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Abstract

Using the B1%0 PET method, we investigated whether previous findings of regional cerebral blood flow (rCBF) changes in the polar
and superior rostral aspects of the frontal lobes (principally Brodmann’s area (BA) 10) during prospective memory (PM) paradigms (i.e.
those involving carrying out an intended action after a delay) can be attributed merely to the greater difficulty of such tasks over the baseline
conditions typically employed. Three different tasks were administered under four conditions: baseline simple RT; attention-demanding
ongoing task only; ongoing task plus a delayed intention (unpracticed); ongoing task plus delayed intention (practiced). Under prospective
memory conditions, we found significant rCBF decreases in the superior medial aspects of the rostral prefrontal cortex (BA 10) relative to
the baseline or ongoing task only conditions. However more lateral aspects of area 10 (plus the medio-dorsal thalamus) showed the opposi
pattern, with rCBF increases in the prospective memory conditions relative to the other conditions. These patterns were broadly replicate
over all three tasks. Since both the medial and lateral rostral regions showed: (a) instances where rCBF was lower during a more effortfu
condition (as estimated by increased RTs and error rates) than in a less effortful one; and (b) there was no correlation between rCBF ar
RT durations or number of errors in these regions, a simple task difficulty explanation of the rCBF changes in the rostral aspects of the
frontal lobes during prospective memory tasks is rejected. Instead, the favoured explanation concentrates upon the particular processit
demands made by these situations irrespective of the precise stimuli used or the exact nature of the intention. Moreover, the results sugge
different roles for medial and lateral rostral prefrontal cortex, with the former involved in suppressing internally-generated thought, and
the latter in maintaining it.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction perior rostral aspects of the frontal lobes (approximating
Brodmann’s area (BA) 10) play a particularly important role
“Prospective memory” (PM) is the field of enquiry con- in this function. A more precise characterisation of the role
cerned with how people create, maintain and execute in-that this region plays is however currently hindered by one
tended actions after a delay period (“delayed intentions”). possibility which would compromise the utility of these find-
For most commentators this function is not supported by ings for theorising. The present study seeks to investigate
a single construct (e.g10,23,33,37,50,53]and there are  this possibility. We will first describe the evidence, and then
many different types of situations that involve prospective outline the potential confound.
memory[14]. However the cardinal features of a prospec-  Ina previous study, Burgess et ] investigated regional
tive memory situation are shown ifable 1 cerebral blood flow changes in eight participants perform-
The study of the cognitive neuroscience of prospective ing four different tasks, each under three conditions. The
memory is currently in its infancy. Nevertheless, a number first condition (baseline) was subject-paced, and consisted
of recent studies using different methodologies have sug-of making judgements about two objects appearing together
gested that processes supported by the fronto-polar and sufe.g. which of two digits is the largest, or which of two
letters comes nearer the start of the alphabet). The second
mpondmg author. Tels44-20-7679-1139; condition con_sisted (_)f the basel_ine .task, bgt su.bjects were
fax: +44-20-7679-2835. also told that if a particular combination of stimuli appeared
E-mail addressp.burgess@psychol.ucl.ac.uk (P.W. Burgess). (e.g. two vowels, two even numbers) they were to respond in
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Table 1

Features of a typical situation involving prospective memory

1 There is an intention, or multiple intentiof30] to act (or in some circumstances, to withhold a routine act)

2 The act cannot be performed immediately

3 The intention is to perform the act in a particular circumstance (the “retrieval corfe{). In event-based studies, the retrieval context
is signalled by a cue (the “intention cue”)

4 The delay period between creating the intention and occurrence of the appropriate time to act (the “retention interval”) is filled with
activity known as the “ongoing tasi15]

5 Performance of the ongoing task prevents continuous, conscious rehearsal of the intention over the entire delay period. Typically this is
because the activity is too demanding of attentional resources, or the delay period is too long

6 The intention cue (or retrieval context) does not interfere with, or directly interrupt, performance of the foreground task. Intention
enactment is therefore self-initiat¢a4,49]

