GENITAL STIMULATION, IMAGERY, AND ORGASM
IN WOMEN: AN FMRI ANALYSIS
by
NAN WISE
A Doctoral Dissertation submitted to the Graduate School - Newark
Rutgers, The State University of New Jersey
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
Graduate Program in Psychology

written under the direction of Barry R. Komisaruk, Ph.D.

and approved by

Mauricio Delgado, Ph.D.

Elizabeth Tricomi, Ph.D.

Catherine Hanson, Ph.D.

Beverly Whipple, Ph.D.

Newark, New Jersey

October, 2014



© 2014

Nan Wise

ALL RIGHTS RESERVED



ABSTRACT OF THE DISSERTATION

Genital stimulation, imagery, and orgasm in women: An fMRI analysis
By Nan Wise
Dissertation Director
Barry R. Komisaruk, Ph.D.

The main questions addressed in my dissertation are: 1) how does fMRI-
measured activity of the brain respond to physical versus imagined stimulation of
the genitals, and 2) as the brain activity progresses from response to genital
stimulation through orgasm to its resolution, how does the regional activity
change?

These questions are addressed in the form of two studies: 1) Activation
of sensory and other brain regions in response to imagined versus physical
genital stimulation, and 2) Brain regional activation upon transition to self- and
partner-induced orgasm in women. The first study developed from a genital
sensory mapping study (Komisaruk, Wise et al, 2011) in which our control
condition revealed the intriguing serendipitous finding that just imagining genital
or nipple stimulation activated the same regions of the genital sensory cortex as
did actual tactile stimulation of these body regions. We extended this surprising
finding by focusing on a comparison between tactile versus imagined stimulation
of the nipple and clitoris. We designed two additional conditions -- imagined dildo

stimulation versus imagined speculum stimulation -- to investigate possible



differences in erotic versus non-erotic imagery. The present findings provide
evidence that imagery activates brain regions implicated in bodily sensation,
orgasm, and reward, some of which overlap with, and others that are different
from, the brain regions that respond to tactile self-stimulation, e.g., paracentral
lobule (the “genital sensory cortex”) and the prefrontal cortex, respectively.

The second study addressed a major discrepancy in the literature
regarding whether frontal and temporal cortical regions are activated (Komisaruk
et al., 2004; 2005) or deactivated (Georgiadis et al., 2006; 2009) during orgasm.
In addition to the different methods used (fMRI versus PET, respectively), a
major procedural difference was that genital self-stimulation was employed in our
fMRI studies while genital partner-applied stimulation was used in the PET
studies. In an attempt to resolve the discrepancy, in the present study, we
compared the regional brain activity observed during self- versus the partner-
induced orgasm conditions. We found no deactivation of frontal or temporal
regions during self- or partner stimulation-induced orgasm. Neither were there
significant regional differences in activity between the self- and partner
stimulation-induced orgasms. Consequently, we combined the data from the
self-stimulation and partner-stimulation-induced orgasm groups. This analysis
revealed widespread activation throughout the brain, including primary sensory,
motor, sensory-motor integration and reward regions, whose distribution pattern
changed in sequence, leading up to, during, and after orgasm.

[Please refer to Appendix H for defense presentation summary of both

studies]
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ABSTRACT

Activation of sensory and other brain regions in response to imagined versus

physical genital stimulation

Eleven healthy women (age range 29-74 years) participated in an fMRI
study of how the brain processes tactile stimulation versus “imagined” stimulation
of the nipple and clitoris. Two additional conditions -- imagined dildo self-
stimulation versus imagined speculum stimulation -- were included to investigate
possible differences in erotic versus non-erotic imagery. Imagined and physical
self-stimulation of the nipple and clitoris both resulted in activation of the
paracentral lobule (the genital sensory cortex) and the secondary somatosensory
cortex. Imagined stimulation of clitoris and nipple resulted in greater activation of
the frontal pole and orbital frontal cortex than did the actual tactile self-stimulation
of these two bodily regions. Tactile self-stimulation resulted in greater activation
of the cerebellum, primary somatosensory cortex (hand region), and motor cortex
than did imagery. Imagining dildo self-stimulation generated extensive brain
activation in the genital sensory cortex and “reward system”, whereas imagining
speculum stimulation generated only minimal activation throughout the brain. The
present findings provide evidence that imagery activates brain regions implicated
in bodily sensation, orgasm, and reward that both overlap with, and are different

from, the brain regions that respond to tactile self-stimulation.



1. Introduction

In a recent study (Komisaruk, Wise et al., 2011), we responded to the gap
in the literature about the somatosensory representation of physical stimulation of
the female genitals by systematically mapping the projections of the clitoris,
vagina, cervix, and nipple onto the sensory cortex. We concluded that their
representations were differentiable, but clustered, in the mesial paracentral
lobule-- “the genital sensory cortex.” In the course of this study, a serendipitous
finding arose from a control condition, during which the participants were
instructed to “think” about self-stimulating their clitoris, vagina, and nipple: it was
observed that just “imagining” stimulation of these regions generated activity in
the genital sensory cortex that overlapped substantially with that induced by
actual physical stimulation, although the imagery condition activations were of a
lesser magnitude. In addition, thinking about stimulating a body part appeared to
activate the dorsolateral prefrontal cortex, frontal superior medial cortex, and
frontal inferior orbital cortex substantially more than did the corresponding
physical stimulation (Wise et al., 2010).

These findings are consistent with recent studies demonstrating that
imagery of stimulation of specific body regions activates corresponding regions of
the primary, secondary somatosensory cortices (S1, S2) and the insula, although
to a lesser degree than tactile stimulation of those body regions, while in
contrast, the magnitude of activation of the inferior parietal lobule, medial frontal
gyrus, dorsolateral prefrontal areas, and inferior frontal gyrus is greater for the

tactile imagery conditions (Yoo et al., 2003; Olivetti Belardinelli et al., 2009).



The present study extends our serendipitous finding into an investigation
of how the brain differentially processes physical “touch” stimulation and mental
“‘imagined” stimulation of the nipple and clitoris. The reason that the clitoris was
chosen for inclusion is that more studies have been done of the clitoris than other
female genital regions, making it more pertinent to the replication of our previous
findings and resolution of discrepancies in the literature [please refer to Appendix
A: Somatosensory representation of female genitals, breast, and nipple]. The
decision to include the nipple condition is based on our recent unexpected finding
that stimulation of this region activates the genital sensory cortex (Komisaruk,
Wise et al., 2011).

The present study extends the analysis of responsive brain regions to a
systematic investigation of the secondary somatosensory cortex (S2) (see
Appendix B: The secondary somatosensory cortex). In contrast to the primary
somatosensory cortex, S2 is believed to participate in aspects of somatosensory
attention (Chen et al., 2008), experimentally induced pain in women suffering
from vulvar vestibulitis syndrome (Pukall et al., 2005), and, most relevant for the
purpose of this study, the interpretation of sensation as erotic. Georgiadis et al.,
(2006) using PET, reported that the strongest activation during the clitoral
stimulation condition, which participants described as erotically pleasurable,
occurred in left S2, suggesting that it plays a role in the appraisal of tactile genital
stimulation as erotic.

We hypothesized that for the imagery conditions there would be

activations under these conditions observed in region S2 as well as in S1, most



likely in the medial portion of the operculum (area OP4), near the region of foot
and anus representation (Young et al., 2004; Eickhoff et al., 2006a). We also
hypothesized that the physical stimulation condition would result in greater
activation of the primary somatosensory hand region, motor cortex, and
cerebellum than the tactile imagery condition.

For the tactile imagery condition, we also hypothesized that the clitoral
and nipple “imagine stimulate” conditions would activate corresponding regions
of the mesial paracentral lobule--genital sensory cortex --and area OP4 of region
S2, although to a lesser magnitude than the physical stimulation. Conversely, the
tactile imagery condition was predicted to result in greater activation of the
inferior frontal gyrus (BA 44), precentral/medial frontal gyrus (BA 6) and
dorsolateral prefrontal cortex (BA 9/46).

Two additional imagery conditions -- imagined speculum and dildo
stimulation-- were added to the study to explore the differences between imagery
that has a prosaic versus erotic context. We expected that there would be
significant differences between the “imagine speculum” and “imagine dildo”
conditions, with the latter condition associated with the activation of the genital
sensory cortex and other regions previously implicated in the processing of bodily
sensation, sexual stimulation, and orgasm (Komisaruk et al., 2004, 2005). We
anticipated that the participants would rate the dildo imagery condition more
sexually arousing than the speculum imagery, although it would not be
experienced as more vivid. To rule out that the differences between dildo and

speculum imagery would not be the result of a negative valence of imagined



speculum stimulation, we collected data regarding whether the participants found

any of the imagined stimulation conditions aversive.

1.1. Methods
1.1.1. Research participants

Thirteen healthy women (age range 29-74 years, M = 43.6, SD =13.6
years) were recruited for this study by word of mouth. Two of the participants
had to be excluded from the study because one had excessive head movement
during the scan and one participant’s data was corrupted due to mismatched
fields-of-view for functional and anatomical data at acquisition. Seven of the
women reported being in a significant relationship; five stated that they have
children. The participants each gave informed consent per the Rutgers University
Institutional Review Board for this approved study. Each participant also granted
the investigator the optional permission to use her interview statements
anonymously for presentations and publications. The scanning session took
place at the Rutgers University Brain Imaging Center (RUBIC, Newark, NJ), in
compliance with all RUBIC MRI common practices. The participants were
prescreened for MRI safety and complete screening forms per RUBIC
requirements, including the pregnancy release form. Each participant completed
two open-ended interviews conducted by the author [please refer to Appendix C
for interview questions]. The pre-scan interview included questions about the

participant’s sexual and relationship histories, influences, attitudes about



sexuality, current sexual behaviors, and preferences regarding sexuality. This
information will not be analyzed for this manuscript. All participants were
debriefed in a post-scan interview, during which information about their
experience in the scanner was collected. The participants were asked to rate the
vividness of their imagery experiences during the various imagery conditions on
a scale of 1 (no image/sensation) to 7 (very vivid image/sensation). They were
also asked to rate how sexually aroused they were from 1 (low) to 7 (high) during
each of the physical stimulation and imagined stimulation conditions. Prior to the
scanning session, each participant reviewed the scheduled protocol for practice
such that she was familiar with the different physical and imagery tasks she was
asked to do during the experiment. Participants were paid $50 for their

participation in the study.

1.1.2. Experimental paradigm

Experiment 1 comprised approximately the first 22 minutes of the
scanning procedure. After acquisition of localizers and MPRAGE anatomical
images (see FMRI acquisition and data analysis section), the participants
followed instructions presented visually on an fMRI-compatible screen. For the
first 60 seconds the participants were instructed to rest. The experimental
protocol consisted of four five-minute trials in the following order: Nipple
Imagine Stimulation (NIS), Clitoris Imagine Stimulation (CIS), Nipple Touch
Stimulation (NTS), and Clitoris Touch Stimulation (CTS). Each trial consisted of

30s of “modeling” of either the physical or imagined stimulation followed by 30s



of engaging in either mental imagery or physical stimulation “to comfortable
intensity” as instructed, repeating 5 times in succession for a total of five
minutes.

To make the “model” condition clear, consider the Nipple Touch
Stimulation trial. The participant first sees the instruction displayed on the
screen, “nipple model,” which cues her to make the hand movements that she
would do to rhythmically stimulate her nipple without actually touching herself.
Thus, the participant moved the fingers of her right hand above her left nipple,
fingers touching each other but not her nipple, for 30s. This alternated with
30 s of actual nipple “touch,” during which the participant was cued to use her
right hand to rhythmically stimulate her left nipple. This sequence of nipple
“‘model” and nipple “touch” alternated five successive times for a total of five
minutes.

Similarly, during the Clitoris Touch Stimulation trial, the participant first
saw the instruction displayed on the screen, “clitoris model,” which cued her
to make the hand movements that she would do to rhythmically stimulate her
clitoris without actually touching herself. Thus, the participant moved the
fingers of her right hand above her clitoris, fingers touching each other but not
her clitoris, for 30 s. This alternated with 30 s of actual clitoris “touch,” during
which the participant was cued to use her right hand to rhythmically stimulate
her clitoris. This sequence of clitoris “model” and clitoris “touch” alternated five

successive times for a total of five minutes.



For the imagery trials, the “model” condition was analogous to the
model condition for the physical trials, but the participant was instructed to
think about making the modeling movements rather than actually execute
them. For example, during the Nipple Imagine Stimulation trial, the participant
was first instructed to “think model,” which cues her to think about making
rhythmic movements with her left hand over her right nipple for 30s. Then she
saw the instruction, “think nipple stimulate,” which cued her to imagine
rhythmically touching her left nipple with her right hand for 30 s. This sequence
repeated five times for a total of five minutes.

The Clitoris Imagine Stimulation trial, likewise, alternated 30 s of
imagined right hand “model” movements with 30s of imagined stimulation of the
clitoris for a total of 5 minutes.

The protocol sequence began with the imagery trials to avoid the
potential priming effects that actual physical stimulation could induce. The
physical trials started with nipple rather than clitoris stimulation to avoid the
potential confound of any lingering effects from stimulation of the clitoris.
Because of these concerns, the conditions were not be counterbalanced and
the trials were always presented in the following order: Nipple Imagine
Stimulation, Clitoris Imagine Stimulation, Nipple Touch Stimulation, and Clitoris
Touch Stimulation.

Following completion of the imagery and physical stimulation trials, after
a brief rest, Experiment 1 concluded with an additional imagery sequence

during which the participant viewed instructions to “imagine speculum” (to think



about having a speculum inserted into her vagina by another person) for 30s,
followed by instructions to “imagine dildo” (to think about having a dildo inserted
into her vagina by another person) for 60s, and ending with another trial of

“‘imagine speculum” for the final 30 seconds.

1.1.3. 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 1Tmm thick isotropic voxels, TR/TE = 1900/2.52ms, field of view =
256, 256 x 256 matrix, flip angle = 9 degrees; 50% distance factor). 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).

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).

Each participant’s functional data were split into three files using
FSLUTILS (fslroi) to create three separate data sets for analysis: (a) the physical

stimulation/imagined stimulation conditions for use in Experiment 1: Activation of
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sensory and other brain regions in response to imagined versus physical genital
stimulation; (b), the genital self-stimulation-induced orgasm condition, and (c),
and the partner-stimulation-induced condition to be analyzed for Experiment 2:
Brain regional activation upon transition to self- and partner-induced orgasm in
women: an fMRI analysis

Separate pre-processing and statistical analyses were performed for each
data set. The following pre-processing steps were performed at the individual
level: manual removal of skull and non-brain tissue from the anatomical and
functional images.

For the analysis of the physical stimulation/imagined stimulation data,
MCFLIRT (Jenkinson et al., 2002) motion correction was performed with
extended motion parameters added to the model. The average mean motion
displacement movement for these data were absolute = .3730 mm, relative
=.1007 mm. All data were spatially smoothed using a 5Smm full-width at half-
maximum Gaussian kernel. Registration of the functional images to the high-
resolution anatomical images was performed outside of the FEAT, using FLIRT
(FMRIB's Linear Image Registration Tool), selecting the options: Mutual
Information Cost Function and Sinc Interpolation (Blackman, width of Sinc
Window= 7 voxels). Each participant’s first level FEAT registration file was
updated with the FLIRT registration conducted outside of FEAT prior to the
higher-level analyses.

Explanatory variables (EVs) were created at the first levels for Nipple

Imagine Model (NIM), Nipple Imagine Stimulation (NIS), Clitoris Imagine Model
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(CIM), Clitoris Imagine Stimulate (CIS), Nipple Touch Model (NTM), Nipple
Touch (NTS), Clitoris Touch Model (CTM), Clitoris Touch Stimulate (CTS),
Imagine Speculum (IS), and Imagine Dildo (ID). First level basic contrasts were
set up for all EVs > 0 and <0 (0 = global baseline). Differential contrasts were
also set up to compare each “stimulation” condition (stimulate) with its “control”
condition (model): NIS>NIM, CIS>CIM, NTS>NTM, and CTS>CTM. Additional
differential contrasts comparing across imagined stimulation and physical
stimulation conditions were also set up: NIS>NTS; NTS>NIS; CIS>CTS;
CTS>CIS. Contrasts were also set up to compare the two additional imagery
conditions, ID>IS and I1S>ID.

First level analyses were conducted with a high pass filter cutoff set at 180
s. FILM (FMRIB's Improved Linear Model) prewhitening option was selected to
improve estimation efficiency. The data were convolved using a double-gamma
HRF without temporal derivatives. The EVs were used as regressors to
determine the average activity elicited by each condition. The data at first levels
were corrected for multiple comparisons using a cluster-forming threshold of
z=1.65 and a cluster-significance threshold of p = 0.05. 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 analyses were performed using FMRIB’s Local Analysis of
Mixed Effects (FLAME 1). To explore the data, a whole brain group analysis was

conducted using a cluster-forming threshold of z = 1.65 and a cluster-significance
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threshold of p < 0.05. As the activity of the imagined stimulation differential
contrasts (CIS>CIM; NIS>NIM) was significantly and unexpectedly greater than
the activity observed in the physical stimulation differential contrasts (NTS>NTM;
CTS>CTM), it was determined that the results of the differential contrasts for the
subsequent group analyses for this data set should be contrast-masked post-
threshold with the constituent basic contrast conditions greater than baseline to
assure that the activity observed in the differential contrasts was positively
driven. For example, the differential contrast CIS>CIM was contrast-masked with
the positive voxels of each of the basic contrasts, specifically CIS>0 and CIM>0
(greater than global baseline) assuring that the results of all differential contrasts
reflect only activity above the global baseline. This was done for all differential
contrasts.

To further improve the power of the higher-level analyses, a region of
interest analysis was also conducted for the group data. Based on pilot data
(Wise et al, 2010) and a review of the literature, masks for the following regions
of interest (ROIs) were generated using Harvard-Oxford Cortical and Subcortical
Structural Atlases and the Juelich Histological Atlas: postcentral gyrus, parietal
operculum regions 1-4, frontal lobe, hippocampus, insula, nucleus accumbens,
thalamus, and cerebellum. A mask for the paracentral lobule of the cerebral
cortex was created manually.

All higher-level analyses of this data set were corrected for multiple
comparisons and contrast-masked post-threshold with the voxels above baseline

as described. For the contrasts involving the physical and imagined stimulation of
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the nipple and clitoris, the cluster-forming z was set at 1.0, cluster-significance
threshold p= 0.01. For the contrasts comparing the imagery of the dildo (ID) and

the speculum (IS) the cluster-forming threshold was set at z = 1.65, p=0.05.

1.2. Results [Please refer to Appendix H for summary of results]
1.2.1. Physical versus imagined stimulation of the clitoris and nipple

Regions that were activated by both physical and imagined stimulation of
clitoris or nipple included the mesial paracentral lobule, secondary
somatosensory cortex (parietal operculum), cerebellum, and frontal cortex.

The imagery condition resulted in greater activity of the frontal pole and
orbital frontal cortex than did the physical stimulation condition; the physical
stimulation condition resulted in greater activation of the cerebellum, primary
somatosensory cortex (hand region), parietal operculum (OP1 right), and motor
cortex than did the imagery condition.

Regions that were activated only during the imagined stimulation condition

include the insular cortex, amygdala, hippocampus, and inferior parietal lobule.

A) Paracentral lobule

The mesial paracentral lobule was activated by both physical (Figure 1)
and imagined (Figure 2) stimulation of the clitoris and nipple. There was no
significant difference between physical and imagined stimulation for these

conditions. There was significantly more activation in the paracentral lobule for
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the imagined stimulation of the clitoris than imagined stimulation of the nipple

(Figure 3).

Figure 1. Mesial paracentral lobule activated by physical stimulation of the
clitoris (top) and nipple (bottom). Flame 1; cluster z =1.0, p <0.01.
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Figure 2. Mesial paracentral lobule activated by imagined stimulation of the
clitoris (top) and nipple (bottom). Flame 1; cluster z =1.0, p <0.01.

Figure 3: Mesial paracentral lobule activation greater for imagined stimulation of
the clitoris (compared with imagined nipple stimulation). Flame 1; cluster z =1.0,
p <0.01.
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B) Frontal cortex

Small regions of activation of the frontal pole activation are noted in the
clitoris physical stimulation condition, with less observed in the nipple physical
stimulation condition (Figure 4).

For imagined stimulation of the clitoris, activations are observed in the
orbital frontal cortex, frontal pole, frontal medial cortex, superior frontal gyrus,
inferior frontal gyrus, dorsolateral prefrontal cortex, and anterior cingulate gyrus.
A similar pattern, with less overall activity, is noted for nipple imagine stimulation
(Figure 5). In general, there appeared to be more overall activity on the left side
of the frontal regions [please refer to Appendix D for additional imagery results].

When the data were collapsed across conditions for imagery and physical
stimulation (Figure 6) the resulting contrast indicated greater activity of the left
orbital frontal cortex and frontal pole in the imagery condition.

There were no significant results for activity greater in the physical than

the imagined stimulation conditions.



Figure 4. Minimal activation of the frontal pole observed in physical stimulation
condition: clitoris (top) and nipple (bottom). Flame 1; cluster z = 1.0, p < 0.01.
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Figure 5. Widespread frontal activation in imagined stimulation condition: clitoris
(top) and nipple (bottom). Flame 1; cluster z = 1.0, p < 0.01.

Figure 6. Greater activity in the left frontal pole and orbital frontal cortex for the
imagined stimulation condition (clitoris and nipple) than the physical stimulation.
Flame 1; clusterz=1.0, p < 0.01.
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C) Primary somatosensory cortex

An area corresponding to the sensory representation of the hand was
activated in the left primary somatosensory cortex for all physical simulation
conditions. No activity in this region was noted for the imagery contrasts [please

refer to Appendix D for additional imagery results].

