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ABSTRACT This study used positron emission tomogra-
phy (PET) to investigate the neuroanatomical correlates of
remembering previously experienced events. Twelve young
healthy adults listened to ‘‘old’’ meaningful sentences which
they had studied 24 hr previously. As a control task the subjects
listened to comparable ‘‘new’’ sentences that they had never
heard before. Regional cerebral blood flow associated with
each task was measured by PET scans using 150O-labeled water.
Comparison (old-sentence task minus new-sentence task) of the
PET images revealed an extended strip of increased blood flow
in the right dorsolateral prefrontal cortex (Brodmann’s areas
10, 46, and 9) and the anterior portion of area 6. Other
principal regions of increased blood flow were situated around
the left anterior cingulate sulcus and bilaterally in the parietal
lobes (areas 7 and 40). Major decreases in blood flow were
situated bilaterally in the temporal lobes (areas 21, 22, 41, and
42). A high proportion of activity changes seemed to be located
in the depths of cortical sulci. Increases in blood flow are seen
as reflecting the operations of a widely distributed neuronal
network involving prefrontal and parietal cortical regions that
subserves the conscious recollection of previously experienced
events. Decreases in blood flow in the temporal auditory areas
are interpreted as reflecting auditory priming. The prevalence
of sulcal blood-flow changes may reflect extensive cortical
gyrification; it may also indicate that memory-related processes
rely on the densely packed neuropil of sulcal regions.

A current theory of organization of human memory holds that
there are five major forms or systems of human memory (1,
2). One of these, episodic memory, enables people to re-
member previously experienced events. That is, it makes it
possible for a person to be consciously aware at time 2 of a
personal happening in a certain situation at an earlier time 1
(3). Episodic memory is closely related to semantic memory,
which registers, stores, and makes accessible for retrieval
impersonal shared knowledge of the world in the broadest
sense. Thus, knowing that the Eiffel tower is in Paris or that
‘‘assassin’’ is a person who Kills for fanatical or monetary
reasons is an example of semantic memory capabilities.
Recollecting a visit to Paris or remembering that a sentence
was presented among other to-be-remembered sentences in a
memory experiment is an example of what episodic memory
allows one to do. Retrieval from episodic memory is ‘‘ex-
plicit”’—it occurs with conscious recollection of the relevant
event—whereas retrieval from semantic memory is ‘‘implic-
it”’—it can occur in the absence of conscious awareness of
any particular past happening (2, 4).

Episodic remembering depends on how events are originally
experienced (encoding processes) and on the conditions under
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which their recollection is attempted (retrieval processes). The
many effects of encoding and retrieval processes, and their
interaction, in both normal and pathological memory, are
reasonably well known at the level of cognitive analysis, but
our understanding of the brain mechanisms and processes that
subserve episodic memory is still fragmentary (1, 5). Such
understanding can be enhanced through the use of the tech-
nique of positron emission tomography (PET) (6, 7).

In the preceding article (8), we reported a PET study of
episodic memory encoding processes. The purpose of the
PET experiment reported here was to identify some of the
brain regions that are involved in retrieval of previously
studied verbal information.

Previous studies have implicated frontal regions of the
brain as involved in episodic memory retrieval. An early
blood-flow study, using xenon as tracer and measuring lateral
cortical activation of a small number of loci, reported that
episodic memory recognition of pictures was associated with
increased blood flow in the frontal regions, more prominent
in the right than in the left hemisphere (9). In another
preliminary study, with radioactive gold as tracer (10), blood
flow data were recorded from the lateral cortex by 254
detectors. Blood flow was greater in anterior cortical regions
while subjects were silently thinking about their past personal
happenings (episodic memory retrieval) and was greater in
posterior cortical regions when subjects were engaged in
silent thinking about impersonal news events or historical
events (semantic memory retrieval). In more recent PET
studies at Washington University (11, 12) stem-cued recall of
words from previously studied lists (episodic memory re-
trieval) has been found to be associated with changes in the
blood flow in the prefrontal cortical regions, especially on the
right, as well as in several posterior regions (11, 12).

In light of these previous findings we were especially
interested in the extent to which episodic retrieval processes
of a somewhat different kind than those explored previously
would be correlated with changes in blood flow in prefrontal
cortical regions. We designed the experiment in such a way
that any observed changes in the blood flow would reflect
only the recognition of the presented materials as familiar
from a particular study episode. A special feature of our
experiment was that the materials during study and test were
presented auditorily. Another feature was that subjects, as in
some previous studies (10, 13), made no overt responses of
any kind during scanning. All measured changes in the blood
flow therefore were assumed to reflect mental activity only.