7 In most situations involving prospective memory no immediate feedback is given to the participant regarding errors

a different way (press a particular key combination). How-  The second supporting study was a human group lesion
ever in this condition (“expectation”) none of these stimuli study[3] which showed that subjects whose lesions involved
actually appeared. In the third condition participants were the medial anterior and polar regions of the left frontal lobe
given the same instructions and stimuli as in the first, ex- (principally BA 10) showed isolated problems with carrying
cept that the expected PM stimuli did occur (after a delay, out intended actions after a filled retention interval (see also
and on 20% of trials), and participants had the chance to re-[3] for details of single-case human lesion studies). Thus
spond to them (“execution” condition). In the terminology there seemed to be both within- and cross-method support
of prospective memory researchers, the last two conditionsfor a role of BA 10 in prospective memory functions. Fur-
were “prospective memory” (PM) conditions in that they in- thermore, the Burgess et fd] study suggested that this role
volved a delayed intention, and had the characteristics out-was material- and stimulus non-specific, and probably in-
lined in Table 1 volved more with maintenance rather than execution of the
Burgess et al[4] considered the rCBF changes between delayed intention.
conditions that were common across the four tasks. Relative However one possible explanation for the Burgess et al.
to the baseline condition, rCBF increases were seen in the[4] findings is that the activations seen in the expectation
frontal pole (BA 10) bilaterally, right DLPFC (BA 45/46) condition could be due to task difficulty or increased stim-
and right inferior parietal regions (BA 7, 19, 39, 40), pre- ulus processing demands rather than anything to do with
cuneus, plus decreases in left fronto-temporal regions (BA delayed intentions per se. This argument is given weight by
38, 47 and insula) when the participants were expecting to recent findings of haemodynamic changes in fronto-polar
see a stimulus, even though it did not occur. Further in- regions associated with performance improvements in a
creases were seen in the thalamus when the intention cuesariety of types of tasf27,56] One conception of what
were seen and acted upon, with a corresponding decreasdappens in a typical PM situation (s&able J) is that the
in right DLPFC. It was concluded that at least some of the extra demand to recognise a PM cue might require the stim-
rCBF changes in the expectation condition were most likely uli to be processed to a greater semantic “depth”. Moreover
associated with intention maintenance, with those in the ex- it is plausible that compared with the ongoing task alone,
ecution condition associated with recognising and respond-giving a subject an additional (PM) instruction might en-
ing to prospective memory cues. courage subjects to adopt a more cautious attitude to the
The brain region regarded as especially significant as re-stimuli or concentrate more closely on the task in general.
gards intention maintenance was BA 10, on the grounds These putative explanations sit in direct competition with
of two previous studies. In the fir§t3] participants were  the view of the BA 10 involvement in PM as non-specific
taught a set of target nouns before scanning began. Dur-to particular materials or stimuli, and its engagement in
ing scanning they were required to repeat verbally sets of situations involving a delayed intention.
five nouns that were presented to them. Occasionally one of Certainly they are prima facie explanations for the other
these was one of the pre-learnt targets, and the participantrCBF changes seen in Okuda et [@i3] and Burgess et al.
was required to respond to them by tapping with their left [4]. Thus there are many functional imaging studies of
hand. The contrast condition consisted of word string repe- a wide range of attention-demanding tasks that were not
tition alone. Okuda et al.’B43] results implicated a number  designed to have a delayed intention component. Most im-
of frontal regions, including the right dorsolateral, ventrolat- plicate right dorsolateral prefrontal cortex (DLPFC) (typi-
eral (BA 8, 9, 47) and midline medial cortices (BA 8), and cally Brodmann’s area (BA) 46) and right parietal (typically
the anterior cingulate gyrus, plus the left parahippocampal BA 40) regions (e.g[9,16,28,35]. A regular but less con-
gyrus. Most significantly for cross-study comparisons, they sistent finding is the involvement of the anterior cingulate
also implicated the left frontal pole (BA 10) in prospective (e.g.[9,55]). In general the findings do not seem sensitive
memory (see als@2]). to the exact nature of the task, with these regions variously
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implicated in performance of a range of tasks from very fast as they could whenever stimuli on the screen changed
simple vigilance one§35] to those requiring considerable (which was always 300 ms after their last response) (hence-
mental effort and stimulus processing such as rapid visual forth referred to as “baseline”). Second, an attention con-
information processingl0] or the continuous performance dition where participants performed a simple cognitive task
test[28,55]. Considering the results common to the atten- that required continuous cognitive control (“ongoing task”).
tion tasks together with those that are common to the PM Third, two identical blocks of a condition involving the
paradigms, the only consistent feature that appears in the PMrealisation of a delayed intention distinguished from each
paradigms and not in the attention ones is the left frontal po- other only by the order in which they appeared (“PM1”
lar (BA 10) involvement. Thisis not aregion thatis generally and “PM 2"). The attention-demanding ongoing task was
associated with attention (s&] for review) but appeared therefore similar to the baseline task except for the attention
in both PET prospective memory studies. Thus it seems component, and the prospective memory conditions were
plausible that BA 10 involvement in PM tasks is not an arte- identical to the ongoing ones except there was an additional
fact of the attentional demands made by increased stimulusrequirement to execute a delayed intention.
processing or a consequence of the participants’ response to The method of making a response was the same across
task difficulty. However the hypothesis is certainly worthy all tasks, and all tasks were subject-paced with a 300 ms
of examination. It is doubtful whether such an explanation blank screen between trials. Subjects were asked to work
could be formally disproven. However we can at least deter- as fast as they could in the both the baseline and ongoing
mine whether the evidence is consistent with such a view. task conditions without making mistakes. In the prospective
Accordingly, this investigation involves two steps. The memory conditions the instructions were slightly different.
first is to contrast a set of simple baseline tasks that requirePilot studies had shown that it was not uncommon once
basic attention to stimuli but no deep semantic or categor- the delayed intention instruction was added to the ongoing
ical processing of them, with a set of attention-demanding task, for subjects to then treat the ongoing task as relatively
tasks that do require deep categorical processing. Thesainimportant, consequently showing much increased reac-
attention-demanding tasks are (as a consequence) also mortgon times (RTs). The adoption of such a strategy could
“difficult” in the accepted behavioural sense of inducing potentially violate characteristic 5 (s@able 1), and con-
longer RTs and higher proportions of error. If the BA 10 sequently reduce the construct validity of the task. We
rCBF changes previously found reflected changes in depthattempted to prevent the adoption of this strategy in the
of stimulus processing, we might expect changes with this following way. In the PM conditions, we told participants
contrast. A second way of addressing the task difficulty ar- that they would be given 20 pence (sterling) for each time
gument is to examine rCBF changes within PM conditions they correctly responded to a PM stimulus. However we
as the task becomes easier for the subject with practice. Ifalso said that they would only be awarded this money if
no BA 10 rCBF changes occur despite changes in RT andtheir work-rates to the other stimuli were as fast as other
error rates, the result would favour a stimulus-independent students we had tested (no further information was given).
processing account. (There are at least two definitions Inthe PM conditions, the delay interval between the start
of “stimulus-independent processing”. The first refers to of the ongoing task and the appearance of the first PM stim-
thought not linked to the subject’s current experimental sit- ulus was 30s. Once the PM stimuli started to be presented,
uation, e.g. daydreamin@9]; the second refers to thought they constituted 20% of trials, with the interval between
about a stimulus or potential response in the absence of(i.e. the number of interleaved ongoing task trials) varied
it, as might occur for instance when one is consciously pseudo-randomly around an average of four trials. Presenta-
maintaining a particular thought in the presence of dis- tion of these conditions was counterbalanced across partici-
tracting stimuli. In the present context we use this second pants, with the constraints that all four trials of any one type
definition.) were presented in a blocked fashion. The novel prospective
memory condition was identical to the practised prospective
memory condition except that it always appeared first. RTs
2. Method in all conditions were recorded.