D) Primary motor cortex
The primary motor cortex was activated in the physical, but not imagined,

stimulation condition [please refer to Appendix D for additional imagery results].

E) Secondary somatosensory cortex activation

Activation of the secondary somatosensory cortex (parietal operculum
OP1 right) was observed in the clitoris physical stimulation condition (Figure 7),
with no activity observed for physical nipple stimulation condition. Activation of
the parietal operculum (OP4 left) was observed for imagined stimulation of clitoris
and nipple (Figure 8). Comparison of the physical and imagined stimulation
condition yielded an area of greater activation in the parietal operculum (OP1

right) for clitoris physical stimulation (Figure 9).
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Figure 7. Secondary somatosensory cortex (OP4 right) activated by physical
stimulation of the clitoris. Flame 1; clusterz=1.0, p < 0.01.

Figure 8. Secondary somatosensory cortex (OP4 left) activated by imagined
stimulation of the clitoris (top) and nipple (bottom). Flame 1; clusterz=1.0, p <
0.01.
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Figure 9. Parietal operculum activation (OP1 right) was greater for physical
stimulation of the clitoris than imagined condition. Flame 1; clusterz = 1.0, p <
0.01.

F) Cerebellum

A similar pattern of predominantly right-sided cerebellar activation was
observed in both the clitoris and nipple physical stimulation conditions (Figure
10). In comparing clitoris and nipple physical conditions, more left side activation
was noted in the nipple stimulation condition [please refer to Appendix D for
additional imagery results].

Cerebellar activation was also noted for the imagined stimulation
condition, with more activity on the right side for imagined clitoris stimulation, and
bilateral cerebellar activity noted for the imagined nipple stimulation (Figure 11).

Comparison of the physical and imagined stimulation contrasts for the
clitoris and nipple conditions (Figure 12) indicate significantly more activity in the

right cerebellum for the physical stimulation conditions.



Figure 10. Right cerebellum activation observed in physical stimulation of the
clitoris (top) and nipple (bottom). Flame 1; cluster z = 1.0, p < 0.01.
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Figure 11. Activity observed in the cerebellum during imagined stimulation of the
clitoris (top: right side activation) and nipple (bottom: bilateral activation). Flame
1; clusterz=1.0, p < 0.01.

Figure 12. Greater activity in the right cerebellum for the physical stimulation
conditions (clitoris and nipple) compared with imagined stimulation. Flame 1;
clusterz=1.0, p <0.01.
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1.2.2. Activations observed exclusively in imagined stimulation conditions
A) Insular cortex

Activation of the left insula was observed in clitoris imagined stimulation
condition, with bilateral activation noted in the nipple imagined stimulation

condition (Figure 13).

Figure 13. Insular cortex activity observed in imagined stimulation condition:
clitoris (top: left side activation) and nipple (bottom: bilateral activation). Flame 1;
clusterz=1.0, p <0.01.
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B) Amygdala and hippocampus
Activation of the left amygdala was observed for imagined stimulation of

clitoris and nipple. In addition, activation of the left hippocampus was noted in

the nipple imagery condition (Figure 14).

Figure 14. Left amygdala activity observed in imagined stimulation conditions:
top (clitoris) and bottom (nipple, with activity also noted in hippocampus). Flame
1; clusterz=1.0, p < 0.01.
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C) Inferior parietal lobule

A region of activation of the left inferior parietal lobule was observed in the
clitoris imagined stimulation condition (Figure 15). A small amount of activation
of this region was observed when imagined clitoris stimulation was compared

with physical stimulation [please refer to Appendix D for additional imagery

results].

Figure 15. Left inferior parietal lobule activity during imagined clitoris stimulation.
Flame 1; cluster z = 1.0, p < 0.01.



27

1.2.3. Imagined speculum stimulation compared with imagined dildo
stimulation

The comparison imagined dildo stimulation > imagined speculum
stimulation revealed significant activation in mesial paracentral lobule and
secondary somatosensory cortex (OP4) (Figure 16), thalamus (Figure 17),
cerebellum and medulla (Figure 18), frontal (Figure 19) and insular (Figure 20)
cortices, amygdala (Figure 21), nucleus accumbens (Figure 22), and
hippocampus (Figure 23).

There were no significant differences for the imagined speculum >

imagined dildo comparison.

Figure 16. Bilateral activations in paracentral lobule (top) and parietal operculum
(OP4) for imagined dildo stimulation greater than speculum imagery. Flame 1;
cluster z =1.65, p < .05.
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Figure 17. Left thalamus activity greater in imagined dildo stimulation. Flame 1;
cluster z =1.65, p < .05.

Figure 18. Cerebellum and brainstem activations greater in imagined dildo than
speculum. Flame 1; cluster z =1.65, p < .05.
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Figure 19. Medial prefrontal cortex activation greater in imagined dildo
stimulation. Flame 1; cluster z = 1.65, p < .05.

Figure 20. Left insula activation greater for imagined dildo stimulation than
speculum imagery. Flame 1; cluster z = 1.65, p < .05.
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Figure 21. Bilateral amygdala activity greater in imagined dildo stimulation
(compared with speculum imagery). Flame 1; cluster z =1.65, p < .05.

Figure 22. Left nucleus accumbens activity greater in imagined dildo stimulation
compared to speculum imagery. Flame 1; cluster z = 1.65, p < .05.

Figure 23. Left hippocampus activity greater in imagined dildo imagery than
speculum imagery. Flame 1; cluster z = 1.65, p < .05.



1.2.4. Behavioral Results

1.2.4.1. Imagery and sexual arousal ratings

Table 1. Participants’ ratings of vividness of imagery and sexual arousal

Physical
Stimulation
Clitoris

Nipple

Imagined
Stimulation
Clitoris
Nipple
Speculum

Dildo

Minimum Maximum Mean

Minimum Maximum Mean

3.0

4.5

3.0

1.0

Participant’s Ratings (1-low to 7-high)

Vividness

6.0

7.0

7.0

7.0

4.8

5.3

5.3

4.8

Sexual Arousal

Minimum Maximum

3.0 7.0

3.0 7.0

Minimum Maximum

1.0 7.0
1.0 7.0
1.0 4.5
1.0 6.0

31

Mean

4.8

5.5

Mean

3.9

41

1.7

4.3



32

As seen in Table 1 the only pairwise comparison that was significant was
dildo arousal greater than speculum: t(8) = 2.56, p = .03. No other pairwise
comparisons were significant, i.e., vividness of speculum versus dildo imagery,
arousal during clitoris physical versus imagined stimulation, arousal during nipple
physical versus imagined stimulation, or vividness of nipple imagery versus

clitoris imagery

1.3. Discussion

The present findings support our two main hypotheses: (1) brain regional
activity elicited by imagined stimulation of specific body parts overlaps with that
elicited by actual physical stimulation; and (2) there are important differences, as
well as similarities, in how the brain represents physical and imagined
stimulation.

As hypothesized, both imagined and physical stimulation of the nipple and
clitoris resulted in activation of the paracentral lobule—the genital sensory cortex,
the cerebellum, frontal cortex, and the secondary somatosensory cortex,
although in different regions (parietal operculum [OP4] left for imagined
stimulation of the nipple and clitoris; OP1 right for physical stimulation of the
clitoris).

Support for our hypothesis that there are important differences in the way
that the brain represents physical and imagined stimulation was found in the

results of the direct comparison of imagined > physical stimulation of the nipple
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and clitoris. It is important to note that greater activation of the left orbital frontal
cortex and frontal pole were observed for the imagery than for the physical
stimulation conditions.

As predicted, physical stimulation of the nipple and clitoris (compared with
imagined stimulation) was associated with greater activation of the primary
sensory cortex (hand region, left side), primary motor cortex, and cerebellum
(right side).

A note on the observed laterality of the cerebellar activation: as
participants were using their right hand for self-stimulation, it is probable that the
cerebellum was activated predominantly on the right side, as movements of the
body have been shown to increase regional cerebral blood flow mainly in the
ipsilateral cerebellum. We found that the imagined movements also resulted in
ipsilateral activation of the cerebellum, but to a lesser degree, consistent with
previous findings (Jueptner et al, 1997).

Although it was expected that the insula and the primary and secondary
sensory cortices would be activated in the imagined stimulation conditions, it was
predicted that these activations would be significantly less than observed in the
physical stimulation conditions. Imagined stimulation of the nipple and clitoris
(but, unexpectedly, not the physical stimulation conditions) resulted in activation
of the left insular cortex (in the case of the nipple, bilaterally), the left amygdala,
and, for nipple, the left hippocampus. Thus, the imagined stimulation of the
clitoris and nipple activated a subset of the regions involved in sensory

processing, sexual sensation, and orgasm, while the actual physical stimulation
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did not. These results are inconsistent with our predictions and with the results of
other studies (Yoo et al., 2003: Olivetti Belardinelli et al., 2009: Wise et al., 2010).

We predicted that the physical stimulation conditions would result in
greater activation of the paracentral lobule (genital sensory cortex) than the
imagery conditions. Contrary to our expectations, there were no significant
differences observed between the imagined and physical stimulation conditions.

Remarkably, and unexpectedly, imagining dildo stimulation generated
extensive brain activation, whereas imagining speculum stimulation generated
virtually no brain activation. This may be a function of the difference in mental
attitude toward the two different stimuli.

There were no significant regional differences for the contrast imagine
speculum > dildo.The dildo imagery, however, was rated as signifcantly more
sexually arousing than speculum imagery, (t (8) = 2.56, p = 0.03, but not
significantly more vivid, which suggests that the degree of sexual arousal may
be more salient than the vividness of imagery in terms of how the brain
represents the imagined stimulation. Furthermore, no participants rated any of
the imagery conditions as aversive, thus it is not likely that the difference
between the dildo and speculum imagined stimulation conditions are a result of
the speculum imagery being aversive.

Thus, as hypothesized, just imagining stimulation by a dildo activated
multiple brain regions implicated in the processing of bodily sensation, sexual
stimulation, reward, and orgasm (Komisaruk et al., 2004, 2005). As will be

shown in the findings of Experiment 2: “Brain regional activation upon transition



35

to self- and partner-induced orgasm in women: an fMRI analysis of orgasm in
women”, many of the same brain regions activated in the imagined dildo >
speculum contrast were also activated during the course of genital stimulation
that culminated in orgasm.

As predicted, the paracentral lobule -- the genital sensory cortex -- was
activated (bilaterally), as was the secondary somatosensory cortex -- the parietal
operculum -- in OP4. The OP4 region has previously been shown to have
somatotopically organized body maps for hands (Eickhoff et al, 2006 a), feet
(Young et al., 2004), penis (Kell et al, 2005), and anus (Eickhoff et al., 2006a).

In addition to these primary and secondary somatosensory cortical
activations, the left thalamus, left insula, left hippocampus, left nucleus
accumbens, bilateral amygdala, cerebellum, medulla, and the medial frontal
cortex were activated in the imagine dildo condition compared to the imagine
speculum condition.

There appear to be discrepancies in the results of the comparison
between imagined and physical stimulation of the clitoris and nipple, with greater
than expected activity observed in the imagery contrasts, and less robust
activations than expected in physical stimulation contrasts, even though the
participants subjectively rated the physical stimulation of the nipple and clitoris
(5.5 and 4.8) as sexually more arousing than the corresponding imagined
stimulation (4.1 and 3.9). These discrepancies were reduced, but not eliminated,
once the results were contrast-masked to ensure that the resulting comparisons

reflected only positively driven changes in the BOLD signal.



36

These discrepancies may arise, in part, from procedural differences in this
current study compared to previous studies (Wise et al., 2010; Komisaruk, Wise,
et. al, 2011; Yoo et al., 2003; and Olivetti Belardinelli et al., 2009) that employed
a boxcar, blocked design with stimulation periods (physical and imagined
stimulation) contrasted with “rest,” each block of trials conducted in separate
functional runs. We hypothesized that the use of explicit rather than implicit
modeling would make the experimental and control conditions as similar as
possible, thereby allowing a finer-tuned discrimination between the physical
conditions (nipple and clitoris stimulation) and how these regions were
represented in terms of imagined stimulation.

It is possible that the “explicit” modeling control conditions were very
effective — indeed, so similar to the experimental conditions as to minimize the
differences between them, particularly in the case of the physical stimulation
trials. In other words, when the participants were “modeling” stimulation by
moving their fingers together over their nipple or clitoris (without touching the
target body part), the actions of doing so might have conjured a potent mental
image of that body part, thereby obscuring any difference between modeling and
stimulating. Thus, the physical actions of modeling involved in the physical
stimulation trials may have been more evocative of sensations of the nipple or
clitoris than simply “thinking” about making these movements, as in the case of
the imagery trials.

Another possible explanation of the lower than expected activity observed

in the physical stimulation contrasts is that this may have arisen from a



37

combination of habituation -- a drawback of block designs -- and fatigue. As the
physical stimulation conditions followed the imagery tasks, the participants may
have become fatigued from repetitively imagining “modeling” movements or
imagining “stimulation,” without rest. By the onset of the physical stimulation
trials, their brain response to the stimulation may have been attenuated, although
they still subjectively rated the physical stimulation trials as sexually arousing.
This may have contributed to a higher global mean baseline making it necessary
to contrast-mask the results of the differential contrasts with only positive voxels.

Despite this rationalization for the relatively weak genital sensory cortical
response to physical genital stimulation, this emphasizes further the remarkable
unexpected strength of the activation of the genital sensory cortex just by
imagery.

The imagine speculum > imagine dildo findings may have been more
robust than the imagined and physical stimulation of the clitoris and nipple
findings for a number of reasons. Prior to the presentation of these conditions,
the participants had a brief rest, permitting them to recover from any fatigue
occurring during the previous blocks. This task introduced some novelty to the
experimental paradigm, as the participants were instructed to think about
someone else delivering the stimulation. Moreover, since these conditions
involved only a short period of alternating speculum imagery with dildo imagery,
there was no time for habituation. In addition, as there was no “model” condition
as a control, the contrast between the imagine speculum (vivid, but not arousing)

and dildo (not as vivid, but more arousing) consequently may have been clearer.
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Another factor that could have contributed to the lack of robustness of the
physical stimulation results may stem from characteristics of the study’s
participants. This experiment occurred during the context of an orgasm study. All
participants described themselves as being “consistently highly orgasmic” during
study enrollment. As there has been support in the literature for a correlation
between orgasm reliability and higher hypnotic suggestibility (Bridges, et al.,
1985), and imagery ability (Harris et al., 1980), the degree of suggestibility of
these participants may potentially have biased the results toward more robust
imagery activations than expected. This may have contributed to the lack of
robustness of the brain response to the physical stimulation conditions by having
the explicit modeling be too suggestive of the actual physical stimulation.

The major limitation of this study, therefore, arises from the lack of
robustness of the results for the physical stimulation of the nipple and clitoris.
The cluster-forming threshold needed to be reduced in order to discern
differences between the stimulation and modeling conditions, potentially
weakening the conclusions we can draw from this part of the study. This may
have also compromised our ability to clearly differentiate between the physical
and imagery “maps” for the clitoris and nipple within the primary and secondary
somatosensory cortices.

The results, especially in the case of the imagine dildo > imagine
speculum contrast, provide strong support for the capacity of imagery to activate
brain regions implicated in the processing of bodily sensation, sexual stimulation,

reward, and orgasm. This may be the mechanism underlying the ability of some
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women to induce orgasm by imagery alone, in the absence of physical
stimulation (Whipple et al., 1991). Overall, the results are consistent with those of
our previous study (Komisaruk, Wise, et al, 2011), localizing the sensory
representation of the physical stimulation of nipple and clitoris to the genital
sensory cortex (the mesial paracentral lobule), and now extending this finding to
include the representation of imagined stimulation of these body parts.

Resolving further questions regarding the somatosensory maps for
physical stimulation of the female body could help clarify the underlying
neurological basis of sex differences, and will be crucial in the development of
effective treatments for disorders that predominantly or exclusively affect women,
such as Persistent Genital Arousal Disorder (Leiblum & Nathan, 2001), pelvic
pain conditions, and vulvodynia (Di Noto et al., 2012).

In the future, an understanding of the somatosensory maps of mental
imagery could conceivably lead to new treatments for these and other disorders
afflicting both men and women. This knowledge could also pave the way to
clarifying the role that the sensory cortical representation of the female genitals
may play in anorgasmia, hypoactive sexual desire disorder, and other sexual
disorders suffered by women.

Many questions remain unanswered as even more questions are
generated. For example, why do we see bilateral activation of the paracentral
lobule in some imagery conditions but not in the physical stimulation conditions?
In addition to the frontal, parietal, and somatosensory cortices, what roles do

other brain regions play in imagery? Can there be instances in which imagined
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stimulation of the nipple and clitoris is truly more potent in terms of the magnitude
of elicited brain activity than physical stimulation? Is the ability to powerfully
stimulate brain regions involved in bodily sensation, sexual stimulation, reward,
and orgasm by imagery alone limited to people with high levels of hypnotic
suggestibility or vividness of imagery, or can the general population learn this?
What is the significance of the preponderance of the left-sided activity in
the amygdala, insula, hippocampus, and frontal regions noted in the “sexually
arousing” imagery conditions? Could this be related to recent findings that
increased activity in left temporal and frontal brain regions is associated with an
enhanced responsivity to rewarding and positive stimuli (Davidson, 1992;
Tomarken & Keener, 1998)? There is increasing evidence that frontal
asymmetry is involved in emotional regulation (Allen et al, 2001). Real-time
functional magnetic resonance imaging (rtfMRI), in conjunction with EEG, has
been therapeutically applied as a tool for neurobiofeedback, with the goal to
increase activity in the left amygdala (Zotev et al., 2014) and insula (Veit et al.,
2012), regions that are associated with enhanced mood regulation and reduced
symptoms of anxiety and depression. Could pleasurable tactile imagery be a low-
tech way of enhancing mood states? Will the work being done with rtfMRI lead to

insights about potential therapeutic applications of imagery?
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ABSTRACT

Brain regional activation upon transition to self- and partner-induced orgasm in

women: an fMRI analysis

This study addressed a major discrepancy in the literature regarding
whether frontal and temporal cortical regions are activated (Komisaruk et al.,
2004; 2005) or deactivated (Georgiadis et al., 2006; 2009) during orgasm. In
addition to the different methods used (fMRI versus PET, respectively), a major
procedural difference was that genital self-stimulation was employed in the fMRI
studies, while genital partner-applied stimulation was used in the PET studies.
We suspected that the discrepancy was due not to fMRI versus PET technology,
but rather to the activation of the frontal and temporal cortices in executing the
self-stimulation in contrast to their deactivation due to what Georgiadis et al
considered to be “surrender” to stimulation by the partner. We hypothesized,
assuming that both groups’ findings were valid, that the frontal and temporal
cortices would become activated during a woman’s self-stimulation induced
orgasm, whereas they would become de-activated during the woman’s partner-
induced orgasm. Ten healthy women (age range 29 -74), and their male partners
participated in the current study. Contrary to our hypothesis, we found no
deactivation of frontal or temporal regions during partner stimulation-induced

orgasm (or, for that matter, during self-stimulation-induced orgasm). Nor did we
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find evidence that activity of the frontal and temporal regions decreased at
orgasm in relation to the time period immediately before. As no significant
regional brain differences were observed during orgasm between the two
stimulation conditions, the data for both groups were combined. This revealed
widespread activation throughout the brain, with different regional patterns
related to the sequence leading up to, during, and after orgasm; these included
activation of primary sensory, motor, sensory-motor integration, and reward

regions.
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2. Introduction

There is a paucity of neurobiological research on human sexual activity,
even though this knowledge could potentially have widespread applications in the
treatment of sexual disorders, and contribute to further elucidating the complex
systems involved in pain, pleasure, and reward. In particular, studies of the
human orgasm are sparse, most likely due to the considerable methodological
difficulties this work presents, along with cultural constraints. As a result,
presently there are only two laboratories that conduct systematic studies of the
regional brain activity leading up to and including orgasm in the female human--
the Komisaruk group at Rutgers University, using functional magnetic resonance
imaging, (Komisaruk, Whipple et al, 2004; Komisaruk & Whipple, 2005;
Komisaruk, Wise et al, 2010, 2011; Wise et al., 2012) --and the Holstege and
Georgiadis group, in the Netherlands, using positron emission tomography,
(Georgiadis et al., 2006; 2009; Huynh et al., 2013).

The goal of the present study is to resolve a discrepancy in the literature
arising from conflicting results coming from these two laboratories.

Our laboratory, the Komisaruk group, has consistently found widespread,
regional brain activation leading up to and peaking at orgasm, including frontal
and temporal brain regions, while conversely, the Georgiadis group report
diametrically opposite results in which the frontal cortex—specifically the right
medial orbitofrontal, left lateral orbifrontal, and left dorsolateral cortices—and
right amygdala were deactivated during orgasm. And also in contrast with our

findings of widespread activation during orgasm, the Dutch group has reported
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finding reliable orgasm-related activation only in the cerebellum (Georgiadis et
al., 2006), and more recently, the pons (Huynh et al., 2013)

In addition to the different methods employed (fMRI versus PET), a
major procedural difference was that genital self-stimulation was employed in
the Komisaruk studies; while genital partner-applied stimulation was used by
the Dutch group. In order to test the possible significance of this procedural
difference and hopefully resolve the discrepancy over brain activation or
deactivation at orgasm, in the present study we compared the activity of frontal
cortex, amygdala, and other brain regions during genital self-stimulation-
induced orgasm with partner-stimulation-induced orgasm in order to control for
this potentially crucial procedural difference.

