only) who reported on the location of their
bodily sensations (Penfield & Rasmussen, 1950).

8. The cerebellum was activated by both “ thinking” and physical stimulation of these
body regions, although “thinking” activations of the cerebellum were of a lower
magnitude.`

6. Particularly surprising is the observation of sensory thalamus in response to
“thinking” of stimulation of the specific body parts.

3. fMRI-based group presentation of cortical responses to the experimenter tapping their thumb
or big toe (halux), and to the women self-stimulating their clitoris, anterior vaginal wall, or nipple.
Note the correspondence between the cortical regions activated by these stimuli and the map
generated by Penfield. The two types of genital self-stimulation, and surprisingly, nipple
stimulation, activate different, but adjacent, regions of the Paracentral Lobule in the mesial cortex.

For multiple sensory fields (finger, clitoris, vagina, nipple),
brain activation produced by physical stimulation overlaps with
that produced by thinking of those regions being stimulated.

!
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Is there a difference among thinking of oneself stimulating
one's own body part, thinking of someone else stimulating that
body part, thinking of just that body part, seeing an image of
that body part being stimulated, etc?

FUTURE DIRECTION

Reports that women have more vivid imagery than men may
restrict the generalizability of the present findings as we
studied only women. (e.g., Belardinelli et al., 2009)

LIMITATION

●

The present findings contradict earlier theories (e.g.,
Pylyshyn 1981) that imagery and sensory perception involve
unique and distinct brain regions.

●

The ability of “thinking” to activate the sensory thalamus
implies that it is under “top-down” influence.

The difference between congruent and overlapping regions
of brain activations may enable discrimination between real
and imagined stimulation .
●

●

Rationale for the present research:
A serendipitous finding

As a control procedure for our mapping of
the sensory cortical representation of the
clitoris, vagina, cervix, nipple, and finger
in women (Komisaruk et al., 2009: SFN
Abstracts 562.18) participants were
asked to imagine stimulation of those
specific body regions. We were surprised
to find that just “thinking” about specific
body regions being stimulated generated
activity that overlapped substantially with
that induced by their actual physical
stimulation in the somatosensory cortex.
This observation led us to explore the
phenomenon in more detail.

CONCLUSIONS

INTRODUCTION
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Abstract:

The  sensory  somatotopic  (homuncular)  representation  of  the  body  surface  was
originally  mapped  by  Penfield  and  Rasmussen  (1950)  as  located  in  the  postcentral
gyrus,  based  on  electrical  stimulation  exclusively  in  men.  They  also  reported  that  the
foot  and  the  genital  sensory  representations  are  situated  in  the  medial  cortex,  i.e.,  in
the  “paracentral  lobule,”  which  is  just  superior  to  the  cingulate  gyrus.  To  our
knowledge,  women’s  genital  regions  have  not  been  mapped  on  the  sensory  cortex.  In
the  present  study,  we  mapped  the  somatosensory  cortical  representation  of  the
genital  structures  of  11  healthy  women  using  fMRI  in  response  to  mechanical  self-
stimulation.  Data  were  obtained  using  a  Siemens  Allegra  3T  scanner  with  a  "boxcar"
stimulation  paradigm  (30sec-on,  30sec-off  for  5min),  processed  and  analyzed  using
SPM  99  and  MRIcro.  We  hypothesized  that  stimulation  of  the  specific  genital
structures  would  differentially  activate  the  general  genital  region  of  the  sensory  cortex.
This  is  based  on  evidence  that  the  clitoris,  vagina  and  cervix  receive  differential
afferent  innervation  via  the  pudendal,  pelvic,  hypogastric  and  vagus  nerves.  To
establish  control  points  of  reference,  we  also  mapped  the  regions  of  the
somatosensory  cortex  activated  by  finger  and  toe  stimulation  and  nipple  self-
stimulation.  Results:  We  found  that  all  the  genital  sensory  projection  regions  are
located  in  the  paracentral  lobule,  in  the  region  just  superior  to  the  cingulate  gyrus.  The
genital  sensory  regions  are  all  located  inferior  to  the  region  activated  by  toe
stimulation,  which  we  used  as  a  reference  point.  The  site  activated  by  vaginal  self-
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stimulation  was  superior  and  posterior  to  those  activated  by  clitoral  and  cervical  self-
stimulation.  The  cervical  self-stimulation  resulted  in  the  strongest  activation  among  the
genital  regions  and  was  located  deepest  (i.e.,  farthest  from  the  midline  along  the
perpendicular  to  the  cortical  surface).  Surprisingly,  self-stimulation  of  the  nipple
resulted  not  only  in  activation  of  the  thoracic  sensory  region,  but  also  of  the
paracentral  lobule  within  the  genital  sensory  region.  A  general  caveat  of  the
interpretation  of  fMRI  data  is  that  the  extent  of  activation  and  the  degree  of  overlap
among  brain  regions  depends  on  the  level  of  statistical  significance  of  the  threshold
that  is  selected.  Taking  this  caveat  into  account,  we  conclude,  on  the  basis  of  the
present  findings,  that  the  sensory  projections  of  women’s  genitalia  are  clustered,  yet
differentiable,  in  the  same  general  paracentral  lobule  region  as  indicated  by  Penfield
and  Rasmussen  in  men.
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5. The group-based response to the experimenter tapping the
thumb of each participant. Activation is in the Postcentral
Gyrus. In this and the following figures, the green arrows point to
the activated regions.

