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1. Summary

Anxiety disorders (ADs) are one of the most prevalent mental disorders, affecting
up to around 30% of the population worldwide (Jacobi et al., 2014; Szuhany & Simon,
2022). They represent pathological anxiety and fear, marked by disproportionate
emotional and physiological responses in the absence of real threat, leading to
avoidance behavior or safety strategies. They often include panic attacks with
cardiovascular and respiratory symptoms. ADs impair functioning, reduce quality of life,
andimpose a major socioeconomic burden (Baxter et al., 2014; Santomauro et al., 2021).
The pathogenesis of AD is multifactorial, including biological, psychological, and
environmental causes. Cognitive behavioral therapy (CBT), integrating exposure to feared
situations and targeting maladaptive beliefs, is a widely used and highly effective
treatment for various AD (Bandelow et al., 2023; Hofmann et al., 2025). Nevertheless,
approximately one-third of patients do not respond to treatment. Identifying underlying
mechanisms of action for CBT treatments and disentangling biological and psychological
risk factors would allow a better understanding of the etiology of ADs. Moreover, it would
allow to determine the utility of biomarkers in predicting therapy response and relapse
risk as well as the development of a more personalized “precision” medicine to tailor
treatments to the individual's needs, which has the potential to improve treatment
response rates. Hence, recent research efforts have focused more on individual
differences to identify relevant factors for the prediction of therapy response: biological
mechanisms, such as (epi-)genetics and stress hormones, environmental factors, such
as maltreatment experiences or resulting attachment styles, as well as therapy process
variables, such as therapeutic alliance (Bandelow et al., 2016; Bandelow et al., 2017;

Fava & Morton, 2009; Zilcha-Mano & Fisher, 2022). However, our understanding of how
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psychotherapy might be influenced by, e.g., (epi-)genetics and the biological stress
response, is still limited. Even less is known about the impact of CBT on biological
processes. Understanding the impact of CBT as a positive and predictable environmental
factor becomes even more relevant as many studies have highlighted how intertwined
the environment, e.g., maltreatment experiences, is with biological mechanisms, e.g.,
related to stress response (Fischer et al., 2021) and epigenetics (Weber et al., 2025).
Interestingly, attachment style has also emerged as a relevant risk factor for the
development of ADs (Levy et al., 2011). Further, it seems likely that attachment style
influences the psychotherapy success of AD via the therapeutic alliance (for a meta-
analysis see Notsu et al., 2025). Hence, it seems important to understand how CBT for
AD is influenced by and may influence biological mechanisms and relational processes.
Anintegration of research results from various domains within a bio-psycho-social model
could contribute to a better understanding of the contributions of several mechanismsiin
therapy. Aiming to address this research gap, we conducted the following studies.

In Publication |, we conducted a literature review of how CBT might be related to
and might influence the functioning of the hypothalamic-pituitary-adrenal (HPA) axis in
patients with ADs. Since it is one of the most relevant biological systems for stress
response, understanding changes within this system is particularly relevant for patients
suffering from ADs. Overall, we found evidence supporting the idea that cortisol levels
have the potential to indicate the AD disease status and serve as a possible biomarkerin
therapy response prediction. In detail, the reviewed studies suggest that persistently
elevated cortisol levels seem to impede therapy response. We further focused on how
CBT, specifically therapeutic exposure to feared situations, might influence HPA axis

functioning. A beneficial effect of cortisol elevation during exposure or, in reverse, effects
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of a blunted HPA system response on an unfavorable outcome are supported. Moreover,
effective CBT treatment seems to normalize HPA system hyperfunction. Additionally,
cognitive processes, e.g., positive anticipatory appraisal, attribution, perceived
controllability, and coping, seem to have an impact on adaptive HPA system functioning.

Second, we conducted a therapy progress study with patients suffering from panic
disorder (PD) undergoing CBT at the outpatient clinic of the Max Planck Institute of
Psychiatry in Munich. We assessed dynamic changes in epigenetic (gene methylation
and expression), metabolomic (small molecules produced by metabolism), and immune
system biomarkers, as well as in relational patterns (attachment style, interpersonal
distress, and therapeutic alliance). We applied several measures, including various
questionnaires and taking blood samples, during a standardized short-term exposure-
based CBT (12 sessions and two booster sessions) at several time points: pre-/ post-,
mid-treatment, exposure sessions, and follow-up.

Biological markers on different levels were analyzed: Publication Il identified
specific DNA methylation signatures (HECA gene), which, as time-stable heritable gene-
regulatory mechanisms, might serve as biomarkers for PD, thereby revealing potential
epigenetic mechanisms. Publication Ill found that exposure to a feared situation induced
significant changes in a plasma metabolite, namely glyoxylate, linked to the experienced
anxiety level. These findings suggest that the metabolome might serve as a dynamic
marker for different anxiety states. The related gene expression changes during exposure
therapy were subtle but may indicate biological correlates of acute panic attacks and
therapy success. Publication IV found that specific DNA methylation, such as within the
gene for the serotonin receptor 3A related to the regulation of panic states and fear

circuitry, as well as immune system patterns related to PD and acute fear (including



arginase 1 gene methylation, CD4+ T cells, CD8+ T cells, B cells, and granulocytes), were
altered during and after successful exposure therapy. Further, these changes were
related to therapy response. In combination, the findings of studies Il and IV highlight the
possible role of epigenetics in the effects of CBT and its potential as a biomarker for
treatment outcome.

In publication V, we analyzed psychological process variables throughout the
course of the therapy, namely the relationship between attachment style changes and
the working alliance. We found that an insecure, specifically anxious attachment style
was reduced after treatment. Further, decreased anxious attachment was associated
with improvements in symptom severity, therapeutic alliance, and interpersonal
difficulties, which in turn were related to the effectiveness of CBT. Furthermore, findings
showed that general attachment style and interpersonal distress seem to moderate the
relation between the therapeutic alliance and subsequent symptom severity. The study
highlights the dynamics and potential positive effects of standardized short-term CBT on
interpersonal patterns.

The publications provide insights into both the pathophysiology of AD and the
treatment mechanisms involved in CBT, aiming to enhance understanding of effective
treatments and personalized approaches for AD patients. They emphasize, on the one
hand, biological mechanisms potentially influenced by CBT: changes in the HPA system
(cortisol levels), genetics (DNA methylation and gene expression), metabolomic shifts
(glyoxylate regulation), and immune system dynamics. On the other hand, psychological
processes are corroborated, highlighting the importance of cognitive factors,
interpersonal patterns, and therapeutic alliance in the treatment of PD. Overall,

multilevel changes are shown, which support a bio-psycho-social approach to PD
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treatment. Despite its limitations, this work highlights the probable multifaceted impact
of CBT on AD/ PD and advances understanding of treatment mechanisms which could
guide a more integrative approach to mental health. Future progress lies in tailoring
treatments to individual needs and tracking outcomes with both biomarkers and

psychological assessments.



2. General Introduction

The most common anxiety disorders (AD) include panic disorder (PD) with/without
agoraphobia, social anxiety disorder, generalized anxiety disorder, and specific phobias.
In the following section, | present relevant definitions and models regarding ADs,
focusing particularly on PD. Moreover, | will introduce the biological stress response
system and (epi-)genetic factors correlated to ADs. Finally, | will focus on psychological
factors affecting the therapy process.

ADs are the most common mental disorders, with a lifetime prevalence of up to
30 % worldwide (Eck et al., 2025; Jacobi et al., 2014; Penninx et al., 2021; Santomauro et
al., 2021; Szuhany & Simon, 2022). ADs are pathological forms of anxiety and fear that
are characterized by excessive emotional and physiological responses in the absence of
real threats or danger. Often, they include panic attacks, which are defined in the
Diagnostic Statistical Manual of Mental Disorders - DSM-5 (American Psychiatric
Association, 2013) as uncontrollable anxiety with pronounced cardiovascular and
respiratory symptoms (e.g., increased heart rate, dizziness, shortness of breath,
trembling, etc.). In consequence, anxiety-related emotions and behavior lose their
original purpose to protect the individual from harm. They lead to impaired functioning, a
reduced quality of life, and contribute significantly to a societal socioeconomic burden
(Baxter et al., 2014; Kavelaars et al., 2023; Santomauro et al., 2021). Their devastating
impact is further corroborated by high comorbidity rates with other psychiatric (e.g.,
depression) and somatic diseases. Nevertheless, they are often not adequately treated,
resulting in a chronic course and disability (Penninx et al., 2021; Szuhany & Simon, 2022;

Wittchen et al., 2011).



A PD is diagnosed if unexpected panic attacks occur, accompanied by worries
about recurrence and possible consequences, as well as a change in behavior with
avoidance or safety strategies. The estimated lifetime prevalence of PD in Europe and
other Western countries varies between 3 and 5% (Bandelow et al., 2023; Szuhany &
Simon, 2022; Wittchen et al.,, 2010). In around 20 to 65% of those affected, PD is
accompanied by agoraphobia (Roest et al., 2019; Wittchen et al., 2010). Patients
suffering from agoraphobia have an elevated fear response to situations and places from
which escape is difficult or in which a panic attack might be embarrassing. Hence, these
situations and places are avoided or only endured with severe discomfort (ICD-10; Dilling
et al., 2011). Table 1 provides an overview of the essential diagnostic criteria for PD and
agoraphobia according to DSM-5 guidelines (American Psychiatric Association, 2013).
Publications | - V still refer to the DSM-IV-TR (American Psychiatric Association, 2000). In
DSM-5, PD and agoraphobia are diagnosed as separate conditions (in DSM-IV linked),
with agoraphobia having its distinct criteria and a required duration of 6 months. Since
panic attacks also occurin other anxiety disorders, such as phobias (e.g., social, heights,

animals, flying), there is a new panic attack specifier applicable to various disorders.

Table 1

DSM-5 Diagnostic Criteria for Panic Disorder and Agoraphobia

Criterion Description

A. Panic Attacks Recurrent, unexpected panic attacks characterized by an abrupt
surge of intense fear or discomfort that peaks within minutes.
During the attack, four or more of the following symptoms
occur:
- Palpitations, pounding heart, or accelerated heart rate
- Sweating
- Trembling or shaking
- Sensations of shortness of breath or smothering
- Feeling of choking




Criterion

Description

- Chest pain or discomfort

- Nausea or abdominal distress

- Feeling dizzy, unsteady, lightheaded, or faint

- Chills or heat sensations

- Paresthesias (numbness or tingling sensations)
- Derealization or depersonalization

- Fear of losing control or “going crazy”

- Fear of dying

B. Post-Attack
Consequences

At least one panic attack is followed by 1 month or more of one
or both of the following:

- Persistent concern or worry about additional panic attacks or
their consequences (e.g., losing control, having a heart attack).
- Significant maladaptive changes in behavior related to the
attacks (e.g., avoidance of exercise or unfamiliar situations)

C. Exclusion
Criteria

The disturbance is not attributable to physiological effects of a
substance (e.g., drugs, medications) or another medical
condition (e.g., hyperthyroidism)

D. Comorbidity
Rule-Out

The disturbance is not better explained by another mental
disorder (e.g., social AD, post-traumatic stress disorder)

Agoraphobia

Marked fear or anxiety about at least 2 of the following 5
situations:

- Using public transportation

- Being in open spaces (e.g., parking lots, marketplaces)

- Beingin enclosed spaces (e.g., shops, theaters)

- Standingin line or being in a crowd

- Being outside the home alone

Fear arises from thoughts that escape might be difficult or help
unavailable during panic-like symptoms

Situations are actively avoided, require a companion, or are
endured with intense fear

Fear/anxiety is disproportionate to actual danger and persists
for 6 months or more




2.1. Bio-Psycho-Social Model

The pathogenesis of PD is multifactorial: Integrating biological and cognitive-
behavioral perspectives as in the bio-psycho-social-environmental model of mental
health (see Figure 1, Rezaie, 2025), there are multiple interconnected pathways involved
in the onset and maintenance of PD, like genetic predispositions, neurochemical
imbalances (e.g., disruptions in serotonin and neuropeptide systems), hormonal and
neurophysiological dysregulation (e.g., sensitivity to CO,), and dysfunctional
neuroanatomical circuits involving regions like the amygdala. Alongside these biological
factors, the model emphasizes environmental and individual factors such as childhood
trauma and interpersonal difficulties that have a strong pathogenetic influence (Fava &
Morton, 2009; Joraschky & Petrowski, 2008; Kay et al., 2024).

Figure 1

Bio-Psycho-Social-Environmental Model for Mental Health
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Note: From "Exploring the relationship between anxiety and depression," by P. Rezaie,
2025, OpenlLearn, The Open University (https://www.open.edu/openlearn/science-
maths-technology/exploring-the-relationship-between-anxiety-and-

depression/content-section-2). Licensed under CC BY-NC-SA 4.0.
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Cognitive models include self-efficacy, the catastrophic misinterpretation, and
heightened anxiety sensitivity, which amplify fear responses and perpetuate panic
attacks (Kyriakoulis & Kyrios, 2023). From a cognitive-behavioral perspective, acute panic
attacks are caused by a psychobiological feedback loop between physical symptoms,
their association with danger, the resulting anxiety response, and avoidance behavior
(Margraf & Schneider, 2011). For an example of a model integrating many proposed
factors, see Figure 2 by Fava and Morton (2009) and Kyriakoulis & Kyrios (2023).

Figure 2

Causal Model of Panic Disorder Theories
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Note. Pre-existing states and conditions are indicated by oval, cross-hatched forms. The
sensitive fear network is shaded. From “Causal modeling of panic disorder theories.” by
L. Fava and J. Morton, 2009, Clin Psychol Rev, 29(7), p. 635. © 2009 by Elsevier Ltd.

Reprinted with permission from Elsevier.
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The integration of various domains into a causal framework illustrates how
environmental, genetic, neurobiological, respiratory, behavioral factors, and cognitive
vulnerabilities interact dynamically, leading to a self-sustaining cycle of panic. The
composite cognitive theory posits that distal antecedents such as genetic
predispositions, neurobiological abnormalities (sensitive fear network, e.g., amygdala-
hippocampus interactions), and past adverse experiences via a dysfunctional
attachment and neurocognition, interact with proximal triggers, e.g., bodily sensations or
contextual cues, to initiate panic attacks. Central to cognitive models of panic disorder
is the catastrophic misinterpretation of bodily sensations ,the ‘perceived threat’, which
creates a vicious cycle of escalating anxiety and physiological arousal (Robinaugh et al.,
2024). Cognitive vulnerabilities like low self-efficacy (Breuninger et al., 2019; Southward
et al., 2024) and attentional biases toward threat amplify this process, while avoidance
and safety-seeking behaviors maintain the disorder (Robinaugh et al., 2024). Integrative
models (Fava & Morton, 2009; Kyriakoulis & Kyrios, 2023) emphasize the need for a
combined approach, incorporating cognitive-behavioral therapy to address
misinterpretations and avoidance, as well as biological treatments to modulate

vulnerabilities.

