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Abstract Pavlovian conditioning requires the convergence
and simultaneous activation of neural circuitry that supports
conditioned stimulus (CS) and unconditioned stimulus (US)
processes. However, in trace conditioning, the CS and US are
separated by a period of time called the trace interval, and thus
do not overlap. Therefore, determining brain regions that
support associative learning by maintaining a CS representa-
tion during the trace interval is an important issue for condi-
tioning research. Prior functional magnetic resonance imaging
(fMRI) research has identified brain regions that support trace-
conditioning processes. However, relatively little is known
about whether this activity is specific to the trace CS, the trace
interval, or both periods of time. The present study was
designed to disentangle the hemodynamic response produced
by the trace CS from that associated with the trace interval, in
order to identify learning-related activation during these dis-
tinct components of a trace-conditioning trial. Trace-
conditioned activity was observed within dorsomedial pre-
frontal cortex (PFC), dorsolateral PFC, insula, inferior parietal
lobule (IPL), and posterior cingulate (PCC). Each of these
regions showed learning-related activity during the trace CS,
while trace-interval activity was only observed within a subset

of these areas (i.e., dorsomedial PFC, PCC, right dorsolateral
PFC, right IPL, right superior/middle temporal gyrus, and
bilateral insula). Trace-interval activity was greater in right
than in left dorsolateral PFC, IPL, and superior/middle tem-
poral gyrus. These findings indicate that components of the
prefrontal, cingulate, insular, and parietal cortices support
trace-interval processes, as well as suggesting that a right-
lateralized fronto-parietal circuit may play a unique role in
trace conditioning.
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Pavlovian fear conditioning relies on a basic neural circuit,
centered on the amygdala (Fanselow & LeDoux, 1999).
During delay conditioning, conditioned stimulus (CS) and
unconditioned stimulus (US) presentations overlap, and the
signals from these stimuli converge at the amygdala, where
the CS–US association is formed (Fanselow & LeDoux,
1999; Romanski, Clugnet, Bordi, & LeDoux, 1993). Trace
fear conditioning also relies upon the amygdala (Kwapis,
Jarome, Schiff, & Helmstetter, 2011). However, during trace
conditioning, the CS termination and US onset do not over-
lap. Instead, the CS and US are separated by a stimulus-free
period of time called the trace interval.

Although both delay and trace conditioning rely on the
amygdala (Fanselow & LeDoux, 1999; Kwapis et al., 2011;
Romanski et al., 1993), prior work has indicated that addi-
tional brain regions are required for trace conditioning.
Specifically, the hippocampus and prefrontal cortex (PFC)
appear to support functions that are necessary for trace condi-
tioning (Gilmartin & Helmstetter, 2010; Kronforst-Collins &
Disterhoft, 1998; McEchron, Bouwmeester, Tseng, Weiss, &
Disterhoft, 1998; Moyer, Deyo, & Disterhoft, 1990; Weiss &
Disterhoft, 2011; Weiss, Kronforst-Collins, & Disterhoft,
1996). For example, the hippocampus supports declarative
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memory processes (Squire, Stark, & Clark, 2004), and prior
work has suggested that declarative knowledge of CS–US
contingencies is necessary for trace, but not for delay, condi-
tioning (Clark& Squire, 1998; Knight, Nguyen, & Bandettini,
2006; Manns, Clark, & Squire, 2000a, 2000b; Smith, Clark,
Manns, & Squire, 2005). Other research has indicated that
working memory is important for trace conditioning (Carter,
Hofstotter, Tsuchiya, & Koch, 2003; Weiss & Disterhoft,
2011; Woodruff-Pak & Disterhoft, 2008). Working memory
processes may maintain a CS representation during the trace
interval in order to bridge the gap between the CS and US.
Working memory is supported by the dorsolateral PFC and
inferior parietal lobule (IPL; Koelsch et al., 2009; Schulze,
Zysset, Mueller, Friederici, & Koelsch, 2011), and learning-
related changes in the activity within these brain regions has
been demonstrated in prior trace-conditioning research
(Büchel, Dolan, Armony, & Friston, 1999; Knight, Cheng,
Smith, Stein, & Helmstetter, 2004). Furthermore, learning the
timing of biologically relevant events (e.g., the US) is an
important aspect of Pavlovian conditioning (Gallistel &
Gibbon, 2000). The hippocampus, dorsolateral PFC, and IPL
appear to support timing-related functions that may be neces-
sary for successful conditioning (Dormal, Dormal, Joassin, &
Pesenti, 2012; Harrington, Haaland, & Knight, 1998;
James, Hardiman, & Yeo, 1987; Kishimoto, Nakazawa,
Tonegawa, Kirino, & Kano, 2006; Tam & Bonardi,
2012). Taken together, this prior work has suggested that
the hippocampus, PFC, and IPL support processes associ-
ated with an awareness of CS–US relationships, working
memory, and stimulus timing that may be necessary for
successful trace conditioning.

