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ABSTRACT

Smaller hippocampal volume is associated with increased risk for PTSD following trauma, but the hippocampal
functions involved remain unknown. We propose a conceptual model that identifies broad impairment in hip-
pocampus-dependent associative learning as a vulnerability factor for PTSD. Associative learning of foreground
cues and background context is required to form an integrated representation of an event. People with poor
associative learning may have difficulty remembering who or what was present during a trauma, where the
trauma occurred, or the sequence of events, which may contribute to PTSD symptoms. We argue that associative
learning difficulties in PTSD exist for cues and context, regardless of the emotional nature of the information.
This contrasts with PTSD models that focus exclusively on threat-processing or contextual-processing. In a meta-
analysis, people with PTSD exhibited poor associative learning of multiple information types compared to those
without PTSD. Differences were of medium effect size and similar magnitude for neutral and negative/trauma-
related stimuli. We provide evidence for associative learning difficulties as a neurocognitive pathway that may

contribute to PTSD.

1. Introduction

Trauma exposure is common. Approximately 60% of children
(McLaughlin et al., 2013) and 75% of adults (Kessler et al., 1995;
Kessler, 2000; Roberts et al., 2011) will experience a traumatic event.
As many as 8% of those exposed to trauma develop post-traumatic
stress disorder (PTSD) (Breslau, 2004; Breslau and Davis, 1992; Kessler
et al., 1995, 2005; McLaughlin et al., 2013). The public health con-
sequences of PTSD are profound. Individuals with PTSD are at increased
risk of major depression (Breslau et al., 2000), substance dependence
(Breslau et al., 2003), physical health problems (Kubzansky et al., 2007;
Zayfert et al., 2002), and marital instability (Kessler, 2000). A person
with PTSD misses 3.6 days of work per month on average due to the
disorder, and lost productivity is valued at over 3 billion dollars each
year in the U.S. (Kessler, 2000). Although evidence-based interventions
have been developed that are effective for many people, as many as half
of people with PTSD fail to respond to these interventions (Foa et al.,
1991; Marks et al., 1998; Resick et al., 2002) and many exhibit a
chronic course that lasts for years (Kessler et al., 1995; McLaughlin
et al., 2013; Perkonigg et al., 2005).

Greater understanding of the mechanisms that contribute to the
onset and persistence of PTSD is necessary in order to develop novel
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interventions for those who do not respond to established treatments.
Here, we propose a novel mechanism that might explain why some
people are more vulnerable to developing PTSD after a traumatic event.
Specifically, we argue that difficulties with hippocampus-dependent
associative learning prior to trauma exposure contribute to the onset
and persistence of PTSD. In this paper, we briefly review prevailing
threat-based models of PTSD. We articulate a complementary associa-
tive learning model of PTSD and offer five falsifiable predictions based
on this model. We then present a meta-analysis of the existing literature
on associative learning and PTSD to test these predictions. We end by
discussing the implications of this model and directions for future re-
search.

1.1. Prevailing threat-based models of PTSD

People with PTSD re-experience the traumatic event in the form of
intrusive thoughts, memories, and nightmares; exhibit strong psycho-
logical and physiological reactions to trauma reminders; and experience
chronic elevations in arousal, even in safe environments (American
Psychiatric Association, 2013; Pole, 2007). These re-experiencing and
arousal symptoms often lead to high levels of avoidance of both internal
reminders of the trauma (e.g., thinking about the event) as well as
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external reminders (e.g., people, places, and stimuli that are associated
with the traumatic event). Additionally, people with PTSD often ex-
perience altered cognition after the trauma, such as an inability to re-
call important aspects of the trauma or persistent and distorted blame.

Prevailing conceptual models of the onset and persistence of PTSD
focus on threat processing, fear learning, and prefrontal-amygdala cir-
cuitry to explain many of these symptoms (Foa and Kozak, 1986;
Jovanovic and Ressler, 2010; Liberzon and Sripada, 2007; Mineka and
Oehlberg, 2008). Within these models, neutral stimuli present during a
traumatic event become associated with threat and elicit conditioned
fear. This conditioned fear then generalizes to a wide range of stimuli
that resemble those present during the trauma. The amygdala, which is
responsible for the acquisition and expression of conditioned fear
(Johansen et al., 2011; Kim and Jung, 2006; Phelps, 2006), may exhibit
elevated activation to potential threats. Difficulty extinguishing condi-
tioned fear to trauma cues that no longer predict danger or inhibiting
fear in the presence of cues that signify safety may further contribute to
inappropriate fear expression. Differences in the function of the ven-
tromedial prefrontal cortex (vmPFC), which modulates amygdala re-
activity to extinguish and inhibit conditioned fear after extinction
learning (Milad and Quirk, 2012; Phelps et al., 2004; Quirk et al.,
2000), may contribute to the persistent fear and arousal observed in
people with PTSD as a result of greater difficulty retaining extinction
memories to cues previously associated with threat. More recent models
of PTSD encompass additional intermediate phenotypes, including
difficulties with effortful emotion regulation, executive functioning,
and contextual processing (Liberzon, 2018; Liberzon and Abelson,
2016). For example, fear extinction memories are highly context-de-
pendent (Bouton et al., 2006) and influenced by hippocampal-pre-
frontal regulation of the amygdala (Milad and Quirk, 2012; Moscarello
and Maren, 2018). Some have proposed that people with PTSD have
difficulty using contextual information to determine whether an ex-
tinction memory should be retrieved, which may ultimately lead to
pathological fear in safe contexts (Liberzon, 2018; Liberzon and
Abelson, 2016; Maren et al., 2013). Later, we discuss difficulties with
contextual regulation of fear in relation to our associative learning
model of PTSD.

Strong evidence supports these threat models. People with PTSD
exhibit greater attention and amygdala reactivity to threat or trauma
cues than those who experienced a traumatic event but did not develop
PTSD (Fani et al., 2012; Harvey et al., 1996; Rauch et al., 2000; Shin
et al., 2004; Vermetten et al., 2007). People with PTSD also have dif-
ficulty recalling fear extinction memories (Garfinkel et al., 2014; Milad
et al., 2008, 2009) and inhibiting fear in the presence of safety signals
(Jovanovic et al., 2012, 2010, 2009; Jovanovic and Ressler, 2010) and
have reduced amygdala-prefrontal functional connectivity in response
to threatening and negative stimuli (Stevens et al., 2013; Wolf and
Herringa, 2016). Although evidence supporting these models is com-
pelling, other mechanisms may also be involved in PTSD onset and
persistence. Threat models do not account for the full range of PTSD
symptoms, such as difficulty distinguishing safe from dangerous con-
texts and difficulty recalling basic details of the traumatic event as well
as neutral and positive life events (Amir et al., 1998; Garfinkel et al.,
2014; Liberzon and Abelson, 2016; Moore and Zoellner, 2007; Ono
et al., 2016; van der Kolk and Fisler, 1995).

Here, we present a conceptual model (Fig. 1) outlining a cognitive
and neurobiological mechanism different from those proposed by threat
models that addresses this issue. Our model builds upon prior work
focused on the role of the hippocampus in PTSD, but we articulate a
different perspective on the precise hippocampal functions that might
confer vulnerability for PTSD. We argue that individual differences in
hippocampus-dependent associative learning, present prior to trauma
exposure, might influence whether or not a person will develop PTSD
and how the disorder progresses. Specifically, we propose that poor
associative learning of both foreground cues and contextual informa-
tion prior to trauma represents a vulnerability factor for chronic PTSD
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after trauma. This pattern of associative learning should be reflected in
reduced hippocampal activation and functional connectivity with
medial temporal lobe cortical regions, sensory cortex, and PFC. Diffi-
culties with associative learning can explain multiple PTSD symptoms
and associated features that cannot be explained solely with existing
models focused on threat processing. As with any pathological pheno-
type, multiple mechanisms likely operate within an individual to con-
tribute to PTSD, and the relative importance of each mechanism likely
differs across individuals (Cicchetti and Rogosch, 1996). This associa-
tive learning model complements current threat-based models to ac-
count for heterogeneity in PTSD symptom expression, chronicity, and
responsiveness to treatment, which one mechanism alone is unlikely to
explain. Understanding the most relevant mechanisms in different PTSD
subtypes, particularly treatment-resistant PTSD, is required to tailor
interventions.

1.2. The associative learning model of PTSD

We first describe the neural circuitry that supports item, associative,
and autobiographical memory and make distinctions between these
different types of memory. We then discuss evidence that points to
impairments in hippocampus-dependent associative learning as a po-
tential mechanism underlying the onset and chronicity of PTSD. Finally,
we discuss possible pathways through which associative learning dif-
ficulties may contribute to PTSD.

1.2.1. Neural circuitry underlying item, associative, and autobiographical
memory

An autobiographical memory is a representation of a personal event
complete with sensory, emotional, semantic, and schematic informa-
tion. Structural and functional connectivity between sensory cortex;
cortical areas of the medial temporal lobe and hippocampus; and PFC
support learning, consolidation, and retrieval of autobiographical
memories (for reviews see Davachi, 2006; Eichenbaum et al., 2007;
Euston et al., 2012; Lavenex and Amaral, 2000; Mayes et al., 2007;
Squire, 1992). Information becomes increasingly integrated as it pro-
gresses through this hierarchical circuit during learning.

Different regions of sensory cortex send separate streams of unim-
odal and polymodal sensory information (e.g., visual, auditory, soma-
tosensory, visuo-spatial) to medial temporal lobe cortical regions for
integration. Different medial temporal lobe cortical regions are re-
sponsible for forming representations about cues and context (Davachi,
2006; Eichenbaum et al., 2007). Specifically, the perirhinal cortex in-
tegrates features of objects and other foreground cues (e.g., learning
that an apple is red, round, and shiny) and the posterior para-
hippocampal cortex integrates background contextual features (e.g.,
learning that an office includes a desk, chair, computer, and lamp in a
particular spatial orientation and has a continuous humming noise of a
fan). Foreground cues can occur in multiple sensory domains (e.g.,
sight, sound, smell), and contexts are typically multi-sensory. We refer
to this step as item encoding, as the representation being formed is re-
membered as a whole. It is important to note, however, that even this
phase of memory encoding requires the ability to associate multiple
features of a single item together (e.g., red, round, and shiny for an
apple; desk, chair, computer, lamp, and humming noise for an office).
Additionally, the hippocampus is involved in forming context re-
presentations, in addition to binding these representations with fore-
ground cues or events (Maren et al., 2013; Young et al., 1994).