2.1. Experimental design 2.2. Description of individual tasks

Three different types of tasks were administered to each2.2.1. Number processing
participant: letter, number and picture processing. The logic  Stimuli were presented on a 15in. CRT monitor posi-
of the design is to examine activations across them andtioned approximately 60 cm from the subjects’ eyes. In the
therefore eliminate task-specific results which are of less baseline condition participants were presented with pairs of
interest to the present study (see ¢421]). We call this digits (from the range 1-9), and they just had to press one of
method “multiple task averaging”. Each task was admin- two buttons as fast as they could whenever a new set of stim-
istered under three conditions. First, a baseline reactionuli appeared. They were asked to make their responses on
time condition where participants made motor responses asalternate response buttons, using the appropriate finger for
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each (forefinger for the left-hand key, middle finger for the structural images for anatomical coregistration. PET scans
right). In the ongoing task condition, participants decided were performed with an ECAT EXACT HR scanning
whether the higher number was on the left- or right-hand system (CTI Siemens, Knoxville, TN) PET in high sensi-
side of the screen and pressed the response key on the sant&vity 3D mode with septa retracted. A venous cannula to
side (left or right) as this number (no ties were given). The administer the tracer was inserted in the antecubital fossa
PM conditions were identical to those of the ongoing task, vein. Approximately 350 Mbq of k20 in 3ml of normal
except participants were told to press both response buttonssaline were loaded into intravenous tubing and flushed into

together if two even numbers appeared together. subjects over 20s at a rate of 10 ml/min by an automatic
pump. After a delay of approximately 35s, a rise in counts
2.2.2. Letter processing could be detected in the head that peaked 30-40s later

In the baseline condition participants were presented with (depending on individual circulation time). The data were
pairs of capital letters. The participant pressed a responseacquired in one 90 s frame, beginning 5s before the rising
button as fast as they could in response to any change orphase of the head curve. Images were reconstructed by fil-
the screen, using alternate fingers/ikeys as above. In theered back projection (Hanning filter, cut off frequency 0.5
attention-demanding ongoing task condition, participants cycles per pixel) into 63 image planes (separation 2.4 mm)
were presented with pairs of capital letters. The pairs were and into a 12& 128-pixel image matrix (pixel size 2.1 mm).
never identical, and were always between 11 and 16 lettersTwelve scans were collected over 96 min with an 8 min
apart in the alphabet (average distaned 3). Participants  interval between scans during which the task instructions
had to decide which letter (i.e. left- or right-hand side of the were given.
screen) came nearer the start of the alphabet, and press the
corresponding L/R response key. The PM conditions were 2.5. Method of statistical analysis
identical to the ongoing one except that the participants
were additionally required to press both response buttons Functional imaging analysis used the technique of sta-

together if both letters on the same trial were vowels. tistical parametric mapping implemented in SPM97 (Well-
come Department of Cognitive Neurology, London, UK,
2.2.3. Picture processing http://mww.fil.ion.ucl.ac.uk/spinwith a random effects de-

In all conditions participants were presentedhndt 4 by sign. For each subject, the set of 12 PET scans was automati-
6 grid containing two black circles. The position of the cir- cally realigned and then stereotactically normaliged] into
cles on the grid varied. In the baseline condition participants the space of Talairach and Tourno[#8]. The scans were
pressed a response button whenever they saw a picture apthen smoothed using a Gaussian kernal of 12 mm full-width
pear on the screen using alternate response buttons as abovhalf maximum.
In the ongoing task, if the position of the two circles, rela-  The analysis of functional imaging data entails the
tive to one another, was horizontal or vertical, then the par- creation of statistical parametric maps that represent a
ticipant was instructed to press the right response button. If statistical assessment of condition-specific effects hypoth-
the position of the two circles relative to one another was esised by the experimentgR0]. The effects of global
diagonal, the participants were instructed to press the left changes in blood flow were modelled as a confound using
response button. The PM conditions were identical to the a subject-specific analysis of variance (ANOVAR]. Ar-
ongoing task except that they were additionally required to eas of significant change in brain activity were specified
press both buttons together if both circles were in the middle by appropriately weighted linear contrasts of the condition

two rows of the grid, regardless of their orientation. specific effects and determined using thstatistic on a
voxel by voxel basis. We created the relevant SRMdr
2.3. Subjects each comparison of conditions, which was then transformed

into an SPM []. Clusters of activated voxels were char-
The subjects were nine men, mean age 30.0 yedDs (S acterised in terms of their peak height and spatial extent
7.14) who had no history of neurological disorders. All wrote - conjointly.

with their right hands, were physically fit and none was

taking medication. Written informed consent was obtained

prior to the study. The study was approved by the local hos- 3. Results

pital ethics committee and the Administration of Radiation

Safety Advisory Committee (UK). 3.1. Behavioural results

2.4. Data acquisition Data was collapsed across tasks. There was a main ef-
fect of condition upon reaction times (RTs) (= 79.89,
All subjects underwent both PET and MRI scanning on d.f. = 3, 78, P = 0.0001). Unsurprisingly, post hoc con-
the same day. A Siemens VISION (Siemens, Erlangen) trasts showed quicker RTs in the baseline task than all other
operating at 2.0 was used to acquire axidl; weighted conditions ¢ = 194.032, df. =1, 78, P = 0.0001). More
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1200 - mean 8.9% errors (B. = 12.4%); PM2= 6.3% (SD. =
8.85%)).
1000 -
g 800 4 3.2. Functional imaging results
[
'-E 600 - The significant regional cerebral blood flow (rCBF) in-
K] creases associated with contrasts between the conditions and
§ 400 I across task formats (i.e. pictures, numbers letters) are shown
= in Table 2 Only results that were significant at better than
200 ) . .
j P < 0.05 after correction for entire brain volume are re-
0 ported for all regions with one exception. A right hemisphere
baselme ongoing ongoing pm1 ongoing pm2 thalamic rCBF change was predicted under PM conditions
(pm1) (pm2) by the study of Burgess et 4], who found aZ = 5.41
response class rCBF change at Talairach and Tourno[b8] co-ordinates
(x, ¥, 2 6, —12, 6. For this comparison the threshold was
Key: accordingly set toZ = 3.96.