Prior functional magnetic resonance imaging (fMRI) re-
search has identified a number of brain regions that support
trace conditioning. These brain regions include the amygdala,
hippocampus, insula, dorsolateral PFC, dorsomedial PFC, and
IPL (Büchel et al., 1999; Cheng, Disterhoft, Power, Ellis, &
Desmond, 2008; Knight, Cheng, et al., 2004). This prior work
also suggested that hemispheric differences may exist in the
brain regions that support trace conditioning. For example,
right but not left hippocampal activity has been observed
during trace eyeblink conditioning (Cheng et al., 2008).
Furthermore, trace fear-conditioning research has demonstrated
right but not left IPL activation in association with trace-
interval processes (Knight, Cheng, et al., 2004). In addition,
prior neuroimaging research has indicated right-hemisphere
dominance for time-related functions. Specifically, a right dor-
solateral PFC–IPL network appears to support timing-related
processes (Dormal et al., 2012; Harrington et al., 1998). These
timing-related processes may be particularly important for trace
conditioning, given that the CS and US are separated in time.
However, previous fMRI studies of trace conditioning have not
directly compared left- versus right-hemisphere activity within
these brain regions. Thus, questions remain as to whether left-

and right-hemisphere activity differs in a meaningful manner
during trace conditioning.

The majority of prior fMRI research on trace condition-
ing was not designed to distinguish activity associated with
the separate components of a trace-conditioning trial.
Therefore, relatively little is known about whether the brain
activity observed during trace conditioning is specific to the
trace CS or the trace interval. More specifically, previous
studies have typically used short trace CS and trace interval
durations with a fixed interstimulus interval (Büchel et al.,
1999; Cheng et al., 2008), preventing the separation of the
hemodynamic responses produced by these distinct compo-
nents of a trace-conditioning trial. Determining whether
brain activity is specific to the trace CS or trace interval
would provide new insight into the functions that these brain
regions support. For example, an increase in the fMRI signal
during the trace interval would be necessary to concluding
that a brain region supports processes that bridge the tem-
poral gap between CS and US presentations. Prior condi-
tioning research attempted to address this issue using long-
duration trace CS and trace interval presentations to separate
the fMRI signal from these components of the trace-
conditioning trial (Knight, Cheng, et al., 2004). The findings
suggested that trace CS and trace interval responses within
the dorsolateral PFC, dorsomedial PFC, IPL, anterior insula,
and hippocampus were somewhat independent and dissoci-
able (Knight, Cheng, et al., 2004). However, the study used a
fixed interstimulus interval, which may have limited the abil-
ity to completely disambiguate the hemodynamic response
produced by the trace CS from that produced by the trace
interval. Other fMRI studies with a trial structure similar to
trace conditioning (e.g., working memory) have previously
used variable-duration stimuli to better disentangle the hemo-
dynamic responses produced by distinct events within a trial
(Krawczyk & D’Esposito, in press; Ranganath, Cohen, &
Brozinsky, 2005; Sakai & Passingham, 2003). Similarly, the
hemodynamic responses associated with distinct components
of the trace-conditioning trial may be more clearly distin-
guished by varying event durations on a trial-by-trial basis.
The present study investigated the neural substrates of trace
fear conditioning by using variable trace CS and trace interval
durations to disambiguate neural activity associated with these
separate components of the trace-conditioning trial.

Method

Participants A group of 25 healthy, right-handed volunteers
participated in this study (nine males, 16 females; age 20.0 ±
0.47 (mean ± SEM), range 0 19–30 years). All of the
participants provided written informed consent in compliance
with the University of Alabama at Birmingham Institutional
Review Board.
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Conditioned and unconditioned stimuli An auditory CS and
US were presented binaurally via an IFIS-SA audio/visual
system (Invivo Corp., Gainesville, FL) using passive noise
cancellation pneumatic headphones. Three distinct 70-dB
tones (700, 1000, and 1300 Hz) were presented as the CSs
for trace, delay, and CS– trials. The trace and delay trials
were paired with a 500-ms, 100-dB white noise US, and the
CS– was presented alone. The US coterminated with the
trace interval on trace-conditioning trials and with the CS on
delay-conditioning trials. During trace-conditioning trials,
the CS duration varied among 6, 8, and 10 s. The trace
interval duration also varied among 6, 8, and 10 s. Thus, the
total durations of trace-conditioning trials (CS and trace
interval combined) varied between 12, 14, 16, 18, and 20 s
(see Fig. 1). Furthermore, the trace CS and trace interval
durations were varied independently, such that the duration
of the CS was not related to the duration of the trace interval.
Instead of maintaining fixed-duration events, the trace CS
and trace interval durations were independently varied to
more clearly differentiate the hemodynamic responses asso-
ciated with each component (i.e., trace CS vs. trace interval)
of the trace-conditioning trials (Krawczyk & D’Esposito, in
press; Ranganath et al., 2005; Sakai & Passingham, 2003).
During delay and CS– trials, the CS duration was equal to
the total duration of the trace-conditioning trials (i.e., 12, 14,
16, 18, and 20 s). The average duration of the trace, delay,
and CS– trials was 16 s; the minimum trial duration was
12 s, and the maximum was 20 s. Each trial was separated

from surrounding trials by a 20-s intertrial interval (ITI). A
total of 72 conditioning trials were presented over three 880-
s fMRI scans, with 24 trials (eight trace, eight delay, and
eight CS–) being presented during each scan. The tones that
served as the trace CS, delay CS, and CS– were counter-
balanced across participants. The conditioning trials were
presented in a pseudorandom order, such that no more than
two trials of the same CS were presented consecutively.

