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Abstract Extinguishing fear and defensive responses to environmental threats
when they are no longer warranted is a critical learning ability that can promote
healthy self-regulation and, ultimately, reduce susceptibility to or maintenance of
affective-, trauma-, stressor-,and anxiety-related disorders. Neuroimaging tools pro-
vide an important means to uncover the neural mechanisms of effective extinction
learning that, in turn, can abate the return of fear. Here I review the promises and
pitfalls of functional neuroimaging as a method to investigate fear extinction cir-
cuitry in the healthy human brain. I discuss the extent to which neuroimaging has
validated the core circuits implicated in rodent models and has expanded the scope of
the brain regions implicated in extinction processes. Finally, I present new advances
made possible by multivariate data analysis tools that yield more refined insights into
the brain—behavior relationships involved.
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80 K. S. LaBar
1 Introduction

Extinction is a learning process by which conditioned responses to cues that predict
appetitive or aversive reinforcers diminish following a change in stimulus or envi-
ronmental contingencies that reduce the predictive cue—reinforcer relationship.
Although extinction can occur across both aversive and appetitive contexts, here I
will only consider situations in which conditioned responses have been acquired in
response to threats. In a typical laboratory threat paradigm, extinction is assessed
when a conditioned stimulus (CS), which previously had a predictive relationship
with delivery of an aversive unconditioned reinforcer (US), is later encountered
repeatedly without reinforcement. Behavioral or physiological indices are taken as
evidence that defensive responding to the predictive CS has been extinguished.
Although there is debate regarding how changes in defensive neurophysiological
responding relate to the subjective experience of fear or anxiety to the cues or
contexts involved (LeDoux 2014), I will use the traditional terms “fear conditioning”
or “fear extinction” for the experimental procedures and underlying learning pro-
cesses, and I will present some evidence that addresses this relationship directly.
Extinction learning is the key mechanism implicated in exposure therapies, which
have demonstrated the most success in the treatment of phobias and posttraumatic
stress disorder (PTSD) (Bohnlein et al. 2020; McLean et al. 2022). Because of its
therapeutic potential, there is much interest in identifying the brain circuits that
support extinction learning in humans. This effort has implications for developing
targeted interventions that restore functionality in the relevant neural pathways.
With the advent of functional neuroimaging — especially functional magnetic
resonance imaging (fMRI) in the 1990s — it became possible to visualize blood flow
and oxygenation changes related to neuronal activity with millimeter-level spatial
precision across the entire human brain. Contemporaneous lesion and electrophys-
iological studies in rodents identified the core neural circuitry involved in extinction
learning, which characterized the important contributions of the amygdala, ventro-
medial prefrontal cortex (vmPFC), and hippocampus (Milad and Quirk 2012).
Accordingly, initial work in humans sought to apply the methodological advance
of fMRI to investigate whether this circuitry is conserved across species. Here 1
review this literature and show how its rigor has evolved over the past 25 years to ask
more sophisticated questions regarding the mechanisms of fear extinction in
humans. I begin with an assessment of methodological issues commonly encoun-
tered in neuroimaging research using fear extinction paradigms, including experi-
mental design and analytical, technical, and interpretational challenges. From there,
neuroimaging studies of fear extinction in healthy subjects will be reviewed along
with recent advances and suggestions for future work that can improve upon our
current understanding of the underlying mechanisms involved in extinction learning.
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2 Methodological Issues with Neuroimaging as a Tool
for Studying Fear Extinction

It is important to acknowledge up front that every research methodology has
idiosyncratic strengths and weaknesses and that it is critical to combine information
across multiple neuroscientific tools to characterize the brain—behavior relationships
involved. FMRI offers several advantages to studying fear extinction in humans
compared to other available neuroscientific tools. These include (1) the ability to
sample activity across the whole brain simultaneously, which is important for fear
extinction, given that the structures involved span cortical, limbic, and subcortical
brain areas; (2) spatial resolution at the single-millimeter scale; (3) its suitability for
recording concurrent psychophysiological and behavioral measures on single trials
with minimal interference; (4) its compatibility with multisensory and virtual reality
(VR) platforms to present conditioned cues and contexts in a more ecologically valid
manner; and (5) the availability of advanced analytic tools that assess not only
magnitude estimates in individual brain regions but also distributed activity patterns
over space and time, functional connectivity across regions, and the configuration of
network architectures using graph-theoretic approaches.

Despite these appealing facets of fMRI as a methodology, there are also several
limitations that impact the inferences that can be drawn. One overlooked issue is that
the MRI scanning environment is not affectively neutral and may create conditions
that can interfere with extinction learning for some participants. Claustrophobia is a
risk factor for MRI scanning; the scanner bore is isolating, dark, and noisy; and fear/
anxiety are enhanced when participants enter the scanner as measured by self-report
and by spontaneous brain activity patterns that index specific emotions (Kragel et al.
2016). Given these considerations, the scanner itself can serve as a contextual
reminder of a prior fear acquisition experimental phase or threats in general, and
the ambient noise level limits the effectiveness of auditory cues as CSs or startle
probes, which are common applications in animal research (it also limits the use of
loud noises as USs). Due to practical issues including cost and human subjects
scheduling logistics, fMRI studies of extinction learning are usually conducted
within a single testing session. This design makes comparisons to animal research
challenging, as animal studies typically spread out extinction trials across several
days, and the mechanisms of massed (within-session) vs. spaced (between-session)
extinction learning are not equivalent (Plendl and Wotjak 2010).