Baseline = baseline task condition.
Ongoing = Ongoing task condition.
Ongoing (PM1) = RTs to ongoing stimuli only in the PM1 task condition. 3.3. Basic contrasts
PM1 = RTs to prospective memory stimuli only in the PM1 condition.

Ongoing (PM2) = RTs to ongoing stimuli only in the PM2 task condition.

PM2 = RTs to prospective memory stimuli only in the PM2 condition. Data was coIIapsed across tasks. There was increased

blood flow in right temporo-occipitalf = 0.001, corrected
Fig. 1. Mean (S.D.) reaction times by condition across tasks. for entire brain volume) and left inferior parietal regions
(P < 0.034 corrected) in the baseline condition compared
with the ongoing task condition. Performance of the ongo-
interestingly, however was the significant slowing of RTs to ing task condition was associated with rCBF increases in a
the non-PM trials in the PM conditions (ongoirg PM1, large medial occipital region centred upon the right cuneus
F = 359, P = 0.0001; ongoing< PM2, F = 95, P = (P < 0.001 corrected, segg. 2) compared with the baseline
0.007). There were also practice effects on RT in the com- condition. The addition of a prospective memory demand to
parison between the PM1 condition and PM2 as intended the ongoing task led to decreases in a large left superior ros-
(F = 8.46, P = 0.01). Within the PM conditions, there was  tral medial frontal region+{2, 62, 22; BA 10) plus the right
no significant difference in RTs to the prospective mem- middle temporal gyrusk = 0.020; the comparable left tem-
ory stimuli compared with the other (ongoing) triafsg. 1 poral region just missed significance after correctiof8,
shows the RTs in each of the conditions. —18, —20; Z = 4.44, uncorrected® < 0.001). There were
Consideration of the errors in each condition showed a also increases in the right dorsomedial thalamus in almost
comparable pattern. Errors could not be made in the base-the same position as previously foupg57] co-ordinates 6,
line condition. In the ongoing task condition, errors were _12 6; present study: 6;16, 6). This degree of cross-study
quite rare (mean per subjeet2.45%, SD. = 2.33%). This  concordance is striking. The principal results are rendered
compares to a mean of 5.03% 5 = 3.56%) to the equiv-  onto a standard brain iRig. 2
alent (i.e. non-PM) items in the PM1 condition, and 2.02%  In the comparison of the first set of prospective memory
(S.D. = 2.1%) in the PM2 condition. This difference is not trials with the second (PM1 versus PM2), data was collapsed
significant ¢ = 1.21, df. = 2, 52, P = 0.30). Errors to across tasks. Under these conditions no rCBF changes
PM stimuli in the PM1 condition were more common (PM1 reached significance after correction for entire brain volume.

Table 2

Significant regional cerebral blood flow increases

Contrast BR Structure 4 X y ?

Baseline minus ongoing 19/37 R itg/mog 4.94 58 —64 -4
40 L ipl 4.44 —68 —38 28
40 R ipl 4.29 62 —42 34

Ongoing minus baseline 17 R cuneus 5.61 10 —-72 10

Ongoing minus prospective memory 10 L sfg 5.24 -2 62 22
21 R mtg 4.99 58 -2 -18

Prospective memory minus ongoing - R M-D thalamus 4.50 6 -16 6

aBrodmann’s area.
bx, y, z Talairach and Tournoufs8] co-ordinates; R: right hemisphere; L: left hemisphere; M-D thalamus: medio-dorsal nucleus of the thalamus;
itg: inferior temporal gyrus; mog: middle occipital gyrus; mtg: middle temporal gyrus; ipl: inferior parietal lobule; sfg: superior frontal gyrus.
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However a number of areas did show change if a less strin-of cluster[58] co-ordinates 08, —14, Z = 5.88). We as-
gent criterion was appliedX < 0.001 uncorrected). These sume this reflects general brain blood supply increases, and
were: the right ventral frontal lobe (BA 11: 22, 58,14) is thus of little theoretical interest. More interestingly, three
and left cerebellumZ4 = 4.16 and 4.64, respectively) for subcortical structures showed significant (after correction
the PM1> PM2 contrast; and the left cerebellum, right su- for entire blood flow) rCBF increases: left ventrolateral tha-
perior and medial parietal lobe (BA 4 and 6) and left su- lamus (14, —6, 16, Z = 5.14), right putamen (20, 12, 4,
perior temporal lobe (BA 22) for the PM2 PM1 contrast Z = 5.03) and left cerebellum{32,-92,—-28, Z = 4.89).
(Zz = 4.53, 4.02, 3.96 and 3.84, respectively). There was no Four cortical structures also showed significant positive
suggestion of rCBF change in rostral prefrontal regions with correlations: right insula (40,-12, —6, Z = 4.89), right
these contrasts. middle occipital gyrus (BA 19: 48,-72, 8,Z = 4.31), and
both the anterior and posterior cingulates (BA 24 and 31:
3.4. rCBF changes associated with changes in reaction 10, 32,—4, Z = 4.36; 18,64, 24,Z = 4.87, respectively).
time and errors A large number of cerebral regions also showed signifi-
cant negative correlations between rCBF and RT (in other
A straightforward test of the hypothesis that the rCBF words, that rCBF increased as RT decreased). The most
changes previously found in PM conditions (compared with highly significant cortical regions were in the temporal and
ongoing task conditions alone) is attributable to increased parietal lobes for each hemisphere (for left hemisphere: in-
task difficulty is to examine correlations between blood flow ferior temporal lobe (BA 37) and superior parietal lobe (BA
changes in the brain and changes in reaction times and error87, 7 and 1); right hemisphere: inferior temporal lobe (BA
across all tasks. If similar regions are found in this analysis to 20), plus occipital pole (BA 17)). We also found again a
the subtraction analyses above, it would suggest that whilstsignificant result for the anterior cingulate on the right (BA
blood flow changes in the specified region can occur during 24/32, co-ordinates 2, 36, 18, = 4.85).
the operation of, say, prospective memory, these changes Correlations of rCBF with errors showed a rather different
could not be said to be characteristic of performance of pattern. No brain regions showed a significant positive cor-
this sort of task, and are therefore less interesting from arelation (i.e. rCBF increase as errors increase). And only one
theoretical standpoint. significant negative correlation was discovered. This was in
The most critical correlations for this hypothesis are the left superior parietal lobe (BA %16, —14, 62,Z =
probably the rCBF increases associated with increases in4.70). Overall, the correlation analyses show only two points
reaction time (RT) regardless of task (i.e. across data for of overlap with the subtraction analyses even if a very loose
all conditions, and all tasks). We found significant rCBF criterion for determining overlap is used. These involve the
increases associated with increased RT in a number of cor-right BA 19/37 region and the thalamus. Critically for the
tical, subcortical and other regions. The largest significant current study, there was no suggestion of correlations be-
increase was found in an extra-cerebral region at the base otween rCBF in the region of BA 10 and changes in either
the brain which is rich in arterial supply structures (centre RT or errors.