Skin conductance response A Biopac Systems (Goleta, CA)
physiological monitoring system was used to monitor skin
conductance response (SCR) during conditioning, as we
have described previously (Knight & Wood, 2011). SCR
was sampled (2000 Hz) with a pair of MRI-compatible,
radio-translucent electrodes (1-cm diameter; BIOPAC mod-
el EL508) attached to the distal phalanx of the middle and
ring fingers of the nondominant hand. The SCR data were
processed using Biopac AcqKnowledge 4.1 software. A 1-
Hz digital low-pass filter was applied, and the skin conduc-
tance data were resampled at 250 Hz. SCR was calculated
by subtracting the skin conductance level at response onset
from the peak response during the trial. SCRs of less than
0.05 μS were scored as 0. Repeated measures analysis of
variance (ANOVA) with the factors Event (i.e., trace, delay,
and CS–) and Trial, as well as subsequent t test compari-
sons, were completed on the median SCR values.

US expectancy An MRI-compatible joystick (Current
Designs; Philadelphia, PA) was used to control a rating bar
presented throughout training on an MRI-compatible com-
puter monitor (IFIS-SA), as described in prior work (Knight
& Wood, 2011). The participants were instructed to rate
their US expectancy on a continuous scale from 0 to 100
(0 0 certain that the US would not be presented, 50 0

uncertain whether the US would be presented, 100 0 certain
that the US would be presented) and were instructed to
continuously update (sampled at 40 Hz) their ratings to
reflect their current US expectancy. US expectancy was
calculated as the mean response during the final second of
the trace, delay, and CS– trials. Repeated measures ANOVA
with the factors Event (i.e., trace, delay, and CS–) and Trial,
as well as subsequent t test comparisons, were completed on
the US expectancy data.

Functional MRI Structural (MPRAGE; TR 0 2,300 ms, TE 0
3.9 ms, flip angle 0 12º, FOV 0 25.6 cm, 256 × 256 matrix,
1 mm thick, 0.5 mm gap) and blood oxygen level dependent
(BOLD) functional (TR 0 2,000 ms, TE 0 30 ms, flip angle 0
70º, FOV 0 24 cm, 64 × 64 matrix, 34 slices, 4 mm thick, no
gap) imaging was completed using a 3 T Siemens Allegra
scanner. The fMRI data were processed using the Analysis of
Functional NeuroImages (AFNI) software package (Cox,
1996). Echoplanar time series data were corrected for slice-
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Fig. 1 Experimental design. Three distinct tones (700, 1000, and
1300 Hz) served as the trace conditioned stimulus (CS), delay CS, and
CS–. Trace and delay trials were paired with a 100-dB white noise
unconditioned stimulus (US; 500-ms duration), and the CS– was pre-
sented alone. During trace-conditioning trials, the CS duration varied
among 6, 8, and 10 s. The trace interval duration also varied among 6,
8, and 10 s. Thus, the total durations of trace-conditioning trials (CS and
trace interval combined) varied among 12, 14, 16, 18, and 20 s. During
delay and CS– trials, the CS duration was equal to the total duration of the
trace-conditioning trials (i.e., 12, 14, 16, 18, and 20 s)
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timing offset and were motion corrected, concatenated, re-
registered to the fifth volume of the first imaging block, and
spatially blurred using a 4 mm full-width-at-half-maximum
Gaussian filter. The fMRI data were analyzed at the individual-
participant level using the input from all stimuli in a multiple
linear regression using a gamma-variate hemodynamic re-
sponse function. Regressors of no interest included reference
waveforms for head motion parameters, joystick movement,
CS offset, and US presentation. The regressors of interest for
this study modeled the fMRI signal response to trace CS, trace
interval, delay CS, and CS– presentations. Furthermore,
amplitude-modulated regressors for trace CS, trace interval,
delay CS, and CS– were also included that modeled the
change in fMRI signal response as a linear function across
trials (i.e., Trials 1–24 for trace CS, trace interval, delay CS,
and CS–). Functional maps of the percent signal change for
each regressor were converted to the Talairach and Tournoux
(1988) stereotaxic coordinate system for group analyses.

A voxel-wise repeated measures ANOVA using the
within-subjects factor Event (i.e., trace CS, trace interval,
delay CS, and CS–) was completed to identify brain regions
that showed differential responses to the trace CS, trace
interval, delay CS, and CS–. A p < .05 (FWE corrected)
significance threshold was applied using a voxel-wise
threshold of p < .005 and a cluster volume of 675 mm3

(12 voxels at the originally acquired 3.75 × 3.75 × 4.00 mm
voxel resolution). The percent signal changes from areas of
activation passing the significance threshold criteria for the
ANOVA were included in subsequent t test comparisons
used to determine the direction of differential responses to
the trace CS, trace interval, delay CS, and CS– presenta-
tions. All of the t test comparisons reported for the primary
and secondary analyses met a p < .05 significance threshold
(Bonferroni corrected for within-region contrasts).

Differences in the laterality of activation were assessed
by subtracting the response to the CS– from the responses to
the trace CS, trace interval, and delay CS. Right versus left
differential responses were then assessed with t test compar-
isons. These analyses were limited to the functional regions
of interest (ROIs) identified by the ANOVA (described
above) from our primary analysis. The brain regions identi-
fied by the ANOVA showed bilateral activation. Therefore,
an area of activation in one hemisphere was compared to the
activation within the corresponding region of the other
hemisphere. We chose this method because we were specif-
ically interested in investigating hemispheric differences in
the areas that showed conditioned fMRI signal responses.
Furthermore, this procedure excluded voxels that did not
show differential activity. As a follow-up analysis, the x-
coordinates of the functional ROI masks were reversed, and
activity from one hemisphere was compared to the same
volume of tissue in the opposite hemisphere. Thus, the
volume and coordinates of tissue were exactly the same

for both hemispheres. The results of this analysis replicated
the initial laterality analysis and thus are not presented.