2.2.Treatment

Following the proposed pathogenesis, the most effective treatments are
cognitive-behavioral therapy (CBT), which targets avoidance behavior and maladaptive
thoughts through exposure to feared situations, as well as pharmacotherapy with
antidepressants (For a review see Bandelow et al., 2023; Hofmann et al., 2025). Despite

the demonstrated efficacy of both pharmacotherapy and CBT, these approaches remain
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largely unintegrated, and neither has sufficiently clarified the underlying mechanisms of
action. Even with appropriate treatment, therapy is not always successful: up to 30 % of
panic patients respond poorly to psychotherapy and the disorder becomes chronic
(Hofmann et al., 2025). In addition to therapy process variables (e.g., therapeutic
alliance), clinical factors such as severity of symptoms, comorbidity (e.g., personality
disorders), demographic characteristics, and other psychological (e.g., attachment
style) as well as biological patient variables (e.g., genetics, stress regulation) seem to be
relevant for the prediction of therapy response (Compton et al., 2014; Diener & Monroe,
2011; Eley et al., 2012). However, even though findings highlight the potentialimportance
of these factors, inconsistent and isolated results across studies prevent a unified theory.
The underlying biological underpinnings for differential response to CBT are widely
unexplored. Regarding the bio-psycho-social perspective, the likely interplay with CBT is
as follows: Environmental factors, e.g., caregiving, social support, time of day, and
individual factors (e.g., age, sex, and lifestyle), interact with biological factors like the
endocrinological systems, e.g., stress hormones or oxytocin, which in turn influence
cognitive-behavioral functioning, such as memory or emotion expression. Vice versa,
psychotherapeutic processes like the therapeutic alliance, cognitive restructuring, and
behavioral activation have an effect on the endocrinological system and thus, pathology
(Fischer & Zilcha-Mano, 2022). Psychotherapy, specifically CBT, can be seen as a positive
and predictable environment and is therefore ideal to study interactions with biological
factors, allowing for prospective assessment of symptoms (Eley, 2014). A combination of
biological and psychosocial variables has the potential to enable additive prediction of

therapy outcome and determine the individual duration and intensity of CBT treatment.
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2.3.Biological Correlates

2.3.1. HPA Axis Regulation

The hypothalamic-pituitary-adrenal (HPA) axis mediates the stress response via
cortisol secretion from the adrenal cortex. Elevated circulating glucocorticoids exert a
negative feedback on the periventricular nucleus of the hypothalamus, inhibiting
corticotropin-releasing hormone (CRH) synthesis and subsequent adrenocorticotropic
hormone (ACTH) release from the anterior pituitary, thereby promoting homeostatic
restoration (see Figure 3; Meir Drexler et al., 2020). Compared to the sympathetic nervous
system (SNS), which activates a rapid neural pathway that releases norepinephrine and
adrenaline for acute stress, the slower-acting HPA axis takes over for prolonged stress.
Cortisol release activates the body and increases, for example, heart rate and blood
pressure; it suppresses immune and reproductive functions and provides energy for a
“fight or flight” response. After the end of a stress-inducing situation, the negative

feedback loop reduces cortisol levels (see Figure 3).

Figure 3
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Note: From “Stress modulation of fear and extinction in psychopathology and treatment.”
by S. Meir Drexler, C. J. Merz, V. L. Jentsch, and O. T. Wolf, 2020, Neuroforum, 26(3), p. 134

(https://doi.org/doi:10.1515/nf-2020-0018). Licensed under CC BY 4.0.
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The hypothesis that ADs involve a dysfunction of the HPA system has led to
extensive research on both acute and chronic alterations of the HPA system. Findings on
cortisol level, used as a biomarker of HPA axis activity, are mixed, with studies showing
both elevated and reduced cortisolin AD subtypes, depending on factors such as time of
day, disorder severity, or stress exposure (for a review see Bandelow et al., 2017; Elnazer
& Baldwin, 2014; Elnazer et al., 2021; Hek et al., 2013; Plag et al., 2013; Vinkers et al.,
2021; Los & Waszkiewicz, 2021). Experimental stress paradigms (e.g., Trier Social Stress
Test [TSST]; Kirschbaum et al., 1993; cortisol suppression tests) revealed variable HPA
system reactivity in AD patients: some show hypoactivation (blunted stress response),
others hyperactivation, and some no difference compared to controls (for a review see
Bandelow et al., 2017; Ising et al., 2012). Cortisol has been proposed as both a trait
marker for early detection of pathological anxiety and a state marker, reflecting symptom
severity over time (Lo$ & Waszkiewicz, 2021). Initial cortisol elevations may drop with
chronicity, potentially indicating HPA system exhaustion and desensitization. Hair
cortisol studies support this view, with higher levels in single-episode AD and lower levels
in recurrent cases (Elnazer et al., 2021). In general, an altered HPA system activity is
linked to long-term outcomes, e.g., low cortisol awakening response or high pre-
treatment cortisol predicting poor prognosis in AD (Bandelow et al., 2000; Coryell et al.,
1991; Petrowski et al., 2012). Especially childhood maltreatment disrupts the normal
development of the HPA axis, resulting in long-term changes in cortisol regulation, which
can manifest as increased or dysregulated cortisol secretion, contributing to
dysfunctional stress sensitivity and a greater risk for both mental and physical health
throughout life (Heim & Nemeroff, 2001; Struber et al., 2014). A two-pathway model is

proposed by Striber and colleagues (2014) that emphasizes that early adversity,
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accompanied by either high or low maternal care, can lead to distinct alterations in
neurodevelopment and glucocorticoid regulation: either glucocorticoid hyperfunction,
with higher emotionality and self-focus, or hypoactivation, with diminished self-
reflection and empathy. Following this, hypocortisolism is often implicated in
symptomatology related to trauma (for a review see Fischer et al., 2021). In general, HPA
axis dysfunction, hypo- and hyperactivation, seems to be predictive of CBT non-response
and might be modifiable alongside therapeutic improvement (Fischer & Zilcha-Mano,
2022). However, the complex dynamic of the HPA system regarding AD treated with CBT

is stillambiguous and needs clarification.

2.3.2. Genetics

Two research methods gained importance in the field of genetics in psychiatric
disorders: Genome-wide association studies scan the entire genome to find genetic
variations (usually single-nucleotide polymorphisms) that are associated with a
particular trait or disorder. Candidate gene approaches focus on a few specific genes
based on prior research or theory. The former enables the generation of new hypotheses
but has lower statistical power, while the latter offers greater power when focusing on a
predefined set of genes. The estimated genetic contribution for various AD ranges from
30 to 50% and is attributed to variable effects of multiple genes (Weber et al., 2025).
Exposure to negative life events and stress, as well as gene—environment interactions,
substantially moderate the risk for AD. According to the differential-susceptibility
hypothesis, individuals generally vary in their developmental plasticity in response to
both negative and positive environmental influences (Pluess & Belsky, 2013), which may

be reflected in genetic factors: genotype and epigenetics (Eley, 2014). Unlike static

15



deoxyribonucleic acid (DNA) sequence variations (genotype), epigenetic markers, such
as histone modifications, small/ micro ribonucleic acid (RNA)-related gene silencing,
and DNA methylation, can change with environmental exposures and possibly differ
between individuals with AD and those without (Weber et al., 2025). DNA methylation
involves the addition of methyl groups to DNA mediated through DNA methyltransferases
(typically at CpG sites, regions where a guanine follows a cytosine), which can regulate
gene activity without altering the genetic code. This addition usually happens near genes,
and it can silence or reduce the activity of that gene by regulating the accessibility of
transcription factors to their binding sites (Kribelbauer et al., 2020). Thus, it is a key
mechanism through which factors like stress, trauma, or other environmental influences
modulate gene expression, the process by which a gene is transcribed into protein.
Methylation in the promoter region (a segment of DNA located before the gene's
transcription start site) often leads to reduced gene expression, whereas decreased/ no
methylation results in more gene expression (Jackson-Grusby et al., 2001).

Genetic factors play an important role in the development of psychiatric disorders and
likely in response to therapy. Regarding the gene-environment interplay and in line with
the model by Schiele and Domschke (2018), therapeutic environmental inputs like CBT
promoting coping could modify gene regulation in a way that supports remission. Figure
4 summarizes the interaction of genetic factors, environmental stressors, and coping-
related protective mechanisms in a multilevel model of risk and resilience in ADs. These
interactions are mediated by epigenetic processes, which regulate neural networks,
neuroendocrine systems, and hormonal pathways to either increase risk or enhance

resilience (Schiele & Domschke, 2018).
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Figure 4

Multilevel Model of Risk and Resilience in Anxiety Disorders
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p. 7 (https://doi.org/10.1111/gbb.12423). © 2017 John Wiley & Sons Ltd. Used with
permission of John Wiley & Sons - Books; permission conveyed through Copyright

Clearance Center, Inc.

A novel field of interest named "therapygenetics" has been developed, where genetic
markers are used to predict response to psychotherapy (Lester & Eley, 2013). However,
pinpointing specific molecular signatures as ‘susceptibility biomarkers’ has been
challenging. A few studies have found some evidence that genetic differences contribute
to the variance in response to psychological interventions (For a review see Bandelow et
al., 2016; Deckert & Erhardt, 2019; Lester & Eley, 2013) others found no single nucleotide
polymorphisms strongly associated with therapy response (Coleman, Lester, Keers, et
al., 2016; Coleman, Lester, Roberts, et al., 2016; Rayner et al., 2019). Whilst there is still
no evidence that a specific dysfunction of a neurotransmitter system is the main cause

for ADs, some research indicates that changes in the serotonergic system seemto play a
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role in ADs (for a review see Bandelow et al., 2017). However, this assumption needs
further evaluation as the results are inconsistent across studies (for a meta-analysis see
Schiele et al., 2021; for a review see Vashishtha et al.,, 2023). In summary, current
evidence does not support the use of individual genotyping in clinical routine for
psychotherapy response prediction in AD at this stage (for a review see Weber et al.,
2025).

Current studies investigating changes in epigenetic alterations seem more
promising (Domschke et al., 2025; Hudson et al., 2013; Murphy & Singewald, 2019;
Roberts et al., 2014; Roberts et al., 2017; Schiele et al., 2018; Wang et al., 2015; Ziegler
et al., 2016). First epigenome-wide findings imply that DNA-methylation changes can
serve as markers for stress effects and differential clinical therapy response in ADs (for a
review see Weber et al., 2025). Recently, in a large EWAS an association of DNA
methylation with a favorable CBT outcome was found with gene sites, which were
previously found to be involved in synaptic plasticity, cognition, and the regulation of
stress (Domschke et al., 2025). Taken together, these findings are promising in terms of
the potential predictive use of epigenetic markers in CBT. They add to a growing body of
research, indicating that response to CBT may be linked to biological changes. As the
effect sizes seem to be modest for single markers, a combination of genetic variations,
epigenetic changes, and further molecular markers might have the best predictive values

(Deckert & Erhardt, 2019).
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2.4. Attachment Style and Therapeutic Alliance

2.4.1. Attachment Style

Following Ainsworth et al. (1979) categorical approach, adult attachment style is
grouped in secure (comfortable with intimacy and autonomy, valuing of intimate
friendships), preoccupied with relationships (overinvolvement, dependence on other
people's acceptance, tendency to idealize other people), dismissing (downplaying of the
importance of close relationships, restricted emotionality, an emphasis on
independence and self-reliance) and fearful of intimacy (socially avoidant, sense of
personalinsecurity, distrust of others; Bartholomew & Horowitz, 1991). These categories
fall along two dimensions: avoidance, which results in distancing oneself emotionally,
and anxiety, which means seeking constant reassurance and proximity. The
nomenclature used in the measurement of adult attachment varies (Ravitz et al., 2010).
Common ground for the many attachment measures is the classification of a secure
attachment and several categories of an insecure attachment style that define
attachment either on a categorical or dimensional basis.

Based on Bowlby (1969), attachment theory postulates a primary need for a bond
with a person that is essential for survival. From the environmental perspective,
attachment orientation is “conceptualized as the psychological residue of an individual’s
unique attachment history” (Mikulincer et al.,, 2013). These patterns influence
expectations, emotions, and behaviors in adult relationships: Repeated experiences with
dismissing or fearful attachment figures strengthen the expectation of unreliable and
unpredictable reactions. In consequence, individuals tend to become more mistrusting,

fearful, and hypervigilant for danger (Nolte et al., 2011). Findings support the idea that

19



childhood maltreatment broadly impacts impairments in adult personality functioning
(relational capacities, identity integration, self-control, and social concordance),
primarily via insecure (anxious) attachment pathways (Cohen et al., 2017). In individuals
with childhood adversity, an insecure attachment style has been found to partially
mediate the relationship with depression and anxiety (Bifulco et al., 2006). Moreover,
there is a relationship between an insecure attachment style and the internalization of
psychological problems (Colonnesi et al.,, 2011). Research suggests that a secure
attachment style protects against, whilst an insecure attachment style is a risk and a
maintaining factor of anxiety (Cassidy et al., 2009; Colonnesi et al., 2011; Esbjorn et al.,
2012; Levyetal., 2011; Manning et al., 2016; Pini et al., 2014) and vice versa (Davila et al.,
1997; Horesh et al., 2014). Earlier studies show that AD patients often have an insecure
and mainly preoccupied/anxious attachment style (de Ruiter & Van ljzendoorn, 1992;
Nielsen et al., 2017) and that attachment anxiety contains a greater risk for developing an
AD than attachment avoidance (Nolte et al., 2011). However, a study in SAD showed that
a fearful attachment style mediated the association between childhood adversities and
symptom severity (Elling et al., 2022). Further, attachment style is shown as an unspecific
factor of general vulnerability for AD, which has to interact with covariates like
temperament and psychosocial stress to trigger a disorder (de Ruiter & Van ljzendoorn,
1992; Mikulincer & Shaver, 2012). Some studies have even assessed potential genetic
biomarkers for attachment style. For example, candidate gene studies suggest that
insecure attachment might be partially explained by specific genes (for a review see
Erkoreka et al., 2021; Gillath et al., 2008). Moreover, the literature consistently indicates
a connection between early childhood adversity, attachment processes, and epigenetic

modifications (For a review see Darling Rasmussen & Storebg, 2021). Attachment style
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is also known to correlate with neurobiological factors and the endocrine stress system
(Adams et al., 2020; Ketay & Beck, 2017; Toumbelekis et al., 2021). One study combined
domains and found that FK506 binding protein 5 (FKBP5) methylation moderates the
associations of FKBP5 genotype and resistant (anxious) attachment with cortisol
reactivity (Mulder et al., 2017). However, evidence from studies remains limited.
Although attachment style shows general stability ("trait-like"), it can be revised
through significant relational experiences or life events. The prototype hypothesis
suggests that early-established attachment orientations persist as a stable core
influencing relational behavior, though new experiences can temporarily shift
attachment (Fraley et al., 2011; Jones et al., 2018; for a review see Ravitz et al., 2010).
Further, attachment working models are conceptualized as hierarchical by nature with
relationship-specific styles (e.g., parent, romantic, friend) derived from particular
episodic memories existing beneath a more global style with generic representations of
attachment relationships (Mikulincer & Shaver, 2007a). Fraley and colleagues (2011)
stated that the adult attachment toward a romantic partner is less stable than toward
one’s parents, since stability depends on the duration and hence the consolidation of the
representational systems, and there are probably more opportunities to revise the inner
working models due to more frequent contact. A high number of anxiety patients with
agoraphobia rely strongly on their partner, since they avoid being alone or need an
accompanying “safe person” (Zalaznik et al., 2019). Anxiety may serve to preserve the
relationship, e.g., the attention, or may even reduce an internal attachment-autonomy
conflict, sustaining dysfunctional relationship patterns. Further, it might strengthen the
dynamics of a complementary union by granting psychological reward for the care

provider. On the other hand, it is a strain on the relationship (Marcaurelle et al., 2003;
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Zaideretal., 2010). Relying on a "safe person" to cope with anxiety might further decrease
the individual’s self-efficacy, which has been shown to be a mediator of outcome in CBT
for PD (Fentz et al., 2014). This loss of self-efficacy reinforces anxiety in relationships,
generating a vicious cycle that increases the pathology (Zalaznik et al., 2019).
Psychotherapy, particularly CBT, can potentially alter attachment style by
changing automatic relational patterns (for a review see Levy et al.,, 2018). Previous
research indicates inconsistent evidence regarding whether CBT produces lasting
changes in attachment style among AD patients (Belanger et al., 2011; Madigan et al.,
2015; Murphy et al., 2016; Miller & Rosenkranz, 2009; Rimane et al., 2020; Stovall-
McClough & Cloitre, 2003; StrauB et al., 2018). An important question is which factors
targeted by the therapy might mediate the change of the inner working model of
attachment. A possible effect of psychotherapy could be a growth in self-efficacy
following the successful overcoming of their fears and gaining a feeling of control
(Breuninger et al., 2019; Hoffart, 2016; Southward et al., 2024). Another possibility could
be an experience of a new secure bond, which changes the inner working model of
relationships (Levy & Johnson, 2018; Mikulincer et al., 2013; Skourteli & Lennie, 2011;
Zuroff & Blatt, 2006). Further, CBT, including interoceptive and in vivo exposure, has been
shown to improve deficits in emotion regulation (Meine et al., 2024), which seems not
only to predict outcome (Strauss et al., 2019) but to be a catalyst for attachment
insecurity (Esbjorn et al., 2012; Zalaznik et al., 2019) and has been shown to mediate
attachment anxiety and AD (Nielsen et al., 2017). Further, negative self-representations,
anxiety sensitivity, problems in interpersonal relations, and reflective function have been
proposed as potential mediators between attachment insecurity (anxiety and/or

avoidance) and psychopathology (Levy & Johnson, 2018; Mikulincer & Shaver, 2012,
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2018; Zalaznik et al., 2019; Zalaznik et al., 2022). Overall, the question remains open as
to whether the general attachment style can be permanently changed and how such a
change can be achieved.