(A) (B) (€

Fig. 2. Representation of selected significant rCBF changes. Column A shows occipital region where blood flow increase occurred in the ongoing relativ
to the baseline task. Column B shows thalamic rCBF increase in the prospective memory conditions relative to the ongoing task condition. Column C
shows the BA 10 decrease in the prospective memory conditions relative to the ongoing task condition.
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A further, and especially stringent test of the hypoth- tive memory conditions was removed by the analysis of
esis that the rCBF changes reportedTable 2were as- covariance.
sociated with changes in task difficulty rather than the Interestingly, these covariance analyses generally resulted
specific nature of the demands involved is to repeat the in higher values in pre-existing areas. Thus a number of re-
subtraction analyses above whilst entering subjects’ meangions which previously just failed to reach significance after
reaction times and errors across tasks as covariates of na@orrection now did so. These were: baseline minus ongoing:
interest. right BA20/21 inferior parietal lobe; PM minus ongoing:

The results shown iffable 2were essentially replicated  BA 44 inferior frontal gyrus,Z = 4.77; ongoing minus PM
in these covariance analyses. However there were two ex-conditions left lateral temporal lobe (BA21); PM2, PM1
ceptions. First in the baseline minus ongoing task compar- BA 22 superior temporal gyrusf = 3.82. The critical
ison the right BA 40 focus became non-significant after result for the current study however concerns the ongoing
correction ¢ = 3.42). Second, the dorsomedial thalamic minus PM contrast. The BA 10 activation, although attenu-
rCBF change reported in the ongoing task minus prospec-ated, remained significant after covariance for both RT and
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Fig. 3. Relative blood flow changes in rostromedial prefrontal cortex (A) and rostrolateral regions (B) and (C) by condition (data collapsedegcross th
tasks).
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Fig. 4. Relative blood flow changes in rostromedial prefrontal cortex (A) and rostrolateral regions (B) and (C) by condition and task.
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errors (co-ordinates 0, 62, 2Z, = 3.80, P = 0.039 after tasks, and the rostrolateral regions show higher blood flow
correction). After covariance two previously non-significant in the prospective memory conditions relative to the base-
regions also became so (left lateral temporal region (BA 21) line and ongoing conditions.

and right medial temporal lobe (BA 36)). However proba-  Furthermore, the pattern generally holds for the three tasks
bly the most significant change in this comparison from a individually. This data is shown iRig. 4A—C The most crit-
theoretical standpoint came in the ventromedial prefrontal ical comparison for this study is between the ongoing and
cortex (BA 11). In the basic contrast (i.e. before covariates prospective memory conditions. For the rostromedial region,
were entered), this region failed to reach significance after there is no instance where rCBF in an ongoing condition is
correction (co-ordinates-6, 36,—22, Z = 3.57). However lower than in a corresponding PM condition. For the rostro-
after covarying for RT and errors, it became significant lateral regions, there is no instance of lower rCBF in a PM

(—4, 32,-22,Z = 4.34, P = 0.002). condition compared with a corresponding ongoing one.
Thus the patterns outlined Ifig. 3A—Care found at the
3.5. Rostral prefrontal changes across conditions individual task level, and appear to be broadly characteristic

of this class of tasks regardless of the precise nature of the

Whilst the contrasts between the prospective memory stimuli or the to-be-remembered intention.
and the ongoing task conditions showed polar and rostral
prefrontal (BA 10) changes as expected, the result was
unexpected in two regards. First the region identified in 4. Discussion
this study, whilst indeed BA 10, is considerably more me-
dial than the lateral BA 10 regions previously identified 4.1. The task difficulty hypothesis
as involved in prospective memory (this study2, 62,

22; previous study4]: —30, 62,—6 and 40, 50, 0). Sec- The principal motivation for this experiment was to in-

ondly, our previous study showed lateral BA 10 increases vestigate whether the anterior prefrontal (especially BA 10)
in prospective memory conditions relative to the ongoing rCBF changes implicated in PM paradigms were consistent
task alone. However in this study, we found medial BA 10 with either simple task difficulty increases or the increased
decreases in the PM conditions. attention that needs to be paid to the stimuli in order to recog-