Postcentral gyrus

Group data, N=11

Finger stimulation by experimenter (

1. Sensory homunculus map based upon roving electrical
stimulation of cerebral cortex in awake, locally-anesthetized men
(only) who reported on the location of their bodily sensations
(Penfield & Rasmussen, 1950).

Research Participants
Eleven healthy right-handed women, ages 23-56, were prescreened with the SCL-90 questionnaire and interviewed to ensure
psychological fitness for study participation. Participants were recruited by word of mouth. Each participant tested negative for
pregnancy prior to scanning. The research protocol received approval by the NJMS-UMDNJ IRB and all fMRI scanner safety
procedures were strictly followed. Each participant was compensated $100.
Experimental Paradigm
“Boxcar” experimental design, 5-min duration per trial, 30 sec ON – 30 sec OFF. Control trials consisted of an experimenter
rhythmically tapping a participant's thumb or toe in separate trials to establish reference points on the sensory cortex.
Experimental mapping trials consisted of participants self-stimulating, with “comfortable” intensity, the clitoris, anterior wall of the
vagina, the cervix, or the nipple, in separate, randomized trials. Clitoral self-stimulation was applied using rhythmical tapping with
the right hand. Vaginal self-stimulation (of the anterior wall) was applied using the participant's own “G-Spot” stimulator (typically a
15mm-diameter S-shaped acrylic rounded-tip cylinder). Cervical self-stimulation was applied using a similar-diameter, glass or
acrylic straight rounded-tip cylinder brought to the study by each participant. Nipple self-stimulation was applied using the right
hand to tap the left nipple rhythmically. All trials started with 30-sec rest; the participants were instructed by an experimenter via
headphones as to when to start and stop self-stimulation. The participants were in continuous verbal contact with the
experimenters for the duration of the experimental paradigm.
FMRI Acquisition
Individuals were imaged in the transaxial plane using standard functional MR imaging BOLD techniques. The individuals were
imaged in a 3T Siemens Allegra system using gradient-echo echo-planar sequences (EPIBOLD) with the following acquisition
parameters: 2000/40 (TR/TE); 64X64 matrix, 22 cm field of view, 5-mm thick contiguous sections, and a 90 degree flip angle. For
each 5-min sensory paradigm, 150 images sets at each of 32 slice locations were obtained using a standard quadrature “bird
cage” head coil. The head was immobilized with foam, and taped to limit motion. Images were reconstructed from Siemens
software (Advance Neuro Package) and transferred to a remote workstation for post-processing and mapping analysis.
Anatomical images
Spin echo (TR/TE = 450/14) high-resolution anatomical images were acquired in the transaxial planes in identical slice locations
during the same imaging session.
Data analysis
SPM8 was utilized. The blood oxygenation level dependent (BOLD) signal intensity of each voxel during the stimulus conditions
was compared statistically with its activity during the pre-stimulus conditions (baseline condition). The images were preprocessed, for realignment, normalized to Talairach space, and smoothed using an 8x8x10 kernel. Motion correction was applied
with first-level model specification and estimation for each individual brain map. Group maps were then generated with first level
analysis, since our total subject number was limited. MRIcro and MRIcron were used for visualization of individual subject
contrasts and group maps on a standardized anatomical template.

