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Abstract: Lesion studies on nonhuman primates utilizing recognition memory tests have shown that
the orbitofrontal cortex is critical for the encoding of novel information, and anatomical studies have
shown that the orbitofrontal cortex forms part of a mnemonic circuit that connects limbic medial tem-
poral areas with higher-order lateral frontal cortical regions. Furthermore, functional neuroimaging
studies have demonstrated increased activity in the orbitofrontal cortex of the human brain during the
encoding of novel visual and auditory information. The present positron emission tomography study
examined brain activity related to the encoding of tactile information. Cerebral blood flow (CBF) in
normal human subjects during the tactile exploration of novel stimuli from a related set of textures
and patterns, as well as from a set of aversive tactile stimuli, was compared with CBF during a control
condition involving familiar tactile stimuli. The results demonstrate that the right rostral orbitofrontal
cortex is involved in the active encoding of novel tactile information, while a more caudal region of the
orbitofrontal cortex, which is more closely connected with limbic and autonomic regions of the brain,
was activated when subjects explored novel aversive tactile stimuli. These results suggest that the orbi-
tofrontal cortex, through its connections with the limbic areas of the medial temporal lobe, influences
the processing of incoming information and thus contributes to its encoding. Hum Brain Mapp 30:650—
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INTRODUCTION

At the cortical level, tactile information is first coded in
the primary somatosensory cortex (SI) as shown by lesion
[Randolph and Semmes, 1974] and electrophysiological
studies [Nelson et al., 1980] in the monkey. Further proc-
essing takes place in the secondary somatosensory cor-
tex (SII) [Murray and Mishkin, 1984; Ridley and Ettlinger,
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1976], as well as in the insular cortex [Friedman et al.,
1986], leading to the perception of touch. Several investiga-
tors have described a cortico-limbic pathway for tactile
memory, linking SI to insular areas via SII and then the
insula to limbic structures in the medial temporal lobe,
such as the entorhinal and perirhinal cortex, the amygdala,
and the hippocampus [Friedman et al., 1986; Mishkin,
1979]. What areas of the frontal lobe play a direct role in
the encoding of tactile information in memory? Further-
more, if tactile information deviates significantly from ex-
pectation and is therefore slightly aversive, are those fron-
tal areas that are most closely related to the limbic system
involved? Research on the monkey utilizing recognition
memory tests suggests that the orbitofrontal cortex is as
important to the encoding of information [Bachevalier and
Mishkin, 1986; Meunier et al.,, 1997] as the well known
memory structures of the medial temporal region [Milner,
1972; Mishkin, 1982; Squire and Zola-Morgan, 1991; Zola
et al., 2000].
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Anatomical studies have demonstrated that the majority
of connections between the medial temporal lobe and the
frontal lobe are with the orbitofrontal cortex [Barbas and
Blatt, 1995; Insausti et al.,, 1987]. In line with these facts,
recent functional neuroimaging studies have demonstrated
that the orbitofrontal cortex is involved in the encoding of
visual [Frey and Petrides, 2000, 2002, 2003; Petrides et al.,
2002], and auditory information [Frey et al., 2000, 2004].
Several functional imaging studies have also implicated
the orbitofrontal cortex in various aspects of somatosen-
sory processing [Francis et al., 1999, Hagen et al., 2002,
Rolls et al., 2003]. In addition, the posterior agranular and
dysgranular region of the orbitofrontal cortex has strong
bidirectional connections with structures such as the amyg-
dala [Amaral and Price, 1984; Barbas and de Olmos, 1990;
Carmichael and Price, 1995; Pandya and Yeterian, 2001;
Porrino et al.,, 1981] and the hypothalamus [Ongiir et al.,
1998; Rempel-Clower and Barbas, 1998] that are known to
regulate emotion. Consistent with these anatomical find-
ings, functional neuroimaging data show that more poste-
rior areas of the orbitofrontal cortex are activated when
subjects are exposed to visual and auditory stimuli that
deviate significantly from expectation, rendering them
slightly aversive [Frey et al., 2000; Petrides et al., 2002]. In
addition, electrical stimulation of the posterior orbitofron-
tal region has shown that this region can influence auto-
nomic responses, such as blood pressure and heart rate in
both monkeys and humans [Bailey and Sweet, 1940; Del-
gado and Livingston, 1948; Hall and Cornish, 1977; Hall
et al., 1977; Livingston et al.,, 1948]. Thus, one can infer
that the caudal orbitofrontal region, via its connections
with the hypothalamus [Ongiir et al., 1998; Rempel-Clower
and Barbas, 1998], is in a position to regulate autonomic
responses to stimuli that might induce emotional reactions.