To investigate the matter of more lateral rostral prefrontal nise them as significant. There is no supporting evidence in
involvement, we performed a series of regions of interest this study. First consider the data presentedrioppn 3A-C
(ROI) analyses upon both the medial rostral region identi- If we assume that rCBF increases in a neuronal population
fied here (henceforth called rostromedial), and the lateral index the processing operation of that region, then the only
regions previously identified (rostrolateral). We interro- pattern in prospective memory tasks of the type used here
gated the brain regions lying within a 30 mm sphere of the that would be consistent with a difficulty hypothesis would
rostrolateral areas identified in our previous stidly and be one where the baseline task shows relatively smaller rCBF
identified any subregions within this area that showed sig- than the ongoing task, which in turn shows smaller rCBF
nificant rCBF change. Collapsing across PM conditions and than in the PM conditions. However this pattern is violated
contrasting with the ongoing task, we found significant in- for both the medial and lateral BA 10 regions identified
creases in the PM conditions in a left rostrolateral area (BA here. The medial region shadecreaseén rCBF in the PM
10; middle frontal gyrus-28, 46, 10;P = 0.009 corrected  conditions relative to the ongoing ones, and the lateral re-
for false discovery rate) and three subregions of lateral BA gions showdecreasesn the ongoing condition relative to
10 within the right frontal lobe (foci: 30, 64, 2Z, = 2.83,; the much simpler baseline task.

30, 66, 18,Z = 2.82; 36, 52, 187 = 2.39; all P = 0.01 Two other reasons to reject the task difficulty hypothesis
corrected). The relative rCBF changes in these regions oc-were the lack of change to the medial BA 10 result with
curring in each condition and collapsed across tasks, arecovariance for changes in RTs and errors, and the lack of
shown inFig. 3A—C (in view of previous findings in this  correlation between any BA 10 area and RTs and errors,
analysis of ventral frontal involvement (BA 11) it should despite a number of other brain regions showing such a
also be noted that this analysis demonstrated a significantrelationship. Overall, there is no support in these results for
right ventrolateral (48, 56,-12; Z = 2.77, P = 0.01) the contention that the BA 10 rCBF changes found both here
increase in the PM conditions relative to the ongoing ones. and in previous functional imaging studies of prospective
Further analysis showed that this region demonstrated greatimemory might be attributable to alterations in task difficulty
est rCBF in the PM1 condition relative to the PM2 and rather than some more specific processing requirement made
ongoing tasks, which did not differ from each other). by situations involving delayed intentions.

It is immediately apparent fronfrig. 3A-C is that the As an aside, it might be worth noting that at various stages
pattern of rCBF change in the rostromedial region is almost in the analyses we found significant effects in the ventral
the converse of those in the rostrolateral regions. The ros-frontal region (BA 11): these were a significant rCBF de-
tromedial region shows higher blood flow in the baseline crease in PM conditions relative to ongoing ones after co-
and ongoing tasks compared with the prospective memoryvarying for RTs and errors in the left posterior ventromedial
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region; greater rCBF in the unpracticed prospective memory tional memory-type paradigms (e f£1]) and do not have
condition (PM1) relative to the practiced conditions (PM2) a delayed intention component favours at present the latter
or ongoing tasks in a right ventrolateral region; and increasesinterpretation, possibly linked to inhibition of current re-
in the PM1 conditions over ongoing and PM2 conditions sponse modes or selection of possible responses. Whatever
in the most lateral aspects of BA 11 on the right. Gener- the precise role these results signify, it is likely that they
ally these effects were not strong. However the recurrent ap-are not specific to PM situations, but are nevertheless vital
pearance of this region in the analysis does perhaps suggedb them, as suggested by human lesion findifigg. This
some role for this region in prospective memory. We do not interpretation is supported by the analysis of covariance,
hold a strong view at this time of what this role might be. where thalamic involvement was removed by covarying for
However given that so many neurological patients who show changes in RT and errors.

prospective memory-type failures in everyday life have suf-

fered damage to this regidB,34], these results may later 4.3. Rostral prefrontal rCBF changes

hold significance for an understanding of their problems.

Of course we do not exclude the possibility that some an- The most theoretically significant results of this study
terior polar and superior prefrontal regions may be sensitive however concern the rostral prefrontal rCBF changes. That
to task difficulty and/or learning (see e[@.7,55). Indeed, prospective memory might in part involve cognitive control
the results for the PM1 versus PM2 condition contrasts hint processes supported by frontal lobe structures is a widely
that they may be. However it is clear that this effect in the held possibility[1,5,22,36,38,53,63]However it may now
regions considered here is smaller than that caused by theébe possible to be more specific about the frontal lobe re-
change in task demands. So, given that the results presentedions involved and the role they play. A consistent finding
here are inconsistent with a task difficulty hypothesis, what concerns a large rostral region whose ventral aspect ap-

broader interpretation might be given to them? proximates the frontal pole, and extends approximately
30-40 mm superiorly. The largest part of this region is
4.2. Extra-frontal rCBF changes Brodmann's area 10. This region has been implicated in

both previous PET studies of prospective memptyt3]

As regards the rCBF changes outside the frontal lobes areas well as both group and single-case human lesion stud-
concerned, the regions implicated in the comparisons areies[4,6]. Moreover, central frontal and frontopolar regions
generally those about which a relatively large body of data have also been implicated in ERP studies of prospective
exists. BA 19 and 37 are both part of the occipitotempo- memory[63]. Thus evidence from different methods within
ral visual pathway29,60] and have often been implicated cognitive neuroscience is showing promising agreement
in motion perception (e.g2,13]); blood flow changes in  for a role for the anterior superior and polar aspects of the
BA 40 are often seen in attention-demanding tasks (e.g.frontal lobes in prospective memory.
[9,16,28,35,44,57,61]see[7] for review); changes in the The direction of the results here was however unexpected.
cuneus are often implicated in functional imaging studies In Burgess et al[4] rCBF increases (relative to ongoing
where visually presented stimuli are complex or unfamiliar task performance) were found in BA 10 (bilaterally) when
and the operations that need to be performed are effortful participants were expecting to see a PM stimulus even
[47,59] see[23,54] and retrieval from memory is required though it never occurred (“expectation condition”). These
[8,25,26,41,62] BA 21 (lateral mid-temporal lobe) is part increased further (although not significantly so) in a condi-
of the associative auditory cortex and may be involved in tion where they were expecting PM stimuli, they did occur,
semantic/category discrimination tasks (e[$7,40,45). and were acted upon (“execution condition”). In agreement,
Overall, these activations are therefore unremarkable, andOkuda et al[43] also showed frontopolar rCBF increases in
similar to others discovered using paradigms with obvious a condition where PM stimuli were expected, encountered,
similarities. and acted upon. In the present study, however, there were

