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Abstract Human memory is composed of several indéPET) studies of regional cerebral blood flow indicate
pendent but interacting systems. These include a systhat networks of distributed brain regions subserve epi-
for remembering general knowledge, semantic memosgdic and semantic memory. Some networks seem to be
and a system for recollection of personal events, episogémerally engaged in memory processes whereas the in-
memory. The results of positron emission tomographiglvement of others is specific to factors such as the type
of information to be remembered or the level of retrieval
success. The PET findings help to understand memory
dysfunction (a) by showing that multiple brain regions
are involved in different memory processes and (b) by
sharpening the interpretation of the functional role of
different brain regions.
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systems have been used to identify brain regions critio&lelectrical activity from the scalp (for a review see
for different forms of memory. A limitation with lesion[15]).
studies, however, is that they give information only con- Memory functions, as with other cognitive functions,
cerning whether the specific damaged region is someh®ly on changes in local neuronal activity. Changes in
necessary for task performance. It is becoming increasuronal activity are accompanied by changes in rCBF,
ingly clear that complex cognitive and memory procesand these changes can be measured by PET [16]. Be-
es rely on the integrity of extended networks of brain reause data from a single PET scan are uninterpretable,
gions rather than on the workings of individual regiortata are usually reported in the form of comparisons be-
[7]. While it may be possible to overcome this limitatiotween scans. In the typical case this involves comparing
in animal lesion studies by systematic analyses of higliye rCBF pattern associated with a target task with that
specific lesions and their combinations, many cognitiassociated with a reference task. This comparison reveals
and memory processes can be studied only with humamsin regions in which the activity is significantly higher
For example, it is not yet known how to distinguish ber lower during the target task than during the reference
tween episodic and semantic memory in animals. Amask [17-18]. The target and reference tasks are selected
mals cannot be asked whether they recollect a previtagliffer only with respect to the process of interest. The
happening, or whether they know the proper responséasic assumption is that the regions showing differential
a given situation. This is why in the literature on animattivity between the two task conditions are important
memory these two systems are frequently collapsedfasthis process.
“declarative” memory [8]. The parsimonious assumption The task-comparison approach to the analysis of PET
is that many experimental procedures used to ass#e® has been very successful, and it continues to be fre-
memory in monkeys, such as the delayed matching-tmently used. A potential shortcoming of this approach is
sample task, reflect the operations of semantic rathieat it rests on the assumption of linear additivity of bio-
than episodic memory [9]. logical processes subserving linear additive cognitive

Another problem with lesion studies is that there ispaocesses. This has led to the development of methods
real possibility of the damaged brain not mediating coghich do not rest on this assumption, such as correlating
nitive performance in the same way as the intact brainoltrCBF with graded cognitive and physiological param-
is known that the brain has the capacity of functional reters (see [19]). More recently, different multivariate
organization or compensation [10]. Hence studyingngethods have been applied to PET data [20—22]. Each of
damaged brain need not always illuminate the workintjgese three main data-analytic approaches is represented
of the healthy brain. in the empirical papers reviewed below.

A solution to these problems is offered by the possi-
bility of studying cognitive processes in the intact huma#
brain with modern functional neuroimaging technigueSemantic memory
In this brief review we discuss some recent results from
positron emission tomography (PET) studies of episodit conventional studies of semantic memory, subjects’
and semantic memory. By showing that multiple brabrains are scanned while they are engaged in thinking
regions are involved differentially in episodic and in sebout or retrieving particular instances of their knowl-
mantic memory, the results support the notion of largedge about the world in the broadest sense. For example,
scale networks subserving cognition and memory. Befanea PET study of brain areas mediating knowledge of
turning to the studies, we briefly outline the way inommon objects, the rCBF patterns correlated with the
which the data are acquired and analyzed. subjects’ activity of generating words denoting (a) colors
or (b) actions associated with black-on-white line draw-
ings of objects were compared with the rCBF pattern as-
Functional neuroimaging sociated with naming similar objects [23]. In both com-

