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Little is known about the specific functional contribution of the
human orbitofrontal cortex with regard to memory processing,
although there is strong evidence from lesion studies in monkeys
that it may play an important role. The present investigation
measured changes in regional cerebral blood flow with positron
emission tomography in normal human subjects who were in-
structed to commit to memory abstract visual patterns. The results
indicated that the rostral orbitofrontal region (area 11), which is
primarily linked with the anterior medial temporal limbic region
and lateral prefrontal cortical areas, is involved in the process of
encoding of new information.

D amage to the limbic medial temporal region yields a severe
amnesic syndrome (1-3). Recent work in the monkey has
shown that the rhinal region, i.e., the entorhinal and perirhinal
cortex of the medial temporal lobe, is critical for recognition
memory (4, 5). Anatomical studies of the connections of the
entorhinal cortex have demonstrated that it is most strongly
linked with the orbital and ventromedial frontal cortex (6, 7).
For instance, Insausti et al. (6), in their extensive study of
entorhinal afferents, noted that, in the frontal lobe, the greatest
number of labeled cells after injection of retrograde tracers in
the entorhinal cortex were observed in the orbitofrontal region.
Only a few labeled neurons were found in lateral frontal areas.
More recent studies have also noted only sparse connections
between the entorhinal cortex and the lateral frontal cortex (7,
8). This finding is in marked contrast to the strong connections
of the mid-dorsolateral prefrontal areas with the retrosplenial
cortex (7-9). Thus, the orbitofrontal region is the part of the
frontal cortex that is most strongly linked with the rhinal cortical
region, which recent monkey studies have shown to be critical for
recognition memory (4, 5).

The aim of the present experiment was to investigate whether
the orbitofrontal cortical region is a key area in the processing
of new information. In addition to the above mentioned strong
connections between this region and the rhinal cortex, bilateral
lesions to the orbitofrontal region in nonhuman primates result
in a severe recognition memory impairment (10, 11). In humans,
the evidence is not clear cut, because lesions of the orbitofrontal
cortex often include damage to the basal forebrain region. For
instance, ruptured aneurysms of the anterior communicating
artery can give rise to memory impairments, and damage to the
orbitofrontal cortex can be demonstrated in these cases. How-
ever, because there is also involvement of the basal forebrain
region, the memory deficits cannot be ascribed unequivocally to
the orbitofrontal region (see ref. 12 for review). A recent study
(13) has shown that patients with lesions of the posterior
ventromedial region were impaired on an analogue of the
delayed nonmatching-to-sample test that had been used with
monkeys (10, 11). Furthermore, these impairments could be
dissociated from the effects of more rostral lesions that seem to
give rise to decision-making problems (13).

Lesions of the lateral prefrontal cortex, either in monkey (10,
11, 14) or in human subjects (12), typically leave recognition
memory intact. Lesions of the dorsolateral prefrontal cortex in
monkeys and humans give rise to severe problems in the
monitoring and manipulation of multiple events in working

memory (14-16). Lateral frontal lesions can also give rise to free
recall impairments (17), and functional neuroimaging evidence
has shown that free recall is associated with increased activity in
the ventrolateral frontal region (18, 19).

When human subjects attempt to learn new material (verbal
and nonverbal), they often use organizational strategies (e.g.,
classifying the material into meaningful groups and creating
narratives or explicit verbal associations) to improve learning of
the material. Unless these organizational strategies are the
explicit aim of a study, their existence creates problems when
designing functional neuroimaging studies of basic recognition
memory, because one might observe activity patterns related to
these organizational strategies and not necessarily the basic
encoding of the material, i.e., the noticing of the novel infor-
mation and the setting in motion of processing to enter this
information into long-term memory. It is for this reason that, in
the present study, we have opted for the use of abstract visual
material that is difficult to verbalize and is therefore less likely
to provoke semantic associations. Pictures of meaningful objects
with the verbalization and semantic associations that they inev-
itably trigger, might have set in motion several cognitive pro-
cesses requiring close monitoring and organization of the infor-
mation and therefore activity in the lateral prefrontal cortex
related to these processes. In addition, because imaging the
orbitofrontal region with functional MRI is often problematic
because of field inhomogeneities near sinus cavities, we have
carried out this study by using positron emission tomography
(PET). The present PET study was aimed at testing the hypoth-
esis, derived from anatomy (6, 7, 20, 21) and lesion studies in
monkeys (10, 11) and to a lesser extent from lesion studies in
patients (12, 13), that the orbitofrontal cortex may have a major
involvement in the encoding of new information.

