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Abstract

W Previous studies have suggested differences in the neural
substrates of recognition memory when the contributions of
perceptual and semantic information are manipulated. In a
within-subjects design PET study, we investigated the neural
correlates of the following factors: material type (objects or
faces), semantic knowledge (familiar or unfamiliar items), and
perceptual similarity at study and test (identical or different
pictures). There was consistent material-specific lateralization
in frontal and temporal lobe regions when the retrieval of
different types of nonverbal stimuli was compared, with objects

INTRODUCTION

Neuropsychological and functional imaging investiga-
tions have greatly advanced our understanding of hu-
man long-term memory in recent years. Interest among
cognitive neuroscientists has traditionally focused on
the important role of medial temporal (Tulving & Mar-
kowitsch, 1998; Vargha-Khadem et al., 1997; Cohen &
Eichenbaum, 1993; Squire, 1987, 1992) and frontal
(Moscovitch & Winocur, 1995; Shimamura, 1995; Wheel-
er, Stuss, & Tulving, 1995; Milner, Petrides, & Smith,
1985) lobe structures in memory processes. Although
several early neuroimaging studies failed to find memo-
ry-related activation in the medial temporal lobe, more
recent studies have documented activity differences in
this region during the encoding and retrieval of new
information (Schacter & Wagner, 1999; Schacter et al.,
1997; Kelley et al., 1998; Dolan & Fletcher, 1997; Gabri-
eli, Brewer, Desmond, & Glover, 1997; Owen, Milner,
Petrides, & Evans, 1996; Tulving, Markowitsch, Craik,
Habib, & Houle, 1996).

The importance of areas in the prefrontal cortex for
long-term memory has also been highlighted by func-
tional imaging studies (McDermott, Buckner, Petersen,
Kelley, & Sanders, 1999; Buckner & Koutstaal, 1998;
Buckner, Kelley, & Petersen, 1999; Fletcher, Shallice, &
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activating bilateral areas and faces preferentially activating the
right hemisphere. Retrieval of memories for nameable, familiar
items was associated with increased activation in the left
ventrolateral prefrontal cortex, while memory for unfamiliar
items involved occipital regions. Recognition memory for
different pictures of the same item at study and test produced
blood flow increase in left inferior temporal cortex. These
results have implications for our understanding of the neural
correlates of perceptual and semantic contributions to
recognition memory. Wl

Dolan, 1998; Fletcher, Shallice, Frith, Frackowiak, &
Dolan, 1998; Kelley et al., 1998; Dolan & Fletcher,
1997). Evidence has accumulated to support the idea
that the left and right frontal cortex are lateralized for
encoding and retrieval of memories (Fletcher, Shallice,
& Dolan, 1998; Fletcher, Shallice, Frith, et al., 1998;
Dolan & Fletcher, 1997; Nyberg, Cabeza, & Tulving,
1996; Shallice et al., 1994; Tulving, Kapur, Craik, Mosco-
vitch, & Houle, 1994). The results of some more recent
studies, however, suggest that both left and right pre-
frontal areas are involved in both episodic encoding and
retrieval, with the relative lateralization of activation
depending instead upon the type of material being
remembered (Lee, Robbins, Pickard, & Owen, 2000;
Kim et al., 1999; McDermott et al., 1999; Kelley et al.,
1998; Klingberg & Roland, 1998; Wagner, Desmond,
Glover, & Gabrieli, 1998; Wagner, Poldrack, et al., 1998).

Material-Specific Lateralization

Much recent interest in the neuroimaging literature has
centered on the idea that memory for different types of
material may be lateralized to different regions within
the left and right hemispheres. Although such lateraliza-
tion is an established concept in the neuropsychological
literature (Baxendale, 1997; Warrington, 1984; Milner,
1970, 1972; Warrington & James, 1967; Gazzaniga, Bo-
gen, & Sperry, 1962), it is only recently that functional
imaging studies of memory have begun to explore
regional activations associated with the verbal/nonverbal
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nature of the stimuli employed (Kim et al., 1999;
McDermott et al., 1999; Kelley et al., 1998; Wagner,
Poldrack, et al., 1998). Of the few studies that have
directly compared the encoding of verbal and nonverbal
material, the majority has demonstrated that verbal
encoding involves prefrontal and medial temporal re-
gions in the left hemisphere and nonverbal encoding
analogous regions in the right hemisphere (McDermott
et al., 1999; Kelley et al., 1998; Wagner, Poldrack, et al.,
1998). This same verbal/nonverbal lateralization has also
been identified in memory retrieval studies (Lee et al.,
2000; Kim et al., 1999; McDermott et al., 1999; Wagner,
Poldrack, et al., 1998).

The term “nonverbal” covers many different types of
stimuli, such as faces, textures, and objects. The char-
acteristic pattern of activation in right hemisphere re-
gions has been demonstrated when faces (Kim et al.,
1999; McDermott et al., 1999; Kelley et al., 1998) and
textures (Wagner, Poldrack, et al., 1998) are contrasted
with words, but only one study has directly compared
memory for objects and words within the same partic-
ipants. Kelley et al. (1998) investigated the encoding of
object, face, and word memories and found that, while
faces and words activated the expected right and left
prefrontal and medial temporal regions respectively,
object encoding activated these regions bilaterally. The
authors interpreted this result in terms of dual-coding
theory (Paivio & Csapo, 1973), suggesting that the
encoding of nameable objects can draw upon both
verbal and nonverbal information, hence the involve-
ment of both hemispheres.