A second goal of this study was to address two valid methodological
critiques of our previous orgasm studies: that our results potentially (1) reflect
artifact created by excessive head movement, and (2) are compromised by
the lack of correction for multiple statistical comparisons.

The current study incorporates new methods to increase the validity of
our findings. We have developed a custom-made head-stabilization system in
order to significantly decrease the amount of head movement at acquisition,
and then, for data analysis, we use a recently developed statistical tool to
detect and remove time points that may be corrupted by motion. Finally, our
results are corrected for multiple comparisons by using appropriate cluster-

forming thresholds.
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Another challenge encountered in the study of orgasm lies in the
inherent variability of the duration of stimulation, orgasm, and recovery. This
is a factor that may have contributed to our prior difficulty reaching significant,
corrected results at the group level. The current study addresses this
variability by sampling equivalent time points across participants that reflect
comparable phases of early stimulation, mid-stimulation, late stimulation,
orgasm onset, and recovery. Thus, this approach permits the sampling of
comparable phases during the orgasm sequence that reflect processes that
have different time courses for different individuals.

Regarding whether the frontal regions would be activated (Komisaruk et
al., 2004, 2010, 2011) or deactivated (Georgiadis et al., 2006, 2009) during
orgasm, we hypothesized that the results of self-induced orgasm would differ
from partner-induced orgasm. As participants must plan and execute the
motions for masturbation during the self- induced orgasm sequence, there
might be increased activity in “executive” brain regions such as the dorsolateral
prefrontal cortex when compared to the partner-induced orgasm, during which
the participants are not planning and executing their own stimulation.

Based on the results of our previous time course study (Komisaruk,
Wise et al. 2010), we expected that the current study would show that different
brain regions are active, and to different degrees, over the course of
stimulation, orgasm and recovery as a result of the different underlying neural
processes involved. We predicted that the activity of some brain regions would

appear to increase gradually with early activation (amygdala, hippocampus,
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and caudate head), others would show an increase of activity later, building
over the course of self-stimulation (paracentral lobule- genital sensory cortex,
thalamus, and substantia nigra), and some areas would show phasic activation
just before orgasm (cerebral tonsil, anterior cingulate cortex, and inferior frontal
gyrus), or at orgasm (nucleus accumbens and hypothalamus).

Based on our earlier findings, we expected that orgasm induced by both
self and by partner would result in similar significant activity in the caudate,
hippocampus, amygdala, substantia nigra, cerebellar tonsil, and anterior
cingulate cortex, which would increase in the later phases of stimulation, and
that activity in the nucleus accumbens and hypothalamus would peak at
orgasm for both types of orgasm.

What happens in the brain that initiates and orchestrates the “going over”
from stimulation to orgasm? This is of interest for clinical applications for
individuals suffering from the inability to experience an orgasm. We attempted
to elucidate this by comparing the stimulation period that immediately precedes
the onset of orgasm with that at the onset of orgasm.

In the present study we also sought to identify the sequence of brain
regions activated (or deactivated) in the processes of genital stimulation,
orgasm, and recovery, so that these reliable regions of interest could be used
to in future effective connectivity analysis to ascertain how the various brain
regions interact to create the complex phenomenological experiences

culminating in orgasm.
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2.1. Methods
2.1.1. Research participants

Fourteen healthy women were recruited for this study by world of mouth.
Data from two of the participants had to be excluded because they were unable
to experience orgasm during the scanning session. Two additional data sets had
to be discarded: one because of excessive head movement, and the other due to
problems with fields of view at acquisition. Data from 10 participants were used,
(age range 29-74 years, mean = 43.6, SD =14.9 years). Six of the women
reported being in a significant relationship; three stated that they have children.
The participants each gave informed consent per the Rutgers University
Institutional Review Board for this approved study. Each participant also granted
the investigator the optional permission to use her interview statements
anonymously for presentations and publications. The scanning session took
place at the Rutgers University Brain Imaging Center (RUBIC, Newark, NJ), in
compliance with all RUBIC MRI common practices. The participants were
prescreened for MRI safety and complete screening forms as per RUBIC
requirements, including the pregnancy release form. Prior to the scanning
session, each participant reviewed the scheduled protocol for practice such that
she was familiar with the different physical and imagery tasks she was asked to
perform during the experiment. Participants were compensated $50 for their
participation in the study.

Each of the 10 women whose data were used for the study brought a male

partner to the study to provide the genital stimulation for the partner stimulation-
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induced orgasm sequence. Each of the male partners were prescreened to
determine suitability for study participation and gave informed consent per the
Rutgers University Institutional Review Board for this approved study. In
compliance with all RUBIC MRI common practices, the male participants were
prescreened for MRI safety and completed screening forms per RUBIC
requirements. Prior to the scanner, the male participants reviewed the study
protocol to prepare them for their role in the experiment. Male participants were

compensated $50 for study participation.

2.1.2. Experimental paradigm

Study 2 took place immediately upon completion of Study 1: “Activation
of sensory and other brain regions in response to imagined genital versus
physical genital stimulation.” In designing Study 2, the plan was to
counterbalance the order of the orgasm conditions such that half of participants
would be assigned to complete (a) genital self-stimulation induced orgasm first,
followed by (b) orgasm induced by partner stimulation. The other half of
participants would attempt the orgasm induced by partner stimulation first, prior
to the orgasm induced by genital self-stimulation. The plan to counterbalance
the order of the orgasm conditions was made in order to avoid potential order
effects.

To avoid confusion and permit participants and their partners to prepare
for the experiment, they were informed in advance of the scanning procedure as

to which orgasm condition they would be asked to attempt first. Although every
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effort was made to counterbalance the order of the orgasm conditions, some
participants expressed a strong preference for which condition of orgasm to

have first. These requests were accommodated as indicated.

2.1.2.1. Protocol for self-induced orgasm

Participants assigned to complete the self-stimulation orgasm condition
first followed instructions presented to them visually on an fMRI-compatible
computer projection screen. First, the participant saw the instruction “rest,”
which lasted 60 seconds. Then the instruction, “Press when start stimulation”
appeared, which cued her to press the button once she began genital self-
stimulation. After the participant pressed the button to indicate she was self-
stimulating, the words “Press when orgasm begins” appeared on the screen to
cue her to press the button when her orgasm started. Once the participant
pressed the button to indicate the onset of orgasm, the instruction “Press when
orgasm ends” appeared to cue her to press the button when her orgasm was
finished. Once the participant pressed the button to indicate that her orgasm
ended, the instruction “Press button when recovered” appeared to cue her to
press the button when she felt physically recovered from the orgasm (back to
baseline). Once the participant indicated by button press that she had
recovered, the instruction “Relax” appeared, cueing the participant to lie still for
five minutes.

At the end of the five minutes of rest, the participant saw the instruction,

7”

“Imagine Speculum’” appear on the screen for 30s, which cued her to think
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about someone inserting a speculum into her vagina, followed by instructions
to “Imagine Dildo,” cueing her to think about being penetrated by a dildo for 60
s. Finally, the instruction “Imagine Speculum” cued her to think about the
speculum condition for another 30 s, completing the genital self-stimulation-to-
orgasm trial.

The protocol for the participants who were assigned to complete the
genital self-stimulation-induced orgasm condition following the partner-
stimulation orgasm condition was identical, with the exception that they would

start the protocol after completion of the partner-stimulation-induced orgasm.

2.1.2.2. Protocol for partner-induced orgasm

Participants assigned to complete the partner-stimulation orgasm
condition first followed instructions presented to them visually on the projection
screen, as described in the procedure for genital self-stimulation-induced
orgasm.

The male participants remained in the scanning room throughout all
experimental conditions, although they only participated in this segment of
the experiment. They were cued via pre-recorded auditory instructions
delivered via headphones that were prompted by the responses of the
female participants linked electronically (triggered by the start of the scan)
with the experimental tasks.

The female participants first saw the instruction to “rest,” which lasted

60s. The male participant then heard the instruction “prepare to begin
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stimulation” during this period. Then the instruction, “Press when partner starts
stimulation” appeared to cue the female participant to press the button when her
partner began to stimulate her genitals. The male participant then heard the
instruction, “start stimulation.” After the female participant pressed the button to
indicate that her partner had begun stimulating her genitals, “Press when
orgasm begins” appeared on the screen to cue her to press the button when her
orgasm began. Once the participant pressed the button to indicate she had
begun to orgasm, the male participant heard the feedback, “your partner’'s
orgasm has begun.” The female participant then saw, “Press when orgasm
ends” appear on the screen to cue her to press the button when her orgasm
finished. Once the participant pressed the button to indicate that her orgasm
had ended, the male partner heard the instruction, “stop stimulating, your
partner’s orgasm has finished.” The female participant then saw the instruction,
“Press button when recovered “ appear to cue her to press the button when she
felt physically recovered from the orgasm (back to baseline).

At that point, the male participant heard the instruction “rest to the end of
the experiment.” Once the female participant had indicated by button press that
she was recovered, the instruction “Relax” appeared, cueing the participant to lie
still for 5 min.

At the end of the 5 min of rest, the participant saw the instruction,

7”

“Imagine Speculum’” appear on the screen for 30s, which cued her to think
about someone inserting a speculum into her vagina, followed by instructions

to “Imagine Dildo,” cueing her to think about being penetrated by a dildo for 60
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s. Finally, the instruction “/Imagine Speculum” cued her to think about the
speculum condition for another 30s, completing the genital self-stimulation-to -
orgasm trial.

The protocol for the participants who were assigned to complete the
partner-induced orgasm condition following the self-stimulation orgasm
condition was identical, with the exception that they would start the protocol
after completion of the self-stimulation-induced orgasm.

All female participants were debriefed following the scanning session
and interviewed regarding their experience as approved by the IRB [please

refer to Appendix C for Interview questions].

2.1.3. FMRI acquisition

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 1Tmm thick isotropic voxels, TR/TE = 1900/2.52ms, field of view =
256, 256 x 256 matrix, flip angle = 9 degrees; 50% distance factor). 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).
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2.1.3.1. Head immobilization system

The problem of head movement during genital self- and partner-induced
stimulation and orgasm was reduced to an average of 1-2mm through the use of
a combination of two different types of commercially-available head
immobilization devices: The Ossur Philadelphia Tracheotomy Collar (two-part
polyurethane foam with Velcro fasteners; all plastic) plus the Aquaplast
Thermoplastic mesh Radiology Mask. (The Aquaplast frames are too wide for the
Siemens Allegra head cradle, so for each participant it was first necessary to cut
the frames down by approx. 1 cm on all sides, and finish them smoothly; this was
accomplished using an electric disc “cutoff” tool and finishing the frames with a
bench grinder and buffing wheel with polishing compound). The collar (3 sizes,
matched to each participant) was first adjusted under the chin to set a face-
forward posture with the participant sitting upright, the Velcro straps were fixed
and their positions were marked with a felt pen. While wearing the collar, the
participant then lay down supine on an exercise mat on a table, and one (of the
two) thermoplastic mesh masks was softened in a hot water bath (approx. 50
degrees C, like a hot towel), positioned under the participant’s head such that the
lower portion of the thermoplastic mesh covered the upper part of the collar and
then the rigid frame of the mask was brought up around both the back of the
head and the collar to the level of the ears, which were tucked into the mask.
The mask was then form-fitted to the head and the collar by gently pushing it with
the fingers all around the head, the neck and the collar continuously as the

thermoplastic cooled and set rigidly into position. The cooling of the
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thermoplastic to rigidity takes about 2 minutes. The second thermoplastic frame
was then heated in the water bath and fitted to the participant’s face and front of
the collar. The thermoplastic was gently pushed with the fingers, with the help of
the participant, to form-fit to the forehead, side of head, nose, cheeks, mouth,
chin, and front and under-chin portion of the collar, and its frame was brought to
congruence with the frame of the thermoplastic mask that cradled the back of the
head, leaving a gap of about 1cm all around between the two frames. (The gap
enabled us to tighten the mask slightly as necessary in the fMRI scanner, as the
head always shifts slightly upon removing and then re-fitting the entire
assembly). For the participant’'s comfort, the portion of the face mask covering
the eyes, nostrils, and mouth were first marked with a felt pen, then the front
(face) half of the mask was removed from the participant and an electric “Dremel”
tool with side-cutting bit was used to cut out the marked regions. The mask was
then re-positioned over the face and, if requested by the participant, again
removed to enable cutting away of any additional uncomfortable portions of the
mask. In order to make the entire head immobilization assembly rigid, five strips
of “Gorilla” tape with folded-over tabs to facilitate removal, were placed around
the front frame of the head mask and attached to its back frame, gently
squeezing the two frames together, thus immobilizing the head and neck. The
entire assembly consisting of the collar and front and back masks was then
removed from the participant, to be re-assembled and aligned (using the
previously established felt-tip position markings on the Velcro strips) once the

participant was placed onto the gurney of the fMRI scanner. There, a non-slip
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plastic mesh mat was placed on the bottom of the head cradle, the participant,
noise-attenuating ear plugs and head immobilization assembly in place, lay down
supine in the Siemens Trio cradle and the 12-channel head cage cover with
projection screen observation mirror was connected. The standard foam pads
used to restrict head movement were then pressed in around the head
immobilization assembly, and finally, the two foam-padded Siemens head cage
adjustable clamps were pressed against the head-immobilization assembly,

further preventing its movement.

2.1.4. Qualitative measurements

Each participant completed two open-ended interviews conducted by the
author, as approved by the Institutional Review Board [please refer to Appendix
C for Interview questions]. The pre-scan interview included questions about the
participant’s sexual and relationship histories, attitudes about sexuality, current
sexual behaviors, and preferences regarding sexuality. This information will not
be analyzed for this manuscript.

A post-scan interview was conducted to debrief the participant regarding
her experience during the experiment. The participants were asked questions to
establish their operational definitions of orgasm onset, termination, and recovery
periods, i.e., what physical or cognitive cues informed them that their orgasm
was beginning, ending, and when they had recovered post-orgasm back to

baseline.
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Information was also collected regarding how the scanner environment
affected their experience. They were also asked to rate on a scale of 1 (low) to 7
(high) how aroused they were during the genital stimulation periods, how intense,
pleasurable, and satisfying each orgasm was. Participants were asked whether
they vocalized during the orgasm, experienced genital contractions, or ejaculated
during orgasm. Participants were also asked to estimate the duration of their
orgasm in seconds.

Additional information was collected but not analyzed for this manuscript
regarding how the participants compared their self-induced and partner-induced

orgasm experiences in the scanner.

2.1.5. Data analysis

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).

Each participant’s functional data were split into three files using
FSLUTILS (fslroi) to create three separate data sets for analysis: (a) the physical
stimulation/imagined stimulation conditions for use in Study 1: “Activation of
sensory and other brain regions in response to imagined versus physical genital
stimulation”; (b), the genital self-stimulation-induced orgasm condition, and (c),
and the partner-stimulation-induced condition to be analyzed for Study 2: “Brain

regional activation upon transition to self- and partner-induced orgasm in women:
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an fMRI analysis”.

Separate pre-processing and statistical analyses were performed for each
data set. The following pre-processing steps were performed at the individual
level: manual removal of skull and non-brain tissue from the anatomical and
functional images.

For the analyses of both partner-stimulation induced and self-stimulation-
induced orgasm conditions, FSL Motion Outliers was used to detect and remove
time points corrupted by large motion. The resulting outlier file was added as a
confound variable. In addition, standard motion parameters were added to the
model. For the self-stimulation-induced orgasm condition, the group mean motion
displacements were absolute = 1.48 mm, relative = 0.20. For the partner-
stimulation-induced orgasm condition, the group mean motion displacements
were absolute= 1.10 mm, relative = 0.18.

The data were spatially smoothed using a 5Smm full-width at half-maximum
Gaussian kernel (with the exception of the brainstem analysis in which the data
were not spatially smoothed). Registration of the functional images to the high-
resolution anatomical images was performed outside of the FEAT, using FLIRT
(FMRIB's Linear Image Registration Tool), selecting the options: Mutual
Information Cost Function and Sinc Interpolation (Blackman, width of Sinc
Window= 7 voxels). Each participant’s first level FEAT registration file was
updated with the FLIRT registration conducted outside of FEAT prior to the

higher-level analyses.
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2.1.5.1. Self-induced orgasm compared with partner-induced orgasm

Fourteen experimental scanning sessions were conducted with the goal of
acquiring within subject sets of partner-stimulation-induced and self-stimulation-
induced orgasms that were counterbalanced. Ten participants were able to
experience both conditions of orgasm during the course of the study. Six of
those were in the partner-induced orgasm first protocol; four were in the self-
stimulation-induced orgasm first protocol. Three additional participants in the
self-stimulation-induced orgasm first protocol were able to experience the self-
stimulation induced orgasm, but not the partner-stimulation-induced orgasm.
After excluding one data set due to problems with the field-of-view, and one
because of excessive head movement, we were unable to counterbalance the
data for order effects as originally planned.

The preliminary t-tests in which self-stimulation orgasms that were
experienced as the first orgasm of a scanning session were compared with self-
stimulation-induced orgasms that followed another orgasm, suggested a
significant order effect, as did the comparison of first and second partner-
stimulation-induced orgasms. Thus we decided to use only “first” orgasms for the
analysis: 5 self-stimulation-induced and 5 partner-stimulation-induced orgasms.

For both conditions of orgasm (self-stimulation-induced and partner-
stimulation-induced), explanatory variables (EVs) were created at the first levels
for early stimulation: the first 10 sec of stimulation; mid stimulation: the 10 sec of
stimulation occurring during the middle of the participant’s stimulation epoch; late

stimulation: the final 10 sec of stimulation prior to the onset of orgasm; orgasm:
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the first 10 sec following the onset of orgasm; early recovery: the first 10 sec of
the recovery period; and late recovery: the last 10 sec of the recovery period.

First level basic contrasts were set up for all EVs >0 and <0 (0 = global
baseline). Differential contrasts were set up to compare each condition with the
adjacent conditions: mid stimulation > early stimulation; early stimulation > mid
stimulation; late stimulation > mid stimulation; mid stimulation > late stimulation;
orgasm > late stimulation; late stimulation > orgasm; orgasm > early recovery;
early recovery > orgasm; late recovery > early recovery; and early recovery > late
recovery.

First level analyses were conducted with a high pass filter cutoff set at 100
sec. FILM (FMRIB's Improved Linear Model) prewhitening option was selected
to improve estimation efficiency. The data was convolved using a Gaussian HRF
with temporal derivatives. The EVs were used as regressors to determine the
average activity elicited by each condition. The data at first level were corrected
for multiple comparisons using a cluster-forming threshold of z=1.65 and a
cluster-significance threshold of p = 0.05. 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 analyses were performed using FMRIB’s Local Analysis of
Mixed Effects (FLAME 1). A whole-brain analysis was conducted in which the
FEAT files containing all basic and differential contrasts from the first levels were

passed up to the higher-level analysis. A two-group unpaired t-test was
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conducted with EV 1= Self-stimulation-induced orgasm inputs, and EV 2 =
partner-stimulation orgasm inputs. Contrasts were set up for self-induced
orgasm group means, partner-induced orgasm group means, self-induced
orgasm group > partner-induced orgasm group, and partner-induced orgasm
group > self-induced orgasm group.

Two additional group analyses were conducted as above, but with specific
regions of interest. One analysis masked the frontal lobe, the other, the temporal
lobe in order to determine if there were any deactivations (activity significantly
lower than the global baseline) in these specific regions.

All group results were corrected for multiple comparisons with a cluster-

forming threshold set at z= 1.65, p < 0.05.

2.1.5.2. Combined self- and partner-induced orgasm

Results of first levels for the self-stimulation-induced orgasm group and
partner-stimulation-induced orgasm group were combined by passing up the
respective FEAT files to the higher level group analysis, using a single group
average to create the combined orgasm group.

A differential contrast that was not conducted on the first levels, orgasm >
mid stimulation, was created by entering the first level COPE files for the basic
contrasts, orgasm > 0 and mid stimulation > 0, and conducting a paired t-test
between the two conditions. Two differential contrasts were created, middle
stimulation > orgasm and orgasm > mid stimulation.

Two additional group analyses targeting the frontal and temporal lobes,
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respectively, were conducted for the combined orgasm group as was done for
each of the groups separately in order to determine if there were any
deactivations (activity significantly lower than the global baseline) in these
regions of interest observed for the basic contrasts.

All group results were corrected for multiple comparisons with a cluster-
forming threshold set at z = 1.65, p = 0.05, with the exception of additional
contrasts ran for the orgasm > late stimulation, which were thresholded at z =
1.55 p < 0.01, and the brainstem analyses which were thresholded at z = 1.0, p <

0.01.

2.1.5.3. Time-course analysis

The regions of interest for the time course analysis of the combined
orgasm data were selected based on the significantly active regions found in the
following differential contrasts: mid stimulation > early stimulation, orgasm > mid
stimulation, orgasm > late stimulation, orgasm > early recovery, and early
recovery > late recovery. Masks were created for the brainstem, the secondary
somatosensory cortex (combined bilateral regions OP 1-4), cerebellum, insula,
paracentral lobule, frontal cortex, hypothalamus, left and right amygdala, left and
right nucleus accumbens, and left and right hippocampus. The 13 masks were
converted from standard space to each individual's native space. For each
participant and each region, the time-series was extracted from the temporally
high-pass filtered and motion-corrected “filtered functional “data file for 11 TRs

centered on the “onset” of orgasm -- encompassing the 10 sec immediately
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before and the 10 sec immediately after, orgasm onset. The output text files
containing the time-course values were moved to MS Excel for a group
calculation of TR by TR (2 sec) comparison of the percent change from a 60 sec

resting baseline.