Specifically, healthy young male university students un-
derwent PET scanning while they were silently listening to (i)
‘“‘new’’ meaningful sentences which they had never encoun-
tered previously or (if) comparable ‘‘old’’ meaningful sen-
tences which they had heard in a study session in the PET
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laboratory 24 hr earlier. All other variables and features were
held constant between these two conditions. The differences
in the blood flow patterns associated with these two listening
tasks were expected to provide information relevant to
episodic remembering of the old sentences.

Because our experiment varied in several respects from
previous comparable experiments—we used the auditory
modality, complex semantic information, a 24-hr retention
interval between study and test, and large amounts of studied
and tested material—the question of the role of prefrontal
cortical regions was deemed to be especially interesting,
because positive results would add considerably to the gen-
erality of the conditions under which prefrontal regions are
implicated in retrieval processes.

METHODS

Subjects. Twelve male right-handed (14) university stu-
dents aged 19-30 years participated in this study approved by
the University of Toronto Review Committee on the Use of
Human Subjects. Subjects were screened to ensure that none
suffered from a current or past medical, neurological, or
psychiatric disorder (15). Subjects were also screened for any
prior history of serious head injury, prolonged loss of con-
sciousness, or active use of medications or recreational
drugs. There were no exclusions. Data for all subjects are
presented here.

Task Design. A unit of cognitive material consisted of a
sentence frame and a semantically related word, the total
making a novel definition of the word (e.g., a form of
recreation for the jumpy—trampoline; a servant in name
only—bridesmaid). We will refer to these units of material as
‘‘sentences.’’ They are meaningful, are initially novel, re-
quire deep semantic processing, and are highly memorable
(16). Two hundred and forty different sentences were used.
Half were presented to subjects in an initial study session,
and all 240 were presented in a recognition test in the PET
scanning session 24 hr later.

In the initial pre-scan session, while the subjects were
reclining on the scanner bed, they heard 120 sentences played
on audio tape at the rate of 3—-4 sec per sentence. The
sentences were presented in three blocks of 40, separated by
S-min intervals, and the sequence was repeated after the third
block. Thus subjects heard every sentence twice. Subjects
rated the meaningfulness of each presented sentence orally
on a 3-point scale. No PET scans were taken in this first
session.

In the second session, 24 hr later, each subject underwent
six scans. During three of these they heard predominantly old
sentences, those that they had already encountered in the
first session, and during the other three scans they heard
predominantly comparable new sentences, which they had
never encountered before. The order of alternation of these
two types of scan was counterbalanced among subjects.

During each scan, 40 sentences were presented on audio
tape, at the rate of 4 sec per sentence. The first 10 sentences
and the last 10 sentences constituted a mixed sequence, in
that approximately half were new and half were old; the
middle 20 sentences, whose presentation coincided with the
60-sec scan window, were either all new or all old. Indeed,
before each scan the subject was told whether the majority of
the sentences to be heard during that scan were old or new.
They were asked to listen to the sentences silently, with their
eyes closed, without making any overt responses. They were
also asked to make a mental note every time an ‘‘oddball”’
sentence appeared, one of the type other than the majority,
to keep a mental running total of the frequency of these
oddball test items, and to tell the experimenter what the total
was after each scan. After the final, sixth scan, the subjects
were additionally tested for ‘‘performance verification.”
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This was a conventional yes/no recognition test, but with
instructions to duplicate the covert performance during the
immediately preceding scan. The 28 old sentences and the 12
new sentences (or the 28 new and 12 old) that the subject had
heard during the sixth scan were presented on a test sheet,
and the subject was asked to indicate how they had classified
each sentence, old or new, while they were listening to them.

PET Scanning. PET scanning was done as described in the
preceding paper (8), except that the task was started 30 sec
prior to the 60-sec data acquisition for each scan, and the
scans were 11 min apart. The scans were analyzed as
described (8).

RESULTS AND DISCUSSION

As expected, subjects’ recognition performance was uni-
formly high. On average, their estimated number of ‘‘odd-
ball’’ test items was within one item of the actual number of
such items. In the performance verification test, subjects
classified correctly as old or new more than 95% of the test
sentences.

The PET data, expressed in terms of the subtraction of the
new sentence image from the old sentence image, are sum-
marized in Table 1. There were four major regions of acti-
vation increases, and three major regions of activation de-
creases.