There are, to the best of our knowledge, no published
studies reporting activations associated with the retriev-
al of different types of “nonverbal” material. The first
aim of the present study, therefore, was to compare the
retrieval of faces and objects within the same partic-
ipants. Based on the findings described above, we
hypothesized that the retrieval phase of recognition
memory for faces compared with objects would activate
predominantly right hemisphere regions (Kim et al.,
1999; McDermott et al., 1999) within the prefrontal
cortex and temporal lobe. Retrieval of memory for
objects relative to faces, however, was expected to
produce a bilateral pattern of activation in these areas,
similar to that reported for related studies of encoding
(Kelley et al., 1998).

Manipulating Semantic Knowledge

It has been argued that the bilateral pattern of activation
produced when nameable objects are remembered re-
flects the involvement of both verbal (i.e., left hemi-
sphere) and nonverbal (i.e., right hemisphere)
processes. If true, then one might reasonably expect
unfamiliar (i.e., novel) and, therefore, unnameable ob-
jects to produce a pattern of activation that is more
strongly lateralized to the right hemisphere. On the

same grounds, while memory for unfamiliar faces pro-
duces activations that are predominantly right-sided
(Kim et al., 1999; McDermott et al., 1999; Kelley et al.,
1998), familiar faces, which may be explicitly or implicitly
named in the course of processing, may yield a less
strongly lateralized pattern of activation.

In the only memory study of which we are aware that
directly compared encoding of familiar and unfamiliar
faces, encoding of famous faces did indeed produce
bilateral activation (Kelley et al., 1999). A similar pattern
was also reported recently in a comparison between a
fame judgement task using famous faces and recogni-
tion memory for recently encoded unfamiliar faces
(Leveroni et al., 2000). The second aim of the present
study was to provide a direct comparison of recognition
memory retrieval of famous and unfamiliar faces, and of
nameable and novel objects, within the same partici-
pants. We hypothesized that compared to unfamiliar
items, the additional verbal processing possible with
familiar items might produce activation involving left
prefrontal cortex areas implicated in the strategic pro-
cessing of semantic information, and perhaps in the left
temporal lobe, thought to be associated with semantic
representations (Mummery et al., 1999; Wagner,
Poldrack, et al., 1998; Dolan & Fletcher, 1997; Thomp-
son-Schill, D’Esposito, Aguirre, & Farah, 1997; Vanden-
berghe, Price, Wise, Josephs, & Frackowiak, 1996).
Conversely, compared to familiar items, the predomi-
nantly nonverbal, perceptual processing required for
recognition memory of unfamiliar items should be
associated with more selective right hemisphere activa-
tion, perhaps including more posterior, visuoperceptual
areas in the occipital lobes.

Perceptual Similarity at Study and Test

When familiar items are used as stimuli, both percep-
tual and semantic factors may contribute to successful
recognition memory (Graham, Simons, Pratt, Patter-
son, & Hodges, 2000; Bruce, 1982; Paivio & Csapo,
1973). Indeed, it has been argued that the slight
decrement in performance observed when different
pictures of objects or faces are used at study and test
(Srinivas, 1995; Cooper, Schacter, Ballesteros, &
Moore, 1992; Bruce, 1982) may reflect the fact that
the value of the perceptual information available from
seeing the target item in the study phase is relatively
reduced. The decision as to whether the item was
seen previously becomes more reliant on the semantic
knowledge activated in common by the two pictures.
If, as in Bruce’s (1982) experiment, unfamiliar faces
are used as stimuli, semantic knowledge contributes
far less and a reduction in recognition memory per-
formance may result.

Very few neuroimaging studies have investigated the
effect of perceptual similarity of study and test stimuli
on recognition memory, and only one has directly
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compared recognition memory for identical and differ-  Schacter et al. (1997) found greater activation in the
ent pictures in the same participants. In that study, left hippocampus when the identical picture of a novel

Table 1. Significant Changes in Regional Cerebral Blood Flow in the Comparisons Between Recognition Memory for Objects and
Faces (Threshold = p < .05, Corrected for Whole Brain Volume)

Coordinates
Brain Region X y z 4 )2
All Object Conditions minus All Face Conditions
Left hemisphere
Anterior prefrontal cortex (BA 10) —40 45 =2 578 .002
Inferior parietal lobe (BA 40) —48  —47 39 490 .044
Inferior temporal gyrus (BA 37) —51 —63 -7 856 .000
—28 —60 -5 6.78 .000
Inferior occipital gyrus/ fusiform (BA 18) —34 -87 8 9.00 .000
Right hemisphere
Middle temporal gyrus (BA 37) 61 =57 -7 520 .016
Superior parietal lobe (BA 7/19) 30 =72 40 5.07 .025
Middle occipital gyrus (BA 18) 36 —83 15 854 .000
All Face Conditions minus All Object Conditions
Left hemisphere
Dorsolateral prefrontal cortex (BA 9) —4 58 25 49 044
Uncus (BA 34/28) —28 9 —24 517 .018
Middle temporal gyrus (BA 21) —40 12 =29 498 .034
Cingulate gyrus (BA 23) -2 =57 21  6.44 .000
Right hemisphere
Anterior prefrontal cortex (BA 11) 2 21 -8 492 .041
Temporal pole (BA 38) 32 16 —-26 530 .011
Inferior temporal gyrus (BA 20) 53 -9 —18 692 .000

