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H We review PET studies of higher-order cognitive processes,
including attention (sustained and selective), perception (of
objects, faces, and locations), language (word listening,reading,
and production), working memory (phonological and visuospatial),semantic memory retrieval (intentional and incidental),
episodic memory retrieval (verbal and nonverbal), priming,and

INTRODUCTION
A fundamental goal of cognitive neuroscience is to identlfy the neural substrates of cognitive processes. Our
chances of achieving this goal have radically increased
during the last decade by the introduction of functional
neuroimaging techniques, such as positron emission tomography (PET)and functional magnetic resonance imaging (fMRI), and advances in the field of event-related
potentials (Ems).For the first time in the history of
neuroscience, it is now possible to “observe”cognitive
activity in the intact human brain. PET, the most mature
technique available, has already been applied in numerous studies investigating the neural substrates of attention, perception, language, and memory in normal
subjects. In the present article we review this evidence
and summarize the main findings. Our main goal is to
identify for each cognitive function the set of brain
regions that are generally involved in the function.

Methodological Considerations
In this section we briefly discuss how PET is applied in
studies of cognitive functions,and how the data typically
are analyzed. Most cognitive PET studies have used cerebral blood flow as a measure of brain activity.In a typical
cognitive PET experiment, subjects are injected with a
radioactive tracer (€IZ’~O)
while they are performing a
cognitive task ( e g ,reading words;recognizing pictures).
The PET scanner detects the distribution of the tracer in
the brain, which is an index of the distribution of cerebral blood flow, and hence, the pattern of brain activity
(for a review, see Raichle, 1994;Posner & Raichle, 1994).
A PET scan lasts 40-70 seconds, and all changes in the
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procedural memory (conditioning and skill learning). For each
process, we identify activation patterns including the most
consistently involved regions. These regions constitute important components of the network of brain regions that underlie
each function.

distribution of the tracer during this time overlap on the
same image.Thus,PET can identlfy the total brain activity
associated with a particular task (e.g., recognizing pictures), but not the brain activity associated with a particular trial within a task (e.g., recognizing a particular
picture). A standard experiment consists of 6- 10 scans
per subject, made 10-15 minutes apart. Each scan may
represent an experimental condition, but to increase the
signal-to-noise ratio in the blood-flow data, it is common
to use multiple scans per subject and condition. To
further increase the statistical power, the data from a
number of subjects representing the same condition are
usually averaged (Fox,Mintum, Reiman, & Raichle, 1988).
Before averaging, the images from different subjects are
transformed to a common brain space. This is done on
the basis of brain landmarks inferred from the PET images (Friston, Frith, Liddle, & Frackowiak, 1991; Friston,
Holmes, Worsley, et al., 1995) or from MRIs of the subjects (Worsley,Evans, Marrett, & Neelin, 1992),with both
methods giving similar results (Amdt et al., 1995).
The standard method of analyzing PET data involves
comparing the pattern of activity associated with a “target” condition with that of a “reference”condition (Fox,
1991;Fox et al., 1988).The target and reference tasks are
designed to differ only in terms of the process of interest. In this way, the neural correlates of this process can
be identified by subtracting the pattern of brain activity
in the reference condition from that in the target condition. Regions showing a higher level of blood flow during the target task than during the reference task are
often called “activations,”and those showing a lower
level of activity during the target task than during the
reference task are referred to as “deactivations.”
The specific locations where differences are observed
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Abstract

are usually expressed as three-dimensional (x, y, z) coordinates in reference to the stereotaxic brain atlas of
Talairach and Tournoux (1988). The use of a common
metric for localization allows ready comparison of PET
results across experiments and across laboratories, and
is critical for the objective of mapping the human brain.

Scope

(1) We only included studies involving healthy young
adults, thereby excluding numerous studies concerned
with neurological, psychiatric,or aged populations.
(2) We excluded studies concerned with the effects
of alcohol or drugs (e.g., de Wit, Metz,Wagner, & Cooper,
1990; Grasby, Frith, Paulesu, et al., 1995; Friston et al.,
1992;Kapur, Meyer, Wilson, et al., 1994).
(3) We concentrated on higher-order cognitive functions, such as perception, language, and memory, and did
not include studies on lower-order sensory and motor
processes (e.g., Casey, Minoshima, Berger, Koeppe, 1994;
Decety et al., 1994;Fiez et al., 1995;Kawashima, Roland,
& O’Sullivan, 1994; Kushner et al., 1988; Lauter, Herscovitch,Formby,& Raichle, 1985;Luecket al., 1989;Paus,
Petrides, Evans, & Meyer, 1993; Seitz & Roland, 1992b;
Talbot et al., 1991;Zatorre,Jones-Gotman,Evans,& Meyer,

1992).
( 4 ) We concentrated on cerebral blood flow studies,
and included only a few studies that used fluorodeoxyglucose (FDG) to measure glucose metabolism (e.g., Cohen, Semple, Gross, et al., 1988, 1992).
(5) We focused on studies measuring activity in the
whole brain, and did not include regions-of-interest
(ROIs) studies (e.g., Mazoyer et al., 1993, Raichle et al.,
1994),unless the number of ROIs was large enough (e.g.,
more than 20) to give a representative sample of the
brain (e.g., Meyer et al., 1991).
(6) We focused on studies using the image subtraction
method, which has been until now the standard method
of cognitive PET studies. Thus, we did not include the
few studies using parametric (Grasby et al., 1994;Price
et al., 1992) and network (McIntosh et al., 1994; McIntosh et al., 1996; Nyberg, McIntosh, Cabeza, Nilsson,
Houle, Habib, & Tulving, 1996) approaches. These a p
proaches, however, are expanding rapidly and may eventually eclipse the standard subtraction method.
(7) Finally, we organized experimental conditions in
global categories (e.g., sustained attention, selective attention), and excluded a few studies or comparisons that
did not fit within this organization and were too few to
define a separate category. For example, we did not include a study concerning shifting spatial attention (Corbetta, Miezin, Shulman, & Petersen, 1993), a study about
the interpretation of metaphoric sentences (Bottini et al.,
2
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We covered PET studies until December 1995.Articles
were flagged using MEDLINE and PsychLIT computerized databases.The journals Human Brain Mapping and
Journal of Cognitive Neuroscience were scrutinized directly.We included also several studies “submitted”or “in
press” that we had available. Only a small portion of the
PET studies found involved normal subjects. For example, from a total of 627 PET articles found in PsychLIT,
only 141 studies were concerned with “nondisordered
populations,”i.e., normal subjects.After excluding those
studies that did not fit the criteria listed above, the final
sample consisted of 73 articles. From these articles, we
extracted the 101 subtractions shown in Tables 1 to 8,
which are the focus of this review.

Organization
In summarizing the results of PET studies using the
subtraction technique, the most appropriate unit of
analysis is not one experiment, or one experimental
condition,but one “subtraction”(i.e., a pairwise comparison between a target and reference condition).As noted
above,subtractions associate a specific cognitive process
with sets of brain regions. For example, a study can show
an association between memory retrieval and right prefrontal, parietal, and hippocampal regions (Buckner, Petersen, Ojemann, et al., 1995). The process of interest
(memory retrieval) is revealed in the comparison between the target and reference conditions (in this example, the difference between a condition in which
subjects completed word-stems with studied words and
one in which they completed word stems with any
word). Thus, the brain regions isolated by the subtraction
cannot be attributed only to the target task, because they
are also determined by the reference task. For this reason, the results of PET studies in the present review are
organized in terms of subtractions. Each set of brain
regions is linked to a particular target-reference subtraction, and the description of the target and reference tasks
provides an operational definition of the cognitive process associated with increased activity in these regions.
We organized the subtractions,in terms of the process
they seem to isolate, according to the following taxonomy of cognitive functions: (1) attention (sustained and
selective);(2) perception (of objects,faces,locations, and
involving topdown processing), (3) language (word listening, reading, and production), (4) working memory
(phonological and visuo-spatial), ( 5 ) semantic memory
retrieval (intentional and incidental), (6) episodic memory retrieval (verbal and nonverbal), (7) priming, and (8)
procedural memory (conditioning and skill learning). To
avoid repetition of results in very similar subtractions
from the same studies, we included only the most rep
resentative, relevant, and clear subtractions from each
Volume 9,Number 1
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As the PET literature is quite extensive,we chose to limit
the scope of the review in several ways:

1994), and a study concerning chess playing (Nichelli
et al., 1994).