2.2. Results [Please refer to Appendix H for summary of results]
2.2.1. Brain regions activated during genital stimulation, orgasm, and
recovery

2.2.1.1. Self- vs. partner-induced orgasm

In comparing the self and partner stimulation groups, there were no
significant differences in activations between groups during orgasm contrasts
(orgasm > mid stimulation; orgasm > late stimulation; and orgasm > early
recovery) for frontal or any other brain region. [Please refer to Appendix E:
Additional orgasm results].

Furthermore, there were no significant deactivations in either self- or
partner-stimulation groups, or when partner and self groups were combined, for
the basic contrast orgasm < 0 when region of interest (ROI) analyses were
conducted separately for the frontal and temporal lobes (using the criterion of
cluster z=1.5, p < 0.05).

Another way to ascertain if there were regions that had lower activity
during orgasm than in the periods immediately before, (late stimulation) or after
(early recovery), was to explore the results of the differential contrasts, late

stimulation > orgasm and early recovery > orgasm. However, neither were there
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any significant results for these contrasts for the self group, partner group, or
combined self and partner group.

The only significant group differences occurred during pre-orgasm
stimulation, with the self-stimulation group having significantly more activity in the
contrast, mid-stimulation > early stimulation. The regions significantly more
active in the self-stimulation group included sensory integration regions, the
parietal operculum and right insula, the dorsal striatum (bilateral caudate and
right putamen), bilateral amygdala, and the medial prefrontal and anterior
cingulate cortex.

Conversely, the partner-stimulation group had significantly more activity
during the contrast, late stimulation > mid stimulation in the following regions: the
genital sensory cortex (paracentral lobule), the secondary somatosensory cortex
(regions OP1 and OP4, right), right thalamus; right insula, right hippocampus, the
posterior cingulate cortex, bilateral putamen, premotor cortex, and the medial
prefrontal cortex [See Appendix E: Additional orgasm results].

There were no significant group differences for the recovery contrasts.

[Please refer to Appendix E: Additional orgasm results].

2.2.1.2. Combined self- and partner-induced orgasm

Based on the overall lack of significant differences between self and
partner groups, we combined the two groups.

There were widespread activations observed in multiple brain regions,

with different patterns related to the different phases of stimulation, orgasm, and
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recovery, including primary sensory, motor, sensory-integration, and reward
regions. More specifically, these regions included the prefrontal cortex,
paracentral lobule (genital sensory cortex), secondary somatosensory cortex
(operculum, SlI), parietal cortex, insula, anterior cingulate cortex, posterior
cingulate cortex, hippocampus, amygdala, ventral tegmentum, nucleus
accumbens, cerebellum, caudate and hypothalamus.

Results showing additional regions that were activated during the course
of stimulation, orgasm, and recovery, i.e. the primary motor cortex,
supplementary motor area, thalamus, visual cortex, and temporal pole are
presented in Appendix E: Additional orgasm results.

First, a summary of the results will be reviewed for the following
operationally defined periods of the “orgasm sequence”: (1) sexual arousal (mid
stimulation > early stimulation), (2) orgasm greater than sexual arousal (orgasm
> mid stimulation), (3) orgasm greater than the end of orgasm (orgasm > early
recovery), and (4) activity that persists post orgasm, decreasing over the course
of recovery (early recovery > late recovery).

The results of the period of “going over “ into orgasm, i.e., the first 10 sec
of orgasm greater than the last 10 sec of stimulation (orgasm > late stimulation)

will be presented in a following section.
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A) Prefrontal Cortex

A pattern of increased activity in the prefrontal cortex (Figure 1) was
observed over the course of genital stimulation (mid-stimulation > early
stimulation), increasing at orgasm (orgasm > mid stimulation, orgasm > early
recovery), and decreasing during the course of recovery (early recovery > late

recovery).

Prefrontal cortex

Figure 1. Prefrontal cortical
activity increased during the
course of genital stimulation
and orgasm. Combined
group; Flame 1, Cluster 1.65,

Early recovery > Late recovery p <0.05.
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B) Paracentral lobule
Activation of the mesial paracentral lobule (the genital sensory cortex)
increased as stimulation led up to orgasm (orgasm > mid stimulation; orgasm>

early recovery), and decreased during the course of recovery (Figure 2).

Paracentral lobule
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Mid stim > Early stim
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Figure 2. Paracentral
lobule (genital sensory
cortex): activation during
the orgasm sequence.
Combined group; Flame
1, Cluster 1.65, p <0.05.




C) Operculum- S Il

67

The secondary somatosensory cortex became active at orgasm compared

to the periods of mid-stimulation and early recovery, with slight activity persisting

into the recovery period (Figure 3).

Operculum (S 1)

Early recovery > Late recovery

Figure 3. Parietal
operculum (S11):
secondary
somatosensory cortex
activity during the orgasm
sequence. Combined
group; Flame 1, Cluster
1.65, p <0.05.
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D) Parietal cortex
As observed in Figure 4, the parietal cortex, in the region of the
precuneus, was increasingly activated during the orgasm sequence, with this

activity decreasing over the course of the recovery period.

Parietal cortex
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Mid stim > Early stim

Orgasm > Mid stim

Orgasm-> Early r'ecovery

Figure 4. Parietal cortical
activity during the orgasm
sequence. Combined
group; Flame 1, Cluster
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arly recovery > Late recovery 1.65, p <0.05.
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E) Posterior Insula

The posterior insula became active during the orgasm sequence, with this

activity extinguishing by the end of recovery (Figure 5).

Insula (posterior)

U

Orgasm > Early recovery

Figure 5. Increased
posterior insula activation
during the stimulation to
orgasm sequence.

‘_ Asr‘( Combined group; Flame
Early recovery > Late recovery 1, Cluster 1.65, p <0.05.
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F) Anterior cingulate cortex
The anterior cingulate cortex became active during sexual arousal, and
increased in activation during orgasm, compared to both mid-stimulation and
early recovery. It was still active in early recovery compared to late recovery
(Figure 6). The posterior cingulate cortex (Figure 7), similarly, was activated at
Cingulate cortex (anterior) P orgasm compared to both
: mid-stimulation and early

recovery.

Figure 6. Activation of the
anterior cingulate cortex
throughout the orgasm
sequence. Combined
group; Flame 1, Cluster
1.65, p <0.05.

Early recovery > Late recovery
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G) Posterior cingulate cortex

Clngulate cortex (posterior)

@f

| .
M|d stlm > Early stim

Figure 7. Posterior
cingulate activation at
orgasm compared with
mid stimulation and early
recovery. Combined

- . ' group; Flame 1, Cluster
Early recovery > Late recovery 1.65, p <0.05.
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H) Hippocampus

The right hippocampus was active during sexual arousal (mid-stimulation
> early stimulation), and bilaterally activated at orgasm (compared with mid-
stimulation); but not activated when orgasm was compared to early recovery

(Figure 8).

Hippocampus .

» W

Mid stim > Early stim

\

Ar - l4aw

(5rgasm > Early recovery

Figure 8. Hippocampus
activation during sexual
arousal and orgasm
compared to mid
stimulation. Combined
group; Flame 1, Cluster
1.65, p <0.05.
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Similar to the pattern observed for the hippocampus, the amygdala was

activated during sexual arousal, and bilaterally activated during orgasm

compared to mid-stimulation, but not at orgasm compared to early recovery

(Figure 9).
Amygdala

r
r

L t ' .
Orgasm > Early recovery

. " e
Early recovery > Late recovery

Figure 9. Amygdala
activated during sexual
arousal and orgasm.
Combined group; Flame
1, Cluster 1.65, p <0.05
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The ventral tegmentum was only activated at orgasm compared to mid-

stimulation (Figure 10). However, the nucleus accumbens (Figure 11) was

bilaterally activated during sexual arousal and orgasm compared to mid-

stimulation.

Ventral tegmentum

E oY .

Mid stim > Early stim

=

Orgahsm > Mid stim

e -
Early recovery > Late reco

Figure 10. Ventral
tegmentum activated at
orgasm compared to mid-
stimulation. Combined
group; Flame 1, Cluster
1.65, p <0.05.
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K) Nucleus accumbens

Nucleus Accumbens

Orgasm > Mid stim

Figure 11. Nucleus
accumbens activated
during arousal and
orgasm (compared to mid
stimulation). Combined

group; Flame 1, Cluster
Early recovery > Late recovery 1.65, p <0.05.
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L) Cerebellum

The cerebellum was activated during orgasm compared to mid-

stimulation and early recovery (Figure 12).

Cerebellum

- —-—-— s i
Mid stim > Early stim

Figure 12. Cerebellum
activated during orgasm.
‘- Combined group; Flame

Early reCO\}e.ry > Late recovery 1, Cluster 1.65, p <0.05.
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M) Caudate
The caudate was activated bilaterally during genital stimulation and
orgasm compared to mid stimulation; and activated on the left side during

orgasm compared to early stimulation (Figures 13-15).

Figure 13. Bilateral
caudate activity greater
during mid-stimulation
than early stimulation.
Combined group; Flame
1, Cluster 1.65, p <0.05.
Top: Left caudate.
Bottom: Right caudate

Figure 14. Bilateral
caudate activity greater
during orgasm than mid-
stimulation. Combined
group; Flame 1, Cluster
1.65, p <0.05. Top: Left
caudate. Bottom: Right
caudate.
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Figure 15. Left caudate
activity during orgasm
compared to early
recovery. Combined
group; Flame 1, Cluster
1.65, p <0.05.

N) Hypothalamus

Hypothalamic activations were observed (Figures 16 and 17) during
sexual arousal (mid stimulation > early stimulation) and recovery (early recovery
> |late recovery). Evidence of hypothalamic activity during the “going over® into
orgasm sequence (orgasm > late stimulation) will be presented in the results for

the brainstem ROI analysis.

Figure 16. Hypothalamus activity during sexual arousal (mid stimulation > early
stimulation). Combined group; Flame 1, Cluster 1.65, p <0.05.



Figure 17. Hypothalamic activity during recovery period, post-orgasm (early
recovery > late recovery). Combined group; Flame 1, Cluster 1.65, p <0.05.

79
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2.2.2. Significant activations at the transition: Orgasm > late stimulation

As shown in Figure 18, “going over” to orgasm, operationally defined as

the first 10 sec of orgasm > last 10 sec of stimulation (i.e., immediately preceding

Orgasm > Late stim

e I

Paracentral lobule

orgasm), showed activation
of the genital sensory cortex
(paracentral lobule), bilateral
activation of the operculum
(secondary somatosensory
cortex: “SlI”, OP 1 left and
OP4 right), the left insula,
posterior cingulate, the
precuneus region of the
parietal cortex, and the

inferior parietal lobe.

Figure 18. Regional
activation associated with
orgasm compared to late
stimulation. Combined
group; Flame 1, Cluster
1.65, p <0.05.
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For the contrast, orgasm > late stimulation, lowering the cluster-forming
threshold from 1.65 to 1.5, p < 0 .01 resulted in additional regions of activation for
the right hippocampus (Figure 19), bilateral amygdala (Figure 20), right nucleus

accumbens and septum (Figure 21), and the anterior hypothalamus (Figure 22).

Figure 19. Right hippocampus activation at orgasm compared to late stimulation.
Combined group; Flame 1, Cluster 1.5, p <0.01.

Figure 20. Right amygdala (top) and left amygdala (bottom) activation at orgasm
greater than late stimulation. Combined group; Flame 1, Cluster 1.5, p <0.01.
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Figure 21. Activation greater at orgasm than late stimulation. Top: Right nucleus
accumbens activity. Bottom: Septum. Combined group; Flame 1, Cluster 1.5, p
<0.01.

Figure 22. Anterior hypothalamus activated at orgasm compared to late
stimulation. Combined group; Flame 1, Cluster 1.5, p <0.01.
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In the analysis of the brainstem activity Orgasm > Late stimulation (i.e.,
the first 10 sec of orgasm > 10 sec of stimulation immediately preceding orgasm
onset), the regions include the posterior hypothalamus and periaqueductal gray
(Figure 23), lower brainstem dorsal raphe and vagus nuclei (Figure 24), the
ventral tegmentum and substantia nigra (Figure 25), and the pontine

mesencephalic trigeminal nucleus (Figure 26).

Lower Brainstem

|

Periaqueductal Gray (PAG) —

Figure 23. Posterior hypothalamus and periaqueductal gray activated at orgasm
compared to late stimulation. Combined group; Flame 1, Cluster 1.5, p <0.01.



Lower brainstem nuclei

Dorsal Raphe

Dorsal Vagal nucleus

Figure 24. Lower brainstem dorsal raphe and dorsal vagal nuclei activated at
orgasm compared to late stimulation. Combined group; Flame 1, Cluster 1.0, p
<0.01.
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Ventral Tegmental Area and Substantia Nigra

\
5 8 ¢

o R

Figure 25. Ventral tegmentum and substantia nigra activated at orgasm
compared to late stimulation. Combined group; Flame 1, Cluster 1.0, p <0.01.




ontine mesencep
44-40-21, -22, -23

Figure 26. Pontine component of the Mesencephalic Trigeminal nucleus
activated at orgasm compared to late stimulation. Combined group; Flame 1,
Cluster 1.0, p <0.01.
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2.2.3. Time-course analysis

In the combined partner and self group analysis of the time period
spanning the last 10 sec of stimulation and the first 10 sec of orgasm (Figure 27),
there was an overall pattern of increased activity leading up to orgasm, and a
further change in activity following orgasm onset, with results similar to those

seen in the differential contrasts presented in the previous section.

Combined Self & Partner
Left and right brain regions

10s before orgasm 10s into orgasm

N
|

[EEY
1

o

-

- a» an —" S
e <11

% change from baseline

\

e===hrainstem ====cerebellum =—=frontal hypo ====jnsula
===0oplr e==pnaracentral |_acc |_amy ===|_hip
r_acc r_amy == _hip

Figure 27. Combined self and partner group time course showed an overall
pattern of increased activity leading up to orgasm.
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2.2.4. Debriefing and descriptive data

During the post-scan debriefing session, all participants confirmed that
they had experienced orgasm during the experiment, and had accurately
indicated, by button press, the start of stimulation, onset of orgasm, end of
orgasm, and end of recovery periods at the appropriate times. They also
provided information about the physical and cognitive “cues” that they used to
determine when the orgasm experience started, ended, and when they had
recovered. They consistently underestimated the duration of their orgasm
[please refer to Appendix F: Debriefing interview results).

The only significant difference between groups was that the partner-
stimulation participants’ mean latency to orgasm was significantly longer than the
self-stimulation participants’ mean latency to orgasm (476 versus 165 seconds):
t (8) =-2.67, p= 0.03.

There were no significant differences between the self-stimulation-induced
and partner-stimulation-induced groups in the mean duration of orgasm (23.5
versus 43.9 seconds) and mean duration of recovery (52 versus 50 seconds).

There were no significant differences in comparing the self and partner-
stimulation-induced orgasm groups in age (46.8 versus 40.4); or mean subjective
ratings (low =1 to high = 7) of arousal during stimulation (5.4 versus 5.6);
orgasm intensity (5.1 versus 5.6); orgasm pleasure (4.8 versus 5.9); or orgasm
satisfaction (5.0 versus 5.6).

For the self-stimulation-induced orgasm condition, the group mean motion

displacements were: absolute = 1.48 mm, relative = 0.20. For the self-
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stimulation-induced orgasm condition, the group mean motion displacements
were: absolute= 1.10 mm, relative = 0.18.

A brief description of the behavioral data for the combined orgasm group
follows [see Appendix F: Debriefing interview results). The mean age of the
combined group was 43.6 years. The average head movement was 1.3 mm
absolute, 0.2 relative. The participants had a mean latency to orgasm of 320
seconds. The average duration of orgasm was 33 seconds, while the period of
recovery was 51 seconds. On a scale of 1 (low) to 7 (high) the participants rated
orgasm intensity, orgasm pleasure, and orgasm satisfaction as 5.4, 5.4, and 5.3;

respectively.

2.3. Discussion

As predicted, the results showed clear evidence that many brain regions
were differentially activated during the course of genital stimulation leading up to
and culminating in orgasm in these women. These activations include sensory,
motor, reward, frontal cortical and brainstem regions, i.e., the genital sensory
cortex (paracentral lobule), secondary somatosensory cortex (operculum SlI,
regions OP1 and OP4), precuneus, inferior parietal lobule, insula, hippocampus,
amygdala, cerebellum, supplementary motor area, dorsal and ventral striatum
(caudate, putamen, and nucleus accumbens), substantia nigra, the mesolimbic
dopamine system (ventral tegmentum), hypothalamus, pons, anterior and

posterior cingulate cortex, temporal pole, and the prefrontal cortex.
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Furthermore, many of these brain regions also showed differential
patterns of activity during the period of recovery, post-orgasm. These results are
consistent with previous studies published by the Komisaruk lab (Komisaruk,
Whipple et al, 2004; Komisaruk & Whipple, 2005; Komisaruk, Wise, et al, 2010,
2011; Wise et al., 2012); and are in direct contradiction to the findings of the
Dutch group, who have reported reliable activations in only the cerebellum and
pons at orgasm (Georgiadis et al., 2006; 2009; Huynh et al., 2013)

Also, in direct contradiction to Georgiadis et al. (2006; 2009) who report
multiple regions of deactivation in temporal and prefrontal brain regions (right
amygdala; right medial orbitofrontal; left lateral orbitofrontal; and left dorsolateral
cortices), we found no evidence of activity below the global mean (baseline)
compared to orgasm, for either frontal or temporal regions, as determined by the
results of the ROI analyses conducted separately for the self-stimulation group,
the partner-stimulation group, and the combined self-and-partner-stimulation
group.

Furthermore, in the present study, not only did the frontal and temporal
regions fail to “deactivate” (i.e., show activity below global baseline), but the
activity of the prefrontal and temporal regions did not decrease relative to any of
the peri-orgasm conditions. There were no significant contrasts involving activity
greater just before orgasm than at orgasm (mid-stimulation > orgasm, late
stimulation> orgasm), or activity after orgasm greater than during orgasm (early
recovery > orgasm). These findings contradict the Dutch group’s claim that

activity in the frontal and temporal cortical regions decreases at orgasm.



91

Contrary to what we considered might account for the discrepancy
between our group and the Dutch group, we found no significant differences at
orgasm (orgasm > late stimulation; orgasm > early recovery) between partner-
stimulation and self-stimulation orgasm groups. This suggests that the major
discrepancy between results of the Komisaruk lab and the Dutch group do not
arise from the different type of stimulation used to induce orgasm (self versus
partner), but perhaps from differences in imaging methods employed (fMRI
versus PET), instructions to participants, and/or other elements of the research
environment. It is important to note that one major limitation of the PET studies
resides in the method’s temporal resolution limitations compared to fMRI
(Huettel, 2009). Georgiadis et al. (2009) acknowledge that the orgasm time
period represented in their study included peri-orgasm events (sexual arousal
and post-orgasmic satiety), introducing variability in their measurement such that
the activity attributed to the orgasm scans should be considered “orgasm-related”
rather than “orgasm-specific” (p. 3098). It is precisely the superior temporal
resolution of fMRI that permits the analysis of the brain regional changes
occurring during the transition from late stimulation (“going over”) into orgasm,
which is not feasible using PET.

The only significant differences between the self-stimulation and partner-
stimulation groups were found during the stimulation period, the self-stimulation
group showing more activity during mid-stimulation (than early stimulation), while
the partner-stimulation group showed more activity during late stimulation

(compared to mid-stimulation). It is possible that these differences stem from
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group differences in latency to orgasm. The self-stimulation group, controlling
their own stimulation, had significantly shorter latency to orgasm than the partner
group. They may have “ramped up” sexual arousal earlier in the stimulation
sequence than the partner-stimulation group, thereby showing more activity
when mid-stimulation was compared to early stimulation.

Conversely, the partner stimulation group took longer to reach orgasm,
and as a result, may have built up significantly more brain activation after what
was a longer stimulation period for them. Thus, when late stimulation was
compared to the mid-stimulation, they had experienced a significantly longer
duration of stimulation. It is possible that this resulted in more cumulative brain
activity than the self-stimulation group. Although the self-stimulation group did
need to plan and execute their own stimulation, once the stimulation built-up to
orgasm, it is possible that a final common “orgasm pathway” rendered the
differences between self and partner stimulation less salient to the brain than the
experience of the orgasm, itself.

A major limitation of the study is the small number of participants in each
group (n = 5). lItis conceivable that additional significant differences between
groups might be observed with an increase in the number of participants per
group. The small number of participants in each group may have also
contributed to the lack of robust results for the group means for the contrast
orgasm > late stimulation. And contrary to our prediction that we would find
similar activity at orgasm (compared to mid-stimulation) in the genital sensory

cortex, hippocampus, nucleus accumbens, and anterior cingulate cortex for both
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groups, only the partner-stimulation group showed evidence of activations in
these regions. Again, it may be possible that the lack of significant results for the
self-stimulation group in this contrast stems from an interaction between the
small number of participants and significantly shorter latency to orgasm
(compared to the partner group). Future studies comparing self and partner-
induced orgasm could address this issue. However, as group differences were
found during stimulation but not orgasm, we conclude provisionally that there are
no significant differences between self-stimulation-induced and partner-induced
orgasms.

We found activations in the prefrontal regions at orgasm, rather than
“deactivations” which the Dutch group interprets as a “disinhibition” that enables
the “letting go” into orgasm. It should be noted that both activations and
deactivations are relative to how the global baseline is calculated, and do not
reflect an absolute measure. In regard to what underlying physiological
processes might result in behavioral “disinhibition,” it is conceivable that
increased activity in a region, rather than decreased activity, could reflect a
process of active inhibition contributing to behavioral disinhibition. In any case, as
Georgiadis (2012) observed in a recent paper on the role of the cerebral cortex in
human sexuality, “ . . . the central control mechanisms of sexual activity are quite
flexible ... and that cortical brain regions play a critical part.”