44 -8 —35 611 .001

Parahippocampal gyrus (BA 27/35) 12 =31 -3 540 .008

Fusiform gyrus (BA 37) 42 —-55 —17 836 .000
Midline

Medial orbital gyrus (BA 10) 0 46 —12 634 .000

Unfamiliar Objects minus Unfamiliar Faces

Left hemisphere

Posterior fusiform gyrus (BA 19) —48 —64 =7 555 .005
-26 —64 -5 513 .020
Fusiform/inferior occipital gyrus (BA 18) —32 =85 6 7.42  .000

Right hemisphere
Middle occipital gyrus (BA 18) 34 -83 15 8.62  .000
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Table 1. Continued

Brain Region

Coordinates

x y z ¢ 2

Unfamiliar Faces minus Unfamiliar Objects
Right hemisphere
Inferior temporal gyrus (BA 20)

Familiar Objects Same minus Familiar Faces Same

No suprathreshold activations

Familiar Faces Same minus Familiar Objects Same
Right hemisphere
Lingual gyrus (BA 18)

53 —11 —18 4.80 .060

6 —82 -6 5.14 .020

object was presented at study and test than when
either different orientations or different sizes of the
objects were seen. In the opposite contrast (Orienta-
tion change — Identical object), activation was seen in
the right temporal lobe. The authors concluded that
the left hippocampus is sensitive to the physical
similarity between novel objects seen at study and
test. Because novel objects are ‘“nonverbal” in that
they cannot be easily named, the right temporal lobe
activation seen when physical similarity was reduced
might reflect the greater demands on right hemi-
sphere systems involved in the processing of percep-
tual characteristics (in the absence of a contribution
from semantic knowledge) in this condition.

It is, therefore, of great interest to explore the effect
of physical similarity when nameable objects and faces
(which can draw upon semantic knowledge) are used
as stimuli. Addressing this issue was the third aim of
the present study. Assuming that the findings of
Schacter et al. (1997) can be transferred to familiar
items, it was predicted that recognition memory for
identical pictures, relative to different pictures of the
same item, would be associated with greater activation
in the left hippocampus. In the opposite comparison,
however, it was expected that recognition memory
would become more reliant upon semantic knowledge
about the target item in order to compare the repre-
sentations activated by perceptually different pictures.
We predicted, therefore, that blood flow increase
would be seen in the region of the left inferolateral
temporal lobe (Mummery et al., 1999; Vandenberghe
et al., 1996).

Predicted Patterns of Activation

This study was designed to examine the activation
differences observed when perceptual and semantic

manipulations are applied to a recognition memory
task. To summarize, the predictions were that recogni-
tion memory retrieval of faces relative to objects would
preferentially activate prefrontal and temporal regions
in the right hemisphere, but retrieval of objects com-
pared to faces would produce a bilateral pattern of
activation in these areas. Memory for familiar over
unfamiliar items would activate the left prefrontal and
temporal cortex, while the opposite contrast would be
associated with activation in occipital lobe areas. Iden-
tical pictures at study and test would lead to increased
blood flow in the left hippocampus, relative to the use
of different exemplars at study and test. The opposite
comparison would cause activation centered on the left
temporal lobe.

RESULTS
Behavioral Results

Behavioral data for three participants were lost due to
equipment failure. For the remaining participants, hit
(and false alarm) rates for each condition were: familiar
objects same (FOS) = 0.93 (0.00), familiar faces same
(FFS) = 0.94 (0.02), familiar objects different (FOD) =
0.80 (0.07), familiar faces different (FFD) = 0.92 (0.03),
unfamiliar objects (UFO) = 0.87 (0.12), and unfamiliar
faces (UFF) = 0.88 (0.08). As would be expected based
on previous studies that have used similar stimulus
manipulations (e.g., Kelley et al., 1998; Schacter et al.,
1997), a significant effect of condition on recognition
memory accuracy (Phiis — Phralse alarms) Was observed
[F(5, 25) = 3.5, p < .05]. Analysis of relevant post hoc
comparisons revealed this to be attributable to accuracy
differences between FOS and FOD [£(5) = 2.7, p < .05],
FOS and UFO [¢(5) = 2.6, p < .05], and FFS and UFF
[£(5) = 3.5, p < .05], although none of these differences
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Table 2. Significant Changes in Regional Cerebral Blood Flow in the Comparisons Between Recognition Memory for Familiar and
Unfamiliar Stimuli (Threshold = p < .05, Corrected for Whole Brain Volume)