Given the abovementioned facts, this study examined
activity within the right orbitofrontal region using positron
emission tomography (PET) during the encoding of novel
tactile stimuli and tactile stimuli that deviate significantly
from the subjects’ expectations. To find the ideal tactile
stimuli for this purpose, a psychophysiological experiment
was carried out prior to the PET study, in a separate group
of subjects, to evaluate the emotional significance of the
tactile stimuli. We reasoned that more aversive tactile stim-
uli would lead to elevated galvanic skin responses.

MATERIALS AND METHODS

Subjects

Nine female volunteer subjects (20-31 yr of age; mean
age 25.6 yr) participated in the PET experiment. There was
no history of neurological or psychiatric illness in any of
the subjects, and none had any neurological deficits.
Informed consent was obtained from the subjects after the
nature and possible risks of the study were explained to
them.

Eight right handed female subjects (21-29 yr of age;
mean age 25 yr), different from the subjects that partici-
pated in the PET scanning session, were tested in a psy-
chophysiological experiment that examined their skin con-
ductance response to the tactile stimuli. The subjects from
both the PET and psychophysiological experiment were
right-handed according to the Edinburgh handedness in-
ventory [Oldfield, 1971]. This study was approved by the
Ethics Committee of the Montreal Neurological Institute.

Scanning Procedures

PET was the method of choice since it is difficult to
image the orbitofrontal area with functional magnetic reso-
nance imaging (fMRI) because of field inhomogeneities
near the sinus cavities [Devlin et al., 2000; Lipschutz et al.,
2001; Ojemann et al., 1997; Stenger, 2006]. The subjects
were scanned for 60 s with PET under each condition of
testing. PET scans were obtained with a CTI/Siemens HR"
63-slice tomograph operated in a three-dimensional acqui-
sition mode. In addition to the PET scans, each subject
underwent a high-resolution magnetic resonance imaging
(MRI) study which was used to align data sets stereotacti-
cally for within- and between-subject averaging of the
functional data obtained with PET. The distribution of cer-
ebral blood flow (CBF) was measured during the 60 s scan
by means of the water bolus H,'?O methodology [Raichle
et al., 1983]. In each scan 10 mCi of ®O-labeled H,O was
injected into the left antecubital vein.

Testing
General testing procedure

Three conditions, tactile encoding, aversive tactile, and tac-
tile control, constituted this study and were part of a larger
10-scan PET session designed to examine the function of
the frontal cortex. Subjects were blindfolded for the dura-
tion of the experiment and therefore never saw the tactile
stimuli. Each subject was scanned once per condition.
Their right arm was supported on an arm rest that was
attached to the PET scanner bed. The arm rest was
adjusted for each subject so that their fingertips extended
over the edge, facing downwards (Fig. 1). In all conditions
(except for five stimuli in the tactile aversive condition
described later), the stimuli consisted of pieces of abstract
patterned rubber or carpet (12.7 cm width X 7.62 cm
length) that were mounted on cardboard squares (12.7 cm
X 12.7 cm). The thickness of the stimuli ranged in height
from 2 to 10 mm off the cardboard backing. The subjects
had no task decisions to make during the scan and were
instructed simply to touch each item that was presented
(one at a time) at their finger tips and to remember it for
future recall. The experimenter was in charge of placing
and removing the different stimuli (every 4 s) during each
condition. Each stimulus was present for 4 s during which
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Figure I.

