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Abstract
We investigated whether resting brain metabolism can be used to predict autonomic and neuronal
responses during fear conditioning in 20 healthy humans. Regional cerebral metabolic rate for
glucose was measured via positron emission tomography at rest. During conditioning, autonomic
responses were measured via skin conductance, and blood oxygen level dependent signal was
measured via functional magnetic resonance imaging. Resting dorsal anterior cingulate
metabolism positively predicted differentially conditioned skin conductance responses. Midbrain
and insula resting metabolism negatively predicted midbrain and insula functional reactivity, while
dorsal anterior cingulate resting metabolism positively predicted midbrain functional reactivity.
We conclude that resting metabolism in limbic areas can predict some aspects of
psychophysiological and neuronal reactivity during fear learning.

Introduction
Fear conditioning is an associative learning paradigm whereby an initially neutral stimulus,
such as a light, is presented with an aversive unconditioned stimulus (US), such as an
electric shock. After such paired presentations, the conditioned stimulus (CS) comes to elicit
an acquired fear response in the absence of the US. Human functional magnetic resonance
imaging (fMRI) studies of fear conditioning have identified a network that includes the
midbrain (periaqueductal gray) in rats (Johansen et al., 2010), amygdala, dorsal anterior
cingulate cortex (dACC, sometimes referred to as anterior middle cingulate cortex) and the
anterior insula (Linnman et al., 2011; Sehlmeyer et al., 2009). This network is engaged
during the acquisition of fear conditioning and in other emotional tasks such as responses to
fearful faces (reviewed in Fusar-Poli et al., 2009). In contrast, the ventromedial prefrontal
cortex (vmPFC) is involved in extinction learning and dampening of fear(Kalisch et al.,
2006; Milad et al., 2007b; Phelps et al., 2004). Variation in these regions has been related to
anxiety and mood disorders (Etkin and Wager, 2007; Graham and Milad, 2011; Rauch et al.,
2006; Shin and Liberzon, 2010) as well as to vulnerability to anxiety (Indovina et al., 2011).

A clinically relevant question is whether resting metabolism in the above conditioned fear
acquisition network might predict fear learning and associated neuronal reactivity in
humans, given that resting brain activity is known to influence behavior (Raichle and
Mintun, 2006). Uptake of [18F] 2-fluoro-2-deoxy-d-glucose (FDG), measured via positron
emission tomography (PET) provides an estimate of resting regional brain metabolism that
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closely correlates with neuronal signaling (Sokoloff, 1977). Functional magnetic resonance
imaging (fMRI) provides an indirect measure of neuronal reactivity through the blood-
oxygen-level-dependent (BOLD) signal (Logothetis, 2002; Ogawa et al., 1990). Elevated
resting metabolism in the dACC constitutes a familial risk factor for the development of
posttraumatic stress disorder (PTSD) (Shin et al., 2009), and BOLD signal in dACC is
related to conditioned fear expression (Milad et al., 2007a). We have recently shown that
resting activity of the amygdala, dACC and vmPFC (measured by PET) can predict fear
extinction and recall of fear extinction (Linnman et al., in press). Here, we investigated
whether regional resting brain activity (metabolism) predicts brain reactivity (BOLD) to fear
conditioning?

We first measured resting regional brain metabolism in healthy individuals using FDG PET.
The same subjects subsequently underwent fear conditioning while in a 3T fMRI scanner.
We expected fear conditioning to induce skin conductance responses (SCRs) and BOLD
activation of the fear-conditioning network (midbrain, amygdala, dACC and anterior insula).
We further expected dACC and amygdala reactivity to correlate with SCR magnitude
(Furmark et al., 1997; Milad et al., 2007a). Our analysis then focused on two questions: (1)
can regional resting metabolism predict the magnitude of autonomic fear responses
(measured by skin conductance)? and (2) can resting metabolism in midbrain, amygdala,
dACC, anterior insula and/or vmPFC predict the magnitude of BOLD activations during fear
acquisition?