Brain Region

Coordinates

x y z t D

Familiar Item Conditions minus Unfamiliar Item Conditions

Left hemisphere

Ventrolateral prefrontal cortex (BA 45)

Unfamiliar Item Conditions minus Familiar Item Conditions

No suprathreshold activations

Unfamiliar Objects minus Familiar Objects Same
Right hemisphere
Middle occipital gyrus (BA 18)

Familiar Objects Same minus Unfamiliar Objects

No suprathreshold activations

Unfamiliar Faces minus Familiar Faces Same

No suprathreshold activations

Familiar Faces Same minus Unfamiliar Faces

No suprathreshold activations

=50 26 10 4.02 .000*

34 =85 17 490 .043

“Accepted at uncorrected level (see Methods).

was significant once corrections for multiple compari-
sons were made.

Following each experimental condition, participants
were debriefed about the task they had just under-
taken. This process confirmed that the familiar ob-
jects and faces were indeed well-known to the
participants.

PET Results
Objects versus Faces

Comparison of the object conditions (FOS, FOD,
UFO) and the face conditions (FFS, FFD, UFF)

produced significant blood flow changes as shown
in Table 1. The subtraction All objects — All faces
produced bilateral patterns of activation (illustrated in
Figure 1a) in the posterior part of the temporal lobes
(BA 37), the parietal lobes (BA 40 on the left, BA 7/
19 on the right) and inferior occipital lobes (BA 18).
There was also activation in the left anterior prefron-
tal cortex (BA 10). The opposite subtraction (All faces
— All objects) activated areas in the anterior temporal
lobes bilaterally, although more extensively on the
right (BA 21 on the left, BAs 38 and 20 on the right)
(see Figure 1b). There were further activations in the
region of the parahippocampal gyrus (BA 27/35) and

Figure 1. Regions of significant activation shown at an uncorrected threshold of p < .001 superimposed upon an average rendered brain

(projections clockwise from top-left are: anterior, posterior, left, and right), or (e) upon an average T1-weighted MRI (coronal and horizontal
projections). (a) All object conditions minus all face conditions: bilateral temporal, parietal, and occipital activations, also left prefrontal cortex,
exceeded corrected threshold of p < .05 (b). All face conditions minus all object conditions: primarily right pattern of activations in temporal lobes,
both laterally and medially, as well as in prefrontal cortex, exceeded corrected thershold. (¢) Familiar item conditions minus unfamiliar item
conditions: left ventrolateral prefrontal cortex exceeded uncorrected threshold of p < .001 (see Methods). (d) Unfamiliar objects minus familiar
objects same: bilateral activation in occipital lobes, although only that on right reached corrected threshold of p < .05. (e) Same item conditions
minus different item conditions: illustrates activation within left putamen significant at corrected threshold of p < .05. (f) Different item conditions
minus item conditions: activations: activations exceeding corrected threshold of p < .05 are left posterior inferior temporal lobe and right cerebellum.
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the posterior fusiform gyrus (BA 37), both on the
right, as well as in the anterior prefrontal cortex,
both in the midline (BA 10) and on the right (BA
11). Other regions showing significant activations
were the dorsolateral prefrontal cortex (BA 9), the
uncus (BA 34/28), and the cingulate gyrus (BA 23), all
on the left.

When the UFO and UFF conditions were compared
(UFO — UFF), the same bilateral network of occipital
lobe activations was found as in the All objects — All
faces subtraction, involving the posterior fusiform
gyrus (BAs 18 and 19) on the left and the middle
occipital gyrus (BA 18) on the right. The opposite
comparison (UFF — UFO) produced the same right
anterior temporal lobe (BA 20) activation as in the All
faces — All objects subtraction, which tended towards
corrected significance (p = .06). When the two
familiar same conditions were contrasted, FOS —
FFS revealed no activations that survived correction,
but the opposite subtraction (FFS — FOS) was asso-

ciated with activation of the right inferior surface of
the occipital lobe (BA 18).

Fawmiliar versus Unfamiliar

Table 2 shows the areas of significant blood flow change
when two of the familiar conditions (FOS and FFS) were
compared with both of the unfamiliar conditions (UFO
and UFF). The subtraction Familiar items — Unfamiliar
items produced significant activation (see Figure 1c) in
the left ventrolateral prefrontal cortex (BA 45). No
activations survived the corrected threshold in the op-
posite subtraction (Unfamiliar items — Familiar items).
When unfamiliar and familiar objects were compared
directly (UFO — FOS), increased blood flow was ob-
served in the occipital lobes bilaterally (BA 18), although
only the activation on the right reached corrected sig-
nificance (see Figure 1d). The opposite subtraction (FOS
— UFO) produced activation in the left temporal lobe
(BA 37), although this failed to exceed the corrected
threshold. Neither of the analogous face contrasts (UFF

Table 3. Significant Changes in Regional Cerebral Blood Flow When Recognition Memory For Items that are Identical at Study and
Test is Compared with Recognition Memory When Different Pictures of Items are Used in the Study and Test Phases (Threshold =

p < .05, Corrected for Whole Brain Volume)