Additional significant limitations relate to the hemodynamic signal itself. The
blood oxygen level-dependent (BOLD) signal extracted and quantified in fMRI
research is an indirect measure of neuronal activity (Logothetis and Wandell
2004). The BOLD signal elicited in subcortical structures like the amygdala is
weak (typically less than 1% signal change is observed), which biases fMRI toward
cortical activation sites. Increasing the number of data samples from a participant can
improve the signal-to-noise ratio. However, fear acquisition, extinction, and recov-
ery all tend to happen quickly in healthy human subjects, which makes capturing
these processes challenging with neuroimaging tools. The BOLD signal is also prone



82 K. S. LaBar

to magnetic susceptibility artifacts in structures that lie adjacent to ventricles, sinus
cavities, or bone (Ojemann et al. 1997). Unfortunately, many brain areas implicated
in animal studies of extinction are subcortical and/or reside in such susceptibility
zones, including the amygdala, hippocampus, vimPFC, periaqueductal gray, and the
hypothalamus. These issues are partially overcome by using special imaging pro-
tocols that minimize the signal distortions (Morawetz et al. 2008; Song 2001), by
using more lenient small-volume corrections for multiple comparisons in subcortical
regions rather than correcting uniformly across all voxels in the brain, and by relating
brain and behavioral signals on a trial-by-trial basis (Lim et al. 2009; Visser et al.
2016).

Furthermore, the BOLD signal cannot readily distinguish between excitatory and
inhibitory processes. The BOLD signal may be inherently biased toward capturing
excitatory processes because it is most closely tied to local field potentials, and the
spatial distribution, geometric alignment, and neuronal proportions of post-synaptic
inputs contributing to local field potentials tend to favor excitation (Logothetis 2001;
Logothetis and Wandell 2004). Nonetheless, both inhibitory and excitatory neuronal
processes require oxygen. Thus, an increase in BOLD signal could be seen in either
case. The BOLD signal is further increased when excitatory and inhibitory inputs are
compared locally to determine axonal firing compared to excitation/inhibition alone
(Logothetis and Wandell 2004). Depending on how it is implemented neuronally,
inhibition may even generate a pattern of both increases and decreases in BOLD
signal over time (Logothetis 2001; Moon et al. 2021). Electrophysiological studies
in animals have revealed a complex series of inhibitory and excitatory changes in
intra-amygdala pathways and between select subregions of the amygdala and other
structures (such as the prelimbic vs. infralimbic PFC) as being critical for under-
standing fear memory processes, including extinction (Herry and Johansen 2014;
Milad and Quirk 2012). The lack of clear differentiation between inhibitory and
excitatory signals hinders a thorough analysis of extinction learning in humans and
complicates predictions (e.g., should the BOLD signal in the amygdala increase for
both fear acquisition and extinction?). It is also important to keep in mind that many
electrophysiological studies in rodents measure action potentials (suprathreshold
axonal outputs) rather than local field potentials (primarily reflecting graded and
summed dendritic inputs), further complicating direct cross-species comparisons.

Issues also arise with respect to the temporal and spatial resolution of the BOLD
signal. The peak of the hemodynamic response typically occurs around 6 s after
stimulus onset. This response profile is adequate for many research questions,
particularly as it conveniently mimics typical CS durations and physiological
response profiles such as skin conductance responses (SCRs). But the temporal
sluggishness of fMRI hinders the ability of researchers to definitively address
some interesting questions that require a more acute temporal resolution. For
instance, animal studies have demonstrated that CSs engage the amygdala through
both a direct subcortical route from the thalamus and indirect cortically mediated
pathways (LeDoux 1993). However, there are debates regarding the importance and
functionality of the direct subcortical pathway to the amygdala in humans (Pessoa
and Adolphs 2010). To try to address this issue, fMRI researchers resort to
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examining functional connectivity patterns across brain regions and relating these
trial-wise pattern associations to behavior, as more direct evidence requires
millisecond-level temporal resolution that can only be obtained using invasive
intracranial recordings in human patients with epilepsy (Mendez-Bertolo et al.
2016).

The millimeter-level spatial resolution of fMRI is better than that obtained using
other non-invasive human neuroscientific methods, yet it is not possible to directly
resolve neuronal circuits to the level of subnuclei implicated in animal models of
extinction learning (e.g., detecting signal in the intercalated amygdalar nuclei, or
clearly delineating central vs. medial amygdala, basal vs. lateral amygdala, or sub-
fields of the hippocampus). Although probabilistic atlases have been created to
subdivide structures like the amygdala and hippocampus into their constituent
parts — with guidance from thinly sliced post-mortem brain tissue (Amunts et al.
2005) — there are controversies surrounding the reliability of some of these
parcellations given the lower resolution present in the MRI acquisition parameters,
even in the case of extracting hippocampal subfield volumes from 1-mm’ voxels
(Wisse et al. 2020). The evidence from probabilistic atlases can be bolstered by using
high-resolution fMRI, computational modeling, or functional connectivity
approaches. For instance, the basolateral vs. centromedial amygdalar complexes
can sometimes be differentiated on the basis of their differing computational roles
in associative learning (Boll et al. 2013) or their differential connections to cortical
areas (Brown et al. 2014). Recent advances in multivoxel pattern analysis (MVPA)
and other multivariate decoding approaches enable a more detailed look at distrib-
uted patterns of activity within structures like the amygdala and hippocampus that do
not require resolving subnuclear boundaries (Norman et al. 2006). In this case,
researchers do not spatially smooth the original fMRI data, and the analysis relaxes
the statistical criteria to include voxels that are not the most highly activated by the
task. In this way, MVPA can reveal distributed patterns with finer sensitivity than the
standard univariate analytic approach. This increased precision can help to delineate
neural circuits for fear vs. safety relevant for extinction learning because neurons that
signal negative vs. positive value during affective learning tend to be intermixed
locally in the primate amygdala and orbitofrontal cortex (Belova et al. 2008;
Morrison and Salzman 2009) and are not necessarily segregated by subnuclear
boundaries.