We hypothesized that resting metabolism in amygdala and dACC would predict skin
conductance fear responses, as has been observed for structural and functional measures in
healthy subjects (Furmark et al., 1997; Milad et al., 2007a). Given the literature indicating
dACC involvement in fear learning (Linnman et al., 2011; Milad et al., 2007a; Sehlmeyer et
al., 2009; Shackman et al., 2011) and vmPFC involvement in controlling fear (Kalisch et al.,
2006; Linnman et al., in press; Milad and Rauch, 2007; Milad et al., 2007b; Nili et al., 2010;
Phelps and LeDoux, 2005), we hypothesized that elevated resting dACC metabolism would
lead to greater — and elevated resting vmPFC metabolism to lesser — fear-induced BOLD
signal.

Methods
Subjects

Twenty healthy adults—10 males and 10 females—mean age 26 (standard deviation 5
years) recruited from the local community participated in the experiment. After a complete
explanation of the study’s procedure, written informed consent was obtained in accordance
with the requirements of the Partners Healthcare System Human Research Committee.

PET imaging procedure
After at least six hours fasting, participants received a bolus injection of 18FDG
(approximately 200 MBq) in the antecubital fossa and were placed in a dedicated waiting
room, where they were instructed to remain sitting quietly without reading or music, but
eyes open, in accordance with a nominal resting state. After a 45-min uptake period, each
person was positioned in the scanner (HR+ PET camera (CTI; Knoxville, TN)) and the head
was aligned in the scanner relative to the canthomeatal line and gently fixated to minimize
head movements. Sixty-three contiguous slices of 2.5 mm were acquired over approximately
20 min in 3D mode with a field of view 157.5 mm (whole brain down to medulla). Images
were reconstructed using an iterative algorithm to an in-plane resolution of 4.5 mm. Photon
attenuation measurements were made with rotating pin sources containing 68Ge. Additional
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corrections in the reconstruction process accounted for scattered radiation, random
coincidences, and counting losses due to dead time in the camera electronics.

Fear conditioning procedure
Within 5 days after the PET scan (on average 2 days), subjects underwent fear conditioning
during fMR imaging. The experiment consisted of four phases: habituation, fear
conditioning, fear extinction, and recall of fear extinction. Data from the latter two phases
are presented in a separate manuscript (Linnman et al., in press).

A 62.5% partial reinforcement schedule paradigm was used, as previously described (Milad
et al., 2009; Milad et al., 2007b). First, the electric shock (US) was individually adjusted for
each participant. The shock consisted of a 500 ms electric shock spike train of 1ms spikes
delivered at 50Hz to the second and third fingers of the right hand with currents ranging
from 0.2 to 4 mA (levels 0.2, 0.4, 0.6, 0.8, 1.1, 1.4, 1.7, 2.0, 2.3, 4.0 mA). Shock level was
determined by increasing stimulation levels stepwise until subjects reported the level to be
“highly annoying but not painful”. If shock levels were too uncomfortable after a step up,
subjects could decrease the level to the previous stimulation level.

Prior to habituation subject were instructed: “You will see images, you will not get
shocked”. During habituation, which was done in the fMRI while collecting EPI data (not
reported), all images in the paradigm (context, two CS+ and the CS−) were presented twice
with no shock in order to familiarize the subjects with the scan procedure an ensure they
could see the images properly.

Prior to the conditioning phase of the experiment, subjects were instructed: “You will see
images and you may or may not get shocked. Any pattern that you observe will hold.”
During fear conditioning, subjects were presented with an image of a room containing an
unlit lamp on a desk. The lamp was then switched on to one of three colors (blue, red, or
yellow). Two of the colors (CS+s) were followed by an electric shock (US) in 62.5% of the
cases, whereas the third color (CS−) was never followed by a shock. The fear conditioning
procedure entailed 32 lamp presentations, of which 16 were CS− trials, 10 were trials
involving one (5 trials) or the other (5 trials) of the two CS+s followed by a shock, and six
were trials involving one or the other of the CS+s not followed by a shock. Between trials, a
black screen was displayed with an inter-trial interval of 12 to 18 seconds. The lamp color
sequence was counterbalanced across subjects with a pseudo-random presentation order and
the two different CS+ stimuli were presented in sequential order (i.e first 8 blue CS+
intermingled with 8 yellow CS− then 8 Red CS+ intermingled with 8 yellow CS−). The
very first trial in the conditioning paradigm was always a CS+ trial. The CS duration (6 s)
was kept constant across trials so subject could learn to predict when the US would be
delivered. The US, delivered immediately after the CS offset. Two different CS+ stimuli
were used because we were also interested in the effects of extinction, where one stimulus
was extinguished, and the other was not extinguished (see Linnman et al. in press for the
fear extinction data). The first CS+ and CS− trials were excluded from all SCR and fMRI
analyses, as differential conditioning would not have been acquired in these two trials. SCR
and BOLD analysis were conducted on the subsequent 7 CS+ and 7 CS− trials (the
remaining second set of CS+ and CS− trials were not included).