parisons increased activity during the generation tasks

Several techniques exist for examining potential correlsas observed in certain common areas, namely left pre-
tions between cognitive function and underlying neurtrontal cortex and left posterior parietal cortex.
anatomy [11-13]. Here we are concerned principally It was further found that the two generation tasks also
with PET studies of regional cerebral blood flow (rCBFproduced activations in brain regions unigue to each.
Neural correlates of cognitive functions are also studi®@tus color naming led to increased activity in a region in
with functional magnetic resonance imaging (fMRIthe ventral temporal lobe bilaterally, but with stronger ac-
This technique provides both anatomical and functiortadation in the left hemisphere, whereas generation of ac-
information, and it has been suggested that PET aimh words activated a more dorsal region in left middle
fMRI should be used in parallel, with PET providing temporal gyrus. The region in the ventral temporal lobe
general description of the circuit of brain regions undehat was selectively activated by thinking of and naming
lying a particular task and fMRI providing details of patthe colors of objects was located near the area involved in
ticular areas within the circuit [14]. To determine theolor perception. Similarly, the left middle temporal re-
time course of information flow within a circuit it maygion activated during generation of action words was just
be necessary to use further techniques such as recordamgsrior to the area involved in perception of motion.
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Additional support for the notion that retrieval of obin two separate, successive lists, each word appearing on
ject information from semantic memory activates spectfie left or the right of a computer screen. In the item en-
ic regions depending on type of information recoveredding condition they were instructed to remember what
comes from a study of brain regions involved in namirtiige words were. In the spatial-encoding condition they
animals and tools shown to the subject in pictorial forwere instructed to remember the words as well as the lo-
[24]. Naming animals selectively activated the left mediation — left or right. In the time-encoding condition they
al occipital lobe, whereas naming tools involved imwere instructed to remember the words as well as the
creased activation in other regions including a left mitme of their appearance — first or second list. Three re-
dle temporal region. The location of the latter region wageval conditions corresponded one-to-one to the three
nearly identical to the location of the region that wascoding conditions. In each retrieval phase subjects
found to be activated during generation of action word&re shown single words in the center of the screen and,
(see [23]), suggesting that this region may be the site d@pending on the condition, had to decide (a) whether
stored knowledge of visual motion associated with usitftte word had been shown in the encoding phase, (b)
objects (see [24]). whether the word had appeared on the left or the right of

With respect to general regions, i.e., regions whadee screen, and (c) whether the word had appeared in the
activation does not seem to depend on the type of inffirst or the second list.
mation retrieved, several studies have found left prefron-PET data showed that (a) in all encoding conditions
tal activation during various kinds of semantic memotiere is increased activation in left prefrontal cortex and
retrieval (see [25-26]). These studies used tasks suclndsft fusiform gyrus, and that (b) in all retrieval condi-
generating related verbs to presented nouns [27], getiens there is increased activity in right prefrontal cortex,
ating words beginning with a particular letter [28] or le&nterior cingulate, and midbrain. These brain regions are
ters [29], and judging whether presented words referitderpreted as representing components of “general” net-
living or nonliving things [30]. A relevant additional obworks of brain regions subserving episodic encoding and
servation from a fMRI study is that the increased lektrieval of different kinds of information (see Fig. 1).
prefrontal activity during semantic retrieval does not re- The observation that left prefrontal cortex is generally
flect the differences in the difficulty of the comparethvolved in episodic encoding is consistent with several
tasks [31]. Rather, it looks as if left prefrontal cortical r@revious PET studies of episodic encoding of verbal and
gions are part of an executive mechanism that contnitmnverbal stimuli (see [33-35]). In all of these studies
utes to retrieval of semantic information (see [31]). the specific location of the activation has been near

In summary, retrieval of information from semantiBrodmann areas 45 and 46. Kapur and colleagues [36]
memory is generally correlated with increased neuromalggested that increased activity in this region during ep-
activity in some brain regions, whereas the activity isodic encoding reflects semantic processing.
others seems to depend on the type of information re-Similarly, a general involvement of right prefrontal
trieved. Such findings suggest the existence of “generedQjions in episodic retrieval is consistent with the re-
and “specific” networks underlying semantic memory rsults of a number of PET studies (see [25-26, 33-35]).
trieval. Similar general and specific retrieval networkBhe involvement of right prefrontal brain regions in epi-
have been tentatively identified in episodic memory, aedic retrieval has attracted substantial interest. The re-
though their location in the brain is rather different.  sults of several studies indicate that activation of some
right prefrontal regions during episodic retrieval is
largely independent of the extent to which successful
Episodic memory retrieval occurs and may instead reflect processes relat-

