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Abstract

The purpose of this article is to encourage research investigating the role of measured gene-
environment interaction (G x E) in the etiology of posttraumatic stress disorder (PTSD). PTSD is
uniquely suited to the study of G x E as the diagnosis requires exposure to a potentially-traumatic
life event. PTSD is also moderately heritable; however, the role of genetic factors in PTSD etiology
has been largely neglected both by trauma researchers and psychiatric geneticists. First, we
summarize evidence for genetic influences on PTSD from family, twin, and molecular genetic
studies. Second, we discuss the key challenges in G x E studies of PTSD and offer practical strategies
for addressing these challenges and for discovering replicable G x E for PTSD. Finally, we propose
some promising new directions for PTSD G x E research. We suggest that G x E research in PTSD
is essential to understanding vulnerability and resilience following exposure to a traumatic event.
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Introduction

Posttraumatic stress disorder (PTSD) is unique among the mental disorders in that it requires
exposure to a potentially-traumatic life event (Criterion A). PTSD is further defined by the
presence of three symptom clusters: reexperiencing, avoidance and numbing, and arousal [3].
Individuals who develop PTSD are at substantially increased risk for unemployment, marital
instability, and health problems [67,82]. However, whereas a majority of individuals are
exposed to a traumatic event over the course of their life, only a minority of those exposed to
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traumatic events develop PTSD [68]. The conditional risk of PTSD ranges from 8-24%
depending on the type of trauma exposure [10,68], with interpersonal traumatic events (e.g.,
sexual assault) associated with greater risk than accidental events (e.g., motor vehicle
accidents).

Gene-environment interaction occurs when the effect of genotype on risk for a disorder differs
by the presence or absence of an environmental pathogen or vice versa. The pattern observed
in epidemiologic research on PTSD, in which only a subset of individuals exposed to an
environmental pathogen display secondary psychiatric morbidity, is one indicator of a potential
gene-environment interaction (G x E) [97]. In addition to evidence for heterogeneity in the
influence of environmental factors, the potential for G x E is further indicated under conditions
where genetic factors do not completely explain the disorder. These conditions are both met
inthe case of PTSD. Nonetheless, the role of G x E in PTSD etiology has been largely neglected
by both trauma researchers and psychiatric geneticists.

We believe the study of PTSD presents both unique challenges and opportunities for
researchers interested in measured G x E in psychiatry. For example, genetically similar
individuals may fail to show symptoms of PTSD simply because they have not been exposed
to a potentially-traumatic event. Thus, unlike genetic studies of other common psychiatric
disorders, genetic studies of PTSD must take exposure to an environmental pathogen (i.e.,
trauma exposure) into account or risk potentially attenuating estimates of genetic effects. On
the other hand, unlike in most psychiatric conditions, the defining environmental pathogen is
known in PTSD, permitting more precise measurement of the proximal environmental stressor
(s). The presence of an identifiable event affords measurement of characteristics of the trauma
(e.g., type of event, duration of exposure, severity, intentionality), estimates of prior levels of
functioning, and developmental timing of exposure (including both age at exposure and time
lapsed between trauma exposure and assessment).

The purpose of this article is to contextualize G x E studies of PTSD within the landscape of
extant genetic research and to promote informed, measured G x E research in PTSD. First, we
summarize evidence for genetic influences on PTSD from family, twin, and molecular genetic
studies. Second, we discuss the key challenges in G x E studies of PTSD and offer practical
strategies for addressing these challenges and for discovering replicable G x Es for PTSD.
Finally, we propose some promising new directions for PTSD G x E research and suggest that
G x E research in PTSD is essential to understanding vulnerability and resilience following
trauma exposure.

Evidence for genetic influences on PTSD

Returning to previously described signs of possible G x E, one of the primary indicators is
evidence for genetic influences on the disorder. If risk for PTSD is partially explained by
genetic factors, biological relatives (family members) of individuals with PTSD should have
a higher prevalence of PTSD than non-relatives. Moreover, among biological relatives of
individuals with PTSD, the prevalence of the disorder should be higher in first-degree (parents,
siblings) than second-degree (grandparents) relatives. The major limitation of family studies
is that they cannot tell us whether a disorder, such as PTSD, runs in families for genetic or
environmental reasons. Twin studies are needed to disentangle the roles of genetic and
environmental influences in disorder etiology. Twins studies are limited in that they cannot
specify which genes actually increase risk for the disorder. Molecular genetic studies are
needed to accomplish this aim. However, to date there have been strikingly few molecular
genetic studies of PTSD as compared to the numerous studies conducted on other common
mental disorders such as major depression.
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PTSD runs in families

Standard family studies generally seek to examine whether the prevalence of PTSD is higher
in relatives of individuals with PTSD (called probands in genetic studies) than in relatives of
similarly trauma-exposed individuals who did not develop PTSD. As noted, family studies in
PTSD are complicated by the practical reality that PTSD cannot be assessed in relatives who
have not experienced a traumatic event. It is unknown whether these relatives would have
developed PTSD if they were exposed. Thus, family studies of PTSD have focused on
genetically-related dyads who have known (often shared) trauma exposure. Most often these
studies have examined the association between parent and child PTSD in trauma-exposed
samples.