METHODS

A brief history of mapping the genital sensory cortex
Electrical stimulation of the brain in awake men that
elicited penile sensation was represented on mesial cortex
(paracentral lobule) inferior to foot representation
(Foerster, 1936: Penfield & Boldrey, 1937; Penfield &
Rasmussen, 1950).
●
Electrical stimulation of the pudendal nerve elicited
evoked potentials in the mesial cortex (Narici et al, 1991).
●Electrical stimulation of pudendal nerve in men and
women activated mesial cortex representation, near the
cingulate sulcus (Guerit & Opsomer, 1991; Allison et al,
1996).
●Electrical stimulation of dorsal penile (pudendal) nerve
(DPN) evoked somatosensory fields midline, on the
interhemispheric surface of the brain
(Nakagawa et al, 1998).
●
Electrical stimulation of DPN evoked cortical responses
3 cm lateral to the interhemispheric fissure and
extending down into the interhemispheric fissure an
additional 3 cm (Bradley et al, 1998).
●
Electrical stimulation of DPN evoked somatosensory
fields in the medial cortex (Mekela et al, 2003).
●
Using fMRI, mechanical stimulation of the penis
(by toothbrush) activated the postcentral gyrus 1 cm
lateral to the medial edge of the convexity of the cortex
“but did not descend along the mesial wall”
(Kell et al, 2005).
●Using PET, penile stimulation by female partner activated
SII but not genital SI (Georgiadis & Holstege, 2005).
●Using PET, clitoral stimulation by male partner activated
SII and the “dorsal convexity” of SI
(Georgiadis et al, 2006).
●Using fMRI, electrical stimulation of the clitoral nerve
activated SII and “bilateral, not mesial, S1”
(Michels et al, 2009).

Rationale for the present research
●In Penfield's classical homunculus map, the genital
sensory cortex is based on penile sensation.
●
Subsequent mapping of the sensory cortex by others
was based on stimulation of the pudendal nerve, via the
penis or the clitoris.
●However, additional nerves provide sensation to the
vagina and cervix, i.e., the pelvic, hypogastric and vagus
nerves (Komisaruk et al, 2004, 2006).
●To our knowledge, the projection of vagina and cervix to
the sensory cortex has not been reported previously.
●
Consequently, in the present study using fMRI, we
mapped the regions of the sensory cortex that are
activated by clitoral, vaginal, and cervical (self-)
stimulation.
●
For points of reference on the homunculus, we also
mapped responses to thumb and big toe (halux)
stimulation and nipple self-stimulation.

INTRODUCTION

Paracentral lobule

Two surprising observations are that nipple self-stimulation also
activated the groin sensory region (Left panel), and conversely,
vaginal self-stimulation activated the thoracic nipple region
(Center panel).

Shown are superimposed responses to nipple and genital selfstimulation in three participants.
Left panel: Note the congruence between activation produced by
stimulation of nipple and cervix.
Center panel: Congruence between activation produced by
stimulation of nipple, cervix and clitoris. Not unexpectedly,
cervical self-stimulation activated the groin region.
Right panel: Congruence between activation produced by
stimulation of nipple, vagina, cervix and clitoris.

10. Nipple self-stimulation activated not only the thoracic
region, but also unexpectedly and surprisingly, the genital region
of the paracentral lobule.

6. The group-based response to the experimenter tapping the big
toe (halux) of each participant. Activation is in the Paracentral
Lobule.

