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Abstract

Regions of the prefrontal cortex (PFC) are typically activated in many different cognitive functions. In most studies, the focus has been
on the role of specific PFC regions in specific cognitive domains, but more recently similarities in PFC activations across cognitive domains
have been stressed. Such similarities may suggest that a region mediates a common function across a variety of cognitive tasks. In this
study, we compared the activation patterns associated with tests of working memory, semantic memory and episodic memory. The results
converged on a general involvement of four regions across memory tests. These were located in left frontopolar cortex, left mid-ventrolateral
PFC, left mid-dorsolateral PFC and dorsal anterior cingulate cortex. These findings provide evidence that some PFC regions are engaged
during many different memory tests. The findings are discussed in relation to theories about the functional contribition of the PFC regions
and the architecture of memory.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction regions for all five cognitive demands: mid-dorsolateral
PFC, mid-ventrolateral PFC, and a dorsal part of the ante-

Functional brain imaging with positron emission tomog- rior cingulate cortex. These regions were seen as forming a
raphy (PET) and functional magnetic resonance imaging common network recruited by as diverse challenges as re-
(fMRI) have revealed a strong association between cog- sponse selection, working memory maintenance and stimu-
nitive operations and activity in regions of the prefrontal lus recognition. It was furthermore noted that retrieval from
cortex (PFC). For example, in a review of PET and fMRI episodic memory also tends to engage the same regions,
studieg6], PFC regions were found to be part of the typical and, in addition, that episodic retrieval showed a higher
activation pattern for many different cognitive functions, in- proportion of activations close to the frontal pole. These
cluding sustained attention, smell perception, written word observations indicated that the common network is operat-
recognition, verbal and spatial working memory, semantic ing during episodic retrieval, but that additional processing
memory, episodic memory, and conceptual priming. associated with more anterior PFC regions also come into

In most prior studies, the focus has been on the role of play.
specific PFC regions in specific cognitive domains. How-  The results from a recent fMRI study that directly
ever, more recently it has been noted that regionally specific contrasted working memory and episodic memory pro-
PFC activations show substantial similaritiasross cog- vide support for specific activation of frontopolar regions
nitive domains[8,26]. In one recent analysis, Duncan and during episodic retrieva[7]. In contrast, another recent
Owen [17] focused on five cognitive demands: response within-study fMRI comparison of working memory and
conflict, task novelty, number of elements in working episodic memory suggested that frontopolar activation was
memory, working-memory delay, and perceptual difficulty. greater for working memory than for episodic memgiy,
They found that there was joint recruitment of three PFC and frontopolar activation has also been associated with

semantic monitoring23]. Furthermore, both fMRI-studies
* Corresponding author. Tel:+46-90-7866429; fax:-46-90-7866695.  [2,7] found evidence that dorsolateral PFC activation was
E-mail address: lars.nyberg@psy.umu.se (L. Nyberg). stronger for working memory than for episodic memory.
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Thus, it is unclear whether dorsolateral PFC is engaged tocould be related to each cue. They responded by saying one
a similar extent for different memory systems, and whether word that described their memory (e.g. “"GREECE”) or “no”
frontopolar activation is especially salient for episodic mem- if they could not come up with a personal memory.
ory retrieval. At least in part, the unclear issues may have Semantic memory was measured with living/non-living
to do with different strategies for data analysis (between- classificatior{19] fact retrieval (cf[36]), and synonym gen-
versus within-study comparisons) and with factors that are eration (cf[20]). In the living/non-living task, subjects were
task specific. presented a list of words and decided if the words referred
The aim of the present study was to further explore to living or non-living things. In fact retrieval, subjects were
similarities in regionally specific activations associated with shown a series of cue words (e.g. AUTHOR) and were
different memory systems. This was accomplished by anal- asked to retrieve factual information associated with each
ysis of data from two PET experimenf&7]. Across the cue. They responded by saying one word that related to
two experiments, three tests were included for each of threethe factual information (or said “no”). In synonym gener-
memory systems: episodic memory, working memory, and ation, subjects were presented a series of words. For each
semantic memory. This design allowed analysis of regional word they were instructed to generate a different word with
activations that are common for a wide range of memory similar meaning (e.g. VACATION—HOLIDAY) or with a

tasks. strong semantic association to the cue word (e.g. CAR—
VOLVO).
The experiments also included a baseline reading condi-
2. Methods tion. Subjects were told that a series of words was going to
be presented and that their task was to read each word aloud.
2.1. Experimental tasks They were explicitly told that these words were not part of

any test and that they did not have to memorize them.