Our results, with evidence of activation rather than deactivation of the
prefrontal cortex, are actually consistent with previous work done on reward and

pleasure. We observed increased activity at orgasm in the medial orbitofrontal
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region, an area identified as a “hedonic hot spot” (Berridge & Kringelback,
2008).

We made predictions based on results of our preliminary time-course
study (Komisaruk, Wise, et al., 2010) that activity of some brain regions would
increase gradually with early activation, others would build over the course of
self —stimulation, others showing phasic activation just before orgasm, or at
orgasm. These predictions were supported by the present results. Before
comparing them, it is important to note the differences between our previous
and current studies.

The previous study to which we refer used the beginning of orgasm as the
group alignment point, and analyzed the 2 minutes before and 2 minutes after
the onset of orgasm. ROls were generated and mean time course activations
were calculated from each ROI. The intensity of each ROI was calculated as a
percent of its maximum over the course of its entire testing epoch, and the
group averages plotted. We did conduct a similar type of time-course analysis
examining the 10 seconds immediately before and after orgasm (discussed
below).

As predicted, activity in the amygdala, hippocampus, and caudate was
present during the early phases of stimulation (mid stimulation > early
stimulation), increasing over the course of the sequence. We also found
additional regions of activation at mid-stimulation in the prefrontal cortex,
anterior cingulate cortex, hypothalamus, and the nucleus accumbens, which we

predicted would show an increase later in the sequence.
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The other regions we predicted would show an increase of activity as
stimulation progressed were the genital sensory cortex (paracentral lobule),
thalamus, and substantia nigra. We did, in fact, find evidence of increased
activity of the paracentral lobule and thalamus as stimulation progressed (late
stimulation > mid stimulation), and also in the secondary somatosensory cortex,
insula, hippocampus, bilateral putamen, posterior cingulate, and the premotor
and medial prefrontal cortices.

The regions that we predicted would show phasic activity at orgasm
(cerebellum, anterior cingulate, inferior frontal gyrus) did show increased
activity compared to mid-stimulation. We also found significant activations in
additional sensory, motor, and reward regions, including the paracentral lobule,
secondary somatosensory cortex, precuneus, insula, bilateral caudate,
hippocampus, amygdala, nucleus accumbens, and ventral tegmentum.

The regions we predicted would be active at orgasm; i.e., the nucleus
accumbens and the hypothalamus, were actually active throughout the
sequence of stimulation, orgasm, and recovery.

With regard to the question of which processes are involved in the
transition specifically from stimulation to orgasm, we report results for three
different, but related, approaches. GLM analyses were conducted separately
for the whole brain and brainstem. The results of the contrast, orgasm > late
stimulation (the first 10 sec of orgasm > 10 sec immediately preceding orgasm)

provides slightly different windows for examination of the transition into orgasm.
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We also plotted the time-course of regions of interest for the “going over”
period, which offers a dynamic overview, in 2-second increments (not
constrained by the same statistical thresholding as the GLM analyses).

The results of the whole-brain analysis for orgasm > late stimulation,
when more conservatively thresholded (z = 1.65, p. <0.05), suggest that the
transitioning into orgasm is essentially a major sensory-integration event, with
increased activity of the genital sensory cortex, bilateral somatosensory cortex,
left insula, precuneus, posterior cingulate, and inferior parietal lobule.

This same analysis, with the threshold reduced (z = 1.5, p. < 0.01)
revealed increased activity in regions that were activated in other orgasm
contrasts (orgasm> mid-stimulation and orgasm > early recovery). These
regions include the right hippocampus, bilateral amygdala, right nucleus
accumbens, septum, and anterior hypothalamus. There are two potential
explanations of the failure to reach significance at the higher threshold: (1) the
activity in these regions did not significantly “ramp up” immediately before
orgasm, or (2) these regions would reach significance at the higher threshold
with an increase in the number of participants. Further analyses adding more
participants should provide clarification.

The structures of the brainstem are small, (some smaller than a voxel),
so that using spatial smoothing (in combination with traditional cluster-forming
thresholds) would likely preclude the ability to discern discrete activity in the

brainstem.
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The present brainstem analysis (cluster z = 1.0, p. < 0.01) provides
insight into the neural bases of the autonomic, analgesic and reward
components of orgasm. The present findings provide evidence of activation at
orgasm of brain regions that stimulate sympathetic and parasympathetic
activity, (i.e., posterior hypothalamus [Hess, 1957] and dorsal vagal nuclei
[Monnier, 1968], respectively). There was also activation of lower brainstem
regions implicated in pleasure, reward, and addiction (Berridge & Kringelbach,
2008), specifically, the ventral tegmentum (containing the cell bodies of the
meso-corticolimbic dopamine system), and the substantia nigra. Our group
reported previously that pain thresholds are elevated more than 100% during
orgasm (Whipple & Komisaruk, 1985). In the present study, we observed
significant activation of the periaqueductal gray (enkaphalin-releasing) and the
dorsal raphe nucleus (serotonin-releasing), which are the major brainstem
components that mediate endogenous analgesia (Basbaum & Fields, 1978).

From the vantage of the present time course study, which allowed for a
dynamic overview of the activity in 2 sec increments occurring during the last 10
sec of stimulation through the first 10 sec of orgasm, we observed that activity
in all ROIs increased at different rates during the period of late stimulation.
Some regions had a high level of activity overall, including cerebellum, lower
brainstem, secondary somatosensory cortex, and frontal cortex, with further
increases at orgasm. Other regions, including the paracentral lobule,
hippocampus, and insula had a steadily rising slope toward the onset of

orgasm, with an increase at orgasm that continued throughout the 10 sec
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orgasm period. Other regions, including the amygdala, had different patterns on
the left and right sides with greater activity on the left during stimulation, and the
right rising higher during the middle of the orgasm period.

The nucleus accumbens had peaks and valleys prior to the onset of
orgasm. At orgasm onset, it had a steep ramp-up; another peak at about five
sec into orgasm, a dip, and then the slope rose highest at the end of the 10 sec.
As the mean orgasm duration was 33 seconds, it is possible that the
accumbens activity had not yet reached its peak during the first ten sec of
orgasm.

The hypothalamus also showed multiple peaks in activity, especially at
orgasm, and continuing through a larger peak approximately 5 sec after orgasm
onset. This is consistent with the results of the GLM analyses in which
activation of the hypothalamus was observed during stimulation and orgasm,
persisting into the recovery period.

Based upon the results of the various analyses of the transition from the
later stimulation through orgasm, we conclude that “going over” into orgasm
involves a complex interaction between sensory integration, motor, reward, and
cognitive region, involving the autonomic nervous system. The evidence of
activation of brain regions that control both sympathetic and parasympathetic
activity at orgasm in this study of women suggests that, similar to the dual
activation involved in orgasm in men (penile erection: parasympathetic
function; ejaculation: sympathetic), both divisions of the autonomic nervous

system contribute to the process of orgasm in women.
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In addition to the small number of participants in the separate self- and
partner-stimulation groups, another potential limitation of the study is that we
combined both self-and partner-stimulation participants into one group for
analysis. Although our findings of the self- and partner-stimulation groups
yielded no significant group differences at orgasm, and served as a rationale for
the combined orgasm group, further studies of self- and partner-induced
orgasm are warranted.

Overall, our findings lead us to conclude that women’s orgasm is a major
neurological event, involving widespread activity in many regions of the brain
Future effective connectivity studies should help elucidate how the activity of
these regions develops and is integrated over the course of stimulation,

orgasm, and recovery in the totality of the orgasm sequence.
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3. Future Directions

The findings presented in this dissertation suggest that the brain is
capable of responding robustly to both physical “touch” and mental “imagined”
stimulation. As physical genital stimulation builds up and culminates in the major
neurological event of orgasm, many brain regions implicated in sensory, motor,
cognitive, and reward processes are recruited along the way. How these regions
interact to create the complex phenomenological experiences of sexual arousal
and orgasm are yet to be fully understood. Fortunately, we are at the brink of
advances in methodology that will facilitate our ability to address this, and other
questions, raised by this dissertation.

Recent work with real-time fMRI, in conjunction with compatible
EEG/MEG, shows promise in allowing us to observe the brain at work (or play).
Perhaps this method, in conjunction with effective connectivity data analysis
techniques, will permit us to unravel the continuing mysteries of the orgasm
sequence. How the various brain regions influence each other, activating and
inhibiting one another, to produce the pleasures leading up to and including
orgasm may well have applications beyond the bedroom.

This method has already been therapeutically applied as a tool for
neurobiofeedback, with the goal to increase activity in the left amygdala (Zotev et
al., 2014) and insula (Veit et al., 2012), which has been associated with
enhanced mood regulation and reduced symptoms of anxiety and depression. It
is possible that by studying people who are virtuosos in regulation of their

pleasure systems, such as the easily orgasmic women in our study who activated
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their genital sensory cortex simply by “imagining” genital stimulation, or the
population of women who can literally “think” themselves into orgasm, previously
studied by our group (Whipple et al, 1992), we will learn more effective strategies
for helping mood-challenged individuals exercise the brain’s capacity for self-

regulation.
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Appendix A. Somatosensory cortical representation of female genitals,

breast, and nipple

Genital representation in the primary somatosensory cortex (S1)

A major discrepancy in the literature regarding both male and female
genitals is whether their primary somatosensory representation is located
midline—in the mesial wall of the paracentral lobule—as depicted exclusively
males by Penfield and Rasmussen (1950) —or more laterally, where the groin
and trunk are represented on the homunculus. For the purpose of this proposal,
only studies of women will be reviewed. Results vary depending on the
methodology, the type of stimulation applied, the experimental design, and the
population studied.

The three main methods of study of the somatosensory representation of
the female genitals have been somatosensory evoked potentials (SSEP),
functional Magnetic Resonance Imaging (fMRI), and Positron Emission
Tomography (PET).

SSEP studies have largely supported the midline representation of the
external female genitals. Allison et al. (1996), in a study of 18 epilepsy patients,
found that stimulation of the dorsal pudendal nerve via electrodes placed on
either side of the clitoris resulted in cortical activity in the mesial wall of the
somatosensory cortex—the paracentral lobule—near the cingulate sulcus,
anterior to the representation of the feet (in contrast to the Penfield map, which

places the genitals posterior to the foot area). The authors concluded that
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representation of the clitoris and perineum could be localized to the mesial
paracentral lobule.

In another SSEP study, this time using 77 healthy participants, Yang and
Kromm (2004) included stimulation of the dorsal nerve and the perineal nerves
(other branches of the pelvic nerve which, in addition to the dorsal pudendal,
innervate the clitoris and vagina). Stimulation of the dorsal nerve was
accomplished via self-adhesive electrodes placed on both sides of the clitoris as
well as on the clitoral hood. Stimulation of the perineal nerve was accomplished
via insertion of a probe with two electrodes 1 cm into the vagina. Significant
SSEPs from both perineal and dorsal nerve stimulation were detected from
electrodes placed on the scalp near the mesial wall of the cortex, lending further
support to the midline representation of the female external genitals and the
vaginal introitus. The authors conclude that the somatosensory representation of
the internal portion of the clitoris is yet to be determined, as the shallowness of
the probe precluded deeper stimulation beyond 1 cm into the introitus.

The few neuroimaging studies done of the female genitals have yielded
conflicting views as to their somatosensory representation. Functional magnetic
resonance (fMRI) and positron emission tomography (PET) have both been used
to investigate the representation of female genitals in the somatosensory cortex.
Although there has been some recent support for Penfield’s mesial paracentral
representation, other studies have localized the clitoris more laterally on the
dorsal surface of S1—in the homuncular region of the groin and trunk.

Georgiadis et al. (2006) used PET to study the brain correlates of clitoral
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stimulation (done by the participant’s partner) and orgasm in 12 healthy women.
Clitoral stimulation was reported to result in bilateral activation of the dorsal
surface of the postcentral gyrus in S1 and unilaterally in the left S2 in the parietal
operculum, with the strongest overall activation in S2.

Additional support for a more lateral somatosensory representation of the
female clitoris comes from an fMRI study of 15 healthy women done by Michels
et al. (2010). Bilateral dorsal clitoral nerve stimulation via self-attaching
electrodes was applied using participant-specific calibrations to adjust stimulation
such that it was neither painful nor arousing. A boxcar design was used,
alternating short periods of stimulation (12 s) with rest (18 s) to intentionally avoid
creating sexual arousal. Lateral, but not mesial, primary (S1) somatosensory
activations were reported, as well as secondary somatosensory (S2) activation in
the parietal operculum. The supplementary motor area (SMA) was also activated,
presumably due to indirect influence of clitoral stimulation on reflex pathways on
the external sphincter muscle tone. Hemispheric differences were noted, with
stronger left-sided somatosensory cortex activations. Additionally, the left insula
was activated, which the authors speculate as being related to the insula’s role in
viscerosensory processing.

Support for the midline paracentral somatosensory representation of
female genitals comes from a recent study conducted by Komisaruk, Wise, et al.,
(2011). As cited by Di Noto et al., (2012) our fMRI investigation of 11 healthy
women is the first to systematically map the clitoris, vagina, cervix, and nipple on

the sensory cortex. The participants self-stimulated the clitoris, anterior wall of
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the vagina, cervix, and nipple in separate boxcar trials, 30 s rest followed by 30 s
stimulation repeated 5 times in succession (Komisaruk, Wise, et al., 2011).
Participants rhythmically tapped the clitoris for the clitoral self-stimulation trials.
An S-shaped acrylic cylinder was used by participants for self-stimulating the
anterior wall of the vagina, while a straight acrylic cylinder with a rounded tip was
used for cervical self-stimulation trials. Nipple stimulation was accomplished by
using the right hand to tap the left nipple rhythmically. Participants were
instructed to self-stimulate to “comfortable” intensity, but not directed to either
seek or avoid sexual arousal during stimulation (Komisaruk, Wise et al., 2011, p.
2824).

Results of the mapping study indicate that the responses to clitoral,
vaginal, and cervical self-stimulation were clustered in the mesial paracentral
lobule, with differentiable but overlapping activations. Consistent with the original
Penfield and Rasmussen male homunculus, the female genitals were
represented deep within the cortex, with activations for the clitoris located
superior to that of the cervix and vagina. Also noted were additional activations in
the dorsolateral region of the paracentral cortex, corresponding to the groin
region for all of the genital stimulation conditions. In addition, stimulation of the
nipple unexpectedly activated the mesial paracentral lobule as well as the more
lateral chest/trunk region (Komisaruk, Wise, et al., 2011). (See appendix Figure

2.)
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A possible explanation for the discrepancy in neuroimaging results

There are a number of possible explanations for the discrepancy between
the studies that support the more lateral somatosensory representation of the
female genitals (Georgiadis et al., 2006; Michels et al., 2010), and the Komisaruk
et al. (2011) study supporting the Penfield/Rasmussen mesial paracentral
representation of the female genitals. Of note is that the Georgiadis et al. (2006)
study used PET—a method whose spatial resolution tends to be more diffuse
and less specific than that of fMRI (Huettel et al., 2009).

Also to be considered is that the Michels et al. (2010) study, although
employing the more spatially specific fMRI, used short intervals of electrical
stimulation intentionally designed to avoid arousal rather than manual
mechanical stimulation of the clitoris as in the Komisaruk et al. (2011) mapping
study. It is possible, given the stimulus parameters of the Michels et al. (2010)
study, that the stimulation delivered was sufficient only in significantly activating

the adjacent skin of the groin region—and not the genital sensory cortex per se.

Somatosensory representation of the breast and nipple

There have not been many studies of the cortical representations of the
trunk and nipple in humans since Penfield & Rasmussen (1950) postulated that
the breast, like the labia and buttocks, were represented in the mesial
paracentral lobule.

Rothermund et al. (2005) conducted an SSEP study that localized the

representation of the nipple between the groin and the first digit, 15 mm lateral to
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the longitudinal fissure of the contralateral hemisphere. An fMRI study of the
breast (Aurbach, 2009) also localized the cortical representation of the breast
lateral to the longitudinal fissure. And as already discussed, in addition to
activation in the more lateral region of S1 corresponding to the trunk, support for
the midline paracentral lobule somatosensory representation of the nipple comes

from a recent study by Komisaruk, Wise et al. (2011)
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Appendix B. Interview Questions

Amendment Request to project title: FMRI Analysis of Orgasm in Women
P.l. Name: Nan Wise, PhD Cand.
Protocol #: 12-71M

Note: For all interviews: participants will be informed at the outset that they
are not required to answer any question about which they feel
uncomfortable.

Pre Scan Interview

Questions about study participation:
How did you learn about the study?
What motivated you to participate in the study?
Do you have concerns about being in the fMRI scanner with the objective
to experience pleasure or have an orgasm?
Do you other fears/reservations about participating?
Have you ever been in a sexuality study before?
Did you tell anyone about your upcoming participation in this study?
Whom, how many, and under what circumstances?

Physical and sexual history questions:
How/when/from whom do you learn about sex?
How do you feel about your body?
At what age did you start to menstruate?
If premenopausal, when was your last menstrual period?
How did you experience your transition to adolescence?
How did others experience your transition to adolescence?
Have you ever been pregnant?
Given birth? What was your experience with labor and childbirth?
Do you use birth control? If so, which type?
Are you on any medications? If so, which?
Are you post-menopausal?
Taking hormone replacement therapy?
Have you ever had an upsetting childhood experience having to do with
sex?
Any troubling sexual experience in adulthood?

Influences: Family
Did your parents allow you to discuss or ask questions about sexual
topics?
Did your parents openly show affection toward each other?
Were your parents physically affectionate toward you?
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What was the attitude in your home about nudity?

How do you think your parents viewed sexuality?

What was their attitude toward your developing sexuality?

Did your family’s religious beliefs affect your feelings toward sex?
Did you talk about sex with your siblings?

As a child, did you play games that had sexual content?

How do you think your siblings feel/felt about their sexuality?

Dating history:
Can you describe your first dating experience?
How did your parents react to your starting to date?
Can you describe your dating history?
Please describe your first sexual experiences: kissing, petting,
intercourse.
Can you describe your significant romantic relationships to date?
Current Relationship:
Are you currently in an intimate relationship? Please describe.
Monogamous or other?
How happy are you with the relationship/s? With your sex life?

General questions:
Do you consider yourself heterosexual, homosexual, bisexual, other?
Has your sexual orientation or attraction changed over time?
Do you think you have more interest in sex than the average woman?
Do you think you are more comfortable with sexuality than the average
woman?
Have you always been comfortable with your sexuality? If not, please
elaborate.
Do you masturbate at home? Method? Frequency? Fantasies?
Do you regularly use a vibrator? Dildo? Sex toys? With partner or alone?
Preference for type of stimulation during sexual activity? Clitoral, vaginal,
cervical?
Preferred type of sexual activity (giving/getting, vaginal, oral, anal)?
During which kind(s) of stimulation are you (most) satisfied/orgasmic?
Do you have multiple orgasms? If so, how regularly and under what
circumstances?
Have you ever had difficulty experiencing orgasm?
Do you typically prefer self- or partner-stimulation?
What are your sexual turn-ons?
Do you enjoy pornography? If so, which type(s)?
Do you enjoy being exhibitionistic? Voyeuristic? BDSM? Other?
Have you engaged in having sex in front of other people (aside from your
partner)?
Have you had group sex?
Can you “think “ yourself into orgasm without any physical stimulation?
Do you believe there is something unique about your sexuality?
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If you could share your most important lessons in becoming comfortable
with your sexuality, what would they be?

Do you exercise regularly

Have you gone to sexuality workshops? Studied Tantra?

Do you practice yoga?

Post Scan Interview

Debriefing questions
How are you feeling after the study? |s there anything you wish to discuss
or share?
Was the overall experience similar to your expectations? Different?
Better? Worse?
What was the most challenging part of the scanner study for you?
Overall, how affected were you by the scanner environment?

On a scale of 1-7 where 1 is "not important" to 7 which is "very
important" -- how important were each of the following to your experience
of orgasm in the scanner?

- having to keep still

- embarrassment

- vocalization

- breath holding

- scanner noise

- [ subject allowed to add items ]

How did the constraint on your movement affect your experience?

How were you affected by keeping track of your experience—i.e., button
presses to indicate start stimulation, start orgasm, end orgasm, end
recovery?

Would you participate in this study again if you had the chance?

Can you recommend any way to improve the study procedures or
experience?

Operationally defining conditions for timing purposes

a. How would you describe the feeling you have just before having an orgasm?
1b. How would you describe the feeling during an orgasm?

1c. How would you describe the feeling following an orgasm?

How did you know your orgasm was beginning?

How did you decide when to press the button (orgasm approaching,
orgasm starting, etc.?).

What cues inform you that your orgasm is starting (please be specific—
bodily sensations, changes in breathing, muscular contractions, racing
heart, etc.)



124

How did you know your orgasm ended? Did you press the button once
the orgasm was completely over or did you sense it was about to end
(please be specific—bodily sensations, changes in breathing, muscular
contractions, etc.).

How did you gauge when you were fully recovered from your orgasm?

Assessment of degree of arousal during imagery stimulation trials:

How vividly were you able to imagine clitoris stimulation?

Scale from 1 (no image/sensation) to 7 (very vivid image/sensation)
Were you sexually aroused during the clitoris imagery condition?

If so, how aroused on a scale of 1 (low) to 7 (high)?
How vividly were you able to imagine nipple stimulation?

Scale from 1 (no image/sensation) to 7 (very vivid image/sensation)
Were you sexually aroused during the nipple imagery condition?