Coordinates
Brain Region X y Z t p
Same Item Conditions minus Different Item Conditions
Left hemisphere
Putamen —28 -2 =3 5.12.021
Different Item Conditions minus Same Item Conditions
Left hemisphere
Inferior temporal gyrus (BA 37) —-51 —61 —10 5.44.007
Right hemisphere
Cerebellum—Crus 1 16 =79 -25 5.51.005
Familiar Objects Different minus Familiar Objects Same
Left hemisphere
Inferior temporal gyrus -51 =59 —11 5.14.019
(BA 37)
Right hemisphere
Cerebellum—Crus I 36 —-76 —38 5.31.011
Cerebellum—Crus VI 16 =77 =23 5.47.006

Familiar Faces Different minus Familiar Faces Same

No suprathreshold activations
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— FFS, FFS — UFF) was associated with significant
activations.

Same versus Different

The regions of activation when the same conditions
(FOS and FFS) were contrasted with the different con-
ditions (FOD and FFD) are presented in Table 3. In the
subtraction Same items — Different items, significant
activation was seen in the left putamen (see Figure 1le).
The subtraction Different items — Same items was
associated with significant activation in the left posterior
temporal lobe (BA 37) and the right cerebellum (see
Figure 1f).

For the objects conditions alone, the subtraction FOD
— FOS activated the same region of the posterior tem-
poral lobe (BA 37) on the left, and areas of the cerebel-
lum on the right, as in the Different items — Same items
contrast. The analogous subtraction using faces (FFD —
FFS), however, yielded no suprathreshold activations.

DISCUSSION

The present study has addressed three outstanding
questions in the study of human long-term memory.
Using a within-subjects design, the effects of three factors
on recognition memory retrieval could be investigated
directly, permitting more confidence in the interpreta-
tion of results than when conclusions are drawn from
across different studies. Manipulation of material type
(objects or faces), semantics (familiar or unfamiliar
items), and perceptual similarity at study and test (iden-
tical or different pictures) resulted in blood flow differ-
ences that are consistent both with neuropsychological
and functional imaging evidence, and that have implica-
tions for theories of human long-term memory.

When recognition memory for objects and faces was
compared, consistent bilateral patterns of activation
characterized memory for objects minus faces, whereas
the opposite contrast involved regions in the right
hemisphere more extensively. Recognition memory
for familiar relative to unfamiliar items was associated
with activation in the left ventrolateral prefrontal cor-
tex, whereas the unfamiliar minus familiar comparison
activated the occipital region, especially on the right. In
conditions where items were the same at study and
test, activation in the left putamen was observed, but
when different pictures of the items were used in the
study and test phases, significant activations were con-
sistently found in the posterior left temporal lobe and
right cerebellum.

Material-Specific Lateralization

The first of these results, regarding the retrieval of object
and face memories, is of importance to the current
debate about the lateralization of memory processes.

The present data provide further support for the view
that it is the type of material being remembered (rather
than the type of memory process being undertaken)
that determines the relative lateralization of activation.
Consistent with the one imaging study to date that has
directly compared encoding of objects and faces (Kelley
et al., 1998), and consistent with our predicted pattern
of activation for retrieval, we found bilateral blood flow
increases in the posterior temporal, parietal, and occi-
pital lobes for objects relative to faces. Faces preferen-
tially activated right hemisphere areas in the frontal,
lateral and medial temporal, and occipital lobes, a pre-
dominantly right-lateralized pattern again similar to the
findings of Kelley et al. Activation of right hemisphere
regions has also been observed when faces (Kim et al.,
1999; McDermott et al., 1999; Kelley et al., 1998) and
textures (Wagner, Poldrack, et al., 1998) are contrasted
with words, indicating that this predominant lateraliza-
tion of activation is characteristic for material that em-
phasizes nonverbal, perceptual processing.

Although the present study was not designed to
compare encoding and retrieval, the consistent pat-
terns of activation seen here for retrieval add to
accumulating evidence suggesting that left and right
frontal lobes may not be asymmetrically involved in
encoding and retrieval, as was previously thought (Ny-
berg, Cabeza, et al., 1996; Tulving et al., 1994). Instead,
the present results support the view that the relative
lateralization of activation depends upon the extent to
which verbal or nonverbal processing is involved,
rather than the type or phase of memory process.
Material-specific lateralization in frontal and temporal
regions is compatible with neuropsychological evi-
dence. Patients with structural damage to the left
temporal lobe, for example, often show disproportion-
ate impairment on verbal memory tasks, whereas those
with right hemisphere damage tend to perform poorly
on memory tests involving nonverbal stimuli such as
faces (Simons, Graham, Galton, Patterson, & Hodges,
2001; Baxendale, 1997; Warrington, 1984; Milner, 1970,
1972).