Examples of individual galvanic skin responses (GSR) to the dif-
ferent types of tactile stimuli during the psychophysiological
experiment. Baseline GSR rates were recorded in microsiemens
(nS) and were first obtained by presenting the subjects with fa-
miliar control stimuli (Control). Novel: GSRs to non-aversive

time the subject explored with the fingers the stimulus. A
total of 15 stimuli were presented during each 60 s PET
scan. The stimulus material used in this experiment was
made as abstract as possible in order to prevent verbaliza-
tion and semantic associations that might result from
touching familiar objects and which would thus activate
regions of the frontal cortex, such as the left inferior frontal
language area. Verbalization of the material might have
also set in motion other processes of the lateral frontal
lobe involved in higher-order executive memory functions
but not specifically needed for active encoding [Petrides,
2000]. A recognition test for the stimuli presented during
the tactile encoding condition and the aversive tactile con-
dition was administered several minutes after the end of
the scan session while the subjects were still inside the
scanner. During the recognition test, the blindfolded sub-
jects were presented, one at a time, with seven tactile stim-
uli that they had touched during the PET scan along with
seven novel stimuli in a random order. The subjects
responded verbally (yes/no) whether they had recognized
the tactile stimulus as one that had been presented during
the PET scanning.

tactile stimuli used in the PET novel tactile encoding condition.
Aversive: GSRs to aversive stimuli used in the PET aversive tac-
tile condition. Significant differences were observed between the
aversive and the non-aversive tactile stimuli (paired t-test, P <
0.05).

Tactile Control Condition

Three familiar stimuli were used in this condition. One
of the three familiar tactile stimuli was presented to the
blindfolded subjects’ fingertips for 4 s and then another
stimulus for the same period until the end of the scanning
period. The subjects had been simply instructed to touch
the tactile stimulus presented. The stimulus to be pre-
sented was randomly selected from the three familiar stim-
uli throughout the scanning period. The stimuli were fa-
miliar to the subjects because the subjects were allowed to
touch each stimulus three times just before scanning
began. Lying in the scanner, the blindfolded subjects were
presented with the three stimuli once, then once more in a
different order, and in a different order for a final time.
Scanning began soon afterwards. All the subjects were
informed that this was the control condition and only one
scan was performed per subject.

Tactile Encoding Condition

This condition was designed to test the hypothesis that
the encoding of tactile information would selectively acti-
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vate the right rostral orbitofrontal cortex (area 11). The
blindfolded subjects were presented with 15 novel tactile
stimuli during the scanning session and were specifically
asked to try to remember them. Although each stimulus
was unique, the stimuli had similar properties to those
used in the control condition, i.e. they were different pat-
terns of rubber or carpet. Prior to scanning, the subjects
were informed that a recognition test would be adminis-
tered at the completion of the encoding PET condition.
Each one of the 15 stimuli was presented once for 4 s. The
total number of stimulus presentations and the method of
presentation was the same as in the tactile control condition,
the only difference being that the subjects were asked to
memorize the tactile information.

Aversive Tactile Condition

This condition was designed to test the hypothesis that
attending to tactile stimuli that significantly deviated from
the normal set and are therefore slightly aversive would
activate more caudal regions of the orbitofrontal cortex
(area 13). Prior to scanning, the blindfolded subjects were
allowed to explore with their fingers three new tactile
stimuli. These three stimuli were similar in design to the
three stimuli that were used in the tactile control condition
(i.e. they were abstract patterned rubber or carpet), and
again, the subjects were able to familiarize themselves
with these stimuli by touching them three times just before
scanning began, as in the control condition. During scan-
ning, five aversive stimuli, mounted on similar cardboard
squares (see testing procedure) were inserted into the pre-
sentation sequence in this condition. Thus, the subjects
experienced standard familiar tactile stimuli interspersed
with novel aversive stimuli. The five aversive stimuli used
were: sandpaper, steel wool, tiny plastic spikes, a tacky ge-
latinous solution, and tacky gummy “worms.” The subjects
were told simply to attend to the randomly presented
stimuli and to touch them as they had previously. Without
informing the subjects, every third stimulus presented was
an aversive stimulus. In other words, during the scan, the
subjects were presented with two familiar stimuli followed
by an aversive stimulus. Apart from the aversive stimuli
that were inserted into the presentation sequence of stim-
uli, all other aspects of the tactile aversive condition were
identical to the tactile control condition. This condition was
always presented last in the scanning session.

