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We used event-related fMRI to measure neural activ-
ity in volunteer subjects during acquisition of an im-
plicit association between a visual conditioned stimu-
lus (CS1) (angry face) and an auditory unconditioned
stimulus (UCS) (aversive, loud noise). Three distinct
functional regions were identified within left amyg-
dala: a UCS (noise)-related lateral region, a CS1-re-
lated ventral region, and a dorsal region where CS1-
related responses changed progressively across the
learning session. Differential neural responses to the
visual CS1 were also evoked in extrastriate and audi-
tory cortices. Our results indicate that learning an
association between biologically salient stimuli of dif-
ferent sensory modalities involves parallel changes of
neural activity in segregated amygdala subregions
and unimodal sensory cortices. © 2001 Academic Press

INTRODUCTION

The amygdaloid complex is a heterogeneous struc-
ture composed of at least 13 different subnuclei with
complex intrinsic and extrinsic connections (Amaral et
al., 1992). The major input region of the amygdala is
the lateral nucleus, which receives convergent affer-
ents from all sensory modalities (Amaral et al., 1992).
The lateral nucleus itself projects to medial and basal
nuclei, where additional extrinsic inputs from other
functional systems produce further modification of
neural signals (Pitkanen et al., 1997). Intrinsic projec-
tions from medial and basal nuclei converge onto the
central nucleus, which, in turn, sends extrinsic effer-
ents to various subcortical structures controlling auto-
nomic activity (Amaral et al., 1992; Pitkanen et al.,
997). Other amygdaloid subnuclei project widely to
ccipital, temporal, prefrontal, and cingulate cortices
Amaral et al., 1992). This anatomical connectivity

akes the amygdaloid complex ideally placed both to
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ntegrate sensory signals from different modalities and
o influence behavioral responses.

Experiments in both animals and humans have im-
licated the amygdala in aversive (fear) conditioning,
.e., in the ability of a neutral stimulus to elicit condi-
ioned responses as the result of an association with an
versive unconditioned stimulus (UCS) (Davis, 1992;
eDoux, 1995; Buchel et al., 1998; LaBar et al., 1998).
uman neuroimaging studies using backward mask-

ng have also shown that the amygdala can respond to
ehaviorally salient visual stimuli that are outside
ubjects’ explicit awareness (Whalen et al., 1998; Mor-
is et al., 1998c). However, although the amygdala has
een shown to respond to “unseen” masked stimuli on
he basis of their learned behavioral significance (Mor-
is et al., 1998c), there are no previous data concerning
mygdala involvement in the acquisition of learning
ithout awareness. Indeed, there has been controversy
bout whether learning without awareness can occur
t all (Ohman et al., 2000). Nevertheless, behavioral

studies suggest that stimulus–stimulus associations
can be formed implicitly (i.e., without subjects’ aware-
ness) when the stimuli involved are biologically sa-
lient, e.g., snakes, spiders, or angry faces (Esteves et
al., 1994).

We used event-related functional magnetic reso-
nance imaging (fMRI) to measure neural responses
during acquisition of an implicit association between a
biologically salient visual stimulus (an angry face) and
an aversive auditory stimulus (a loud noise). Two tar-
get faces (CS1 and CS2, both with angry expressions)
were presented to healthy volunteers during scanning.
Angry faces were specifically chosen since they are
optimal stimuli for this type of implicit learning
(Ohman et al., 2000; Esteves et al., 1994). Half the
presentations of both CS1 and CS2 were backwardly

asked with neutral faces, to ensure that subjects had
o explicit awareness of half the targets. During these
asked presentations, the CS1 was always immedi-

tely followed by a 100-dB noise (UCS). The noise UCS
as never paired with the other target face (CS2) or

ith unmasked CS1 (Fig. 1). Consequently, the proto-
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1045NEURAL RESPONSES DURING IMPLICIT FEAR CONDITIONING
col ensured that the CS1/UCS stimulus association
was implicit. Throughout the experiment, subjects’ ex-
plicit task was to report (via button presses) any per-
ception, however fleeting, of the target faces. A ran-
domized, mixed-trial design was used for the various
face and masking conditions, and the identity of the
CS1 face was balanced across subjects to ensure that
the unmasked CS1 and CS2 conditions were identical
except for the pairing of CS1 and UCS during masked

resentations. Subjects’ skin conductance responses
SCRs) were measured throughout the experiment to
ndex autonomic conditioning.