Manipulating Semantic Knowledge

In line with the views discussed above, familiar items
(which can draw upon verbal and/or semantic informa-
tion) relative to unfamiliar items (which presumably
rely to a greater extent upon nonverbal, perceptual
processing) produced the predicted activation in the
left ventrolateral prefrontal cortex, and a hint of in-
volvement of the inferior temporal lobe (although this
did not reach significance). The left ventrolateral pre-
frontal cortex has been implicated in relatively auto-
matic strategic processes associated with semantic
memory (Wagner, Poldrack, et al., 1998; Dolan &
Fletcher, 1997; Thompson-Schill et al., 1997), such as
the selection and/or active retrieval of semantic knowl-
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edge that is assumed to be represented mainly in
inferolateral temporal regions (Mummery et al., 1999;
Vandenberghe et al., 1996).

Left ventrolateral prefrontal cortex activations have
been observed in a variety of tasks in which semantic
information is present, regardless of the level of pro-
cessing involved (Murtha, Chertkow, Beauregard, &
Evans, 1999; Thompson-Schill et al., 1997). By contrast,
blood flow increases in inferior temporal lobe areas
have been associated with greater demands on seman-
tic knowledge (Murtha et al., 1999). In the present
study, we found no clear evidence that the inferior
temporal lobe was activated in the comparison be-
tween familiar and unfamiliar items. These results are
consistent with the view that in-depth processing of
semantic information is typically not crucial for success
in recognition memory. An exception to this general
principle occurs when the recognition memory task is
modified to place greater demands on the selection
and retrieval of semantic representations, as in the
manipulation of perceptual similarity at study and test
(see below).

As predicted, there was evidence that memory for
unfamiliar objects involved occipital lobe regions asso-
ciated with perceptual processes (see Cabeza & Ny-
berg, 2000 for a review). The contrast involving all the
unfamiliar minus the familiar conditions failed to show
significant activations, perhaps because of variability in
the amount of perceptual and semantic information
available in the different sets of stimuli even after
efforts were made to reduce this variability (see Meth-
ods). Analysis of the object conditions separately, how-
ever, did reveal activation by novel objects of
visuoperceptual areas in the occipital lobes, particularly
on the right. This suggests that, in the absence of
semantic information, recognition memory relies upon
the processing of nonverbal, perceptual information,
which involves primarily right hemisphere occipital
regions. Such a view is consistent with behavioral
studies involving patients with semantic dementia (Pat-
terson & Hodges, 2000; Hodges, Patterson, Oxbury, &
Funnell, 1992) who have a selective impairment to
semantic knowledge associated with progressive atro-
phy of the temporal lobe. Patients who had severely
disrupted semantic knowledge about an item could
nevertheless recognize the item as having been seen
previously in a recognition memory test. The basis for
this successful episodic recognition, it was argued, is
perceptual information from seeing the identical item
at study (Graham et al., 2000; Simons, Graham, &
Hodges, 1999; Simons et al., 2001).

Perceptual Similarity at Study and Test

Unlike the study by Schacter et al. (1997) involving
novel objects, we failed to find evidence that the use of
identical pictures at study and test was associated with
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increased activation in the left hippocampus. Instead,
we found significant activation within the left putamen.
In the present study, we compared memory when
identical nameable items were seen at study and test
with that for different pictures of the items (e.g., a
round-dial vs. a touch-button phone) in each phase.
Schacter et al.,, however, contrasted different orienta-
tions or different sizes of the same novel objects. It is
always problematic to interpret the lack of an activa-
tion, but it may be that these varying factors can
explain the different results.

As predicted, the opposite comparison, of different
minus same conditions, consistently produced activa-
tions involving the left inferolateral temporal lobe. This
is in contrast to the right temporal lobe activations
observed by Schacter et al. (1997) when comparing
orientation change to identical picture in their novel
object paradigm. The result obtained by Schacter et al.
seems likely to reflect the fact that, in the absence of
semantic information about the novel object seen,
memory for differently orientated items relies upon right
hemisphere systems involving the manipulation of per-
ceptual representations of objects, perhaps mental ro-
tation of the perceptual image until it matches an item
stored in memory (Gerlach, Law, Gade, & Paulson, 1999;
Schacter et al., 1995).

In the present study, familiar, nameable items were
used as stimuli in the conditions enabling the compar-
ison between same and different pictures, meaning that
semantic knowledge about the items could be used to
support recognition memory. Remembering that a
round-dial phone was seen at study could mean suc-
cessful recognition memory of a touch-button phone
because both share the same general object identity and
name, “‘phone,” irrespective of the fact that the items
are not the same perceptually. Additionally, the different
pictures used in the present study were perceptually
different exemplars of the item, rather than just percep-
tual manipulations of the same picture. Memorial “‘strat-
egies” like mental rotation would be of less use under
these conditions than where the orientation of the same
picture was changed between study and test. Taken as a
whole, these results suggest that using different exem-
plars of familiar items at study and test increases de-
mands upon semantic memory and/or naming,
indicated by increased activation in the posterior left
temporal lobe (Buckner, Koutstaal, Schacter, & Rosen,
2000; Price, 1998).