We set up an encoding task that minimizes organizational and
monitoring processes that are known to lead to an increase in
activity in the lateral frontal cortex. Our hope was that, in this
manner, the orbitofrontal activity (which was the focus of our
study) could be demonstrated selectively. The present experi-
ment evaluated changes in regional cerebral blood flow (CBF)
with PET in normal volunteer subjects as they learned new visual
information. There were two conditions in this study. In the
encoding condition, the subjects viewed abstract images that they
had not seen before and were required to commit these to
memory. In the control condition, the subjects were simply
required to view familiar abstract designs that required no
learning. We used abstract visual designs (Fig. 1), because these
stimuli cannot be verbalized easily and were therefore not likely
to provoke semantic associations.
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Fig. 1.

Materials and Methods

The present experiment was approved by the Ethics Committee
of the Montreal Neurological Institute, and informed consent
was obtained from all participants after the nature and possible
risks of the study were explained. The subjects were scanned for
60 s with PET under each condition of testing. In addition to the
PET scans, each subject underwent a high-resolution MRI study
that was used to align data sets stereotactically for within- and
between-subject averaging of the functional data obtained with
PET. The subjects were scanned with a Scanditronix (Uppsala)
PC-2048 system, which produces 15 image slices at an intrinsic
resolution of 5.0 X 5.0 X 6.0. The distribution of CBF was
measured during the 60-s scan by means of the water bolus H»'5O
methodology (22). The CBF images were reconstructed with a
18-mm Hanning filter, normalized for differences in global CBF,
coregistered with the individual MRIs (23), and transformed
into the Talairach and Tournoux proportional stereotaxic space
(24) by means of an automated feature-matching algorithm (25).
The statistical significance of focal changes was tested by a
method based on three-dimensional Gaussian random field
theory (26). For an exploratory search involving all peaks within
the gray matter volume of 600 ml, the threshold for reporting a
peak as significant was set at t+ = 4.27, corresponding to a
corrected probability of P < 0.05. For predicted blood flow
changes within the orbitofrontal region, the threshold for sig-
nificance was set at + = 3.00, corresponding to a corrected
probability of P < 0.05 based on a search region of a 2-cm-
diameter sphere centered over the orbitofrontal cortex (27).

PET Experiment. Right-handed male subjects (n = 12) partici-
pated in this study (mean age, 22.6; range, 19-29 years). In the
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Examples of four abstract color images that were used during the encoding test condition.