Extant research suggests relatives of probands with PTSD are at elevated risk of the disorder
as compared to relatives of similarly trauma-exposed controls who did not develop PTSD. For
example, adult children of Holocaust survivors with PTSD had a higher risk of PTSD following
trauma compared to adult children of Holocaust survivors without PTSD [140]. Similarly,
Cambodian refugee children whose mother and father both had PTSD were five times more
likely to receive the diagnosis than refugee children whose parents did not have PTSD [117].

Increasingly common are family studies that examine the association between child and parent
post-traumatic stress symptoms (PTSS) following child traumatic exposure. Parent-child PTSS
correlations following child traumatic exposure have been mixed, with some studies reporting
a significant correlation between child PTSS and parent PTSS [5,34,58,105] whereas other
studies have found no relationship [83,92,129]. Attempts to resolve this apparent discrepancy
have highlighted the importance of time lapsed between traumatic exposure and assessment
[106]. Studies examining acute distress levels soon after the trauma typically find no
association between parent and child PTSS [16,137], while longitudinal studies show increases
in parent-child PTSS associations over time [79,103,124]. Initial symptoms in the child have
been found to impact subsequent symptoms in the parent [79] and initial parent symptoms have
been found to predict subsequent child symptoms [31,93,100].

Research has further indicated that impact of parental PTSS on subsequent child PTSS is not
simply accounted for by overall levels of general parental distress [100]. Thus, parent PTSS
appear to influence child PTSS through a more specific mechanism than merely parental
availability or child concern for global parental distress. Parents may model poor adjustment
to trauma, may directly alter their child’s avoidance behaviors, or may share underlying genetic
vulnerabilities to the development of PTSD. Moreover, parent and child posttraumatic
adjustment/coping is likely reciprocally influential, particularly when the trauma was shared.
These investigations illustrate the challenge inherent in using family study paradigms to
examine genetic factors in PTSD, as children share not only genes with their parents, but also
many environmental factors.

Familial association between PTSD and other mental disorders—Family studies
have also looked more broadly at whether there is a familial association between PTSD and
other mental disorders. Family history studies of combat veterans have reported greater
prevalence of anxiety disorders in families of individuals with PTSD [28,29]. Similarly, a
civilian epidemiological study found familial anxiety to be a risk factor in the development of
PTSD [9] and parental mental disorders are associated with risk for PTSD in male civilians
[14]. A family history of depression has been associated with proband PTSD in trauma-exposed
veterans, albeit inconsistently [28,29,73]. Female rape victims with PTSD and comorbid
lifetime depression also evidenced an increased prevalence of familial depression [30]. These
findings suggest PTSD has a familial association with anxiety disorders and major depression.
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The major limitation of family studies is that they cannot tell us whether a disorder, such as
PTSD, runs in families for genetic or environmental reasons. Twin studies are needed to
disentangle the roles of genetic and environmental influences in disorder etiology.

PTSD is heritable

Twin studies have made three major contributions to our understanding of the genetic etiology
of PTSD. First, they indicate that genetic factors influence exposure to potentially-traumatic
events. This is referred to as gene-environment correlation, whereby selection of environment,
and subsequently potential for exposure to trauma, is partly determined by genetic factors
[66]. For example, twin studies have demonstrated that genetic factors influence exposure to
potentially-traumatic events such as combat exposure [90] and assaultive violence [128]. These
gene-environmental correlations are likely due in part to individual differences in personality.
Personality characteristics are moderately heritable and influence the tendency for individuals
to select themselves into potentially harmful environments. For example, longitudinal
investigations have found that childhood adjustment and neuroticism predicted subsequent
stressful life events in adulthood [134]. Similarly, research has found that childhood
externalizing is prospectively associated with both risk of trauma exposure and with PTSD in
adulthood [75]. One investigation found that genetic factors partially mediated the association
between personality variables (such as antisocial personality traits, psychoticcism, and
openness to novelty) and exposure to violent traumatic events [65].

Second, twin studies suggest genetic influences explain a substantial proportion of
vulnerability to PTSD even after accounting for genetic influences on trauma exposure. The
first twin study to estimate heritability of PTSD was conducted by True et al. on members of
the Vietnam Era Twin (VET) Registry [133]. The authors found that approximately 30% of
the variance in reported PTSD symptoms was accounted for by genetic factors, even after
controlling for combat exposure. Genetic influences on PTSD were similar for twins who did
not serve in Southeast Asia, suggesting heritability of PTSD has generalization to traumatic
events other than combat exposure. The second twin study of PTSD was conducted on a sample
of male and female civilian volunteers [128]. Consistent with True et al., the authors found
moderate heritability in PTSD symptoms, with additional variance accounted for by non-shared
environmental factors. The findings from these two twin studies support suggest that genetic
factors play a substantial role in vulnerability to developing PTSD.

Third, twin studies have demonstrated that genetic influences on PTSD overlap with those for
other mental disorders. The extent of the overlap varies with the disorder studied. For example,
genetic influences on major depression account for the majority of the genetic variance in
PTSD. Genetic influences common to major depression account for the majority of the genetic
variation in PTSD [47,72]. Genetic influences common to generalized anxiety disorder and
panic disorder symptoms account for approximately 60% of the genetic variance in PTSD
[20] and those common to alcohol and drug dependence [139] and nicotine dependence [74]
account for over 40%. Thus, the limited data available suggest that the majority of genes that
affect risk for PTSD also influence risk for other psychiatric disorders and vice versa.