Furthermore, an important issue is how attachment style influences the
psychotherapeutic process and the interaction of patient and therapist. Importantly, an
insecure attachment style (especially anxious) has been shown to have a detrimental
effect on psychotherapy response by affecting interpersonal functioning and thus,

therapeutic alliance quality (for a meta-analysis see Levy et al., 2018).

2.4.2. Therapeutic Alliance

According to Grawe (1992), the relationship between patient and therapist is one
of the most important factors in psychotherapy. The therapeutic alliance is an essential
component of the relationship between therapist and patient and represents its
interactive and collaborative aspects (bond, common goals, and tasks) in the context of
an appreciative and empathic approach (Castonguay et al., 2006). Rooted in attachment
theory, the therapeutic alliance serves as a secure relational base, providing emotional
safety, validation, thus promoting exploration and change (Mikulincer etal., 2013). Itis an
effective factor across therapy methods, as demonstrated by moderate but robust
effects in various therapy contexts (Fluckiger et al., 2018; Horvath et al., 2011). Findings
suggest that clients with insecure attachment styles (for a meta-analysis see Notsu et
al., 2025) and with interpersonal problems (r = —.12; for a meta-analysis see lovoli et al.,
2024) tend to have weaker therapeutic alliances, which negatively affects outcomes. The
therapeutic alliance includes both stable "trait-like" factors that reflect a patient's

general interpersonal capability and dynamic "state-like" factors responsive to
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therapeutic interactions. Enduring trait-like alliance is thought to result from the
intrapersonal and interpersonal characteristics of patients and therapists. State-like
alliance, on the other hand, displays the evolving therapeutic process in session-to-
session fluctuations (Zilcha-Mano & Fisher, 2022). Studies suggest these state-like
alliance variations often precede symptom and attachment style improvement,
highlighting alliance as potentially therapeutic initself (Zilcha-Mano, 2017). However, the
directionality of these relationships remains unclear, underscoring the need for further
longitudinal studies to disentangle the interactive dynamics among attachment style,

therapeutic alliance, and therapy outcomes.
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3. Research Questions and Objectives

‘Diagnostic biomarkers’ detect or confirm a disorder, ‘susceptibility biomarkers’
estimate the probability of developing a disorder, and ‘monitoring biomarkers’ estimate
the status of a disorder. In distinction, response to CBT is most likely explained by
molecular ‘predictive biomarkers’ that assess the effect of CBT (Domschke et al., 2025).
From findings in previous research of dysfunctional alterations of genetic markers and
the stress response system in patients suffering from AD in the sense of diagnostic and
susceptibility biomarkers, the logical inquiry is whether therapy outcome can be
predicted, whether therapy itself can induce beneficial changes, and whether it
influences other biological systems during acute fear. If certain biological patterns
change in response to successful CBT, it could indicate a biological embedding of
therapeutic effects. Moreover, observing interpersonal process variables in therapy will
allow conclusions about the interaction of therapeutic intervention, time, individual
relational patterns, and therapeutic alliance (Gloster et al., 2011). An assessment of
endocrinological dysfunctions, genetic risk factors (Hudson et al., 2013), immune
system profiles, and metabolomics (small molecules found in blood plasma that are
involved in or produced by metabolism, e.g., amino acids, lipids, carbohydrates), as well
as therapy process-related factors, such as attachment and alliance, has the potential to
enable additive prediction of therapy outcomes, inform research about potential
mechanisms of action, and adapt the individual duration and intensity of CBT treatment.
Understanding the complex interplay of these factors, identifying measurable
parameters as disease markers, and disentangling risk factors, causes, and
consequences remains a significant challenge for psychiatric research. Investigation is

required regarding the impact of treatments themselves, as well as patient factors in the
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sense of an individual therapy-patient fit. Given the multifaceted nature of ADs, the

present cumulative thesis synthesizes five peer-reviewed studies that examine both

biological and attachment-related correlates of CBT for AD, with a focus on PD. The

overall goal is to advance our understanding of how effective treatment for AD may

produce changes across different levels — from stress hormones and gene regulation to

interpersonal functioning—and how these changes relate to therapeutic outcomes. Each

study addresses a specific domain of interest, as outlined below:

(1)

(2)

(3)

HPA axis function in ADs treated with CBT (Literature Review): Previous reviews
have only briefly addressed the dynamic HPA axis response to cognitive behavioral
therapy (CBT), particularly exposure-based CBT. Our review (publication 1) is the first
to focus specifically on cortisol-based HPA system dynamics before, during, and after
exposure-based CBT in AD patients. It categorizes existing research into three parts:
baseline cortisol as a predictor of treatment outcome, cortisol response during

therapy sessions, and pre-/post-treatment cortisol changes.

DNA methylation signatures in PD: An epigenome-wide association study
(publication Il) examines DNA methylation differences between PD patients and
healthy controls. It investigates whether PD is associated with specific epigenetic

markers in blood plasma DNA.

DNA methylation dynamics and gene expression during CBT for PD: While
baseline epigenetic differences can indicate underlying biological traits of PD, an
equally important question is how those epigenetic markers might change during
therapy. Studies Il and IV are based on the hypothesis that epigenetic mechanisms

mediate the interaction of genetics and environment in PD. They are tracking changes
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in DNA methylation, gene expression, as well as immune cell composition, and
plasma metabolome over the course of short-term CBT in a sample of patients with

PD, specifically during exposure to feared situations.

(4) Attachment style change and therapeutic alliance in CBT for PD: Attachment style
and therapeutic alliance across the course of CBT and follow-up are investigated.
Study V aims to determine if attachment insecurity can decrease with CBT.
Furthermore, the study examines the relationships between attachment changes, the

development of therapeutic alliance, interpersonal difficulties, and clinical

outcomes.
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4. General Methods

In the literature review (publication 1), we present a summary of research
examining the HPA axis in relation to AD, along with initial evidence regarding its potential
for modification through CBT. Our focus is on experimental studies that have investigated
cortisol levels before, during, and after exposure-based CBT. To identify relevant
literature, we conducted a systematic search of MEDLINE/PubMed, PsycINFO, Web of
Science, and the reference lists of retrieved articles up to April 2024. Studies were
included if they contained keywords pertaining to the HPA axis, anxiety disorders, and
CBT techniques.

The therapy progress study (publications Il to V) was conducted in the outpatient
clinic for anxiety disorders of the Max Planck Institute for Psychiatry in Munich. Study
protocols were approved by the ethics committee of the Ludwig-Maximilian University in
Munich. Participants were recruited from a pool of patients seeking treatment for anxiety
disorders at the clinic who met the inclusion criteria. Written consent was obtained from
each participant. The results reported in this thesis were attained through the
interdisciplinary collaboration of psychotherapists, psychiatrists, researchers, and
laboratory technicians. Statistical analyses were conducted using RStudio
(RStudioTeam, 2020). The psychotherapeutic treatment of PD (studies Ill to V) was
conducted according to a research-based manual by Lang and colleagues (2011) and
includes interoceptive (e.g., hyperventilation) and in vivo exposures. Following an initial
interview, CBT consisted of 12 sessions (six to eight weeks) with a frequency of two
sessions per week, and two booster sessions after two and four months. Individuals
underwent at least two in vivo exposure sessions accompanied by a therapist (see Table

2 and Figure 5).
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Table 2

Session Procedure of CBT for Panic Disorder with/without Agoraphobia

Session Content

Overview of the treatment

Information about What are anxiety and panic?
1 anxiety, vicious cycle  Introduction to the development model of
model panic disorder and agoraphobia

Introduction to the vicious cycle of anxiety

Development of an individual model

Behavioral analysis based on a recent panic
Development model
2 attack

and behavioral analysis
Collection of additional anxiety-provoking

situations and symptoms

Identification of situational factors

Psychoeducation

influencing anxiety

Significance and effects of thoughts

Effects of avoidance

. o Significance and effects of avoidance
3 behavior & deriving

behavior

treatment goals
Development of an individual vicious-cycle

model

Derivation of treatment goals

Creating a fear hierarchy related of bodily

Conducting .
. . sensations
4 interoceptive exposure . — .
. Conducting the first interoceptive exposure
exercises

exercises

Repetition of

Interoceptive
Exposure

. . Identifying changes after interoceptive
interoceptive exposure

. exposure
exercises

5 Creating a fear hierarchy related to feared

95’ Treatment rationale for situations
g in-vivo exposure Conducting a thought experiment to derive
X the rationale for in-vivo exposure
1
_g ) Preparation for the exposure exercise
> Conducting exposure — —
c 6-8 . If necessary, building motivation for
= exercises
exposure
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Session Content

1. Individual exercise (e.g.,
From the fear bus/tram)

Conducting exposure . — -
6-8 hierarchy 2. Individual exercise (e.g.,

exercises
department store, tower)

Debriefing after the exercises

Identifying changes after the exposure
situations

Changes in Evaluation of learning experiences

9 anticipatory anxiety & Assessment of remaining symptoms

challenges in exposure |gentifying changes in anticipatory anxiety

Preparing for unaccompanied exposure

In-vivo-Exposure

exercises

Preparation for the first unaccompanied
exposure exercise

Conducting exposure - - -
10 -11 . Conducting the first unaccompanied
exercises i
exposure exercise

Debriefing after the exposure exercise

Identifying changes that occurred after the
exercises

Learning experience, X - - .
12 Evaluation of previous learning experiences

practice plans

Identification of possible relapse risks

Developing a practice plan

Evaluation of the self-directed exercises

Changes in existing relapse risks

2
Booster Learning experience

Relapse Prevention

Agreement on/recommendation of further

. exercises
Sessions

Conclusions from the treatment (only in
second booster session)

Note: Session procedure of CBT for panic disorder with/ without agoraphobia according

the manual of Lang and colleagues (2011).
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Figure 5

Course of CBT
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Figure 5 shows the phases and timeline of the CBT. Figure 6 illustrates the parallel
study design for the intervention study, during which we collected the data for
publications Il to V. The diagnostic questionnaires, as detailed in Table 3, and blood tests,
e.g., assessing epigenetics, were carried out before the beginning of treatment, before
the fifth session of the treatment, and after the end of treatment. Due to changes in
cortisol levels throughout the day, assessments took place in the morning. In addition, a
subsample of 25 participants was examined during exposure sessions with blood tests
and questionnaires to assess cortisol, epigenetic profiles, and metabolomics. After the
end of therapy, a follow-up survey was carried out after four (second booster session) and

eight months.

31



Figure 6

Study Design
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Note: ACQ = Anxiety Cognitions Questionnaire, Ml = Mobility Inventory , BSQ = Body

Sensations Questionnaire, SUD = Subjective units of distress.
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Table 3

Questionnaires
. Base After 4th Follow- Follow-
Self-ratings ) ) Post
line session up 1 up 2
Anxiety Mobility Inventory (Ml; Ehlers &
X X X X X
symptoms Margraf, 2001)
Anxiety Cognitions
Questionnaire (ACQ; Ehlers & X X X X X
Margraf, 2001)
Body Sensations Questionnaire
X X X X X
(BSQ; Ehlers & Margraf, 2001)
Panic and Agoraphobia Scale
X X X X X
(PAS; Bandelow, 1997)
State Trait Anxiety Inventory
X X
(STAI; Laux et al., 1981)
Anxiety Sensitivity Index (ASI-R;
X X X X
Hoyer et al., 2005)
Other Symptom-Checklist (SCL-90-R;
X X X X
symptoms Franke, 1995)
Beck Depression Inventory (BDI;
) X X X X X
Hautzinger et al., 2000)
Relational  Working Alliance Inventory (for After sessions
X X
patterns patients, WAIp; Wilmers, 2008) 1 4 )
Relationship Scales
Questionnaire (RSQ; X X X X
Steffanowski, 2001)
Inventory of Interpersonal
Problems (lIP-D; Horowitz et al., X X X X
2000)
Personality  Tridimensional Personality X
Questionnaire (TPQ; Dufeu et
al., 1995)
Eysenck Personality X

Questionnaire (EPQ-RK; Ruch,
1999)
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. Base After4th Follow- Follow-
Self-ratings ) ) Post
line session up 1 up 2
Live events Impact of Event Scale (IES;
X
Maercker & Schutzwohl, 1998)
Kurz-Inventar zur Erfassung
fruher traumatischer
X
Lebensereignisse (K-IFTL; Heim,
2000)
Ereignisliste’ X
Childhood Trauma
Questionnaire (CTQ; Klinitzke et X
al., 2011)
Therapist ratings
Anxiety Hamilton Anxiety Scale (HAMA;
X X X X X
symptoms Hamilton, 1996a)
Panic and Agoraphobia Scale
X X X X X
(PAS; Bandelow, 1997)
Other Hamilton Depression Scale
X X X X
symptoms (HAMD; Hamilton, 1996b)
Structured Clinical Interview fur
DSM-IV - 11 (SCID-II; Wittchen et X
al., 1997)
Working Alliance Inventory (fo i
Relational rking Alliance Inven ry (for After sessions
therapists; WAIt; Horvath & X X
patterns

Greenberg, 1989)

1 4 8

Note: All questionnaires were provided in a German version.

' The event list consists of 37 relevant life events (e.g., birth of a child, divorce), which

are surveyed together with their subjective stress level
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Figure 7 describes the procedure and enrollment of participants in the different
publications. Individual methods and materials are described in detailin the publications
below.

Figure 7

Flowchart of Participants

Enrollment Patients with PD included in EWAS
for publication Il (n=89) and healthy Excluded (n=7)
controls (n=76) * Not meeting inclusion criteria (n=5)
* other major disorder (n=4)

* pregnancy (n=1)
. * Declined to participate (n=1)

* Other reasons (n=1)
PD patients assessed for eligibility for >
CBT (n=56) in the outpatient clinic
\ 4 Allocation Y
Allocated to psychotherapy (n=43): Allocated to psychotherapy + medication (n=6)
* Received allocated intervention (n=38) * Received allocated intervention (n=3)
* Did not receive allocated intervention (n=5) * Did not receive allocated intervention (n=3)
v Analysis
Analyzed for publication lll (n=25) and Analyzed for publication V (n=3)
publication IV and V (n = 38)
v Follow-Up v
Lost to follow-up 1 (n=3) and
follow-up 2 (n=4)
v Analysis v

Analyzed for publication V (n=34)
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5. Results

Theoretical background, methodology, results, and discussion are outlined
separately for each manuscript in executive summaries below, with an overarching

synthesis in Chapter 6.
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5.1. Publication I: HPA system in anxiety disorder patients treated with cognitive

behavioural therapy: A Review

Lange, J., & Erhardt-Lehmann, A. (2025). HPA system in anxiety disorder patients
treated with cognitive behavioural therapy: A review. Biomarkers in Neuropsychiatry, 12,
100116. https://doi.org/10.1016/j.bionps.2024.100116

Executive Summary

The HPA axis is central to the physiological stress response, which culminates in
the release of cortisol. Understanding how the body’s stress-response system serves as
a biomarker for disease status during psychotherapy and affects the response to
treatment is important for a more holistic perspective on treatment mechanisms.
Dysregulated HPA axis activity has been observed in various ADs: Chronic stress and
anxiety can lead to either hyperactivation or, conversely, blunted reactivity due to
exhaustion of the stress system. Cortisol has thus been studied as a potential biomarker
of symptom severity and recovery. Baseline HPA system characteristics might predict
response to therapy. Further, if CBT effectively reduces a patient’s pathological fear,
corresponding changes in HPA axis regulation could be expected.