Psychophysiological Measures
A Coulbourn Modular Instrument System (Allentown, PA) was used to record skin
conductance levels using 8 mm (sensor diameter) Ag/AgCl radiotranslucent electrodes
(BioPac Systems Inc., Goleta, CA) placed 14 mm apart on the palm of the participant’s left
hand. The SCR for each CS trial was calculated by subtracting the mean skin conductance
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level 2 sec before CS onset from the highest skin conductance level recorded during the 6
sec CS duration. The SCR responses were square root transformed to be used in subsequent
regression analyses. Differential SCR (i.e., CS+ minus CS− responses averaged across the 7
trials of each) was calculated as a measure of fear learning, as well as average CS+ and CS−
responses versus the implicit baseline.

Functional MRI procedures
fMRI was performed with a Trio 3.0 Tesla whole-body, MRI system (Siemens Medical
Systems, Iselin, New Jersey) equipped for echo planar imaging (EPI) with a 32-channel
head coil. Subjects were instructed to lie as still as possible and head movement was
restricted with foam cushions. After an automated scout image was obtained and automated
shimming procedures were performed, a high-resolution structural scan was collected to
facilitate spatial normalization and to position the subsequent scans. fMRI images, sensitive
to BOLD contrast, were acquired during fear conditioning with a descending gradient echo
T2*-weighted sequence (TR= 2560 ms, TE= 30ms, Flip angle = 90°), collected in 48
coronal oblique slices tilted 38° down from the anterior-posterior commissure line. The
voxel size was 3×3×2.5 mm with a 0.5 mm slice gap. The field of view was 144 mm (whole
brain down to medulla).

Data preprocessing, analysis and statistical inferences
SPM8 (www.fil.ion.ucl.ac.uk) was used to process all PET and MRI data. For the PET
analysis, each subject’s static FDG image was co-registered to individual high-resolution
structural MRI images. Structural images were segmented, bias correct and spatially
normalized (Ashburner and Friston, 2005) into MNI space and normalization parameters
were applied to the PET images, which were then smoothed (8 mm full-width at half-
maximum, FWHM) and finally global mean normalized to 50.

Functional images were realigned, corrected for slice timing, co-registered with the
structural image, normalized into MNI space using parameters obtained from the structural
normalization process, and finally smoothed with an 8 mm FWHM Gaussian kernel.
Maximal movement in any direction in all data was 3.58 mm or 3.4º. After preprocessing,
each subject’s functional time series was modeled using a general linear model with
regressors signifying the condition onsets and durations. The experimental conditions were:
the context, the first 7 CS+, the second 8 CS+ (not reported) the first 7 CS−, the second 8
CS− (not reported) and the US. The responses to the very first CS+ and CS− cue, i.e prior to
any conditioning, and movement parameters from the realignment step for x,y,z, and roll,
pitch and yaw motion were also included in the model. Signal drift and biorhythms were
modeled using high-pass temporal filtering (128s) and an autoregressive AR-1 model.
Activated voxels in each experimental condition were identified using a statistical model
containing boxcar functions representing the contrasts of interest, convolved with the SPM8
canonical hemodynamic response function.