encoding condition, subjects were presented with 20 novel
visual abstract images during the scan (Fig. 1). The subjects
were asked to memorize the stimuli simply by looking at them
and without attaching any verbal labels to them. A computer
program displayed the stimuli one by one in the middle of the
screen for a duration of 4 s each. The subjects were told that,
after the scan, they would be tested for recognition of the
presented stimuli. After the scan, the experimenter presented
all of the images that the subject had previously seen along with
novel images in a random order. The mean correct perfor-
mance for all of the subjects was 83.3% (range, 64-100%). In
the control condition, the subjects viewed three familiar visual
abstract images presented in a random order. Each image was
presented separately in the middle of the screen for a duration
of 4 s each, similar to the encoding condition. The subjects
were told that there was no memory component involved in
this condition and that they should simply view each image.
These two scanning conditions (active encoding and control
condition) were part of an eight-scan PET session. The active
encoding and control conditions were presented in a counter-
balanced manner across the 12 subjects. They were always
presented in either the middle or the last part of the eight-scan
session. In the control condition, the three visual abstract
images used were very familiar to the subjects, because these
images were included in three prior PET scanning conditions
and were presented again just before the control scanning
condition. The six other PET conditions (not included in the
present study) looked specifically at how monitoring and
organizing skills, with different stimulus material, tax the
lateral frontal cortex.
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Fig. 2. Merged PET-MRI section illustrating the average regional CBF increase for all 12 subjects in orbitofrontal area 11. The schematic outline of the brain
indicates the level of the coronal section (y = 47). Note that the activity was localized within area 11, lying between the medial and the lateral orbital sulci in
the anterior part of the orbitofrontal cortex. A point must be made with regard to our definition of area 11. In the monkey, the orbital frontal cortex has been
parcellated into a number of distinct architectonic areas over the years (42-44). In the human brain, however, area 11 was used loosely by Brodmann to refer
to the entire orbital frontal cortex (except for the orbital extension of the ventrolateral frontal cortex). Brodmann’s parcellation was adopted in the Talairach
and Tournoux stereotaxic atlas (24), which is commonly used in the functional neuroimaging field. However, the human orbital frontal cortex that Brodmann
referred to globally as area 11 is not cytoarchitectonically homogeneous and has recently been subdivided into different architectonic areas that correspond to
areas 13, 14, and 11 of the orbital frontal cortex of the macaque monkey (45). As can be seen in the present experiment, the activation was confined within the
human homologue of area 11. There was no activation within the caudal-most part of the orbitofrontal cortex (area 13) or in the gyrus rectus (area 14), which
had been included previously as part of area 11 by Brodmann. 10S, intermediate orbital sulcus; LOS, lateral orbital sulcus; MOS, medial orbital sulcus; OLF,

olfactory sulcus.

Results

When activity in the control condition was subtracted from the
encoding condition, there was a single peak of increased activity
in the right orbitofrontal cortex (x = 34,y = 46,z = —17,t =
3.07). As can be seen (Figs. 2 and 3), the activity was located
between the rostral parts of the medial and lateral orbital sulci,
the part of the orbitofrontal cortex where area 11 is located.
Outside the frontal cortex, increases in activity were observed in
the left (x = =28,y = =78,z = —12, ¢ = 6.15) and right (x =
17,y = =83,z = —14, t = 5.47) fusiform cortex and in the
entorhinal/perirhinal cortex of the medial temporal lobe (x =
=35,y = —13,z = =33,t = 3.59).

When CBF in the right orbitofrontal focus (area 11), which
showed increased activity during the encoding of the new visual
information, was correlated with CBF in the rest of the brain,
there were positive correlations with the right caudal orbito-
frontal cortex (x = 13,y = 17,z = =23, t = 4.43) and the right
entorhinal/perirhinal cortex (area 28/35;x = 21,y = —28,z =
—17,t = 3.76).

Discussion

The question addressed in the present study was whether there
would be significant functional activation of the orbitofrontal
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cortex when subjects were required to encode information about
novel abstract visual stimuli in the context of a task with minimal
requirements for executive processing, such as monitoring and
organizational strategies, known to involve lateral frontal cortex
(28). When activation in the control condition, in which minimal
memorization was required, was subtracted from the encoding
condition, a significant increase in activity was observed in area
11 of the right orbitofrontal cortex (see Figs. 2 and 3). It is
important to note that the comparison between the encoding
and control tasks did not reveal differences in activity within the
lateral prefrontal cortex, suggesting that the encoding and the
control tasks were successfully matched in terms of the executive
processes known to depend on the lateral prefrontal cortex.
The lateralization of the activity within the right orbitofrontal
cortex is consistent with the general role of the right hemisphere
in the processing of nonverbal information, which is also re-
flected as impaired processing in studies of the effects of lesions
in memory-related regions (1). In functional neuroimaging
studies, the frequently observed lateralization of activity related
to encoding in the left hemisphere, as expressed by the hemi-
spheric asymmetry principle (29), is most probably due to the
fact that human subjects tend to use verbal strategies to organize
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Fig. 3.