We also performed a multiple linear regression analysis to
determine which brain regions showed fMRI signal responses
that varied with our behavioral measures (i.e., SCR and US
expectancy). The response to the CS–was subtracted from the
responses to the trace CS, trace interval, and delay CS. The
differential SCR and US expectancy responses were then
entered as dependent variables into two separate regression
analyses with activity from each of the functional ROIs iden-
tified in our initial ANOVA entered as independent variables.

Results

Behavioral results

SCR Repeated measures ANOVA revealed significant main
effects for event [F(1, 24) 0 4.54, p < .05] and trial [F(1, 24) 0
4.82, p < .05]. However, no Event × Trial interaction was
observed. Conditioned SCRwas greater on trace [t(24) 0 2.02,
p < .05] and delay [t(24) 0 1.99, p < .05] trials than on CS–
trials. SCR amplitude was also greater during trace- than
during delay-conditioning trials [t(24) 0 1.83, p < .05; see
Fig. 2a and b]. These results indicate that the conditioning
procedure used in this study supported learning.

US expectancy Repeated measures ANOVA of the US ex-
pectancy data revealed significant main effects for event [F(1,
24) 0 44.30, p < .05] and trial [F(1, 24) 0 7.04, p < .05], as
well as an Event × Trial interaction [F(1, 24) 0 13.25, p < .05].
US expectancies were higher on both trace [t(24) 0 6.22, p <
.05] and delay [t(24) 0 6.60, p < .05] than on CS– trials
(Fig. 2c and d). No differences were observed in US expec-
tancy ratings during delay- versus trace-conditioning trials [t
(24) 0 1.65]. These results indicate that differential US expec-
tancies developed during the conditioning session.

Imaging results

ANOVA identified differential conditioned fMRI signal
responses within the brain regions listed in Table 1. Subsequent
t test comparisons were completed on the data from these
brain regions to determine the trials (trace CS, trace interval,
delay CS, and CS–) that elicited differential responses. The t
values from these analyses are also listed in Table 1.

The fMRI signal responses within the dorsolateral PFC,
dorsomedial PFC, anterior insula, superior/middle temporal
gyrus, right IPL, posterior cingulate cortex (PCC), lingual
gyrus, and cerebellum were greater on delay CS than on
CS– trials (see Fig. 3 and Table 1). Furthermore, subcortical
regions including the putamen, thalamus, and right caudate
also showed significant differential responses during delay
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Fig. 2 Skin conductance
response (SCR) and US expec-
tancy. (a and b) Learning-
related changes in SCR expres-
sion were observed. SCRs were
larger on trace and delay trials
than on CS– trials. (c and d)
Learning-related differences in
US expectancy were also ob-
served. US expectancy was
higher on delay and trace trials
than on CS– trials. Error bars
reflect SEMs after adjusting for
between-subjects variance
(Loftus & Masson, 1994). The
asterisks indicate significant
differences

Table 1 Regions showing differential activity

Talairach Coordinates Post-Hoc t Test

Region Vol (mm3) x y z TrCS –

TrInt
TrCS –

DlyCS
TrCS –

CS–
TrInt –
DlyCS

TrInt –
CS–

DlyCS –

CS–

Dorsolateral PFC

(BA9/10) 10,520 −41.1 22.7 26.7 4.25 n.s. 5.68 n.s. n.s. 3.21

(BA9/10) 8,845 35.7 24.3 30.6 n.s. n.s. 5.87 n.s. 3.04 3.16

(BA6/4) 11,378 −29.3 −14.5 56.9 5.05 3.03 6.48 n.s. n.s. n.s.

(BA6) 2,868 27.8 −8.5 57.1 3.20 3.34 4.70 n.s. n.s. n.s.

Dorsomedial PFC 19,788 −0.5 3.8 47.8 n.s. n.s. 6.16 n.s. 2.96 3.09

Inf. parietal lobule 9,009 −40.5 −51.2 41.5 5.29 n.s. 6.21 n.s. n.s. n.s.

10,574 44.3 −52.7 37.6 n.s n.s. 5.35 n.s. 4.10 2.91

Anterior insula 6,786 −40.2 10.7 4.8 n.s. n.s. 4.29 n.s. 4.91 4.29

8,341 40.7 11.5 4.5 n.s. n.s. 3.87 n.s. 5.80 4.46

Posterior cingulate 2,242 1.4 −33.2 26.5 n.s. n.s. 4.44 n.s. 4.19 3.07

Sup./mid. temporal 3,470 −46.6 −28.7 15.1 n.s. n.s. 4.03 n.s. n.s. 3.90

8,431 53.7 −34.8 3.7 n.s. n.s. 3.91 3.02 5.42 3.08

Precuneus 8,155 −3.1 −71.3 40.9 5.13 4.29 4.88 n.s. n.s. n.s.

Lingual gyrus 4,737 7.9 −77.0 4.7 n.s. n.s. 4.61 n.s. 4.28 3.90

Cerebellum 45,245 −1.1 −58.7 −23.2 2.93 n.s. 5.70 n.s. n.s. 3.36

Caudate 2,052 −11.9 10.1 9.9 3.60 n.s. 5.53 n.s. n.s. n.s.