Caveats
There are several problems of using PET data to map
cognitive processes in the brain. First, there are the
limitations of the PET technique, in terms of spatial
resolution (6- 15 mm), temporal resolution (40-60 sec),
and scanned volume. Most PET scanners cover the
whole brain in the horizontal dimension,but not in the
vertical dimension: the top part (frontal and parietal
regions close to the central sulcus) and bottom part
(temporal pole and ventral cerebellum) are usually

missed. This problem is particularly serious in the case
of the cerebellum,which is typically scanned only in its
top half (e.g., above Z = -30 in the brain atlas of Talairach
& Tournoux, 1988), and sometimes missed altogether.
Thus, cerebellar activations may be more numerous than
the ones that have been reported.
Second, there are the limitations of the subtraction
method. In addition to ;I series of questionable assumptions (see Sergent, 1994),this method has a serious
disadvantage for the purposc of brain mapping: it does
not identify all the regions that arc involved in a certain
behavior, but only those that show a significant difference in activation between target and reference tasks.
Those regions that are similarly involved in the target
and reference task do not “show up” in the subtraction.
It is possible to argue that these regions are not specifically involved in the process of interest, but in ancillary processes, which the target task share with the
reference task. However, the fact that a brain region is
similarly active during two tasks does not imply that its
effects on other brain regions are the same, and it has
thc s;imc function in the two tasks. Changes in connectivity can be detected by covariance-based analyses
(McIntosh & Gonzalez-Lima,1994;see also Friston et al.,
1993), but they have been applied to only a few PET
studies so far ( e g , McIntosh et al., 1994;McIntosh et al.,
1996; Nyberg, McIntosh, Cabeza, Nilsson, Houle, Habib,
& Tulving, 1996).
Third, there are problems related to the application of
the subtraction method. This method requires that the
target and reference task differ only in terms of the
process of interest, but this requirement is not always
fulfilled.Sometimes,the reference task is too simple (e.g.,
resting with eyes closed, staring at a cross in the screen)
and does not subtract out sensory, motor, or linguistic
operations from the target task. Other times, the target
task involves other cognitive processes besides the ones
it is supposed to include,and these additional operations
are not eliminated by the subtraction. In general, these
kinds of problems are disappearing as PET researchers
become more sophisticated in the use of the subtraction
technique.
Fourth, one limitation of several of the PET studies
reviewed is the use of a very small number of subjects
(e.g., six). The main risk of using few subjects is not
finding significant K B F differences in regions in which
there was no actual change (false positives) but failing
to find significant differences in regions in which there
was a genuine change (false negatives).Andreasen et al.
(1996a) have shown that as the number of subjects
decreases false negatives begin to appear,but there is no
corresponding increase in false positives. Thus, if some
PET studies fail to find significant activations in regions
that are usually activated by other PET studies, the simplest explanation is lack of statistical power. However, if
most relevant studies did not find activations in a certain
region, this fact deserves attention, especially if activaCabeza and Nybetg
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study. Sometimes, the same PET study provided subtractions relevant to more than one category. For example,
in the aforementioned study reporting the subtraction
“stem cued-recall minus stem completion” (Buckner et
al., 1995), there was also the subtraction “stem completion minus fixation.”While the first subtraction isolates
processes of episodic memory retrieval, the second segregates processes of semantic memory retrieval. Similarly, some of the subtractions under semantic memory
retrieval came from studies concerned with language,
but which included subtractions isolating semantic
memory processes.
The results of the different subtractions are reported
in tables, one for each category of cognitive processes
(Tables 1 to 8). The significant peaks of activation associated with the first six processes are also plotted in
brain outlines in Figures 1 to 6. Cerebellar activations are
plotted in Figure 7. Each table has nine columns.The first
column gives the article in which the subtraction was
reported. In the case the same subtraction was reported
in more than one article ( e g , Demonet et al., 1992 and
Dkmonet et al., 1994; Squire et al., 1992 and Buckner
et al., 1995; Shallice et al., 1994 and Fletcher, Frith,
Grasky, Shallice, Frackowiac, & Dolan, 1995), the most
recent report is referenced. The second and third columns are brief descriptions of the target and reference
tasks, respectively. By identlfying which operations are
involved in the target task but not in the reference task,
the reader can form an idea of the process(es) isolated
by the subtraction. We have followed the interpretation
given in the articles (and sometimes our own intuitions),
but by specifying the tasks, the reader can decide for
himfierself. Finally, columns 4 to 9 correspond to broad
brain regions. Within these regions, the hemisphere (left
or right) and the approximate Brodmann area of each
activated region is indicated. When the Brodmann area
was not given in the paper, we determined it by locating
the coordinates in the Talairach and Tournoux (1988)
atlas. When no coordinates were provided, a gyral or
other anatomical description was used. The peaks of
studies that did not report coordinates (e.g., ROI studies), however, could not be included in the figures.
The review is divided into one section for each of the
eight cognitive functions in our taxonomy, and a summary organized in terms of regions at the end.

ACTIVATION PA’ITERNS OF COGNITIVE

PROCESSES
Attention
We divided the studies of attention into those investigating processes related to sustained attention and those
related to selective attention. Common to the tasks meas
uring sustained attention was that they involved continuous monitoring of stimuli (e.g., somatosensory or visual
vigilance, Pardo, Fox, & Raichle, 1991).The tasks measuring selective attention typically involved inhibition of
competing responses (e.g., the Stroop attentional
conflict paradigm; Bench et al., 1993;George et al., 1994;
Pardo, Pardo,Janer, & Raichle, 1990).
4
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Table 1 summarizes the subtractions relevant to sustained and selective attention. Figure 1 shows cortical
activation peaks from those studies that reported atlas
coordinates. For sustained attention, the studies point to
a critical involvement of the frontal and parietal corticies
in on-line analysis of the stimuli (Cohen, Semple, Gross,
Holcomb & et al., 1988; Cohen, Semple, Gross, King, &
Nordahl, 1992;Meyer et al., 1991;Pardo et al., 1991).This
involvement seems to be modality independent,as it was
demonstrated in the visual, auditory,and somatosensory
modality. More generally, there seems to be a tendency
for vigilance to be right lateralized, which is consistent
with human lesion studies of a right hemisphere dominance of attention (Pardo et al., 1991).
Frontal and parietal regions seem to be highly involved also in selective attention (Table 1). In addition,
selective attention was found to generally invo!ve the
anterior cingulate cortex. Pardo et al. (1990) suggested
that “the anterior cingulate is involved in the selection
process between competing processing alternatives on
the basis of some preexisting internal, conscious plan”
(p. 259). In four of the five studies that found increased
involvement of the anterior cingulate, the peak was located in Brodmann area 32. This is in line with suggestions that this specific part of the anterior cingulate
cortex may be related to target assessment (Devinsky,
Morrell,& Vogt, 1995).Whereas in Pardo et al. (1990) and
Bench et al. (1993), stimuli were presented at fixed
intervals and subjects had to respond as quickly as possible, in George et al. (1994) all the stimuli (words or
bars of hatch marks) were simultaneously presented in
one display and subjects went over them in a self-paced
fashion.The Stroop task involves attending to the stimuli
and suppressing inappropriate verbal responses. According to George et al. (1994), this second component is
emphasized when performance is self-paced,and could
be related to the left midcingulate activation in their
study.

Perception
In this section, we discuss PET studies on visual perception. Studies in other modalities, such as audition (Zatorre, Evans, & Meyer, 1994; Zatorre, Evans, Meyer, &
Gjedde, 1992) and olfaction (Zatorre, Jones-Gotman,
Evans, & Meyer, 1992), are still too scarce for the goal of
abstracting a general pattern. PET studies on visual perception can be divided into three groups. One group of
studies tested an idea originated in animal research: the
distinction between an occipito-temporal or ”ventral”
pathway involved in processing the identity of objects,
and an occipito-parietal or “dorsal”pathway involved in
processing the location of objects in space (Ungerleider
& Mishkin, 1982).Haxby, Grady, and collaborators (Grady
et al., 1992, 1994; Haxby et al., 1991, 1994) used a
face-matching task to investigate object identity, and a
location-matching task to investigate object location.
Volume 9, Number I
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tions in the contralateral region are commonly found.
IJnilateral activation-or lack of activation-is one of the
strongest forms of PET evidence one can observe, because it shows a dissociation between two brain regions
in a situation in which all experimental conditionsincluding statistical power-are kept constant.
Finally, a difficult problem for synthesizing the results
of different PET studies is how to divide these results
into separate categories.Most cognitive PET studies have
presented their results within one of the traditional domains of cognitive psychology ( e g , attention, perception, language). Classifying cognitive operations into a
few categories is artificial and does not match the complexity of the neural mechanisms underlying cognition.
At the same time, it is impossible to integrate the results
of variety PET studies without organizing these results
into categories that are more concrete than the global
notion of “cognition”but more abstract than the specific
tasks employed (e.g., spoken word recall to visually presented word-stems).
The taxonomy we employed in this article is a compromise between traditional categories and our ideas
about how cognitive operations should be classified. For
example, we do not think that ‘‘language’’is a category
of cognitive processes in the same sense as perception
and memory are, but we included it as a separate category in the review because of the considerable number
of PET and neuropsychology studies that focused on
“language”as a separate domain. On the other hand, we
classified some of the subtractions investigated in these
‘‘language’’studies within the category of semantic memory retrieval, because we think that verbal or nonverbal
information access the same semantic memory system.
The distinction of subcategories was sometimes theoretically driven (e.g., phonological vs visual working memory), but sometimes only a convenient way of grouping
the subtractions (verbal and nonverbal episodic retrieval). Like every taxonomy, our classification system is
artificial and arguable. However, it has only the heuristic
goal of organizing PET results and does not postulate any
cognitive or neural entity.