Summary diagram indicating the location of the peak in area 11 after the encoding of abstract visual information was subtracted from its control

condition in the present experiment. The activation was projected on the right side of the orbital view of the brain, R and L representing the right and left
hemispheres, respectively. I0S, intermediate orbital sulcus; LOS, lateral orbital sulcus; MOS, medial orbital sulcus; OLF, olfactory sulcus.

and to learn a wide variety of stimuli, including nonverbal ones.
In the present study, an effort was made to control the contri-
bution of verbal strategies by asking subjects to encode abstract
visual material that was difficult to verbalize and therefore less
likely to activate areas of the left frontal lobe.

Orbitofrontal activity, along with lateral frontal activity, was
observed in some earlier studies requiring the encoding of new
material (30-32). In these PET studies (30-32), however, the
emphasis was placed on the lateral frontal activity, and the
orbitofrontal activity could not be related unequivocally to the
learning of new material. The demonstration in the present study
of a selective increase in activity in the orbitofrontal cortex
(when activity in the lateral frontal cortex is carefully controlled)
provides powerful evidence, in the normal human brain, that this
region of the frontal cortex plays a key role in the processing of
new information. As such, these results are consistent with work
in monkeys (10, 11) that has suggested that the orbitofrontal
cortex may be a critical frontal component of the limbic circuit
underlying the acquisition of new information. In a recent PET
study, with a separate group of normal volunteer subjects, we
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extended the present results by demonstrating that area 11 is also
involved in the encoding of auditory information (33).

The results of the correlation analyses showed that, when the
subjects were attempting to commit to memory novel abstract
images, the orbitofrontal cortex (area 11) was in close functional
interaction with the right entorhinal/perirhinal cortex. It is
interesting that this particular portion of the medial temporal
memory system was shown recently to be the most important one
for visual recognition memory in the monkey (4, 5). It should be
noted, however, that the direct comparison between the encod-
ing and the control condition did not demonstrate increased
medial temporal activity. Some studies failed to observe such
changes (34-36), whereas others did make such observations
(31, 37-39). Several explanations have been proposed to account
for this inconsistent activation of medial temporal areas in
encoding tasks. It has been suggested that these areas may be
continually active and thus do not show differential activation in
relation to the encoding of novel information. Another possible
explanation is that encoding processes may involve relatively
sparse changes within the medial temporal region that are
difficult to detect with current neuroimaging techniques (35, 36).
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The present experiment investigated changes in relation to the
encoding of visual stimuli in a situation where both the exper-
imental and the control conditions made minimal demands on
various executive processes, such as monitoring of information,
subserved by lateral prefrontal cortical areas (28). Under these
particular conditions, area 11, which maintains connections both
with the caudal orbitofrontal cortex and, importantly, with the
lateral frontal areas, was the only orbitofrontal area that dem-
onstrated increased activity during an attempt to memorize new
information. Thus, the orbitofrontal cortex in association with
the rhinal region of the medial temporal lobe plays a major role
in the noticing of novel information and the setting in motion of
processes to enter this information into long-term memory.
Depending on the complexity of the materials and the need to
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employ more complex strategies to organize material and mon-
itor its memorization, various lateral frontal areas will be
engaged to different degrees. Consistent with this interpretation
is the observation that, in other functional neuroimaging studies
in which subjects were required to encode a series of words or
complex visual scenes, encouraging organization of the material
and thus improve learning, several foci within the lateral pre-
frontal cortex have shown increased activity (e.g., refs. 30, 31, 34,
40, and 41).
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