The process by which items are bound together to form more
complex representations in the hippocampus is the focus of our paper,
and we refer to this step as hippocampus-dependent associative learning.
Item information is sent from the perirhinal and parahippocampal
cortices through the entorhinal cortex to the hippocampus, which binds
separate items together. Long-term potentiation—a form of synaptic
plasticity that underlies learning—in the hippocampus strengthens
connections between cortical neurons that fire together. Learning the
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Fig. 1. The associative learning model of PTSD.

associations between co-occurring cues, the context in which those cues
or events occur, the spatial arrangement of cues or location of cues in
context, and the temporal progression of events are all examples of
hippocampus-mediated associative learning. This type of associative
learning may also rely on medial temporal lobe cortical structures when
the items are from the same sensory domain (e.g., pairing two visual
cues involves the perirhinal cortex) (Mayes et al., 2007). Hippocampus-
dependent associative learning is critical for forming an auto-
biographical memory, regardless of the emotional nature of the event.
Neuroimaging studies demonstrate that cortical regions of the medial
temporal lobe, the hippocampus, and the PFC support associative
learning of both foreground cues and contextual information occurring
in the background of those cues in adults (DuBrow and Davachi, 2016;
Hayes et al., 2010, 2007; Henke et al., 1997; Jackson and Schacter,
2004; Kirwan and Stark, 2004; Sperling et al., 2003).

An extended network of brain regions beyond these medial tem-
poral lobe regions integrates emotional information (e.g., amygdala),
semantic information (e.g., anterior temporal cortex; ventrolateral
PFC), and appraisals based on similar experiences or schemas (e.g.,
medial PFC) into the memory (Dixon et al., 2017; Euston et al., 2012;
Moscovitch et al., 2016; Talmi, 2013). We refer to the final re-
presentation of a personal event—complete with sensory, emotional,
semantic, and schematic information—as an autobiographical memory.

During early memory consolidation and retrieval, the hippocampus
and PFC are thought to project back to the regions of the sensory cortex
that sent the original information during encoding in order to reinstate
and bind a similar pattern of activity across those regions (Hoffman and
McNaughton, 2002). While the hippocampus and PFC are both involved
in early memory consolidation and retrieval (i.e., in the first few hours
after learning), the PFC is primarily involved in late memory con-
solidation and retrieval (i.e., hours to weeks after learning) (for a re-
view, see Euston et al., 2012). The midline thalamus (i.e., rhomboid and
reuniens nuclei) connects the hippocampus and mPFC and is particu-
larly relevant for functions involving both the hippocampus and mPFC,
including transferring recent memories to remote memories (Cassel and
de Vasconcelos, 2015; Vertes, 2006).

We do not focus on amygdala-mediated associative learning of cues
during fear conditioning or extinction learning. However, hippo-
campus-dependent binding of context with foreground cues or events,
in particular, may be relevant to the ability to recall extinction mem-
ories or renew fear memories—processes that are dependent on context
and involve hippocampal-prefrontal regulation of the amygdala
(Bouton et al., 2006; Milad and Quirk, 2012; Moscarello and Maren,
2018).

731

1.2.2. Evidence for impairment in hippocampus-dependent associative
learning in PTSD

Three consistently documented findings point to impairments in
hippocampus-dependent associative learning as a key mechanism un-
derlying the onset and chronicity of PTSD: reduced hippocampal vo-
lume, poor contextual processing, and overly general autobiographical
memory in PTSD. We review each of these areas briefly, along with
complementary hippocampus-based conceptual models that have been
proposed to explain these patterns of findings.

1.2.2.1. Reduced hippocampal volume in PTSD. A substantial body of
research finds reduced hippocampal volume in people with PTSD. In
multiple meta-analyses as well as a recent large-scale consortia, adults
with PTSD have smaller hippocampal volume than those exposed to
trauma without PTSD or without trauma exposure (Karl et al., 2006;
Kitayama et al., 2005; Logue et al., 2018; Nelson and Tumpap, 2017;
O’Doherty et al., 2015). Smaller hippocampal volume also predicts
more chronic and severe manifestations of PTSD (Karl et al., 2006;
Kitayama et al, 2005; Nelson and Tumpap, 2017). Reduced
hippocampal volume may exist prior to trauma and influence
whether or not a person will develop PTSD after that trauma.
Combat-exposed veterans with severe PTSD as well as their identical
twins without combat exposure had significantly smaller hippocampal
volume than combat-exposed veterans without PTSD and their
unexposed identical twins (Gilbertson et al., 2002, 2007; Pitman
et al., 2006). The presence of reduced hippocampal volume in the
combat-unexposed identical twins of veterans with PTSD suggests that
this may be a pre-trauma vulnerability factor for PTSD rather than a
consequence of trauma exposure in adulthood or of PTSD onset;
however, this remains to be determined in longitudinal designs that
measure hippocampal volume before trauma exposure in those who
develop PTSD.

It is unclear how individual variation in hippocampal volume would
emerge prior to the trauma that precedes the onset of PTSD. Genetics or
the early shared environment may contribute to smaller hippocampal
volume in both combat-exposed veterans with severe PTSD and their
identical twins without combat exposure. Trauma exposure in child-
hood is one early-life experience that influences the development of the
hippocampus. Extensive work in animal models demonstrates the toxic
and long-lasting effects of glucocorticoids early in life on hippocampal
neurons (for a review, see Lupien et al., 2009). Specifically, enhanced
corticotropin-releasing hormone binding in the hippocampus following
chronic early-life stress reduces dendritic spines and branching in hip-
pocampal neurons in rodents, and these effects persist with age
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(Brunson et al., 2001; Ivy et al., 2010). Chronic stress in adult rats,
however, leads to dendritic atrophy in the hippocampus that lasts only
for a few weeks once the stress has ended (e.g., Conrad et al., 1999).
Consistent with these animal models, exposure to violence and other
forms of adversity early in life have been associated with reductions in
the volume of the hippocampus as well as surrounding cortical regions
in the medial temporal lobe, particularly the parahippocampal gyrus, in
humans (Busso et al., 2017; Gold et al., 2016; Hanson et al., 2015;
Lambert et al., 2017; McLaughlin et al., 2016; Teicher et al., 2012).
Childhood trauma exposure is not only associated with reduced hip-
pocampal volume, but also with increased risk of PTSD after traumatic
events experienced later in life (Breslau et al., 2014; Brewin et al., 2000;
McLaughlin et al., 2010, 2017). Reduced hippocampal volume may be
one mechanism through which childhood trauma exposure increases
vulnerability to the effects of later stressful life events and for devel-
oping PTSD (Weissman, Lambert, Rodman, Sheridan, McLaughlin,
under review).

Regardless of how individual differences in hippocampal volume
emerge, there is clearly a link between smaller hippocampal volume
(that may exist prior to trauma) and the development, chronicity, and
severity of PTSD. Despite the consistency of this evidence, however, the
precise hippocampal functions that contribute to PTSD risk remain
poorly understood (Isaac et al., 2006; Pitman et al., 2012).

1.2.2.2. Poor contextual processing in PTSD. People with PTSD may have
trouble using contextual information to disambiguate whether a cue is
threatening or not (Liberzon, 2018; Liberzon and Abelson, 2016; Maren
et al., 2013). The hippocampus is centrally involved in this process. The
PFC has dual control over fear expression, with the vmPFC inhibiting
the amygdala during recall of extinction memories and the dorsal
anterior cingulate cortex (dACC) enhancing amygdala activation during
recall of conditioned fear memories (Milad and Quirk, 2012). Through
its connections with the PFC and amygdala, the hippocampus inhibits
or promotes amygdala activity and fear expression based on context
(Milad and Quirk, 2012; Moscarello and Maren, 2018; Sotres-Bayon
et al., 2012). Fear extinction memory, in particular, is highly context-
specific (Bouton, 2004; Bouton et al., 2006). The hippocampus and
contextual cues therefore play a central role in determining whether an
extinction versus fear memory is retrieved.

Recent work shows that alterations in hippocampal function may
play a role in problems with fear extinction recall and renewal in PTSD.
Specifically, adults with PTSD have greater physiological responses to
extinguished threat cues (i.e., cues that no longer predict danger) in a
safe context than trauma-exposed people without PTSD (Garfinkel
et al., 2014; Milad et al., 2009). This fear expression is accompanied by
less activation of the hippocampus and vmPFC, and greater activation
of the amygdala and dACC in people with PTSD than trauma-exposed
controls (Garfinkel et al., 2014; Milad et al., 2009; Rougemont-Biicking
etal., 2011). A variety of processes might explain this pattern. Poor fear
extinction recall could reflect enhanced threat reactivity, exaggerated
conditioned fear, poor inhibition of fear, or weakened vmPFC mod-
ulation of the amygdala. Alternatively, the hippocampus may not be
effectively using contextual information to disambiguate whether a cue
is threatening or not and modulating amygdala reactivity accordingly.
Consistent with the latter possibility, people with PTSD also have less
physiological reactivity when re-exposed to an extinguished threat cue
in the original context where they acquired the fear compared to people
without PTSD (Garfinkel et al., 2014). This dampened fear expression is
accompanied by less activation of the vmPFC and amygdala (Garfinkel
et al., 2014). These findings of exaggerated fear in a safe context and
diminished fear in a dangerous context are difficult to explain with
prevailing models focused on enhanced threat detection, poor inhibi-
tion of fear, and weakened vmPFC-amygdala connectivity. Evidence
instead points to impaired hippocampus-dependent contextual regula-
tion of fear. Indeed, Liberzon and others propose that poor contextual
regulation of fear is a central mechanism in PTSD (Liberzon, 2018;
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Liberzon and Abelson, 2016; Maren et al., 2013).