Table 1. Brain regions showing activations associated with processes of attention.
Study

Target Task

Reference Task

CG

Frontal

Temporal

Pariet

Occip

SC/CB

Sustained Attention
see fixation resp if
luminance changes

rest

R9

Pardo et al.
(1991)

left toe stimulation n
count no of pauses
between stim.

rest

R9,44

Cohen et
al. (1988)
(FDW
Cohen et
al. (1992)
(FDW
Cohen et
al. (1992)
(FDG)
Meyer et
al. (1991)

hear a tone (67.75,
86dB) n resp if 67 dB

rest

R mid

hear a tone (67,75,
86dB) n resp if 67 dB

rest

R mid

hear a tone (67,75,
86dB) resp if 67 dB

hear a tone (67,75,
86dB) n ignore tone

vibrotactile
stimulation n resp if
stimulation changes

vibrotactile stim.
while doing
arithmetic calc.

))

R7

B 18

cb

R22

R7

B 18

th

B Sylvian

L inf

L parietoccip

R
postcen

Selective Attention
Pardo et al.
(1990)

name the incongruent
color of a color-word
(Stroop)

name the
congruent color of
a color-word

B 32

L6

Bench et
al. (1993)

name the incongruent
color of a color-word
(Stroop)

name the color of
crosses

R 23

R 47

Bench et
al. (1993)

name the incongruent
color of a color-word
(Stroop)

name the color of
neutral words

Bench et
al. (1993)
Exp. 2

name the incongruent
color of a color-word
(Stroop)

name the color of
strings of scrosses

R 32

R 10

George et
al. (1994)

name the incongruent
color of a color-word
(Stroop)

name the color of
strings of hatch
marks

B 24;
L 32

L 45/46

Corbetta
et al.
(1990)
Corbetta
et al.
(1990)
Corbetta
et al.
(1990)
Heinze et
al. (1994)

detect changes in
shape only

detect any change
(shape, color, or
velocity)

detect changes in
color only

detect any change
(shape, color, or
velocity)

detect change in
velocity only

detect any change
(shape, color, or
velocity)

attend left side of
screen while viewing
stimuli

passive view of
stimuli

R 32

L6

Taylor et
al. (1994)

see 1 of 4 letters n say
letter code (e.g., if B
say s>

see 1 of 4 letters D
say name (e.g., if B
MY b)

L 32

B 47

R 42

L 40

B 18

L putam

B7

L 7;
R 40

Bins

L 40

L 19

B th

B 22;
L 37;
R 20

L 19

L 18

B pHC

B 18,19

L 39

R 37/19

Abbrevlatlons in Tables 1 to 8: z = separates stimulus and response,ant = anterior,amy = amygdala, B = bilateral, bs = brainstem,caud =
caudate, cb = cerebellum,CG = cingulate (anterior and posterior), dec = decide, dorsolat = dorsolateral, fus = fusiform gyms, @pal = globus pallidus, HC = hippocampal region, ins = insula, L = left, lat = lateral, lent = lenticular nucleus, med = medial, mid = middle gyms, Occip = occipital,Pariet = parietal, pHC = parahippocampal region, post = posterior, postcen = postcentral gyms,precen = precentral gym,putam =
putamen, R = right, resp = response,SC/CB = subcortical stmchms and cerebellum,Syl = Sylvian @on, th = thalamus
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Pardo et al.
(1991)

Sustained Attention
/
-

Kohler et al. (1995) employed common objects in both
object-identity and object-location conditions. In each
trial, two displays containing three objects appeared on
the screen, and subjects had to decide either if the two
displays contained the same objects or if the objects in
the two displays were in the same locations. The results
of both paradigms were very similar, and supported the
ventraldorsal distinction.
Another group of studies focused on face processing,
and investigated the differences between perception and
memory for faces (Haxby, Ungerleider, Horwitz,
Rapoport, & Grady, 1995;Kapur, Friston, Young, Frith, &
Frackowiak, 1995) and the difference between percep
tion of faces and perception of objects (Sergent, Ohta, &
MacDonald, 1992). In Sergent, Ohta, & MacDonald
( 1 992), for example, conditions in which subject made
living/nonliving decisions about objects, or male/female
decisions about faces, were compared to a condition
involving horizontalhertical decisions about gratings.
Haxby et al. (1995) investigated face match-to-sampleat
delays ranging from 1 to 21 seconds. We include the
1 sec deby condition in the present perception section
and consider some of the longer delay conditions in the
working memory section.
Finally, a third group of studies investigated perceptual
tasks involving topclown processing, such as identifying
objects from unusual perspectives or imagining objects.
Kosslyn et al. (1994) expected that the amount of t o p
down processing in a name/object verification task
would be larger when objects are presented from noncanonical perspectives (e.g., a fence seen from the top)
6
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Selective Attention

than when they are presented in usual views ( e g , a
fence seen from the side). Likewise, Kosslyn et al. (1995)
expected more topdown processing in a name/object
verification when names are presented at a subordinate
level ( e g , canary) than when they are at an entry level
(e.g., bird). In the subordinate level condition, subjects
use topdown processing to collect additional information in order to respond. Imagery can be classified as a
form of memory retrieval (i.e., a form of nonverbal recall), but also as a form of perception (Farah, 1988;Finke,
1985). Imagery is also characterized by topdown processing. In PET studies, imagery was investigated by having subjects imagine a letter in grid (Kosslyn et al., 1993),
by having them imagine with eyes closed a previously
studied colorful pattern (Roland & Gulyh, 1995),or by
having them mentally explore a previously learned map
(Mellet, Tzourio, Denis, & Mazoyer, 1995).
In Table 2 , the subtractions from the relevant subtractions are classified according to whether they isolated
processes of object perception, face perception, space
perception, or topdown perceptual operations. Figure 2
shows the significant peaks of activations for those studies reporting coordinates. Activations in the ventral surface of the temporal lobe are plotted in the medial
views.
The global activation pattern for subtractions isolating
object and face perception consists of the occipital cortex, particularly the secondary visual cortex (Areas 18,
19),and the ventral surface of the temporal lobe, particularly the fusiform gyrus. In contrast to perception of
objects, perception of locations involved dorsal occipital
Volume 9,Number 1
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Figure 1. Significant peaks of
activations (published coordinates) associated to processes
of attention. In Figures 1-6,
peaks are projected to the
closest cortical surface: the lateral (brain outlines on top) or
medial (outlines on the bottom) surfaces of the left (outlines on the left) or right
hemispheres (outlines on the
right). Peaks on the ventral surface of the temporal lobe and
in hippocampaVparahippoampal regions are displayed in
medial views. Peaks in the
thalamus, basal ganglia, brainstem, and cerebellum are not
shown.

Table 2. Brain regions showing activations associated with processes of perception.
Study

Target Tmk

Reference Tmk

CG

Frontal

Temporal

Pariet

SCKB

Occip

Object Perception
see object n dec
living/nonliving

see letter u dec
normaurotated

Sergent et al.
(1992a)

see object n dec
livinghonliving

see horizontal/
vertical grating dec
horiz/vertical

Kohler et al.
(1995)

see 2 object triplets n
dec same/different
objects

see 2 object triplets
n dec samddifferent
location

Schacter et al.
(1995)

see new possible
object w resp
possible/impossible

see new possible
object B resp when
it disappears

Bookheimer et
al., 1995

name object silently

view random line
drawing

L 18

B 36(fus);
L 21
L 11

))

L 20,21,
37 (fus)

B40;
L7

L 37 (fus)

L
24/32

B 10,
44-46

R21,37
(fus)

B 6/44,
L ins

L 20, 37
(fus)

L 39

L 19

B 18;
L 17

B cb

L 17,
B 18/19

Rcaud,
th, L bs,
HC

Face Perception
B 37

B 18, 19

R
45/47,
11

B 37

B 19,
19/37

B 45;R
11,47,
46

R 35/36
(fus)

B 19

Grady et al.
face match-tesample
(1994) Exp. 1

see 3 empty squares
n press alternate key

Haxby et al.
(1994)

face match-tesample

location match-tosample + patternalternate key

Haxby et al.
(1995)

delayed (1 second)
face match-tesample

see nonsense
patterns n press
alternate key

Sergent et al.
(1992a)

see unfamiliar face n
dec maldfemale

see horizontal/
vertical grating n dec
horidvertical

R 18,
19:L 19

N. Kapur et al.
(1995)

see unfamiliar face
resp if female

rest

B 17,
18/19

n

CdUd

R
HC/pHC

Space Perception
Crady et al.
dot location
(1994) Exp. 1 match-tesample

see 3 empty squares
B press alternate key

Haxby et al.
(1994)

face/nonsense-pattern face match-tosample + patternlocation
alternate key
match-tesample