Regions of increased blood flow constituted two bandlike
activation strips in the frontal lobes. The one in the right
dorsolateral prefrontal cortex was quite extended. It began in
area 10 at the inferior tip of the frontal lobes and lined up
through areas 46 and 9 to end in the anterior portion of area
6. The other one was limited to the left cingulate sulcus
anterior to the region of the genu of the corpus callosum. The
right dorsolateral prefrontal activity increase and the absence
of comparable activity changes in the homotopic left pre-
frontal cortex is in line with comparable findings of prefrontal
lateralization reported in several other PET laboratories (11,
12, 19). We discuss the issue of prefrontal lateralization of
episodic memory in the following article (20).

Table 1. The principal cortical areas manifesting significant
activation changes in regional cerebral blood flow

Coordinates, mm

Region X y z Z value
Increased activity
Frontal (lateral)
Right area 10 30 50 0 3.28
Right area 46 32 44 12 3.84
Right area 44 48 8 32 3.61
Right area 6 32 6 48 4.46
Frontal (medial)/
anterior cingulate
Left area 24 -16 36 12 3.57
Left area 32 -24 42 4 4.07
Left area 32 -22 32 28 4.02
Parietal
Right area 40 44 -34 48 6.13
Left area 7 -36 —46 44 5.45
Left medial area 7 -14 —58 32 6.24
Left area 40 -36 -50 40 4.86
Decreased activity
Temporal/insular
Right area 42 42 -6 -12 4.71
Left insula -24 42 4 4.07
Left area 21/22 =50 =50 8 5.36

Areas are named after Brodmann (17), coordinates are according
to the atlas of Talairach and Tournoux (18). A Z value above 3.4 is
significant at P < 0.05 with Bonferroni correction for multiple
comparisons.
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The other two major regions of activity increase were
found in the parietal lobe bilaterally—namely, in the inferior
and posterior portions of area 7 and the dorsal portion of area
40 in the left hemisphere and in the most posterior-medial
portion of area 7 and of area 40 in the right hemisphere. In the
right hemisphere, area 40 showed the strongest activation in
its ventral half.

The major regions of decreased activation (higher blood
flow for new than for old sentences) were situated in the
temporal lobes of both hemispheres. In the left temporal lobe
a zone of strong deactivation was found in the posterior
portions of areas 21 and 22. A second zone lay along the
ventral lip and fundus region of the sylvian fissure (areas 41
and 42, insular cortex). Deactivation in the right temporal
lobe was somewhat less prominent, but a symmetrically
situated zone of deactivation was found in the ventral fundus
region of the sylvian fissure, extending inferolaterally from
the insular cortex.

There were other, more scattered, statistically less signif-
icant activation changes. In the left hemisphere there was
some activation increase in the posterior part of the left
dorsolateral prefrontal cortex (junction region of areas 9 and
6), in the pulvinar, and possibly in the head of the caudate
nucleus. Medial area 9 showed decreases. In the right hemi-
sphere, smaller activation increases were seen in the cere-
bellum, area 19, and area 31. Remarkably, there were no
activation changes found in the medial half of the right
hemisphere.

A potentially interesting, and unexpected, feature of re-
gional activity changes was their specific locus. A high
proportion of changes in blood flow was observed in sulcal
regions rather than on the lateral or medial surface of the
cerebrum. This high proportion may reflect nothing more
than the extensive gyrification of the human cerebral cortex.
More intriguing was the finding that the sulcal activations
seemed to be localized near the fundus areas of the sulci—
i.e., in the transition zones between adjacent cytoarchitec-
tonically diverse areas. The fundus region of the anterior part
of the left cingulate sulcus provides a particularly striking
example, as the increase in blood flow here coincided with
the border region between the limbic juxtallocortex and
homotypical prefrontal isocortex. Another relevant example
is provided by the aforementioned ventral fundus region of
the sylvian fissure. The concentration of peaks of blood flow
changes in fundal regions may reflect technical factors relat-
ing to image acquisition and image analysis, or it may reflect
the particular high density of the neuropil (and consequently
enhanced synaptic activity) in the fundus regions. But it is
also possible that it reflects a specific involvement of the
fundal regions in higher forms of cognition, including episodic
memory.

The parietal lobe revealed another quite interesting activity
pattern, namely in areas 7 and 40, or area PG in Mesulam’s
(21) terminology. In the right hemisphere, the activity in-
crease extended to the area homotopical to Wernicke’s
region (of the left hemisphere), while in the left hemisphere
the corresponding more ventrally situated part of area 40
(Wernicke) was inactive. The specific nature of the contri-
bution that the contralateral counterpart of the ‘‘language
comprehension area’’ makes to the processing of familiar
verbal information remains unclear, although the fact that
area 40 represents a late evolutionary development—it is not
found in the macaque brain (17)—suggests an advanced
function.