The specific processes contributing to impaired contextual regula-
tion of fear in PTSD, however, are largely unknown. Contextual reg-
ulation of fear relies on hippocampal-PFC-amygdala circuitry and re-
quires retrieval of contextual information from past encounters with a
potentially threatening cue to facilitate accurate interpretation of that
cue in the present moment, and in turn, generate an appropriate re-
sponse. Problems with contextual regulation of fear could therefore
reflect difficulties with basic aspects of contextual processing, including
binding the individual elements of a contextual representation together
or binding context with a traumatic event (Liberzon, 2018; Liberzon
and Abelson, 2016; Maren et al., 2013). Difficulty encoding, con-
solidating, or retrieving contextual information from a traumatic event
could result in inappropriate fear, such as greater fear in a safe context
or dampened fear in a dangerous context.

We argue that difficulty encoding and retrieving contextual in-
formation may be just one example of a broader issue with associative
learning that contributes to vulnerability to PTSD. Specifically, our
model proposes that people with PTSD have associative learning diffi-
culties involving not only information about background context, but
also foreground cues that are the focus of explicit attention. Different
medial temporal lobe cortical regions are involved in forming re-
presentations about foreground cues (e.g., objects) and background
context and projecting that information to the hippocampus (for re-
views see Davachi, 2006; Eichenbaum et al., 2007). The hippocampus
supports  associative learning of different types of in-
formation—including binding foreground cues with one another and
background context with foreground cues. Our model extends those
focused explicitly on contextual processing by arguing that disruptions
in associative learning in those with PTSD occur for a wider range of
information. These difficulties with hippocampus-dependent associa-
tive learning may contribute to PTSD in part through pathways invol-
ving poor contextual regulation of fear but also through additional
pathways involving other types of memory difficulties, which we dis-
cuss in detail below.

Other cognitive models of PTSD, like those proposed by Brewin and
colleagues (Brewin et al., 1996; Brewin, 2001; Brewin and Holmes,
2003) and Ehlers and colleagues (Ehlers and Clark, 2000; Ehlers et al.,
2004), also focus on impaired hippocampus-dependent contextual
processing in PTSD. Specifically, they hypothesize that acute stress
during trauma exposure shifts neural resources away from processing
contextual and temporal information in the hippocampus and PFC in
order to focus on immediate and urgent signals of danger, such as visual
cues or one’s emotional responses, processed primarily by the amygdala
and associated salience network regions. They propose that this uneven
pattern of processing could explain both problems with remembering
key details about the time and place of the traumatic event as well as re-
experiencing some perceptual aspects of the trauma vividly in PTSD. It
is unquestionable that the way in which people process and learn in-
formation during the traumatic event shapes how they respond to
trauma cues afterwards and whether they develop PTSD. These existing
models argue that the intensity of fear and other negative emotions
during traumatic experiences is the source of associative learning dif-
ficulties for contextual and temporal details. If this were true, then
impairments in memory or associative learning in people with PTSD
should emerge only in relation to events that involve a high degree of
threat or negative emotion. However, as detailed below, a broad lit-
erature documents difficulties with autobiographical memory and as-
sociative learning not only for threat-related content or memories of
negative events, but also for neutral and positive stimuli and events
(Burriss et al., 2008; Golier et al., 2003, 2002; Guez et al., 2013, 2011;
Moore and Zoellner, 2007; Ono et al.,, 2016; Smith et al., 2015;
Tempesta et al., 2011). Additionally, memory for context-face pairings
(Barrett and Kensinger, 2010) and object-face pairings (Lambert et al.,
2019) is generally enhanced, not diminished, when facial cues are ne-
gative or threatening. These results suggest that threat cues might
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actually enhance processing of the environment, potentially to facilitate
avoidance of future threats. Based on this evidence, we hypothesize that
memory problems in people with PTSD are the result of more basic
difficulties with hippocampus-based associative learning, regardless of
the emotional nature of that information. If our hypothesis is correct,
those with PTSD should exhibit difficulties with associative learning
regardless of the presence or absence of threat and for information
occurring in the foreground as well as in the background context.

The model we present builds upon these two previous accounts of
how atypical hippocampal function might contribute to PTSD. Our
model posits that poor contextual regulation of fear and poor context
encoding during traumatic events reflect broader difficulties in asso-
ciative learning of different types of information (i.e., not just of con-
textual information) that occur even in non-threatening situations (i.e.,
not just during the traumatic event).

1.2.2.3. Overly general autobiographical memory in PTSD. People with
PTSD have overly general autobiographical memories (Brown et al.,
2014, 2013; for a review, see Moore and Zoellner, 2007; for a meta-
analysis, see Ono et al., 2016). When asked to recall a specific life event
(e.g., “When I went to the café last week, I ordered a scone”), people
with PTSD instead describe a general category of similar events (e.g.,
“When I go to the café”) or an event that took place over a long period
of time (e.g., “I went on vacation over the break”) (Moore and Zoellner,
2007). Two areas of research suggest that overly general
autobiographical memory in PTSD may reflect disruptions in
associative learning; however, future studies are needed to evaluate
this directly. First, overly general autobiographical memory in PTSD
appears to reflect memories that have fewer sensory, emotional, spatial,
and temporal details rather than fewer semantic details (Brown et al.,
2014). Impaired associative learning of foreground cues and
background context could contribute to memories lacking these
perceptual details in PTSD. Disrupted associative learning of
contextual information could lead to certain autobiographical
memory problems (e.g., not recalling where an event took place),
whereas disruptions in associative learning of foreground cues could
lead to other kinds of autobiographical memory problems (e.g., not
recalling who or what was present during the event or difficulty
remembering the sequence of events). Second, people with PTSD
have trouble recalling specific details of life events, even for neutral
and positive events (Moore and Zoellner, 2007; Ono et al., 2016),
suggesting a general memory deficit not specific to trauma memories or
even to negative or threatening content. This pattern is difficult to
explain with prevailing models of PTSD focused on enhanced threat
processing or on poor learning of contextual and temporal information
only in the presence of acute stress, but are understandable through the
lens of an associative learning model of PTSD.

If impaired hippocampus-dependent associative learning underlies
autobiographical memory differences in PTSD, then people with PTSD
should exhibit reduced hippocampal activation during auto-
biographical memory formation or retrieval. Studies examining PTSD-
related differences in hippocampal activation during encoding and re-
call of personal memories, realistic images, and verbal descriptions
have produced inconsistent results. In some studies, a PTSD diagnosis
and greater PTSD symptoms were associated with greater hippocampal
activation during encoding of realistic pictures (Brohawn et al., 2010;
Stevens et al., 2018). In other studies, however, people with PTSD ex-
hibited less hippocampal activation during encoding of realistic pic-
tures or verbal descriptions than trauma-exposed controls without
PTSD (Bremner, Vythilingam, Vermetten, Southwick, McGlashan,
Nazeer, et al., 2003; Hayes et al., 2011). Findings related to auto-
biographical memory retrieval are also inconsistent. Some studies re-
port no differences in hippocampal activation during retrieval of per-
sonal memories as a function of PTSD diagnosis or symptoms (Peres
et al.,, 2011; Whalley et al., 2013). Another study found that people
with PTSD exhibited greater hippocampal recruitment when recalling
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negative personal memories and less hippocampal recruitment when
recalling positive personal memories than controls without trauma
exposure (St. Jacques et al., 2011). Given the complexity of auto-
biographical memory, the variety of paradigms used across these stu-
dies (e.g., neutral, positive, negative, and trauma-related stimuli), and
the small number of neuroimaging studies on this topic, it is difficult to
draw clear conclusions about hippocampal function during auto-
biographical memory formation and retrieval in PTSD. Examining
hippocampal activation during more basic forms of learning and
memory that contribute to autobiographical memory, such as associa-
tive learning, may shed light on the specific hippocampal functions that
contribute to differences in autobiographical memory in those with
PTSD.

1.2.3. Disruptions in associative learning and pathways to PTSD symptoms

Disruptions in hippocampal circuitry and poor encoding, con-
solidation, or retrieval of foreground cues and contextual information
during a traumatic event could produce some of the core symptoms of
PTSD (Fig. 1). People with PTSD have fearful reactions to trauma cues
and re-experience aspects of the trauma in safe contexts (Ehlers et al.,
2002; Hackmann et al., 2004; Pole, 2007). This could reflect a failure to
associate the individual elements of a context together or to associate
the context with the traumatic event. Knowing the context in which a
traumatic event occurred helps a person to respond flexibly to trauma
reminders based on whether they encounter those trauma cues in a
context that is safe or dangerous. It has also been proposed that a failure
to combine individual contextual cues into a single contextual re-
presentation could lead to an increase in the number of cues that pre-
dict threat and thus an increase in the number of opportunities to later
encounter cues that elicit fear, ultimately contributing to PTSD
(Acheson et al., 2012). When fear conditioning occurs in the absence of
a holistic representation of context, individual contextual cues (e.g., a
dark room, a ceiling fan) may become associated with the traumatic
event. The likelihood of later encountering and being triggered by any
one of these individual contextual cues is greater than the likelihood of
encountering and being triggered by the single contextual representa-
tion of where the traumatic event actually occurred.

Problems with associative learning of foreground cues could con-
tribute to PTSD through additional pathways. In some studies, people
with PTSD have disorganized trauma memories (Foa et al., 1995;
Harvey and Bryant, 1999), which could reflect a failure to encode the
temporal progression of events during the trauma (i.e., to link events in
time into a clear sequence). People with PTSD have trauma memories
that are overly general and lacking in specific details (Amir et al., 1998;
Moore and Zoellner, 2007; van der Kolk and Fisler, 1995) and gen-
eralize fear to stimuli that resemble cues that predict threat (Grillon and
Morgan, 1999; Jovanovic et al., 2012; Lissek et al., 2005). This could
reflect a failure to associate the trauma with specific sights, smells,
sounds, and other sensory cues in the foreground.

1.2.4. Predictions of the associative learning model of PTSD

Threat processing and fear learning mechanisms are clearly relevant
to the onset and persistence of PTSD. Here, we have argued that diffi-
culties with hippocampus-dependent associative learning prior to
trauma may also contribute to PTSD and help to explain common pat-
terns observed among people with PTSD that are not readily explained
in the context of prevailing threat models. The associative learning
account is a complementary perspective to existing threat models that
may help to explain PTSD onset and persistence in some people or in a
particular sub-type of the disorder. Additionally, we argue that poor
hippocampus-based associative learning is a basic mechanism that may
contribute to problems in more complex forms of memory in PTSD,
including poor contextual regulation of fear and overly general auto-
biographical memory. In doing so, our model broadens existing hip-
pocampus-based models focused on contextual processing in terms of
predicting associative memory difficulties for a wider range of stimulus
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domains and memory problems that occur not only in threatening en-
vironments.