Kohler et al.
(1995)

see 2 object triplets
dec if location differ

L6

see 2 object triplets
n dec if objects differ

B7

B19

B7

Bl9

R 39

Top-down Processing
Kosslyn et al.
(1994)

name verification of
object in
noncanonical view

name verification of
object in canonical
view

Kosslyn et al.
(1995)

verific. object/
subordinate level
name (canary)

verification object/
entry level name
(bird)

Kosslyn,Alpert, imagine letter n dec
& Thompson
if it covers mark in a
(1993) Exp. 1 grid

L 47;R
9/46

R
32/24

B 8;R
9/44

32,
B 44,46
see letter n dec if it
covers mark in a grid 23,31

B 37(incl.
fus)

L 7;R
39,40

B 18;R
17

L40

L 19

17

L th

(continued)
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Sergent et al.
(1992b)

Table 2. (continued)
Study

Target Tmk

Reference Tmk

CG

Frontal

ant
med

SMA, B
precen;
L inf.
dorsolat

mental exploration of
previously learned
map

visual exploration of
actually perceived
map

Mellet et al.
(1995)

mental exploration of
previously learned
map

rest

SMA

Roland &
Gulyas (1995)

imagine visual
abstract patterns

learn visual abstract
patterns

L 10

Pariet

Occip

SC/CB

B sup

SUP

cb

R caud

Figure 2. Significant peaks of
activations (published coordinates) associated to processes
of perception.

Perception

Object Perception
0 Face Perception

8 Location Perception

v

and parietal regions. The difference between perception
of objects and locations is particularly clear in the
Kohler et al. (1995) study: when the object-locationcondition was subtracted from the object-identitycondition,
increased activity in temporal regions was found, but
when the object-identity condition was subtracted from
the object-location condition, increased activity in parietal regions was observed. Thus, the results of the PET
studies are generally consistent with the distinction between a occipito-temporal pathway for object process
ing and a occipito-parietal pathway for spaceflocation
processing (Ungerleider, 1995; Ungerleider & Mishkin,

1982).
Face perception seems to involve the same ventral
pathway as object perception. It has been suggested that
8
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Top-down Percepti

there is a tendency for object processing to be left-lateralized (Kohler, Kapur, Moscovitch, Winocur, & Houle,
1995; Sergent, Ohta, & MacDonald, 1992) and for face
processing to be right-lateralized (Haxby et al., 1996;
Sergent,Ohta, & MacDonald, 1992).Table 2 suggests that
object perception tends to be left-lateralized, whereas
face perception tends to be bilateral. Also, it has been
suggested that activations associated with simpler and
general visual processes are more posterior in the ventral
pathway, whereas those associated with more complex
and specific processes are more anterior (Ungerleider,
1995). However, since we did not include lower-level
perceptual activations, the present review does not
speak to this issue.
Finally, topdown perceptual processing was characVolume 9, Number I
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Mellet et al.
(1995)

Temporal

imagery activates primary visual cortex, but other studies did not (e.g., Roland & Gulyas, 1995; for a debate
about this issue, see Trends in Neurosciences, 1994,
27, pp. 281-297). Recent evidence suggests that activations in the primary visual cortex can be subtracted out
by reference tasks with an imagery component, such as
resting with eyes closed (Kosslyn, Thompson, Kim, &
Alpert, 1995).

Language

PET subtractions relevant to language processes were
divided into subtractions isolating processes of word
listening,reading, and production (Table 3 and Figure 3).
Research with aphasic patients suggests that a region
located in the posterior half of the left superior temporal
gyrus, Wernicke’s area, is critically involved in the process of recognizing auditory stimulation patterns as words
(for a review, see Benson, 1988).All three subtractions in
Table 3 that isolated spoken word comprehension are in
agreement with this view in that they all yielded activa-

Table 3. Brain regions showing activations associated with processes of language.
Study

Target Task

Reference Task

CG

Frontal

Temporal

Pariet

Occip

SC/CB

Word Listening
see fixation

Petersen et
al. (1989)

hear word

Frith et al.
(199la)

hear word or pseudoword # lexical
decision (verbal)

average of resting,
counting aloud, and
verbal fluency

Howard et
al. (1992)

hear and repeat word

hear word in
reverse n say “crime”

B 42,22
(Wernicke’s)

L
32/24

L 9; R 47

B 41,42,22
(Wernicke’s)

R 17

L 21
(Wernicke’s)

Word Reading
Petersen et
al. ( 1990)

read word silently

see fixation

Howard et
al. (1992)

read word aloud

see false font string
n say “crime”

L 24

Price et al.
(1994)
Exp. 2

read word silently
(150 ms + 981 ms)

see false font string

31

Bookheimer read word silently
et al., 1995

L 21 (post)

B 6 , 8 L 4,

B ins,22,
21 (post)

L 18

L cb;
Rth

L 47,8

L 22,20,
20/37

B 18/19

bs

47,44
see random lines

B lat, L
18,19,
31

L 10

32,8

Word Production
Petersen et
al. (1989)

hear and repeat word

hear word

B 4/6,6; L
Syl (Broca’s)

R Syl

Petersen et
al. (198989)

read word aloud

read word silently

B 4/6,6; L
Syl (Broca’s)

R Syl

Sakurai et
al. (1993)

read kana word aloud

see fixation

B post inf,
B SMA,
post inf
Heschl
(inc Broca’s)

cb; bs
B ang

gyms

Blat,
med

B bg;
R cb,

th
Cabeza and Nyberg
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terized by frontal,parietal,and anterior cingulate regions.
This pattern is consistent with Kosslyn’s perception
model (Kosslyn et al., 1994;Kosslyn,Alpert, & Thompson,
1995), which postulates that when an object is presented in an unusual view (Kosslyn et al., 1994), it has
to be matched to a subordinate term (Kosslyn,Alpert, &
Thompson, 1995),or in other conditions (e.g., occlusion,
low luminance, etc.), semantic knowledge is used to
direct search for additional visual properties (topdown
processing). The frontal lobes are assumed to play an
important role in this process, with dorsolateral regions
involved in accessing semantic information,and the eye
field region (Area 8) involved in shifting attention, in
conjunction with parietal and anterior cingulate regions.
Frontal and anterior cingulate activations can be also
expected in imagery,which represents an extreme case
of topdown processing. Consistent with the idea that
imagery and perception have common neural substrates
(e.g., Farah, 1988), imagery subtractions have yielded
activations in occipital regions (Kosslyn et al., 1993;
Mellet et al., 1995).Kosslyn et al. (1993) found that visual

Figure 3. Significant peaks of
activations (published coordinates) associated to processes
of language comprehension
and production.

tions in the vicinity of Wernicke’s area. Interestingly,
activations were sometimes found in the right homologue of Wernicke’s area, suggesting that this region may
also play a role in language processing.
The standard neurological reading model is that visual
word forms are accessed and transformed into an auditory form in the left angular gyrus, and thereafter recognized as words in Wernicke’s area (Geschwind, 1972).
The results of PET subtractions isolating processes of
word reading are not consistent with this model. First,
they seldom show activations in Wernicke’sarea.Second,
they suggest that the visual word form system,or reading
lexicon, is not localized in the angular gyrus, but in
occipital or temporal regions. Petersen, Fox, Snyder, &
Raichle (1990, see also Petersen, Fox, Posner et al., 1988,
1989) suggested that the site of the visual word form
system is the left ventral occipito-temporal region (posterior lingual and fusiform gyri), which in their study was
activated by words and pseudowords, but not by letter
strings and false fonts. Howard, Patterson, Wise et al.
(1992), however, located this system in the left posterior
middle temporal gyrus, not far from the angular gyrus.
Price,Wise,Watson,et al. (1994) and Bookheimer,Zeffiro,
Blaxton et al. (1995) found activations in both occipital
and temporal regions. In Bookheimer et al.’s study, the
occipital region was activated not only by viewing words
but also by viewing pictures, leading the authors to
suggest that this region responds to familiar visual forms
regardless of their specific content. The temporal region
found by Price et al. overlapped with the one found by
Howard et al., but the region found by Bookheimer et al.
was in a left inferior temporal/fusiform region known as
I0
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basal temporal language area (e.g., Luders, 1991).According to the authors, this region may represent an intermediate step between identification of an item and
semantic association. In sum, PET reading data have challenged the standard neurological reading model, but
have not yet provided an unambiguous localization of
the word form system.
Several word processing subtractions (listening and
reading) found activations also in the prefrontal cortex,
specially in the left hemisphere. Petersen et al. (1990)
related the left prefrontal activation to semantic processing during word reading. As will be shown later, the
notion that the left prefrontal cortex plays an important
role in semantic memory retrieval has been supported
by numerous studies, not only with verbal but also with
nonverbal materials.
Subtractions relevant to word production have found
increased activity in left frontal regions (Broca’s area).
These findings are in agreement with patient data suggesting that this region is critical for language production (for a review, see Benson, 1988). The subtractions
also point to an involvement of right Sylvian regions.