Variation in specific genes associated with PTSD

The primary limitation of twin studies is that they cannot tell us which genes are important in
PTSD etiology. In contrast, molecular genetic studies have the potential to identify genetic
markers of vulnerability or resilience. To date, published molecular genetic studies of PTSD
have all used the case-control candidate gene association design. The association method
detects genes with small effects on risk and has been, until very recently, the method of choice
for molecular genetic studies of complex disorders [114]. Disorders are referred to as
“complex” when their etiology is thought to involve a combination of many genes and
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environmental factors such as is the case in PTSD. Association studies correlate a DNA
marker’s alleles, which are different sequences of DNA at a specific position (or locus) on the
chromosome, with an outcome.

Table 1 summarizes the findings from the eleven candidate gene studies of PTSD to date. Six
of these have focused on dopamine (DA) system genes. Both animal and human studies have
implicated the dopaminergic system in the etiology of PTSD. Higher levels of plasma [59] and
urinary [32,88,127,141] DA have been associated with PTSD in humans. In animal studies
limbic system innervation of DA has been found to be reactive to stress [53,64].

Five out of the six investigations examining DA system genes studied the association between
marker alleles at the D2 dopamine receptor gene (DRD2) and PTSD. Whereas initial
investigations found a positive association with the DRD2A1 allele [23,24], a subsequent
investigation found no association with the DRD2A1 allele or with any combination of alleles
for the DRD2 locus [51]. However, it is important to note that the investigation conducted by
Gelernter et al. [51] did not assess for trauma exposure in the control group. The Comings et
al. [24] investigation consisted of a relatively small sample of substance abusers with PTSD
(N = 37) compared with substance abusers without PTSD (N = 19); limiting generalizability
to a substance abusing population. Comorbid PTSD and substance abuse was also addressed
in a subsequent investigation of combat veterans with and without PTSD, with analyses
revealing a positive association between DRD2A1 and PTSD only in the subset of PTSD cases
who engaged in harmful drinking [142]. The final study examined a slightly different facet of
dopaminergic transmission in patients with chronic PTSD and trauma-exposed healthy
controls, reporting a positive association between of the dopamine transporter SLC6A3 (DAT1)
3’ polymorphism and chronic PTSD [121].

The five remaining studies explored genetic polymorphisms across alternative neurobiological
pathways, with the majority of studies reporting no association between specific genes and
chronic PTSD. More specifically, one investigation found no association between
polymorphisms in the brain derived neurotrophic factor (BDNF) gene and chronic PTSD
[143]. No significant association was found between chronic PTSD and either the Leu7Pro
polymorphism in the neuropeptide Y (NPY) gene [84]or two glucocorticoid receptor
polymorphisms (N363S and Bcll) [4].

Investigations of the serotonergic system have proven slightly more fruitful. One investigation
examined an insertion/deletion polymorphism in the promoter region of the serotonin
transporter (SLC6A4, locus 5-HTTLPR), reporting an excess of s/s genotypes in Korean PTSD
patients compared with normal controls [87]; control participants were not necessarily trauma-
exposed. Kilpatrick et al. [69] also documented a significant association between the 5-
HTTLPR genotype and PTSD in a sample of hurricane-exposed adults. However, 5-HTTLPR
genotype was only associated with increased risk of PTSD among adults with high stress
exposure. Since this is the first report of a significant G x E in PTSD, we will discuss this study
in more detail below.

Evidence for gene-environment interaction in PTSD—The accumulation of evidence
reviewed above proffers support for a possible G x E. Although research has highlighted a role
for both environmental and genetic factors in the development of PTSD, studies have also been
consistent with moderate levels of variability in each term. To date, only one investigation has
specifically examined the role of G x E in the etiology of PTSD [69]. Using epidemiologic
sampling strategies, Kilpatrick et al. examined whether 5-HTTLPR variation moderated risk
of developing PTSD in 589 adults exposed to the 2004 Florida hurricanes (for details about
the sample and design see [1,2]). To the best of our knowledge, this is the first study to collect
genetic samples by mail in the context of a large epidemiological telephone survey. Other
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studies have collected saliva samples for DNA analyses by mail [45], but this has been in the
context of studies in which investigators had ongoing research relationships with participants.
Likelihood of returning a saliva sample did not differ in relation to sex, level of hurricane
exposure, level of social support, and PTSD and MD status. Additional details regarding
response rate and correlates of participation are summarized elsewhere [2,48]. The success of
the Kilpatrick et al. study suggest that it is both feasible and useful to add genetic components
to studies using telephone interviews to collect data about exposure to traumatic events as well
as PTSD.

Kilpatrick et al. [69] found the low expression (s) variant of the 5-HTTLPR increased risk of
post-hurricane PTSD only under the conditions of high hurricane exposure and low social
support. Figure 1 presents the prevalence of post-hurricane PTSD by SLC6A4 genotype, level
of social support, and level of hurricane exposure. High risk (n = 27) were those with the s/s
genotype, low social support and high hurricane exposure. Medium risk (n = 54) were those
with the I/s (long/short) genotype, low social support and high hurricane exposure. Low risk
(n = 498) were all others. There was a strong association between risk group and prevalence
of PTSD (¥2(2, n = 579) = 19.94, p < 0.001). High-risk individuals (high hurricane exposure,
the low expression 5-HTTLPR variant, low social support) had 4.5 times (95% Cl1 = 1.2, 17.9)
the risk of developing PTSD as compared to low-risk individuals. Additional research is needed
to replicate the Kilpatrick et al. findings. Such studies can add to our knowledge of how genetic
and environmental risk and protective factors interact to foster resilience or increase
psychopathology following trauma.