2,564 11.6 9.5 10.2 3.33 3.14 6.03 n.s. n.s. 3.21

Putamen 3,788 −21.9 2.5 4.0 n.s. n.s. 5.50 n.s. n.s. 3.83

2,941 20.6 5.6 3.4 n.s. n.s. 5.46 n.s. n.s. 3.28

Thalamus 6,947 −11.3 −18.3 7.3 n.s. n.s. 4.67 n.s. 4.47 4.98

5,761 11.1 −18.8 7.1 n.s. n.s. 4.17 n.s. 4.74 4.43

The locations, volumes, and Talairach and Tournoux (1988) coordinates are for the centers of mass of the areas of activation. Significance criteria: F
(24) > 4.65, t(24) > 2.90, p < .05 (corrected)
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conditioning. These findings suggest that these brain regions
support processes that are important for associative learning
during delay-conditioning procedures.

Differential trace conditioning was also observed within
each of the brain regions that showed delay-conditioned
activity (Fig. 3 and Table 1). The fMRI signal response

within each of these regions was greater during trace CS
than during CS– presentations. However, only a subset of
these areas showed greater trace-interval than CS– activity.
Trace-interval activity was observed within the dorsomedial
PFC, PCC, right dorsolateral PFC, right IPL, and right
superior/middle temporal gyrus, as well as bilaterally within

Fig. 3 Regions showing conditioned fMRI signal responses. Greater
activity was observed during trace and delay conditioning within several
brain regions (see Table 1), including the dorsomedial prefrontal cortex
(PFC), dorsolateral PFC, inferior parietal lobule (IPL), and insula during

conditioning. The graphs depict the mean amplitudes (percentage signal
changes) of all voxels within the volumes of activation. Error bars reflect
SEMs after adjusting for between-subjects variance (Loftus & Masson,
1994). The asterisks indicate significant differences
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the anterior insula and thalamus (Fig. 3 and Table 1). The
trace-interval activity observed in this study was largely lo-
cated within the right hemisphere of the brain. To determine
whether right- and left-hemisphere activity differed, t test
comparisons were completed. Greater right than left trace-
interval activity was observed within the dorsolateral PFC [t
(24) 0 5.27, p < .05], IPL [t(24) 0 4.80, p < .05], and superior/
middle temporal gyrus [t(24) 0 6.04, p < .05], as is depicted in

Fig. 4. No laterality differences were observed during delay
CS or trace CS presentations within these brain regions.

Differences between delay and trace conditioning were
only observed within a few brain areas (Table 1). Trace CS
activity was greater than delay CS activity within the dorso-
lateral PFC (left, BA4/6; right, BA6), precuneus, and right
caudate. Only the right superior/middle temporal gyrus
showed greater trace-interval than delay-CS activity. No re-
gion showed greater delay- than trace-conditioned activity.

We also completed several secondary analyses of these data
to rule out alternative explanations for the results. In the first
of these analyses, trace-interval activity was compared to
activity associated with offset of the CS presentations.
Although a nuisance regressor for CS offset was included in
the individual-participant-level analysis, t test comparisons of
trace-interval versus CS-offset activity were completed to
determine whether trace-interval activity differed from CS
offset responses. Trace-interval activity was greater than CS-
offset responses within the dorsomedial PFC [t(24) 0 3.12, p <
.05], right dorsolateral PFC [t(24) 0 3.04, p < .05], right IPL [t
(24) 0 3.48, p < .05], bilateral insula [right, t(24) 0 5.52; left, t
(24) 0 4.34; ps < .05], superior/middle temporal gyrus [t(24) 0
3.47, p < .05], and bilateral thalamus [right, t(24) 0 3.08; left, t
(24) 0 3.11; ps < .05]. These data indicate that the trace-
interval and CS-offset activity observed within these brain
regions was distinct. In contrast, trace-interval and CS-offset
activity did not differ within the PCC and lingual gyrus.

Trace-interval activity was also compared to the equiva-
lent portion (i.e., the second half) of the delay CS and CS–
trials to determine whether the trace-interval activity ob-
served in our primary analysis was due simply to the time
within a trial at which activity was assessed. More specifi-
cally, in our initial analysis, trace-interval activity was
assessed in the second half of the trace-conditioning trial
(i.e., during the trace interval), whereas delay CS and CS–
activity was assessed across the entire trial. Thus, our initial
analysis could not rule out the possibility that similar process-
es might be engaged during the second half of any condition-
ing trial and not be specific to the trace interval. Therefore, a
secondary analysis was completed using regressors represent-
ing the first and second halves (based on the timing of trace
CS and trace interval presentations from the closest trace-
conditioning trial of the same duration) of delay CS and CS–
trials. Activity was compared during the trace interval and
during the equivalent portions (i.e., the second half) of the
delay CS and CS– trials. The results of this analysis were
largely consistent with the findings from our primary analysis.
Greater trace-interval than CS– activity was observed within
the dorsomedial PFC [t(24) 0 4.07, p < .05], right dorsolateral
PFC [t(24) 0 3.19, p < .05], right IPL [t(24) 0 4.12, p < .05],
right superior/middle temporal gyrus [t(24) 0 5.06, p < .05],
anterior insula [left, t(24) 0 5.63; right, t(24) 0 6.74; ps < .05],
PCC [t(24) 0 6.16, p < .05], lingual gyrus [t(24) 0 3.73, p <

Fig. 4 Laterality differences within the (a) dorsolateral prefrontal
cortex (PFC), (b) superior/middle temporal gyrus, and (c) inferior
parietal lobule (IPL). The differential fMRI signal responses (i.e., trace
CS, trace interval, and delay CS minus CS– activation) within the
dorsolateral PFC, superior/middle temporal gyrus, and IPL were larger
during the trace interval in the right than in the left hemisphere. No
laterality differences were observed during the trace CS or delay CS.
Error bars reflect SEMs after adjusting for between-subjects variance
(Loftus & Masson, 1994). The asterisks indicate significant differences
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.05], and thalamus [left, t(24) 0 5.13; right, t(24) 0 5.43; ps <

.05]. Thus, every region that showed significantly greater
trace-interval than CS– activity in our primary analysis also
showed greater trace-interval activity in this secondary analy-
sis. Furthermore, three additional brain regions showed great-
er trace-interval than CS– activity in this analysis that did not
show differential activity in our primary analysis. These
regions included the putamen [left, t(24) 0 3.70; right,
t(24) 0 3.32; ps < .05] and cerebellum [t(24) 0 3.23, p < .05].
This analysis did not reveal any differences between trace-
interval and delay-CS activity for any region.