The tasks that were used for the three systems are sum-
marized inTable 1 Working memory was measured with 1-  2.2. Experimental procedure
and 2-back taskg] and with a random-number generation
task (cf.[32]). In the 1- and 2-back tasks, subjects were in-  The procedure for stimulus presentation and responding
structed that a sequence of words was to be presented anavas the same for all tasks, and involved presentation of sin-
that their task was to decide for each word whether it was gle items on a computer screen placed above the subjects’
the same as the one presented one or two items earlier in théneads and responding by saying one word per stimulus (stim-
list. In the random-number generation task, subjects wereuli were words in all conditions except for random-number
instructed that each time a “?” appeared on the screen theirgeneration in which a series of “?” was presented). The pre-
task was to randomly generate a number between 1 and 10sentation rate was 3 s (inter-stimulus interval2 s). Each
They were told not to mention the same number twice in experimental condition included 18 stimuli, 12 of which
succession and to use all numbers between 1 and 10 beforevere presented during the scan interval.

starting over again. Both experiments included seven experimental condi-
Episodic memory was measured with yes/no recognition tions, each presented and scanned twice (i.e. 14 scans/
(e.g.[28]), category-instance cued recfd6], and autobi- experiment). Experiment 1 included the following tasks:

ographical memonj11]. In the recognition test, subjects 2-back, random-number generation, recognition, cued re-
were shown a mixed list of nine non-studied words and call, living/non-living, fact retrieval, and the baseline read-
nine words from an intentional encoding session and wereing condition. Experiment 2 included: 1-back, cued recall,
asked to say “yes” when they recognized a word and “no” autobiographical memory, fact retrieval, synonym genera-
when they thought a non-studied word was presented. Intion, and the reading baseline (a second baseline condition
the cued-recall test, subjects were presented cue words (e.gwas also included but will not be considered here). The
AUTHOR) and were asked to recall targets (e.g. STRIND- experimental tasks were presented in a counterbalanced
BERG) from a previous study session (or say “no” if they order across subjects with the restriction that all conditions
could not recall the target). In the autobiographical test, sub- were performed before the replications were presented. An
jects were presented cue words (e.g. VACATION) and were experimenter recorded the verbal responses (accuracy was
asked to use these for remembering personal events that90% in all tasks).

Table 1

Experimental tasks

System Task

Working memory 1-Back 2-Back Random-number generation
Episodic memory Yes/no recognition Category cued recall Autobiographical memory

Semantic memory Living/non-living Fact retrieval Synonym generation




Fig. 1. (a) Increased activity in Experiment 1 during memory compared to baseline. Significant activations were observed in left inferior pasietal co
(%, ¥, z = —36, —56, 42, Brodmann area (BA) 40), mid-dorsolateral P&Cy( z = —50, 16, 28, BA 9/46), mid-ventrolateral PFg, {/, z = —32, 20,

—2, BA 45/47), dorsal anterior cingulate cortex y, z = 2, 20, 40, BA 24/32), left middle frontal gyrus,(y, z = —34, 50, 20, BA 10), right superior
parietal cortex X, y, z = 38, —58, 52, BA 7), right middle frontal gyrusx(y, z = 48, 30, 28, BA 9/46), left middle frontal gyrux,(y, z = —34, 0,

58, BA 6), precuneusx(y, z = 8, —72, 50, BA 7), right inferior frontal gyrusx(y, z = 38, 20,—4, BA 47), right middle/superior frontal gyrus,(

y, z = 32, 48,16, BA 11), left frontopolar cortexx( y, z = —26, 58, 2, BA 10), right inferior middle temporal gyrus (6642, —14, BA 20/21),

and right superior frontal gyrus (28, 66,4, BA 10). Activations thresholded & < 0.05 corrected, extent threshold >25 voxels; (b) Increased activity
in Experiment 2 during memory compared to baseline. Significant activations were found in dorsal anterior cingulate,cartex(—4, 18, 40, BA
24/32), left mid-ventrolateral PFCx(y, z = —30, 24, —6, BA 47), left frontopolar cortexx y, z = —26, 50, 2, BA 10), and right cerebellur, (y,