METHODS

Subjects

Six right-handed subjects (four male, two female,
ean age 29.3 years) were recruited by advertisement.
ubjects had no history of neurological or psychiatric
roblems and were not taking any medication at the
ime of the study. All subjects gave informed consent
nd the study was approved by the local hospital ethics

FIG. 1. Experimental design. (a) The four event types, i.e. (1) un
asked CS2, are illustrated, together with a corresponding trace o

ubject during scanning. Due to the presence of the mask, the firs
erceived by subjects. Stimulus durations are indicated in millisecon
hown in seconds. The onset of each stimulus complex is indicated by
esign of a previous PET study (Morris et al., 1998c) is shown for com
i.e., without masking) during a prescanning sequence. Masked face
ommittee.
Data Acquisition

Neuroimaging data were acquired with a 2-T Mag-
netom VISION whole-body MRI system equipped with
a head volume coil. Contiguous multislice T2*-
weighted echoplanar images were obtained using a
sequence that enhanced blood oxygenation level-de-
pendent (BOLD) contrast. Volumes covering the whole
brain (48 slices; slice thickness 2 mm) were obtained
every 4.1 s. A T1-weighted anatomical MRI was also
acquired for each subject.

Throughout scanning, SCRs from all six subjects
were monitored to index autonomic conditioning. Data
from one subject was unfortunately lost due to techni-
cal problems. SCRs were measured with Biodata gal-
vanic skin response equipment using Ag/AgCl elec-
trodes attached to the palmar surface of the middle
phalanges of the index and middle fingers of the left
hand. Readings of skin conductance were sampled at
100 Hz and stored digitally on computer. Using the
SCR in the 4-s period prior to presentation as a base-
line, the maximal SCR deflection in the period 0.5–4 s
following a face presentation was assigned as the value

sked CS2, (2) unmasked CS1, (3) masked CS1/noise UCS, and (4)
in conductance responses (SCRs) acquired from one representative
ce presented in each pair (indicated by crosses) was not explicitly
whereas time elapsed from the beginning of the scanning session is
ows. SCR amplitude is shown in microsiemens. (b) The experimental
rison. Pairing of the CS1 face and the noise UCS occurred explicitly
ere presented in condition blocks during each 90-s PET scan.
ma
f sk
t fa
ds,
arr
pa

s w
for the SCR to that face. The data were square root
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1046 MORRIS, BUCHEL, AND DOLAN
transformed to attain statistical normality, prior to
calculating means and standard errors for each condi-
tion. The time course of conditioning was assessed by
dividing each session, for each condition, into five ep-
ochs of five trials (omitting the first trial). Condition
means and standard errors were calculated for each
epoch (Fig. 2).

Experimental Design

Immediately prior to scanning, subjects were shown
pictures of two angry faces. Subjects’ explicit task dur-
ing the scanning session was to indicate, via a button
press, any subsequent occurrence of these target stim-
uli, however fleeting. For each stimulus presentation,
subjects pressed one button with their right middle
finger to indicate that they had seen a target and
another button with their index finger to indicate that
they were not aware of a target. During scanning,
stimuli were presented according to four different
event types (Fig. 1): (1) One of the angry faces (CS2)