If so, how aroused on a scale of 1 (low) to 7 (high)?
How vividly were you able to imagine dildo stimulation?

Scale from 1 (no image/sensation) to 7 (very vivid image/sensation)
Were you sexually aroused during the imagine dildo condition?

If so, how aroused on a scale of 1 (low) to 7 (high)?
How vividly were you able to imagine speculum stimulation?

Scale from 1 (no image/sensation) to 7 (very vivid image/sensation)
Were you sexually aroused during the imagine speculum imagery
condition?

If so, how aroused on a scale of 1 (low) to 7 (high)?
Did you find any of the imagery conditions unpleasant or aversive?

If so, which condition?

How unpleasant/aversive on a scale of 1 (low) to 7 (high)?

Assessment of degree of arousal during physical stimulation trials:

Were you sexually aroused during the clitoris self-stimulation condition?
If so, how aroused on a scale of 1 (low) to 7 (high)?

Were you sexually aroused during the nipple self-stimulation condition?
If so, how aroused on a scale of 1 (low) to 7 (high)?

Assessment of self-induced orgasm condition:

How aroused were you during self-stimulation on a scale of 1 (low) to 7
(high)?
Were you fantasizing during self-stimulation? If so, content?
Did you fantasize during orgasm? If so, content?
How intense was your orgasm on a scale of 1 (low) to 7 (high)?
How pleasurable was your orgasm on a scale of 1 (low) to 7 (high)?
How satisfying was your orgasm on a scale of 1 (low) to 7 (high)?
Did you ejaculate during your orgasm?
Did you experience genital contractions?

If so, how many and how strong?
Did you hold your breath at orgasm?
Did your breathing change during stimulation?
Did you vocalize or make noise during your orgasm?
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Did you have trouble staying still?

How much do you think you moved during orgasm on a scale of 1 (very
litle movement) to 7 (high movement)?

Please estimate the duration of your orgasm (in seconds).

Assessment of partner-induced orgasm condition:
How aroused were you during stimulation by your partner: scale of 1 (low)
to 7 (high)?
Were you fantasizing during stimulation by your partner? If so, content?
Did you fantasize during orgasm? If so, content?
How intense was your orgasm on a scale of 1 (low) to 7 (high)?
How pleasurable was your orgasm on a scale of 1 (low) to 7 (high)?
How satisfying was your orgasm on a scale of 1 (low) to 7 (high)?
Did you ejaculate during your orgasm?
Did you experience genital contractions?
If so, how many and how strong?
Did you hold your breath at orgasm?
Did your breathing change during stimulation?
Did you vocalize or make noise during your orgasm?
Did you have trouble staying still?
How much do you think you moved during orgasm: scale of 1 (very little
movement) to 7 (high movement)?
Please estimate the duration of your orgasm (in seconds).

Assessment of difference between self-stimulation-induced orgasm and
orgasm induced by partner stimulation:
How would you compare your orgasm induced by self-stimulation with that
induced by your partner during the experiment?
Intensity? Quality? Satisfaction?
How did these experiences differ from orgasm experiences outside the
scanner? Please elaborate.
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Appendix C. The secondary somatosensory cortex (S2)

The secondary somatosensory cortex, like its counterpart S1, is
located adjacent to a major brain sulcus, occupying the upper bank of the
lateral sulcus in the parietal operculum. First identified by Adrian (1940), who
showed that cats’ paws were represented not only in S1, but also in an
adjacent region, much less is known about S2, particularly in humans.

Region S2 in primates and humans, which refers to the totality of S2,
has customarily been divided into three anatomical areas, with the area
adjacent to S1 at the lateral sulcus known as the parietal ventral area (PV).
Adjacent and posterior to area PV is area S2 (not to be confused with region
S2). Lastly, the ventral somatosensory area (VS) lies deeper in the sulcus,
with its inner edge bordered by the insula and the outer edge adjoining the
PV.

Using ten post-mortem brains, Eickhoff et al. (2006a) further delineated
the cytoarchitecture of S2, (see Figure 1b), identifying four distinct, bilateral,
architectural areas of the human parietal operculum as follows: OP 1, roughly
equivalent to area S2; OP 3, corresponding to area VS; and OP 4, which is
analogous to area PV. Of these regions, only OP 2 does not appear to have an
S2 homologue in the infahuman primate brain, although researchers examining
the cortex posterior to the infrahuman primate S2 have described the region as
responding to input from the auditory and vestibular systems (Robinson &

Burton, 1980; Guldin & Grusser, 1998).
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The location of areas OP 1-4 in the right hemisphere of brain 1.

&
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Figure 1b.The location of areas OP 1—4 in the right hemisphere of brain 1. (A)
Drawings of serial coronal sections (right hemisphere displayed on the right
side) with OP 1—4 marked by different colors. The section numbers 1-10
correspond to the numbers in (C), where the planes of sectioning are marked
by lines. (B) Brain 1 from right lateral. (C) Flat map of OP 1—4 (same brain).
Reprinted from The Human Parietal Operculum. I. Cytoarchitectonic Mapping of
Subdivisions, S. B. Eickhoff et al, 2006. Cerebral Cortex, 16, Vol. 2 254-267
2006 Oxford University Press.

S2 connectivity
Region S2 receives connections from S1, and also from non-specific
thalamic nuclei (Swenson, 2006). The left and right S2 areas of region S2 are
densely interconnected such that stimulation of one side of the body will
bilaterally activate area S2. Area S2 is also connected with BA 1 and 3b, and

projects to area PV, BA 7b (part of the somatosensory association area), the
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insular cortex, amygdala, and hippocampus. Area PV of region S2 connects
with BA 5 and the premotor cortex (Augustine, 1996).

In summary, region S2 is anatomically connected to play a key role in
relaying somatic information from S1 and S2 to limbic structures by way of the
insula, thereby creating a potential cortico-limbic pathway for touch (Friedman

et al., 2004).

Overview of functions of S2

In contrast with S1, S2 is believed to perform functions such as
arousal- produced modulation of sensory activity. S2 also appears to
participate in aspects of somatosensory attention, learning, and memory
(Chen et al., 2008). There is considerable evidence that S2 plays a large role
in selective somatosensory perception, and that in contrast to S1, S2 is
specifically active as a function of modulation of attention to somatosensory
input (Hoechstetter et al., 2000; Broocks et al., 2002; Hamalainen et al., 2002).

In humans, there is evidence for the existence of complete,
somatotopically organized body maps in areas OP 4 and S2 of region S2,
most likely analogous to infrahuman primate areas S2 and PV. The lip, face,
hand, trunk, and foot are represented in a lateral to medial sequence,
respectively (Del Gratta et al., 2000). Other areas of region S2 do not appear
to have such clear organization (Disbrow et al., 2000). It is thought that the
somatic maps of region S2, such as those responding to somatosensory

stimulation of the hand, possess relatively large receptive fields that non-
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differentially encompass many or even all of the fingers, in contrast with the
digit-by-digit resolution of the S1 map of the fingers and hand (Ruben et al.,
2001).

That many different functions have been ascribed to S2 has led to
some confusion about its role. Perhaps the four distinct cytoarchitectural
areas of S2 modulate different somatosensory processes. Further research
correlating results of functional imaging data with specific cytoarchitectural

areas for clarification is indicated (Eickhoff et al., 2006a).

S2 and pain

In S2, non-painful stimuli activate distinct foci compared to painful
stimuli, which produce more posterior, diffuse activation (Ferretti et al., 2003).
Pukall et al. (2005) conducted an fMRI study comparing control participants
with women suffering from vulvar vestibulitis syndrome (VVS), which is the
most common cause of dyspareunia in pre-menopausal women (Meana et
al., 1997), affecting up to 12% of the population (Harlow et al., 2001). Painful
pressure applied to the posterior portion of the vulvar vestibule resulted in
bilateral activation in S2 (but, curiously, no activity in S1), with significantly
greater activity in S2 on the left side. Women suffering from VVS showed
more significant activations of S2 and reported higher pain intensity ratings to
comparable pressure than did control participants, leading the authors to
suggest that VVS involves an augmented sensory response to stimulation,

similar to processes that may underlie other disorders such as fibromyalgia
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and irritable bowel syndrome (Pukall et al., 2005).

S2 has also been implicated in the social pain of rejection. Kross et
al., (2011) used fMRI to demonstrate that participants who have recently
experienced the painful dissolution of a romantic relationship showed similar
activations in S2 and dorsolateral insula when viewing a head shot of their
former partner as when subjected to physical pain during the study. The
authors conclude that physical pain and emotional suffering are not only both
distressing, but appear to share common somatosensory representation.

There is also some support for the involvement of S2 in empathy (Hein
& Singer, 2008), both in response to another’s physical pain (Bufalari et al.,
2007) and similar S2 activations occurring while observing someone being

touched (Keysers et al., 2004).

S2 and the interpretation of sensation
Penfield and Rasmussen (1950) reported that when electric stimulation
was applied in the central fissure, patients rarely described sensation in the
“lower sacral and genital regions,” which the authors attributed to a “false
sense of modesty” (p. 418). When sensation was indeed reported in the penis,
it was not described as erotic. It is possible that, in addition to the social
inhibitions referred to by Penfield and Rasmussen, the type of stimulation, and
the context in which it was delivered, contributed to the lack of erotic genital
sensation reported.

It is not clear how electrical stimulation of the surface of the brain would
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differentially affect neurons responsive to stimulation of deep receptors (S1
areas 3a and 2), versus those predominantly responsive to stimulation of
cutaneous receptors (S1 areas 3b and 1). It is also doubtful that electrical
stimulation of the surface of the brain would effectively penetrate to the level of
region S2 and the insula (Di Noto et al., 2012), which may have limited the type
of sensation experienced to that of a more prosaic, than erotic, nature. In
addition, the anxiety-inducing context of the stimulation—which occurred in a
surgical suite with the patient’s brain exposed—may have interacted with the
above factors to reduce the probability that the stimulation would be
experienced erotically. Context, alone, could significantly impact whether
genital stimulation is experienced as erotic. Women routinely experience the
vaginal penetration by a speculum during a gynecologic exam as non-erotic,
although a comparable experience of vaginal penetration under a completely
different set of circumstances could be deemed both pleasurable and erotic.
There is some evidence that region S2 may play a role in the
interpretation of sensation as erotic. This will be presented in the

following section.

S2 and the insula as accessory areas to S1

A PET orgasm study that supports the notion that erotic sensation
may be encoded in places other than S1 reported that the strongest activation
observed during the clitoral stimulation condition (described by participants as

erotically pleasurable) occurred in left S2. This finding, in combination with
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other studies linking S2 to somatosensory attention, led the authors to
speculate that S2 may be involved in the appraisal of tactile genital stimulation
as sexual (Georgiadis et al., 2006). Additionally, the insula, with its rich
connections with much of the cerebral cortex including sensory association
areas and S2, has been identified as playing a role in visceral sensory
processing in a number of recent studies (Kern et al., 2001; Komisaruk et al.,
2004; Komisaruk & Whipple, 2005; Komisaruk et al., 2011; Eickhoff et al.,

2006b).

S2 representation of the anus and rectum

As the anal canal is innervated by somatosensory afferents from the
pudendal nerve (Golinger & Hughes, 1951), while the is rectum innervated by
visceral pelvic nerve afferents (Loening-Baucke et al., 1994) it is of interest
that anal sensations were processed in OP 4, human area PV, the same
cytoarchitectural area where hands (Eickhoff et al., 2006a), feet (Young et al.,
2004), and the penis (Kell et al., 2005) are represented, while rectal
stimulation evoked activations more anteriorly, on the precentral operculum
between OP 4 and BA 44 —not within region S2 (Eickhoff et al., 2006b),
indicating that somatosensory and visceral afferents may have functionally

and anatomically distinct representations.
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Appendix D. Additional Imagery study results

Preliminary analysis results

Differential contrasts
CTS>CTM (clitoris touch stimulate > clitoris touch model)
CIS>CIM (clitoris imagine stimulate>clitoris imagine model)
Apparent in Figures 1 and 2, less overall activity is evident in the

differential contrast, CTS>CTM (Figure 1), than in in the contrast CIS>CIM

(Figure 2) when both contrasts are seen at the cluster threshold z= 1.65, p< 0.05.

Figure 1. Clitoris touch stimulate>clitoris touch model; Flame 1, Cluster 1.65,
p<0.05.
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Figure 2. Clitoris imagine stimulate>clitoris imagine model; Flame 1, Cluster
1.65, p<0.05.

This observation led to an examination of the results of the basic contrasts
above and below the global mean (baseline) for the constituent contrasts, i.e.,
CTS, CTM, CIS, and CIM which indicated that the disparity of the results of the
differential contrasts seen in Figures 1 and 2 was caused by activity below the
global baseline in the constituent contrasts. This finding indicated that the results
of the differential contrasts should be contrast-masked, post-threshold, with the
corresponding basic contrasts (voxels above baseline) to assure that the results
viewed would be driven by positive changes in the BOLD signal. Similar results
were found for the differential contrasts for the Nipple Touch Stimulate> Nipple

Touch Model and Nipple Imagine Stimulate> Nipple Imagine Model comparisons.
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Final analysis results

Physical and imagined stimulation of the clitoris and nipple (pre-threshold

masked with imagery regions of interest; contrast-masked post-threshold)

Paracentral lobule activation: Physical stimulation conditions
CTS>CTM (clitoris touch stimulate > clitoris touch model)
NTS>NTM (nipple touch stimulate>nipple touch model)
The paracentral lobule was activated for both physical stimulation

conditions, with more apparent activation evident in the clitoris stimulation

condition, (Figure 3), than in the nipple stimulation condition (Figure 4).

Figure 3. CTS > CTM, Flame 1, z=1.0, p <0.01; Paracentral lobule.

Figure 4. NTS > NTM, Flame 1, z=1.0. p <0.01; Paracentral lobule.
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Paracentral lobule activation: Imagined stimulation conditions
CIS>CIM (clitoris imagine stimulate > clitoris imagine model)
NIS>NIM (nipple imagine simulate > nipple imagine model)
CIS>NIS (clitoris imagine stimulate> nipple imagine stimulate)

Bilateral activation of the paracentral lobule is noted in the clitoris imagine
stimulation condition (Figure 5), with a similar pattern, to a lesser degree,
observed in the nipple imagined stimulation contrast (Figure 6), as evidenced by
the result of the contrast CIS>NIS (Figure 7).

There were no significant differences observed in the paracentral lobule

when the physical conditions were statistically compared to the imagery

conditions.

Figure 6. NIS > NIM, Flame 1, z=1.0. p <0.01; Paracentral lobule.
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Figure 7. CIS>NIS, Flame 1, z=1.0, p <0.01; Paracentral lobule.

Primary somatosensory cortex (hand region) activations: physical
stimulation conditions
CTS>CTM (clitoris touch stimulate > clitoris touch model)
NTS>NTM (nipple touch stimulate>nipple touch model)
An area corresponding to the sensory representation of the hand was
activated in the left primary somatosensory cortex for all physical simulation

conditions, (Figures 8 and 9). No activity in this region was noted for the imagery

contrasts.

Figure 9. NTS>NTM, Flame 1, z= 1.0, p < 0.01; Left BA 3b.
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Primary somatosensory cortex (hand region) activations: Contrasts
between physical stimulation and imagined stimulation conditions
CTS>CIS (clitoris touch stimulate>clitoris imagine stimulate)

In a direct statistical comparison of the clitoris physical and imagined

stimulation conditions, a region of greater activity is observed in the hand region

of the clitoris physical stimulation condition (Figure 11).

Figure 10. CTS>CIS , Flame 1, z=1.0, p < 0.01; Left BA 3.

Primary motor cortex
CTS>CIS (clitoris touch stimulate>clitoris imagine stimulate)

In a direct statistical comparison of the clitoris physical and imagined

stimulation conditions, activation corresponding to the primary motor cortex is

noted in the regions corresponding to hand (Figure 11).

Figure 11. CTS>CIS, Flame 1, z =1.0, p < 0.01; Left BA4a.
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Secondary somatosensory cortex activations: physical stimulation
conditions

CTS>CTM (clitoris touch stimulate > clitoris touch model)

NTS>NTM (nipple touch stimulate>nipple touch model)

Activation of the secondary somatosensory cortex (parietal operculum

OP1 R) was observed in the clitoris physical stimulation condition (Figure 12). No

activity in the partial operculum was observed for physical nipple stimulation.

Figure 12. CTS>CTM, Flame 1, z=1.0, p < 0.01; Right OP1.

Secondary somatosensory cortex activations: Imagined stimulation
conditions

CIS>CIM (clitoris imagine stimulate > clitoris imagine model)

NIS>NIM (nipple imagine simulate > nipple imagine model)

Imagined stimulation of the clitoris and nipple similarly activated the

parietal operculum in area OP4 left (Figures 13 and 14).

Figure 13. CIS>CIM, Flame 1, z=1.0, p < 0.01; Left OP4.
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Figure 14. NIS>NIM, Flame 1, z= 1.0, p < 0.01; Left OP4.

Secondary somatosensory activations: Contrasts between physical
stimulation and imagined stimulation conditions
CTS>CIS (clitoris touch stimulation > clitoris imagine stimulation)

In the results of a direct comparison of the clitoris physical stimulation

condition and the imagined stimulation condition (Figure 15), a region of greater

activity in OP1 on the right side was observed.

Figure 15. CTS>CIS, Flame 1,z =1.0, p < 0.01; Right OP1.
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Cerebellum activations: Physical stimulation conditions
CTS>CTM (clitoris touch stimulate > clitoris touch model)
NTS>NTM (nipple touch stimulate>nipple touch model)
CTS> NTS (clitoris touch stimulate> nipple touch stimulate
NTS>CTS (nipple touch stimulate> clitoris touch stimulate)

A similar pattern of predominantly right-sided cerebellar activation is
observed in both the clitoris and nipple physical stimulation conditions, (Figures
16 and 17). When the clitoris and nipple contrasts are directly contrasted, there is
overall more activity on the right side of the cerebellum for the clitoris stimulation

condition, and more activity on the left for the nipple stimulation condition

(Figures 18 and 19).

Figure 17. NTS>NTM, Flame 1, z = 1.0, p < 0.01; Right cerebellum.
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Figure 19. NTS>CTS, Flame 1, z= 1.0, p < 0.01; Left cerebellum.

Cerebellum activations: Imagined stimulation conditions
CIS>CIM (clitoris imagine stimulate > clitoris imagine model)
NIS>NIM (nipple imagine simulate > nipple imagine model)
Cerebellar activations are also noted for the imagined stimulation
contrasts, with more activity on the right side for imagined clitoris stimulation,

(Figure 20) and bilateral cerebellar activity noted for the imagined nipple

stimulation (Figure 21)

Figure 20. CIS>CIM, Flame 1, z = 1.0, p < 0.01; Right cerebellum.
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Figure 21. NIS>NIM, Flame 1, z = 1.0, p < 0.01; Bilateral cerebellum.

Cerebellum activations: Contrasts between physical stimulation and
imagined stimulation conditions
CTS>CIS (clitoris touch stimulate> clitoris imagine stimulate)
NTS>NIS (nipple touch stimulate > nipple imagine stimulate)
CTS/NTS>CIS/NIS (physical conditions>imagery conditions)

Direct statistical comparison of the physical and imagined stimulation
contrasts for the clitoris (Figure 22) and nipple conditions (Figure 23) indicate
significantly more activity in the right cerebellum for the physical stimulation
conditions. When the conditions are collapsed such that data for clitoris and
nipple physical stimulation are combined and compared statistically with the
combined clitoris and nipple imagined stimulation data, the results of that

contrast indicate greater activity of the right cerebellum in the physical stimulation

conditions (Figure 24).

Figure 22. CTS>CIS, Flame 1, z=1.0, p < 0.01; Right cerebellum.
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Figure 24. CTS/NTS>CIS/NIS, Flame 1,z =1.0, p < 0.01; Right cerebellum.

Frontal cortex activation: Physical stimulation conditions
CTS>CTM (clitoris touch stimulate > clitoris touch model)
NTS>NTM (nipple touch stimulate>nipple touch model)
Frontal pole activation is noted in the clitoris physical stimulation contrast

(Figure 25), with less observed in the nipple physical stimulation condition

(Figure 26).

Figure 25. CTS>CTM, Flame 1, z=1.0, p < 0.01; Frontal cortex.
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Figure 26. NTS>NTM, Flame 1, z= 1.0, p < 0.01; Frontal cortex.

Frontal cortex activation: Imagined stimulation conditions
CIS>CIM (clitoris imagine stimulate > clitoris imagine model)
NIS>NIM (nipple imagine simulate > nipple imagine model)

Activations are observed in the orbital frontal cortex, frontal pole, frontal
medial cortex, superior frontal gyrus, inferior frontal gyrus, dorsolateral prefrontal
cortex, and anterior cingulate gyrus for clitoris imagine stimulation (Figure 27),
with a similar pattern, with less overall activity, noted for nipple imagine

stimulation (Figure 28). In general, there appears to be more overall activity on

the left side of the frontal regions.

Figure 27. CIS>CIM, Flame 1,z = 1.0, p < 0.01; Frontal cortex.
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Figure 28. NIS>NIM, Flame 1,z = 1.0, p < 0.01; Frontal cortex.

Frontal cortex activations: Contrasts between physical stimulation and
imagined stimulation conditions
CIS>CTS (clitoris imagine stimulation > clitoris touch stimulation)
NIS>NTS (nipple imagine stimulation> nipple touch stimulation)
CIS/NIS>CTS/NTS (imagery stimulation>physical stimulation)

Direct statistical analysis of clitoris imagined stimulation greater than
clitoris physical stimulation (Figure 29) indicates small regions of activation in the
frontal medial cortex, frontal pole, and the superior frontal gyrus, predominantly
on the left side. When nipple imagined stimulation is similarly compared to nipple
physical stimulation (Figure 30), the resulting contrast indicates activation of a
small region of the left frontal pole. And finally, when the data are collapsed
across conditions for imagery and physical stimulation (Figure, 31) the resulting

contrast indicates greater activity of the left orbital frontal cortex and frontal pole

in the imagery conditions.