The activity decreases in areas 21 and 22 are in line with the
assumed involvement of these regions in auditory perception
and in language comprehension. Other decreases were ob-
served in the insular and auditory areas 41 and 42. Some of
these decreases may reflect auditory priming (22). Because of
the subjects’ prior exposure to the old sentences, neural
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computational requirements for identification and compre-
hension of these sentences were diminished in comparison
with new sentences. Thus, blood flow decreases in bilateral
temporal regions may mark neural substrates of auditory
priming. The same kind of reasoning has been advanced by
Squire et al. (11) and Buckner et al. (12), who identified
bilateral regions in occipitotemporal cortex as involved in
visual priming.

The pattern of connectivity suggested by increased blood
flow among the bilateral parietal, left cingulate, and right
prefrontal cortical regions is suggestive of a complex network
of widely distributed brain structures that subserves the
attentional, motivational-affective, memory, and other as-
pects of the auditory sentence recognition task. The activa-
tion ‘“‘strips’’ in the frontal lobes—the one in the right
dorsolateral prefrontal cortex, the other in the left medial
prefrontal or anterior cingulate cortex, or both—may be seen
as graphically representing some of the local portions of this
extended network. Anatomically such a network makes good
sense, because there exist extensive connections between
prefrontal and cingulate regions and parietal areas (21).
Comparable networks have been postulated in support of
other forms of higher-order cognitive functioning (21, 23-25),
as well as memory (26, 27).

It is not yet possible to delineate the correspondence
between specific cortical regions associated with the specific
components of the auditory sentence recognition task that we
studied. A number of speculative interpretations of the
pattern of neuronal activity associated with the task could be
offered. We mention only one. It relates the apparent con-
nection between prefrontal and parietal activations to con-
scious awareness of past events—i.e., subjects’ conscious
recollection of the episode of first hearing the sentences. The
task design of our study excluded overt behavior and assured
that the differential neuronal activity that was inferred from
changes in blood flow reflected the mental activity of remem-
bering. Remembering includes self-centered mental refer-
ence to both time and space. Quintana and Fuster (28) have
reported evidence showing that the prefrontal regions are
concerned with temporal aspects, and parietal regions with
spatial aspects, of visuomotor performance. Other research
has suggested that prefrontal lobes are involved in awareness
of the flow of time (29-31) and that parietal regions contribute
to awareness of space (32-34). When these observations are
integrated with our results, it seems reasonable to speculate
that prefrontal and parietal regions are among the principal
components of the complex neural network from whose
interaction emerges conscious awareness of self in subjective
space~time. Such awareness is the sine qua non of episodic
memory (3).

We thank Gregory M. Brown, Douglas Hussey, Donald T. Stuss,
Alan A. Wilson, and David Wilson for help and assistance. E.T.’s
research is supported by an endowment by Anne and Max Tanen-
baum in support of research in cognitive neuroscience and by the
Natural Sciences and Engineering Research Council of Canada.
F.I.LM.C.’s research is supported by a grant from the National
Sciences and Engineering Research Council of Canada. S.K. was
supported by a fellowship from the Ontario Mental Health Founda-
tion. H.J.M. was supported by a travel grant from the German
Research Council (Ma 795/161).

1. Tulving, E. (1991) in Memory: Organization and Locus of
Change, eds. Squire, L., Lynch, G., Weinberger, N. M. &
McGaugh, J. L. (Oxford Univ. Press, New York), pp. 3-32.

2. Schacter, D. L. & Tulving, E., eds. (1994) in Memory Systems

1994 (Mass. Inst. Technol. Press, Cambridge, MA).

Tulving, E. (1993) Curr. Persp. Psychol. Sci. 2, 67-70.

Graf, P. & Schacter, D. L. (1985) J. Exp. Psychol. Learn.

Mem. Cognit. 11, 501-518.

W



10.
11.

12.

13.

14.
15.

16.
17.

17.

18.

Psychology: Tulving et al.

Tulving, E. (1983) Elements of Episodic Memory (Clarendon,
Oxford, U.K.).

Petersen, S. E., Fox, P. T., Posner, M. 1., Mintun, M. &
Raichle, M. E. (1988) Nature (London) 331, 585-588.
Posner, M. 1., Petersen, S. E., Fox, P. R. & Raichle, M. E.
(1988) Science 240, 1627-1631.