as shown for 45 ms, preceded by a 30-ms neutral face.
2) The other angry face (CS1) was also shown for 45
s, preceded by a 30-ms neutral face. (3) The CS1 face
as shown for 30 ms, followed immediately by a 45-ms
eutral face and a 500-ms 100-dB white noise burst
UCS). (4) The CS2 face was shown for 30 ms and
ollowed by a 45-ms neutral face. Twenty-six replica-
ions of each event type were presented in a random-
zed order. The UCS always occurred in event type 3,
ut never in any other event type. In order to prevent
onditioning to the mask, 18 different neutral faces
ere used as masks for each session, in a random order
f presentation. Angry faces were used as targets since
ehavioral studies have shown them to be optimal
timuli for masked conditioning (Esteves et al., 1994).
he interstimulus interval was randomly varied be-
ween 2.5 and 3.5 TRs (i.e., 10.25–14.35 s) to ensure
hat event onsets were evenly distributed in time
cross image slices.

Data Analysis

The fMRI data were analyzed using statistical para-
etric mapping (Friston et al., 1995) (see also http://
ww.fil.ion.ucl.ac.uk/spm). Following realignment to

he first volume, the functional (T2*-weighted) scans
ere spatially normalized to a standard template. The

tructural (T1-weighted) MRIs were coregistered to the
unctional scans and transformed into the same stan-
ard space. The functional data were smoothed using a
-mm (full width at half-maximum) isotropic Gaussian
ernel to allow for corrected statistical inference. The
voked hemodynamic responses for the four different
timulus events were modeled as d functions convolved
ith a synthetic hemodynamic response function and
ts temporal derivative (Josephs et al., 1997). 2
Specific effects (e.g., unmasked CS1 . unmasked
CS2) were tested by applying linear contrasts to the
parameter estimates for each event. The resulting t
statistic at every voxel constitutes an SPM. Reported P
values are corrected for the number of comparisons
made within each a priori region of interest, i.e., amyg-
dala, specific thalamic nuclei (pulvinar and MGB), fusi-
form gyrus, and auditory cortex (Worsley et al., 1996).
An activation in right occipital cortex (x 5 32, y 5 288,
z 5 20) is also reported because although not predicted
a priori, the magnitude of the effect in this region
survived correction for comparisons across the entire
brain. A time-by-event interaction analysis was per-
formed by multiplying the regressors for the stimulus
events with a mean corrected exponential function
having a time constant one-quarter of the session
length. Contrasts tested for the difference of the inter-
action terms between the unmasked CS1 and un-

asked CS2 conditions. The data were analyzed for all
ix subjects individually, and also as a group, modeling
voked responses in a subject-specific way. Due to the
imited number of subjects, a fixed-effects, rather than
andom-effects, statistical model was used for the
roup analysis of the data. While the results of the
xed-effects group analysis considered alone have lim-

ted generalizability, the individual analyses identified
imilar responses for each reported activation in all of
he six subjects.

RESULTS

Only 1.9% of masked targets were reported, com-
ared to 95.1% of unmasked targets. On subsequent
ebriefing, five of the six subjects showed no explicit
nowledge of the masking procedure, while the re-
aining subject reported occasional awareness of

flickering” and “superimposed” faces. None of the six
ubjects exhibited any explicit knowledge about the
ssociation between the angry CS1 face and the UCS.
espite this lack of awareness about the behavioral

ignificance of the CS1, subjects exhibited signifi-
antly increased (P , 0.05) mean skin conductance

responses to the unmasked CS1 face, compared to the
S2 (Fig. 2), indicating that implicit associative learn-

ng had occurred. Enhanced SCRs also occurred in the
asked CS1/UCS(noise) condition (Figs. 1a and 2).
owever, the 75-ms asynchrony between the masked
S1 and the UCS is outside the resolution of the SCR
ata, and thus the relative contribution of each of the
timulus components to the evoked autonomic re-
ponse cannot be determined.
We first identified neural responses evoked by the

versive noise (UCS) by contrasting the UCS condition
ith the three other conditions in which the noise was
bsent. This contrast revealed enhanced responses in
ilateral medial geniculate nucleus (MGN) (left, x 5