Data Analysis

The CBF images were reconstructed and blurred with a
Gaussian filter to a resolution of 12-mm, normalized for
differences in global CBF, and coregistered with the indi-
vidual MRIs [Woods et al., 1993]. The MRI volumes were
then transformed into the Montreal Neurological Institute
(MNI) standardized stereotaxic space that is based on the
Talairach space [Talairach and Tournoux, 1988] by means
of an automated feature-matching algorithm [Collins et al.,

1994]. The statistical significance of focal changes was
tested with a method based on 3D Gaussian random field
theory. For an exploratory search involving all peaks
within the grey matter volume of 600 ml, the threshold for
reporting a peak as significant was set at t = 4.41, corre-
sponding to a corrected probability of P < 0.05. For a pri-
ori regions of interest within the orbitofrontal region, the
threshold for significance was set at t = 3.10, correspond-
ing to a corrected probability of P < 0.05 based on a 2 cm
diameter sphere that was centered over the orbitofrontal
cortex in the right hemisphere [Worsley et al., 1996].

Psychophysiological Experiment: Behavioral
Testing to Select Stimuli for the PET
Scanning Session

Recall that different subjects were used for the behav-
ioral testing experiment in which the stimuli for the PET
scanning study were screened for selection. During this
experiment, the subjects were blindfolded and skin con-
ductance was continuously monitored using silver electro-
des that were attached to the palmar surface of the left
index and middle fingers, and the signal was measured
via a galvanic skin conductance (GSR) apparatus (ADIn-
struments, Australia). The GSR signal was amplified and
sampled at 100 Hz, and the filtered data were displayed
online and recorded digitally using Chart 4.1 software
(ADInstruments, Australia) and a PowerBook G4 com-
puter. The subjects were initially presented with the three
stimuli that were used in the PET tactile control condition to
familiarize the subjects with the type of stimuli to be used
and to obtain baseline GSR rates which were recorded in
microsiemens (uS). The quantitative analysis of the GSR
traces was based on the difference between the maximum
of the skin conductance signal and a period of 2 s follow-
ing stimulus onset (see Fig. 1). The subjects were presented
with the different patterned rubber and carpet stimuli
used in the PET tactile encoding condition, as well as with
the aversive stimuli used in the PET tactile aversive condi-
tion. All the testing procedures and the stimuli were the
same as those described in the PET general testing proce-
dure except that after the 4 s presentation of each stimulus,
8 s of additional time was allowed to elapse in order to
allow for the GSR traces to return to baseline levels. The
subjects were not informed that aversive stimuli were to
be used. A recognition test was administered several
minutes after each test condition, i.e. the tactile novel and
the tactile aversive conditions. Each subject was presented,
one at a time, with half of the stimuli they had been
exposed to during the test condition along with an equal
number of novel stimuli. The order of presentation of the
familiar and the novel stimuli was randomly determined.
The subjects responded verbally (yes/no) after each stimu-
lus presentation to indicate whether they had recognized
each stimulus as having been shown during the previous
testing condition.
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TABLE I. Regional brain activity for all subjects and conditions

Brain area Side

t Statistic Stereotaxic coordinates (x, y, z)

Novel tactile encoding condition compared with the control condition

Orbitofrontal cortex (area 11) R
Frontal lobe (area 6/8) L
Frontal lobe (area 6) R

Aversive tactile condition compared with the control condition
Orbitofrontal cortex (area 13)
Somatosensory cortex (area %2)
Frontal lobe (area 6)

Subcortical (thalamus/hypothalamus)

R R"”A

Novel tactile encoding condition compared with aversive tactile condition

=

Orbitofrontal cortex (area 11)

3.13 28,32,-6
4.46 —50, 10, 32
4.15 20, 10, 57
3.14 27,30, =5
422 43, —25, 54
3.77 —13, =19, 59
3.61 8, —9,0
2.97 36, 53, =9

The MNI standardized stereotaxic coordinates (mm) representing changes in cerebral blood flow. x, medial-to-lateral distance relative to
the midline (positive, right); y, anterior-to-posterior distance relative to the anterior commissure (positive, anterior); z, superior-to-inferior
distance relative to the anterior commissure-posterior commissure line (positive, superior).

