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In an associative learning paradigm, human subjects could be divided based on 
whether they were aware that one tone predicted a visual event and another 
did not. Only aware subjects acquired a differential behavioral response to the 
tones. Regional cerebral blood flow in left prefrontal cortex showed learning- 
related changes only in aware subjects. Left prefrontal cortex also showed 
changes in functional connectivity with contralateral prefrontal cortex, sensory 
association cortices, and cerebellum. Several of the interacting areas correlated 
with aware subjects' behavior. These results suggest cerebral processes un- 
derlying awareness are mediated through interactions of large-scale neuro- 
cognitive systems. 

Many aspects of human behavior reflect in- 
fluences of simple associative learning. 
Learning that a stimulus predicts the upcom- 
ing presence (or absence) of another event 
frequently occurs without overt awareness 
(1). In some cases, however, awareness of 
stimulus contingencies facilitates learning 
(2); in other cases, awareness appears to be 
necessary for learning (3). Learning with 
awareness typically recruits different brain 
regions than does learning without awareness 
(4) ,  and prefrontal cortex is frequently impli- 
cated as a mediator of the awareness of 
associations (5, 6). Although integrity of key 
brain regions may be critical for awareness, 
some theories suggest awareness emerges 
from interactions within large-scale neural 
systems (7, 8). 

We obtained evidence for neural svstem 
interactions related to awareness and perfor- 
mance in a positron emission tomography 
(PET) regional cerebral blood flow (rCBF) 
study of sensory associative learning. In the 
experiment, two tones and two visual stimuli 
were presented, and subjects responded to 
one visual stimulus (Target) and not to the 
other. One tone (Tone+) predicted an up- 
coming visual stimulus and the other tone 
(Tone) predicted the absence of a visual 
stimulus (9). Based on post-experiment de- 
briefing, subjects were classified as belong- 
ing to Group AWARE if they observed an 
association between the stimuli or used the 
tones to guide their behavior. Subjects who 
stated they did not notice any association 
between stimuli were classified as Group UN- 
AWARE. Measures of rCBF taken in response 
to the Tone+ and Tone- three times across 
the experiment mapped the learning-related 
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changes elicited by the tones (10). 
Only AWARE subjects acquired differen- 

tial reaction times (RT) on paired toneltarget 
trials [repeated-measures analysis of variance 
(ANOVA); stimulus type by block interac- 
tion; P < 0.001; the group main effect was 
not significant (Fig. lA)]. Initially, AWARE 
subjects showed facilitation to both tones 
(stimulus generalization), and behavioral sep- 
aration between Tone+/Target and Tone/  
Target trials emerged after block Tone+ 3. 
UNAWARE subjects showed no systematic 
RT differences across the experiment. Stim- 
ulus salience ratings corroborated the debrief- 
ing results. Both groups initially rated the 
Tone+ similarly. AWARE subjects rated the 
Tone+ as progressively more salient, and 

UNAWARE subjects rated it less salient (group 
by block interaction, P < 0.05). The Tone+ 
ratings between AWARE and UNAWARE sub- 
jects separated after T o n e  2, just before sep- 
aration of RT. The temporal correspondence 
between RT differences and changes in sa- 
lience measures suggests that AWARE sub- 
jects became aware of the stimulus contingen- 
cies between blocks Tone- 2 and Tone+ 3. 

The strongest group difference in brain 
activity elicited by the tones was in left pre- 
frontal cortex (LPFC) near Brodrnann area 9 
(11). In AWARE subjects, LPFC activity 
showed progressively greater activity to 
Tone- than Tone+ (Fig. 1C). Ventral and 
medial occipital cortices (x = 22, y = -86, 
z = -20; x = -6, y = -88, z = 0) and right 
thalamus (x = 16, y = -22, z = 16) showed 
progressively greater activity to Tone+ than 
to Tone- (11). In UNAWARE subjects, no 
consistent changes were seen in LPFC (Fig. 
1C) or in any of the other regions. Our results 
support a prominent role for PFC in monitor- 
ing functions (12) and especially its putative 
role in awareness (6, 13). However, PFC 
activation has also been found in tasks where 
there was no overt awareness (14). It is there- 
fore possible that interactions of PFC with 
otherbrain regions, present in AWARE but not 
in UNAWARE subjects, would better describe 
the neural system underlying awareness in 
this task. 