Specific genes associated with PTSD and other mental disorders—As noted
above, twin studies suggest comorbidity between PTSD and other mental disorders can largely
be explained by a shared genetic diathesis. The presence of acommon genetic diathesis between
major depression and PTSD is further supported by molecular genetic studies, which have
implicated the 5-HTTLPR s/s polymorphism in both PTSD and depression [18,87].
Polymorphisms in FKBP5 have been associated with recurrence of major depressive episodes
and response to antidepressant treatment [6] as well as with peri-traumatic dissociation, an
acute predictor of PTSD [76]. DA system genes, such as DAT1, which have been associated
with PTSD, have also been associated with ADHD (e.qg., [15] and alcohol use (e.g., [78].

Gene-phenotype associations in individuals with PTSD—As a direct gene-disorder
link is highly unlikely, several researchers have begun to investigate the association between
variation in specific genes and a range of phenotypes expressed among individuals diagnosed
with PTSD. In a recent study of male Vietnam veterans with PTSD the DRD2 Al allele was
associated with comorbid conditions [86]. Specifically, those with the DRD2A1 allele had
higher levels of anxiety/insomnia, social dysfunction, and depression compared to those
without the Al allele. Similarly, in an open label treatment study for PTSD, male veterans with
the DRD2 Al allele had higher baseline levels of anxiety/insomnia, social dysfunction, and
depression, compared to PTSD those without the Al allele [85]. Following an 8-week
paroxetine trial, all patients improved in terms of anxiety/insomnia, depression, and social
dysfunction regardless of Al allele status; however, those with the A1 allele improved to a
greater degree on social dysfunction than did those without the allele.

In addition to investigations of candidate genes within dopaminergic system, gamma-
aminobutyric acid (GABA) neurotransmitter system and Apoliprotein E (APOE) systems have
also been targets of genetic studies of comorbid conditions of PTSD. Feusner et al. [44]
examined the GABAA receptor 3 subunit gene (GABRB3) in relation to comorbid conditions
in male Caucasians with PTSD. The risk genotype for GABRB3 is the heterozygote (G1+G1
—). Those with a heterozygote genotype had greater somatic symptoms, anxiety/insomnia,
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depression, and social dysfunction symptoms compared to those with a homozygote genotype
(G1-G1- or G1+G1+) [44].

APOE has been associated with psychiatric conditions marked by cognitive disturbances
[50]. Given the association between PTSD and neurocognitive deficits (e.g., [52]), Freeman et
al. [46] investigated the association between APOE genotype and PTSD. Patients with the
APOE allele had higher PTSD reexperiencing symptoms and performed poorer on several
facets of memory function compared to those without the APOE allele [46].

Strategies for identifying replicable G x E in PTSD

The major stumbling blocks to identifying replicable G x E in psychiatry have already been
discussed in detail by other authors [97]. Here, we focus on challenges that are more specific
to PTSD research. We also suggest strategies to address these challenges that we believe will
improve our ability to conduct replicated G x E studies in PTSD.

Trauma assessment

A vital component of G x E research is precise measurement of the environment. In the case
of PTSD, the typical environmental variable of interest is exposure to a potentially traumatic
event. According to the DSM-1V [3] to diagnose PTSD an individual must be exposed to a
potentially-traumatic event that meets the following two criteria: (A1) the person experienced,
witnessed, or was confronted with an event or events that involved actual or threatened death
or serious injury, or a threat to the physical integrity of self or others; (A2) the person’s response
involved intense fear, helplessness, or horror. Diagnosing PTSD relies heavily on conducting
a reliable and valid trauma assessment; a wide variety of events satisfy Criterion A, thereby
underscoring the need for assessment instruments to capture the breadth of potentially-
traumatic events. Reliable and valid trauma exposure assessment is a necessary component to
conducting replicable studies of G x E in PTSD. Simulation studies have shown that the sample
size needed to detect a given G x E effect will increase by a power of ten if the assessment of
the environmental exposure is poor [138]. Thus, researchers interested in detecting G x E in
PTSD must prioritize selecting reliable and valid measures of trauma exposure.

There are awide variety of trauma assessment instruments with strong psychometric properties
available. The specific instrument best suited for a particular study will depend on the study
population (e.g., children versus adults, civilian versus military), the period of time assessed
(e.g., lifetime versus past year), the method of assessment to be used (e.g., self-report
questionnaire versus interview), and length of time available for the trauma assessment.
Detailed papers as well as entire books have been dedicated to the topic of PTSD assessment
(e.g., [136]), and the reader is referred to such sources for more in-depth analysis of these
measures. Regularly updated information on trauma assessment instruments is also available
via the National Center for PTSD’s website:
(http://www.ncptsd.va.gov/ncmain/assessment/trau-ma_exp.jsp).

Risk for PTSD is influenced by a number of trauma characteristics that need to be considered
when conducting assessments. First, individuals exposed to multiple traumatic events are at
greater risk for PTSD than those exposed to a single stressor [61,104,118]. Second, type of
traumatic exposure is associated with differential risk for development of PTSD. For example,
criminal victimization tends to be associated with higher risk than other traumatic events—
particularly those that do not involve intentionality—such as motor vehicle accidents and
natural disasters [68,113]. Third, other variables and event incidents affect risk for PTSD, such
as life threat, presence of a weapon, victim-perpetrator relationship, and severity (e.g., [13,
49,70]. Therefore, a comprehensive trauma assessment must encompass multiple traumatic
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experiences across the lifespan, determine whether traumatic experiences were single incidents
or chronic in nature, and gather data on incident characteristics.