RESULTS
Psychophysiological Experiment
Responses to tactile stimuli

After an initial baseline GSR trace was established, all
subjects exhibited deviations from this baseline state that
are characteristic of typical traces observed from sympa-
thetic electrodermal activity (see Fig. 1). Although the
responses varied across stimuli and subjects, significant
statistical differences were found between all of the aver-
sive tactile stimuli and five of the selected stimuli from the
nonaversive tactile condition (paired t-test, t = 1.92, df =
7, P < 0.05). These findings imply that the aversive tactile
stimuli led to elevated skin conductance levels and were
likely more emotionally charged in comparison to the
novel tactile stimuli. In the psychophysiological experi-
ment, performance in the recognition memory test for the
nonaversive tactile stimuli was 71.5% correct, sd = 19.9,
and for the aversive tactile stimuli was 88.5% correct, sd =
6.4 (paired t-test, t = 2.46, df = 7, P < 0.05).

PET Experiment
Novel tactile encoding

When activity in the tactile control condition was sub-
tracted from that in the tactile encoding condition, a signif-
icant peak of increased activity was noted in the right ros-
tral orbitofrontal cortex (Table I, Fig. 2). This peak was
bounded by the medial and lateral orbital sulci and lay in
front of the transverse orbital sulcus. Comparative archi-
tectonic studies in the monkey and human have shown
this region of the human orbitofrontal cortex to be compa-
rable to macaque monkey area 11 [Petrides and Pandya,
1994]. To examine which other areas of the brain were
interacting with area 11 during the encoding of the tactile
stimuli; regional CBF in the area 11 peak was correlated
with CBF in the rest of the brain. Positive correlations
were observed with CBF in the right precuneus/cuneus

(x =12,y = =70, z = 26, t = 4.49), the right caudate nucleus
(x =16,y =15,z = 3, t = 4.49), and the right hippocampal
formation (x = 25, y = —16, z = —12, t = 3.97), although
the latter activation was below statistical significance.

The mean recognition performance for the novel tactile
stimuli was 89.7% correct (sd = 11.4) although most sub-
jects stated that the task was quite difficult when debriefed
at the completion of the experiment.

Aversive tactile encoding

When activity in the tactile control condition was sub-
tracted from that in the aversive tactile condition, a peak
of significantly increased activity was noted in the right
orbitofrontal cortex (Table I, Fig. 2). This activity peak was
bounded by the medial and lateral orbital sulcus and was
lying behind the transverse orbital sulcus, i.e. in the caudal
orbitofrontal region where area 13 is located [Petrides and
Mackey, 2006; Petrides and Pandya, 1994]. This posterior
orbitofrontal area is known to be strongly connected to
limbic medial temporal areas [Amaral and Price, 1984; Bar-
bas and de Olmos, 1990; Carmichael and Price, 1995;
Ongiir et al, 1998; Pandya and Yeterian, 2001; Porrino
et al., 1981; Rempel-Clower and Barbas, 1998].

Recall, that the aversive stimuli were randomly inter-
spersed with three non-aversive familiar stimuli during
this PET scanning condition. Although the subjects were
not told that an aversive stimulus would be introduced at
every third stimulus presentation, the stimuli were suffi-
ciently unique, as compared to the tactile stimuli used in
the tactile encoding condition, that the subjects automati-
cally encoded them. The mean recognition performance for
the aversive tactile stimuli was 96.1% correct (sd = 6.2).

It is interesting to note that when activity in the aversive
tactile condition was subtracted from the novel encoding
condition, a single activation peak was located within the
right rostral orbitofrontal area 11 (x = 36, y = 53, z = —9).
Although this peak just missed statistical significance (f =
2.9), the direct comparison between these two conditions
suggests that the rostral orbitofrontal cortex was more
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Figure 2.

Merged PET-MRI sections illus-
trating CBF activations in the
right orbitofrontal cortex when
the control condition was sub-
tracted from the novel tactile
encoding condition and the
aversive tactile condition. Com-
posite diagram (right) indicating
the location of the orbitofrontal
peaks in the present study.
Note that the activity in the
two conditions was separated
by the transverse orbital sulcus
(TOS) which separates the ros-
tral orbitofrontal cortex from
the caudal orbitofrontal cortex.
Site comparison  schematic
(bottom) indicating the approxi-
mate location of the orbitofron-
tal peaks from earlier-published
visual and auditory encoding
experiments in our laboratory.
10S, intermediate orbital sulcus;
LOS, lateral orbital sulcus; MOS,
medial orbital sulcus; OLF, olfac-
tory sulcus.

active when subjects were specifically trying to memorize
the novel tactile information when compared with simply
touching aversive stimuli unknowingly. Subtracting the
novel encoding condition from the aversive tactile condi-
tion did not result in any activation peaks within the orbi-
tofrontal cortex. There were no significant regional CBF
correlations with the area 13 activation focus and the rest
of the brain.