z = 22,—-82,—34). Activations thresholded & < 0.05 corrected, extent threshold >25 voxels; (c) Overlapping activations common to both experiments
were found in two distinct but contiguous areas of the dorsal anterior cingulate crrtgxz(= —4, 34, 20, BA 24/327 = 6.93, and -6, 18, 44, BA
24/32,7Z = 5.72), mid-ventrolateral PFCH30, 24, -8, BA 47, Z = 6.11), mid-dorsolateral PFC—36, 18, 26, BA 46/9,Z = 5.42), and frontopolar
cortex (26, 50, 2, BA 10,Z = 4.91). Activations thresholded &t < 0.05 corrected, extent threshold >10 voxels; (d) Approximate localization of the
four common prefrontal regions: top, dorsal part of the anterior cingulate cortex; middle, left frontopolar cortex; bottom, left mid-vehtréi&texad

left mid-dorsolateral PFC. Activations were rendered on a brain volume transformed into standardized space. Note that the anatomicaldaalization
approximations for illustrative purposes.



Table 2

Common prefrontal activations across memory tests

Test

Prefrontal activation peaks

Anterior cingulate

Mid-dorsolateral

Frontopolar

Mid-ventrolateral

(—4, 34, 20) (6, 18, 44) (36, 18, 26) €26, 50, 2) 30, 24,-8)
Working memory
1-Back -6, 36, 20)z = 3.69 6, 12, 44)z = 2.63 36, 16, 28)z=2.34 (28, 54;-4) z =351 (42, 18, 4)z =2.58
2-Back (6, 30, 22)z =2.04 4, 16, 42)z = 4.93 (44, 20, 26)z = 4.33 28, 52, 2)z =2.67 32, 24, 6)z=4.13
Random number-generation —6, 30, 24)z =3.82 2, 18, 40)z =5.78 46, 22, 24)z = 4.67 (28, 52, 2)z=3.29 (38, 16, 2)z = 4.67
Episodic memory
RecognitioR (—8, 42, 22)z=1.45 2, 22, 38)z=3.72 (46, 22, 24)z = 2.96 (28, 52, 2)z=2.17 (38, 16, 2)z =4.40
Cued recall (Experiment 1) -4, 34, 20)z = 3.51 “ (46, 14, 26)z = 3.19 (28, 52, 2)z=2.37 34, 18,-6) z=5.11

Cued recall (Experiment 2)
Autobiographical

Semantic memory
Fact retrieval (Experiment 1)
Fact retrieval (Experiment 2)
Synonym generation
Living/non-living

—6, 34, 22)z = 6.57
€2, 30, 20)z = 5.74

—8, 34, 22)z = 3.86
{4, 36, 20)z = 5.44
4, 36, 18)z = 6.13
(-4, 32, 28)z = 2.38

_—~

, 20, 38)z=3.81
, 18, 42)z = 6.42

2
4, 18, 40)z = 4.07
4
6

—~

(4, 22, 36)z = 5.09
6, 22, 42)z = 5.47
6, 18, 46)z = 5.58
(4, 24, 38)z = 2.23

(36, 20, 24)z = 5.43
(44, 18, 18)z = 5.44

(40, 20, 22)z = 5.00
(46, 16, 22)z = 5.09
(46, 14, 20)z = 4.84
(46, 14, 26)z = 2.57

(-26, 54, 0)z = 4.50
(28, 50, 0)z = 5.03

(26, 54, 0)z = 1.72
(26, 48, 2)z = 3.67
(28, 52, 0)z = 4.23
(28, 54,-4) z = 0.58

(_
30, 22,—8) z = 6.51
(42, 18, 0)z = 6.90

(32, 24,-6) z=5.32
(30, 26,—8) z = 5.89
(30, 24, 0)z = 5.47
(34, 22,-10) z = 3.79

aCoordinates X, y, 2 according to Talairach and Tournoux, negative left/posterior/inferior.
b Significant for one of the two anterior cingulate cortex peaks.
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2.3. Participants 3. Results