Study | addressed these questions through a systematic literature review of HPA
axis findings in AD patients treated with CBT. It compiled findings from experimental
studies that measured cortisol levels before, during, and after CBT, particularly focusing
on those treatments that included exposure therapy. First, we summarized studies using
just one baseline measurement of cortisol predicting response. Second, examinations
during exposure were reviewed, and third, studies with pre-/post-assessments were

researched.
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The summarized studies, though inconsistent, suggest first that cortisol levels
may reflect disease status and serve as potential biomarkers for outcome prediction.
Global HPA system dysfunction, characterized by chronically elevated cortisol
concentrations and hyporeactivity to stress situations (conceivably due to an already
exhausted HPA axis), appears to be linked to a greater symptom burden and poorer CBT
response. Second, and in line with the latter, low cortisol responses during exposure
exercises were repeatedly found to be a risk marker for non-response to therapy. These
findings suggest that patients whose stress system does not adequately activate during
exposure tend to benefit less from CBT, pointing to the necessity of a flexible and adaptive
cortisol response during fear-disconfirming exposure. An adaptive cortisol response
probably facilitates extinction learning by promoting neuroplasticity. Third, some
evidence indicates that successful CBT can normalize HPA system functioning: patients
who responded to therapy showed reductions in excessive cortisol reactivity to fear-
related stimuli over time and a return toward normal basal cortisol levels. This finding
aligns with the idea that effective fear reduction through CBT not only alleviates
psychological distress but also normalizes the physiological stress system. Importantly,
the findings also indicate that cognitive processes inherent to CBT, e.g., appraisal,
attribution, perceived controllability, and coping, may contribute to the modulation of
HPA system activity.

The review concludes that cortisol is a potential candidate biomarker for several
aspects of ADs and their treatment. Cortisol measures might be used to determine
current AD severity, to predict which patients are likely to respond to CBT, to monitor
treatment progress objectively, and even to augment therapy pharmacologically.

However, findings across studies have been mixed. Interpretation of current study results
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is limited due to small sample sizes, variability in HPA system assessment methods,
differences in experimental conditions, inconsistencies in symptom ratings, and
variations in treatment procedures, including the use of medication, treatment duration,
and follow-up periods. Additional factors such as childhood adversity, biological
influences, diurnalrhythms, disorder duration, and psychiatric comorbidities may further
contribute to inconsistent findings and should be considered. Ideally, future studies
would employ more uniform and comprehensive cortisol measurements. Assessing
multiple parameters of HPA axis dynamics, including global function, cortisol awakening
response, diurnal slope, acute and long-term cumulative cortisol output on consecutive
days atvarious points in therapy, would allow a more nuanced understanding of changes
within the cortisol feedback loop. Differential approaches may enhance outcomes by
targeting distinct phases and types of ADs: reducing acute stress responses or elevated
cortisol in the early phase, and normalizing a downregulated HPA system in chronic AD,
through exposure, cognitive techniques, coping strategies, and probably glucocorticoid

augmentation.
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5.2. Publication Il: DNA Methylation signhatures in panic disorder

lurato, S., Carrillo-Roa, T., Arloth, J., Czamara, D., Diener-Holzl, L., Lange, J.,
Muller-Myhsok, B., Binder, E. B., & Erhardt, A. (2017). "DNA Methylation signatures in
panic disorder". Translational Psychiatry, 7(12), 1287. https://doi.org/10.1038/s41398-
017-0026-1

Executive Summary

The etiopathogenesis of PD remains largely uncertain, though both genetic
predisposition and environmental exposures are known to play a role. Investigating DNA
methylation could provide an integrated perspective on these combined risk factors. So
far, studies in the European population are lacking. Although epigenetic modifications,
such as DNA methylation, are generally tissue-specific, certain sites exhibit cross-tissue
relevance. Alterations in peripheral tissues like blood may serve as potential biomarkers
for disease risk.

Study Il aimed to identify methylation changes that could serve as biomarkers of
the disorder or provide insight into its underlying biology. It focused on identifying DNA
methylation differences in blood samples associated with PD by carrying out an
epigenome-wide association study (EWAS) comparing medication-free patients (n=89)
to healthy controls (n=76) and assessing an independent replication sample of cases
(n=131) and controls (n=169). Using the Illumina HumanMethylation BeadChip arrays,
approximately 450,000 CpG sites across the genome were assessed for differential
methylation patterns using linear regression models. The analysis was stratified by sex to
detect any gender-specific effects. Further, in an independent set of female subjects
(n=71), gene functionality was tested by measuring related messenger RNA (mRNA)

expression at baseline and after a dexamethasone suppression test using Illumina
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Human Expression BeadChip arrays and analyzed with a linear mixed effects model.
Additionally, a list of candidate genes was evaluated that previous studies had implicated
in ADs.

Key findings included a notable sex-specific epigenetic signature: only in female
PD patients did one particular CpG site reach genome-wide significance for differential
methylation compared to controls. This CpG (identified as cg07308824) is located in an
enhancerregion of the Hdc homolog (HECA) gene, which is a cell cycle regulator, possibly
playing an important role in human carcinoma. Importantly, this finding was replicated in
the second independent sample. In a combined meta-analysis across samples, the
association became even more statistically robust (adjusted after multiple testing,
p=0.004). The study went further to explore the functional relevance of this epigenetic hit
in an independent set of female patients: Methylation at the PD-associated CpG site was
found to be correlated with mRNA expression of the HECA gene, both at baseline and
after a dexamethasone suppression test. This finding suggests that the methylation
change may have a regulatory effect on gene function. Aside from this genome-wide
significant finding, out of 15 candidate genes examined, five showed nominally
significant methylation differences in PD patients (after gene-wise correction): SGK1,
FHIT, ADCYAP1/PACAP, HTR1A, and HTR2A, all of which had been reported by prior
research to relate to AD or PD risk. For example, SGK7 (serum glucocorticoid regulated
kinase 1) and PACAP (pituitary adenylate cyclase activating polypeptide) are involved in
stress-hormone signaling and fear response, while HTR1A/2A encode serotonin
receptors implicated in anxiety modulation.

Overall, Study Il found limited but notable DNA methylation differences in patients

affected by PD, with the most compelling evidence for a female-specific methylation
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change in the HECA gene. However, PD is not associated with extensive methylation
alterations in blood. As genome-wide studies examining epigenetic markers in patients
with PD are still very limited, this study contributes to establishing a foundation for

subsequent research.

42



5.3. Publication lll: Exposure-induced changes of plasma metabolome and gene

expression in patients with panic disorder

Martins, J., Czamara, D., Lange, J., Dethloff, F., Binder, E. B., Turck, C. W., &
Erhardt, A. (2019). Exposure-induced changes of plasma metabolome and gene
expression in patients with panic disorder. Depression and Anxiety, 36(12), 1173-1181.
https://doi.org/10.1002/da.22946

Executive Summary

Only a few studies have been published regarding the neurobiological pathways
and molecular mechanisms involved in and activated by panic attacks in the context of
ADs. Biomarkers such as gene expression and plasma metabolites (small molecules that
are involved in or produced by metabolism), which represent molecular pathway
activities, are promising candidates for assessing treatment efficacy.

Study Il focused on dynamic molecular changes in metabolites and gene
expression in individuals with PD (n=25) during two repeated exposure-induced panic
states during therapist-guided exposure sessions to feared situations embedded in
short-term CBT. Blood samples were taken at three time points: before exposure/
baseline reflecting anticipatory anxiety, one hour after the peak of anxiety, and one day
later following the exposure (24h after baseline) to assess if these changes could serve
as markers of the panic state or might be linked to the patient’s clinical symptoms. Using
liguid chromatography-mass spectrometry, the levels of numerous small-molecule
metabolites in plasma were analyzed, and gene expression levels (MRNA) were
measured using Illumina Expression BeadChip arrays, providing insight into both

metabolic and transcriptomic responses to acute panic reactions. Metabolites with
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significant changes were identified with a two-way analysis of variance for repeated
measures. Gene expression was analyzed using linear mixed effects models.

The results identified one metabolite that showed a notable change: the
metabolite glyoxylate was dynamically regulated over the three time points. Glyoxylate is
a biochemical intermediate that is part of the degradation pathway of cholecystokinin, a
neuropeptide known to be involved in ADs and used to induce panic attacks in research
settings (panicogenic peptide). Interestingly, glyoxylate levels at baseline correlated
most pronounced with the peak anxiety level experienced by the patients during
exposure (p=.03, adjusted R?=28%), suggesting they might predict subjective distress
during the intervention and hence could be an indicator of the panic state. Furthermore,
glyoxylate levels prior to exposure showed gender-dependent differences, with higher
levels in male patients (p=.006). Moreover, cholecystokinin gene expression was
significantly elevated pre-exposure in patients who later achieved remission (p=.03).
However, general gene expression exhibited minimal fold changes (magnitude of change
between two measurements as a ratio) throughout all three time points of the exposure
experiment (<0.09), indicating limited clinical utility.

In summary, Study lll provided initial evidence that metabolites can serve as
dynamic markers of acute panic states. The dynamical regulation of glyoxylate during
panic attacks is a novel finding, pointing to the possible role of the cholecystokinin
neuropeptide system during exposure-induced panic states, bridging a molecular
mechanism with the phenomenology of panic. The found correlation with peak anxiety
suggests a role for cholecystokinin in anticipatory anxiety, potentially modulating anxiety
intensity during exposure. If confirmed, such metabolic markers could aid in monitoring

patients’ acute stress levels or responses during exposure exercises and have the
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potential to predict anxiety states. Meanwhile, the minimal gene expression changes
suggest that transient panic might not allow for large transcriptional changes to manifest.
However, these preliminary results, based on a small sample, suggest that peripheral
blood gene expression may not reliably reflect acute fear states, emphasizing the need
forfurtherresearchintoits clinical relevance and replication in larger samples. The higher
cholecystokinin gene expression pre-exposure in remitters further implicates
cholecystokinin in anticipatory processes and the engagement of neural circuits critical
for learning. However, these findings warrant validation in larger cohorts with direct

assessment of cholecystokinin-related neural pathways.
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5.4. Publication IV: DNA-methylation dynamics across short-term, exposure-

containing CBT in patients with panic disorder

Moser, S., Martins, J., Czamara, D., Lange, J., Mlller-Myhsok, B., & Erhardt, A.
(2022). DNA-methylation dynamics across short-term, exposure-containing CBT in
patients with panic disorder. Translational Psychiatry, 12(1), 46.
https://doi.org/10.1038/s41398-022-01802-7

Executive Summary

Since epigenetics describes time-stable heritable gene-regulatory mechanisms
that are also highly dynamic and reactive to environmental influences, they are likely
candidates to mediate the effects of exposure-based CBT. Previous studies showed
evidence for DNA methylation and immune phenotype regulation in PD, but the temporal
dynamics of these changes during CBT and exposure have not yet been studied
sufficiently.

Study IV investigated this by conducting a longitudinal investigation of DNA
methylation dynamics before and after short-term CBT. The CBT intervention with PD
patients (n=38) consisted of an 8-week program that included exposure therapy sessions.
We collected blood samples prior to the intervention, after the fourth session, and after
therapy completion. A subsample of these patients (n=21) was monitored during
exposure sessions, and additional blood samples were taken to capture acute change
(before exposure, one hour after peak of anxiety, and 24 hours after). This design allowed
the examination of two levels of change: short-term, state-dependent changes occurring
immediately during an exposure-induced panic episode, and long-term changes
developing across the full course of treatment. We assessed therapy-related changes

with linear mixed models and paired-sample t tests in a DNA methylation epigenome-
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wide and in a candidate gene approach, as well as modulations of immune cell profiles
(estimated from the DNA methylation data) using Illumina bead chip arrays.

One major finding was that immune cell proportions, specifically CD4+T-cells,
CD8+T-cells, B-cells, and Granulocytes, changed from pre- to post-treatment to a
healthier “control-like” status. Furthermore, immune profiles, such as CD4+ T-Cells,
Natural Killer cells, and Granulocytes, were temporarily regulated during acute fear
provocation in exposure sessions, reflecting an acute stress immune response, without
differences between responders and non-responders.

Importantly, an epigenome-wide analysis of DNA methylation across therapy was
performed and identified a few specific CpG sites that exhibited significant methylation
changes either during the exposure or over the course of therapy. One standout result
was the discovery of a CpG site (cg01586609), located in a CpG island within the gene for
the serotonin receptor 3A (HTR3A; product: 5-HT3A receptor). This serotonin receptor is
known to play a role in the regulation of panic states and fear circuitry. The 5-HT3A
receptor subtype is localized in limbic brain regions, including the amygdala,
hippocampus, and cortex, which are involved in the regulation of panic. In the context of
fear provocation, HTR3A showed differential methylation and gene expression related to
therapy response. During the exposure session, methylation at this HTR3A-associated
site changed temporarily, suggesting fear elevation can alter methylation even in the
short term. The study also found that changes in methylation corresponded with a
decrease in HTR3A gene expression one hour after the peak of anxiety. Interestingly, the
degree of HTR3A expression change differed between remitters and non-remitters
(p=0.028 for the interaction of time and remission status), with decreased HTR3A

receptor production in remitters, suggesting a pronounced anxiolytic effect.
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Another CpG (cg01699630), annotated to the arginase 1 (ARG1) gene, which is
related to the urea cycle, neurology, and immunometabolism, was identified as
undergoing significant methylation changes from pre- to post-treatment (paired t test,
genome-wide adjusted p=0.02), indicating an epigenetic alteration as a result of CBT.

In a candidate analysis, two CpGs in the mitotic arrest deficient 1-like (1MAD1L1)
gene, which is associated with chromosomal instability and linked to anxiety-related
psychopathology and psychiatric disorders, were found to be nominally regulated during
the therapy. Further analysis of the methylation dynamics revealed a consistent pattern
across individuals, i.e., an initial decrease at the start of therapy, followed by an increase
in anticipation of the fear exposure, which persisted during the exposure itself before a
gradual decrease to the subsequent therapy timepoints.

Study IV provides the first evidence of longitudinal changes in the context of CBT
and acute fear exposure for PD in immune cell-type composition and at the epigenetic
level, specifically ARG1 and HTR3A methylation and expression. The results add to a
growing body of evidence linking the immune system with PD. Our results indicate that
exposure induces an acute immune system stress response, while the therapy overall
appears to promote a gradual shift toward a “less-stressed” immune state. Therapy
potentially normalizes some of the immune dysregulation associated with chronic stress
or anxiety, without knowing if this is a marker for therapy success or just a physiological
reaction to stress. The HTR3A result is quite novel, pointing to a potential biomarker for
therapy success: it implies that how a patient’s epigenome reacts to an early exposure
challenge could predict therapy outcome. Furthermore, the finding is in line with research
showing improved efficacy of serotonin-reuptake inhibitors after blockade of 5-HT3AR.