Working Memory
Working memory refers to a system responsible for
temporary maintenance of information (Baddeley,
1992, 1993). The system has been suggested to involve
at least three components. One system, the central executive, is an attentional control system. A second component, the phonological loop,is involved in maintaining
Volume 9,Number I
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0 Word Reading

As for the visuo-spatial sketchpad, the main pattern
involves bilateral frontal and parietal regions, as well as
the anterior cingulate.Haxby, Ungerleider,Horwitz, et al.
(1995) found that when the retention interval is short
ventral occipital and right frontal regions are prominent,
but when the retention interval is longer, the involvement of parietal and left frontal regions tend to dominate. According to these authors, when the retention
interval is short, right frontal activity is associated with
maintaining a simple icon-like image of a face, possibly
represented in occipital regions. The increased left frontal activity over longer delays could reflect strategic
formation of more durable face-like representations, and
visual rehearsal of these representations may have involved repeated retrieval of face memory from parietal
storage sites. Finally, Smith,Jonides, Koeppe et al. (1995,
Exp. 1; see also Jonides, Smith, Koeppe et al., 1993)
found dissociations supporting the distinction between
spatial and object working memory (Wilson,O’Scalaidhe,
8t Goldman-Rakic,1993):the former yielded activations
in the right hemisphere, including the posterior parietal
cortex (dorsal pathway), whereas the latter yielded activations in the left hemisphere, including the inferior
temporal cortex (ventral pathway).

Table 4. Brain regions showing activations associated with processes of working memory.
study

Target Task

Reference Tmk

CG

Frontal

Temporal

Pariet

B 22,42,
SYI

B 40

Occip

SC/CB

Phonological loop
Paulesu et
al. (1993)

see 6 consonants/
interv/see 1 conso
nant * resp if seen

see 6 Korean
let/interv/see 1
letten, resp if seen

Petrides et
al. (1993b)

say random
numbers 1-10
(without repetitions)

count 1 to 10

Petrides et
al. (1993b)

hear random numb.
1-10 B say missing

count 1 to 10

B 6,44

L 24

L 18

B cb

B 40;

B 6,9,46

L7

10

B 40;
R 7

R 6,47

R 40

B 6,9,46 R

Visuospatial sketchpad
Smith et al.
(1995)
Exp. 1

see 3 dots-intervalsee circle w dec if
circle covers a dot

see 3 dots and a
circle B dec if
circle covers a dot

Smith et al.
(1995)
Exp. 1

see 2 designs-int-see
design* dec if it
matches seen design

see 2 designs and
sample design* dec
if it matches

32

L44

Petrides et
al. (1993a)

see 8 shapes n point
1 not chosen (max
7 trials)

see 8 shapes *
point to target
shape

B 32

B 46;L9;
R6

Haxby et
al. (1995)

delayed (1 s)
match-tosample
(face Rn)

see 3 noise patterns
n press alternate key

Haxby et
al. (1995)

delayed (21 s)
match-tosample
(face Rn)

see 3 noise patterns
B press alternate key

L 37

L 40

B 40

B 19
(fus)

R 11/47,46,
9/45/46,
L 45
L 32

L 10,45

R 19

L 21

B caud;
RpHC

L 39
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speech-based information. The final component, the
visuo-spatial sketchpad, is responsible for maintaining
visual images.
The available subtractions (see Table 4) provide information regarding the neural substrates of the phonological loop and the visuo-spatial sketchpad. The peaks of
activations associated with these two components of
working memory are plotted in Figure 4. The measures
of the former component involved maintaining letters
and numbers in memory for brief periods of time. The
latter was studied by having subjects maintain in memory information about location of dots, abstract designs,
and faces.
AU three subtractions providing information about the
phonological loop showed increased bilateral involvement of parietal brain regions. Paulesu, Frith, and Frackowiak ( 1 993) presented additional data suggesting that
left Brodmann area 40 is the primary location of the
phonological store. Frontal brain regions also showed
increased involvement across subtractions.The results of
the Petrides, Alivisatos, Evans, and Meyer (1993) study
indicated that middorsolateral frontal cortex is related
to processes involved in monitoring information within
working memory.

Figure 4. Significant peaks of
activations (published coordinates) associated to processes
of working memory.

Working Memory

0

Semantic Memory Retrieval and Episodic
Memory Encoding
The present section is concerned with retrieval from
semantic memory and encoding into episodic memory.
The rationale for dealing with semantic memory retrieval and episodic memory encoding in the same section is that these processes are so closely associated that
they can be seen as two sides of the same coin. First,
intentionally retrieving information from semantic memory is associated with incidental encoding of information
into episodic memory (e.g., performing a deeper semantic processing task; Craik & Lockhart, 1972). Second,
intentional episodic memory encoding is associated with
incidental retrieval from semantic memory. When subjects are instructed to learn information for a subsequent
memory test (intentional encoding), they tend to elaborate the meaning of the information and make associations on the basis of their knowledge. Thus, the regions
isolated by the subtractions at the bottom of Table 5
are associated with processes involved in encoding information into episodic memory, as well as with processes involved in retrieving information from semantic
memory.
Despite the large variability in terms of materials and
tasks, the subtractions in Table 5 show a clear activation
pattern in which the left dorsolateral prefrontal cortex
and the anterior cingulate cortex are the most consistently activated regions (Fig. 5). Other areas include the
superior and middle temporal gyri, particularly in the left
hemisphere. The most common location of left prefron12
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tal activations was around Brodmann areas 46-47. Left
prefrontal activations have been attributed to semantic
processing (Kapur, Rose, Liddle, Zipursky, Brown, Stuss,
Houle, & Tulving, 1994;Petersen, Fox, Posner, Mintun, &
Raichle, 1988), to willed action (Frith, Firston, Liddle &
Frackowiak, 1991; Frith, Friston, Liddle, & Frackowiak,
1991), and to the production of spoken responses (Wise,
et al., 1991).The willed action interpretation is based on
the idea that the frontal cortex is not necessary for the
performance of routine tasks but is critical for the performance of novel tasks (Shallice, 1988), i.e., tasks that
require responses that are not fully specified by the
stimulus (Frith et al., 1991). Kapur, Rose, Liddle et al.
(1 994) contrasted the semantic processing,willed action,
and spoken response interpretations by comparing two
conditions differing in terms of semantic processing but
not in terms of willed action or spoken response.In one
task, subjects pressed keys to indicate whether words
referred to living or nonliving things, whereas in the
other task, they pressed keys to indicate whether the
words contained the letter “a.” The finding that left
prefrontal cortex was more active in the living/nonliving
task than in the “a”checking task, even though neither
of them involved willed action or spoken responses,
provided support for the semantic processing interpretation (Kapur, Rose, Liddle et al., 1994). It has been
suggested that the left prefrontal region is not the place
where memory engrams are stored (Kapur et al., in
press). Martin, Haxby,Lalonde et al. (1995) proposed that
semantic knowledge about object attributes is stored
close to the regions involved in perceiving these attribVolume 9,Number 1
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Table 5. Brain activations associated with processes of semantic memory retrieval and episodic memory encoding.
Study

Target Task

Reference Tmk

Intentional Semantic Memory Retrieval-Incidental

CG

Frontal

Temporal

Pariet

Occip

SC/CB

Episodic Memory Encoding
B 42/22,
22,22/21

Wise et al.
(1991)

hear category-noun n
resp if noun match
category

rest

Demonet
et al.
(1994)

hear adjective-noun n
resp if posit
adject-small animal

hear pseudoword n
press if it contains
/d/b/ phonemes

Kapur et
al. ( 1994a)

read word n resp
living/nonliving

read word w resp
contains
“a”/containsno “a”

L 45/46,
47/10

Sergent et
al. (1992a)

see famous face n
resp actor/other

see unfamiliar face
n resp male/female

L 11
(medl

B 3638,
37 (fus);
L 21

Martin et
al. (1995)

see achromatic
drawing of object
say color

see achromatic

L 8/9,11,
45/46

B 37 (fus)

L40

n

L PHC,
R th

Martin et
al. (1995)

see achromatic
drawing of object
say action (verb)

L 6,9/10,
44 44/45,
45/47

L 21/37,
37 (mid
temp) 39

L 40

R cb

w

Buckner et
al. (1995a)

see word-stem
generate completion

see cross

Backman
et al. (in
press)

see word-stem *
generate completion

see word stems

Frith et al.
(199 la)

semantic and orthcgraphic fluency

rest/count aloud
from lflexical dec.