147

Figure 31. CIS/NIS>CTS/NTS, Flame 1, z= 1.0, p < 0.01; OFC and frontal pole

left.
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Activations only present in imagined stimulation conditions
Insular cortex
CIS>CIM (clitoris imagine stimulate > clitoris imagine model)
NIS>NIM (nipple imagine simulate > nipple imagine model)

Activations of the insular cortex were observed only in the imagined
stimulation conditions, with the left insula activated in the clitoris imagined

stimulation contrast (Figure 32), and bilateral activation noted in the nipple

imagined stimulation contrast (Figure 33).

Figure 33. NIS>NIM, Flame 1, z = 1.0, p < 0.01; Bilateral insula.
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Amygdala and hippocampus
CIS>CIM
NIS> NIM
Activation of the left amygdala was observed for imagined clitoris

stimulation (Figure 34) and imagined nipple stimulation (Figure 35). In addition,

activation of the left hippocampus was noted in the nipple imagery condition. No

activation of these regions was noted in the physical stimulation contrasts.

Figure 35. NIS>NIM, Flame 1,z = 1.0, p < 0.01; Left amygdala and
hippocampus.
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Inferior parietal lobule
CIS>CIM
CIS>CTS
A region of activation of the left inferior parietal lobule was observed in the

clitoris imagined stimulation contrast (Figure 36). A small amount of activation of

this region is observed when the imagined clitoris stimulation is statistically

compared to the physical stimulation condition (Figure 37).

Figure 36. CIS>CIM, Flame 1, z=1.0, p < 0.01; Left IPL.

Figure 37. CIS>CTS, Flame 1, z=1.0, p < 0.01; Left IPL.
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Appendix E. Additional orgasm results

Self-induced orgasm compared with partner-induced orgasm

Mid Stimulation > Early Stimulation

The results were significant for the self group and the contrast self >

partner.

Figure 2. . Self group mean; Flame 1, Cluster 1.65, p<0.05, Bilateral thalamus.
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Figure 5. Self>Partner; Flame 1, Cluster 1.65, p<0.05, Right insula.
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Figure 8. Self>Partner; Flame 1, Cluster 1.65, p<0.05, Left amygdala.
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Figure 10. Self>Partner; Flame 1, Cluster 1.65, p<0.05, IFG and Anterior
Cingulate Cortex.

Late Stimulation > Mid Stimulation
There were significant results for the partner group mean and the contrast,

partner > self.

Figure 11. Partner group mean; Flame 1, Cluster 1.65, p<0.05, Brainstem and
widespread activations.
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Figure 14. Partner>Self; Flame 1, Cluster 1.65, p<0.05, OP1 Right.
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Figure 17. Partner>Self; Flame 1, Cluster 1.65, p<0.05, Right hippocampus.
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Figure 18. Partner>Self; Flame 1, Cluster 1.65, p<0.05, Posterior cingulate
cortex.

Figure 20. Partner>Self; Flame 1, Cluster 1.65, p<0.05, Premotor cortex.
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Figure 21. Partner>Self; Flame 1, Cluster 1.65, p<0.05, Medial prefrontal cortex.

Orgasm > Mid Stimulation
There were no significant results for the contrasts self>partner, partner>

self. The only significant result was for the partner group mean.

Figure 22. Partner group mean: Flame 1, Cluster 1.65, p <0.05, Paracentral
lobule.

Figure 23. Partner group mean: Flame 1, Cluster 1.65, p <0.05, Right
hippocampus.
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Figure 24. Partner group mean: Flame 1, Cluster 1.65, p <0.05, Left nucleus
accumbens.

Figure 25. Partner group mean: Flame 1, Cluster 1.65, p <0.05, Anterior
cingulate cortex and medial prefrontal cortex.

Orgasm > Late Stimulation

The only significant result was for the self group mean.

Figure 26. Self group mean: Flame 1, Cluster 1.65, p <0.05, Left BA3b.



160

Figure 27. Partner group mean: Flame 1, Cluster 1.65, p <0.05, OP1 left.

Orgasm > Early Recovery
There were no significant differences between group. The results for both

self and partner group means were significant.

Figure 29. Partner group mean; Flame 1, Cluster 1.65, p <0.05, Prefrontal
cortex.
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Early Recovery > Late Recovery

Only the Partner group mean was significant.

Figure 30. Partner group mean; Flame 1, Cluster 1.65, p <0.05, Paracentral
lobule.

Figure 32. Partner group mean; Flame 1, Cluster 1.65, p <0.05, Premotor cortex.
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Figure 33. Partner group mean; Flame 1, Cluster 1.65, p <0.05, Prefrontal cortex

Additional results for self-stimulation and partner-induced stimulation

orgasm combined group

Mid Stimulation > Early Stimulation

Figure 34. Thalamus activation: Mid stimulation > early stimulation. Flame 1,
Cluster 1.65, p <0.05.
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Orgasm > Early stimulation

Figure 35. Visual cortex activations; Orgasm > early stimulation. Cluster z =2.0, p
<.01.

Figure 36. Bilateral thalamus activations: Orgasm > early stimulation Cluster z
=2.0, p <.01.

Orgasm> Mid Stimulation

Figure 37. Left temporal pole activated at orgasm > mid stimulation. Flame 1,
Cluster 1.65, p <0.05.
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Figure 38. Supplementary Motor Area; Orgasm > mid stimulation. Flame 1,
Cluster 1.65, p <0.05.

Orgasm> Late stimulation

Figure 39. Premotor cortex activation: Orgasm > late stimulation. Flame 1,
Cluster 1.65, p <0.05.

Orgasm> Early Recovery

Figure 40. Visual cortex activation: Orgasm > early recovery. Flame 1, Cluster
1.65, p <0.05.
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Appendix F. Debriefing Interview Results

Physical and cognitive cues for onset and offset of orgasm and recovery

Physical cues

Hair stands on edge—1
Muscles contracting--8

Skin tingling—3

Breathing speeds up -8

Racing heart—38

Heat—3

Sensations in genitals—3
Genital contractions—7
Breathholding—4

Moaning-3

Energy running through body-2
Spine arches—2

Pulse in throat—2

Skin hypersensitivity-1

Energy rushing out of genitals—1
Involuntary movements-2

Cognitive cues

Feeling like things are happening involuntarily —3
A sense of a locomotive approaching-1

Feeling things suspended—1

No thoughts in head—5

Feelings of letting go—3

A rush of hormones hitting the head—1

A splash of super-sweetness—1

A bright bursting expansive feeling in my head—1
A burning, yearning feeling of love

Orgasm ending

Physical sensations associated with orgasm ending

Muscles stop contracting—8
Breath slows down-7
Genital contractions stop—6
Waves of pleasure over—5
Body flush--3
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Cognitive cues of orgasm ending

Conscious mind “kicked” back in-- 6

Sense of coming back to my senses—2

Could have continued, but felt you had enough data—consciously ended
the orgasm—1

Recovery

Physical cues

Body settled down -2

Breathing back to normal—4

Muscles relaxed—©6

No more buzzing sensations from genitals—2
Heart rate back to normal—4

Body feels heavy—4

Cognitive cues

Mind back all the way—5

Everything slowed down—2

Feel like | am coming back, like from yoga-1
Ready for another orgasm-1

Self-conscious of where | am -2

Feel complete and calm--2

Table 1. Orgasm estimate versus actual durations

Group Orgasm Duration | Estimation | Difference
1 Self 12.6 2 10.6
2 Self 204 6 14.4
3 Self 58.6 45 13.6
4 Self 10.68 7 3.6
5 Self 14.96 8 6.9
6 Partner 38.61 27 11.6
7 Partner 49.04 40 9.04
8 Partner 25.74 10 15.7
9 Partner 55.34 8 47.3
10 Partner | 50.74 11 39.7




Descriptive statistics for combined self and partner orgasm group

Variable N Range | Minimum | Maximum | Mean
Latency to orgasm 10 742.6 86.7 829.4 320.7
Orgasm duration 10 48.0 10.7 58.7 33.7
Recovery duration 10 66.7 225 89.2 51.0
Age 10 45.0 29.0 74.0 43.6
Movement (A) 10 2.5 .36 29 1.3
Absolute
Movement (B) 10 A7 10 27 19
Relative
Arousal during 10 4.0 3.0 7.0 5.5
stimulation
Fantasy during 10 1.0 .00 1.0 e
stimulation
10 1.0 .00 1.0 2
Orgasm intensity 10 3.0 4.00 7.0 5.35
Orgasm pleasure 10 4.0 3.00 7.0 5.35
Orgasm 10 4.0 3.00 7.0 5.30
satisfaction
Ejaculation 10 1.0 .00 1.0 10
0=no, 1=yes
Contractions 10 2.0 1.0 3.0 2.3
1=mild
2=moderate
3=strong
Breathholding 10 1.0 .00 1.0 40
0=no, 1 =yes
Breath changes 10 1.0 1.0 2.0 1.40
1= speeds up
2=stops
Vocalization 10 1.0 .00 1.00 .50
0=no
1=yes
Orgasm estimate 10 43.0 2.0 45. 16.4
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Appendix G.1. Women's clitoris, vagina, and cervix mapped on the sensory

cortex: fMRI evidence.
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Abstract

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—{MRI 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.

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.

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

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 self-
stimulation. 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

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

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 rthythmically 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, randomized-
sequence 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 15 mm-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.

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-oxygenation-
level-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.

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



1duosnuepy Joyny vd-HIN 1duosnuepy Joyny Yd-HIN

jduosnuepy Joyiny vVd-HIN

Komisaruk et al.

Results

171

Page 4

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.

MRlIcro [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.

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.

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 self-
stimulation. 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,

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



1duosnuepy JoyNY Vd-HIN 1duosnuep JOYINY Yd-HIN

jduosnuepy Joyiny Vd-HIN

Komisaruk et al.

172

Page 5

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.

Figure 3b and ¢ 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.

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 self-
stimulation 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).
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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.

The cerebellum activation observed in the present study during vaginal and cervical self-
stimulation 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.

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 ipsi-
lateral 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’.
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Precentral gyrus

Paracentral lobule
Central sulcus

Postcentral gyrus

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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Page 10

Clitoris

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
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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.

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

Cervix

Figure 3.

a:gGroup-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 self-

J 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 self-
stimulation 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).

J Sex Med. Author manuscript; available in PMC 2012 October 1.
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Appendix G.2.1. Effective connectivity among brain components during

the orgasm sequence in humans
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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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Appendix G.2.2. Men’s genital structures mapped on the sensory cortex:

fMRI evidence.
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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
mnervation 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 fiom 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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Appendix G.2.3. An fMRI video animation time-course analysis of brain

regions activated during self-stimulation to orgasm in women.
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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 i 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, ¢) 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

Left Midline > €80 regions

Right

5 min

Orgasm|
—

orgasm.
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Appendix G.2.4. An fMRI time-course analysis of brain regions activated

during self-stimulation to orgasm in women
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Authors: *B. R. KOMISARUK! N. J. WISE!, E. FRANGOS!, K. ALLEN!*3;
IDept Psychology, Rutgers, The State Univ. of New Jersey, NEWARK, NJ;

2Radiology, New Jersey Med. Sch. of UMDNJ, Newark, NJ; 3Princeton Neurosci.
Inst., Princeton Univ., Princeton, NJ

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 ofthe 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
mtense human experience.
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Appendix G.2.5. Tactile imagery somatotopically activates genital sensory

homunculus: fMRI evidence.
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Tactile imagery somatotopically activates genital sensory homunculus: fMRI evidence
Halls B-H

Wednesday, Nov 17, 2010, 9:00 AM -10:00 AM

*N. J. WISE!, E. FRANGOS!, B. R. KOMISARUK !

IPsychology, Rutgers Univ., Newark, NJ; ZRadiology, New Jersey Med. Sch. of
UMDNJ, Newark, NJ

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
mstructed 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
mtensity 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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2009, Acta Psychol., 132:190).
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Appendix G.2.6. Women's clitoris, vagina and cervix mapped on the

sensory cortex, using fMRI.
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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 S5min), 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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Appendix G.2.7. Persistent activation of vagus projections in humans after

electrical stimulation of the external ear: fMRI evidence
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Persistent Activation of Vagus Projections in Humans After Electrical Stimulation of the External Ear: fMRI Evidence

Author Block: Eleni Frangos, Rutgers University, Newark, NJ; Kachina Allen, Rutgers University, Newark, NJ; Nan Wise,
Rutgers University, Newark, NJ; Jens Ellrich, Aalborg University, Aalborg, Denmark; Wendy Birbano, Rutgers University,
Newark, NJ; Barry R. Komisaruk, Rutgers University, Newark, NJ;

Abstract:

Introduction: 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: parabrachial nucleus, thalamus, nucleus
accumbens, amygdala, and the insula. Activation was also observed in the postcentral gyrus, specifically, in the paracentral
lobule (genital region), and in the locus coeruleus, periaqueductal gray, and raphe nuclei. In addition, there was a significant
deactivation of the hippocampus (Frangos, E., et al. 2012, Soc. Neurosci, New Orleans, LA).

Methods: Twelve healthy participants (9 women) were scanned while mild electrical stimulation was applied for 7 minutes
followed by an 11 minute “off” period to the left concha and earlobe (control). All data were analyzed using FMRIB Software
Library (FSL).

Results: Time course analysis of the present data indicates a gradual increase in activation of these regions from the onset of
stimulation that persisted through the 11-minute post-stimulation scan epoch.

Conclusion: The temporal pattern of the persistence differed among the brain regions. There are clinical reports that
stimulation of the left vagus trunk, via electrodes implanted surgically in the neck, inhibits epileptic seizures, depression, and
pain. The present finding of the hippocampal deactivation suggests a mechanism for the anti-epileptic seizure effect; the
activation of the nucleus accumbens suggests a possible mechanism for the antidepressant effect; the activation of the
periaqueductal gray, raphe nuclei, and locus coeruleus suggests a mechanism for analgesia. 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.
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Appendix G.2.8. Activation of vagus projections in humans via electrical

stimulation of the external ear: fMRI time course analysis

Abstract Print View 9/28/13 12:59 PM
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Presentation Abstract

Program#/Poster#: 809.16/H11

Presentation Title: Activation of vagus projections in humans via electrical stimulation of the external
ear: fMRI time course analysis

Location: Halls B-H
Presentation time: Wednesday, Nov 13, 2013, 4:00 PM - 5:00 PM

Topic: ++D.18.a. Neurophysiology: Non-invasive mechanisms
Authors: *E. FRANGOS!, K. ALLEN!, N. WISE!, J. ELLRICH2-, W. BIRBANO', B. R.
KOMISARUK!;

]Dept. of Psychology, Rutgers, The State Univ. of New Jersey, Newark, NJ;

2Cerbomed GmbH, Erlangen, Germany; 3Hith. Sci. and Technol., Aalborg Univ.,
Aalborg, Denmark

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.

E. Frangos: B. Contracted Research/Research Grant (principal investigator for a
drug study, collaborator or consultant and pending and current grants). If you are a
PI for a drug study, report that research relationship even if those funds come to an
institution.; Cerbomed GmbH. K. Allen: None. N. Wise: None. J. Ellrich: A.
Employment/Salary (full or part-time):; Cerbomed GmbH. W. Birbano: None.
B.R. Komisaruk: F. Consulting Fees (e.g., advisory boards); Cerbomed GmbH.
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Appendix G.2.9. Activation of human vagus nerve afferent projections via

electrical stimulation of external ear: fMRI evidence.
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Activation of human vagus nerve afferent projections via electrical stimulation of
external ear: fMRI evidence.

Hall F-J
Wednesday, Oct 17,2012, 1:00 PM - 2:00 PM

*E.FRANGOS', J. ELLRICH??, J. DELL'ITALIA!,N. WISE!, B.R.
KOMISARUK;
lDept. of Psychology, Rutgers, The State Univ. of New Jersey, Newark, NJ;

2Cerbomed GmbH, Erlangen, Germany; 3Hith. Sci. and Technol., Aalborg Univ.,
Aalborg, Denmark

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.

Disclosures: E. Frangos: Other Research Support; Cerbomed GmbH, Erlangen, Germany.
Consultant/Advisory Board; Cerbomed GmbH, Erlangen, Germany. J. Ellrich:
Employment; Cerbomed GmbH, Erlangen, Germany. J. Dell'Italia: Other
Research Support; Cerbomed, GmbH, Erlangen, Germany. N. Wise: Other
Research Support; Cerbomed GmbH, Erlangen, Germany. B.R. Komisaruk:
Other Research Support; Cerbomed GmbH, Erlangen, Germany.
Consultant/Advisory Board; Cerbomed GmbH, Erlangen, Germany.

Keyword(s): VAGUS
ELECTRICAL STIMULATION
FMRI
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NIH - NIGMS 2R25 GM060826

[Authors]. [Abstract Title]. Program No. XXX.XX. 2012 Neuroscience Meeting
Planner. New Orleans, LA: Society for Neuroscience, 2012. Online.
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Genital stimulation, imagery, and orgasm in women:

an fMRI analysis

Department of Psychology
Rutgers University

August 26, 2014

Welcome to my dissertation defense. Thanks for coming.

Main Questions:

* How does the brain respond to physical versus
imagined genital stimulation?

* As the brain progresses to orgasm, how does its
regional activity change?

The main questions my dissertation addressed are how does the brain respond
to physical versus imagined genital stimulation. And as the brain progresses to
orgasm, how does its regional activity change? To address these questions, |
conducted two fMRI studies which | will present today.
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Background

My serendipitous observation in our prior mapping study:

Control condition - just thinking about genital stimulation -

activated genital sensory cortex!

The first study | conducted follows up a serendipitous observation | made in our
published mapping study. A control condition in which participants were
instructed to just think about genital stimulation resulted in activation of the
genital sensory cortex.

Our prior mapping study

the first to systematically map

clitoris, vagina, cervix and nipple on sensory cortex (S1)

Komisaruk BR, Wise N, Frangos E, et al (2011)

Women's clitoris, vagina, and cervix mapped on the sensory cortex

MRI evidence

Journal of Sexual Medicine, 8(10), 2822-2830

Our prior study was the first to systematically map the clitoris, vagina, cervix, and
nipple onto the sensory cortex (S1)
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Paracentral lobule - S1

Paracentral obule

This is the paracentral lobule, located in the sensory cortex. On the lower level is
Penfield & Rasmussen’s 1950 map of the sensory cortex--the sensory
homunculus-- generated by electrical stimulation of the surface of the brain. The
sensory homunculus is topographically organized along the surface of the cortex
with the representation of the foot and penis located midline, in the paracentral
lobule, and the leg, pelvis, trunk, arms, hand, face, and mouth extending more
laterally. Penfield did not map the FEMALE genital sensory cortex. This omission
prompted our study. Furthermore, the overall lack of research regarding the
neural correlates of female sexuality motivated me to pursue this line of research.
| thought this would have important clinical applications, which | will discuss later.
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Genital sensory cortex in women (N=11)

IN our prior study of the gemtal sensory cortex in women, we also mapped the
location of the finger and nipple as reference points. Our results indicate that the
clitoris, vagina, and cervix are represented in the paracentral lobule of the
sensory cortex, as Penfield found for the penis. In addition to the paracentral
activations, you can see lateral sensory cortex activations for arm and hand in
the conditions involving self stimulation. Of note: We were surprised to find that
in addition to the expected lateral projection to the trunk region, nipple stimulation
also activated the GENITAL sensory region (upper right of the slide)
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Control condition

Think of stimulation of your..."

@

o‘h;“ .- .
Clitoris

This slide shows results from the control condition of the mapping study. When
participants were asked to imagine specific body parts being tapped, without any
physical stimulation, this resulted in a surprising observation: just thinking about
these body parts being tapped produced brain activations in the paracentral
lobule similar to that induced by actual physical stimulation. You can see that the
sensory thalamus (the lower arrow on the left) and secondary sensory cortex
(lower arrow on the right) were also activated. In other words, when participants
were instructed to think about the sensations of their clitoris, vagina, or nipple
being tapped, the brain activations looked similar to those from physical genital
stimulation.
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versus

Nipple

In contrast to the similarity between thinking and physical stimulation in
paracentral lobule, there was greater activity in the frontal regions during the
think conditions than the tap conditions. These observations led me to design the
first study of my dissertation.

Study #1:

A systematic analysis of the effect of imagined stimulation:

clitoris and nipple

Stand S27?