A more interesting finding concerned the medio-dorsal significant BA 10decreaseqgrelative to the ongoing task
thalamus. These rCBF changes were straightforwardly in alone) in the condition where PM stimuli were expected,
agreement with our previous findings. Burgess et[4]. encountered and acted upon: i.e. a very similar condition to
found rCBF increases in the thalamus only in the condition Burgess et al.’$4] execution condition.
where PM stimuli were seen and responded to, rather than However, whilst the regions involved in both this and the
just expected. Thus one might expect involvement of the previous study are nominally BA 10, it was clear that the
thalamus to be associated either with recognition of the regions under consideration are actually not the same, being
stimuli, recalling the intention, or effecting the intended ac- more medial and superior in this study (first study: right
tion. In the present study there was a rCBF increase in thehemispherd58] co-ordinates 40, 50, 0 and 44, 56, 4; left
right medio-dorsal thalamus in an equivalent condition, and hemisphere-30, 62,—6 and—30, 68, 2; present study2,
as noted above, the co-ordinates of the foci of activation in 62, 22). In summary, the first study showed lateral BA 10
both studies is remarkably similar. The involvement of the rCBF changes in both hemispheres, and this study showed
medio-dorsal thalamus in other tasks that are not conven-changes in superior medial BA 10 unilaterally (on the left).
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This apparent discrepancy was investigated by examining switchingof attention from an internal cognitive represen-
the rCBF changes across conditions in the rostromedial re-tation (i.e. thinking about something one has in mind) to
gion identified here, and the rostrolateral regions previously an external one (i.e. thinking about an external stimulus)
identified [4]. We found that the rostromedial and rostro- rather than the maintenance of attention in either direction.
lateral areas showed remarkably different (indeed, almostThis receives some support from the behavioural results
opposite) patterns of rCBF change across conditions. Thehere, where significant slowing occurred on the non-PM tri-
greatest difference in the medial region occurred betweenals of the PM conditions: attentional switching of the type
the ongoing and practiced (PM2) conditions, with blood described here would be expected to have some RT costs.
flow lower in the latter. The greatest difference in the ros- Moreover this explanation would predict an influence of dif-
trolateral regions occurred between the ongoing and unprac-fering target densities and of practice, since these would alter
ticed prospective memory conditions (PM1), with blood flow the requirement for switching attentional focus. On these ac-
highest in the latter. What then are the important factors in counts the slight variation in results between our first study
determining the involvement of these different rostral areas? [4] and the present would be a consequence of changes in

We will start by excluding factors that must be of little sig-  introspection prompted by the differences in factors such as
nificance. Since the pattern of results was replicated acrosstarget density and retention interval. This hypothesis has the
three different tasks, we can exclude as factors the preciseadditional benefit that models of how it might operate could
nature of the stimuli (accepting of course the constraint that be quite simple, bear a strong relation to explanations at a
all stimuli here were presented visually), and the exact na- haemodynamic level, and could predict the contiguous but
ture of the to-be-remembered intention (whilst accepting the converse patterns of activation demonstrated here. There are
limitation that all intentions here were event-based rather however other more complex possibilities which cannot be
than time-based). Since all responses were made in a verydiscounted. For instance that the critical processes supported
similar way it also seems unlikely that the small differences by rostral regions are involved in tremparisonbetween
in response method between conditions is a significant fac-internal representations of targets, or transformations of in-
tor. We also know that rostrolateral rCBF increases can beformation from external stimuli into a form where compari-
seen where targets are merely anticipated rather than actuson with internal targets is possible. Overall however, stud-
ally detected4], so it is unlikely that these changes reflect ies which speak to a characterisation of the functions of this
processes related to the appearance of targets (e.g. recognfascinating area of the brain are only just starting to appeatr,
tion, post-retrieval processing and so forth). And given that and it is probably too early to take a firm view at present.
we accept that lower rCBF indexes decreased information There are two final matters worthy of discussion. The first
processing, any factor to do with intention cue or target pro- concerns the degree to which the paradigms used in this
cessing also cannot be relevant to the rostromedial findings,study conform to characteristic 5 givenTable % that in a
since rCBF was lower in the PM than ongoing conditions. prospective memory situation, performance of the ongoing

So if the BA 10 findings do not relate to stimuli, response, task should prevent continuous, conscious rehearsal of the
appearance or (post-presentation) recognition of cues, or naintention over the entire delay period. This matter has caused
ture of the intention, or the difficulty of the task, what role considerable debate amongst prospective memory theorists.
do they play in prospective memory that might also explain Some believe that any internal rumination upon the intended

the differences in findings between the two studies? action should be considered an intention retrieval event. Ac-
A clue is perhaps given by previous demonstrations that cording to this view, any slowing toon-PMtrials in a PM
BA 10 activity can be sensitive to target densitjé8,49] paradigm as occurred here is likely evidence of rumination,