B 24

L 9,46

Frith et al.
(1991b)

orthographic fluency
(hear “next..next..”)

hear and repeat
words

R 32

L 46

Petersen et
al. (1989)

hear word n generate
appropriate verb

hear and repeat
word

L 24,
32

L 47

Wise et al.
(1991)

hear noun
appropriate verb
fluency

rest

Fletcher et
al. (1995)

hear category
generate instance

hear and repeat
word/phrase

))

see achromatic
drawing of object
say object name

))

))

L8

L 21

B 39

R 18

B
37/19
(fus)

L 45,6,
6/44

RpHC

B cb

bs;
R cb

L 44/45,
9,6

L pHC

L 39

B cb
L bs

L 22

B th

L 32

Intentional Episodic Memory Encoding-Incidental Semantic Memory Retrieval
Fletcher et
al. (1995)

hearflearn categexemplar pair while
performing an easy
distractor task

hear 1000,2000,
etc., while
performing an easy
distractor task

L 32;
31/23

L46

L 22

Haxby et
al. (1996)

learn unfamiliar
faces (3
presentations)

face match-to-sample

R 32

L 8/9,

11/47,46

L 20,37
(fus)

Kapur et
al. (in
press)

learn word-pair by
associating the words

read word-pair

L 6/44,
10/47

L 21/35
(fus/pHC)

L ant

L17

RHC

Cabeza and Nyberg
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))

drawing of object
say object name

L 30

Figure 5. Significant peaks of
activations (published coordinates) associated to processes
of semantic memory retrieval
and episodic memory encoding.

Semantic Memory Retrieval

Utes, such as the fusiform gyrus for color information
and the middle temporal gyrus for action/motion information.
Since semantic processing leads to good memory performance, the left prefrontal cortex can also be seen as
associated with episodic memory encoding. In agreement with this idea, the subtractions in the lower part
of Table 5 showed that this region was consistently
activated when subjects were instructed to learn the
stimuli for a subsequent memory test (Fletcher, Frith,
Grasby, Shallice,Frackowiac, & Dolan, 1995;Haxby et al.,
1996;Kapur et al., in press). Kapur et al. (in press) found
that intentional learning of verbal materials involved not
only frontal regions associated with semantic processing
(e.g., Areas 45-47), but also frontal regions associated
with phonological working memory (e.g., Areas 6 , 44),
suggesting subjects used both semantic processing and
subvocal rehearsal. The left-lateralization of encoding
processes may be related to the interpreting role of the
left hemisphere (Gazzaniga, 1989).

Episodic Memory Retrieval
Table 6 summarizes the results of subtractions that isolated processes of episodic memory retrieval. Episodic
memory retrieval refers to the retrieval of events experienced at a particular time and place, including events
such as appearances of words in a list (IUving, 1983).
We did not include subtractions that did not distinguish
between processes of encoding and retrieval (e.g.,
I4
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Becker et al., 1994; Grasby et al., 1993; Kapur, Friston
et al., 1995). The subtractions are divided according to
whether subjects retrieved verbal information, such as
words or sentences, or nonverbal information, such as
pictures or locations. The tests employed in these subtractions were recognition or recall. The administration
of these tests in PET studies differs sometimes from that
in behavioral studies. For example, in order to hold
constant the type of mental activity performed during
the scan, PET researchers have sometimes avoided the
inclusion of “new”items (lures) during the scan period
(40-60 sec), instead mixing “old”and “new”items only
before and after this period (Cabeza et al., in press;
Nyberg et al., 1995;Tulving, Kapur, Markowitsch,Craik,
Habib, & Houle, 1994: Tulving, Markowitsch, Kapur,
Habib,81Houle, 1994;Tulving,Markowitsch,Craik,Habib,
& Houle, 1996). Also, cued-recall tests have been preferred over free-recall tests because they allow a better
control over the amount and rate of stimulus presentation and responses during the scan.
In spite of considerable differences between the subtractions in Table 6 , in terms of materials, tests, and
reference tasks, they show a common activation pattern
involving five brain regions: ( 1 ) the prefrontal cortex,
particularly in the right hemisphere; ( 2 ) the anterior
cingulate cortex (BA 24, 32); ( 3 ) the posterior midline
area that includes posterior cingulate (BA 23,31),retrosplenial, precuneus (pc), and cuneus (c) regions; (4) the
parietal cortex; and (5) the cerebellum, particularly on
the left. HippocampaVparahippocampal regions have
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Table 6. Brain regions showing activations associated with processes of episodic memory retrieval.
study

Target Tmk

Reference Tmk

CG

Frontal

Temporal

Pariet

Occip

SC/CB

Verbal Episodic Memory Retrieval

B 40,
B 7/19
(PC)

visual word Rn (85%
studied) n key press

living/nonliving
decision key
press

R 24/32

B 10/47;
R 44/45,
45/46,8/9

Nyberg et al.
(1995)

visual word Rn
(semantic study) n
key press

silent word
reading w key press

L24/32

R45

Andreasen et
al. (1995)

visual word Rn (over- word reading
(aloud)
learned/l week)

32

B 10; R 9,
46,47

B 40,7
(Pa

Cabeza et al.
(in press)

visual word-pair Rn

word-pair reading
(aloud)

L 32

R 10,45,
47

B 39

Wving et al.
(1994b)

auditory Rn of
studied sentences
(no resp)

auditory Rn of non- L 24,32
studied sentences
(no resp)

R 10,46,

B 40; L
7

Buckner et al. stem cued-recall
(studied samecase)
(1995a)
Exp. 1

stem completion

R 8.10

stem cued-recall
Backman et
al. (in press)

stem completion

32

R 10/46

Schacter et
al. (1996)

stem cued-recall
(single presentation)

stem completion
(nonstudied wds)

R 24/32

B 10; R 9, L ins
11

R 40

Fletcher et
al. (1995)

category-exemplar
cued-recall

category-exemplar
generation

L 32

R 10/46

B7
(PC)

Cabeza et al.
(in press)

word-pair cued-recall word-pair reading

B 32, 24

R 47

Petrides et al.
(1995)

word free-recall

R 24, 32

B 9/46,6
L 45

B7
(PC)

B 19;R
18

))

word repetition

L 18

44,6

cb

L cb

R HC

L 7
(PC)

L cb

L 22
L 18 (c)

L bs,cb

B th
lent, bs,
th, L cb
th

Nonverbal Episodic Memory Retrieval
Thlving et al.
(1996)

Rn of studied
pictures (no resp)

Rn of nonstudied
pictures (no resp)

B 24, R
31/7

B 10,9,
46,44,6;
L 45,lO

R 39

B 17,R
18

Haxby et al.
(1996)

forcedchoice face

face match-tosample key press

L 8/32

R 9/45,
8/44, 10,8

B 7/39

B 18

B cb

Rn n key press

R 23/31

R lO,ll,
11/47

R 19/40 L 19

L cb

Andreasen et
al. (1996b)

face Rn

face gender
decision

Roland et al.
(1995)

Rn of visual abstract
patterns

learn visual
abstract patterns

B 10; R 6

R caud

Schacter et
al. (1995)

Rn of drawings of
abstract 3D objects B
key press

see object resp
when it disappears

B 10,
44-46

B HC

Moscovitch
et al. (1995)

forcedchoice Rn of
object-location B key
press

perceptual
matching n key
press

Owen et al.
(in press)

forcedchoice Rn of
object-location
touch screen

encoding
object-location
touch screen

))

R 39/40 B 18/19
46
R 31
))

(fus); R
20;L 19

Bcb

(C)

R 9,11,
11/47
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Kapur et al.
(1995)

Figure 6. Significant peaks of
activations (published coordinates) associated to processes
of episodic memory retrieval.