Erotic versus prosaic? (imagine: dildo vs speculum)

Study one is a systematic analysis of the effect of imagined stimulation. We
compared imagined stimulation of the clitoris and nipple with physical stimulation,
extending our analysis from the primary sensory cortex (S1) to include the
secondary sensory cortex (S2), and other brain regions. We also added a new
condition in which we compared two types of imagery—erotic —and prosaic—by
comparing imagined dildo stimulation with imagined speculum stimulation.
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Research participants

N=11 healithy women (29-74 yo, M= 43.6, +/-13.6)
Self-identified as “easily orgasmic”

Open-ended interviews (pre and post scan)
Personal histories

Expenence in scanner

Our research participants were recruited by word of mouth. They self-identified
as easily orgasmic during prescreening. | conducted two open-ended interviews,
one pre- scan for personal history collection, and the other, post-scan, for them
discuss their experiences in the scanner. During the post-scan interview, they
rated the vividness of the imagery conditions and level of sexual arousal during
physical and imagery conditions.
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Experimental Design

Mapping

Imagery vs
Physical

Here is an overview of the design of my two studies, both of which were
conducted sequentially, during one continuous scanning session. The data for
the imagery vs. physical mapping study (that is study 1, labeled as mapping)
were obtained during the first 22 minutes of the scan. The data for study #2
(labeled as orgasm) were obtained during the second part of the same scan.
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Study 1: Experimental paradigm

Anatomical (MPRAGE)

imagne: model / stimulate
Nipple
Clitoris

ouch: model / stimulate
Nipple
Clitons

-

imagne samulation by
Speculum 30 sec
Dido 60 sec
Speculum 30 sec

After collection of the anatomical images, the participants rested for 60 s. The
conditions followed a conventional box car paradigm of 30 s off and 30s on, 5
times in succession, for a total of 5 minutes. The control condition is labeled as
model. | will describe that shortly. The imagery trials followed in separate
conditions. First was imagined nipple stimulation, followed by imagined clitoral
stimulation. For these conditions, the participants were instructed to think about
stimulating their own body parts. Then the physical touch conditions followed,
with nipple touch first, followed by clitoris touch. The controls”-- for the nipple and
clitoris imagined and physical stimulation—which we called “model” —were
implemented in order to keep the control and stimulation conditions as similar as
possible, except for the unique aspect of the condition of interest.

For the final imagery condition, imagined dildo stimulation vs. imagined speculum
stimulation, the participants alternated between the two imagery conditions for
total of two minutes, and were instructed to imagine someone else doing the
stimulation.
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Nipple Touch

To make the “model” control condition clear, consider the Nipple Touch
Stimulation trial. The participant first sees the instruction, “nipple model,” cueing
her to make the hand movements that she would do to rhythmically stimulate her
nipple without actually touching herself. Thus, the participant moved the fingers
of her right hand above her left nipple, fingers touching each other, but not her
nipple, for 30s.

Nipple Touch

Stimulate

For nipple touch, the participant was then cued to use her right hand to
rhythmically stimulate her left nipple. This sequence of nipple “model” and nipple
“touch” alternated 5 times for a total of 5 minutes.
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Nipple Imagine

For the nipple imagine trial, the “model” control condition was analogous to the
model condition for the physical trials, but the participant was instructed to think
about making the modeling movements, rather than physically execute them.

Nipple Imagine

Stimulate

For nipple imagine stimulation, the participant sees the instruction, “stimulate,”
which cued her to imagine rhythmically touching her left nipple with her right
hand for 30 s. The same protocol was used for the clitoris imagined stimulation
and clitoris touch conditions.
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Study #1: Data analysis (FSL 6.00)

e-Drocessing

Exception: manual brain isolation ("extraction”)

st analysis

Extended motion parameters
ag
-

0 lemporal dervatives
- L,t.j.l':' %
Clustered: z=1.0, p<0.01 magined vs. louch (clitons/mpple)

=165, p<0.05 imagined: dido > speculum

Post-threshold contrast-masking with voxels > 0

Study 1 data analysis. The data were analyzed with FSL. Because | found lower
than expected activity for the physical stimulation conditions, | used preselected
regions of interest to increase the power of the analysis, and lowered the
threshold for the clitoris and nipple imagined versus physical stimulation data.
Contrast-masking post threshold assured that the results reflected only activity
above baseline. Rather than go into more detail, | welcome any questions you
have about the methods.
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Paracentral lobule

magined stirmulation

Hhysical sthmulaton
- ﬂ
. ﬁ
>~
2210, p<0.01, N=1

Now for results. The paracentral lobule— the genital sensory cortex— identified
by crosshairs--was activated by both physical and imagined stimulation of the
clitoris and nipple. When compared statistically, the physical stimulation
conditions did not result in greater activation of the genital sensory cortex than
the imagined stimulation conditions.

Frontal activation

Contrary to the similarity of activation of the paracentral lobule, there was a
marked difference between physical and imagery stimulation in the frontal cortex.
Physical stimulation of the clitoris and nipple resulted in small regions of
activation of the frontal cortex, while imagined stimulation of the clitoris and
nipple resulted in greater activation of the orbital frontal cortex and frontal pole
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Frontal activation: imagined > physical stimulation
(combined clitoral and nipple)

10, p<O01. N 1"

When we combine data from imagined stimulation of clitoris and nipple, and
compare that with combined data for physical stimulation of clitoris and nipple,
the resulting statistical contrast indicated greater activity of the left orbital frontal
cortex and frontal pole in the imagery conditions.

Cerebellum activation: physical > imagined stimulation

*gsau

210 p<0.07. N=YY
In contrast, in the cerebellum, physical stimulation produced greater activation
than the imagined stimulation. In this case, data were combined for the physical

stimulation conditions (clitoris and nipple) and statistically compared with data
combined for the imagined stimulation conditions.
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S2 (OP4) Imagined stimulation

F*s

Clitoris Nipple

In the case of S2—the secondary sensory cortex, | will briefly discuss how it
differs from S1—the primary sensory cortex. For one thing, far less is known
about S2. It appears to play a role is somatosensory attention, and participates in
the evaluation of sensation. The area of S2 termed OP4 has been shown to
contain a somatotopically organized body map, similar to S1, with less detail, but
more affected by attention. As shown on the slide, area OP4 of S2 is activated by
imagined stimulation of the clitoris and nipple.

In the second part of study 1, we compared imagined dildo (erotic) stimulation
with imagined speculum (prosaic) stimulation.
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Imagine: dildo stimulation > speculum

e

cheus Accumbens nsula & Bilateral OP4

LY

Hippocampus Paracentral lobule
N= 1N

These are the results for imagined dildo stimulation activation greater than
imagine speculum stimulation. On the top left, we see activity in the
accumbens—a region associated with the reward system. On the top right, we
see bilateral S 2, and left insula—regions involved in sensory integration. On the
bottom row, from left to right, we have activity in two regions of the limbic system
(the amygdala and hippocampus)-- and finally at the far right, we have activation
of the genital sensory cortex. There were no brain regions that we more activated
by imagined speculum stimulation than imagined dildo stimulation.

Imagine: dildo stimulation > speculum

%M%%

halamus

-

J y
Fromal cortex

Additional results for the dildo imagery greater than speculum imagery condition
include the sensory thalamus (top) and medial prefrontal cortex (bottom).
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Conclusions: Study 1

corlex is more strongly activated by magined, than by physical

profic) vs speculum (vivid but prosaic) imagery findings suggest
ogencus” brain regions include: hippocampus, amygdala, insula

accumbens. medial prefrontal cortex. S1 and S2

We conclude that both the sensory cortex and thalamus, regions which were
believed to be activated only by physical, mechanic touch, can also be activated
by just imagining touch. We also conclude that the frontal cortex is more strongly
activated by imagined, than physical touch. The results of the imagined dildo
versus speculum suggest that brain regions that contribute erogenous
experience include the hippocampus, amygdala, insula, accumbens, medial
prefrontal cortex, and the sensory cortices.
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Study #2. Brain regional activation upon transition to
self- and partner-induced orgasm

Discrepancy in the literature
Frontal cortex and amygdala de-achivaled at orgasm

Georgladis of al (20086) Eur J Neurosci, 24:3305

Frontal cortex, amygdala, + many other regions activated at orgasm

Kormssavuk of ol (2004) Brain Research 102477

Due to sabent dfferences between the studies?
PET vs MRI

Partner- vs self-stimulation

Study 2: Brain regional activation upon transition to self- and partner-induced
orgasm addressed a major discrepancy in the literature regarding what happens
in the frontal cortex and amygdala at orgasm. The Georgiadis lab—using PET-
have reported that these regions are deac3vated at orgasm, while we--the
Komisaruk lab—using fMRI- have reported that the frontal cortex, amygdala, and
many other regions are activated at orgasm. Beside the different methods used,
PET vs. fMRI, another important difference is that the Georgiadis lab used
partner stimulation, while our lab used self- stimulation. In an attempt to reconcile
this discrepancy, this study compared self- stimulation-induced orgasm with
partner-stimulation induced orgasm.
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plogical challenge #1: Head movement

Average head movement reduced from 6 - 12 mm o it

We had two methodological challenges in performing the study. Challenge #1 is
artifact caused by head movement which is the biggest problem faced by fMRI
studies. Head movement poses a challenge to both spatial and temporal
resolution. A shift in head position as small 2mm—can cause reduction in the
signal to noise ratio. In a typical orgasm scan in the past, we had 6- 12 mm of
movement. We had developed an effective head restraint system (featured on
the right) for our old scanner, but had to reinvent it for the new scanner at
RUBIC. To protect his confidentiality, we disguised the gentleman on the left,
who is sporting the new version. Notice that we had to cut the blue plastic frame,
around which we mold the thermoplastic material, in order to fit into the Trio
scanner, and added a rigid foam cervical collar, extending up to the back of the
head to stabilize the head. For my study, we managed to reduce mean head
movement down to a maximum of only 1.3 mm, which allows for effective
statistical motion correction.
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Methodological challenge #2

The second big challenge for orgasm studies is variability in the duration of the
stimulation, orgasm, and recovery periods. As shown at the bottom of the slide,
the duration of stimulation-- that is the latency to orgasm-- ranged from 87- 829 s,
while the duration of orgasm ranged from 10- 59 s. The recovery period—or the
time it took for participants to be “over” their orgasm-- ranged from 23 to 89 s. |
dealt with this challenge by sampling, across participants, equivalent time points
reflecting comparable phases in the stimulation, orgasm, and recovery periods.
For stimulation (referring to the green bars), 10 s intervals are sampled at the
beginning, middle, and end of stimulation, regardless of the individual latency to
orgasm. For orgasm, (the red bar), an interval of 10 s is sampled at orgasm
onset. For recovery (the purple bars), 10 s intervals are sampled at the
beginning, and end of recovery. At the very top of the slide, you see a magnified
representation of the “going over into orgasm” transition, with the green bar
representing the last 10 s of stimulation immediately prior to orgasm onset, and
the red bar representing the first 10 s of orgasm. The purple bar represents the
first 10 s of recovery, immediately after the end of orgasm.



228

Experimental Design

Mapping

Imagery vs
Physical

Here is the overall schema of study 2: The plan was to counterbalance the order
of self-induced and partner- induced orgasm sequences, such that half of the
participants would self-stimulate to orgasm first, before the partner-induced
orgasm-- and the other half of participants, vice versa. The participants for study
2, N= 10, were from the same group as study 1, excluding those who were not
able to experience orgasm. All participants whose data were used confirmed in
the post-scan interview that they had, in fact, experienced orgasms as indicated.
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Study 2: Experimental paradigm

Upon completion of Study 1 (continuous scan)
60sec rest
Self / partner-stimulation
ution press
- beginning of stimulation
- onset of orgasm
- orgasm end
- end of recovery

5 man rest
Partner / self- stimulation
Bution press
- beginning of stimulation
- onsel of orgasm
- orgasm end
- end of recovery

5 men rest

Study 2 started after completion of study 1, and began with 60 s rest. Participants
were pre-assigned to one of two groups. The self-stimulation- first group
attempted the genital self-stimulation-induced orgasm first, pressing the button
consecutive times to indicate when she started stimulation, when orgasm began
and ended, and finally, to indicate that she was recovered.

Following five minutes of rest for the participant, the partner stimulation protocol
began. Her partner was instructed, via earphones, to begin stimulation. The
participant followed the same protocol for indicating, by button press, when
stimulation began, when orgasm began and ended, and to indicate she was
recovered. In order to counterbalance the sequence, the protocol for the partner-
stimulation-first group was the reverse. After completion of both orgasm
sequences, the participants rested in the scanner for 5 minutes before the
scanning ended.

As some participants were unable to experience orgasm during the partner-
stimulation sequence, we were unable to counterbalance symmetrically. This
prompted the decision to use only orgasms experienced as the first in a scanning
session—leaving us with five induced by partner stimulation, and five by self
stimulation-- so that we wouldn’t have order effects confounding the data.
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Study #2: Data analysis (FSL 6.00)

Exception: manual brain isolation ("extraction”™)

De-Dram analysis
FSL_motion_outliers + standard motion parameters
Temporal derivatives
FLAME 1

Clustered: 2=1.65, p<0.05

2=1.50, p<0.01
Naly

Resolution optimization (no spatial smoothing)

z=1.0 p({) 01

Again, the data were analyzed with FSL. Of special note is that in addition to
limiting head movement with our restraint system, FSL-motion-outliers was used
in conjunction with standard motion parameters for motion correction. A whole
brain analysis was done, as well as an region of interest analysis of the lower
brainstem. A time course analysis of the going-over- to orgasm period was also
preformed. Again, if you have any questions about methods, feel free to ask.
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Results: Partner v. self-stimulation groups (N=5)

There were no differences in activation between self- and
partner-stimulation groups at orgasm

There were no deactivations in any regions at orgasm for self-
or partner-stimulation groups, or combined self- + partner-
stimulation group

There was a significant difference between groups in mean
latency to orgasm

The results of the partner versus self-stimulation group analysis indicated that
there were no differences in activation between self and partner stimulation
groups at orgasm. Furthermore, there were no deactivations in any regions at
orgasm for the self-or partner stimulation group, or when we combined the data
from the self and partner groups. There was a significant difference between
groups in mean latency to orgasm--with the self stimulation group averaging 165
s of stimulation before orgasm onset, while the partner group averaged 476 s.
This contributed to differences between groups during stimulation.
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Combined-group data analysis (N=10)

Based on the lack of significant differences between self- and
partner-stimulation groups at orgasm, we combined the data

from the two groups.

Based on the lack of significant group differences between self- and partner-
stimulation groups at orgasm, we combined the data from both groups. | will now
present results from the combined group analysis.

When we look at the going over to orgasm period (that is, the first 10 s of orgasm
greater than the 10 s immediately preceding the orgasm) from the vantage of the
threshold, z = 1.65, we see activations of sensory regions including the genital
sensory cortex (the paracentral lobule) and S2 (top row)-- and sensory
integration regions, the insula, posterior cingulate, and parietal cortex (bottom
row). From this view, the transition-to-orgasm looks like a major sensory-
integration event.
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Orgasm > Late stim, z=1.5, p<0.01

-

When we drop the threshold just a bit—from a z of 1.65 to 1.5—we see activity in
limbic regions such as the hippocampus and amygdala (top row), and reward
regions including the accumbens and septum-- and also the anterior

hypothalamus (bottom row), where the neurons that secrete oxytocin at orgasm
are located.
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Orgasm > Late stim

When we see this same transition period, from the perspective of the lower
brainstem, we see activation of the posterior hypothalamus that controls the
sympathetic division of the autonomic nervous system; sympathetic activation is
the predominant autonomic tone at orgasm. The periaqueductal gray, which
plays a key role in endogenous analgesia, is also activated. This activation could
account for the marked reduction in pain sensitivity that Beverly Whipple, who is
sitting in the audience, and Barry, previously reported to occur at orgasm. That
finding was Beverly Whipple’s doctoral dissertation, which she did here, with
Barry.
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Orgasm > Late stim

Substantia Nigra and Ventral Tegmental Area

More brainstem regions that are activated in the transition to orgasm include the
substantia nigra and ventral tegmentum, which are components of the meso-
cortico- limbic dopamine system, involved in pleasure and reward. The ventral
tegmental area is the source of dopamine neurons that project to the nucleus
accumbens, which was shown in a previous slide to be activated at orgasm.

Orgasm > Late stim

Again we see activation of the ventral tegmental area on the top, and below that,
the dorsal raphe nucleus, another component of the endogenous analgesia
system. On the bottom, we see activation in the region of the dorsal vagal
nucleus —suggesting that the parasympathetic component of the autonomic
nervous system is also activated at orgasm.



236

In contrast to the analyses we just discussed, comparing the 10 s before and
after orgasm, we also performed a time course analysis, breaking the transition
period down into 2 second intervals. While an analysis of specific regional
differences is premature, the results of this time course study show an overall
trend for different brain regions to become activated, leading up to orgasm, and
during orgasm, in a variety of patterns. We are continuing this type of analysis,
using a longer time frame, and applying effective connectivity methods with
Steve and Catherine Hanson’s IMaGES program.
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Orgasm sequence: activity contrasts
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Here is a table summarizing the results from other time points in the sequence of
stimulation, orgasm and recovery. The grey column on the far left lists the brain
regions. From left to right, each column summarizes the results of different
contrasts: activity greater in mid stimulation than early stimulation -- activity
greater at orgasm than mid stimulation--activity that is greater at orgasm than
late stimulation (which is the column in orange)-- activity greater at orgasm than
early recovery--and finally, activity greater at early recovery than late recovery.
The plus marks indicate the relative degree of activity. The blank spaces mean
that there is no significant difference between the two conditions compared in the
column. But it is important to recognize that the lack of significant difference, in
some cases, reflects comparably high levels of activity.
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Ne 10 2+ 185 0 Biaterw L Lot sde. Rt Right side

The activity in the second column is greater than that in the first column,
indication an overall increase in activity at orgasm.

N 10 2+ 185 5 Bt L Loft sde. R Right side

Comparison between orgasm and mid stimulation (left column) shows an overall
dramatic increase in activity at orgasm. The column on the right emphasizes
those brain regions that are particularly, strongly activated in the brief period of
transition going over into orgasm.
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N0 2+ 105 0 Bieterw L Loft sdde, It Right e

When we look at the activity of the prefrontal cortex, we see that it is active
throughout the stimulation, orgasm, and recovery sequences. The blank space in
the orange column indicates that activity of the prefrontal cortex does not
significantly change in the transition period to orgasm. There was no evidence of
deactivation at orgasm for the prefrontal cortex, amygdala, or any other brain
region.

N 10 2+ 105 5 Blaterw L Loft sdde. I Right side

A view of the activity contrasts for the genital sensory cortex (paracentral lobule)
shows that it’s activity increases significantly over the course of stimulation, at
orgasm, and that it remains active into recovery.
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Limitations

Sample size in sell- vs. parner-induced stimulation study
P y

Physical stmulation of clitons and nipple resulted in less robust activations

than in our previous study, and less activity than magined stimulaton

‘Modelng™ control may have been very similar to physical stimulation

Habituaton and fatigue due to many experimental tasks and long scan

The major limitation of the orgasm study was the small sample size in the self-vs-
partner-induced stimulation groups. More participants are needed to increase the
N. With a larger sample size, we would likely be able to increase the statistical
threshold for the going-over-into orgasm analysis, increasing the number of
regions participating in the transition.

A limitation of study 1 is that physical stimulation of the clitoris and nipple
resulted in less robust activations than in our previous study, and less activity
than in the imagined stimulation conditions. A possible explanation is that the
modeling control may have been very similar to physical stimulation, thereby
reducing the difference between the control condition and the condition of
interest. This could have contributed to the relatively low activity seen in the
physical stimulation conditions. Habituation and fatigue due to the many
experimental tasks and long duration of the scan might have also played a role in
the less —robust- than expected findings for physical stimulation of the clitoris and

nipple.
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Conclusions

Genital stimulation activated widespread brain regions in differential

temporal pattermns in the approach to, dunng, and after orgasm
There was no evidence of deactivation of any brain region at orgasm

nduced by sell- or partner-induced stimulation (or in the combined

Gong over Nlo orgasm involves sensory integrative, mbic, molor

reward, and neocortical regions

Conclusions: Genital stimulation recruits widespread brain regions in differential
temporal patterns during the approach to, during, and after orgasm. There was
no evidence of deactivation of any brain region at orgasm induced by self-or-
partner- induced stimulation, or in the combined group. Going-over into orgasm
involves sensory integrative, limbic, motor, reward and neocortical regions.
Orgasm is a big brain event.
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Significance

Development of treatments for

AnOrgasmia

Hypoactive sexual desire

PGAD (Persistent Genital Arousal Disorder)
Dyspareunia (painful intercourse)
Vulvodyna (vulvar pain)

Pelvic pain syndromes

The knowledge gained by my dissertation research is a step toward clarifying the
role that the sensory representation of the female genitals may play in sexual
disorders. We need to understand how things work before we can intervene
when things don’t, for example in for example, in anorgasmia. More work is
needed to facilitate the development of effective treatments for Persistent genital
arousal disorder dyspareunia--painful intercourse, vulvodynia—vulvar pain, and
other pelvic pain syndromes.
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Future directions

Analyze effective connectivity

avelop real-ime fMRI methods at RUBIC to study our identified

peasure-system virtuosos

molement neurobiofeedback methods for mood enhancement theragses

Future directions include to analyze the effective connectivity of the brain regions
activated during stimulation, orgasm, and recovery to explore how these regions
interact. A big step in this work would be to develop real time fMRI methods at
RUBIC so that we can study our pleasure system virtuosos at play to gain
insights —and apply this knowledge toward implementing neurobiofeedback
methods for mood enhancement therapies.



Thank you

My Committee

Barry R. Komisaruk, Ph.D
Mauricio Delgado, Ph.D
Eeobee Tricomi. Ph D
Catherine Hanson. Ph D
Beverly Whipple, Ph.D
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My Lab

Eleni Frangos, Ph.D
Wendy Birbano
Kachina Allen. Ph.D
Pooja Lakshmin, M.D

Jessica Rivera

A big thank you to my committee members, Barry, Mauricio, Eebie, Catherine,
and Beverly. You have all been wonderful. To my advisor, dear Barry, words fail
to communicate my appreciation. To my mentor, Beverly, you are the reason why
| am standing here! And to my lab-mates, Eleni, Wendy, Kachina, Pooja, and our
newest member, Jessica, | literally couldn’t have done it without you ladies. A
special thanks to RUBIC for giving me a pilot grant—and to Steve, Catherine and
Gregg for making scanning there a pleasure.

Questions

And now, for questions?
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