Of note is that the activation peak found in the
present study (x = =51,y = —61, z = —10) for the
Different minus Same picture contrast is almost iden-
tical to a region (peak at x = —50, y = —58, z =
—12) localized in a recent fMRI study of conceptual
priming (Buckner et al., 2000). Buckner et al. (see also
Price et al., 1996; Warburton et al., 1996) suggested
that this region of inferior temporal cortex “may play
a role in the formation, maintenance and/or interlink-
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ing of the conceptual lexical/semantic representations
involved during task performance” (p. 637). The great-
er activation found in this region in the present study
for different than same exemplars may, therefore, be
associated with the selection and active retrieval of
sufficient semantic information about items seen at
study and test to support the decision as to whether
they represent different exemplars of the same object
or face. Alternatively or additionally, it has been
suggested by both functional activation studies of
normal individuals (Price, 1998) and by neuropsycho-
logical studies of aphasic patients (Foundas, Daniels, &
Vasterling, 1998) that this region may play a significant
role in naming.

This evidence combines with recent proposals con-
cerning the status of recognition memory in patients
with semantic dementia to suggest that multiple inputs
from perceptual and semantic systems contribute to
recognition memory. In paradigms that employed dif-
ferent pictures of objects (Graham et al., 2000) and
faces (Simons et al., 2001) at study and test, successful
recognition memory by patients with semantic demen-
tia was critically reliant upon conceptual knowledge
about test items. The state of semantic knowledge was
not a factor, however, when identical pictures were
used at study and test. The authors argued that under
normal circumstances (i.e., when there is perceptual
equivalence between items used at study and test),
perceptual information can be sufficient for successful
recognition memory, but, when different pictures are
used in the two phases, semantic information becomes
critically important (Graham et al., 2000; Simons et al.,
1999). The results of the present study and that by
Schacter et al. (1997) provide neuroimaging evidence
consistent with the multiple input hypothesis. The use
of different pictures of familiar items at study and test
forces the balance of reliance in recognition memory
away from perceptual processing and towards recent
activation of semantic information about the items seen
at test. By contrast, a recognition memory paradigm
employing unfamiliar, novel items that do not activate
existing semantic representations shifts the balance of
processing to the perceptual characteristics of the
stimuli.

CONCLUSION

The present study has added to the currently small
number of neuroimaging investigations that have used
within-subjects methodology to address outstanding
questions about the neural representation of memory
for different types of stimulus material. In commonality
with these other studies, we found that when recogni-
tion memory for objects and faces was compared di-
rectly, bilateral patterns of activation were observed for
objects, while faces involved right hemisphere regions to
a greater extent. Retrieval of memories for nameable,

familiar items preferentially activated the left ventrolat-
eral prefrontal cortex, an area associated with the stra-
tegic processing of semantic knowledge, while memory
for unfamiliar items involved occipital visuoperceptual
regions. The predicted hippocampal activation related
to the use of identical stimuli at study and test was not
observed, but when different pictures of items were
seen at study and test, activation in left temporal lobe
semantic memory regions was consistently found. To-
gether, these results provide support for the view that
recognition memory draws upon multiple inputs from
perceptual and semantic processing systems. The results
from the present study are consistent with the neuro-
psychological literature and, as such, provide a contri-
bution to ongoing debates about the functional
neuroanatomy of human long-term memory.

METHODS
Participants

Eleven males (mean age 25.4 years, range 22-31) were
recruited primarily from the graduate student commun-
ity at the University of Cambridge. All were right-
handed with normal or corrected-to-normal vision,
and had English as a first language. Participants were
screened prior to arrival using a comprehensive med-
ical questionnaire and all provided informed consent
for participation.

Design and Materials

The three main aims of the study were addressed using
six experimental conditions, which manipulated the
factors objects/faces, familiar/unfamiliar, and same/differ-
ent at study and test. We refer to the conditions as:
familiar objects same (FOS), familiar faces same (FFS),
familiar objects different (FOD), familiar faces different
(FFD), unfamiliar objects (UFO), and unfamiliar faces
(UFF). No baseline control condition was used because
the study was designed to examine differences between
memory conditions. Grayscale pictures or photographs,
matched as closely as practicable for image size, con-
trast, brightness, and environmental cues, were used as
stimuli in the six conditions. The images were primarily
scanned from magazines and books, or downloaded
from the Internet (see Figure 2 for examples of the
stimuli used). Each of the conditions was administered
twice during the scan session, with different stimuli used
in each administration and the stimulus presentation
order randomized for each participant. All of the stimuli
used were extensively piloted outside the scanner to test
for variations in task difficulty that might affect observed
activations and to ensure that the everyday objects and
famous faces were truly familiar.

In the two familiar objects conditions (FOS and FOD),
120 objects from nonliving categories such as household
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Figure 2. Examples of the

stimuli used in the study

and test phases of the six

experimental conditions:

familiar objects same, fa- StUdy

miliar objects different, fa-

miliar faces same, familiar

faces different, unfamiliar

objects, unfamiliar faces. Familiar
Same
Familiar
Different
Unfamiliar

Objects

Faces

Test

objects, vehicles, tools, and so on were used as stimuli
(e.g., chair, helicopter, telephone). For 40 of the items, a
different picture of the item was also located for use in
the test phase of the FOD condition. Similarly, in the
familiar faces conditions (FFS and FFD), 120 photo-
graphs of famous people (e.g., John F. Kennedy, Queen
Elizabeth II, Audrey Hepburn) were used, and for 40 of
the celebrities, a different photograph of the person was
located for use in the FFD condition. Pilot testing
suggested possible differences in the difficulty of the
two face conditions, a factor that has been shown to
result in significant blood flow variations (Nyberg, Mc-
Intosh, Houle, Nilsson, & Tulving, 1996; Schacter, Alpert,
Savage, Rauch, & Albert, 1996). To mitigate against this
concern, the celebrities used in the FFS condition were
chosen to be of similar age and gender as each other,
while these factors were varied in the FFD condition in
order that the stimuli used were more easily distinguish-
able from one another.