DISCUSSION

Regardless of the sensory modality within which a stim-
ulus is presented, the brain must be able to evaluate
whether the stimulus is familiar or novel, pleasant or aver-
sive, expected or unexpected. Exposure to a novel stimulus
will lead to encoding of the information regardless of
whether the subject is explicitly asked to remember the
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stimulus or is simply attending to it. It is also known that
if the stimulus is unexpected (unique) or it has an affective
quality, the information will be much easier to remember.
One of the hypotheses put forth and tested in the present
investigation is that the orbitofrontal cortex participates, in
combination with limbic medial temporal lobe areas, in the
encoding of such information in memory.

In the tactile encoding condition, the subjects were specif-
ically asked to memorize novel tactile information. In com-
parison to the tactile control condition, there was a selective
increase of activity in the orbitofrontal area 11 in the right
hemisphere during the tactile encoding condition (Table I,
Fig. 2). This activation in area 11 is in agreement with other
neuroimaging studies that examined activation related to
the encoding of novel information in other sensory modal-
ities, such as vision [Frey and Petrides, 2000, 2002, 2003;
Petrides et al., 2002] and audition [Frey et al., 2000, 2004].

Orbitofrontal area 11 has strong connections with the
medial temporal region [Barbas and Blatt, 1995; Carmi-
chael and Price, 1996; Insausti et al., 1987; Lavenex et al.,
2002], damage to which leads to a severe recognition mem-
ory disorder in the monkey [Meunier et al., 1993; Suzuki
et al., 1993] and in human subjects [Milner, 1972; Mishkin,
1982; Squire and Zola-Morgan, 1991; Zola et al., 2000].
Note that, in this study, CBF in the orbitofrontal region
(area 11), which showed increased activity during the
encoding of new tactile information, was positively corre-
lated with activity in the right hippocampal formation,
demonstrating that area 11 was in close functional interac-
tion with this critical memory structure. It is interesting
that the caudate nucleus in the right hemisphere was also
active along with the hippocampus and area 11 while sub-
jects encoded the tactile stimuli, consistent with sugges-
tions from work in rodents that this basal ganglia structure
is involved in learning [Packard and Knowlton, 2002].
Finally, the correlation between activity in area 11 and acti-
vation in the precuneus/cuneus region is consistent with
anatomical studies showing connections between these
two regions [Petrides and Pandya, 2002a] and may be
related to mental imagery involved in encoding informa-
tion for subsequent recall, as has been described by other
groups [Fletcher et al., 1996].

The findings of this study are also in agreement with
monkey lesion data demonstrating that the orbitofrontal
cortex is an important frontal region for recognition mem-
ory [Bachevalier and Mishkin, 1986; Meunier et al., 1997].
These studies have demonstrated that bilateral lesions to
the orbitofrontal cortex produce as severe memory deficits
as those produced by bilateral medial temporal lobe dam-
age [Mishkin, 1982; Squire and Zola-Morgan, 1991; Zola
et al., 2000]. Evidence from patients with bilateral lesions
of the orbitofrontal cortex is much less clear due to the
large variability of the cortical damage, although some
patients have shown impaired performance on memory
tasks [e.g. Alexander and Freedman, 1984; Bechara et al.,
1998; Damasio et al., 1985; Gade, 1982; Petrides, 2000; Phi-
lips et al., 1987; Talland et al., 1967].