We propose five falsifiable hypotheses that arise from this model. In
the remainder of the paper, we systematically review and meta-analyze
when possible existing evidence from behavioral and functional neu-
roimaging studies on associative learning and PTSD to evaluate these
predictions.

1 People with PTSD will exhibit poor associative learning compared to
people who have never experienced trauma or who have been ex-
posed to trauma but did not develop PTSD. Poor associative learning
results in poor associative memory. Therefore, we predict that
people with PTSD will exhibit worse associative memory compared
to people who never experienced a traumatic event (i.e., controls
without trauma) and to people who experienced a traumatic event
but did not develop PTSD (i.e., trauma-exposed controls without
PTSD). We expect that people with PTSD will have poor associative
memory for multiple types of information, including pairings of
visual, auditory, or other sensory cues, spatial locations, background
contextual information, and the temporal sequences of events.
People with PTSD may also exhibit deficits in memory of individual
items given that item memory involves forming intra-item associa-
tions and is dependent on medial temporal lobe cortical structures.

2 Associative learning impairments in people with PTSD will emerge
regardless of the emotional nature of the information being learned
or remembered. Specifically, people with PTSD will exhibit asso-
ciative memory impairments for stimuli that are neutral as well as
stimuli that are trauma-related or negative. Broad associative
learning problems that are not specific to threatening situations in
people with PTSD would be consistent with our model rather than a
threat model.

3 Reduced hippocampal activation and hippocampal functional con-
nectivity with medial temporal lobe cortical regions, sensory cortex,
and the PFC during associative learning and retrieval is related to
PTSD. We predict that people with PTSD will exhibit less activation
in the hippocampus and less hippocampal functional connectivity
with surrounding cortex of the medial temporal lobe (i.e. entorhinal,
perirhinal, and parahippocampal cortices), sensory cortex (i.e., au-
ditory, visual, and somatosensory association cortices), and the PFC
during associative learning and retrieval than controls without
trauma and trauma-exposed controls without PTSD. These altered
patterns of hippocampal activation and functional connectivity
during associative learning and retrieval will, in turn, be associated
with worse associative memory.

4 Poor associative learning and reduced connectivity in hippocampal
circuits represent vulnerabilities for developing PTSD rather than
consequences of the disorder. Longitudinal studies that measure
associative learning and neural correlates prior to the traumatic
event would be the best test of this hypothesis. However, in the
absence of prospective studies, it is critical to show that associative
learning difficulties are not a short-term consequence of the disorder
(e.g., poor concentration or attention during active phases of the
disorder) (Scott et al., 2015), which could interfere with perfor-
mance on associative learning tasks. We predict that people with
PTSD will exhibit worse associative memory and less hippocampal
function and connectivity during associative learning and retrieval
even as PTSD symptoms fluctuate, such that these patterns should
persist even after PTSD symptoms remit. It is important to note,
however, that this evidence would not rule out the possibility that
associative learning difficulties are a lasting consequence of PTSD
rather than a vulnerability factor.

5 Co-morbid depression and substance abuse do not explain poor as-
sociative learning and disruptions in hippocampal circuits. This is
important to examine since depression and long-term alcohol con-
sumption are common in people with PTSD (Breslau et al., 2000;
Gilbertson et al.,, 2002, 2007) and are associated with smaller
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hippocampal volume (Agartz et al., 1999; Beresford et al., 2006;
Videbech and Ravnkilde, 2004). If these problems are not the result
of co-occurring depression or substance abuse, we would expect to
observe them in samples of people with PTSD without these co-
morbidities, to find no links between associative learning and
symptoms of depression or substance abuse, or to find that asso-
ciations between associative learning and PTSD persist even when
controlling for these comorbidities.

2. Methods
2.1. Search parameters and inclusion criteria

We reviewed and meta-analyzed when possible behavioral and
functional neuroimaging studies on associative learning and PTSD to
evaluate existing evidence for these five predictions. We identified all
relevant peer-reviewed research articles in PsycInfo and PubMed. Our
initial search was conducted in January 2018 and updated before
submission of the paper in December 2018. We took four steps to ensure
that only the most relevant articles were returned in the search. First,
we reviewed the title, abstract, and keywords from highly related
preselected articles to generate a list of search terms related to asso-
ciative learning, hippocampal function, and PTSD.

Second, we refined the author-generated search terms to match
search terms used for indexing articles in each database. In PsycInfo, we
replaced each author-generated term with official search terms from the
American Psychological Association’s Thesaurus of Psychological Index
Terms. For example, we replaced the author-generated term “post-
traumatic stress disorder” with “post-traumatic stress”, “acute stress
disorder”, “posttraumatic stress disorder”, “complex PTSD”, and “stress
reactions”. In PubMed, we replaced each author-generated term with
official search terms from the National Library of Medicine MeSH
Database. For example, the term “posttraumatic stress disorder” was
replaced with “stress disorders”, “post-traumatic”, “trauma and stressor
related disorders”, “stress disorders, traumatic”, “battered child syn-
drome”, combat disorders”, and “stress disorders, traumatic, acute”.

Third, we made two searches in each database. In the first, we
paired associative learning search terms and PTSD search terms with
the ‘AND’ operator. This ensured that each returned article pertained to
each category. We separated terms within each category with the ‘OR’
operator (e.g., “post-traumatic stress” OR “acute stress disorder”, etc.).
In the second, we searched articles related to associative learning,
hippocampal function, and PTSD using the same method described
above.

Fourth, we limited searches to only return articles from peer-re-
viewed journals, in English, and about humans. This search method
yielded 245 articles in PsycInfo and 225 in PubMed. The articles in-
cluded empirical papers, meta-analyses, and review papers.

Fig. 2 illustrates our method for selecting empirical studies from the
returned articles. We read the title and abstract of each article to de-
termine whether it met inclusion criteria. If necessary, we searched the
main text until we found information related to the inclusion criteria.
Inclusion criteria were: a) administration of an associative learning/
memory task; b) inclusion of participants with PTSD or acute stress
disorder (ASD) diagnosis. Exclusion criteria were: a) administration of a
non-associative learning task (e.g., autobiographical memory, item
memory) only; b) inclusion of participants with trauma-exposure and
no PTSD only; c) inclusion of participants with PTSD and a serious
comorbid medical condition (e.g., traumatic brain injury, cancer) only.
We then searched relevant empirical articles, review articles, and meta-
analyses for additional references not returned by the initial search.

We identified 13 empirical studies that met these criteria. These
studies examined associative learning of pairs of visual cues (k = 10),
spatial locations of cues in context (k = 2), and temporal order of
events (k = 1) in people with PTSD (k = 12) or ASD (k = 2) compared
to controls without trauma (k = 10) or trauma-exposed controls
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Studies identified through an initial review process in Psycinfo (k =
245) and PubMed (k = 225)
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v

Studies excluded after abstract review (k = 392)
Literature reviews or meta-analyses
No PTSD or ASD diagnosis in sample
Sample with PTSD and serious comorbid medical condition
No associative learning/memory task

Studies identified for full-text review (k = 78)
Studies retrieved from electronic search (k = 69)
Studies identified from references of retrieved empirical
studies, literature reviews, and meta-analyses (k = 9)

\ 4

Studies excluded after full-text review (k = 65)
No PTSD or ASD diagnosis in sample (k = 10)
Sample with PTSD and traumatic brain injury (k = 1)
No associative learning/memory task (k = 54)

Studies included in qualitative review and/or meta-analysis (k = 13)
Associative Learning Task
Pairs of cues (k = 10)
Spatial locations of cues in context (k = 2)
Temporal order of events (k = 1)

PTSD group
PTSD (k = 12)
ASD (k = 2)

Control group

No trauma (k = 10)

Trauma and no PTSD (k = 8)
Methods

Behavioral (k = 12)

Functional neuroimaging (k = 3)

Fig. 2. Method for selecting empirical studies for systematic review.

without PTSD (k = 8). These studies measured associative learning
using both behavioral methods (k = 12) and functional neuroimaging
methods (k = 3). Participants had to rely specifically on associative
memory rather than familiarity (i.e., recognizing novelty) to respond
correctly during associative memory tests. For example, participants
were presented with a cue item and were asked to recall the paired
item, or participants were asked to recognize intact or rearranged pairs
(with all items in the pairs previously shown as part of a pair during
encoding). We summarize the sample, methods, and results of each
study in Table 1.

We did not include behavioral results from one study that tested the
ability to integrate verbal and visual cues (i.e., faces paired with written
professions) since the study reported general rather than specific as-
sociative memory performance making it difficult to interpret these
findings (Werner et al., 2009). Specifically, participants learned face-
profession pairs and later recalled whether each face was previously
paired with a scientific or artistic profession generally rather than the
specific face-profession pairing.

Because our goal was to examine a component process that may
contribute to deficits in more complex memory problems in PTSD, we
focused only on studies that measured forms of associative learning that
did not rely on other types of memory (e.g., fear conditioning, se-
mantic). Specifically, we did not review studies of PTSD and fear ex-
tinction recall and renewal, which also involve fear conditioning and
extinction memory. We also did not focus on PTSD and auto-
biographical memory, because this type of memory also involves
emotional, semantic, and schematic information, and there is already a
systematic review and meta-analysis on this topic (Moore and Zoellner,
2007; Ono et al., 2016). Additionally, we did not include studies with
complex spatial tasks (e.g., mental rotation of spatial configurations,
spatial navigation) (Astur et al., 2006; Gilbertson et al., 2007; Miller
et al.,, 2017; Smith et al., 2015), which require cognitive abilities be-
yond learning basic associations of objects, other foreground cues, and
their locations in context. For similar reasons we did not include ac-
quired equivalence tasks, retrieval induced forgetting paradigms, con-
ceptual priming, word-stem completion, or source monitoring tasks.