Like most neuroscientific measurements, evoked BOLD responses are always
quantified relative to a control stimulus and/or a preceding pre-stimulus baseline. For
this reason, many human fear conditioning studies use a within-subjects, differential-
conditioning paradigm where statistical contrasts compare brain activity to a
reinforced stimulus (CS+) relative to an unreinforced control stimulus (CS-). This
paradigm differs from many between-subjects animal studies that compare
CS-evoked responses from a group that received paired CS—-US presentations
against a group where the CS and US were delivered in a pseudorandom order as
a non-associative learning control. Because the CS- may become a safety signal in
the context of within-subjects designs (given that it is never followed by the US), it is
sometimes argued that the CS+ vs. CS- comparison is really a threat vs. safety cue
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comparison rather than a threat vs. neutral cue comparison. This consideration
makes interpreting extinction challenging because it becomes unclear in these
contrasts whether extinction-related changes are signaling a reduction in the threat/
fear value of the CS+, an increase in the safety value of the CS+, or a change in the
relative safety value of the CS- (if both the CS+ and CS- become ‘“safe” as a
consequence of extinction learning, there may even be no detectable signal that
differentiates them). It is helpful to visualize the individual parameter estimates from
each stimulus in these contrasts to help determine whether changes in processing the
CS+ or CS- are driving them, although changes in fear vs. safety value remain
challenging to dissociate. To circumvent this issue, some research groups present
subjects with two CSs during conditioning, and then they only extinguish fear to one
of these cues. In this case, BOLD responses are compared between the extinguished
CS+ and the unextinguished CS+. This comparison avoids the safety confound in the
CS+ vs. CS- extinction contrasts but introduces another confound because the
unextinguished CS+ has had additional time for the acquired fear memory to
undergo consolidation prior to the extinction test. Recent advances in MVPA may
help to partly resolve some of these issues (see “Advances using multivariate
approaches” below). These differing design features are important to keep in mind
when reading the literature and attempting to compare results to animal models.

3 Testing the Core Fear Extinction Circuit with Univariate
Analytic Approaches

With these methodological considerations in mind, I will now turn to examining how
human fMRI studies have contributed to validating animal models of fear extinction.
Although fear extinction circuits have been elaborated extensively over the years,
three core components consist of the vmPFC (infralimbic cortex in rodents), hippo-
campus, and amygdala (Maren et al. 2013; Milad and Quirk 2012). These brain
regions interact through a series of complex pathways to mediate extinction learning,
the recall of extinction learning after a delay, and the recovery of fear after extinction
has taken place. The balance of activity within these circuits, along with those that
mediate fear expression — including the anterior cingulate gyrus (ACC)/dorsomedial
PFC (prelimbic cortex in rodents) and their connections with the amygdala and
hippocampus — determine whether fear memories are expressed or not following
extinction training. The distinction between infralimbic vs. prelimbic cortex in fear
extinction vs. fear expression may not be as clear cut in rodents as the standard
model suggests, which is partly due to the overlapping bidirectional signaling
between these regions and the amygdala (Giustino and Maren 2015). In addition,
the homology between the prelimbic/infralimbic cortex in rodents and the mPFC in
humans is not straightforward.

These caveats notwithstanding, initial fMRI studies in humans began to identify
the neural correlates of within-session extinction learning. The first such study
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showed that activity in the amygdala to a CS+ transiently appears during early
extinction trials, and then dissipates as extinction learning proceeds (LaBar et al.
1998). This study was limited in spatial extent to a few brain slices centered on the
amygdala and was less informative than subsequent whole-brain studies in deter-
mining the contributions of other brain regions. A study using aversive smells as USs
also found transient amygdala activation during extinction learning, along with the
vmPFC (Gottfried and Dolan 2004). Phelps and colleagues reported activity in the
amygdala, vmPFC, and hippocampus during extinction learning, but each of these
regions more strongly signaled the CS- than the CS+ (Phelps et al. 2004). In the
Phelps et al. (2004) study, the extent of amygdala activity during extinction learning
correlated with reduced physiological arousal to the CS+, as measured by SCR. Yet
another seminal study (Milad et al. 2007) reported activity in the amygdala and
vmPFC in a CS+ > CS- contrast during within-session extinction learning.

Given that imaging studies on this topic involved small sample sizes of subjects
with mixed findings, Fullana and colleagues conducted a meta-analysis of whole-
brain activation maps from 31 fear extinction fMRI studies (Fullana et al. 2018).
When the data from these studies were averaged across all extinction learning trials,
the CS+ > CS- contrast revealed activation in the vmPFC but not in the amygdala or
hippocampus. Unfortunately, it was not possible to conduct a separate meta-analysis
to confirm the reports of transient amygdala responses during extinction learning,
due to the paucity of studies that contained a contrast comparing early vs. late
extinction trials. Furthermore, this meta-analytic approach did not apply small-
volume correction and thus may have under-reported activation in subcortical
regions like the amygdala.

Other analyses examined fMRI responses during the recall of extinction learning
after a delay, rather than initial within-session extinction learning. The motivation
for these studies is to establish any differences in mediating shorter-term vs. longer-
term extinction learning, and to test the hypothesis that the core fear extinction
network activity during initial extinction training establishes plasticity needed for
long-term consolidation of extinction memories (Santini et al. 2004). In general,
these studies simply repeated another session of extinction training 24 h later,
although the time interval has varied somewhat across studies — up to 1 week later
(Lonsdorf et al. 2014).