20, y 5 224, z 5 24, P , 0.001, corrected; right, x 5
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1047NEURAL RESPONSES DURING IMPLICIT FEAR CONDITIONING
28, y 5 220, z 5 24, P , 0.05, uncorrected), bilateral
auditory cortex (left, x 5 252, y 5 224, z 5 6, P ,
0.001, corrected; right, x 5 54, y 5 222, z 5 8, P , 0.05,
corrected), and left lateral amygdala (x 5 230, y 5
210, z 5 210, P , 0.05, corrected) (Fig. 3). Critically,
UCS (noise)-evoked responses in lateral amygdala
were constant across the learning session (i.e., did not
show learning-related habituation or augmentation).
No differential responses to the face stimuli (CS1 and
CS2) were identified in the UCS-related lateral amyg-
dala region (Fig. 3d).

We next identified brain regions with enhanced re-
sponses to the CS1 face by contrasting neural activity
evoked by the CS1 alone (i.e., unmasked and without
noise) with that elicited by the unmasked CS2. In-
creased CS1 responses were observed in right occipital
cortex (x 5 32, y 5 288, z 5 20, P , 0.001, corrected),
right pulvinar nucleus of the thalamus (x 5 6, y 5 222,
z 5 14, P , 0.05, corrected), and, crucially, in a left
ventral amygdala region that extended into adjacent
medial cortex (x 5 212, y 5 28, z 5 226, P , 0.05,
corrected) (Fig. 4a). In contrast to findings of previous

FIG. 2. Skin conductance responses. (a) Plot of SCR amplitudes
for every trial in one scanning session. SCR amplitude is shown in
=(microsiemens). (b) Mean SCR amplitudes for five of the six sub-
jects. Each epoch represents five consecutive trials. CS1 SCR am-
plitudes are plotted relative to CS2 amplitudes. Error bars repre-
ent 1 standard error. SCR amplitude is shown in =(microsiemens).
conditioning experiments (Buchel et al., 1998; LaBar et s
al., 1998), CS1-evoked responses in this ventral region
were sustained (i.e., did not progressively increase or
decrease) throughout the learning session (Fig. 4b).

In our final analysis we addressed the question of
time-dependent changes associated with learning by
modeling the neuroimaging data with an exponential
function. This analysis identified a dorsal region of left
amygdala (x 5 218, y 5 2, z 5 214, P , 0.05, cor-
rected) where CS1-evoked responses were greater
than CS2 responses in the initial stages of learning
(Figs. 5a and 5b). However, as the session continued,
responses elicited by the CS1 progressively decreased
(relative to CS2), leading eventually to a reversal of
differential activity, i.e., overall responses were greater
to CS2 than to CS1 (Fig. 5b). The same analysis
revealed a region of left auditory cortex (x 5 244, y 5
218, z 5 12, P , 0.05, corrected) with a similar pattern
of time-dependent activity (Figs. 4c and 4d). Note that
left auditory cortex also showed enhanced responses to
the noise UCS (see above). In contrast, bilateral re-
gions of fusiform gyrus (right, x 5 36, y 5 262, z 5 22,
P , 0.05, corrected; left, x 5 232, y 5 266, z 5 22, P ,
.001, corrected) showed an opposite pattern of re-
ponse, i.e., progressive, time-dependent increases in
S1-evoked responses (Figs. 4c and 4d). This response
rofile was expressed without a significant mean dif-
erence in CS1 and CS2 activity.

DISCUSSION

The results of the present study represent the first
neuroimaging evidence for learning-related functional
segregation within the human amygdala. Three dis-
tinct responses were identified in subregions of the
amygdaloid complex: a sustained UCS-evoked re-
sponse in lateral amygdala; a sustained CS1-evoked
esponse in ventral amygdala that extended into over-
ying cortex; and a time-dependent CS1-related re-
ponse in dorsal amygdala that extended anteriorly
nto basal forebrain. Although the resolution of our
euroimaging data prevents attribution of these differ-
ntial responses to specific amygdala subnuclei, the
egregated activity observed in the amygdaloid com-
lex is in general accord with the anatomical and func-
ional heterogeneity of this structure as revealed in
nimal studies (Amaral et al., 1992; Pitkanen et al.,
997).
The precise nature of the associative plasticity in-