Statistical thresholds
For all neuroimaging analyses, we used a statistical threshold of p<0.05 family wise error
corrected for multiple comparisons. Within our a priori fear network, we used a more liberal
threshold of p<0.005 uncorrected for multiple comparisons. The a priori network was
defined using the AAL masks in the WFU pickatlas (Lancaster et al., 2000; Maldjian et al.,
2003) for the left and right amygdala, the left and right insula, the left and right ACC and
middle cingulate, and the midbrain. The vmPFC was defined as a 10 mm radius sphere
centered at MNIx,y,z = 4, 36, −13 (coordinates obtained from Milad et al., 2005).

Linnman et al. Page 4

Biol Psychol. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Autonomic correlates of resting state metabolism
Average differential SCR (CS+ versus CS−) was used as a linear regressor on the resting
state metabolism data in order to test for regions where individual metabolism measures
predicted subsequent fear learning. In addition, SCR responses to the CS+ alone and the CS
− alone were also used as regressors.

Fear induced BOLD activations and autonomic correlates
First, contrast images signifying the difference in BOLD reactivity to the first 7 CS+ versus
the first 7 CS− trials were obtained within each subject (first level model) and then modeled
at the second level using a random effects t-test. Third, differential SCR was entered into a
linear regression model for the above BOLD contrast. As a core feature of maladaptive
anxiety may be heightened responses to a CS− (Lissek et al., 2005), we also analyzed skin
conductance and functional responses to the CS+ and the CS− separately contrasted against
the implicit inter-trial baseline.

Resting brain metabolism correlates of functional activation during fear conditioning
A priori, we were interested in the influence of the midbrain, amygdala, dACC, anterior
insula and vmPFC on acquisition of conditioned fear. Performing voxelwise (metabolism) ×
voxelwise (BOLD) analyses creates massive multiple comparisons. Instead, we created five
predefined anatomical regions of interest (ROIs, viz., midbrain, amygdala, dACC, insula,
vmPFC) and extracted each subjects average regional cerebral metabolic rate for glucose
(rCMRglu) in those regions. The midbrain was defined as a 5 mm sphere centered at
MNIx,y,z = 0, 30, −12, corresponding to the periaqueductal gray region. The left and right
amygdala (combined) were defined by the AAL atlas (Tzourio-Mazoyer et al., 2002). The
dACC ROI was a 5 mm sphere at MNIx,y,z = 2, 22, 28 (from Milad et al., 2007a). The
combined left and right anterior insula was two 5 mm spheres at MNIx,y,z = ±34, 20, −4
(coordinates from anatomy), and the vmPFC was a was a 5 mm sphere centered at MNIx,y,z
= 4, 36, −13 (coordinates obtained from Milad et al., 2005).

Average rCMRglu from the five a priori ROIs were entered separately into voxelwise linear
regression models to investigate their respective influences on BOLD reactivity in the
differential fear conditioning fMRI contrast.

Results
Subjects selected shock levels at an average of 2.1mA (range 1.1 – 4.0 mA). Due to
technical difficulties, adequate skin conductance measures were only obtained in 17 of the
20 subjects. Fear conditioning led to rapid acquisition of conditioned responses; the mean (±
standard deviation) differential SCR was 0.46±0.27 μS−½, p<0.00l. The unconditioned
stimulus also led to an unconditioned response, with a mean SCR to the US of 1.38±0.24
μS−½, p<0.00l. See supplemental figure S1 for trial-by-trial responses.

fMRI data of sufficient quality was obtained from all 20 subjects.

Fear conditioning, whole brain analysis
Fear conditioning induced significant activations in the midbrain, amygdala, putamen,
anterior and middle cingulate insula, cerebellum and frontal cortices, see Table 1 and Figure
1 for details. The CS+ versus the inter-trial baseline activated similar regions and also the
visual cortex. The CS− versus baseline activated predominantly the visual cortex, see
supplemental figure S2 and table S1.
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BOLD correlations to SCR, whole brain
In the whole brain analysis, positive correlations between differential SCR and differential
BOLD signal were observed in the bilateral middle frontal gyrus and in the left
hippocampus region, see Figure 2 and Table 2 for details. No regions displayed negative
correlations between SCR and BOLD response. See supplementary table S2 for correlations
between CS+ and CS− SCR responses and BOLD responses to CS+, and CS−, vs. the inter-
trial baseline.