The Phelps et al. (2004) study mentioned above also investigated 24-h delayed
extinction recall. Activity was found in both the vmPFC and parahippocampal
cortex, although again it was greater for the CS- than the CS+. The authors further
showed that a reduction in vmPFC activity from early to late extinction learning
during the initial extinction training session predicted smaller SCRs to the CS+
during extinction recall. This latter finding suggests that, similar to rodent models,
the vmPFC may play a key role in initiating the consolidation of extinction learning
into long-term storage. Other studies compared responses to a CS+ that had under-
gone extinction the day before to another CS+ that was unextinguished. The first
study of this kind showed greater vmPFC and hippocampal activation to the
extinguished CS+ (relative to the unextinguished CS+) during extinction recall, as
well as greater vmPFC—hippocampal and vmPFC—-amygdala functional connectivity
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(Milad et al. 2007). Activity in both the hippocampus and vmPFC at extinction recall
correlated with a physiological index of extinction retention, as measured by SCR.

Fullana et al. (2018) conducted a meta-analysis of fMRI studies of extinction
recall (N = 16). The meta-analysis initially pooled data across studies that used a CS
+ vs. CS- comparison along with those that used an extinguished CS
+ vs. unextinguished CS+ comparison. This pooled analysis did not reveal reliable
activity across studies in the vimPFC, amygdala, or hippocampus, although it may be
inappropriate to pool data across studies with such different statistical contrasts. A
separate sub-analysis on the 9 studies using the latter contrast type did reveal
consistent activity in the vmPFC and hippocampus but not the amygdala. Similar
limitations of this meta-analysis apply as mentioned above for the meta-analysis on
initial extinction learning with respect to the null findings in the amygdala.

In sum, neuroimaging studies have provided some support for the core model of
fear extinction. The studies conducted to date have more consistently implicated the
vmPFC than the hippocampus or amygdala during both initial extinction learning
and extinction recall, although methodological limitations have hindered a thorough
analysis of the amygdala’s involvement, which may be transient and/or lower in
signal amplitude compared to cortical regions. Functional connectivity patterns
suggest that these regions act in concert during initial extinction learning and
extinction recall, a point which will be elaborated later in the discussion of fear
renewal and reinstatement.

4 Context Sensitivity of Extinguished Fears:
Methodological Considerations for Renewal
and Reinstatement Tests

The analyses summarized in the prior section focused on cue-driven activity signi-
fying extinguished representations of prior threats. However, the core fear extinction
circuit is also hypothesized to play a key role in the contextual disambiguation of
threat from safety signals. A major tenet of associative learning theory is that
extinction is more fragile and context-dependent than fear acquisition (Bouton
2000; for alternate theoretical views, see Dunsmoor et al. 2015). According to this
perspective, extinction learning creates a new, safe memory trace for conditioned
threats that competes for expression of the original fear acquisition memory and that
contextual cues can bias the expression of either the threat or safe memories
associated with a cue (Bouton 1993). Context effects on conditioning and their
neurobiological mechanisms have been well documented in animal models, which
emphasize the role of the hippocampal system and its interactions with fronto-
amygdala circuits that mediate either fear expression, including the dorsal anterior
cingulate (AACC) and dorsomedial prefrontal cortex (dmPFC), or safety signaling in
the vmPFC (Maren et al. 2013).
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In animal studies, contextual manipulations are typically done in a holistic,
multimodal fashion by moving the research subject from one cage to another that
varies in visual, tactile, olfactory, and/or auditory background cues. Behavioral and
neural responses to conditioned threat cues can then be compared across experimen-
tal phases conducted in different cages — the initial fear acquisition context, the
extinction context, and novel contexts. When extinguished threat cues are subse-
quently re-encountered in the original threat context or a novel context, fear
responses tend to recover (termed “fear renewal”). Similarly, when extinguished
threat cues are presented in a context where a threat reminder was recently encoun-
tered, fear responses tend to recover (termed “fear reinstatement”). Both of these
cases illustrate the fragility and context dependency of extinction learning. The
return of fear in these paradigms is typically short-lived, as the conditioned
responses re-extinguish quickly when the cue continues to be presented without
aversive reinforcement.

The translation of these paradigms to humans is complicated by the ability to
effectively manipulate environmental contexts. In a direct analogy to rodent studies,
LaBar and Phelps (2005) physically moved human participants from one testing
room to another that differed in multimodal background cues to demonstrate that fear
reinstatement was context-specific and impaired in amnesic patients. This kind of
manipulation, however, is not feasible in an MRI scanner. Consequently, some
researchers investigate fear reinstatement without demonstrating its context speci-
ficity. Others use relatively simple context manipulations like changing the visual
features of the background screen in which the CSs are presented. Such 2-D
unimodal context manipulations, though, are weaker and less likely to engage
hippocampal-dependent mechanisms than multimodal, holistic environment shifts.
The hippocampal system particularly engages with more complex forms of relational
processing across both spatial and temporal cues, along with navigation-based
coding of environmental layouts (Bird and Burgess 2008). Cell assemblies in the
medial temporal lobes are sensitive to self-generated movement parameters that link
environmental features to the location of the organism in space via head-direction
cells, grid cells, place cells, and path integration mechanisms (Aery Jones and
Giocomo 2023).