olved in fear conditioning is currently a matter of
ontroversy, with conflicting views as to whether the
mygdala represents a primary locus of learning-re-
ated synaptic changes (Fanselow and LeDoux, 1999;
ahill et al., 1999). Although the present study is un-
ble to resolve this debate, it does provide evidence for
pecialization of learning-related processing within the
mygdaloid complex itself. For example, the lateral

ubregion of the amygdala, which had increased re-
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1048 MORRIS, BUCHEL, AND DOLAN
sponses in the UCS (noise) condition, did not exhibit
differential responses to the unmasked CS1 and CS2
aces (Figs. 3c and 3d). This response profile suggests
hat lateral amygdala has a greater involvement in
ensory processing of the noise UCS than in associative
rocesses related to face–noise pairings. Anatomical
nd electrophysiological data obtained in rats indicate
hat the amygdala not only receives a direct anatomi-
al connection from auditory thalamus (MGN) but also
ossesses auditory-responsive cells (Bordi and LeDoux,
992).
In ventral amygdala, in contrast, increased re-

ponses were specifically evoked by the CS1 face.
hese CS1-related activations did not progressively

ncrease or decrease during the learning session, sug-
esting that differential responses in ventral amygdala
ere rapidly established at the start of learning and

hen maintained throughout the experiment. This re-

FIG. 3. Increased neural responses evoked by the UCS. Statis
CS1/UCS stimulus (relative to the three other conditions) in (a) le
amygdala region is indicated by arrows. Group activations are dis
individual subject. Plots of the hemodynamic responses evoked by th
shown for three individual subjects in (b) left medial geniculate
hemodynamic response function and its temporal derivative.
ponse profile contrasts with neuroimaging data from d
revious conditioning studies, which have consistently
hown progressive decreases in amygdala CS1 re-
ponses during the learning session (Buchel et al.,
998; LaBar et al., 1998). The reason for these diver-
ent findings is not clear. The sustained ventral re-
ponse may be linked to our use of biologically salient
r “prepared” stimuli. Since angry faces are known to
acilitate both the acquisition and the persistence of
earned associations (Esteves et al., 1994), these “pre-
ared” stimuli, not used in previous studies (Buchel et
l., 1998; LaBar et al., 1998) may have played a critical
ole in the pattern of amygdala activity seen in the
resent experiment. An equally important consider-
tion is our novel use of an implicit learning paradigm,
uggesting that task-related factors may be important
n modulating responses in the human amygdala.

In dorsal amygdala, on the other hand, a striking
eversal in conditioning-related responses was seen

al parametric maps of increased neural responses to the masked
edial geniculate nucleus and (c) left lateral amygdala. The lateral
ed on coronal and sagittal sections of a normalized MRI from an
asked CS1/UCS, unmasked CS1, and unmasked CS2 events are

d (d) left lateral amygdala. Responses are fitted to a canonical
tic
ft m
play
e m
an
uring learning, i.e., although CS1 . CS2 responses
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FIG. 4. Increased neural responses evoked by the CS1. (a) An SPM showing increased neural responses to the unmasked CS1 face
(relative to unmasked CS2) for left ventral amygdala. (b) Plots of responses in left ventral amygdala evoked by the masked CS1/UCS,
unmasked CS1, and unmasked CS2 event types are shown for three individual subjects. Responses are fitted to a canonical hemodynamic
response function and its temporal derivative. (c) An SPM showing exponentially increasing responses across time to the unmasked CS1 (relative
to unmasked CS2) in left fusiform gyrus. (d) Plots of the change in CS1 evoked responses in left fusiform gyrus across the scanning session are
shown for the same subjects as in (b). The responses are fitted to an exponential function with a time constant one-quarter of the session length.
In both (a) and (c), group activations are displayed on transverse and coronal sections of a normalized MRI from an individual subject.