We also performed a voxel-wise multiple linear regression
analysis to determine which brain regions showed fMRI sig-
nal responses that varied with our behavioral measures (i.e.,
SCR and US expectancy). This analysis was limited to the
functional ROIs identified in our primary analysis and listed in
Table 1. We observed no significant relationship between
brain activity and SCR or US expectancy in this analysis.

We had strong hypotheses regarding the role of the amyg-
dala and hippocampus during the conditioning procedures
used in this study. However, none of our analyses revealed
significant amygdala or hippocampal activation, even at le-
nient significance thresholds. Prior work had indicated that
activity within these brain regions is correlated with behavioral
measures of conditioning (Cheng, Knight, Smith, &
Helmstetter, 2006; Cheng, Knight, Smith, Stein, &
Helmstetter, 2003; Knight, Cheng, et al., 2004; Knight,
Nguyen, & Bandettini, 2005) and that amygdala and hippo-
campal activation habituates quickly (Büchel et al., 1999).
Therefore, we completed a multiple linear regression compar-
ing amygdala and hippocampal activity to the behavioral data
(SCR and US expectancy). A relationship between US expec-
tancy and hippocampal activity (Talairach coordinates and
volumes: left, –30, –30, –6 and 115 mm3; right, 29, –32, –5
and 26 mm3) was observed [t(24) > 2.90, p < .005 uncorrected;
see Fig. 5]. No relationship was observed between SCR and
amygdala or hippocampal activity. In addition, we searched for
differential changes in brain activity that developed over time
(i.e., Event × Trial interactions) using regressors for trace CS,
trace interval, delay CS, and CS– with amplitudes that varied
as a linear function of trial (Trials 1–24 for each event). Trace-
interval activity showed a greater decrease than did responses
to other events (i.e., trace CS, delay CS, and CS–) across
conditioning trials [t(24) > 2.61, p < .01 uncorrected] within
the amygdala (Talairach coordinates and volumes: left, –25, –
5, –11 and 57 mm3; right, 21, –4, –10 and 47 mm3). No other
differences were observed between these events.

Discussion

The present study investigated the neural mechanisms of
Pavlovian trace conditioning. This project was designed to

determine whether regional brain activity supports processes
specific to the trace CS, trace interval, or both components
of the conditioning trial. Therefore, trace CS and trace
interval durations were varied on a trial-by-trial basis to
separate the hemodynamic response associated with these
components of the trial. Trace-conditioned fMRI signal
responses were observed within the dorsomedial PFC, dor-
solateral PFC, IPL, insula, and superior/middle temporal
gyrus, as well as the other regions listed in Table 1.
Learning-related changes in brain activity have been ob-
served within many of these regions in prior trace-
conditioning studies (Büchel et al., 1999; Knight, Cheng,
et al., 2004). A closer examination of our data revealed that
each of these brain regions showed conditioned increases in
the fMRI signal during the trace CS. These findings suggest
that these brain regions process CS information that may
later be maintained during the trace interval. However,
many of these regions (e.g., left dorsolateral PFC, left IPL,
cerebellum, and caudate) did not show significant trace-
interval activity (see Fig. 3 and Table 1). Instead, these
regions showed a dramatic decrease (relative to the trace
CS) in activity during the trace interval. Taken together,
these findings suggest that while these regions process trace
CS information, they do not maintain a representation of the
CS during the trace interval. In contrast, learning-related
changes in trace-interval activity were observed within other
brain regions (e.g., dorsomedial PFC, right dorsolateral
PFC, right IPL, right superior/middle temporal gyrus, and
bilateral anterior insula). These findings indicate that these
brain regions are capable of maintaining the trace CS rep-
resentation during the trace interval and may bridge the gap
between CS termination and US onset. This process appears
to be necessary for successful trace conditioning (Weiss &
Disterhoft, 2011; Woodruff-Pak & Disterhoft, 2008).