The present neuroimaging data, which demonstrates a
strong relationship between the orbitofrontal cortex and the
attempt to encode tactile information, is consistent with
numerous anatomical studies that show strong bidirectional
links between the orbitofrontal cortex and structures in the
limbic medial temporal region [Barbas and Blatt, 1995;
Insausti et al., 1987; Petrides and Pandya, 2002b]. The ana-
tomical facts suggest that novel information processed in
the medial temporal lobe can be accessed directly by the
orbitofrontal cortex. Interestingly, several studies in the
monkey have described neurons within the rostral orbito-
frontal cortex that respond to novel visual information
[Rolls et al., 2005, 2006; Tremblay and Shultz, 2000].

The observation that posterior areas of the dorsal premo-
tor cortex (areas 6, 6/8, Table I) showed increased activity
in the present conditions is consistent with the numerous
studies that have noted activations in these areas during
working memory conditions [Cabeza and Nyberg, 2000]. It
is possible that our blindfolded subjects were forming
some mental representation of the tactile stimuli while
they performed the task, thus causing a signal increase in
these areas that are heavily connected to visuospatial areas
of the brain (see Petrides and Pandya, 1999).

In the aversive tactile condition, without informing the
subjects, aversive stimuli were presented throughout the
scan along with ordinary familiar tactile stimuli, i.e. stim-
uli presented prior to the scan. When activity in the tactile
control condition was subtracted from that in the aversive
tactile condition, there was a significant focus of increased
activity again in the right orbitofrontal region but some-
what more posterior (Table I, Fig. 2). It should be noted
that the major difference between the aversive tactile con-
dition and the other two scanning conditions was the fact
that aversive tactile stimuli were mixed with the other
stimuli. The aversive stimuli most likely led the subjects to
experience an affective reaction to the aversive stimuli, as
suggested by the greater GSR response observed in the
psychophysiological data. It is of interest in this regard
that the activation was located somewhat more posteriorly
in the right orbitofrontal cortex suggesting greater involve-
ment of area 13 which has a proisocortical, limbic-type
architecture [Petrides and Mackey, 2006; Petrides and Pan-
dya, 1994] and is strongly linked to the amygdala [Amaral
and Price, 1984; Barbas and de Olmos, 1990; Carmichael
and Price, 1995; Pandya and Yeterian, 2001; Porrino et al.,
1981] and the hypothalamic region [Ongiir et al., 1998;
Rempel-Clower and Barbas, 1998]. Note also that there
was an activation bordering the thalamus/hypothalamus
in this subtraction in the right hemisphere (Table I), sug-
gesting a close functional interaction with the posterior
orbitofrontal cortex and the medial limbic structures. The
focus of activation in area 13 in relation to aversive stimuli
is in agreement with other functional imaging studies from
our laboratory that demonstrated activation of the poste-
rior orbitofrontal cortex in response to emotionally laden
visual and auditory information [Frey et al., 2000, Petrides
et al., 2002].
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It is known that, when electrically stimulated, the caudal
orbitofrontal cortex which is heavily connected with limbic
brain regions [Aggleton et al., 1980; Amaral et al.,, 1992;
Barbas and de Olmos, 1990; Carmichael and Price, 1995;
Pandya and Yeterian, 2001; Petrides and Pandya, 2002b;
Rempel-Clower and Barbas, 1998] can produce autonomic
changes, such as modifications of heart rate, respiration,
and gastric motility [Bailey and Sweet, 1940; Delgado and
Livingston, 1948; Hall and Cornish, 1977; Hall et al., 1977;
Livingston et al., 1948]. Furthermore, there is a large body
of evidence from lesion and electrophysiological studies
demonstrating that the orbitofrontal cortex is involved in
the processing of emotionally charged stimuli [Rolls, 2000].
In particular, there are orbitofrontal neurons that respond
to deviations from expectation of reward [Rosenkilde
et al,, 1981; Thorpe et al., 1983; Tremblay and Schultz,
2000] which would be important in alerting the organism
to potentially harmful stimuli. Additionally, there are stud-
ies which link lesions of the orbitofrontal cortex in mon-
keys [Butter, 1964; Butter et al., 1970; Izquierdo et al., 2005;
Ruch and Shenkin, 1943] and patients [Hornak et al., 1996;
Rolls et al., 1994] with abnormal behavioral responses to
emotional stimuli, and functional neuroimaging data link-
ing the orbitofrontal cortex in the human brain with emo-
tional responses to stimuli [Angrilli et al., 1999; Blood
et al., 1999; Dolan et al., 1996; Sarazin et al., 1998].