A final consideration when conducting a trauma assessment is the issue of retrospective self-
report, which may introduce recall bias related to mood-dependent recall [22]. Evidence
suggests trauma-exposure reports are influenced by level of current PTSD symptoms; self-
reports of trauma-exposure severity increase as PTSD symptoms increase and vice versa [77,
126]. This recall bias is concerning because it has the potential to inflate the association between
trauma-exposure severity and PTSD.

Despite concerns about recall bias, most studies of PTSD will involve retrospective assessment
of trauma exposure to some degree. Even prospective studies will often involve retrospective
reports of trauma exposure during the baseline assessment. The reliability of retrospective self-
reports of trauma exposure can be improved by the use of life history calendar methods [17]
and labor-intensive narrative based interview approaches [41]. For specific populations, trauma
exposure information may be available via other sources such as military historical records
[39-41], court records of childhood abuse and neglect cases [135] and surgeons ratings of the
severity of a medical injury or degree of body area burned [119].

Control selection

One of the biggest challenges to G x E PTSD studies is appropriate control selection. According
to epidemiologic principles [115], controls should be selected from the same underlying
population as the cases, representative of all controls with regard to exposure, and identical to
the exposed cases except for the risk factor (in this case the genetic variant) under investigation.
One practical implication of this last principle, referred to as “exchangeability” between cases
and controls, is that controls must be similar to cases in severity of trauma exposure; as noted
previously several PTSD candidate gene studies do not report assessing trauma exposure in
controls (Table 1). Violation of the exchangeability principle increases the likelihood that
positive associations may be biased due to confounding factors and, in addition to the small
sample sizes used in many studies, makes negative associations difficult to interpret.

Two types of study designs commonly used in trauma and PTSD research can facilitate
appropriate control selection. The first is the standard epidemiologic study design where a
random sample is drawn from an underlying population and assessed for trauma exposure and
PTSD. This design was used by Acierno et al. in their study of older adults living in Florida
counties affected by the 2004 Hurricanes [1,2,69]. Cases are then individuals in the sample
who were diagnosed with PTSD; controls are individuals from the same underlying population
exposed to similar traumas, who did not develop PTSD. Although this is one of the most
feasible designs for trauma researchers, its limitations include inherently lower reliability in
assessing trauma exposure and PTSD retrospectively. Lower measurement reliability will
reduce power to detect a given G x E effect [138].

The second design is the prospective exposed cohort design commonly used to study
individuals who are seen in the emergency room following a physical injury (e.g., car accident).
In this design, individuals are enrolled in a study upon exposure to a traumatic event and
followed over time to see who develops PTSD (cases) and who does not (controls). Cases and
controls are therefore ascertained from the same underlying population. Some of the strengths
of this design include prospective assessments of PTSD and the enhanced feasibility of
collecting DNA samples from participants in the hospital. However, such designs also have
limitations in terms of generalizability and projected sample size as compared to retrospective
epidemiologic studies.
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Power and sample size

The statistical power of a candidate gene association study refers to the probability of detecting
a true genetic effect. Power in a genetic study is determined by factors similar to those that
influence power in any research design: significance level, sample size, prevalence of the risk
factor (e.g., risk genotype) in controls, and the effect size conferred by the risk factor (e.g., risk
genotype). See [130] for a detailed discussion of power issues in candidate gene association
studies.

The power to detect a G x E interaction will depend on the frequency of the risk allele and
environmental factors (e.g., trauma exposure), as well as the way in which they are measured
and the actual nature of the interaction effect itself. As a consequence, the effective magnitude
of the interaction effect will vary depending on whether or not continuous or dichotomous
measures are used, as well as the frequencies of the genotypes, exposure to environmental
stressors, and phenotype prevalence. In general, if the disease, the risk genotype, and the
dichotomous environment all are rare, then power will be marginal for most achievable sample
sizes; if at least two of these factors are more common, then power exceeds the 80% level much
more often. These results reflect the well-known result that more power can be extracted by
use of continuous measures whenever appropriate.

Successful G x E studies in other complex disorders suggest several potential study designs
investigators can use to ensure adequate numbers of PTSD cases and trauma-exposed controls
to conduct well-powered G x E PTSD studies. For example, researchers may capitalize on
existing large cohorts using a two-stage sampling strategy involving an initial screen of a cohort
for trauma/PTSD and selection of cases and controls based on screening data. Additionally,
the Kilpatrick et al. [69] study demonstrates the feasibility of using epidemiologic strategies
for research. Additionally, PTSD researchers may consider recruitment from military
populations as a majority of military personnel are exposed to potentially-traumatic
experiences. Recruitment from samples such as military personnel affords additional unique
opportunities, as military records may have a wealth of pre-and peri-trauma data.