To engage these relational and navigational mechanisms, neuroimaging investi-
gators are increasingly integrating 3-D virtual reality (VR) technology into their
extinction paradigms to enhance the ecological validity and robustness of context
manipulations. Using VR, participants navigate through 3-D virtual worlds in which
they experience a feeling of immersion (“presence”) in the environments while
encountering dynamic conditioned threats, like slithering snakes, or safety cues
along their path. Context manipulations then involve a holistic environmental shift
where the same CSs are re-encountered in a completely different virtual world (e.g.,
shifting from a house interior to a wooded outdoor scene (Huff et al. 2010)),
sometimes accompanied by changes in background auditory cues. Behavioral stud-
ies using 3-D VR have shown that conducting extinction training in multiple virtual
contexts reduces subsequent fear reinstatement relative to single-context extinction
training (Dunsmoor et al. 2014) and that extinction learning takes longer when
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remaining in the acquisition context, rather than shifting to a novel context, on a
delayed extinction test (Huff et al. 2011). Although the confines of an MRI scanner
prevent movement and limit the field of view relative to behavioral work, researchers
can simulate passive navigation along a forward-moving path through a 3-D virtual
world in a first-person (“egocentric”’) perspective. In the following sections, I
selectively review the evolution of fMRI studies from 2-D to 3-D context manipu-
lations that evaluate the role of the core fear extinction circuit on fear renewal and
reinstatement.

5 Fear Renewal

The first fMRI study on contextual fear renewal following extinction superimposed
CSs on different 2-D colored screens that were paired with (or without) background
sounds (Kalisch et al. 2006). The vmPFC and anterior hippocampus were preferen-
tially active and functionally coupled during extinction recall when the CS+ was
re-experienced in the extinction context but not the acquisition context. At a more
relaxed statistical threshold, the amygdala was more engaged in the CS+ > CS-
contrast during extinction recall in the original acquisition context than the extinc-
tion context.

Although all studies reviewed so far have used aversive electric stimulation as the
unconditioned stimulus (US), other paradigms have used an interoceptive condi-
tioning manipulation that involves painful rectal distensions as a US. It is unclear
whether the conditioning mechanisms for internal visceral pain are similar to those
for external threats. Nonetheless, one study of this type examined contextual effects
on fear renewal by changing the background color of the CS and the corresponding
illumination of the scanner bore (Icenhour et al. 2015). There were no significant
changes in the hippocampus or amygdala, but vmPFC signaling of the CS- was
boosted upon returning back to the original acquisition context after extinction. This
study, however, failed to find statistically significant renewal effects behaviorally or
physiologically, suggesting that the contextual manipulation was relatively
ineffective.

Hermann and colleagues used 2-D pictures of rooms with embedded color CSs to
investigate fear renewal in both the original acquisition context and a novel context,
compared to extinction recall in the extinction context (Hermann et al. 2016). To
account for individual differences in the effectiveness of the experimental manipu-
lation, the imaging data were further broken down into subgroups of participants
who demonstrated higher vs. lower SCRs in each renewal context. Participants who
exhibited higher SCR evidence for renewal in the acquisition context had greater
amygdalar, dACC, insular, and hippocampal activity in the CS+ > CS- contrast
compared to extinction recall. Across all participants, fear renewal in the novel
context was associated with greater left hippocampal activity in the CS+ > CS-
contrast compared to extinction recall, whereas right hippocampal activity was
greater during extinction recall than in the novel context. The differential
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hippocampal effects were also associated with differences in functional connectivity
patterns in the same contrasts: relative to low-SCR participants, high-SCR partici-
pants exhibited greater functional connectivity between the left hippocampus and the
dACC, insula, and vmPFC, whereas the right hippocampus was more strongly
coupled with the amygdala and other portions of the hippocampus.

The first fMRI study applying 3-D VR to investigate context-dependent fear
renewal displayed dynamic snakes and spiders as CSs during passive navigation
through one virtual world for acquisition, another virtual world for extinction, and
then both of these virtual worlds on a 24-h delayed extinction recall/fear renewal test
(Ahs et al. 2015). Fear renewal was established physiologically through SCR
analyses and behaviorally through subjective anxiety and shock expectancy ratings.
Region-of-interest analyses focused on the amygdala, hippocampus, vmPFC, and
dmPFC, and results were broken down by early vs. late portions of the test sessions
on Day 2, given that fear renewal tends to be transient. Activity in the vmPFC was
greater to the CS- than the CS+ on Day 2 overall but was especially greater in this
contrast during the early portion of extinction recall relative to fear renewal. The
hippocampus also showed greater responses to the CS- than the CS+ during the later
portion of extinction recall. By contrast, activity in the dmPFC was greater to the CS
+ than CS- on Day 2 overall but was especially greater in this contrast during the
later portion of fear renewal relative to extinction recall. Individual differences in
SCRs generated to the CS+ during fear renewal were correlated with the dmPFC
activity (and amygdala at a lower threshold). Structural equation modeling further
elucidated how activation in the hippocampus and amygdala in the CS+ > CS-
contrast was statistically mediated through the vimPFC/dmPFC as a function of the
context manipulation on Day 2. Results from this analysis indicated that during
extinction recall, the vmPFC partially mediated the relationship between right
hippocampal and amygdala signaling, whereas during fear renewal, the dmPFC
fully mediated this relationship. These functional relationships provided additional
insights into the reorganization of the network from extinction recall to fear renewal
than what was observed from the mean activity levels in the regions.