735

2.2. Meta-Analysis

We used meta-analysis to examine differences in associative and
item memory performance between people with PTSD and controls
with or without trauma exposure (Hypotheses 1 and 2). We conducted
separate meta-analyses for each group comparison (i.e., people with
PTSD versus controls without trauma; people with PTSD versus trauma-
exposed controls without PTSD) and for each performance outcome
(i.e., associative memory of pairs of stimuli overall, by sensory domain,
and by emotion type; associative memory of spatial locations of cues in
context; and item memory overall, by sensory domain, and by emotion
type). This method ensured that each study contributed only one effect
size to each meta-analysis, which avoids statistical dependence of the
effect sizes when the same individuals are compared to multiple com-
parison groups or when multiple outcomes are based on the same in-
dividuals in a single meta-analysis (Borenstein et al., 2009; Scammacca
et al., 2014).

To calculate effect sizes, we first extracted the means and standard
deviations (SDs) of associative and item memory performance out-
comes for PTSD and control groups in each study where possible. Most
studies provided data that could be converted into the mean and SD of
the proportion of hits (i.e., number of correct responses / total number
of items), with a few exceptions (Burriss et al., 2008; Tempesta et al.,
2011). For one paper, the authors provided relevant data that was not
reported in the paper (Saar-Ashkenazy et al., 2014). When studies re-
ported multiple performance outcomes (e.g., associative memory of
pairs of words and associative memory of pairs of pictures), we aver-
aged the means and SDs of these different stimulus types for analyses
where stimulus type was not of interest. Computing the average of the
SDs assumes that the correlation of the two outcomes in the sample is 1,
which is the most conservative estimate of dependence (Borenstein
et al., 2009; Scammacca et al., 2014). We then used the Metafor
package in R (Viechtbauer, 2015, 2010) to convert means and SDs into
effect sizes, specifically the standardized mean difference (SMD) be-
tween the PTSD group and each control group. A negative effect size
indicates that the PTSD group performed worse on the memory test
than the control group. Table 1 includes effect sizes for performance
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Table 2
Random-Effects Meta-Analyses of Associative and Item Memory Performance.

Neuroscience and Biobehavioral Reviews 107 (2019) 729-749

PTSD vs. T_Controls

PTSD vs. H_Controls

SMD + 95% CI Q k N SMD + 95% CI Q k N

Associative memory

Pairs of cues overall® —0.48** —-0.81, —0.16 3.11 4 196 —0.64%** —0.84, —0.44 4.30 8 418
Verbal —0.48** —-0.81, —-0.16 3.11 4 196 -0.6 —0.85, —0.46 5.80 8 417
Visual - - - - - —0.53** —0.85, —0.20 0.46 4 150
Neutral —0.46%* -0.79, —0.13 3.35 4 196 —0.64%** —0.84, —0.44 4.94 8 418
Threatening - - - - - —0.50* -0.93, —0.07 0.05 2 86

Spatial locations of cues in context® —4.03* —7.47, —0.59 18.92%%* 2 81 - - - - -

Item memory

Overall® - - - - - —0.66%** —-0.99, —0.33 0.67 4 149
Verbal - - - - - —0.65%** —0.98, —0.32 0.30 4 148
Visual - - - - - —0.67%** —1.00, —0.34 1.33 4 150
Neutral - - - - - —0.66*** —-0.99, —0.33 0.67 4 149
Threatening - - - - - - - - - -

Notes. CI = confidence interval; H_Controls = Controls without trauma exposure; k = number of data sets; N = number of participants; Q = measure of hetero-
geneity in effect sizes; SMD+ = weighted average standardized mean difference between people with PTSD and control group (negative value indicates that people
with PTSD performed worse on memory tests than control group); T_Controls = Controls with trauma exposure, but without PTSD; — = unable to examine through
meta-analysis because only 0 or 1 study measuring performance outcome; *Meta-analysis examining associative memory of pairs of cues overall in those with PTSD
versus trauma-exposed controls without PTSD is the same as the meta-analysis examining associative memory of pairs of words; "Tasks assessing learning and
memory of spatial locations of cues in context only involved neutral stimuli; “Meta-analysis examining item memory overall in those with PTSD versus controls
without trauma is the same as the meta-analysis examining item memory of neutral stimuli; * = p < .05, ** = p < .01, *** = p < 0.001.

outcomes for each study included in the meta-analysis and indicates
which of the meta-analyses each study contributed data to.

We next conducted random-effects meta-analysis using the Metafor
package. Random-effects meta-analysis assumes that the effect sizes
from each study are randomly drawn from a larger population of true
effect sizes, vary from each other due to study specific characteristics
(e.g., sample, task design), and are distributed around a mean of the
distribution of true effect sizes (Borenstein et al., 2010, 2009). Thus, the
random-effects model permits inferences about a larger population of
true effect sizes. Each meta-analysis estimates the weighted average of
the effect sizes from the included studies (SMD +) and a corresponding
95% confidence interval (CI). We show all results in Table 2 and gen-
erated forest plots for meta-analyses examining group differences in
associative memory of pairs of cues overall, associative memory of
spatial locations of cues in context, and item memory.

For each meta-analysis, we calculated Cochran’s Q statistic
(Cochran, 1954), which is a measure of heterogeneity in effect sizes
across studies. A significant Q statistic indicates that the effect sizes
vary across studies and likely reflect different populations. When the Q
statistic was significant, we also calculated I?, which is a measure of the
magnitude of heterogeneity (Higgins and Thompson, 2002).

We also generated funnel plots for individual meta-analyses to vi-
sualize the amount of publication bias, or the tendency for journals to
only publish significant findings (Greenwald, 1975). Greater publica-
tion bias increases the likelihood of Type 1 errors in meta-analyses. We
conducted a Kendall’s rank correlation test for each funnel plot to de-
termine whether bias was significant. Power for detecting significant
publication bias was low given the small number of studies included in
each meta-analysis.

Lastly, we conducted a sensitivity analysis to examine whether re-
sults differed when meta-analyses excluded the two studies with people
with ASD rather than PTSD (Guez et al., 2013, 2011).

Because a minimum of two studies is required to conduct a meta-
analysis, we could not meta-analyze group differences in neural acti-
vation or functional connectivity of the hippocampus or cortical regions
of the medial temporal lobe during associative learning or retrieval
(Hypothesis 3). We also could not meta-analyze the correlation between
change in PTSD symptom severity and change in associative memory
performance over time in people with PTSD since one of the two
longitudinal studies did not provide relevant data to answer this
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question (Hypothesis 4). When we could not conduct a meta-analysis,
we qualitatively reviewed findings from individual studies.

3. Results
3.1. Hypothesis 1. People with PTSD will exhibit poor associative learning

Our first hypothesis was that people with PTSD would exhibit poor
associative learning—not only for contextual information but also for
stimuli that are the focus of explicit attention—as compared to controls
without trauma and trauma-exposed controls without PTSD. To eval-
uate this hypothesis, we meta-analyzed findings on associative memory
performance as a function of PTSD status (Table 2). We first present
results comparing individuals with PTSD to controls without trauma,
and then present results comparing those with PTSD to trauma-exposed
controls without PTSD. We qualitatively review individual studies when
we could not conduct a meta-analysis.

3.1.1. PTSD versus controls without trauma

We conducted a meta-analysis including 8 studies and 418 partici-
pants to examine if people with PTSD had worse associative memory of
pairs of stimuli overall, regardless of sensory domain or emotion type,
compared to controls without trauma. We found support for this hy-
pothesis. People with PTSD had worse associative memory compared to
controls without trauma (SMD + -0.64, 95% CI = [-0.84, -0.44])
(Fig. 3). This pattern was unchanged when participants with ASD were
excluded from the meta-analysis (SMD + -0.61, 95% CI = [-0.83,
-0.401]). One study tested associative memory for the temporal order of
events from audio-recordings of stories and did not find group differ-
ences (Jelinek et al., 2009).

We next conducted separate meta-analyses on tasks assessing asso-
ciative memory for pairs of words and pairs of pictures to examine
whether people with PTSD have deficits across different types of sen-
sory information. Indeed, people with PTSD had worse associative
memory for pairs of words than controls without trauma in a meta-
analysis including 8 studies and 417 participants (SMD+ = -0.65, 95%
CI = [-0.85, -0.46]). People with PTSD also had worse associative
memory of pairs of pictures in a meta-analysis including 4 studies and
150 participants (SMD + -0.53, 95% CI = [-0.85, -0.20]).

We then tested whether people with PTSD also had difficulty
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SMD [95% CI]

Bremner et al., 2003

-0.38 [-1.25, 0.48]

Burriss et al., 2008 —— -0.58 [-0.96, -0.20]
Golier et al., 2002 ———— -1.05 [-1.57, -0.54]
Golier et al., 2003 —— -0.54 [-1.03, -0.04]

Guez et al., 2011a
Guez et al., 2011b
Guez et al., 2013

-0.39 [-1.01, 0.24]
-0.70 [-1.34, -0.06]

Saar-Ashkenazy et al., 2014

-0.89 [1.67, -0.11]
-0.52[-1.14, 0.11]

RE Model

—

-0.64 [-0.84, -0.44]

[ I T
2 15 A

-0.5

—
0 05

Standardized Mean Difference

Fig. 3. Meta-analysis of studies investigating people with PTSD versus controls without trauma on associative memory of pairs of cues overall regardless of sensory

domain or emotion type (random effects).

Study SMD [95% Cl]
Guez et al., 2011a ] -0.45[-1.08, 0.18]
Guez et al., 2011b - -0.71 [-1.35, -0.07]
Guez et al., 2013 -0.67 [-1.43, 0.09]
Saar-Ashkenazy et al., 2014 = -0.81[-1.45, -0.18]
RE Model — : -0.66 [-0.99, -0.33]
| | | i |
-1.5 -1 -0.5 0 0.5

Standardized Mean Difference

Fig. 4. Meta-analysis of studies investigating people with PTSD versus controls without trauma on item memory overall regardless of sensory domain (random

effects).

remembering the individual items that made up pairings, not just the
associations between items. People with PTSD had worse item memory
overall, regardless of sensory domain, compared to controls without
trauma in a meta-analysis including 4 studies and 149 participants
(SMD+ = -0.66, 95% CI = [-0.99, -0.33]) (Fig. 4). This pattern did not
differ when participants with ASD were excluded (SMD+ = -0.63, 95%
CI = [-1.08, -0.18]) and was similar when we examined memory of
individual words in a meta-analysis of 4 studies and 148 participants
(SMD+ = -0.65, 95% CI = [-0.98, -0.32]) and of individual pictures in
a meta-analysis of 4 studies and 150 participants (SMD+ = -0.67, 95%
CI = [-1.00, -0.34]). All item memory tests involved neutral stimuli.