If BA 10 is sensitive to target densities but not to the actual and therefore that the actual “retention interval” is likely
appearance of targets, then it is likely to be an effect that to be smaller in duration than the period between intention
target density has upon stimulus-independent thought (ascreation and an actual response to an intention cue. Some
previously defined). One candidate might be target antic- theorists wish to disregard as relevant to the study of de-
ipation. However whilst this might be an explanation for layed intentions results from paradigms where this period
the lateral BA 10 findings it cannot be so for the medial does not reach a given duration. Indeed at academic con-
findings, since rCBF was lower in these conditions. A more ferences we have actually heard various time limits being
unifying explanation would rest upon the consequence of proposed, which have varied from as little as a few seconds
maintaining an intention whilst performing an ongoing task. to many hours or even days. We maintain however that this
This necessarily requires some attentional withdrawal from is an unnecessarily narrow view both of the everyday expe-
the external (i.e. ongoing) stimuli, and a corresponding rience of delayed intentions, and of the phenomena which
increase of attentional focus upon internally-generated cog-should be relevant to the field of prospective memory. We
nitions. On this account rostromedial areas play a role in take no view of the duration of the retention interval that is
maintaining attention upon external stimuli and rostrolateral required before a paradigm can be classified as a “prospec-
areas in maintaining attention upon internal cognitions (see tive memory” paradigm. We only require that conscious and
[11,31,46]for related accounts). A more complicated pos- wholly continuous rehearsal (of the intention) of the type
sibility is that rostral regions are involved in the voluntary necessary for the performance of, say, a typical short-term
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memory task (e.g. digit span) is not possible. This may be [3] Burgess PW. Strategy application disorder: the role of the frontal
evidenced by the production of a response to a (quite diffi- lobes in human multitasking. Psychological Research 2000;63:279—
cult) question which is irrelevant to the intention. Typically 88.

. . . . L ;. [4] Burgess PW, Quayle A, Frith CD. Brain regions involved in
Inan experlmental situation this is a response to those stim prospective memory as determined by positron emission tomography.

uli which are not intention cues. This is justified by our Neuropsychologia 2001;39:545-55.
view that in most everyday situations involving a delayed [5] Burgess PW, Shallice T. The relationship between prospective and
intention there is some rumination (i.e. rehearsal) of the in- retrospective memory: neuropsychological evidence. In: Conway,

tention before the retrieval context occurs and it would be MA, editor. Cognitive models of memory. Hove, UK: Psychology
theoretically precarious and probably practically impossible __ Fess: 1997. p. 247-72.

bi limi his d . bef | N [6] Burgess PW, Veitch E, De Lacy Costello A, Shallice T. The cognitive
to set an arbitrary limit on this duration before ¢ aSSIfylng and neuroanatomical correlates of multitasking. Neuropsychologia

a paradigm as a “prospective memory” one. Furthermore it 2000:38:848-63.

is our opinion that it would be unfortunate to view as not [7] Cabeza R, Mangels J, Nyberg L, Habib R, Houle S, Mcintosh AR,
relevant to the study of delayed intentions the processes, be- et al. Brain regions differentially involved in remembering what and
haviours and situational factors involved in this rumination; when: a PET study. Neuron 1997;19:863-70.

the effect that it has on eventual task success; and indeed (] €aP¢za R, Nyberg L. Imaging cognition: an empirical review of
! PET studies with normal subjects. Journal of Cognitive Neuroscience

the subjective experience of the subject at these times. 1997:9:1-26.

The second matter for discussion is the degree to [9] Coull JT, Frith CD, Frackowiak RSJ, Grasby PM. A fronto-parietal
which the present results can be taken as evidence of a  network for rapid visual information processing: a PET study
“dissociation” in functions between medial and lateral ros- of sustained attention and working memory. Neuropsychologia
tral prefrontal regions. It is doubtful that functional imaging 1996;34:1085-95.

. . . . [10] Craik FIM, Kerr SA. Prospective memory, aging and lapses of
data can ever provide data of equivalent theoretical power in attention. In: Brandimonte M, Einstein GO, McDaniel MA, editors.

this regard to a classic double dissociation in human lesion Prospective memory: theory and applications. Mahwah, NJ: Lawrence
studies. There are many reasons for this, e.g. the possibility  Erlbaum; 1996. p. 227-47.

of group averaging artefact; difficulties in establishing an [11] Christoff K, Gabrieli JDE. The frontopolar cortex and human
independently-derived or universal “baseline” or scale: the cognition: evidence for a rostrocaudal hierarchical organisation within

difficulty of excludina confounds (e unforeseen influ- the human prefrontal cortex. Psychobiology 2000;28:168—86.
y 9 -9- [12] Daum I, Ackermann H. Frontal-type memory impairment associated

ence of non-critical task components; complex mediating with thalamic damage. International Journal of Neuroscience

variables) and so forth. However given these caveats, and  1994;77:187-98.

the limitations of the PET method and our primitive exper- [13] Dupont P, Orban GA, De Bruyn B, Verbruggen A, Mortelmans L.

imental procedures, the data here are probably as strong Many areas in the human brain respond to visual motion. Journal of
I ; o ; Neurophysiology 1994;72:1420-4.

an indicator of double dissociation between the regions as

. . . . [14] Einstein GO, McDaniel MA. Normal aging and prospective memory.
might be expected: we found that when a delayed intention Journal of Experimental Psychology 1990;16:717—26.

component was added to a task, blood flow in rostromedial 15] gjiis 3, Kvavilashvili L, Milne A. Experimental tests of prospective
prefrontal cortex showed significant decrease, and blood remembering: the influence of cue-event frequency on performance.
flow in rostrolateral prefrontal areas showed significant in- British Journal of Psychology 1999;90:9-23.

crease. Thus the results lend strong support for a doublell6] Fink GR, Halligan PW, Marshall JC, Frith CD, Frackowiak RSJ,

dissociation between medial and lateral rostral regions in D0/ RJ. Neural mechanisms involved in the processing of global
and local aspects of hierarchically organized visual stimuli. Brain

prospective memory situations (see &32]). 1997:120:1779-91.
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