To ascertain whether activity changes in 
LPFC reflected part of a large-scale neural 
system related to learning and awareness, we 
assessed the covariances, or functional con- 

.nections (15), of LPFC. Scan-related changes 
in the covariances of the LPFC voxel with the 
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Fig. 1. (A) Average C 
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cation and spatial ex- 
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u 8 ,  

interactions (x = -40, BlocWScan Bloek/Sean 

y = 20, z = 36), over- 
Laid on a structural magnetic resonance image. (C) Bar plots show average LPFC-adjusted rCBF 
( 2 S E )  across training in the two  groups. V, visual distractor scan; T+, Tone+ scan; T-, Tone- scan. 
Numbers associated with each blocwscan indicate scan number for the particular stimulus. 
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rest of the brain were tested using multivari- 
ate partial least squares (PLS) (16). If the 
learning-related changes in LPFC activity re- 
flected systematic changes in interactions 
with other brain areas, then the pattern of 
functional connections should change across 
scans in AWARE subjects, but not in UN- 
AWARE subjects. 

In AWARE subjects, PLS analysis identi- 

R E P O R T S  

fied a set of regions whose functional con- 
nections with LPFC changed at the point 
where behavior began to differentiate (1 7). 
The dominant areas contributing to this pat- 
tern included right PFC, bilateral superior 
temporal cortices (auditory association), oc- 
cipital cortex, and medial cerebellum (Table 
1). Scan-specific correlation matrices of these 
areas and LPFC are presented in the left 

Table 1. Areas where activity covaried with LPFC activity and behavioral performance. The bootstrap 
ratio is the ratio of the parameter estimate from the PLS analysis for that voxel over its estimated 
standard error. Area number corresponds to the numbering scheme in Fig. 2 

Bootstrap ratio 
x z Atlas designation Area 

Y 
LPFC Behavior number 

Middle frontal, BA9 
Cerebellum 
Lingual gyrus, BA18 
Lingual gyrus, BA18 
Cuneus, BA18 
Cingulate, BA31 
Cingulate, BA31 
Middle temporal, BA2l 
Middle frontal, BA46110 
Superior temporal, BA22 
Superior temporal, BA22 
Middle frontal, BA9 
Inferior parietal, BA40 

panels of Fig. 2. Correlations with LPFC 
strengthened on the Tone+ 2 scan, and the 
regions became highly intercorrelated. By 
Tone+ 3, when the discrimination was well 
learned, the interregional correlations were 
essentially unchanged and LPFC correlations 
were reversed. These effects indicate that the 
regions formed a coherent network differen- 
tially interacting with LPFC as learning pro- 
ceeded in AWARE subjects. 

A PLS analysis of brain-behavior rela- 
tions in AWARE subjects was also performed 
to determine the regions most allied to chang- 
es in behavior and the degree of overlap with 
areas related to LPFC. Such correspondence 
would argue for a relation between awareness 
and performance, mediated through com- 
mon functional connections with LPFC. The 
brain-behavior PLS analysis showed remark- 
able regional overlap with the PLS analysis 
of LPFC, as several of the areas in Table 1 
were reliable in both analyses (18). The cor- 
relations of these regions with behavior are 
shown in the rightrnost columns ("B) in 
Fig. 2. 

The findings for the UNAWARE subjects 
contrast sharply with those of the AWARE 
subjects (Fig. 2, right panels). The correlation 
matrices for the same areas for UNAWARE 

m 
Fig. 2. Correlation matrices of LPFC with brain areas identified by PLS sented as color gradations (red = positive, blue = negative). The matrices 
analysis in AWARE (left) and UNAWARE (right) subjects. The labels for each are symmetric about the major diagonals, which are all 1's. The correlations 
matrix correspond to  scans, as in Fig. 1. The column numbers in each matrix of LPFC with the brain regions are shown in the first column (L) and the 
correspond to  the areas listed in Table 1. The correlation values are repre- correlations of all regions with behavior are shown in the last column (B). 
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