BOLD correlations to SCR, a priori fear regions
Within the a priori fear network, positive correlations between differential SCR responses
and differential BOLD signal (CS+ versus CS−) were observed in the right anterior insula
and in the midbrain, see Figure 2.

Question one: Can regional resting metabolism predict the magnitude of autonomic fear
responses?

There were no correlations between autonomic responses and whole brain resting
metabolism that survived corrections for multiple comparisons.

Within the a priori fear network, right resting dACC metabolism positively predicted
differential SCR during fear conditioning. Midbrain and cerebellar resting metabolism were
negative predictors. See figure 3 and table 3 for details. Of note, dACC metabolism also
predicted CS+ alone SCR responses, and genual ACC predicted CS− alone SCR responses,
see supplemental figure S3 and table S3 for details.

Question two: Can resting metabolism predict the magnitude of BOLD activations during
fear acquisition?

In the whole brain analysis, dACC metabolism correlated with occipital and parietal BOLD
activations, see table 4b for details

Within the a priori fear network, several significant correlations were apparent: Midbrain
metabolism negatively predicted midbrain BOLD signal (Figure 4a and Table 4a). dACC
metabolism positively predicted midbrain BOLD signal (Figure 4b and Table 4b). Anterior
insula metabolism negatively predicted subgenual ACC and middle right insula BOLD
signal (Figure 4c and Table 4c). Amygdala metabolism negatively predicted BOLD signal in
the left anterior insula (Figure 4d and table 4d). No significant predictions of BOLD signal
were observed for the vmPFC.. Relations between metabolism and BOLD responses to the
CS+ (versus implicit baseline) and responses to the CS− (versus implicit baseline) are
reported in supplemental table S4.

Discussion
The fear conditioning paradigm led to strong conditioned physiological and neuronal
responses, consistent with previous reports (reviewed in Sehlmeyer et al., 2009). When we
explored links between resting brain metabolism and these responses, several findings
emerged.

Question one: Can resting brain metabolism predict autonomic responses during fear
acquisition?

In line with our hypothesis, we found that resting metabolism in the dACC positively
predicted the acquisition of differential skin conductance responses to the CS+ versus CS−,
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which is an autonomic measure of conditioned fear. The correlation between dACC
metabolism and SCR was also present to the CS+ alone SCR, suggesting it was primarily
driven by the emotional content of the CS+ and not a function of autonomic reactivity in
general. This is perhaps the most readily interpretable and important finding of the present
study. It is consistent with the finding that structural thickness of the dACC positively
correlates with the magnitude of conditioned responses (Milad et al., 2007a), studies on
control of autonomic arousal during volitional behaviors (Critchley, 2005), and with the
finding that direct electrical stimulation of this region results in skin conductance responses
(Gentil et al., 2009). Our finding is also consistent with converging evidence that the dACC
is involved in negative affect (Shackman et al., 2011). As noted above, clinical studies have
shown that both elevated resting metabolism and elevated functional reactivity in dACC
constitutes a familial risk factor for the development of PTSD (Shin et al., 2011; Shin et al.,
2009). The present results offer an insight into how this risk factor may operate.
Specifically, fear conditioning is a frequently invoked pathogenic mechanism in PTSD
(Rauch et al., 2006). Anything that increases fear learning, such as elevated dACC
metabolism, would logically increase the likelihood of PTSD‘s developing following the
requisite traumatic event. We also observed a positive correlation between resting dACC
metabolism and midbrain BOLD reactivity (figure 4c).

High differential skin conductance responses were associated with high midbrain BOLD
reactivity (Figure 2) and with low midbrain resting metabolism. Furthermore, low midbrain
metabolism was associated with high midbrain BOLD reactivity. Though apparently
inconsistent with the directionality of our findings, elevated midbrain metabolism has been
observed in panic disorder patients (Sakai et al., 2005) and in anxious rhesus monkeys (Fox
et al., 2008). The brain region we observed to be correlated with conditioned responses
appears in close proximity to the PAG. However, midbrain regions contain several subnuclei
involved in opposing behavior such as fight-flight and hypertension (lateral PAG) or
quiescence and hypotension (ventrolateral PAG) (Behbehani, 1995) and the specific role of
the midbrain regions in our data is not possible to discern at the current spatial resolution
(Limbrick-Oldfield et al., 2011). For example, lesions in the midbrain ascending
noradrenergic bundle abolishes skin conductance responses via hypothalamic and amygdala
effects (Yamamoto et al., 1990).