The results and those of study Il (HTR1A and HTR2A) suggest a contribution of the
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serotonin system in the etiology of PD and response to acute fear, with a potential for
clinical application of 5HT3AR in therapeutic exposure and pharmacological treatment.
Taken together, these findings support the notion that successful psychotherapy can
induce measurable changes in gene regulation. Additional studies are needed to
corroborate our findings and understand the mechanism of action in detail before

exploring clinical potential.
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5.5. Publication V: Attachment style change and working alliance in panic

disorder patients treated with cognitive behavioral therapy

Lange, J., Goerigk, S., Nowak, K., Rosner, R., & Erhardt, A. (2021). Attachment
style change and working alliance in panic disorder patients treated with cognitive
behavioral therapy. Psychotherapy (Chic), 58(2), 206-218.
https://doi.org/10.1037/pst0000365

Executive Summary

Attachment style, based on Bowlby’s (1969) theory, refers to systematic patterns
of reciprocal social behavior in relationships based on relational expectations and
emotions shaped by early caregiving experiences and heritable personality traits, which
together stabilize internalized attachment orientations over time. They are described in
two dimensions: anxious attachment, which means to be preoccupied with fears of
abandonment and a negative “inner working model of self”, and avoidant attachment,
which refers to discomfort with closeness and dependence and a negative “inner working
model of others”. In adults, attachment style is often considered a stable trait, and an
insecure attachment style is thought to persist over time. However, some studies indicate
that attachment style can evolve, especially in the context of significant relational
experiences or interventions. Psychotherapy, as a relationship-based intervention, might
be one context in which attachment patterns could shift. In CBT for PD, although the
working alliance is an important factor, the focus is typically on cognitive changes, such
as disproving catastrophic misinterpretations, and behavioral changes, such as reducing
avoidance behavior, rather than explicitly on relational dynamics. Yet, it remains possible
that even standardized short-term therapy could foster changes in their attachment

orientation. An insecure attachment style has been shown to have a detrimental
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influence on therapy outcome in previous studies. It was associated with more
interpersonal problems and a weaker therapeutic alliance. Improvements in
interpersonal patterns appear to result from alliance changes and, in turn, predict
symptom severity. However, whether a secure alliance drives changes in attachment
style or attachment shapes the alliance—outcome relationship remains unclear and
requires long-term investigation.

Study V investigated the following questions: 1) Does attachment style change
due to a short-term treatment and follow-up, 2) is improvement in attachment style
preceded by alliance change, and does it predict subsequent improvement in outcome
and interpersonal patterns, and 3) is the impact of improvement in alliance on
subsequent outcome moderated by attachment style and interpersonal distress?

We examined PD patients' (n=49) attachment style, symptom severity,
interpersonal distress, and the therapeutic alliance using self-report and therapist
measures throughout the above described short-term CBT (12 sessions plus two booster
sessions) at multiple time points. These included baseline, mid-treatment at fourth and
eighth sessions, post-treatment, and follow-up after four and eight months after
treatment. We used linear mixed effects models to analyze changes within patients over
time (intra-individual change) as well as between patients. For the between-patient
effects, we used the individual patient’s mean, which is reflective of “trait-like”
differences in patient characteristics. Significant within-patient effects reflect
divergence from the subject’s specific mean. Dependent variables were lagged (t+1).
First, patients showed overall a strong decrease in attachment anxiety over the course of
therapy (research question 1). The reduction in anxious attachment was statistically

significant at the end of the main treatment, and improvements remained stable
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throughout the four and eight-month follow-up. Attachment avoidance, on the other
hand, already not very high from the start, showed less pronounced improvements and
showed a trend effect only at the follow-up assessments. The improvement of
attachment style was accompanied by less interpersonal distress, an increase in
therapeutic alliance, as well as symptom improvement.

Second, the study found reciprocal relationships between attachment style
changes and clinical outcomes within individuals (research question 2). When a given
patient experienced a reduction in attachment anxiety at a certain time point compared
with their mean level, this predicted improvements in panic symptoms (e.g., agoraphobic
cognitions), therapeutic alliance, and interpersonal distress at the subsequent
measurement. In the reverse direction, an increase in alliance quality or a decrease in
symptoms predicted later decreases in attachment anxiety. Additionally, decreases in
interpersonal distress preceded reductions in attachment avoidance at follow-up.

At the between-person level, generally (mean) higher anxious attachment and
interpersonal distress were associated with greater symptom severity, indicating risk and
maintenance factors for poorer outcomes. More insecure attachment styles overall were
further linked to greater interpersonal difficulties. In line with our assumptions, a
generally stronger therapeutic alliance was associated with lower symptom severity.

The study examined further how average levels of attachment and interpersonal
distress influenced the relationship between within-patient alliance and subsequent
outcomes (research question 3). We found that mean attachment anxiety and
interpersonal distress moderated the association between early alliance changes and

later outcomes. Patients who were generally more anxiously attached or who had higher
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interpersonal distress benefited more from a growing alliance in terms of subsequent
depressive symptom improvement.

The findings provide evidence that even a short, exposure-focused CBT might lead
to significant changes in attachment style and interpersonal problems. Short-term CBT
for PD primarily uses standardized, exposure-based interventions and does not
specifically target relationship quality. Thus, directly addressing attachment style may
not be necessary; focusing on overcoming fear alone might be sufficient to promote
lasting improvements in anxious attachment and the "inner working model of self."
However, the results suggest that improvement in anxious attachment may have
facilitated the ability to form a relationship with the therapist, and with an increasing
therapeutic bond, probably enabling treatment to be effective. On the other hand, they
suggest thatimprovementin alliance fosters more subsequent secure attachment. Thus,
strengthening the therapeutic alliance appears crucial for symptom reduction, especially
in patients with anxious attachment and interpersonal difficulties. Possibly, targeting the
therapeutic alliance in addition to the standard CBT protocol might yield further
beneficial effects. Monitoring attachment styles and interpersonal function as potential

risk factors for symptom severity is recommended for clinical utility.
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6. General Discussion

This cumulative thesis explored multiple levels in the treatment of PD,
investigating biological markers (endocrine, epigenetic, transcriptomic, metabolomic,
and immune system; publications | to IV) and psychological processes (attachment style
and alliance; publication V). The HPA axis review (publication I) highlighted how stress
hormone regulation correlates with and responds to exposure-based CBT in AD. The
genetics studies (publications Il to IV) showed that both pre-existing and exposure-
induced changes in gene regulation, such as DNA methylation and gene expression,
accompany PD and improvement. Publication Ill also suggests an acute metabolomic
mechanism of panic attacks. Further, the investigation in publication IV found changes in
immune system-related processes. Publication V shows the modifiability and reciprocal
relationship between attachment style, interpersonal problems, symptom severity, and
the therapeutic alliance, whose importance for anxious attached individuals is
emphasized.

A unifying theme across the studies is the idea that successful CBT for PD does
not merely improve anxiety symptoms alone, but creates a change that resonates
through the organism, from physiology to personal development. Each study provided a
piece of the broader picture of the bio-psycho-social model. Many of the changes
observed can be interpreted as moving from a dysregulated state associated with mental
illness toward a more balanced physiological and psychological state associated with
health and well-being. This pattern suggests that effective therapy might reverse or
mitigate some of the physiological and interpersonal conditions and manifestations of

PD. The results are discussed in more detail in the following chapters.
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6.1. Multi-Level Biological Changes

This dissertation aimed to shed light on the role of biomarkers in the development
and recovery from psychiatric disorders across different biological levels. Studies |, lll,
and IV show that patients with PD treated with CBT exhibit a coherent pattern of biological
changes during exposure-based CBT: normalization in HPA axis hyperregulation,
modulation of DNA methylation and gene expression of specific genes, e.g., related to
the serotonergic system (HTR3A), immune system (ARG1), and cholecystokinin, as well
as acute immune cell profile and metabolic fluctuations such as glyoxylate linked to the
cholecystokinin degradation pathway.

The review of the HPA system in AD along CBT (publication I) confirms the
potential role of cortisol levels as a ‘predictive biomarker’ of outcome and as a
‘monitoring biomarker’ for the indication of disease status. HPA axis dysfunction seems
to correlate with greater symptom severity and poorer CBT response. Low cortisol
responses during exposure interventions consistently predict risk for non-response.

The results of study Il point to a possible epigenetic mechanism, a potential
‘susceptibility biomarker’, contributing to PD in women. This mechanism could relate to
sex-specific risk or resilience factors. The association with differences in HECA mRNA
expression levels in another female sample after a dexamethasone suppression test
suggests that the methylation change may potentially be a part of a pathway in the
context of stress hormone response, given that dexamethasone is a glucocorticoid
analog. In a recent study, HECA emerged as central in RNA metabolism and cellular
adaptation to stress (Ricolo et al., 2025). The findings highlight both the promise and the
complexity of using blood DNA methylation as a biomarker. While a frequently found

epigenetic marker, such as the HECA locus, might eventually contribute to identifying
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and understanding PD, the overall small number of significant methylation sites
underscores that any epigenetic contributions to PD are likely nuanced and might
represent only a smallincremental aspect in understanding PD.

Our findings regarding epigenetics in the context of CBT point towards small
alterations in DNA methylation (study IV) as potential predictive candidate biomarkers
for assessing stress-related effects, physiological changes due to therapeutic
intervention, and predicting differences in therapeutic response. This is corroborated by
a review of genomics research in AD by Weber and colleagues (2025) regarding
therapygenetics, which aims to quantify the genetic influence on response to
psychotherapy. Furthermore, a recent EWAS (Domschke et al., 2025) found dynamic
epigenome-wide DNA methylation changes along with CBT response at four CpGs
(ADIPOR2, EIF3B, OCA2, TMCCH1), previously linked to processes related to anxiety,
contextual fear conditioning, or neuronal synaptic plasticity. Additionally, changes in
gene expression (studies Il to IV) might be more subtle and harder to measure. Targeting
biologically plausible gene sets, e.g., inflammation, immune, neural, or endocrine,
shows promise, while genome-wide findings of singular methylation sites from small,
unreplicated samples lack clinical utility. Moving forward requires large-scale
collaborations, streamlined blood collection, diverse samples, multiple therapies, and
standardized protocols to yield actionable insights (Ricon-Becker & Cole, 2024).

The results regarding the immune system dynamics (study IV) support the
neuroinflammation hypothesis in anxiety, that chronic anxiety may have an inflammatory
component that can be alleviated with treatment (Nelles et al., 2025). The metabolomic
finding (study Ill) identified glyoxylate as a candidate state-marker. As an intermediate

biochemical product of degradation, it specifically points to the cholecystokinergic
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system, reinforcing older theories that cholecystokinin hyperactivity contributes to panic
attacks (Zwanzger et al., 2012). Cholecystokinin is densely present in brain regions
regulating fear and anxiety, acting as both a neurotransmitter and a neuromodulator. Its
role in human anxiety is well established. Cholecystokinin agonists (e.g., pentagastrin)
reliably induce panic attacks in a dose-dependent manner, especially in individuals with
PD, who show heightened sensitivity and distinct cholecystokinin metabolism (Bradwejn
& Koszycki, 2025).

Our findings of multi-system changes underscore the possible integrative
biological impact of CBT, linking symptom improvement in PD to quantifiable changes in
endocrine, gene, metabolic, and immune system regulation. Collectively, these findings
broaden our understanding of PD’s pathophysiology and recovery. They point toward
promising predictive and monitoring biomarkers — from cortisol dynamics to specific
methylation sites —that could inform and enhance future personalized interventions. This
approach establishes the foundation for viewing therapeutic change not just in
psychological terms but also as measurable biological changes, reinforcing a

biopsychological understanding of treatment.

6.2. Therapy Process Factors

The attachment style study (publication V) demonstrated that standardized short-
term CBT may effectively reduce anxious attachment, symptom severity, and
interpersonal problems in patients with PD long term. Attachment style improvement
seems to be reciprocally related to symptom severity, alliance change, and interpersonal
difficulties. Furthermore, general attachment style and interpersonal distress appear to

moderate the relation of the therapeutic alliance and subsequent depressive symptom
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severity, with more anxiously attached and interpersonal distressed patients benefiting
more from an improvement of the alliance.

The most significant aspect of Study V is that short-term CBT for PD might
positively affect certain factors, such as attachment style and interpersonal problems,
which have been thought of as rather unchangeable traits. These shifts were intricately
linked with the therapy process and outcomes. This challenges the notion that a brief,
manualized treatment cannot affect change beyond symptom alleviation. The decrease
in attachment anxiety is notable because CBT for PD does not directly target attachment
orinterpersonal beliefs. Interestingly, our results are corroborated by a later study finding
improvements in anxious, but not avoidant attachment, in PD patients treated with
internet-based CBT (Zalaznik et al., 2022). Both results suggest that even when therapy
does not explicitly focus on relationships, patients may internalize the experience in a
way that updates their internal working models of attachment. The improvement likely
emerged indirectly, perhaps as patients gained confidence and self-efficacy by
mastering their fear and experiencing more control, they improved their self-
representations (Renner et al., 2025; Zalaznik et al., 2019). In the study of Zalaznik and
colleagues (2022), most of the change in anxious attachment was during phases that
focus on cognitive work, which suggests that reinterpretations of the sensations as
harmless, improvement in anxiety sensitivity respectively, help patients to feel relief
without depending on others, and a sense of self-competence. The reciprocal dynamic
between attachment style, symptom severity, interpersonal problems, and alliance
suggests a reinforcing cycle: as patients improve anxiety sensitivity, they become less
anxiously attached and have fewer interpersonal difficulties, they may engage more

openly with therapy and trust the process. As their symptoms and functioning improve,
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they might feel more interpersonally secure, reducing attachment anxiety further. These
findings are corroborated by a study finding a reciprocal dynamic between interpersonal
problems and therapeutic alliance, in which improvements in one construct were linked
with beneficial changes in the other over time (lovoli et al., 2025). Moreover, due to
experiencing a positive, corrective relationship with the therapist, through experiencing a
supportive, collaborative alliance, patients likely revise expectations of others’
availability (Mikulincer et al., 2013). Change in avoidant attachment via various
psychotherapies has, for example, been shown in other disorders (Kirchmann et al.,
2012; StrauB et al., 2018; Zalaznik et al., 2019; Zalaznik et al., 2025), but with mixed
results (Taylor et al., 2015). However, concluding from our findings, exposure therapy
likely modifies more self-related beliefs associated with anxious attachment, but might
have a limited impact on beliefs related to others, linked to avoidant attachment. It
seems likely that a stronger focus on interpersonal healing might have more impact, as
suggested by our finding of reduced interpersonal distress preceding reductions in
attachment avoidance at follow-up. Additionally, a change in internal models of others
might take more time, as could be hypothesized from the found trend in attachment
avoidance reduction at follow-up. Notably, avoidant attachment was overall not high
from the start in our PD sample, similar to the sample in the study of Zalaznik and
colleagues (2022), thus, conclusions are limited.

The therapeutic alliance, known to be critical for outcome in general (Fllckiger et
al., 2018), is confirmed here as a mechanism for change for individuals with interpersonal
difficulties. The finding that more anxiously attached and interpersonal distressed
patients benefit more from an improvement of the alliance makes intuitive sense. Those

who start therapy with interpersonal insecurities or difficulties stand to gain the most
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from forming a strong bond with the therapist. It might not only facilitate the technical
aspects of therapy but also directly help heal some relational wounds, translating into
broader symptom improvement, including mood, as noted by depressive symptoms in
the moderation effect. Meanwhile, patients who were already more secure or less
interpersonally distressed might improve regardless of alliance or need less of that
relational factor to progress. In summary, effective fear-focused treatment and a good

alliance may suffice to bring about positive interpersonal changes.

6.3. Cognitive Aspects

By targeting anticipatory anxiety and maladaptive appraisals, CBT effectively
reduces the perceived threat of bodily sensations and situations. One clear outcome
observed is a reduction in the “fear of fear.” As patients learn that panic symptoms are
not dangerous, the anticipatory anxiety is diminished, and in turn, patients often feel
more confident confronting situations they avoided, creating a positive cycle: facing
situations that disprove catastrophic expectations and further reducing anticipatory
anxiety.