The unfamiliar objects condition (UFO) utilized 60
pictures of novel or unfamiliar objects. Most of these
comprised digitized pictures of novel wooden objects
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(Srinivas, Breedin, Coslett, & Saffran, 1997). These
were interspersed with photographs of real but un-
familiar objects (electrical components, machinery
parts, etc.). In the unfamiliar faces condition (UFF),
60 photographs of unfamiliar people were employed
as stimuli. The photographs used were of male and
female students and staff of varied age groups from a
different university.

Procedure

Each participant was scanned 12 times, twice for each
of the six experimental conditions. The presentation
order of the conditions was counterbalanced across
subjects and the order of the trials in each condition
randomized for each participant. Stimuli were pre-
sented on an overhead monitor located where the
participant could see it clearly. Behavioral responses
were recorded using a button box. A portable Apple
Mac G3 computer running PsyScope V1.2.4 (Cohen,
MacWhinney, Flatt, & Provost, 1993) was used to
generate stimuli and collect behavioral data. When
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the participant was in the PET scanner but before the
start of the scan session, the instructions were repeated
and several practice trials undertaken for each of the
experimental conditions, involving stimuli not used
later in the experiment.

Fifty seconds before each PET data acquisition period,
the participant was shown 20 pictures (each displayed
for 2000 msec, with a 250-msec interstimulus interval) in
a study phase and was asked to look at the pictures and
to remember them. Test instructions were shown for 5
sec and then at the start of the acquisition sequence,
recognition memory was tested for 45 sec. The partic-
ipant was shown 20 more pictures (again displayed for
2000 msec each), half of which were items that had been
seen in the study phase, half of which were novel foils.
Participants pressed the left button on the button box if
they thought an item had been seen at study and the
right button if not. The instructions were varied slightly
in the two Different conditions (FOD and FFD), with
participants asked to press the left button if a different
picture of the item had been seen at study and the right
button if the item had not been seen.

Following each test phase, participants were immedi-
ately given a switch task lasting a further 45 sec. The
switch technique (described by Cherry, Woods, Doshi,
Banerjee, & Mazziotta, 1995) is a method used to
improve the signal-to-noise ratio by taking advantage
of variations in arterial radioactivity concentration over
the acquisition period. By administering the task of
interest for the first half of the acquisition and then
immediately switching to a task with different cognitive
demands, improvements in signal-to-noise ratio of up to
30% have been found over the conventional method
(Cherry et al., 1995) and the switch technique has been
employed in a number of recent PET studies (e.g.,
Gerlach et al., 1999; Kanwisher, Woods, Iacoboni, &
Mazziotta, 1997). In the present experiment, the switch
task comprised 20 trials in which participants viewed a
square and had to press the left button if the square
contained a large black dot and the right button if the
square was empty.

Image Acquisition and Data Analysis

Twelve PET images were obtained for each participant
using the GE Advance system, which produces 35 image
slices at an intrinsic resolution of approximately 4.0 x
5.0 X 4.5 mm. Participants received a 20-sec intravenous
bolus of H,">0 through a forearm cannula at a concen-
tration of 300 MBq ml™" and a flow rate of 10 ml min™".
With this method, each scan provides an image of rCBF
integrated over a period of 90 sec from when the tracer
first enters the cerebral circulation.

The 12 scans were realigned using the first scan as a
reference, normalized for global CBF value, and
smoothed using a Gaussian filter at 16 mm FWHM.
Analysis of the realignment parameters indicated that

head movements of two of the participants exceeded 5
mm throughout the scan session. These two participants
were, therefore, excluded from subsequent analysis to
preclude activations due to movement artefact (Brett,
Bloomfield, Brooks, Stein, & Grasby, 1999). For the
remaining nine participants, time (scan order) and head
movement in the three planes of rotation and three
dimensions of translation were set as confounding fac-
tors. Changes in blood flow between experimental con-
ditions were estimated for each voxel using SPM 99b
(provided by the Wellcome Department of Cognitive
Neurology, London, UK). The resulting statistical images
were warped into standardized stereotactic space and
then further transformed to fit the Talairach and Tour-
noux (1988) atlas for the anatomical localization of
activation peaks. The statistical threshold for reporting
a peak as significant was set at p < .05, corrected for
multiple comparisons across the entire brain volume.
Because of our a priori predictions regarding activations
occurring within the prefrontal cortex, an uncorrected
threshold of p < .001 was used for predicted effects in
this region (Lee et al., 2000; Worsley, Evans, Marrett, &
Neelin, 1992; Worsley et al., 1996).
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