Effect sizes were consistent across studies in each meta-analysis
based on non-significant Q results (see Table 2). Publication bias was
not present as funnel plots for associative memory of pairs of stimuli
overall (Supplemental Fig. 1a) and item memory overall (Supplemental
Fig. 1b) were symmetrical and Kendall’s rank correlation tests were not
significant (p = 0.90-1.00).

3.1.2. PTSD versus trauma-exposed controls without PTSD

Consistent with the findings comparing people with PTSD to those
without a trauma history, those with PTSD exhibited worse associative
memory compared to trauma-exposed controls without PTSD in all
analyses. Specifically, people with PTSD had worse associative memory
of pairs of words than controls with trauma in a meta-analysis including
4 studies and 196 participants (SMD + -0.48, 95% CI [-0.81,
-0.16]) (Fig. 5). People with PTSD also performed worse on tasks as-
sessing learning and memory of spatial locations of cues in context in a
meta-analysis including 2 studies and 81 participants (SMD+ = -4.03,
95% CI = [-7.47, -0.59]) (Fig. 6). Finally, one study tested associative
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memory for temporal sequences and did not find group differences
(Jelinek et al., 2009).

Despite worse associative memory, people with PTSD did not have
worse item memory compared to trauma-exposed controls in the one
study that reported information on item memory (Smith et al., 2015).

Effect sizes were consistent across studies in all meta-analyses, ex-
cept for one, based on non-significant Q results (see Table 2). Effect
sizes differed significantly across the two studies examining learning
and memory of spatial locations of cues (Q =18.92, df =1, p <
0.0001; I? = 94.71%). This makes sense given that one study measured
participants’ accuracy of remembering locations of objects (Smith et al.,
2015), and the other study measured participants’ speed of learning the
locations of objects accurately (Tempesta et al., 2011), which likely
incorporates other abilities such as processing speed and learning
strategy.

Funnel plots for associative memory of pairs of words
(Supplemental Fig. 1c) and associative memory of spatial locations
(Supplemental Fig. 1d) were symmetrical, and Kendall’s rank correla-
tion tests were not significant (p = 0.33-1.00).

3.1.3. Summary

Existing behavioral evidence is largely consistent with our hypoth-
esis that people with PTSD have difficulties in associative learning of
multiple types of information. People with PTSD had worse associative
memory compared to people without trauma exposure and trauma-
exposed people without PTSD. Associative memory deficits occurred for
stimulus pairings as well as spatial locations of cues in context, and
deficits occurred for both verbal and visual stimuli. People with PTSD
also had difficulty remembering individual items relative to people
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SMD [95% CI]

Burriss et al., 2008
Geuze et al., 2008

-0.22 [-0.67, 0.24]

Golier et al., 2002

-0.77 [-1.60, 0.06]
-0.85 [-1.47, -0.22]

Golier et al., 2003 -0.40 [-1.01, 0.21]
RE Model — -0.48 [-0.81, -0.16]
| | T T T 1
-2 -1.5 -1 -0.5 0 0.5

Standardized Mean Difference

Fig. 5. Meta-analysis of studies investigating people with PTSD versus controls with trauma on associative memory of pairs of words (random effects).

without a trauma history, but not relative to trauma-exposed controls in
the one study that examined item memory among this group. All effect
sizes were medium in magnitude, except for the effect size for spatial
associative memory, which was very large.

3.2. Hypothesis 2. Associative learning impairments in people with PTSD
will emerge regardless of the emotional nature of the stimuli

Our second hypothesis was that people with PTSD would exhibit
poor associative learning regardless of the affective nature of the sti-
muli being learned or remembered as compared to controls without
trauma and trauma-exposed controls without PTSD. We meta-analyzed
findings on associative memory performance on tasks involving neutral
stimuli and trauma-related or negative stimuli (Table 2).

3.2.1. PTSD versus controls without trauma

We ran separate meta-analyses on tasks assessing associative
memory of pairs of neutral stimuli and pairs of threatening stimuli to
test our prediction that people with PTSD would have associative
learning difficulties even for affectively neutral stimuli. Indeed, people
with PTSD had worse associative memory for pairs of neutral stimuli
than controls without trauma in a meta-analysis including 8 studies and
418 participants (SMD + -0.64, 95% CI = [-0.84, -0.44]). They also
had worse associative memory for pairs of fear-related or trauma-re-
lated stimuli in a meta-analysis including 2 studies and 86 participants
(SMD + -0.50, 95% CI = [-0.93, -0.07]). Effect sizes were consistent
across studies in each meta-analysis (see Table 2).

3.2.2. PTSD versus trauma-exposed controls without PTSD
Associative learning difficulties were present even for affectively
neutral stimuli. People with PTSD had worse associative memory of

pairs of neutral stimuli than controls with trauma in a meta-analysis
including 4 studies and 196 participants (SMD + -0.46, 95% CI =
[-0.79, -0.13]). Effect sizes were consistent across studies in this meta-
analysis (see Table 2). As described above, people with PTSD also had
worse learning and memory of spatial locations of neutral stimuli. One
study found that people with PTSD had worse memory of pairings of
trauma-related stimuli (Golier et al., 2003), while another study found
that people with PTSD did not have worse memory of temporal se-
quences of events from stories involving trauma-related information
(Jelinek et al., 2009) compared to trauma-exposed controls.

3.2.3. Summary

The evidence supports our hypothesis that people with PTSD have
difficulties in associative learning that occur in non-threatening situa-
tions. Reduced associative memory was observed in people with PTSD
when learning focused on neutral stimuli in addition to negative or
threatening stimuli, with medium effect sizes across both types of sti-
muli.

3.3. Hypothesis 3. Reduced hippocampal activation and hippocampal
functional connectivity during associative learning and retrieval is related to
PTSD

Our third hypothesis was that people with PTSD would have re-
duced hippocampal activation and connectivity with medial temporal
lobe cortical areas, sensory cortex, and PFC during associative learning
and retrieval compared to people without trauma exposure and those
with trauma exposure but not PTSD. We first qualitatively review stu-
dies comparing people with PTSD to controls without trauma (k = 2),
and then review one study comparing people with PTSD to trauma-
exposed controls without PTSD (k = 1).

Study SMD [95% CI]
Smith et al., 2015 e -5.79 [-6.95, -4.63]
Tempesta et al., 2011 —— -2.28 [-3.35, -1.21]
RE Model -4.03 [-7.47, -0.59]
T T T T I
-8 -6 -4 -2 0

Standardized Mean Difference

Fig. 6. Meta-analysis of studies investigating people with PTSD versus controls with trauma on associative memory of spatial locations of cues in context (random

effects).
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3.3.1. PTSD versus controls without trauma

Our review revealed only one study on neural activation during
associative learning (i.e., encoding). Contrary to our expectations, this
study showed that people with PTSD recruited the bilateral hippocampi
and right parahippocampal gyrus more than controls without trauma
when learning face-profession pairs versus viewing a silhouette of a
head (Werner et al., 2009).

Two studies examined group differences in neural activation during
associative memory (i.e., retrieval) after a short delay. In one study,
people with PTSD had less activation in the left parahippocampal gyrus
than controls without trauma when recalling whether a face was pre-
viously paired with a scientific or artistic profession versus when in-
dicating which ear on a silhouette of a head was larger (Werner et al.,
2009). In another study, people with PTSD had less activation in the left
hippocampus when retrieving deeply encoded fear-related word pairs
versus shallowly or deeply encoded neutral word pairs (Bremner,
Vythilingam, Vermetten, Southwick, McGlashan, Staib, et al., 2003).
There were no group differences in activation during retrieval of deeply
encoded neutral word pairs versus shallowly encoded neutral word
pairs (Bremner, Vythilingam, Vermetten, Southwick, McGlashan, Staib,
et al., 2003). It is important to note that because of the fMRI contrasts
used in this study, differences in neural activation may have been re-
lated to the emotional nature of the stimuli or the depth of encoding
rather than to associative memory specifically.

These studies did not examine associations of neural activation with
associative memory performance. We did not find any studies on
functional connectivity during associative learning or retrieval in
people with PTSD compared to controls without trauma.

3.3.2. PTSD versus trauma-exposed controls without PTSD

In the only study comparing people with PTSD to trauma-exposed
controls without PTSD, those with PTSD had atypical medial temporal
lobe function. The study measured neural activation during associative
learning and retrieval after a short delay. People with PTSD had more
activation in the right parahippocampal gyrus compared to trauma-
exposed controls when learning word pairs versus reciting number pairs
and less activation in the left hippocampus and parahippocampal gyrus
during retrieval of learned word pairs versus reciting a number (Geuze
et al., 2008). Medial temporal lobe activation was not associated with
associative memory performance (Geuze et al., 2008). We did not find
any studies that examined functional connectivity during associative
learning or retrieval in people with PTSD versus trauma-exposed con-
trols.

3.3.3. Summary

There is insufficient evidence to fully test our hypothesis that re-
duced medial temporal lobe activation and functional connectivity is
related to poor associative memory in people with PTSD. The few stu-
dies on this topic suggest that people with PTSD exhibit greater medial
temporal lobe activation during associative learning (i.e., encoding)
and less medial temporal lobe activation during associative memory
(i.e., retrieval) after a short delay compared to controls with and
without trauma exposure. These results suggest the possibility that
people with PTSD might have poor hippocampus-dependent con-
solidation or retrieval of recent associative memory rather than poor
encoding of the pairings, although there is insufficient evidence to
make firm conclusions given the small number of studies published on
this topic.