An important cognitive factor in this regard, as mentioned above and previously
described in the causal model of PD theories by Fava & Morton (2009), is self-efficacy
(Breuninger et al., 2019). Evidence from CBT for ADs suggests that improvement in self-
efficacy mediates treatment effects and temporally precedes symptom reductions,
supporting its role as a primary mechanism of therapeutic change (Southward et al.,
2024). Self-efficacy gained through therapy also helps break the dependency on safety
behaviors. As described above, our finding (study V) implies that a newfound self-reliance

and control can improve interpersonal functioning. This suggests that once patients
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gained confidence in handling anxiety independently, their anxious attachment in close
relationships diminished. No longer overly reliant on others for a sense of safety, they
probably became more secure in themselves. Related, a recent study using CBT for PD
found also self-esteem to change significantly from pre- to post-treatment as well as
predicting overall therapy outcome (Renner et al.,, 2025). This underscores how
profoundly a sense of control over one’s fear can potentially influence broader aspects
of one’s life (Mikulincer et al., 2013; Zalaznik et al., 2019; Zalaznik et al., 2022). Vice versa,
a reduction in anxious attachment was shown to precede a decrease in agoraphobic
cognitions, suggesting that more positive self-representations reduce fear of fear and
enhance perceived bodily control (Fentz et al., 2014).

Notably, improved cognitive coping can be observed at a biological level. The HPA
system findings tie into learning models of anxiety. Patients who fail to show a cortisol
spike in exposure might not be experiencing enough fear activation to drive new learning:
According to the emotional processing theory, a certain level of fear arousal is needed in
exposure therapy for maximal benefit. This assumption aligns with the observation that a
blunted stress response can indicate treatment resistance (publication I). Looking more
closely at the interplay of cognitive processes and HPA system activity during exposure,
studies have observed that physiological arousal, like stress hormone release, increases
in anticipation of a feared event (Coplan et al., 1998; Meuret et al., 2014). Importantly,
cortisol has been shown to promote plasticity at the synaptic structural level (Liston et
al., 2013). According to the memory reconsolidation hypothesis, each time a fear
memory is reactivated, it becomes unstable due to induced plasticity, creating a
temporary window during which the memory is vulnerable to disruption and can be

modified into a fear-inhibitory memory (Dudai, 2006; Meir Drexler et al., 2015; Monfils et
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al., 2009). It is important to note that a chronically hyperaroused HPA system, long-term
stress respectively, seems to diminish neuroplasticity, e.g., by suppressing the brain-
derived neurotrophic factors and subsequently coping abilities. In contrast, acute stress
stimulates brain-derived neurotrophic factors and neuroplasticity and thus improves
learning and memory (Bandelow et al., 2017). Investigations also demonstrated that
reminding of a task ahead and encouraging anticipation or presenting a fear-activating
stimulus before successful exposure can lead to persistent attenuation of conditioned
fear (Johnson & Casey, 2015; Maples-Keller et al., 2017). Thus, acute cortisol release
probably enhances the effect of exposure therapy by augmenting the consolidation of a
new extinction memory. However, it does not seem to change the original fear memory
(Bouton & Todd, 2014; Myers & Davis, 2002; Todd et al., 2014). An activated HPA system
during exposure seems beneficial, emphasizing the essential “adaptive and protective
function of cortisol”, which is often assessed and interpreted in terms of negative
consequences of stress (McEwen, 2015).

Interestingly, none of the studies we reviewed tested or found whether a blunted
response can be normalized, although hypocortisolism is found in some studies in AD
(Bandelow et al., 2017). There are probably subgroups with high life adversity and a
decrease of the initially elevated cortisol due to enhanced negative feedback sensitivity
and thus, inhibition of the HPA axis (Fischer et al., 2021). Possibly, these individuals need
strategies to better engage with their fear during exposure. Importantly, the studies
reviewed imply that cognitive processes in CBT, e.g., positive anticipatory appraisal,
attribution, perceived controllability, and coping, seem to have a beneficial influence on
adaptive HPA axis regulation (Abelson et al., 2005; Gaab et al., 2005; 2017; Pulopulos et

al., 2019; Tafet et al., 2005; Wang et al., 2013). A recent study corroborates cognitive
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reappraisal as a promising psychological intervention for restoring HPA system
dysregulation, particularly anincrease in cortisol response, in individuals with high early-
life adversity (Bentele et al., 2024). There is also evidence that adopting active coping
strategies can favorably influence the body’s stress systems, promoting a healthier
physiological balance. For instance, individuals who engage in problem-solving or
approach-oriented coping when stressed, show more adaptive stress hormone patterns
compared to those who cope by internalizing, worrying, or avoiding (Bakouni et al., 2020;
Gilbert et al., 2017; Ma et al., 2019). In ADs, chronic dysfunctional passive coping has
been linked to hypocortisolism in chronic anxiety states, whereas functional active
coping may normalize adaptive HPA axis reactivity. Thus, changes in these cognitive
processes during CBT not only relieve subjective anxiety but may also normalize
dysfunctional stress reactions associated with PD. The implication would be that
whenever a person learns to face their fears and manages them successfully, the body
registers safety rather than a persistent threat. Over time, biological markers would shift
towards a non-anxious state. In short, coping may not just be a consequence of symptom
reduction — it can actively drive both psychological and physiological remission.

In ourinvestigations (studies lll and IV), patients undergoing exposure therapy also
showed measurable changes in other biological systems before the exposure even
began, e.g., DNA methylation in MAD1L1, e.g. linked to anxiety-related psychopathology,
most likely reflecting how strongly the expectation of fear activates the body.
Interestingly, MAD1 (the gene product of MAD1L1) was recently shown to be an essential
regulator of neuronal development (Goo et al., 2023). Further, temporary covalent
changes in gene expression due to methylation changes of HTR3A were found, which

were previously shown to modulate memory formation (Miller & Sweatt, 2007). Moreover,
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a recent longitudinal EWAS showed that among those who responded to CBT, shifts in
methylation from baseline to six-month follow-up occurred at CpG sites near genes
previously associated with anxiety, fear conditioning, and neuronal synaptic plasticity
(Domschke et al., 2025). The mechanisms driving effective CBT likely involve fear
extinction and broader learning processes that are not exclusive to ADs. For example, the
divergence between CpG markers of acute versus follow-up response likely reflects
temporally distinct molecular pathways: while short-term effects are driven by cognitive
restructuring and new associative learning, long-term outcomes likely involve the
consolidation and stabilization of these therapeutic gains. Since lasting behavioral
change depends on memory-related processes, including fear extinction, it is plausible
that distinct epigenetic changes contribute to early versus sustained treatment success
(Domschke et al., 2025). Taken together, these epigenetic results introduce the idea of
neuronal plasticity as an essential part of therapeutic change.

In our findings (study Ill), the baseline glyoxylate levels were indicative of the
severity of experienced fear during the exposure. As itis a metabolite of cholecystokinin,
we hypothesize that this system might be intrinsically involved in anticipatory exposure-
induced anxiety. This idea is in line with findings that highlight the relevance of
cholecystokinin in the formation of hippocampal memory and neuroplasticity (for a
review see Asim et al., 2024). Analyzing the trajectory of cholecystokinin gene expression
demonstrated a significant pre-exposure elevation among remitters, suggesting that
cholecystokinin may facilitate anticipatory anxiety and the engagement of brain networks
critical for learning in exposure-based interventions. Again, an activated biological
system due to anticipation of a feared situation seems to be beneficial even before

exposure and may promote consolidation of an inhibitory memory.
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These results underscore the importance of cognitive factors, which are an
essential part of CBT, in explaining “recalibration” of bodily systems from the HPA axis
regulating cortisol to certain neurochemical pathways. ‘Predictive biomarkers’, to assess
the effect of CBT, seem to be linked to neurotransmitter systems and pathways involved
in learning and memory and intracellular mechanisms of synaptic plasticity (Domschke

et al., 2025).

6.4. Implications for Future Research

The interplay between the biological and psychological factors deserves
attention. Replication of the results and further evaluation of specific genetic effects and
modified treatment interventions for individuals with unfavorable genetic markers for
CBT are, for example, important tasks for future research.

Importantly, while most studies focus on one domain, in reality, these domains
interact. Our studies did not directly test these cross-domain correlations, but
forthcoming research should. Future directions could include analyzing several of these
domains simultaneously, e.g., combining measures of cortisol, methylation, and
attachment to examine how they interrelate and determine which combination best
predicts outcome. This would advance an integrated model of how change occurs.

Notably, the question arises of how to address a blunted cortisol response in
therapy and whether it can be changed by treatment. So far, only a few studies have
investigated this subject, particularly in persons with high early adversity or
posttraumatic stress disorder (Bentele et al., 2024; for a review see Fischer et al., 2021;
Shakiba & Raby, 2023). Aninteresting field of research would be the possible link between

attachment style and cortisol response. A hypothesis regarding attachment style and the
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HPA system would derive from combining the aforementioned two-pathway model of
glucocorticoid regulation by Striber and colleagues (2014) and the model of
development of different relational coping strategies (Mikulincer & Shaver, 2012):
Deprivation in the face of childhood adversity may result in deactivation of the HPA axis
and likely the attachment system (avoidance), as well as less self-reflection and
empathy. However, accompanied by high care, adversity might result in hyperactivation
of the HPA axis and also the attachment system (anxiety), as well as higher self-focus and
emotionality. This is corroborated by a recent study showing that adopted children with a
high risk of life adversity who showed high attachment avoidance had a blunted cortisol
response, while those who sought proximity and contact with their adoptive parents
showed an increased cortisol reactivity (Shakiba & Raby, 2023). Thus, for persons with
avoidant attachment and possibly higher risk for a blunted cortisol response, threat-
activating exposure might be less successful. Conversely, for persons with
hyperactivation of the attachment system and hence hypercortisolism, exposure therapy
might be more effective in the sense of beneficial HPA activation and coping strategies.
However, previous studies have mainly shown that individuals with insecure attachment
patterns in general exhibit heightened cortisol reactivity, also indicating less adaptive
stress regulation (for a meta-analysis Groh & Narayan, 2019). For example, insecure
attachment style was found to affect the hormonal stress system in interpersonal stress
situations (Ketay & Beck, 2017; Monteleone et al., 2019) and to impact the cortisol
awakening response (Adams et al., 2020). Further studies showed that babies with an
insecure attachment had an increased cortisol reactivity a few years later (Mdller et al.,
2021). Additionally, secure attachment primes have been shown to reduce fear

consolidation after fear conditioning tasks, which was also associated with cortisol
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regulation (Toumbelekis et al., 2021). In this regard, the role of social buffering, which
refers to the attenuation of psychological stress perception and HPA axis activation
through the presence of social support, might be an area of interest (Gustison & Phelps,
2022). It is plausible that those who internalize the safety of therapy (improving
attachment) are less stressed during exposures. Thus, likely facilitating both the changes
associated with safety learning and beneficial clinical outcomes. Taken together, there
seems to be a connection between attachment style and the HPA system, but further
studies are required to determine the exact nature of this link.

Another stimulating field might certainly be translational research for
personalized interventions. Future research might incorporate, for example,
neuroimaging, physiological measures (e.g., electrodermal activity, electrocardiogram,
or electromyogram) representing an influence of the sympathetic nervous system, or
cerebrospinal fluid measures to link peripheral markers with central neural changes. It
would be interesting, for example, to investigate if patients who show the HTR3A
methylation change also show changes in amygdala activity or connectivity on functional
magnetic resonance imaging during exposure. Given glyoxylate’s implication of
cholecystokinin, findings regarding 5HT3AR, and immune system involvement,
pharmacologically enhanced trials of augmenting or blocking agents prior to exposure
therapy could be explored as potential adjuncts to interventions, as has been done with
multiple other agents (Hofmann et al., 2014; Singewald et al., 2014).

Further illuminating research would be to expand the current findings to research
on other disorders or therapy types. A different therapy type, such as pharmacotherapy
or psychodynamic therapy, could produce similar biological changes. Comparing

modalities could reveal common versus specific mechanisms. Exposure therapy might
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have unique effects on fear circuitry, or the opposite, any effective treatment might
normalize the HPA system and attachment security.

Although only indicative, this integrated view suggests a model in which
therapeutic change in PD is a holistic process where behavioral, cognitive, emotional,
and physiological changes feed into each other in a positive feedback loop: e.g., facing
fears, reducing catastrophic misinterpretations and anxiety, promoting coping, self-
efficacy, attachment security, an adaptive hormonal stress response, and beneficial DNA
methylation. This idea alighs with bio-psycho-social models of mental health, where
intervention at one level cascades to improvements at other levels. This dissertation
highlights once more that future research and treatment must adopt an integrated
approach. It could guide more personalized, effective, and potentially more durable
interventions for individuals suffering from PD, and might even foster the development of

novel, synergistic therapies for PD (Kyriakoulis & Kyrios, 2023).

6.5. Clinical Implications

From a theoretical standpoint, these studies enrich our understanding of PD.
Clinically, one implication is the potential for enhanced assessment: The identification
of biomarkers like cortisol or methylation sites raises the potential for objective measures
to guide therapy. For instance, a cortisol assessment before therapy or during early
sessions and exposure might provide prognostic information, or monitoring a marker like
glyoxylate during exposure could one day validate that a panic response was adequately
induced. Measuring cortisol or certain gene markers is not yet routine, but could be part
of research trials to stratify patients. Importantly, several studies identified factors that

distinguish responders from non-responders to CBT. For example, in the HPA system
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review, low cortisol reactivity during exposure emerged as a risk for poor response. In the
epigenetic study, HTR3A methylation dynamics during a single exposure were associated
with long-term CBT outcome, with a significant difference between responders and non-
responders. In the gene expression study, cholecystokinin expression was elevated pre-
exposure among remitters. In the attachment study, those with higher attachment
anxiety initially were the ones for whom alliance-building was most critical to outcome.
These insights imply that we can start to sketch a profile of patients who might need
augmented or tailored interventions: perhaps patients with a blunted stress response
(indicating an exhausted HPA axis or ineffective engagement with the exposure), or
specific epigenetic profiles might benefit from adjunctive biological treatments, such as
D-cycloserine or cortisol augmentation to enhance exposure (for a review see Hofmann
et al.,, 2015; Singewald et al., 2014). Also, anti-inflammatory approaches might be
considered (Nelles et al., 2025). Patients with insecure attachment might benefit from
extra attention to alliance or an integrated approach that addresses interpersonal
difficulties alongside CBT techniques. The finding regarding alliance suggests that
therapists in CBT training should continue to emphasize interpersonal skills and
responsiveness, not just technical protocol adherence. Assessing attachment style at
intake could alert a therapist that a patient may require more attention to the alliance or
may benefit from strategies to address interpersonal difficulties. In this regard, additional
treatment might be useful (Levy & Johnson, 2018). Studies show that targeting specific
components, e.g., emotion regulation (Meine et al., 2024; Nielsen et al., 2017) or to
conduct interventions informed by attachment theory are promising, e.g., security
priming (Mikulincer & Shaver, 2007b), mentalization-based approach (Fonagy & Luyten,

2009), interpersonal therapy (Gunlicks-Stoessel et al., 2017; Spence et al.,, 2016),
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transference-focused psychotherapy (Buchheim et al.,, 2017), interpersonal and
emotional processing therapy (Newman et al., 2015), schema therapy (Young, 2003), and
cognitive behavioral analysis system of psychotherapy (McCullough, 2000).

Last but not least, an important implication is the validation biomarkers provide
to patients: knowing that “your therapy not only helps you feel better, it actually is
changing your brain and body chemistry in measurable ways” can be a powerful
motivator and reduce stigma. It reinforces that PD is a real, multifaceted condition, and

that recovery can restore balance in one’s physiology.

6.6. Limitations

While the studies offer valuable insights, there are several limitations to
acknowledge. Many findings, especially on the biological side, are preliminary or
exploratory. The HPA system review pointed out the inconsistencies and small sample
sizes in the literature; this limitation also applies to our studies. Replications in larger,
well-controlled trials are urgently needed before any biomarker can be deemed clinically
actionable. The epigenetic changes need replication and deeper investigation to
understand the mechanism.

Our design assessing the impact of exposure on biological markers was
conducted in a naturalistic therapeutic setting, with participants confronting their
individual fear-inducing situations, such as riding the subway, visiting malls, or entering
supermarkets. While this real-life approach enhances ecological validity and mirrors
actual therapeutic practice, it introduces practical challenges for precise biological data

collection, which had to occur approximately one hour after peak anxiety. Future studies,
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potentially using virtual reality, could aim to capture biological responses during peak
anxiety and consider multiple time-point assessments.