ed to retrieval attempt or being engaged in a retrieval
Laboratory studies of episodic memory consist of twoode [37-39]. The degree of activation in other right
phases. In the first (acquisition, or encoding) phase, spbefrontal regions may be related to the level of retriev-
jects are presented with discrete items of a particuddrsuccess [40—41]. The observation that activation in
kind (e.g., words, word pairs, pictures of objects). In tiseme right prefrontal brain regions is unrelated to level
second (retrieval) phase, subjects are tested for the infidrretrieval performance whereas degree of activation in
mation acquired during the encoding phase. The impothers may be related to level of retrieval success under-
tant difference from semantic-memory retrieval here ssores the functional heterogeneity of the prefrontal
that subjects must remember a particular past event @beex (see [42]).
presentation of an item in the encoding phase) rathemigher levels of episodic retrieval have been associat-
than just using their general knowledge of the kind tested with higher levels of activity in other brain regions as
in studies of semantic memory. well. A recent PET study identified a pattern of brain re-

A recent PET study identified a pattern of brain rgions that distinguished an episodic retrieval condition
gions showing increased activity during acquisition amavolving high levels of retrieval from conditions involv-
retrieval of three different kinds of episodic informationg lower levels of retrieval success [41]. In agreement
about the appearance of single words [32]: (a) item imith the many lesion studies that have indicated an asso-
formation, (b) spatial information, and (c) time informeeiation between episodic memory and hippocampus (see
tion. In each encoding phase subjects were shown wdety this pattern include bilateral medial-temporal re-
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Fig. 1 Brain regions activated during episodic encodileffand atomically distinct regions may impair the same function,
episodic rgtnevalr(ght_). The activations are shown in three differy though the degree of impairment depends on lesion site
ﬁg%viﬁgibgr?tggzsergg)t_ %,S:?g;gafgj?]‘;rom the back (coronal), afg 7 Moreover, by suggesting that some brain regions are
generally involved in memory encoding and retrieval
(“general networks”) whereas others are specifically in-
gions. Other prominent parts of the pattern include lefilved depending on factors such as the type of informa-
temporal polar and left superior temporal regions. tion to be remembered and level of retrieval success

Taken together the results of PET studies of episodispecific networks”), the results sharpen the understand-
memory are consistent with the results of PET studiesimg of the functional role of different brain regions.
semantic memory in suggesting that some brain regionLConsider, for example, the observation that some right
are generally involved during retrieval whereas the iprefrontal brain regions seem to be generally involved in
volvement of others is related to specific factors sucheggsodic memory retrieval (see [25-26; 33—-35; 42]). This
actual recovery of information. Importantly, differenbbservation indicates that these prefrontal regions are not
components seem to define the networks underlying dpitolved in the actual recovery of stored information but
sodic and semantic retrieval. The difference is especiatigher in general functions such as initiating, maintain-
striking within the frontal lobes, with left prefrontal reing, and organizing retrieval processes. In line with this
gions generally activated during semantic memory retview, a recent meta-analysis of neuropsychological stud-
eval and right prefrontal regions during episodic retrieies on brain-damaged patients have shown that although
al. Thus, as envisaged more than a decade ago [6],tmese patients are not amnesic, they do have impairments
sults from functional neuroimaging have provided supn tests of free recall, cued recall, and recognition [48].
port for the distinction between these memory systeffilse strong right-sided lateralization observed in PET
(see [44]). Regarding anatomical connections betwestndies of episodic retrieval could not be predicted from
activated regions it has been suggested that during @aitient studies, but some case studies indicate a critical
sodic memory retrieval right prefrontal regions conneuile of right prefrontal regions in episodic memory retri-
to right anterior temporal and other posterior structuregal [49-50]. There is also an interesting observation of
in the right hemisphere via the ventral branch of the uight frontal cortex hypometabolism in transient global
cinate fascicle [45]. The same structural combination amnesia [51]. In line with the present view, the latter
the left hemisphere has been proposed to be responshldy suggested that transient amnesia is a syndrome
for semantic memory retrieval [46]. with several possible foci of dysfunction.