Finally, Zabik and colleagues directly compared 3-D vs. 2-D VR effects on the
neural correlates of fear renewal and extinction recall (Zabik et al. 2023). For the 2-D
task, the CSs were colored lights embedded in outdoor pictures, and the US was a
loud noise. For the 3-D task, the CSs were colored bags embedded in outdoor virtual
worlds and the US was a hissing snake that popped out of the bag. Note that the US
types were not the same across the two studies, and they differed from all other fMRI
studies discussed so far. There were no physiological indices of conditioned fear
taken during this study; participants only reported whether they felt the US delivery
was likely or not. During both extinction recall and fear renewal, hippocampal
activity was greater overall on the 3-D task than on the 2-D task (main effect of
task). The amygdala showed a main effect of time during fear renewal, becoming
larger over time in both tasks. The dACC showed different effects during fear
renewal, with larger responses to the CS- on the 2-D task but larger responses to
the CS+ on the 3-D task.
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Overall, these initial studies on fear renewal indicate context-dependent changes
in the core components of the fear conditioning and extinction circuits identified in
animal models. However, results to date are inconsistent across studies. Differences
in the experimental designs make comparisons across studies challenging. From the
single study that directly compared 2-D vs. 3-D context manipulations (Zabik et al.
2023), it does appear that hippocampal engagement is stronger overall when condi-
tioned cues are presented in 3-D environments, suggesting enhanced cue-context
binding in VR simulations. These studies also indicate that it is important to consider
not just the overall magnitude of activity in the brain regions but, perhaps more
importantly, their functional connectivity, mediated patterns of co-activation across
structures, and relationships with individual differences in physiological expression.

6 Fear Reinstatement

Lonsdorf and colleagues examined reinstatement to both cues and background
contexts across two cohorts of participants (Lonsdorf et al. 2014). They reported
more robust fear reinstatement for contexts than cues, which was associated with
amygdala activity (that decreased over time in one of the cohorts) and the anterior
hippocampus, which increased in strength from the extinction recall rest to rein-
statement. Reinstatement of cued fear was associated with vmPFC activity, but at a
reduced statistical threshold in the replication cohort. In a follow-up study on cued
fear, Scharfenort and Lonsdorf (2016) found that reinstatement was associated with
increased hippocampal activation to the CS+ and decreased activation to the CS- in
the vmPFC, relative to the end of extinction training. Reinstatement-induced activity
in the vmPFC negatively correlated with SCRs to the CS-. This study also examined
generalized reinstatement (reinstatement effects to both the CS+ and CS-) as a
potential model of overgeneralization relevant for anxiety disorders, but those results
are not reported here.

A large, multi-site study reported increased activation in the hippocampus and
ACC to the CS+ following reinstatement but no significant effects in the vimPFC or
amygdala (Ridderbusch et al. 2021). It should be noted that this latter study differed
from other reinstatement studies in multiple ways: it implemented an instructed fear
paradigm (participants were told ahead of time which CS predicted the US), it used
24-h delayed extinction training, and it did not obtain physiological evidence for
conditioned learning. Finally, Hermann and colleagues (2020) compared both
renewal and reinstatement of fear following extinction learning in either a single
extinction context or multiple extinction contexts. Compared to single-context
extinction, multi-context extinction reduced amygdala activation to the CS+ on
both renewal and reinstatement tests. These results are consistent with theoretical
accounts suggesting that conducting extinction in multiple contexts should reduce its
context dependency and lead to more robust extinction (for a discussion of different
mechanisms that might account for the beneficial effects of multi-context extinction,
see Dunsmoor et al. (2014)).
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As with the discussion on fear renewal, fear reinstatement paradigms broadly
implicate the core extinction circuitry, but results vary across studies. Due to
paradigmatic differences, it is difficult to compare these studies directly. More
studies using basic neuroscience approaches are clearly warranted on these topics.
This line of work can advance knowledge of fear recovery mechanisms that have
translational relevance for understanding the effectiveness of exposure therapy and
persistence of acquired threat associations in disorders of fear and anxiety. As
introduced above, the studies to date have largely relied on traditional univariate
approaches to neuroimaging and, in some cases, have been focused on targeting the
core structures implicated in animal models. Thus, there is a need to consider other
contributing structures to human extinction learning and return-of-fear phenomena
beyond the amygdala, hippocampus, and vmPFC. In addition, sophisticated multi-
variate analysis tools may provide unique insights into understanding how distrib-
uted representations of cues and contexts change during extinction learning,
extinction recall, and fear recovery. Finally, considering individual differences
may uncover important brain—behavior relationships and moderating influences
that are obscured when conducting group-averaged analyses. Recent advances on
these fronts are reviewed next. Return-of-fear mechanisms are also discussed in
greater detail in the Monfils and Woodford chapters in this volume.

7 Expanding the Core Model

Many of the studies reviewed above reported activation in regions outside the core
extinction circuit. The cerebellum is one brain region that has been implicated in fear
learning and extinction processes across species. In their meta-analysis, Fullana and
colleagues demonstrated reliable anterior cerebellar activation during extinction
learning (Fullana et al. 2018). A high-field imaging study further indicated a role
for the cerebellum in fear renewal (Batsikadze et al. 2022). Using an
MRI-compatible VR stimulation that manipulated the distance between the condi-
tioned stimuli and the research participant, Faul and colleagues reported that the
cerebellum plays a particular role in the extinction and reinstatement of nearby
threats (Faul et al. 2020). This finding was interpreted as part of a reactive circuit
specialized for threat imminence. Cerebellar pathways in fear learning, fear memory
retention, and extinction learning have been established in rodent research via
connections that modulate processing in the amygdala, periaqueductal gray, and
prefrontal cortex (Frontera et al. 2020; Jung et al. 2022; Lawrenson et al. 2022;
Sacchetti et al. 2007).