Another limitation is that most biological measures were taken from peripheral
blood, which is an accessible but indirect insight into brain processes. Not all changes in
blood reflect changes in the central nervous system. Cortisol is a hormone that reflects
HPA axis central regulation, but DNA methylation in blood cells or metabolite levels in
plasma might not mirror what’s happening in the brain during panic or therapy, although
overlap seems likely.

The timeframes of measurement varied and could be expanded. The metabolomic
study looked at very acute changes; the methylation therapy study looked at pre-to post-
treatment effects; the attachment study extended to an eight-month follow-up. We still
don’t know how stable some of the biological changes are long term. For example, if the
epigenetic changes persist four months later, along with psychological variables. Long-
term follow-ups for biological variables would be informative. On the attachment side,
while eight months is useful, it would be worth seeing if those attachment gains remain
years later or if patients need continued maintenance or additional relational
experiences to consolidate them.

Another limitation might be the use of self-report measures for attachment style,
which are economical and examine current conscious attitudes and memories of
experiences relating to present relationships. More extensive interviews that are based
on the activation of the attachment system might bring different or more insightful
results.

All studies were observational or associative, except that therapy was an active

intervention but not randomized against a control group in these contexts, so causality is
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inferred but not proven. For example, we assume CBT caused the changes, but
conceivably, some coincidental factors, like simply the passage of time, diet, or seasonal
changes, could have impacted them. Future work could include control groups (e.g., a

waitlist or another treatment) to isolate the effects of CBT on these measures.

6.7.Conclusion

Overall, the thesis supports a bio-psycho-social perspective on PD treatment.
Effective short-term CBT is multi-dimensional: next to reducing anxiety symptomes, it
potentially regulates the hormonal stress system, the epigenome, and the molecular
associations of fear in the immune system and metabolome, as well as psychological
growth in reducing maladaptive beliefs and fostering healthier relational patterns.
Together, this work, despite limitations, underscores the multifaceted impact of CBT on
PD and contributes to an understanding of treatment mechanisms, which can inform an
integrative approach to mental health. This holistic improvement is encouraging: it
means recovery is not only feeling less anxious, but the body and brain themselves are
recovering a state of balance, and the person is emerging more resilient and socially
connected. In the future, the hope is to use this knowledge to enhance outcomes by
identifying which patients need what kind of treatment, by tracking progress with

objective biomarkers alongside subjective reports, taking the whole person into account.
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ARTICLE INFO ABSTRACT
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Biomarker

Anxiety disorders (AD) have a complex etiology involving genetic, psychophysiological and environmental
factors. Recent biomarker research in AD shows alterations in anatomical, biochemical and physiological
pathways as well as in endocrinological processes. Perceived stress is one of the factors often reported in relation
to the onset and the course of AD. Hence, the function of the hypothalamus-pituitary-adrenal (HPA) axis, the
endogenous system regulating the stress response homeostasis, may serve as biomarker in disease etiology and

response to treatment. Vice versa, successful treatment could have an advantageous effect on the function of the
HPA system. In the present review, we summarize findings on the HPA system in relation to AD and first results
on its modifiability in response to cognitive behavioral therapy (CBT), one of the most efficacious psychother-
apeutic treatments for AD. We specifically focus on findings of experimental studies that explored cortisol levels
before, during and after exposure-based CBT. A systematic search was conducted in MEDLINE/PubMed, Psy-
cINFO, Web of Science, and in references of retrieved studies until April 2024. The inclusion criteria were studies
enclosing keywords related to the HPA axis, an anxiety disorder and CBT techniques. The results of the sum-
marized studies suggest that cortisol levels have the potential to indicate the AD disease status and serve as
possible biomarker in outcome prediction. Global dysfunction of the HPA system seems to point to higher
symptom burden and less advantageous response to CBT. Furthermore, low cortisol levels elicited in relation to
exposure interventions are repeatedly associated with risk for non-response. Additionally, some evidence sug-
gests that successful CBT containing exposure sessions as well as cognitive techniques induces normalization of
the HPA system by reducing acute response to fear related stimuli in parallel to normalizing basal cortisol levels.
To conclude, cortisol seems to be a promising candidate to depict several aspects of AD-related disease status and
CBT effects, however, additional prospective studies are needed to evaluate the mode of applications of this

marker in the clinical routine.

1. Introduction
1.1. Anxiety disorders and CBT

Anxiety disorders (AD) such as Panic Disorder (PD) with/without
Agoraphobia (AG), Social Anxiety Disorder (SAD), Generalized Anxiety
Disorder (GAD) and Specific Phobias are pathological forms of fear and
anxiety that are characterized by excessive emotional and physiological
responses in the absence of real danger. Cognitive behavioral therapy
(CBT) is one of the most efficacious psychotherapeutic treatments

(Bandelow et al., 2022; Cuijpers et al., 2016; Hans & Hiller, 2013;
Hofmann & Smits, 2008), which includes strategies for modifying
dysfunctional cognitions and exposure therapy (ET; Carpenter et al.,
2018). However, about a third of the patients do not respond to CBT
treatment for unknown reasons (Springer et al., 2018). Since “cause
should inform cure” (Uher, 2008), it is important to identify biomarkers
that extend the knowledge about the pathology and assesses the severity
of the disorder (For a review see Bandelow et al., 2016; Bandelow et al.,
2017), as well as to explain and predict differential treatment response
as intended in personalized medicine. The assumption that
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psychotherapy is able to target the underlying (biological) cause, not
just changing the subjective psychological features (cognitions, emo-
tions) or coping abilities is widely unexplored and needs confirmation.
Endogenous stress hormones, e.g. cortisol, that partly mediate the fear
reaction and have been found to be elevated during acute fear (Joéls &
Baram, 2009), are promising candidates.

1.2. HPA system

The hypothalamic-pituitary-adrenal (HPA) axis has been repeatedly
shown to play an important role in AD (Elnazer & Baldwin, 2014; Plag
et al., 2013). One of the major modulators of the HPA system is the
corticotropin releasing hormone (CRH; for a review see Binder &
Nemeroff, 2010; Nemeroff & Vale, 2005), which elicits the release of
pituitary adrenocorticotropic hormone (ACTH) and subsequently
cortisol under basal conditions and in response to stress. Cortisol follows
a 24-hour circadian rhythm with highest levels in the morning upon
wakening, which is called cortisol awakening response (CAR) with the
peak release 30-45 min post-awakening, and lowest levels about
mid-night (Lupien et al., 2005; Pruessner et al., 1997). To maintain
physiological and behavioral responsiveness to stress, oscillating levels
of adrenal glucocorticoid hormones are necessary and were shown to
have an ultradian frequency due to a pulsatile secretion pattern (For a
review see Spiga et al., 2015; Walker et al., 2012). Latter is impaired by
continuous and prolonged stress with exposing the body to regularly
high levels of cortisol (Heim et al., 2000), e.g. caused by high-frequency
panic attacks and anticipatory anxiety. While cortisol has been shown to
basically promote plasticity at the synaptic structural level (Liston et al.,
2013) and thus to improve learning and memory, a chronically hyper-
activated HPA system respectively long-term stress diminishes neuro-
plasticity (Surget & Belzung, 2022). Additionally, an inverted-U
relationship between activity of endogenous stress hormones and
human memory has been shown, with low doses of cortisol not affecting
memory, with high doses probably impairing and in between promoting
consolidation (Andreano and Cahill, 2006). Elevated cortisol levels seem
to inhibit memory retrieval and working memory during emotionally
arousing situations, but to enhance memory consolidation of emotion-
ally arousing experiences (For a review see de Quervain et al., 2009;
Hood et al., 2014; Lupien et al., 2005; Wingenfeld and Wolf, 2014).

The majority of the available studies assess peripheral cortisol levels
in different bio samples as a direct measure of the HPA system activity in
humans and animal models. The traditional cortisol assessment strate-
gies like saliva, plasma and urine samples reflect the highly volatile
short-term secretory activity of the stress system. Hair steroid analysis
(Elnazer and Baldwin, 2014) is a reliable measure of cumulative cortisol
concentration over a period of months (Elnazer et al., 2021) and can be
used as long-term marker of HPA system functioning. Additionally,
distinct HPA system function can be actively tested by administration of
1) glucocorticoids, e.g. dexamethasone (Dex), which assesses the sup-
pression properties of the HPA system (the
Dexamethason-Suppression-test, DST) or 2) corticotropin-releasing
hormone (CRH), which is used to investigate the activation properties
of the HPA system mostly in combination with suppression testing - the
combined Dexamethasone suppression/Corticotropin-Releasing Hor-
mone stimulation (Dex/CRH test; Heuser et al., 1994).

1.3. HPA system and anxiety disorders

The hypothesis of the HPA system dysfunction in AD has led to a
plethora of studies investigating acute and chronic HPA system changes
and its effects on therapeutic interventions, to understand the underly-
ing biological processes and to develop new therapeutic drugs. There is
mixed evidence for basal and acute deviations in cortisol levels as well as
an association with symptom severity, duration of the disorder, and age
in AD patients (for a review see Bandelow et al., 2017; Elnazer and
Baldwin, 2014; FElnazer et al.,, 2021; Hek et al., 2013; Los and
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Waszkiewicz, 2021; Plag et al., 2013; Vinkers et al., 2021). Cortisol el-
evations in PD patients were either not found compared to controls or
shown to be more pronounced during the day or during the night as well
as during (induced) panic attacks and to be associated with higher
symptom severity. Also, whether GAD or SAD is associated with aber-
rant increased basal cortisol levels remains unclear (For a review see
Bandelow et al., 2017; Caldiroli et al., 2023; Kische et al., 2021).

Studies investigating HPA system dynamics in AD under psychoso-
cial as well as physiological stress induction demonstrated both, hypo-
as well as hyperactivation, or no difference to control condition (for a
review see Bandelow et al., 2017; Ising et al., 2012). For example,
hyporeactivity of the HPA system to psychological stress tests (e.g. Trier
Social Stress Test [TSST]; Kirschbaum et al., 1993) at baseline was seen
in PD patients (Altamura et al., 2018; Petrowski et al., 2010; Petrowski
et al., 2013; Wichmann, Kirschbaum, Bohme, et al., 2017) and SAD
patients (Petrowski et al., 2021) as well as a hyperresponsiveness in SAD
patients (Roelofs et al., 2009; van West et al., 2008) or no difference to
healthy subjects (e.g. Asbrand et al., 2019; Elzinga et al., 2010; Faucher
et al., 2016; Grace et al., 2022; Klumbies et al., 2014; Kramer et al.,
2012). Most studies suggest an enhanced cortisol increase during
exposure to phobic stimuli in specific phobias with no difference to
controls in the absence of fear-related situations (Bandelow et al., 2017).
The majority of investigations with suppression tests have shown a
normal suppression of ACTH and cortisol in the standard DST and
Dex/CRH test in AD patients (For a review see Ising et al., 2012; Plag
et al., 2013; Vreeburg et al., 2013; Wichmann et al., 2018) and a few
found non-suppression e.g. in GAD (Tiller et al., 1988) or in PD patients
(Erhardt et al., 2006). Earlier Coryell et al. (1991) demonstrated that
non-suppression after DST in 77 medicated and non-medicated PD pa-
tients indicated a more persistent and chronically disabling condition
three years later. Also, Petrowski et al. (2012) showed with the
Dex/CRH test, that the duration of the illness may be a risk factor for
hyperreactivity of the HPA system in PD patients.

Los and Waszkiewicz (2021) concluded in their review that cortisol
in the initial stage of the AD is elevated, which makes it possible to treat
it as a trait biomarker and thus, can be used for early detection of
pathological forms of anxiety. Elevated cortisol levels may be a marker
for the stress load due to anxiety symptoms itself. They further hy-
pothesized that the cortisol concentration decreases during the course of
AD and therefore may be monitored to assess the progress of the disease
as state marker showing the level of clinical symptoms. However, it is
not clear whether dysfunction of the HPA system is a potential etio-
logical factor, for example for the onset of PD, or a result of continuous
stress, for example caused by recurring panic attacks (f.os and Wasz-
kiewicz, 2021). Also, in SAD an initial increased cortisol reactivity to
social exposition may attenuate following chronic exposure to stressful
situations (Caldiroli et al., 2023). Taking the assumption into account
that AD states exert long-term effects on GC secretion, findings of a
recent study assessing hair cortisol indicate an elevated concentration in
patients with single-episode AD and low concentration in
recurrent-episode AD with a potential desensitisation of HPA response to
stress (Elnazer et al., 2021). An alteration of the HPA system activation
has also been linked to a worse course of symptoms in AD (Bandelow
et al., 2000; Coryell et al., 1991; Petrowski et al., 2012). For example,
investigating 837 depressive and anxiety patients in a longitudinal
study, a lower salivary cortisol awakening response (CAR), possibly
indicative of an underlying exhaustion of the HPA axis, was found to
predict an unfavourable course trajectory after 2 years (Vreeburg et al.,
2013). Interestingly, a study in 232 healthy individuals showed pro-
spective associations between a higher salivary CAR and first onset of
AD in 25 patients, especially of SAD (N = 11), over a six-year period
(Adam et al., 2014). Also, higher pre-treatment mean 24-h cortisol levels
in PD patients were previously shown to predict a worse outcome two
years later (Abelson and Curtis, 1996).

In conclusion, there are contradicting results in the relevant research
findings regarding the HPA abnormalities in AD with mixed evidence for



J. Lange and A. Erhardt-Lehmann

the dysfunction of the HPA system, either hyper- or hyporesponse, as
underlying etiological process or as marker of state anxiety. Overall, the
status of the HPA system may be indicative on individual level for
treatment outcome in AD. In line with this, the present article summa-
rized the findings related to cortisol as HPA axis marker in response to
psychotherapy, particularly exposure-based CBT, that focusses on
cognitive processes and avoidance behavior. As was pointed out in re-
views before (Fischer and Zilcha-Mano, 2022; Laufer et al., 2018) due to
the wide range of different cortisol sampling and analysis protocols, the
studies existing so far are too heterogeneous for meta-analysis. Further,
previous reviews reported only briefly on the specific topic of dynamics
in the HPA system in regard to explicit CBT techniques and its impli-
cations as well as in context of a broader focus regarding therapy
methods, psychiatric disorders, and assessed hormones and other bio-
markers (Bandelow et al., 2017; Elnazer and Baldwin, 2014; Fischer and
Zilcha-Mano, 2022; Laufer et al., 2018; Los and Waszkiewicz, 2021) or
had a narrower focus — for example only prediction (e.g. Fischer and
Cleare, 2017) not change. Additionally, several recently published
studies were not included. Thus, this is the first review that focuses in
detail on HPA system assessment with cortisol levels measurement
before, during and after exposure-based CBT in AD patients. Here, we
emphasize the dynamics over time and factors specific for CBT that may
have an effect. First, we examined studies using just one baseline mea-
surement of cortisol predicting response. Second, examinations during
exposure are summarized and third, studies with pre/post assessments
are reviewed.