Gene-trauma correlations

One well-recognized challenge to G x E research is that risk factors commonly considered to
be ‘environmental’ actually have a strong genetic component. As noted above, this is referred
to as gene-environment correlation, whereby genetic factors influence exposure to
environmental pathogens [109,116]. Most likely, heritable factors such as personality impact
subsequent tendency to select potentially harmful circumstances. For example, longitudinal
investigations have found that childhood emotional adjustment and neuroticism predicted
subsequent stressful life events in adulthood [19,134]. One investigation found that genetic
factors partially mediated the association between personality variables (such as antisocial
personality traits, psychoticcism, and openness to novelty) and violent traumatic events [65].
Similarly, research has found that childhood externalizing is prospectively associated with both
risk of trauma exposure and with PTSD in adulthood [75].

A detailed discussion of how to address gene-environment correlation in G x E studies is
beyond the scope of this article. However, given evidence that trauma exposure may be
influenced by genetic factors, PTSD researchers interested in G x E research need to consider
issues related to gene-trauma correlation carefully in their study design and statistical analysis.
Concerns about gene-trauma correlation can be addressed in part by careful assessment of
trauma exposure characteristics (such as type, severity, frequency, etc.) and selection of
controls as we discussed above. Investigators might also consider matching PTSD cases and
trauma-exposed controls on important trauma exposure characteristics. Alternatively, the
problem of gene-trauma correlation can be addressed by examining the development of PTSD
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following exposure to potentially-traumatic events whose occurrence is largely independent
of the individual victim’s behavior or personality. Such events have been described as “ fateful”
whereby “both the prelude to the event and its actual occurrence” are “mostly determined by
external circumstances” [38, p. 490]. Determining whether or not a specific potentially-
traumatic event is fateful is complex and may require time consuming assessment procedures
[38]. One option is to study the development of PTSD in populations recently affected by a
natural (e.g., hurricanes, earthquakes) or human-made disasters (e.g., large scale terrorist
attacks). Disasters are one type of potentially-traumatic event largely immune from concerns
about gene-trauma correlation as they are (almost by definition) outside of the victims’ control
but also affect large numbers of people at once. Kilpatrick [69] used this design in their study
of G x E in older adults exposed to the 2004 Florida Hurricanes.

Genetic overlap between PTSD and other mental disorders

PTSD is highly comorbid with other psychiatric disorders. As noted above, twin studies suggest
this comorbidity can largely be explained by a shared genetic diathesis. The presence of a
common genetic diathesis between major depression in PTSD is further supported by molecular
genetic studies, which have implicated the serotonin transporter promoter s/s polymorphism
in both PTSD and depression [18,87]. Polymorphisms in FKBP5 have been associated with
recurrence of major depressive episodes and response to antidepressant treatment [6] as well
as with peri-traumatic dissociation, a major risk factor for PTSD [76].

Thus, the limited data available suggest that the same genes involved in other psychiatric
disorders, particularly major depression and other anxiety disorders, may influence risk for
PTSD. This has an important implication for PTSD candidate gene studies: the presence of
other psychiatric disorders in trauma-exposed controls likely increases the genetic variance
shared by cases and controls and attenuates the possibility of finding a positive PTSD-gene
association. Psychiatric comorbidity, therefore, needs to be carefully assessed in both cases
and controls in PTSD genetic studies. This may be accomplished through identification of
coherent patterns of PTSD comorbidity, such as those proposed by Miller et al. in their work
on developing a personality-based typology of posttraumatic response [96]. Using cluster-
analyses based on personality assessments, Miller has shown that PTSD comorbidity coheres
along the dimensions of externalization and internalization, parallel to those found by Krueger
et al. for comorbidity among common mental disorders [81]. Externalizers showed the highest
rates of alcohol-related and antisocial personality disorders; internalizers, the highest rates of
panic and major depressive disorder. Our ability to find genes for PTSD might improve if
PTSD internalizing/externalizing subtypes are considered.

Case definition

The PTSD candidate gene association studies presented in Table 1 have included only cases
with current PTSD, where current PTSD involves chronic disorder extending over many years
or even decades. When considering disorder etiology, it is useful to distinguish between risk
factors for onset or development of the disorder and risk factors for course or chronicity of the
disorder. Factors that influence who develops the disorder in the first place may differ from
those that influence who recovers from the disorder once it develops. For example, members
of disadvantaged ethnic groups are not at higher risk for the development of psychiatric
disorders. However, once they develop a psychiatric disorder, their disorders are more chronic
than those of non-Hispanic whites [7].

The sensitivity of PTSD to timing is captured in the current diagnostic schema (which requires
a lapse of at least four weeks post-trauma) and in the literature on PTSD chronicity.
Epidemiologic studies of PTSD have made careful distinction in identifying risk factors for
onset versus course of the disorder [8,9]. A recent analysis of the Vietnam Veterans
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Readjustment Study (NVVRS) revealed that factors affecting the development of PTSD occur
prior to, during, or after combat trauma are associated with development of PTSD symptoms,
whereas factors affecting the maintenance of PTSD are primarily occurring during and after
trauma [120]. Further, numerous investigations have investigated the longitudinal development
of PTSD, indicating mean-level decreases in symptoms (e.g., [12,37,42,60,122]); however,
these studies have generally looked at single risk factors or have characterized mean-level
changes, limiting interpretations about relationships among symptoms over time. Toward an
understanding of the mechanisms underlying development and maintenance of PTSD,
investigations have also begun to explore the temporal progression of PTSD symptoms/
symptom clusters [25,43,89,94,99]. Research on the role of stressful life events and major
depression provides support for the kindling hypothesis; major stressful life events are needed
to induce onset of the disorder but recurrence is more strongly associated with minor events
[98].