3.4. Hypothesis 4. Poor associative learning and reduced connectivity in
hippocampal circuits represent vulnerabilities for developing PTSD rather
than consequences of the disorder

We hypothesize that poor associative memory and atypical medial
temporal lobe function are vulnerabilities for developing PTSD. To rule
out the possibility that associative learning impairment is instead a
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short-term consequence of PTSD, it is important to show that associa-
tive memory difficulties persist even as PTSD symptoms fluctuate. Two
longitudinal studies examined changes in PTSD symptoms and asso-
ciative memory performance over time but reported different outcome
measures that could not be combined for meta-analysis. Both found that
associative memory difficulties persisted in people with PTSD even as
their symptoms improved, suggesting that PTSD did not cause the
memory deficits. One study found that people with PTSD had worse
verbal associative memory than controls without trauma at baseline
(Yehuda et al., 2006). The PTSD group showed a decline in perfor-
mance on the verbal associative memory test over a five-year period
despite significant symptom improvement, and the change in perfor-
mance and the change in symptoms were not associated (Yehuda et al.,
2006). In contrast, improvement in performance on a verbal item
memory test was associated with symptom improvement over time in
people with PTSD (Yehuda et al., 2006).

Another study found that people with ASD exhibited deficits in both
associative memory of word pairs and picture pairs one week after a
traumatic event (Guez et al., 2013). Despite significant symptom im-
provement ten weeks later, people who had developed ASD still ex-
hibited poor associative memory of picture pairs compared to controls
without trauma (Guez et al., 2013). However, this study found that
deficits in associative memory of word pairs did improve somewhat as
ASD symptoms improved (Guez et al., 2013). It is possible that this
could be the result of improvements in verbal information processing
rather than associative learning. Processing verbal information is more
cognitively demanding than processing visual information (Israel and
Schacter, 1997; Maisto and Queen, 1992; Nelson et al., 1976; Park
et al., 1983). PTSD is associated with attentional difficulties and re-
ductions in processing speed (Scott et al., 2015), and thus ASD
symptom improvement in this study may have freed cognitive resources
necessary for verbal information processing. People with PTSD perform
more poorly on a range of verbal learning tasks (e.g., of individual
words) (Brewin et al., 2007) than controls with and without trauma
exposure, and these deficits tend to improve as PTSD symptoms im-
prove (Vermetten et al., 2003). We would expect improvement in
verbal learning as PTSD symptoms improve if these learning difficulties
are consequences of symptoms of the disorder itself (e.g., poor con-
centration). For this reason, tests of associative learning of sensory in-
formation that requires lower processing effort are a more straightfor-
ward test of associative learning in those with PTSD.

3.4.1. Summary

Associative memory difficulties are not only present when PTSD
symptoms are present, suggesting that impairment is not a short-term
consequence of the disorder. Specifically, associative memory impair-
ment persists in people with PTSD even as their symptoms improve.
However, this evidence does not rule out the possibility that associative
memory impairment is a long-lasting consequence of PTSD. Future re-
search that measures associative learning prior to the traumatic event is
needed to confirm that associative memory impairment is indeed a pre-
existing vulnerability factor for developing PTSD.

3.5. Hypothesis 5. Co-morbid depression and substance abuse do not
explain poor associative learning and disruptions in hippocampal circuits

We expected that poor associative learning and dysfunction in
hippocampal circuits would occur in people with PTSD without co-
morbid depression and substance abuse, would not be associated with
symptoms of depression or substance abuse, or would persist even when
controlling for comorbidities.

Ten studies assessed and reported on current depression (see
Table 1). Of these studies, 4 examined the direct association between
depressive symptoms and behavioral and neural outcomes and did not
find associations. One study controlled for diagnosed depression in
analyses and continued to find PTSD-related group differences in
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associative memory. Five studies excluded people who had current
depression and still observed PTSD-related group differences in beha-
vioral and neural outcomes. One study reported that only 10% of the
PTSD group had current depression and still observed PTSD-related
group differences in neural outcomes.

Eleven studies assessed and reported on current substance abuse
(see Table 1). Ten studies excluded people who had current substance
abuse. All but one of these studies found significant PTSD-related group
differences in behavioral or neural outcomes. One study reported that
only 8% of the PTSD group had current alcohol abuse and still observed
PTSD-related group differences in neural outcomes.

3.5.1. Summary

These results support our hypothesis that current depression and
substance abuse in those with PTSD do not explain group differences in
associative memory or medial temporal lobe function.

4. Discussion

The studies reviewed here provide preliminary support for our hy-
pothesis that broad deficits in associative learning and medial temporal
lobe function and connectivity are a potential vulnerability factor for
PTSD. We summarize three pieces of evidence that support our model
and propose additional questions that need to be addressed in future
research in order to validate this model.

First, people with PTSD exhibited associative memory difficulties
for pairs of visual and verbal cues presented in the absence of a back-
ground context, as well as for contextual information (e.g., spatial lo-
cations of cues in context) compared to controls without trauma and
trauma-exposed controls without PTSD. In all studies, these associative
memory difficulties were not explained by co-morbid depression or
substance abuse. These results are indicative of a broad deficit in as-
sociative learning that is specific to PTSD and expand upon existing
contextual models of PTSD in two important ways. First, the fact that
people with PTSD exhibited impaired memory for pairs of cues even
when no contextual information was present supports our argument
that difficulties in associative learning and memory in people with
PTSD are not restricted only to contextual information, which has been
the focus in prior hippocampus-based models (Liberzon, 2018; Liberzon
and Abelson, 2016; Maren et al., 2013). This suggests that PTSD-related
difficulties with contextual processing may be just one example of a
broader issue with associative learning that extends to a wider range of
information in people with PTSD. Second, the fact that people with
PTSD exhibited impaired memory of spatial locations of cues in context
suggests that problems with contextual regulation of fear could reflect
difficulties with more basic aspects of contextual processing.

People with PTSD also had associative memory deficits that oc-
curred regardless of the emotional nature of the stimuli being learned
compared to controls without trauma and trauma-exposed controls
without PTSD. The fact that difficulties with associative memory were
observed in people with PTSD when the stimuli were neutral suggests
that deficits in associative learning are broad and not specific to si-
tuations involving threat. Such a pattern cannot be explained with
prevailing models focused on enhanced threat-related information
processing, learning, and reactivity (Foa and Kozak, 1986; Jovanovic
and Ressler, 2010; Liberzon and Sripada, 2007; Mineka and Oehlberg,
2008), which presumably would result in difficulties with associative
learning only in the presence of threat-related stimuli. Additionally,
these results cannot easily be explained by cognitive models of PTSD
that argue that the presence of danger is the source of poor processing
of contextual and temporal details in PTSD (Brewin et al., 1996;
Brewin, 2001; Brewin and Holmes, 2003). These cognitive models
differ from our model in the underlying mechanism proposed to explain
differences in associative learning in PTSD.

Second, people with PTSD had atypical medial temporal lobe
function during associative learning and retrieval compared to controls
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without trauma and trauma-exposed controls without PTSD.
Surprisingly, they exhibited greater parahippocampal gyrus and hip-
pocampal activation during associative learning, not reduced activation
as we predicted. One interpretation is that increased hippocampal ac-
tivation during associative learning reflects better hippocampal en-
gagement and associative learning in people with PTSD than without.
Another interpretation is that increased hippocampal activation is a
compensatory mechanism that results in the same level of associative
learning in people with PTSD as compared to those without who require
less hippocampal activation to achieve the same level of learning.
Group differences in hippocampal activation occurred in the absence of
associative memory performance differences in studies that observed
this pattern (Werner et al., 2009), supporting the latter possibility of
less efficient hippocampal function. These findings are consistent with
some studies showing that a PTSD diagnosis and greater PTSD symp-
toms are associated with greater hippocampal activation during en-
coding of autobiographical memories (Brohawn et al., 2010; Stevens
et al., 2018) and greater parahippocampal gyrus and hippocampal ac-
tivation during encoding of negative words (Thomaes et al., 2009).
Increased medial temporal lobe activation occurred in the absence of
memory performance differences in these studies (Brohawn et al., 2010;
Thomaes et al., 2009), supporting our interpretation that increased
activation may be a compensatory mechanism.

In contrast, people with PTSD exhibited less parahippocampal gyrus
and hippocampal activation during associative memory retrieval after a
short delay in all studies that examined this association. These results
suggest that people with PTSD could have poor hippocampus-depen-
dent consolidation or retrieval of recent associative memory rather than
poor encoding or learning of the pairings. This pattern of results is
consistent with studies finding reduced hippocampal activation during
retrieval of words that is associated with impairments in memory per-
formance (Carrién et al., 2010) as well as reduced hippocampal acti-
vation during extinction recall and impaired recall of extinction mem-
ories, but not extinction learning, (Garfinkel et al., 2014; Milad et al.,
2009) in people with PTSD.

Critically, scant research has examined the neural mechanisms that
produce associative memory deficits in people with PTSD and greater
research is clearly needed in this area before firm conclusions can be
drawn. We hypothesize that associative memory deficits are due to both
poor associative learning and poor consolidation and retrieval of recent
associative memories in the hippocampus. To identify the source of
associative memory difficulties, greater understanding is needed of how
hippocampal functional connectivity during different stages of asso-
ciative learning and memory relates to associative memory perfor-
mance. Several options are possible. If associative memory problems
arise due to poor hippocampal integration of foreground cues with each
other or with background contextual information, then reduced func-
tional connectivity between the hippocampus and medial temporal lobe
cortical regions during associative learning should relate to deficits in
associative memory broadly. If the deficit is specific to the transfer of
certain types of information to the hippocampus, then reduced func-
tional connectivity between the hippocampus and particular cortical
regions of the medial temporal lobe (e.g., perirhinal cortex) should
relate to deficits in associative memory for only certain types of in-
formation (e.g., objects). Similarly, we would expect reduced functional
connectivity between the hippocampus and sensory cortex to relate to
deficits in associative memory for multiple types of sensory informa-
tion. However, if the deficit is specific to the transfer of certain types of
sensory information to the hippocampus, then reduced functional
connectivity between the hippocampus and particular regions of sen-
sory cortex (e.g., visual cortex) should relate to deficits in associative
memory in only certain sensory domains (e.g., visual information).