In their meta-analysis, Fullana and colleagues (2018) noted that the dACC and
insula were also reliably activated during extinction learning and extinction recall.
These regions are engaged in some fear renewal and reinstatement paradigms (see
the prior section), albeit less consistently. Rodent studies do implicate the prelimbic
cortex in conditioned fear acquisition and expression, but there is more evidence for
its involvement in appetitive extinction (Moorman and Aston-Jones 2023) than in
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fear extinction. Santini and colleagues further showed that inhibiting protein syn-
thesis in the infralimbic cortex — but not in the insula — impaired consolidation of
extinction learning in rodents (Santini et al. 2004). Although earlier rodent work had
identified the insula as a structure important for conveying US information to the
amygdala during fear conditioning, more recent studies suggest that the
periaqueductal gray region may instead play this role (Herry and Johansen 2014).
Thus, the human fear extinction circuit may be broader in scope than in rodents (for
an even broader implication of large-scale networks using functional connectivity
metrics, see Wen et al. 2021). Recent studies reveal contributions of other brain
regions in rodents, but these tend to be adjacent regions in the medial temporal lobe,
such as the entorhinal cortex (Baldi and Bucherelli 2015), or subcortical areas, such
as the periaqueductal gray (Herry and Johansen 2014) or thalamus (Silva et al.
2021). In humans, the amygdala tends to be co-activated along with portions of
the ACC and insula as part of the salience network, as revealed in resting-state fMRI
studies (Menon 2015). Large-scale cognitive and affective functions are generally
more widely distributed in humans than in rodents, which parallels the expansion of
neocortex (and its subcortical connections) in primates and more recent adaptations
in the hippocampus, insula, ACC, and other association cortices in hominids
(Allman et al. 2001; Craig 2011; Kaas 2012; Pine et al. 2021). That being said,
neuroimaging studies can only reveal brain activity that correlates with the task
design and cannot identify which neural components are critical for task perfor-
mance, which may explain why imaging studies indicate participation of a broader
set of brain regions. Neurologic patients with damage to the amygdala (and sur-
rounding cortex), vimPFC, and cerebellum exhibit deficits in conditioned fear learn-
ing (Battaglia et al. 2020; Bechara et al. 1995; LaBar et al. 1995; Maschke et al.
2000; Peper et al. 2001; Phelps et al. 1998; Weike et al. 2005) but see (Ahs et al.
2010)), and amnesic patients with hippocampal damage are impaired in fear rein-
statement (LaBar and Phelps 2005). Establishing the essential role of these and other
brain regions in extinction learning is challenging, however, given that fear acqui-
sition is either partially or fully impaired prior to extinction taking place. Based on
these considerations, an expanded model of the fear extinction circuit is presented in
Fig. 1.

8 Advances Using Multivariate Approaches

Multivariate analyses have advanced knowledge about how conditioned fear asso-
ciations are maintained or recovered over time, how the patterns of brain activity
relate to behavior in a more refined manner, and how representations of conditioned
stimuli dynamically change as a function of extinction learning (for a review, see
Hennings et al. 2022a). For instance, Visser and colleagues captured multivoxel
patterns of trial-to-trial correlations in responding to face and house CSs during fear
conditioning and a ~4-week delayed memory test (Visser et al. 2011, 2013),
followed by extinction learning (Visser et al. 2013). They compared these
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" cerebellum

Fig. 1 An expanded model of fear extinction circuitry. Core regions are based on the traditional
model initially developed from rodent studies; this core circuit has been partially validated in human
imaging studies. Expanded regions include additional brain areas implicated in meta-analyses of
human neuroimaging studies, as well as areas identified in rodent studies but not as well validated in
humans. dACC dorsal anterior cingulate gyrus, PAG periaqueductal gray, thal thalamus, vimPFC
ventromedial prefrontal cortex

trial-wise correlated brain activation patterns as a function of both stimulus identity
(correlations between successive presentations of the same stimulus class, such as
face CS-s) as well as correlations between different classes of stimuli that shared a
reinforcement history (e.g., correlations between presentations of face and house
CS +s). As fear learning progressed, the both the within-class (face—face) and
between-class (face—house) correlations increased to the CS + s across many brain
regions whereas those to the CS-s did not. These trial-wise correlations subsequently
decreased during extinction learning. The correlation patterns emerged even in brain
regions that showed no univariate difference in activation, indicating that the MVPA
approach is more sensitive as a neural index of fear learning and extinction. In
addition, the MVPA-derived fear learning index predicted individual differences in
subsequent fear retention, such that individuals with greater between-stimulus brain
correlations to the CS+ in frontolimbic brain areas during conditioning had higher
pupillary responses to the CS+ during the delayed retention test. Again, these results
could not be explained by differences in univariate activation during conditioning in
the same brain regions.

As introduced earlier, one central tenet of associative learning theory is that
experimental contexts across conditioning phases establish different memory traces
that compete for expression, such as threat associations to the CS+ established
during acquisition and safety associations to the same stimulus during extinction
(Bouton 1993). It has been challenging to determine how the representation of a cued
threat changes as a function of extinction learning, or whether it is possible to
distinguish the acquisition and extinction representations. MVPA methods provide
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a solution by quantifying how the correlated patterns of brain activity change to
conditioned stimuli from the late acquisition phase to the early and late portions of
extinction training (Faul et al. 2020; Graner et al. 2020). To facilitate the contextual
distinction between experimental phases, immersive VR was used in the MRI
scanner to create different 3-D background contexts for acquisition and extinction
training. In one study, ROI analyses showed that activity patterns in the amygdala,
hippocampus, and vmPFC become more dissimilar to the CS+ as extinction pro-
gresses, with analogous whole-brain results in the cingulate gyrus, insula, cerebel-
lum, visual cortex, and somatosensory cortex (Graner et al. 2020). By contrast,
correlated activity patterns to the CS- were flat during extinction, which was
interpreted to indicate a selective time-dependent carryover of threat representations
into the early extinction trials for the CS+. Similar to the Visser and colleagues’
results described above (Visser et al. 2011, 2013), the findings could not be
accounted for by mean univariate activity in the ROIs. Using a similar analysis
and a 3-D VR paradigm in which the virtual distance to conditioned threats was
manipulated, Faul et al. (2020) showed that the correlated patterns in the cerebellum
during extinction were less differentiated compared to late acquisition when the CS+
was encountered in close proximity to the participant. Moreover, this lack of
differential cerebellar patterning between experimental phases predicted subsequent
fear reinstatement to the CS+ the following day for both near and far threats.