Kapur, S., Craik, F. I. M., Tulving, E., Wilson, A. A., Houle,
S. & Brown, G. M. (1994) Proc. Natl. Acad. Sci. USA 91,
2008-2011.

Deutsch, G., Papanicolaou, A. C., Eisenberg, H. M., Loring,
D. W. & Levin, H. S. (1986) Neuropsychologia 24, 283-287.
Tulving, E., Risberg, J. & Ingvar, D. H. (1988) Bull. Psychon.
Soc. 26, 522 (abstr.).

Squire, L. R., Ojemann, J. G., Miezin, F. M., Petersen, S. E.,
Videen, T. O. & Raichle, M. E. (1992) Proc. Natl. Acad. Sci.
USA 89, 1837-1841.

Buckner, R. L., Petersen, S. E., Ojemann, J. G., Miezin,
F. M., Squire, L. R. & Raichle, M. E. (1993) Soc. Neurosci.
Abstr. 19, 1001 (abstr.).

Roland, P. E. & Friberg, L. (1985) J. Neurophysiol. 53, 1219-
1243.

Oldfield, R. C. (1971) Neuropsychologia 9, 97-113.

Spitzer, R. L., Williams, J. B. W., Gibbon, M. & First, M. B.
(eds.) (1990) Structured Clinical Interview for DSM-III-R—
Non-Patient Edition (SCID-NP, Version 1.0) (Am. Psychiatr.
Press, Washington, DC).

Tulving, E. & Watkins, O. C. (1977) Mem. Cognit. 5, 513-522.
Evans, A. C., Thompson, C. J., Marrett, S., Meyer, E. &
Mazza, M. (1991) IEEE Trans. Med. Imag. 10, 90-98.
Brodmann, K. (1909) Vergleichende Lokalisationslehre der
Grosshirnrinde in ihren Prinzipien dargestellt auf Grund des
Zellenbaues (Barth, Leipzig).

Talairach, J. & Tournoux, P. (eds.) (1988) Co-planar Stereo-

19.

20.
21.

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34,

Proc. Natl. Acad. Sci. USA 91 (1994) 2015

taxic Atlas of the Human Brain: 3-Dimensional Proportional
System: An Approach to Cerebral Imaging (Thieme, Stuttgart).
Haxby, J. V., Horwitz, B., Maisog, J. M., Ungerleider, L. G.,
Mishkin, M., Schapiro, M. B., Rapoport, S. I. & Grady, C. L.
(1993) J. Cereb. Blood Flow Metab. 13, (Suppl 1), S499 (ab-
stract).

Tulving, E., Kapur, S., Craik, F. I. M., Moscovitch, M. &
Houle, S. (1994) Proc. Natl. Acad. Sci. USA 91, 2016-2020.
Mesulam, M.-M. (1990) Ann. Neurol. 28, 597-613.

Schacter, D. L. & Church, B. A. (1992) J. Exp. Psychol.
Learn. Mem. Cognit. 18, 915-930.

Goldman-Rakic, P. S. (1988) Annu. Rev. Neurosci. 11, 137-
156.

Grossman, M., Carvell, S., Gollomp, S., Stern, M. B., Reivich,
M., Morrison, D., Alavi, A. & Hurtig, H. (1993) J. Cognit.
Neurosci. 5, 480-498.

Ojemann, G. A. (1991) J. Neurosci. 11, 2281-2287.
Warrington, E. K. & Weiskrantz, L. (1982) Neuropsychologia
20, 233-249.

Moscovitch, M. (1992) J. Cognit. Neurosci. 4, 257-267.
Quintana, J. & Fuster, J. M. (1993) Cereb. Cortex 3, 122-132.
Milner, B., Petrides, M. & Smith, M. L. (1985) Hum. Neuro-
biol. 4, 137-142.

Stuss, D. T. & Benson, D. F. (1986) The Frontal Lobes (Raven,
New York).

Schacter, D. L. (1987) Psychobiology 15, 21-36.

Dimond, S. J. (1976) Brain. Behav. Evol. 13, 376-395.
Mountcastle, V. B. (1978) in Cerebral Correlates of Conscious
Experience, eds. Buser, P. A. & Rougeul-Buser, A. (North-
Holland, Amsterdam), pp. 37-51.

Schacter, D. L. (1989) in Varieties of Memory and Conscious-
ness: Essays in Honour of Endel Tulving, eds. Roediger, H. L.,
III, & Craik, F. I. M. (Erlbaum, Hillsdale, NJ), pp. 355-389.