The present findings are consistent with prior animal
model research that has suggested that the PFC and IPL
are important components of the neural circuitry that sup-
ports trace conditioning (Baeg et al., 2001; Gilmartin &
Helmstetter, 2010; Runyan, Moore, & Dash, 2004). For
example, disruption of medial PFC function impairs the
acquisition of trace fear conditioning (Gilmartin &
Helmstetter, 2010; Runyan et al., 2004). Furthermore,
recordings from rat and rabbit medial PFC have shown
increases in neuronal activity during the trace CS and trace
interval (Baeg et al., 2001; Gilmartin & McEchron, 2005;
Siegel, Kalmbach, Chitwood, & Mauk, 2012). Prior work
suggested that the rabbit medial PFC is the homologue of
the human dorsolateral PFC (Weiss & Disterhoft, 2011). In
the present study, trace-conditioned activity was observed
within the dorsomedial and dorsolateral PFC, suggesting
that each of these areas may play a role in human trace
conditioning. Although the IPL has received less attention,
prior animal model research has demonstrated parietal
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activity during trace conditioning. For example, c-Fos expres-
sion is observed within the parietal cortex following trace-
conditioning procedures (Gruart, Morcuende, Martinez, &
Delgado-Garcia, 2000; Jimenez-Diaz, Sancho-Bielsa, Gruart,
Lopez-Garcia, & Delgado-Garcia, 2006). Taken together,
these findings suggest that trace-conditioning processes are
supported by the PFC and IPL. The dorsomedial PFC, right
dorsolateral PFC, and right IPL showed conditioned trace-
interval activity in the present study. Activation of the dorso-
lateral PFC and IPL during the trace interval is consistent with
prior research that indicated that these brain regions are im-
portant for working memory processes (Koelsch et al., 2009;
Schulze et al., 2011). The trace-interval activity observed
within these brain regions is consistent with the view that
these areas support trace conditioning by maintaining a CS
representation during the trace interval, allowing the CS–US
association to form.

The trace-interval activity observed in this study may be
important for the timing and prediction of the US. Our per-
ception of time allows us to anticipate important events (e.g.,
threats) and to correctly time responses in preparation for
them. Thus, timing and prediction are important aspects of
conditioning. The brain regions identified in this study appear
to support predictive processes. For example, anticipatory

activity has been observed within many of these regions in
prior conditioning research (Büchel,Morris, Dolan, & Friston,
1998; Dunsmoor, Bandettini, &Knight, 2007; Knight, Cheng,
et al., 2004; Knight, Smith, Stein, &Helmstetter, 1999; LaBar,
Gatenby, Gore, LeDoux, & Phelps, 1998). Furthermore, prior
work has demonstrated that the medial PFC shows sustained
trace-interval activity that may be important for well-timed
trace conditioned responses (Kalmbach, Ohyama, & Mauk,
2010; Takehara-Nishiuchi &McNaughton, 2008). In addition,
fMRI studies investigating timing-related processes have con-
sistently observed activation within the dorsomedial PFC,
dorsolateral PFC, IPL, and anterior insula (Coull, 2009;
Coull & Nobre, 2008; Dormal et al., 2012; Rao, Mayer, &
Harrington, 2001).

Differences in the laterality of trace-conditioned fMRI
signal responses were also observed in the present study.
Trace-interval activity within the dorsolateral PFC, IPL, and
superior/middle temporal gyrus was greater in the right than in
the left hemisphere. Although prior trace-conditioning re-
search has observed unilateral brain activation (Cheng et al.,
2008; Knight, Cheng, et al., 2004), direct statistical compar-
isons of right- versus left-hemisphere trace-conditioned activ-
ity has not previously been completed. Interestingly, the
laterality differences observed in the present study were
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limited to trace-interval activity, and not trace-CS or delay-CS
activity, and they suggest that the right dorsolateral PFC, right
IPL, and right superior/middle temporal gyrus support unique
trace-interval processes that may be necessary for the formation
of a CS–US association during trace conditioning. Prior work
has suggested that the right hemisphere is dominant for time-
related cognitive functions (Dormal et al., 2012; Harrington et
al., 1998). More specifically, a right-hemisphere dorsolateral
PFC–IPL network has been identified that appears to support
timing-related processes. For example, patients with lesions to
the right, but not to left, dorsolateral PFC and IPL show deficits
in their ability to precisely time the durations of events
(Harrington et al., 1998). The present findings are consistent
with the view that a right dorsolateral PFC–IPL network plays a
specialized role in trace conditioning.

The findings in the present study are similar to prior
human fMRI trace-conditioning research. Specifically, the
activity observed within the dorsomedial PFC, dorsolateral
PFC, anterior insula, and IPL in the present study largely
overlaps with areas of activation described in prior work
(Büchel et al., 1999; Knight, Cheng, et al., 2004). However,
the earliest fMRI research on trace conditioning was not
designed to separate trace CS from trace-interval activity.
Thus, brain regions that processed properties of the CS
could not be dissociated from those that supported trace-
interval processes. Identifying brain regions that show trace-
CS and/or trace-interval responses is important for a better
understanding of the functions that these regions support.
More recent work has attempted to separate trace-CS and
trace-interval activity using long-duration events (Knight,
Cheng, et al., 2004). However, this prior work used fixed
trace CS and trace interval durations, which may have
limited the ability to disambiguate the hemodynamic re-
sponse produced by these events. Although the present
study replicated this prior work in many ways (e.g., the
regions that showed trace-conditioned activity), there are
subtle yet important differences between the findings of
these studies. Specifically, activity in left dorsolateral PFC
and left IPL dropped dramatically from the trace CS to the
trace interval in the present study (Fig. 3), which was not
observed in prior work (Büchel et al., 1999; Knight, Cheng,
et al., 2004). The present findings suggest that the left
dorsolateral PFC and left IPL are active during the trace
CS, but not during the trace interval. This difference be-
tween trace-CS and trace-interval activity would likely be
masked when short-duration events are presented with fixed
ITIs. Although long-duration events may be more sensitive
to these types of differences, separating the hemodynamic
response to the trace CS from the trace interval may be less
effective when ITIs are not varied; differences between the
trace-CS and trace-interval responses may be minimized, or
simply not observed, when the responses to these events are
not adequately separated.