Group data, N=11

Toe stimulation by experimenter ( )

2. Note that the Sensory Cortex starts laterally in the
Postcentral Gyrus and continues medially in the Paracentral
Lobule. Thus, the face, hands and arms are represented in the
postcentral gyrus, whereas the groin, legs, feet and genitals are
located in the paracentral lobule.

Postcentral gyrus

Central sulcus (stops before midline)

Precentral gyrus

Genital Sensory Cortex is in the Paracentral Lobule

Vagina

Cervix

Toe

11. Individual data showing regions of the paracentral lobule that
were activated by nipple self-stimulation in 9 of 10 participants.
Note the variability in depth of the activated sites from the
superior surface of the cortex – deeper in the top 4 cases and
closer to the superior surface in the next 5 cases. The top 4
cases also indicate activation of the thoracic region (e.g., the
orange arrow in the upper left case).

7. Group-based response to the participants manually selfstimulating the clitoris. The arrows point to the site activated in
the paracentral lobule. Note that the perineal (groin) region just
lateral to the midline was also activated in this and the next 2
figures. There was marked hand-related activation in the
postcentral gyrus in this and the next 2 figures. There was a
continuation of activation into the supplementary motor area
immediately rostral to this region in this and the next 2 figures, as
well as activation extending inferiorly into SII (on the superior
surface of the temporal lobe).

Group data, N=11

Clitoral self-stimulation ( )

3. Present fMRI-based group presentation, in 11 women, of
cortical responses to the experimenter tapping their thumb or
their big toe (halux), and to the women self-stimulating their
clitoris, anterior vaginal wall, or uterine cervix. Note the
correspondence between the cortical regions activated by these
stimuli and the map generated by Penfield. The three types of
genital self-stimulation activate different, but adjacent,regions of
the Paracentral Lobule in the mesial cortex.

Clitoris

Finger

Genital Sensory Cortex in Women (N=11)

Clitoral, vaginal,and cervical self-stimulation differentially activate regions
of the sensory cortex, but all are clustered in the mesial paracentral lobule.

CONCLUSIONS

Group data, N=11

Cervical self-stimulation ( )

9. Group-based response to the participants self-stimulating the
uterine cervix using their Lucite or glass cylinder. The arrows
point to the site activated in the paracentral lobule clustered with,
but different from, the site activated by clitoral or vaginal selfstimulation.

●

An intriguing alternative hypothesis is that nipple/breast and genital sensory
activity converge not only on oxytocinergic neurons of the hypothalamic
paraventricular nucleus but also in the genital sensory cortex.

●

We hypothesize that this brain response to nipple/breast self-stimulation
is mediated by oxytocin-induced afferent activity from the genital tract.
We plan to test this in women after hysterectomy.

●

Unexpectedly, nipple/breast self-stimulation activated not only the
(expected) thoracic sensory cortical representation, but also the mesial
paracentral lobule, often in sites congruent with clitoral, vaginal, and/or
cervical self-stimulation. This finding validates women's reports that
nipple/breast stimulation is erotogenic.

We believe that the present findings resolve a discrepancy in the literature
that claims that the location of the genital sensory cortical representation is
on the dorsolateral cortex, rather than the mesial cortex. The discrepancy
is likely due to those authors' stimulating the perineal (groin) region without
adequately stimulating the genitals per se.
●

Since the perineal (groin) region is also stimulated incidentally during
the clitoral, vaginal, and cervical self-stimulation, its corresponding sensory
cortical region is also activated - i.e., the dorsal convexity of the paracentral
lobule, just lateral to the midline.
●

●

Penfield, W., & Rasmussen, T. (1950) The Cerebral Cortex of Man. New York: Macmillan.
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8. Group-based response to the participants self-stimulating the
anterior wall of the vagina using their Lucite or glass cylinder.
The arrows point to the site activated in the paracentral lobule,
which is adjacent to, but below, the clitoral site.

4. Group-based composite view of the clitoral, vaginal and
cervical activation sites, all in the paracentral lobule, but regionally
differentiated. We interpret this as due to the differential sensory
innervation of these genital structures, i.e., clitoris: pudendal
nerve, vagina: pelvic nerve, and cervix: pelvic, hypogastric and
vagus nerves.
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