Episodic Memory Retrieval

Verbal
Nonverbal Episodic Retrieval

t

0

a

been found in some episodic memory studies (Buckner
et al., 1995; Haxby et al., 1996; Nyberg et al., 1995;
Nyberg,McIntosh,Houle,Nilsson,& Tulving,1996;Owen,
Milner, Petrides, & Evans, in press; Schacter, Alpert, Savage, Rauch,& Albert, 1996;Schacter et al., 1995),but they
are not so common as one would expect on the basis of
lesion data (Squire & Zola-Morgan, 1991). For nonverbal
episodic retrieval, occipital activations sometimes occur
and parietal activations show a tendency for right-lateralization.The posterior cingulate has been found only for
nonverbal retrieval, whereas the neighboring precuneus
region is more common for verbal retrieval. It is difficult
to observe differences between the neural substrates of
recall and recognition across studies, but a direct comparison showed a larger involvement of the anterior
cingulate, thalamus, lenticular nucleus, and cerebellum in
recall, and a larger involvement of the right parietal
cortex in recognition (Cabeza et al., in press).
The involvement of the right prefrontal cortex in
episodic memory retrieval is one of the most consistent
findings of all PET studies of cognition.The specific role
of this region in episodic retrieval is not clear, but three
recent studies have converged on the idea that frontal
regions are involved in supporting or guiding retrieval
rather than actually recovering studied information
(ecphory). This sustaining role of frontal regions in episodic retrieval has been interpreted as “retrieval effort”
(Schacter et al., 1996), “retrievalattempt”(S. Kapur et al.,
1995), and “retrieval mode” (Nyberg et al., 1995). One
interesting aspect of the activation of the right prefrontal
16

Journal of Cognitive Neuroscience

t--

cortex during episodic retrieval (Table 6) is that it parallels the activation of the left prefrontal cortex during
episodic encoding (Table 5). This pattern of activation
has been conceptualized as a hemispheric encodindretrieval asymmetry (HERA) model (Tulving,Kapur, Craik,
Moscovitch, & Houle, 1994; see also Nyberg, Cabeza, &
Tulving, 1996;Markowitsch, 1995). This model proposes
that the left prefrontal cortex is differentially more involved in retrieval of information from semantic memory, and in simultaneously encoding novel aspects of the
retrieved information into episodic memory, than is the
right prefrontal cortex, whereas the right prefrontal cortex is differentially more involved in episodic memory
retrieval than is the left prefrontal cortex. It should be
noted that the HERA model describes a very general
functional pattern of the prefrontal cortices and that
more specific functions for subregions of these large
areas are likely to be discovered.In line with this, recent
studies have indicated more specific functional subdivisions within the left and right prefrontal cortex associated with semantic (Buckner, 1996) and episodic
(Nyberg et al., 1996) retrieval.
Finally, the other three regions have been associated
with different component processes of episodic memory retrieval: the anterior cingulate with response selection (Fletcher,Frith, Grasby, Shallice,Frackowiac,& Dolan,
1995) and initiation of action (Cabeza et al., in press;
Fletcher, Frith, Grasby, Shallice, Frackowiac, & Dolan,
1995); the cuneus/precuneus region with imagery
(Fletcher, Grasby, Shallice, Frackowiac, & Dolan, 1995;
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Priming
Priming refers here to the facilitated identification of a
perceptual object by prior exposure to the same or
similar object. Perceptual priming is usually measured by
comparing the probability of identification or completion following prior exposure of stimuli with that for
novel, nonstudied stimuli. Subjects are not given explicit
(direct) retrieval instructions but are generally simply
instructed to complete or identrfy the stimuli. In the
subtractions described in Table 7, the tasks consisted of
primed and unprimed stem completion (e.g., STR-,
and primed and unprimed object identification.
As shown in Table 7, activity in occipital cortex (Brodmann area 19) was higher during unprimed stem completion than during primed stem completion (Buckner
et al., 1995;Backman et al., in press; Schacter et al., 1996)
and during processing of new pseudowords than during
processing of new pseudowords mixed with repeated
pseudowords (Frith, Kapur, Friston et al., 1995). This
result has been interpreted as suggesting that less neural
activity is required to process the same stimulus following prior exposure (Buckner et al., 1995; Squire et al.,
1992). It can be seen that there is a tendency for a
stronger decrease in the right hemisphere. This is consistent with a demonstration that a patient with a right
posterior lesion had a selective deficit in perceptual

priming (Gabrieli, Fleishman,Keane,Reminger,& Morrell,
1995), and with the proposal that a memory system
localized to the occipital lobe mediates perceptual priming effects (Keane, Gabrieli, Mapstone, Johnson, &
Corkin, 1995).
The finding by Schacter et al. (1995) that identification
of studied objects was associated with higher activity in
a left fusiform region than identification of nonstudied
objects may appear inconsistent with the view that perceptual priming is associated with decreased neuronal
activity. However, as noted by the authors, it is possible
that the increase reflected high-level object recognition
rather than perceptual priming per se.

Procedural Memory
Procedural memory (sometimes called nondeclarative
memory) is an ''umbrella" term for a variety of learning
processes that do not involve propositional or declarative information and that occur as progressive changes
over several trials. Procedural memory processes can be
subdivided into two main categories: those involving
conditioned responses, and those involving the execution of practiced (skilled) and unpracticed tasks. Common for both these categories is that memory can
be expressed unintentionally and without conscious
awareness.
Eye-blink conditioning seems to be associated with
decreased activity in cerebellum and the basal gangha.
This reduction in neuronal activity associated with conditioning may be related to more efficient processing
when the association has been acquired (cf., the section
about priming). The role of the cerebellum in eye-blink
conditioning hhs been known for some time (McCormick & Thompson, 1984;Thompson & Donegan, 1986).
It has been suggested that a possible reason for learning
related changes associated with eye-blink conditioning
to occur in cerebellum is that this region is a likely

Table 7. Brain regions showing activations associated with processes of priming.
Study

Target Tmk

Reference Tmk

CG

Frontal

Temporal

Pariet

Occap

Buckner et al.
(1995a) E. 1-2

unprimed stem
completion

primed stem
completion

B 19
oi > L)

Backman et al.
(in press)

unprimed stem
completion

primed stem
completion

R 19
(tend)

Schacter et al.
(1996)

unprimed stem
completion

primed stem
completion

B 19

Frith et al.
(1995)

new pseudowords

new and repeated
pseudowords

R 19

Schacter et al.
(1995)

see old (possible)
object x resp if
possible

see new (possible)
object w resp if
possible

SC/CB

L 37
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Fletcher, Frith, Baker, Shallice, Frackowiak, & Dolan,
1995b; S. Kapur et al., 1995; Shallice et al., 1994) and
retrieval success (S. Kapur et al., 1995), the inferior
parietal with processing of spatial information in memory (Moscovitch, Kapur, Kohler, & Houle, 1995;Tulving,
Kapur, Markowitsch, Craik, Habib, & Houle, 1994) and
perceptual processes (Cabeza et al., in press); and the
cerebellum with memory storage (Andreasen et al.,
1995) and self-initiatedretrieval (Backman et al., in press;
Cabeza et al., in press).

Table 8. Brain regions showing activations associated with processes of procedural memory.

Target Tmk

Study

Reference Tmk

CG

Frontal

Temporal

Pariet

Occip

SC/CB

Conditioning
eye-blink
conditioning

eye-blink
pseudoconditioning

Molchan
et al.
(1994)

eye-blink
pseudoconditioning

eye-blink
conditioning

Blaxton et
al. (1996)

eye-blink
conditioning

eye-blink
pseudoconditioning

Blaxton et
al. (1996)

eye-blink pseudcconditioning

eye-blink
conditioning

B 41

L 23

R 45

R 24/32

R ins

R 40

R lent, cb

L 18

B 10,ll;
R 47

B bs, cb; L
amy, th,
cau, R HC

R amy,cb,

B 37; L
22; R 21

put, HC

Skill learning
practiced rotor
pursuit
performance

unpracticed
rotor pursuit
performance

Jenkins et
al. (1994)

practiced
sequence of key
presses

unpracticed
sequence of key
presses

24

6

Jenkins et
al. (1994)

unpracticed
sequence of key
presses

practiced
sequence of key
presses

B 32

B 69,
10,46;
R 47

Seitz et al.
(1992a)

practiced
sequence of finger
movements

unpracticed
sequence of
finger movements

Seitz et al.
(1992a)

unpracticed
sequence of finger
movements

practiced
sequence of
finger movements

convergence point for the conditioned (tone) and
unconditioned (airpuff) stimulus (Molchan, Sunderland,
McIntosh, Herscovitch, & Schreurs, 1994).
Execution of practiced tasks seems to be related to
increased activity in motor cortex (SMA). This suggests
that memory of learned sequences involves the same
sites that control limb movement (Grafton et al., 1992).
New motor learning was associated with increased activity in parietal regions. It has been suggested that this
activation is related to spatial attention genkins, Brooks,
Nixon, Frackowiak, & Passingham, 1994). Seitz and Roland (1992a) found reductions of KBF in the thalamus
as a function of practice, but Grafton et al. (1992) found
the opposite result.