Prior work indicated that disruption of hippocampal and
PFC function interferes with trace, but not delay, conditioning
(Gilmartin & Helmstetter, 2010; Tseng, Guan, Disterhoft, &
Weiss, 2004; Weiss, Bouwmeester, Power, & Disterhoft,
1999). Such findings suggest that some brain regions are
critical for trace-conditioning, but not for delay-conditioning,
processes. Therefore, delay-conditioning trials were also in-
cluded in the present study, to determine whether the magni-
tudes of delay- and trace-conditioned fMRI signal responses
differed. However, we did not observe significant differences
between delay-CS and trace-CS responses within most brain
regions, including the hippocampus and BA9/10 region of the
dorsolateral PFC. In contrast, we did observe greater trace-CS
than delay-CS activity within a more posterior portion of the
dorsolateral PFC (i.e., BA 6). Furthermore, these learning-
related differences appeared to be specific to trace condition-
ing, given that delay-CS activity did not differ from CS–
activity within this region. Prior work had suggested that this
area supports working memory processes (Zarahn, Rakitin,
Abela, Flynn, & Stern, 2005). However, we did not observe
significant trace-interval activity within this region. Thus, the
region’s role in trace conditioning appears to be limited to the
CS period. Although this particular portion of the dorsolateral
PFC does not appear to support trace-interval processes, the
present findings are consistent with the view that this area
supports functions that are specific to trace conditioning (i.e.,
during the trace CS).

Differences in delay and trace fMRI signal responses
should be considered in relation to the behavioral data
monitored in this study. Our behavioral data demonstrated
similar US expectancy ratings during delay and trace con-
ditioning. In contrast, conditioned SCR was greater during
trace than during delay trials. In general, prior work has
demonstrated that delay conditioning is equivalent to, if not
stronger than, trace conditioning (Cheng et al., 2008;
Knight, Cheng, et al., 2004; Pavlov, 1927). Thus, differ-
ences between delay- and trace-conditioned brain activity
could reflect conditioned response acquisition, given the
differences in SCR expression observed on delay and trace
trials in the present study. Therefore, a multiple linear re-
gression analysis was completed to compare the behavioral
data (i.e., SCR and US expectancy) to conditioned fMRI
signal responses. No relationship was observed between
these behavioral measures and brain regions showing con-
ditioned fMRI signal responses. These findings suggest that
the differences in delay- and trace-conditioned brain activity
in the present study are not driven simply by differences in
conditioned response acquisition.

Prior work has indicated that the amygdala and hippo-
campus are important components of the neural circuit that
supports trace fear conditioning. However, learning-related
amygdala and hippocampal activity was not observed in the
present study during the trace- or delay-conditioning trials.
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Although good evidence from prior work has indicated that
these brain regions support conditioning-related processes, the
activation associated with those processes is often not appar-
ent using basic fMRI analysis strategies, and may only be
observable once alternate analysis procedures are employed
(Büchel et al., 1999; Cheng et al., 2003; Knight, Cheng, et al.,
2004). For example, several studies have demonstrated that
amygdala and hippocampal activity habituates quickly during
Pavlovian conditioning (Büchel et al., 1999; Knight, Cheng,
et al., 2004; Knight, Smith, Cheng, Stein, & Helmstetter,
2004; LaBar et al., 1998). Other studies have demonstrated
that amygdala and hippocampal activity is closely associated
with autonomic and behavioral responses monitored during
the conditioning session (Cheng et al., 2006; Cheng et al.,
2003; Cheng, Richards, & Helmstetter, 2007; Knight, Cheng,
et al., 2004; Knight et al., 2005). We performed a number of
secondary analyses to determine whether amygdala and hip-
pocampal activity varied differentially over time (Büchel et
al., 1999) or was correlated with the behavioral measures
(Cheng et al., 2006; Cheng et al., 2003; Knight, Cheng, et
al., 2004; Knight et al., 2005), as has been reported in prior
work. We did observe a decrease in amygdala trace-interval
activity over conditioning trials. This finding is consistent
with earlier trace-conditioning research (Büchel et al., 1999).
Furthermore, a relationship between US expectancy and hip-
pocampal activity was demonstrated. These data are consis-
tent with prior work that indicated that the hippocampus is
important for declarative memory processes (Clark & Squire,
1998; Knight, Waters, & Bandettini, 2009). Although prior
work has indicated that declarative knowledge of CS–US
contingencies is necessary for trace, but not delay, condition-
ing (Clark & Squire, 1998; Knight et al., 2006; Manns et al.,
2000a, 2000b; Smith et al., 2005), we did not observe differ-
ences between delay and trace conditioning in the relationship
between US expectancy and hippocampal activity. Thus, the
hippocampus appears to support US expectancy during both
delay and trace procedures, even though this process may only
be necessary for trace conditioning.

In summary, the present study was designed to investigate
the neural mechanisms of trace fear conditioning, with special
emphasis on disentangling the fMRI signal response to the
trace CS from that associated with the trace interval. Trace-
conditioned activation was observed within the dorsomedial
PFC, dorsolateral PFC, insula, superior/middle temporal gy-
rus, and IPL. Each of these regions showed learning-related
trace CS activity. A subset of these regions (i.e., dorsomedial
PFC, insula, right dorsolateral PFC, right IPL, and right supe-
rior/middle temporal gyrus) showed conditioned increases in
trace-interval activity, as well. Trace-interval responses within
the dorsolateral PFC, IPL, and superior/middle temporal gyrus
were greater in the right than in the left hemisphere, suggest-
ing that a right-lateralized neural circuit may support unique
trace-interval processes.
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