Several functional imaging studies have investigated the
orbitofrontal cortex during somatosensory processing and
have reported bilateral activations throughout the orbito-
frontal cortex [Francis et al., 1999; Hagen et al., 2002; Rolls
et al., 2003]. Although the findings of the above studies
were not related to mnemonic functioning but to attending
to tactile stimuli, some of which contained hedonic infor-
mation (e.g., pleasant and painful stimuli; see Francis
et al., 1999; Rolls et al., 2003), these activity changes in the
orbitofrontal cortex are consistent with our present results,
suggesting that the orbitofrontal cortex is involved in the
regulation of emotionally charged information. Hagen
et al. [2002] argue that their stimuli, von Frey hairs applied
to four body locations, had no hedonic qualities; however,
all their subjects were asked to monitor or keep track of
the number of times there was a pause during the touch
stimulation. Although the experimenters applied somato-
sensory stimulation without interruption throughout the
scans, it is possible that the orbitofrontal cortex was in a
heightened state as the subjects carefully scrutinized the
stimulation, expecting breaks when in fact none occurred.
These results are also in agreement with this study as well
as a previous study in our laboratory [Petrides et al.,
2002], suggesting that the orbitofrontal cortex responds to
expectations of behaviorally significant information.

The present neuroimaging study suggested functional dif-
ferentiation between the rostral and caudal areas of the
orbitofrontal cortex during exposure to different aspects of
tactile information. Other imaging studies have investigated
comparable issues in vision and audition, and those results
corroborate the present ones [Frey and Petrides, 2000, 2002,

2003; Frey et al., 2000, 2004; Petrides et al., 2002]. It can
therefore be concluded that area 11 in the rostral orbitofron-
tal region is involved in processing underlying the encoding
of novel information, whereas caudal orbitofrontal area 13
is more active in the processing of stimuli that deviate sig-
nificantly from expectations, most probably because such
significant deviations are threatening and thus aversive. If
stimuli deviate too much from what is expected (i.e. the tac-
tile aversive condition), this information must be evaluated
quickly in order to judge its potential for harm to the orga-
nism. The process of attending to these unexpected or emo-
tionally salient stimuli, which results in activation of the
more caudal area of the orbitofrontal cortex, leads to excel-
lent encoding of the information as shown by the high mne-
monic performance (96.1% correct) of the subjects.

Clearly, both the rostral and the caudal orbitofrontal cor-
tex respond to novel stimulation. Nevertheless, it appears
that relative activation of the orbitofrontal areas 11 and 13
is influenced by the degree of motivational/emotional sig-
nificance that is attached to the incoming information. In
the tactile encoding condition, the subjects were asked to
try to remember tactile stimuli that were novel but rather
ordinary (in terms of the subjects’ experience) and this
requirement led to increased activity in area 11 in the ros-
tral part of the orbitofrontal cortex. On the other hand,
greater activity was observed more caudally in area 13
when aversive tactile stimuli (aversive tactile condition)
were presented. Thus, the caudal part of the orbitofrontal
cortex, which is more strongly related to the autonomic
system than its rostral part, is engaged when more emo-
tionally laden information is presented to the organism.

Direct subtraction of activity in the aversive tactile condi-
tion from that in the tactile encoding condition revealed a
single peak of activation (f = 2.9) within the right rostral
orbitofrontal cortex (area 11). This weak peak suggests that,
despite the fact that both the rostral and the caudal orbito-
frontal regions are involved in the encoding of novel infor-
mation, the rostral orbitofrontal cortex may be engaged to a
greater extent due to the greater effort needed to encode or-
dinary compared with aversive stimuli.

It should be noted that areas 11 and 13 are heavily con-
nected to all the other areas of the orbitofrontal cortex
[Carmichael and Price, 1996] as well as many areas of the
lateral and medial prefrontal cortex [Barbas, 1993; Carmi-
chael and Price, 1996]. These orbitofrontal areas, therefore,
are in a unique position to mediate between the higher
level control processes that depend on lateral prefrontal
cortex (e.g. monitoring of information in working memory
or active retrieval of information from memory) and the
memory systems centered in the medial temporal lobe
region [Petrides, 1996].
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