FIG. 5. Decreased neural responses evoked by the CS1. SPMs of decreased neural responses to the CS1 face (relative to CS2) in (a) left
dorsal amygdala and (c) left auditory cortex are shown. Group activations are displayed on transverse and coronal sections of a normalized
MRI from an individual subject. Plots of changes in hemodynamic response for unmasked CS1 and unmasked CS2 event types are shown
for three individual subjects in (b) left dorsal amygdala and (d) left auditory cortex. Responses are fitted to an exponential function with a

time constant one-quarter of the session length.
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1050 MORRIS, BUCHEL, AND DOLAN
were observed initially, a CS2 . CS1 pattern of re-
sponse was evident by the end of the session (Fig. 5). As
a consequence of these time-dependent changes, oppos-
ing neural responses emerged in different subregions
of the amygdala during learning, i.e., increased CS1
responses in ventral amygdala and decreased CS1 re-
ponses in dorsal amygdala (Figs. 4a, 4b, 5a, and 5b).
nterestingly, animal electrophysiological studies have
lso demonstrated reciprocal changes in firing proba-
ility between different amygdala subregions (Collins
nd Pare, 1999). It has been proposed that these recip-
ocal response patterns result from changes in parallel,
xcitatory, and inhibitory connections between amyg-
ala subnuclei (Collins and Pare, 1999). It is possible,
herefore, that the progressive “polarization” of ventral
nd dorsal amygdala responses in the present study
ay reflect the occurrence of similar associative

hanges in intra-amygdala circuits. However, in view
f the amygdala’s extensive extrinsic anatomical con-
ections (Amaral, 1992), external modulatory factors
ay also play an important role.
Previous neuroimaging studies have shown that the

usiform gyrus mediates face-selective responses
Haxby et al., 1994). The progressive increase in fusi-
orm responses to the CS1 face (Figs. 4c and 4d) sug-
ests, therefore, that processing of the CS1 face is
electively enhanced as it becomes more emotionally
alient with learning, consistent with predictions from
europsychological theories of emotion (Damasio,
999). The absence of a significant mean differential
esponse, on the other hand, may reflect the fact that
S1 and CS2 faces elicit similar fusiform activations
t the beginning of the session. Thus, although CS1
usiform responses increase progressively with time,
he increase in activation is not sufficient to produce a
ignificant mean difference from the CS2 condition
hen the whole session is considered.
Since fusiform gyrus and occipital cortex do not re-

eive direct auditory inputs, the learning-related
hanges in their activity must depend on extrinsic
odulatory influences from brain areas that do process

he noise UCS. The precise nature of this modulation
annot be determined from our current neuroimaging
ata. However, it is striking that responses to both
CS and CS1 were identified within segregated re-

ions of the amygdala (Figs. 3c, 3d, 4a, and 4b), a
tructure that is known to send extensive projections
ack to early regions of visual cortex (Amaral et al.,
994). The parallel learning-related responses ob-
erved in ventral amygdala and visual cortex (Fig. 3)
re consistent with a proposal, therefore, that “feed-
ack” efferents from basal amygdala nuclei mediate
motion-dependent modulation of visual processing
Amaral et al., 1994; Morris et al., 1998a).

The implicit association of the CS1 face and the
oise UCS also resulted in learning-dependent modu-
ation of auditory cortex activity (Figs. 4c and 4d). w
ntriguingly, despite the absence of a direct visual in-
ut to auditory cortex, the CS1 face (a purely visual
timulus) evoked auditory responses that progres-
ively decreased (relative to CS2) during the learning
ession (Fig. 4d). These data accord with autoradio-
raphic data obtained in rats showing that a visual
timulus previously paired with a tone and foot shock
lso elicits relative decreases in auditory cortex activity
Cahill et al., 1996). Although the neural mechanisms
nderlying this phenomenon are uncertain, previous
nimal and human experiments indicate that the
mygdala may have a critical role (Weinberger, 1995;
rmony et al., 1998; Morris et al., 1998b). In the
resent study, the segregated visual CS1 and auditory
CS responses in ventral and lateral amygdala (Figs.
and 4), and the parallel time-dependent activity in