The two experiments included a total of 29 right-handed  The overall memory-baseline contrast in each experiment
healthy male subjects (Experiment;= 15, age= 28+ 7 revealed several significant increases in regional activity
years; Experiment 2V = 14, age= 24+ 4 years). Thesub- (P < 0.05 correctedFig. 1a and h Comparison of the
jects were prescreened and none used any medication, hatlvo activation maps by the masking procedure showed that
a history of drug abuse (including nicotine), head trauma, four regional effects were common to both contrasts. These
neurological or psychiatric illness, or a family history of regions were located in dorsal anterior cingulate cortex,
neurological or psychiatric illness. All had university level left frontopolar cortex, left mid-dorsolateral PFC and left
education. The local Ethics and Radiation Safety commit- mid-ventrolateral PFCHig. 1c and L The activation in the
tees at the Karolinska Hospital approved the study, and all anterior cingulate cortex consisted of two peaks, both of

the subjects gave written informed consent. which fell in the dorsal cognitive subdivisids].
In the second step, where each memory task was con-
2.4. Data acquisition trasted with the reading baseline condition, the results

showed that, with one exception, the four common re-
Regional cerebral blood flow (rCBF) was measured with gions were consistently activated® (< 0.05) (Table 2.

a 3D ECAT EXACT HR PET scanner and bolus injections The exception was that the frontopolar activation was
of H2'°0. Each subject underwent 14 rCBF measurements. non-significant for the living/non-living classification task.
The PET scanner was used in 3D-sampling mode producingGiven that the frontopolar VOI was quite small, we con-
60 s tracer uptake images. The different tasks were started atiucted a whole-brain contrast of the living/non-living task
the time of tracer injection and the scanning was automati- with the baseline condition. The corresponding activation
cally initiated when the activity level in the brain exceeded map included an activation 6 mm anterior of the frontopo-
a predetermined level above background. Scatter correctionlar VOI (x, y, z = —26, 58, 2;Z = 2.31). Thus, although
was done and a 2D-transmission scan was used for attenueutside the VOI, frontopolar activation was seen also for
ation correction. the living/non-living task.

2.5. Satistical analysis
4. Discussion

SPM99 fttp://www.fil.ion.ucl.ac.uky was used for im-
age preprocessing and analysis. The PET-images were There is increasing evidence for commonalities in pat-
realigned, spatially normalized and transformed into a com- terns of PFC activity associated with different cognitive tasks
mon approximate Talairach stereotactic space as defined6,10,14,16-18,26,33]The present analyses of regional ac-
by the SPM99 PET template, 3D-Gaussian filtered (10 mm tivity associated with tests of working memory, episodic
FWHM), and proportionally scaled to account for global memory, and semantic memory provide additional evidence
confounders. by converging on a general involvement of four PFC regions

In order to test specific null-hypotheses, linear contrasts of across memory tasks. These were located in left frontopo-
different conditions were created, generating t-fields (SPM lar cortex, left mid-ventrolateral PFC, left mid-dorsolateral
[t]). First, commonalities in activations across memory con- PFC and dorsal anterior cingulate cortex.
ditions were identified by a weighted contrast of all memory  There are several possible explanations for a consistent
tasks relative to baseline for each of the two experiments. memory-related increase in activity in these regions. One
Next, regions that showed significantly increased activity obvious factor is that, relative to the reading-baseline task,
during memory compared to baselinebioth experiments  all of the memory tasks should have involved increased de-
were identified by inclusive masking, where the activation mands onexecutive processing or cognitive control [38].
map for memory versus reading in Experiment 1 served Indeed, for all observed regions, functional accounts have
as a mask for the corresponding activation map in Experi- been proposed that relate to executive processing or cogni-
ment 2 (thresholded a® < 0.05, corrected)P-values re- tive control.
lating to significant activations were corrected for multiple Increased memory-related activity in mid-ventrolateral
non-independent comparisons based on the theory of smootiPFC has been related to updating and maintaining the
t-fields[43]. contents of working memory18,24,31] By this view,

In a second step, we examined whether commonly acti- working-memory processes contribute also to long-term
vated regions from the masked analysis were significantly memory tasks (see alspll]). A related functional ac-
activated for each individual memory task, or whether the count holds that mid-ventrolateral PFC has a general role
overall effect was driven by a subset of tasks. This was donein memory by mediating active encoding and retrieval of
by using the common regions from the masked analysis asinformation[29]. Mid-dorsolateral PFC has been suggested
volumes of-interest (VOI's) in pairwise comparisons of each to play a crucial role in cognitive operations that require
memory test with the baseline. active selection, monitoring and acting upon material held
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