Previous human neuroimaging studies that indicate orbitofrontal and medial prefrontal
cortex and amygdala influences on lateral hypothalamus and brainstem mechanisms
controlling skin conductance (Critchley et al., 2000; Nagai et al., 2004; Williams et al.,
2001). Particularly, the human amygdala activity is closely related to the expression of
conditional SCRs (Cheng et al., 2007). We did not find evidence for a correlation between
resting metabolism in the amygdala and evoked SCR, nor did we observe a correlation
between differential SCR and differential BOLD reactivity in the amygdala or in the medial
prefrontal cortex. One possible explanation for this discrepancy is that the above studies
used the SCR as a temporally continuous variable, whereas we investigated the average SCR
evoked across 7 trials each lasting 6 seconds, and related those to the corresponding evoked
BOLD signal. Amygdala activation corresponds to the early SCR response evoked by
presentation of a conditioned cue, but not to SCR’s evoked towards the end of the cue
presentation, just before the delivery of the US (Cheng et al., 2007). A higher temporal
resolution may thus be necessary to identify the amygdala’s (and possibly the dACC and
hypothalamus) role in generating SCRs.

Question two: Can resting brain metabolism predict brain activation during fear acquisition?

In addition to the negative correlation between resting midbrain metabolism and midbrain
BOLD signal during conditioning discussed above, there was a negative correlation between
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insula metabolism and insula BOLD reactivity (figure 4c). Moreover, higher insula BOLD
reactivity related to greater SCRs (figure 2), consistent with previous studies (see Critchley,
2005 for a review). In addition, we found that high resting amygdala metabolism was
predictive of low insula BOLD reactivity. Unlike the amygdala and the dACC, insula BOLD
reactivity has been found to increase when there is uncertainty with respect to the
contingency between cue and shock (Dunsmoor et al., 2007; Sarinopoulos et al., 2010). The
anterior insula has been theorized to function as a re-representation region where anticipated
interoceptive emotions can be simulated in advance (Craig, 2009). In light of this view, the
present observation that both insula and amygdala metabolism negatively predicted insula
BOLD activation may suggest that individuals with high amygdala metabolism are less able
to determine the degree of uncertainty of impending threats, and thus engage in less
anticipatory insula activation, but this speculation is in need of further testing.

We did not observe any correlation between amygdala metabolism and amygdala reactivity,
nor between amygdala metabolism or BOLD signal and the magnitude of differential skin
conductance responses, as has been reported in other studies (Furmark et al., 1997; Indovina
et al., 2011). We did however observe a positive correlation between amygdala BOLD
reactivity to the CS+ and the CS+ induced SCR (supplemental table S3). This would suggest
that the amygdala is involved in fear learning, but not in the safety learning associated with a
non-reinforced CS−.

Heightened responses to a CS−, a “safety signal deficit”, have been argued to be a core
feature of maladaptive anxiety (Lissek et al., 2005). We observed a positive correlation
between genual ACC metabolism and CS− SCR responses (supplemental Table S3) and a
negative correlation between CS− BOLD reactivity in the subgenual ACC/ventromedial
prefrontal corex. The latter finding is consistent with a safety signaling role of the vmPFC,
as has been observed in numerous studies (reviewed in Milad and Rauch, 2007).