REGIONAL ACTIVATION PA'ITERNS
The outcome of our review provides information concerning the role of different regions in cognitive processes (Table 9). In this section we will briefly summarize
cognitive activation patterns from this point of view.
18
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L th

L 4,6/8

Grafton et
al. (1992)

B 20,21,
28, 38, in5

B 40

B 7,
40;

17,18

B HC

bs, B th, cb

L put, @Pal

R 44

B SUP,
ant

L th

The anterior cingulate has been especially involved in
selective attention, topdown perceptual processing,
working memory, and memory retrieval. All of these
processes involve response selection and initiation of
action, which is consistent with the results of lesion
studies (Devinsky et al., 1995). For example, bilateral
anterior cingulate damage can lead to akinetic mutism,
which is characterized by almost complete absence of
spontaneous motor or verbal responses (Barris & Schuman, 1963; Faris, 1969; Nemeth, Hegedus, & Molnar,
1988). Anterior cingulate activations have been usually
found in association with frontal activations, suggesting
that they often are part of the same network (see also
Paus et al., 1993).
With the exception of bottom-up perceptual process
ing and perceptual priming, the frontal lobes were found
to be involved in almost all cognitive processes. The
widespread involvement of the frontal lobes may be
related to their assumed role in executive functions,such
as monitoring, organization, and planning (Stuss et al.,
1994), or to their involvement in working memory (c.f.,
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Molchan
et al.
(1994)

Table 9. Activation patterns for different cognitive processes.
Process

CG

Frontal

Temporal

Pariet

Occip

SC/CB

Attention
Sustained attention
Selective attention

A

R

R

R

R

Perception
L

L

Perception of faces

B

B

Perception of locations
Topdown perceptual
processing

B
A

B

B

Language
Word Listening

B (Wernicke)

Word Reading

L

Word Production

L (Broca)

L (inf/post)

B

Working Memory
Phonological loop

B

B

A

B

B

Semantic Memory Retrieval

A

L

L

Episodic Memory Encoding

A

L

L

Verbal

A

R

CB

Nonverbal

A, P

R

CB

Visuospatial sketchpad

Semantic Memory Retrieval

Episodic Memory Retrieval

priming

Procedural Memory
Conditioning
Skill Learning

[BG, CBI
SMA

B

Note: A = anterior; B = bilateral; R = right; L = left; inf = inferior; post = posterior; CB = cerebellum; BG = basal ganglia; SMA = supplementary
motor cortex; [ 1 = deactivation

Goldman-Rakic & Friedman, 1991). In subtractions isolating attention and episodic retrieval processes,activations
were mainly in the right hemisphere, whereas episodic
memory encoding and semantic memory retrieval were
associated primarily with left-sided activations (Nyberg,
Cabeza, & Tulving, 1996; Tulving, Kapur, Craik, Moskowitsch, & Houle, 1994). This pattern suggests that some
cognitive functions other than language are lateralized,
at least with respect to some brain regions.
Temporal lobe activations were prominently found in
ventral regions during face and object perception, and
in left lateral regions during language comprehension
and semantic processing. The role of ventral temporal
regions in perception is in agreement with the notion of
a ventral occipito-temporal pathway for object process-

ing (Ungerleider & Mishkin, 1982). The involvement of
superior and middle temporal regions in language is
supported by research on aphasic patients (Benson,
1988). Regardless of type of information, the role of
temporal regions seems related to the transformation of
sensory stimuli into meaningful cognitive units.
The parietal lobes were usually activated in processes
related to attention,spatial perception, working memory,
episodic memory retrieval, and skill learning. All these
activations seem to have in common a spatial component, thus reflecting processing of spatial information
and/or spatial attention. The relation between parietal
regions and processing of space is in line with neuropsychological evidence (Semmes, Weinstein, & Teuber,
1963) and with the notion of a occipito-parietal pathway
Cabeza and Nyberg
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Figure 7. Significant peaks of cerebellar activation (published coordinates) associated to higher-order cognitive processes

for space processing (Ungerleider & Mishkin, 1982).The
involvement of parietal regions in episodic retrieval of
verbal information may seem inconsistent with this interpretation, but it has been suggested that retrieving an
event involves processing its spatio-temporal context
(Tulving, Kapur, Markowitsch, Craik, Habib, & Houle,
1994). Also, several of the parietal activations during
episodic retrieval were located in the region of precuneus. This region has been related to imagery processes during retrieval (Fletcher, Frith, Grasby, Shallice,
Frackowiac,& Dolan, 1995;Fletcher,Frith, Baker, Shallice,
Frackowiac, & Dolan, 1995; Shallice et al., 1994) and
pointed out as a putative storage site for episodic information (S. Kapur et al., 1995)
Occipital activations were prominent in association
with perception and perceptual priming. This pattern
suggests that visual regions are involved not only in
perceptual processes but also in memory processes.
However,the neuronal activity related to these processes
seem to differ; perception of new stimuli involves increased activity,whereas perception of old stimuli (priming) involves decreased activity. As noted above,
decreased activity may reflect more efficient neuronal
processing following prior processing of the same stimuli. PET evidence for memory processes in occipital
regions is still scarce, but is in line with recent evidence
of impaired perceptual priming in occipital patients
(Keane et al., 1995).
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Subcortical activations have been found in basal ganglia and thalamus for procedural memory. These activations are consistent with the view that these regions may
be critically involved in motor learning (Moscovitch,
1992; Saint-Cyr,Taylor, & Lang, 1988). In line with lesion
evidence (Squire, 1987; Squire & Zola-Morgan, 1991),
hippocampal/parahippocampal activations were observed in some studies of episodic memory encoding
and retrieval. Possible reasons why many studies did not
find activations in these regions include the ideas that
hippocampal regions are always active and that the variability in blood flow is too small (Fletcher et al., 1995).
Other interesting explanations have also been suggested
(Schacter et al., 1995, 1996). When individual variability
in episodic memory performance and blood flow have
been taken into account, the results strongly point to an
involvement of hippocampal/parahippocampal regions
in episodic memory retrieval (Nyberg, McIntosh, Houle,
Nilsson, & 'hiving, 1996).
Finally, cerebellar activations have been prominent
during episodic memory retrieval and procedural memory (Fig. 7). Although the function of cerebellum has
been traditionally described as motor, these PET findings
are in line with evolutionary,anatomical, and neuropsychological evidence suggesting a role of cerebellum in
cognition (Leiner, Leiner, & Dow, 1991,1995).The peaks
plotted in Figure 7 suggest that cerebellar activations
related to episodic retrieval have a tendency for left
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Phonological Working Memory
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lateralization (Andreasen et al., 1995;Andreasen,O’Leary,
Arndt, Cizadlo, Hurtig, Rezai, Watkins, Boles Ponto, &
Hichwa, 1996; Cabeza et al., in press). Since cerebellofrontal connections are crossed, this trend is consistent
with the right-lateralization of episodic retrieval activations observed in prefrontal regions (Nyberg, Cabeza, &
Tulving, 1996;Tulving,Kapur,Craik,Moskovitch,& Houle,

1994).

The objective of this review was to examine the extent
to which different regions of the human brain are consistently activated in cognitive tasks of different kinds. To
that end we examined 101 subtractive task comparisons
of regional cerebral blood flow (rCBF) patterns reported
in 73 PET activation studies of attention, perception,
language, and memory.
Our meta-analysis of the existing data yielded the
following summary observations: (1) Attention generally
engages frontal and parietal cortices, and selective attention additionally activates the anterior cingulate. (2) Perception of objects and faces usually involves ventral
occipito-temporal regions, whereas perception of locations typically engages occipito-parietal regions. Top
down processing further involves frontal and anterior
cingulate cortices. (3) Auditory language comprehension
frequently engages the left superior temporal gyms;
reading of printed material activates left occipital and
inferior/posterior temporal regions, and overt speech is
associated with increased blood flow in the left frontal
opercular area. (4). Working memory taps primarily frontal and parietal regions. ( 5 ) Semantic memory retrieval
and episodic memory encoding typically involve left
frontal and left temporal cortices, whereas episodic
memory retrieval taps right frontal, parietal, midline, and
cerebellar regions. (6) Perceptual priming is associated
with decreased activity in occipital regions, conditioning
with decreased activity in the cerebellum and basal ganglia, and motor skills with increased activity in parietal
and supplementary motor regions. (7) Relatively few
studies have reported blood-flow changes in subcortical
structures.
Many of these patterns of activation are quite consistent with the results of research concerning the cognitive effects of brain damage in human patients and
animal subjects. Some PET studies, however, have shown
associations between cognitive processes and brain regions that could not have been predicted on the basis
of lesion data. One example is the prominent role of the
right prefrontal cortex in episodic memory retrieval.
Our analysis of the reasonably consistent patterns of
correlation between regional brain activity and cognitive
processes attests to the value of imaging cognitive functions in living human brains. Although there is a great
deal of room for improvement of the PET technique
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CONCLUDING REMARKS

(and in its counterpart, functional magnetic resonance
imaging), functional neuroimaging techniques provide
empirical informative and useful evidence of a kind that
other techniques do not. They thereby constitute a worthy addition to the tool kits of cognitive neuroscientists.
In sum, in this review we identified brain regions that
are generally involved in different cognitive processes.
These regions may not be possible to identify in individual studies, as the particular outcome is determined to a
high degree by both the particular target and reference
tasks employed, but by looking across studies it is clear
that some regions are consistently involved in a given
function. Future neuroimaging studies will likely point
out additional regions, but we can be quite confident
that the regions we have identified constitute important
components of the distributed networks that underlie
cognition.
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