The separability of acquisition and extinction memories has also been explored
using a trial-unique conditioning approach in which different exemplars of animals
and tools were used as conditioned stimuli during acquisition and extinction training
(Hennings et al. 2022b). The multivariate fMRI activity patterns between these trial-
unique events were then compared to an explicit memory retrieval task for the same
items the following day. The representational similarity was greater for CS+ than for
CS- items from the conditioning phase in the dACC, insula, cerebellum, and several
frontoparietal regions, whereas the same analysis from the extinction phase revealed
greater similarity in the vimPFC. Other cortical regions exhibited pattern similarity
across both acquisition and extinction phases in the same CS+ > CS- comparison.
The posterior hippocampus exhibited greater representational similarity for stimuli
from the fear conditioning phase (irrespective of CS type), whereas the anterior
hippocampus exhibited greater representational similarity for stimuli from the
extinction phase (irrespective of CS type). These results extend the MVPA analyses
from prior studies by showing how MVPA-based representations at the individual-
trial level from acquisition and extinction phases of learning carry over to subsequent
re-encounters to the same stimuli after extinction has taken place. For additional
analyses of this paradigm that demonstrate the value of MVPA in revealing mental
representations of the extinction context during a subsequent fear renewal test, see
Hennings et al. (2020).
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9 Relating Fear Extinction Correlates to Individual
Differences in Affect

Most fMRI research averages the data across all participants in the study to charac-
terize the neural correlates of extinction learning and recall. However, individual
differences in the subjective experience of fear and anxiety, physiological expres-
sion, emotion regulation abilities, and related genetic and neurobiological constructs
can be leveraged to better understand brain—behavior relationships in extinction. A
central question in the field is the extent to which conditioning and extinction
processes pertain to the subjective experience of fear and anxiety. Although there
are arguments that the experience of fear and conditioned learning may be dissocia-
ble in terms of brain systems (LeDoux 2014; LeDoux and Pine 2016), these
constructs are inter-related. When subjective experience is queried intermittently
during conditioning procedures, fear and anxiety ratings increase during fear acqui-
sition/renewal/reinstatement and decrease during extinction learning/recall, along
with reports of negative valence and arousal (Ahs et al. 2015; Batsikadze et al. 2022;
Braem et al. 2017; Dirikx et al. 2004; Feng et al. 2016; Hermans et al. 2005;
Lonsdorf et al. 2014; Raes et al. 2014; Schiele et al. 2016).

Individual differences in these subjective experiences and trait affect constructs
impact the neural correlates of extinction. One study found that subjective fear
ratings correlated with the multivariate amygdala response during extinction to a
CS+ paired with an actual shock but not to a CS+ that was paired with a visual image
of a shock (Braem et al. 2017). In addition, state anxiety ratings taken at the end of
acquisition training predict a persistence in the amygdala’s multivariate response to
the CS+, relative to a CS-, throughout extinction (Graner et al. 2020). Individual
differences in trait anxiety are associated with increased amygdala activation and
reduced dACC activation during extinction (Sehlmeyer et al. 2011). Conversely,
individuals who have better emotion regulation abilities as indexed by cognitive
reappraisal exhibit enhanced vmPFC engagement during extinction recall (Hermann
et al. 2014). Although beyond the scope of this review, these findings have impli-
cations for more in-depth investigations of extinction processing as a model system
for disorders of fear and anxiety (Cooper and Dunsmoor 2021; Craske et al. 2018;
Milad and Quirk 2012) and as a predictor of treatment response in clinical settings
(Scheveneels et al. 2021).

10 Conclusions and Future Directions

Since its discovery in the early 1990s, fMRI has provided an unprecedented look
into whole-brain activation patterns, connectivity, and dynamics involved in extinc-
tion learning. While the method has some limitations in terms of temporal resolution
and sensitivity to smaller subcortical brain areas, it has provided important insights
into fear extinction circuits and their role in extinction recall and return-of-fear
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phenomena. Some of the brain regions implicated in rodent models have been
partially validated in humans, while others such as the ACC, insula, and cerebellum
have gained new prominence in meta-analytic summaries. Recent advances in
multivariate analytic tools have demonstrated greater sensitivity than traditional
univariate methods to reveal contributions of the core extinction circuit in the
amygdala, vmPFC, and hippocampus.

Future work can build upon these advances by developing more ecologically
valid paradigms (i.e., through the use of VR/augmented reality) to characterize how
contextual factors bias threat vs. safety signaling in the brain. Computational
modeling, multivariate analyses, and machine learning tools can further an under-
standing of the component processes involved in extinction, relate the brain data to
key theoretical constructs, and disentangle the mnemonic representations established
by different phases of conditioned learning. Few studies to date have combined
fMRI with neuromodulatory approaches, such as transcranial magnetic stimulation,
pharmacologic manipulations, or neurofeedback, to unpack which components of
the broader circuitry are critical for effective learning. Larger sample sizes are
needed to reliably assess how individual difference variables such as subjective
fear/anxiety, intolerance of uncertainty, or other genetic/trait predispositions of
affect provide susceptibility or resilience to the neural mechanisms of extinction
and fear recovery. Finally, brain imaging can be combined with renewed efforts to
behaviorally optimize and personally tailor extinction learning to prevent fear
overgeneralization as a precursor to developing novel exposure-based interventions
for clinical affective disorders.
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