Limitations
Autonomic and fMRI measurements were obtained simultaneously during conditioning, but
resting metabolic measures were obtained approximately 2 days prior to conditioning. We
assumed that resting metabolism would be stable over time, and good test-retest reliability
over 6 months has been reported for thalamus, hippocampus and left (but not right)
amygdala (Schaefer et al., 2000). Thus, future studies could benefit from more closely
spaced or simultaneous PET and fMRI assessments (Judenhofer et al., 2008). Unfortunately,
we did not collect contingency learning ratings for the participants, such ratings may have
allowed for further differentiation and detailing of neuronal responses (Tabbert et al., 2010).
Another limitation arises from potential noise sources in the PET and fMRI data. FDG PET
is relatively insensitive to movement compared to fMRI BOLD; we attempted to remove
PET movement artifacts in the procedure and fMRI movements in the procedure and data
analysis. Moreover, both PET and fMRI have limited spatial resolution and thus likely
obscure finer anatomical details, especially in small structures such as the periaqueductal
gray and the amygdala that contain substructures that may exert opposing influences on
behavior. Using imaging techniques with greater spatial resolution could help address this
problem. The correlation coefficients reported in the tables are likely to be inflated due to
the low sample size and the voxel vise regression approach (Vul et al., 2009; Yarkoni,
2009). They should thus be interpreted with caution. Another possibility, which we did not
explore here, would be to use functional connectivity MRI measure to predict subsequent
functional reactivity (Liu et al., 2011; Ploner et al., 2010) and behavior (Lanius et al., 2010;
Shannon et al., 2011).
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Conclusions
With regards to our first question, viz., can we predict fear learning, both resting dACC and
midbrain metabolism successfully predicted a subsequent autonomic measure of fear
conditioning. The relationship between resting metabolism and subsequent brain reactivity
to conditioned cues appears to be more ambiguous and complex. Within two regions, the
midbrain and the anterior insula, there was a negative relationship between the resting
metabolism and subsequent functional reactivity in the same region. For the amygdala and
the dACC, this was not the case. Instead, resting metabolism in the amygdala and dACC
predicted insula and midbrain reactivity, respectively. A general conclusion is that
individual differences in the baseline metabolic demand of a region may influence other
regions’ functional reactivity, indicating new relationships that constitute a more complete
picture of intrinsic brain activity and stimulus-induced activation changes that require
further clarification. Future studies will likely benefit from obtaining resting measures,
either by FDG PET as we did, or by resting state connectivity or arterial spin labeling
methods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

Regional resting glucose metabolism measured via positron emission tomography,
skin conductance and and functional MRI responses during fear conditioning, were
obtained from 20 healthy individuals.

Resting anterior mid-cingulate metabolism was positively, and resting midbrain
metabolism negatively, correlated with the acquisition of autonomic conditioned fear
responses, as measured via skin conductance.

Anterior insula and midbrain resting metabolism negatively correlated with their
subsequent BOLD reactivity to fear learning, while resting dACC metabolism
predicted midbrain BOLD reactivity. The results indicate a complex relationship
between resting metabolism and individual variation in fear learning.
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Figure 1. Regions activated by fear conditioning
BOLD responses (CS+ minus CS−) in the whole brain analysis overlaid on an MNI
template. In all figures, activations and positive correlations are shown in warm colours,
deactivations and negative correlations are shown in cool colours, as indicated by the colour
bar.
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Figure 2. OLD correlates ofautonomic fear responses
Correlations between conditioned BOLD and conditioned skin conductance responses in the
whole brain analysis overlaid on an MNI template. The scatter plot indicates the correlation
between BOLD beta estimates (CS+ vs. CS+) in the circled middle frontal gyrus, and in our
a priori fear network regions: the insula and midbrain cluster and differential skin
conductance responses (CS+ minus CS−).
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Figure 3. Resting brain metabolism predicts autonomic fear responses
Correlations between resting cerebral metabolic rate for glucose and differential conditioned
skin conductance responses. The average FDG map is displayed in beige, overlaid with the
metabolism-SCR correlation map masked with our a priori regions of interest The scatter
plots indicate the correlation between the circled dACC and midbrain clusters and
differential SCR.
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Figure 4a–d. Resting brain metabolism predicts BOLD signal responses
Correlations between resting metabolism and differential BOLD (CS+ vs. CS−) are
displayed on an MNI template masked with our a priori regions of interest. The metabolism
regions of interest is indicated on the beige metabolism map and the scatter plot illustrates
the observed correlations for a) midbrain, b) dACC, c) anterior insula and d) amygdala
metabolism and BOLD beta values.
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