If difficulties are specific to the consolidation or retrieval of recent
associative memories, then reduced functional connectivity between
the hippocampus and sensory cortex or PFC during memory retrieval
after a short delay (e.g., within several hours after learning) but not
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during associative learning should relate to deficits in associative
memory. The studies that found less medial temporal lobe activation
during associative memory after a short delay in people with PTSD
provide preliminary evidence for this latter mechanism, although
functional connectivity was not examined. Finally, if the deficit is in the
transfer of recent associative memories from the hippocampus to the
PFC for long-term storage (for a review, see Euston et al., 2012), re-
duced functional connectivity between the hippocampus, midline tha-
lamus, and PFC or between the PFC and sensory cortex during memory
retrieval after a long delay (e.g., 24 h after learning) would relate to
associative memory deficits after a long delay but not associative
memory deficits after a short delay. The midline thalamus connects the
hippocampus and mPFC and is involved in transferring recent mem-
ories to remote memories (Cassel and de Vasconcelos, 2015; Vertes,
2006). Alterations in midline thalamic function or connectivity with the
hippocampus or mPFC could contribute to impairments in remote as-
sociative memory in PTSD. People with PTSD exhibit altered resting
state connectivity between the thalamus and mPFC (Yin et al., 2011),
decreased resting-state activity in the thalamus (Kim et al., 2007; Yan
et al.,, 2013), and reduced activation in the thalamus when hearing
about traumatic and non-traumatic personal events (Lanius et al., 2001,
2003) compared to healthy or trauma-exposed controls. Future research
is needed to examine these competing mechanisms.

Third, existing research is consistent with the possibility that poor
associative learning may represent a vulnerability factor for PTSD that
existed prior to the trauma that triggered it rather than a consequence
of PTSD onset or a consequence of the trauma. In two longitudinal
studies, associative memory deficits persisted even as PTSD symptoms
remitted. Poor associative memory therefore does not appear to be a
short-term consequence of PTSD; although impairments could still be a
long-lasting consequence of the disorder. Preliminary evidence also
supports the possibility that those who go on to develop PTSD have
associative learning impairments that precede the trauma. People with
PTSD have worse associative memory and atypical hippocampal and
parahippocampal function compared to trauma-exposed people without
PTSD, which presumably would not have occurred if these difficulties
were the result of trauma exposure. Neither of these predictions can be
fully tested in the absence of longitudinal data examining associative
learning prior to trauma exposure and PTSD onset, however. Future
work examining associative memory, hippocampal function and con-
nectivity, and hippocampal volume before trauma in a sample with
high risk of trauma exposure (e.g., new recruits to the police or mili-
tary) is needed in order to examine these hypotheses in a more rigorous
way. The fact that associative learning difficulties do not appear to be a
consequence of trauma exposure in adulthood does not rule out the
possibility that childhood trauma exposure played a role in the emer-
gence of these patterns. In fact, it is likely that hippocampus-dependent
associative learning difficulties are related to exposure to trauma in
childhood for at least some people. Childhood trauma exposure is as-
sociated with reduced hippocampal volume (Hanson et al., 2015;
Lambert et al., 2017; Teicher et al., 2012), and consistent evidence
suggests that childhood trauma exposure is a risk factor for PTSD fol-
lowing traumatic events that occur in adulthood (Breslau et al., 2014;
Brewin et al., 2000; McLaughlin et al., 2010, 2017). It may be the case
that reductions in hippocampal volume and associated difficulties with
associative learning are a mechanism underlying this well-replicated
effect.

Finally, our meta-analysis findings indicate memory difficulties for
items that made up the pairings in people with PTSD. This is consistent
with a recent meta-analysis showing that people with PTSD have dif-
ficulty remembering individual words and pictures (Brewin et al.,
2007). People with PTSD may have difficulties with numerous types of
associative learning that rely on the medial temporal lobe, including the
formation of integrated item representations, which require the asso-
ciation of multiple item features. Consistent with this interpretation,
our systematic review found alterations in parahippocampal gyrus
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activation during associative encoding and recall in people with PTSD,
consistent with other work showing that people with PTSD exhibit al-
terations in parahippocampal gyrus activation during encoding of
words (Thomaes et al., 2009). Impaired item encoding in medial tem-
poral lobe cortical structures could contribute to difficulties with as-
sociative learning in the hippocampus in PTSD, as item encoding is
likely a pre-requisite for associative learning to occur. Future research is
needed to determine the specific types of associative learning that are
impaired in PTSD (e.g., intra-item or inter-item associative learning),
how difficulties in these specific types of learning relate to one another
(e.g., whether intra-item associative learning problems drive inter-item
associative learning difficulties), and how disruptions in these specific
types of learning relate to the development of PTSD symptoms. For
example, people with PTSD typically have strong memories of some
perceptual aspects of the trauma (e.g., re-experiencing symptoms), but
tend to forget other episodic details (Amir et al., 1998; Foa et al., 1995;
Harvey and Bryant, 1999; Moore and Zoellner, 2007; van der Kolk and
Fisler, 1995), suggesting that difficulties with associative learning may
contribute to the clinical presentation of PTSD.

The primary limitation of this paper is that our analyses are based
on a very modest number of studies. For hypotheses 1 and 2, meta-
analyses included 2-8 studies each (n = 81-418). There were even
fewer studies available to address hypotheses 3 and 4 so that meta-
analysis was not possible. The current literature is therefore too limited
to assess most of our hypotheses in a definitive way. Our results indeed
suggest that existing research on associative learning, hippocampal
function, and PTSD is in line with our novel model of PTSD, but future
empirical research is needed to directly test our model.

Three other limitations and future directions are worth noting. First,
most of the associative learning tasks included in our meta-analysis
were conducted behaviorally and not in the scanner, meaning we
cannot assume behavioral differences were driven by differences in
hippocampal recruitment or functional connectivity. However, the
tasks were simple associative learning tasks (e.g., learning stimulus-
stimulus pairings), and prior work consistently shows involvement of
the hippocampus in these types of tasks involving visual, verbal, tem-
poral, and contextual information (DuBrow and Davachi, 2016; Hayes
et al., 2010; Henke et al., 1997; Jackson and Schacter, 2004; Kirwan
and Stark, 2004; Sperling et al., 2003). Second, associative learning
tasks are used to measure associative learning, but, like any task, call on
other types of cognitive processes, like attention and processing speed,
which are relevant to PTSD and may contribute to associative learning
differences. However, associative memory difficulties persist after PTSD
symptoms decline, suggesting that impairment is not a consequence of
the presence of active symptoms (e.g., poor concentration) (Guez et al.,
2013; Yehuda et al., 2006). Future research on associative learning and
PTSD should measure and control for other cognitive abilities, in-
cluding attention and processing speed. Third, identifying the compo-
nent processes that contribute to deficits in more complex forms of
memory in PTSD is an important area for future research. Specifically,
research should test whether poor associative learning and altered
hippocampal activation contribute to deficits in contextual regulation
of fear and autobiographical memory.

4.1. Clinical implications

Research on threat processing mechanisms has led to the develop-
ment of one of the most common and effective treatments for PTSD:
prolonged exposure therapy (Dorsey et al., 2017; Morina et al., 2016;
Powers et al., 2010; Van Etten and Taylor, 1998; Watts et al., 2013),
which involves repeatedly exposing people with PTSD to trauma re-
minders in safe environments to facilitate the extinction of heightened
fear responses (Foa et al., 2008, 2007). Research on fear responses in
PTSD has been a success both in terms of understanding the etiology
and maintenance of the disorder and developing a treatment that works
for many with PTSD.
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However, the exposure therapies developed based on these models
do not work for as many as half of people, who continue to have a PTSD
diagnosis following treatment (Foa et al., 1991; Marks et al., 1998;
Resick et al., 2002). Exposure therapy primarily targets fear extinction
and inhibition, which may not be the most relevant mechanisms in
those with treatment-resistant PTSD. Of course, other factors play a role
in treatment outcomes for exposure-based therapies. A meta-analysis
found that, on average, 18% of patients drop out of PTSD treatment
(Imel et al., 2013). Moreover, clinicians express concerns about deli-
vering the exposure portion of PTSD treatment (e.g., risk of worsening
symptoms and increasing dropout) (Becker et al., 2004; Cook et al.,
2004; Farrell et al., 2013), which could discourage its use (Borntrager
et al., 2013) and result in ineffective implementation. Finally, patients
who do not respond to exposure treatments exhibit overactivity in the
amygdala in response to fearful faces before treatment compared to
patients who respond (Bryant et al., 2008), suggesting that non-re-
sponders may not be in the right state (e.g., excessive arousal and fear)
to benefit from exposure therapy. Although it is difficult to disentangle
whether people do not respond because exposure therapies are not
targeting the most relevant mechanisms or because of other factors,
there is clearly a need for alternative treatments that are more effective
and tolerable for patients who do not improve with exposure therapy.

If the predictions outlined in our conceptual model are correct, it
could open new lines of inquiry that could meaningfully expand our
understanding of PTSD and highlight novel avenues for intervention.
For example, future research should test whether associative learning
deficits and atypical function in hippocampal circuits predict PTSD over
and above established threat processing mechanisms (e.g., attention
bias to threat, amygdala reactivity, poor fear inhibition), and whether
associative learning deficits and associated hippocampal circuitry dif-
ferences are observable in people with PTSD who do not respond to
exposure-based treatments that target threat pathways. Answers to
these questions could suggest a distinct mechanism underlying a
treatment-resistant subtype of PTSD and help to identify novel treat-
ment approaches to target these mechanisms. For example, for patients
who find exposure-based approaches unhelpful or intolerable, focusing
instead on where the trauma took place, who or what was present
during the trauma, or the sequence of events during the trauma could
help them form a specific memory that reduces the generalization of
fear without needing to revisit the most traumatic aspects of the event.
Additionally, recent advancements in exposure-based therapies suggest
the importance of conducting exposures across multiple contexts to
prevent later renewal of fear in novel contexts (Craske et al., 2014),
which could be particularly beneficial for patients who have difficulty
using context to determine whether cues are threatening or safe.

4.2. Conclusion

The associative learning model of PTSD offers a complementary
perspective to prevailing threat models and broadens prior con-
ceptualization of how hippocampally-mediated processes might con-
tribute to PTSD. We argue that people who have trouble with associa-
tive learning and atypical function in the hippocampal -circuits
underlying associative learning may be particularly susceptible to de-
veloping PTSD after a traumatic event. Existing research on this topic
provides preliminary support for our model, but future research is
needed to validate it. This model has implications for understanding
why some people respond to current treatments but some develop
chronic PTSD that lasts for many years and for identifying a sub-type of
PTSD that may involve mechanisms other than altered threat proces-
sing. If validated, this model also has potential implications for early
identification of vulnerable individuals in the wake of traumatic events
and the development of new treatment approaches.
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