The degree to which patterns/relationships of symptoms may change over the course of time
may have meaningful implications for researchers examining neurobiological factors that may
also vary as a function of these changes. For example, a study of pediatric injury found that
whereas acute biological measures (heart rate and urinary cortisol) were positively associated
with symptoms of emotional numbing at 6-weeks, these factors were negatively associated
with emotional numbing at the 6-month time point [99]. If the direction, or even the strength,
of neurobiological associations may change over the course of time, genetic studies that sample
participants with varying time since trauma may fail to correctly identify true relationships.
Similarly, research has shown that the factors that may promote development of PTSD may
differ from factors that maintain symptoms. This introduces a significant potential confound,
as twin studies have relied almost exclusively on diagnoses of lifetime PTSD and, therefore,
heritability estimates from such studies explain the proportion of variation in risk for
developing PTSD explained by genetic factors. It is not known whether genetic factors explain
as much of the variance in chronicity of PTSD or whether the same genes that influence risk
for the development of PTSD affect the maintenance of PTSD.

New directions for G x E research in PTSD

Given these considerations, as well as the state of the larger literatures of research in PTSD,
behavioral genetics, and biological risk factors for PTSD, we outline possible avenues for
future research. Given the nascent state of G x E literature, as well as numerous indicators that
PTSD has the potential for G x E, a wealth of exciting approaches to research is available (e.g.,
haplotype blocks, whole-genome association studies; see [71]for review). For the present
purposes, we will focus on avenues for research that are likely to be unique to PTSD, with the
awareness that below proposed frameworks for approaching G x E research in PTSD can be
easily adapted for use with alternate genetic methodologies.

PTSD endophenotypes

“Endophenotypes” were first described by Gottesman and Shields [56] as internal measurable
biological phenomena that underlie overt phenotypes. A more recent discussion of
endophenotypes provided by Gottesman and Gould [55] characterizes endophenotypes as
“neurophysiological, biochemical, endocrinological, neuroanatomical, cognitive, or
neuropsychological (including configured self-report data)” constructs that mediate the
relationship between genetic underpinnings and expressed syndromes.

As expressed syndromes (such as PTSD) are the product of a complex interplay of genetic and
environmental factors, endophenotypes may represent a more proximal indicator of genotype.
Additionally, the use of endophenotypes in gene association studies may partly circumvent

above enumerated concerns with our present approach to diagnosis. As Gottesman and Gould
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[55] detail, potential endophenotypes can be identified using research findings from both
human and animal studies across a variety of scientific arenas, with the extant PTSD literature
providing particularly well-developed foundations for neuropsychologically-,
endocrinologically-, and neuroanatomically-based endophenotypes.

In PTSD research, we propose that endophenotypes may be viewed as the broad biological
processes that underlie an individual’s: (1). underlying neuro-cognitive vulnerabilities, (2).
acute response to a potentially-traumatic event, and (3). long term psychobiological adaptations
that underlie PTSD. As discussed, underlying neurocognitive vulnerabilities such as above
summarized cognitive [11,80,91,108] and neurocognitive [107], likely influence subsequent
broad acute and long-term broad biological responses. As such, these factors may be more
closely related to genetic factors.

Similarly, we postulate that genetic influences may be most evident in acute biological response
relative to chronic PTSD endophenotypes, as development of chronic PTSD may be influenced
by a host of environmental factors that may promote resilience (e.g., social support) or factors
that may increase risk (e.g., presence of environmental traumatic reminders, subsequent
stressors). Examples of potential endophenotypes in acute biological response which have been
found to predict PTSD include acute sympathetic response to trauma (see [16] for review) and
initial neuroendocrine response (see [35]). Acute peritraumatic responses such as dissociation
may represent another promising endophenotype for genetic research. For example, Koenen
et al. [76] have found that polymorphisms in FKBP5 are associated with peritraumatic
dissociation pediatric injury patients. This approach could be further extended to G x E research
through examination of environmental factors that may interact with identified polymorphisms.
For example, parental presence during the traumatic stressor or severity of injury could feasibly
interact with genetic factors in the prediction of a variety of peritraumatic endophenotypes.

Potential endophenotypes of chronic PTSD include chronic alterations in neuroendocrine and
psychophysiological response to stress, see [21] for review. Freeman et al. [46] investigation
of the APOE genotype in PTSD is an example of this approach. Findings supported that patients
with the APOE allele, relative to those without the allele, showed poorer performance on
distinct elements of memory function. Similar methodology could be applied to explore the
degree to which environmental factors (such as amount of alcohol imbibed or quality of sleep)
may interact with genetic influences (such as the APOE genotype) in the prediction of
endophenotypes in chronic PTSD (such as memory functioning).

Developmental trajectories

As our review of the literature highlights, particularly in trauma research, it is important to take
developmental factors into account, including both: (1) trajectory of PTSS development
following trauma exposure, and (2) developmental level at the time of trauma exposure. Extant
research has shown that the pattern of PTSD phenotype as well as associations between PTSD
and endophenotypes may change over the course of time. It follows that different genetic
factors may confer risk for development of disorder versus risk for chronicity. However, the
majority of PTSD candidate gene association studies conducted to date have included only
cases with current PTSD, where current PTSD involves chronic disorder extending over many
years or even decades. G x E studies are particularly vulnerable to the time lapsed between
trauma exposure and assessment as the strength of environmental effects may increase over
time. Prospective exposed-cohort designs where individuals are followed over an adequate
time period have the potential to address this concern.