Furthermore, the demonstration by PET that medial-
temporal lobe activity is related to retrieval success im-
Clinical implications plicates this region in the actual recovery of information

[41] (see also [39, 52-54]). This supports the hypothesis,
The results of functional neuroimaging studies of episdaased on clinical observations of anterograde and tempo-
ic and semantic memory indicate that networks of distritally graded retrograde amnesia following medial-tempo-
uted brain regions underlie performance. This view, thal lobe lesions [43, 55-56], that the medial-temporal re-
memory performance is mediated by distributed networdi®n is involved during recovery of new episodic infor-
across many brain regions, has important clinical implia&ation. The basis for this involvement, it is assumed, is
tions in that it predicts that performance may be interrugitat the medial-temporal region integrates the various
ed by a lesion in any of the involved regions. Empiricakocortical storage sites which ultimately represents the
data support this prediction by showing that lesions in @pisode. When these sites have become integrated, the
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involvement of medial-temporal regions in episodic retrld. Posner MI, Raichle ME (1994) Images of mind. Scientific

eval is no longer crucial (for neural network simulations, American Books, New York . _— .

. P . Raichle ME (1994) Visualizing the mind. Scientific American
of this process, see [57-58]). Thus, by this view, sUt- ;;0.58 64 ( ) 9
cessful retrieval is not a product of hippocampal functiaB. Roland PE (1993) Brain activation. Wiley-Liss, New York
alone, and the PET results provide information abadl#t Raichle ME (1994) Images of the mind: Studies with modern
brain regions which may interact with medial-temporal imaging techniques. Annu Rev Psychol 45:333-356

; ; ; Rugg MD (1995) Event-related potential studies of human
regions during recovery. One example is the left SuPer?&r memory. In Gazzaniga MS (ed) The cognitive neurosciences.

temporal gyrus [41], and previous experimental findings mT press, Cambridge, pp 789-801
indicate that this region is implicated in episodic mema@s. Fox PT, Mintun MA, Raichle ME, Herscovitch P (1984) A
ry representation (see [46]). noninvasive approach to quantitative functional brain mapping
with H,150 and positron emission tomography. J Cereb Blood
Flow Metab 4:329-333
. 17. Fox PT, Mintun MA, Reiman EM, Raichle ME (1988) En-
Conclusion hanced detection of focal brain responses using intersubject
averaging and change-distributed analysis of subtracted PET

The results of the above PET studies illustrate the mog' images. J Cereb Blood Flow Metabolism 8:642-653

. - . riston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD,
point of this paper: memory processes are subserve rackowiak RSJ (1995) Statistical parametric maps in func-

widely distributed networks of brain regions. Neuroim- tional imaging: a general linear approach. Hum Brain Mapp
aging studies are playing an important role in identifying 2:189-210

network components, and in sharpening the understah@-Frackowiak RSJ, Friston KJ (1994) Functional neuroanatomy
ing of the functional role of various regions. Interesting- 225?&12;%‘;?02{ ?éﬂ:hﬁ%ﬂgo? :ﬁ;ﬁfg’i‘,;&”ﬁ%@phy —anew
ly, recent work suggests that the functional role of a gy, Friston KJ (1994) Functional and effective connectivity: a syn-
gion may vary depending on the areas with which it is thesis. Hum Brain Mapp 2:56-78

interacting [59]. A critical task for future research wilkl. Mcintosh AR, Gonzalez-Lima F (1994) Structural equation

; _ ifi i _modeling and its application to network analysis of functional
therefore be to specify task-specific patterns of interac brain imaging. Hum Brain Mapp 2:2-22

tions between network components (see [60] for an &%- yicintosh AR, Bookstein FL, Haxby JV, Grady CL (1996)
ample of a network analysis of PET data on word read- Spatial patterns analysis of functional brain images using par-

ing and episodic recognition). tial least squares. Neuroimage 3:143-157
23. Martin A, Haxby JV, Lalonde FM, Wiggs CL, Ungerleider LG
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