orsal amygdala and auditory cortex (Fig. 5), also sug-
est amygdala involvement in this form of intermodal
motional learning.
Some learning theorists have proposed that when

ne stimulus becomes associated with a second stimu-
us, the first may be able to activate a “representation”
f the second in relevant sensory cortex (Konorski,
967). Data from an explicit associative learning ex-
eriment (McIntosh et al., 1998) in which an auditory
one predictive of a light flash came to elicit responses
n human visual cortex, accord with this proposal.
owever, a possible interpretation of this earlier find-

ng is that the modulation of visual cortex reflects
hanges in subjects’ selective attention or conscious
magery, rather than associative learning. The implicit
onditioning paradigm employed in the present study
xcludes an attentional explanation for the observed
ensory modulation, since subjects had no explicit
wareness of the stimulus association.
Other learning theorists have proposed that an au-

omatic shift of processing resources occurs from UCS
o CS1 during classical conditioning as the CS1 be-

comes a reliable “predictor” of the UCS (Wagner, 1979).
This proposal is supported by animal electrophysiolog-
ical data demonstrating that primary auditory cortex
responses to an auditory CS become more likely as a
result of conditioning-related shifts in the tuning
curves of auditory cells (Wenberger, 1995). Our results,
showing that progressive increases in fusiform gyrus
responses to the CS1 face during learning (Fig. 4) are
accompanied by progressive decreases in auditory cor-
tex responses (Fig. 5), are also consistent with this
conjecture.

It is important to note that whereas CS1 and UCS
airings occurred during masking (i.e., the association
as acquired outside subjects’ awareness), learning-

elated responses to CS1 and CS2 faces were mea-
ured during unmasked (i.e., explicitly reported) pre-
entations. This paradigm contrasts, therefore, with a
revious neuroimaging study (Morris et al., 1998c) in

hich CS1 and UCS faces were paired explicitly (i.e.,
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1051NEURAL RESPONSES DURING IMPLICIT FEAR CONDITIONING
without masking) prior to scanning and neural activity
was measured during subsequent masked and un-
masked presentations, with the noise UCS omitted
(Fig. 1b). In the previous study (Morris et al., 1998c), as
n the present experiment, unmasked CS1 faces
voked differential responses in left amygdala. How-
ver, whereas masked CS1 faces elicited increased
esponses in right amygdala in the previous study, the
asked CS1 and UCS pairings in the present experi-
ent did not evoke similar right amygdala activity.
here are several important methodological differ-
nces between the two studies that may explain these
ontrasting results. First, the noise UCS always fol-
owed the masked CS1 in the present experiment, but
ever followed the masked CS1 in the previous study
Fig. 1). Second, in the present mixed-trial, event-re-
ated, BOLD fMRI study, responses were measured
uring conditioning, whereas in the previous positron
mission tomography experiment (Morris et al., 1998c),
ubjects were scanned after conditioning with blocked
resentation of stimuli (Fig. 1). It is possible, therefore,
hat the presence or absence of the UCS, or other
ifferences in the learning paradigms, may have pro-
uced different patterns of right amygdala activity.
In conclusion, the present study provides the first

emonstration of learning-related functional heteroge-
eity within the human amygdala. Although the spa-
ial resolution of the current data allow the identifica-
ion only of subregional differences in activity rather
han individual nuclei, the results suggest that map-
ing distinct functional subsystems within the human
mygdala may be possible using neuroimaging tech-
iques with high spatial resolution. The parallel
hanges in amygdala and sensory cortex responses ob-
erved in the present study also provide novel evidence
bout how biologically salient stimulus–stimulus asso-
iations are mediated in the brain. The results suggest
hat human emotional learning, even when acquired
ithout explicit awareness, involves changes in both

ntrinsic amygdala responses and extrinsic amygdala
onnectivity.
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