Similar to examinations with sensitivity to trajectory over time, accumulating evidence that
age at trauma exposure may exact distinct psychiatric outcomes, see [110], opens vast potential
for future research. Chronology may be particularly important in neurobiological aspects of
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PTSD, as research has shown different patterns of acute and chronic cortisol response in
children with PTSD relative to adults with PTSD [32,33,36]. Although the nascent nature of
this area of literature affords a wealth of possible research investigations, relatively little
information is available to inform endophenotypes at each stage of development. Furthermore,
assessment of psychological constructs such as PTSD is particularly difficult in young children.
Nonetheless, numerous recent reviews, see [110] and [95], are available to guide
developmentally-informed research. Additionally, as research using child samples necessarily
involves parental consent, investigations such as these could be enhanced by obtaining
additional information from family members, who may be an important source of
environmental influence (e.g., social support) and who may be genetically similar.

Sex differences in PTSD

Researchers are also cautioned to consider the potential for participant sex to play a role in G
x E investigations. Epidemiologic investigations have identified a markedly higher prevalence
of PTSD in females relative to males in both adult samples [9,27,62,68] and child/adolescent
samples [26,123]. A recent meta-analytic review of more than two decades of research in the
area indicated that whereas females were more likely to meet criteria for PTSD, they were less
likely to experience traumatic events [132]. Although greater exposure to childhood sexual
abuse and sexual assault has been proposed to explain this difference, within-trauma type
analyses revealed that women were more likely than men to show PTSD following exposure
to accidents, nonsexual assaults, witnessing death/injury, disaster, fire, and war. These findings
suggest that the greater prevalence of PTSD in women cannot be completely explained by type
of trauma.

Biological differences, particularly related to sex hormones, have been proposed to explain
differences in rates of PTSD (i.e., [112], although few studies have directly examined this
possibility. Morning cortisol levels of postpubertal girls are about 20% higher than in age-
matched boys, although the difference is not apparent in prepubertal children [54]. Research
with pediatric injury patients indicated that the relationship between initial urinary stress
hormone levels and PTSS was only significant in boys [36]. Sex, phase of menstrual cycle,
and developmental stage have all been proposed to exact complicated patterns of biological
response to trauma or to traumatic reminders [112].

Relative to men, women have been found to show greater fear-potentiated startle when
presented with a predictable aversive event [57]. Female biological response patterns are
further complicated by differences in patterns of biological response over the course of the
menstrual cycle [131]. Moreover, cortisol circadian release has been shown to be related to
developmental stage [54].

Olff et al. [101] provide an integrated framework for understanding neurobiological factors as
they may contribute to sex-related differences in PTSD. Central to their model, peritraumatic
phenomena such as cognitive appraisals and peritraumatic dissociation, may differ in men and
women, with concomitant neurobiological changes potentially accounting for sex-related
differences in subsequent development of PTSD. Additionally, DHEA and DHEA-S, which
differ in men and women in both healthy [102]and trauma-exposed samples [125], have shown
alterations in individuals with PTSD [111,112]. Pertinent to earlier appeals for the
consideration of developmental stage in future research, DHEA levels have been shown to vary
across development, with plasma DHEA levels high at birth and then dropping until
adrenarche, when levels rapidly increase, peaking in 20s to 30s [63].

Six of the ten published PTSD candidate gene studies are on exclusively male samples,
specifically non-Hispanic White combat veterans recruited from clinics. Clearly, genetic
studies of PTSD need to include women, other race/ethnic and age groups, and participants
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exposed to different types of trauma. However, to be truly generalizable, PTSD genetic studies
need to be conducted on epidemiologic samples.

Concluding statements

In sum, converging evidence from diverse research designs supports a role for G x E research
in PTSD. For example, family studies have laid the foreground for research in this area,
indicating increased risk for PTSD in relatives. Twin studies further support the heritability of
PTSD, yielding three main findings related to the genetic influences on: the likelihood of
exposure to potentially traumatic events, the development of PTSD, and the existence of
comorbidity. Although these studies support a role for genetics, little information is provided
regarding the specific genetic underpinnings. Partially filling this void are candidate gene
studies, which attempt to identify specific genes related to the etiology of PTSD.

Moving beyond the main effect model, innovative research designs have used gene-
environment interaction models to afford a more sophisticated approach to examining the
interrelationships between genes and environmental risk or resilience factors. Utilizing this
novel research design, Kilpatrick et al. [69] found that the s/s geneotype for 5-HTTLPR
conferred increased risk for the development of PTSD under conditions of low social support
and high hurricane exposure (see Fig. 1).

For future research, investigators are encouraged to be cognizant of posited biological
mechanisms of PTSD development and to consider use of endophenotypes. For example,
trauma researchers should continue to attend to potential differences in underlying factors
related to development and maintenance of PTSD, as the genetic basis may be different.
Similarly, developmental considerations, particularly in relation to pubertal stage, are likely to
be important in future genetic studies. Moreover, research has identified differences in
biological aspects of PTSD in men and women; however, the majority of genetic studies of
PTSD have used predominately male samples. In short, research in G x E of PTSD is in its
infancy and the areas of possible contribution are immense. Furthermore, the potential impact
of genetically informed studies of trauma is substantial.
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