2. Methods

The sources for the current review were journal articles. Methods
were based on the checklist of the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al.,
2009). The inclusion criteria were studies examining the HPA axis,
cortisol respectively, in all varieties of sampling methods (saliva, blood,
hair) in patients with an anxiety disorder before, during, and after
treatment with CBT techniques. English and German experimental
studies published until April 2024 were considered. Articles using other
psychotherapy methods (e.g. psychodynamic) or examining healthy
subjects were excluded. Several steps were taken to identify usable
studies. First, we went through the citations list of all relevant reviews
mentioned here to identify studies that examined related topics. Next, a
literature search was conducted using the database MEDLINE/PubMed
(https://www.ncbi.nlm.nih.gov/pubmed/), PsycINFO (American Psy-
chological Association), and Web of Science. The search strategy using
MeSH (Medical Subject Headings) was based on the following different
combinations of keywords: cortisol, hypothalamic-pituitary-adrenal axis
or system, dexamethasone, behavior therapy (BT), cognitive therapy
(CT), cognitive behavior therapy, exposure therapy and the anxiety
disorders PD/AG, SAD, GAD as well as specific phobias. Also, the ref-
erences of retrieved studies were screened in search of additional articles
that met the topic. We repeated this process until no further study could
be found. In total, 29 studies have been identified that investigated
cortisol as marker for HPA system function within exposure-based CBT
or related interventions which due to the narrative nature and range of
the review were all included. The examinations were grouped by study
designs: a) just one baseline measure of cortisol, b) examinations during
exposure and c) studies with pre/post measure. For an overview and
determination of type and quality, study details were collected by the
first author and sorted by type of anxiety disorder, patient sample,
treatment characteristics, cortisol measure and results.
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3. Results

3.1. Baseline cortisol levels and stress reactivity as predictor of CBT
outcome

Cortisol as HPA system biomarker with a basal measurement before
treatment has been evaluated as outcome predictor for CBT in AD;
studies are summarized in Table 1. Short-term salivary or plasma basal
cortisol levels were not found to predict CBT response in AD in a meta-
analysis (Fischer and Cleare, 2017) containing data of 6 studies also
described below (Brand et al., 2011; Dierckx et al., 2012;
Lass-Hennemann and Michael, 2014; Meuret et al., 2014; Siegmund
et al., 2011; see Table 1). Other investigations showed an association of
an attenuated cortisol stress response in PD patients to a stress task with
CBT non-response in regard to agoraphobic avoidance behavior
(Wichmann, Kirschbaum, Lorenz, et al., 2017) and in children with AD
only with less decrease in depressive symptoms but not anxiety at one
year follow up (Dieleman et al., 2016). Non-suppression to the Dex/CRH
test, hypo-responsiveness of the HPA system to CRH respectively, was
shown to predict an unfavorable CBT outcome in PD patients
(Wichmann et al., 2018). One recent study demonstrated higher baseline
cortisol plasma levels in 21 pharmacotherapy- and comorbidity-free PD
patients to be significantly associated with a worse CBT outcome,
especially in female participants (Masdrakis et al., 2021). However, the
study included only a small number of PD patients having different
phases of disease, which limits the generalizability of the findings. One
study observed higher hair cortisol concentrations as a predictor of
improved therapy response in a mixed sample of 89 depressive and AD
patients, while lower cortisol levels might reflect a failure to raise suf-
ficient cortisol responses over the course of treatment (Fischer et al.,
2018). In another study in 36 spider phobic individuals hair and saliva
cortisol at baseline did not predict CBT outcome (Steudte-Schmiedgen
et al., 2021). In summary, results regarding basal and stress-exposure
related cortisol as predictor of CBT outcome are inconsistent but point
to a detrimental effect of insufficient HPA system responsiveness.

3.2. Cortisol dynamics during exposure sessions

Some studies examined cortisol levels directly before, during and
after exposure to phobic situations with inconsistent results regarding
cortisol reactivity: they either found elevated levels or no response
(Abelson and Curtis, 1989; Alpers et al., 2003; Curtis et al., 1976; Curtis
et al., 1978; Woods et al., 1987; see Table 1). In an earlier investigation
with 10 animal phobic women, elevated cortisol response to an exposure
session decreased in the second session, though not significantly (Nesse
et al., 1985). A study in 15 patients with spider phobia receiving one to
three exposure sessions found increased levels of cortisol compared to
healthy controls as well as a normalization over treatment (Gaab et al.,
2005). Interestingly, these psychobiological effects were mediated by
changes of cognitive appraisal. Concordantly, Abelson et al. (2005)
showed that a short cognitive intervention (9 Minutes) to reduce nov-
elty, increase cognitive coping and providing a sense of control prior to
stimulation with pentagastrin (experimental panicogenic compound)
reduced blood cortisol as well as ACTH levels and anxiety responses of
PD patients compared to no intervention. Siegmund et al. (2011)
showed, that a blunted cortisol reaction of PD patients at repeated ex-
posures despite high anxiety levels was related to a worse therapeutic
outcome. Additionally, Meuret et al. (2014) found that absolute cortisol
levels over a period of several hours in patients with PD/AG moderated
the extinction of panic, fear and avoidance. In this study, elevated
cortisol response to exposure was associated with better outcome.
Higher pre-exposure levels and CAR had a positive impact on outcome.
In contrast, when elevated on a “normal” control day, higher CAR was
associated with poorer outcome. They point out, that anticipation of a
demanding task and an according adaptive process of the HPA system
seems to be advantageous. However, conclusions from this study are
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Table 1
Summary of studies investigating associations between HPA system variation and course of symptoms in AD treated with cognitive and/or exposure therapy.

Studies with baseline cortisol levels and stress reactivity as predictor of CBT outcome

Authors Diagnosis Sample Treatment Measures Results Study Effect size
Quality”
Wichmann et al. PD+AG N = 28 (20 women, age: CBT (five weeks  Plasma cortisol and Decreased cortisol +++ r=-0.345
(2017) M=35.71 + 13.18 yrs.) individual and ACTH before and concentrations in PD patients in to —0.396
N = 32 matched HC (21 group sessions) during the TSST comparison to HC and
women, age: (within first two association of attenuated cortisol
M=34.66 + 12.07 yrs.) weeks of therapy) stress response with CBT non-
VAS, PASA, MI, response (avoidance behaviour)
BSQ, ACQ, BDI
Dieleman et al. (2016) AD N = 152 children (age: CBT (10 child Salivary cortisol Lower cortisol reactivity +++ R?
8-12 yrs.) sessions and 4 prior and post a predicted less decrease in change_ 03
separate parent stress task at depressive symptoms at one-year
sessions) baseline, SCL, HRV  follow-up
MASC, CDI
Wichmann et al. PD+AG N = 34 patients (23 women; CBT (five weeks Cortisol and ACTH Patients with inadequate cortisol e r=0.489
(2018) age: M=35.50 + 12.74) individual and during DEX/CRH suppression showed less
N =34 group sessions) test at baseline improvement in agoraphobic
matched HC (25 women; PAS, ACQ, BSQ, MI  cognitions after CBT
age: M=33.82 £ 12.50)
Masdrakis et al. PD+AG N = 21 (16 women; age; CBT (8 weekly Plasma cortisol and Non responders to CBT as ++ -
(2021) M=35 yrs; medication-free)  sessions) ACTH at baseline compared to responders
SCL—90; CGI, demonstrated significantly
ACQ, MI higher cortisol and ACTH basal
plasma concentrations
Fischer et al. (2018) AD, MDD N = 89 (93 % women; age: CBT Hair cortisol at Non-responders in terms of +++ n%=.079
M=34) baseline anxiety (48 %) had lower pre-
CTQ, PHQ-9, treatment hair cortisol as well as
GAD-7 higher levels of trauma
Steudte-Schmiedgen Spider N = 36 (26 women; age: ET (1 session) Hair and saliva No association of cortisol and +++ -
et al. (2021) Phobia M=25) cortisol and treatment response
cortisone at
baseline
SAS, FSQ, BAT,
EAST
Studies with cortisol assessment during exposure sessions
Authors Diagnosis Sample Treatment Measures Results Study Effect size
Quality”
Abelson and Height N = 2 patients (men; age:  ET (17 and 9 sessions) Plasma cortisol and Both subjects showed + -
Curtis (1989) Phobia 19 and 34 yrs.) norepinephrine, HR rising cortisol responses
before and during ET and stable, non-
sessions extinguishing
SUD norepinephrine responses
to height exposure
Alpers et al. Driving N = 11 patients (women;  ET (3 driving sessions) Salivary cortisol before, Phobics had significantly ++ d=1.14 to
(2003) Phobia age: M=48.4 + 9.4 yrs.) within 7-15 days during, and after greater cortisol response d=1.29
N = 13 matched HC (age: exposure scores during driving (exposures 1
M=48.6 + 98.6 yrs.) Driving Self-efficacy exposure and during quiet and 2)
Inventory, SUD, FQ, STAI sitting periods before and
afterward exposure
Curtis et al. Physical N=7 2 ET sessions (3 and 4),  Plasma cortisol 10 times Anxiety elevation and + -
(1976) Objects 3 control sessions (1, 2 (20-minute intervals) successful ET effect, but
Phobia and 5) in the early during sessions no cortisol response
evening SUD
Curtis et al. Physical N = 6 (5 women; age: 2 ET sessions (3 and 4), Plasma cortisol 10 times Moderate elevations of + -
(1978) Objects 23-52) 3 control sessions (1, 2 (20-minute intervals) plasma cortisol above
Phobia and 5) in the morning during sessions control levels in some
SUD subjects
Woods et al. PD+AG N = 18 patients (14 CBT (weekly group HR, BP, plasma free No significant differences ++ -
(1987) women, age: therapy and in-vivo MHPG, growth hormone, in cortisol between
M=40.5 yrs.; medication: ~ exposure) and prolactin levels groups
placebo 4 weeks prior before, during, and after
exposure) exposure session
N = 13 matched HC HAMA, CGI, PASS, VAS
Nesse et al. (1985) Animal N = 10 (women; age: 2 ET sessions (2 and 3), Plasma cortisol 10 times Almost all variables ++ -
Phobia 25-43 yrs.) 2 control sessions (1 (20 minute intervals) increased during anxiety/

N = 15 controls

and 4)

93

during sessions,

pulse, BP,

epinephrine,
norepinephrine, growth
hormone, insulin,
glucagon, and pancreatic

ET. Cortisol response was
significantly elevated
during ET and decreased
(n.s.) to second exposure
session

(continued on next page)
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Studies with cortisol assessment during exposure sessions

Authors Diagnosis Sample Treatment Measures Results Study Effect size
Quality”
polypeptide
SUD, STAI
Gaab et al. (2005)  Spider N = 15 (14 women; age: ET (3 sessions) 7 saliva cortisol samples Significantly increased +++ Increase:
Phobia M=26.3, 20-40 yrs.) and HR before and during  levels of cortisol 2= 0.56;
N = 15 controls ET compared to controls and Reduction:
SUD, FSQ, SPQ, STAI, heart rate during 2= 0.78
avoidance behaviour exposure normalized
significantly over sessions
Abelson et al. PD+AG N = 14 Patients (9 9-minute cognitive Blood cortisol and ACTH The cognitive ++ -
(2005) men; age: intervention before before and after intervention significantly
M=27.5 + 5.78 yrs.) pharmacological pharmacological reduced cortisol and
N = 14 matched HC panicogenic activation (pentagastrin) ACTH levels, despite
stimulation for half the = Panic symptom intensity, pentagastrin’s robust
group (randomly VAS stimulation of both
assigned) hormones. Patients’
exaggerated anxiety
responses to pentagastrin
were normalized by the
intervention
Siegmund et al. PD+AG N = 10 (6 women; age: CBTincluding 3 in-vivo ~ Plasma cortisol and ACTH  Low concentration of ++ mean
(2011) M=36.9 £ 9.7 yrs.; 3 exposures before, during and after cortisol during exposure r=-0.49
medicated) exposure was moderately
N = 10 matched HC PAS, MI, BAI correlated with poorer
therapeutic outcome
Meuret et al. PD+AG N = 26 (88.5 % women; ET (3 weekly sessions Salivary CAR and cortisol ~ Higher absolute cortisol ++ -
(2014) age: M=33.1 + 9.12 yrs.; + 2 months follow-up prior, during and after levels during exposures
>3 months stable session) exposure; control day moderated clinical
medication=65.4 %) MI, BSQ, ASI improvement. Greater
morning rises in cortisol
on exposure day
predicted greater
treatment gains, but
greater rises on the
control day were
associated with poorer
outcomes
Lass-Hennemann Spider N = 60 (women; age: ET (one 3 h session) Hair and saliva cortisol Cortisol was significantly +++ Cortisol
(2014) Phobia M=25.40, 18-50 yrs.) before, during and after higher in the morning difference:
ET in the morning (8 am group. Patients treated in partial
group) vs. in the evening the morning showed 2= .71
(6 pm group) significantly less fear in
SUD, FSQ, BAT before, 1 the BAT after treatment
week after and 3 months and at follow up
after ET
Sopp et al. (2024) Snake N = 71 (60 women; age: ET (one-hour video Sleep quality Cortisol levels were not +++ -
Phobia M=22.3, 18-40 yrs.) session) (actigraphy), vigilance, found to
salivary CAR and cortisol predict treatment
before, during and after outcome. Higher
ET in the morning (8 am vigilance was found to be
group) vs. in the evening correlated with lower
(6 pm group); EDA, ECG post and follow-up snake
SNAQ, STAI, ASI, PSQI, anxiety. Pre-exposure
BDI-II, rMEQ, PHQ-D, sleep efficiency
BAT, PVT, BAT before, 1 moderated follow-up
and 4 weeks after ET decrease in snake anxiety
Meuret et al. PD+AG N = 26 (87.5 % women; ET (3 weekly sessions Salivary cortisol prior, Earlier sessions were ++ ds> 1.05 and
(2016) age: M=32.4 + 9.1 yrs.; + 2 months follow-up during and after exposure  associated with higher ds> 0.95
>3 months stable session) MI, ACS, PDSS and ASI pre-exposure cortisol
medication=62.5 %) levels and in turn greater
clinical improvement
Wintermann et al. ~ PD+AG N = 20 patients (12 CBT Salivary Cortisol decreased over ++ n’=.177
(2022) women; age: M=29.8, cortisol and HR before time, especially in male and
22.7-43.3) and after interoceptive patients.Significant r=—.554to
N=20 exposure (low intensity negative correlation of —.738
matched HC (8 women; exercise) cortisol response with
age: M=24.1, 22.0-28.9) PAS, ACQ, BSQ, MI therapy outcome
Kuhlman et al. SAD N = 60 (58.3 % women) Virtual reality ET (7 Scopolamine- Elevated endogenous in- +++ Fear:
(2020) sessions) augmentation or placebo session cortisol during d= 3.27 and
during sessions. exposure sessions was avoidance:
4 saliva cortisol samples associated with less d=1.66

during sessions 1, 4, 7,
and a post-treatment
extinction test

LSAS

symptom improvement
from pre- to post-
treatment and at 1-month
follow-up
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Studies with cortisol assessment pre/post CBT

Authors Diagnosis Sample Treatment Measures Results Study Effect size
Quality”
Brand Mask N = 46 patients (male army CBT Salivary CAR before and  Cortisol secretion was ++ AUC total:
et al. Phobia recruits; age: (two-day after CBT; cortisol prior,  significantly higher in patients d=0.86
(2011) M=19.46 + 1.64) intensive during and after and decreased after therapy AUC basal:
N = 39 HC (age: treatment exposure in the d=0.43
M=19.69 + 1.54) course) afternoon and control AUC net:
day d= 0.66
STAI, GAS
Hemyari Rat Phobia N = 40 students (women; age: One- (n = 20) Plasma cortisol, pro- Cortisol levels and cytokines ++ -
et al. M=20.97, 18-24 yrs.) and multi-session  inflammatory cytokines,  were significantly reduced after
(2020) (n = 20) and CBT in both types of treatment
exposure based interleukin—6 at
CBT baseline and during a
BAT before and after
CBT
DPSS-R, FRQ, STAIL, BAT
Tafet et al. GAD N = 17 outpatients (9 women; CT (24 sessions), Plasma cortisol before Significant decrease in ++ -
(2005) age: M=42.4 + 8.5 yrs.), no medication and after CT or after 24 afternoon cortisol levels along
N = 8 waitlist controls (4 weeks in the morning decrease in anxiety symptoms
women) and afternoon
HAMA
Wang GAD, N = 54 patients (30 women; CT (attribution Plasma cortisol in the Patients in the CT group had +++ -
et al. MDD, OCD age: M=29.31 + 9.78 yrs.) retraining group morning before and significantly lower plasma
(2013) N = 55 medicated controls therapy, 8 after treatment cortisol concentrations
(29 women; age: sessions/weeks) HAMA, HAMD compared to baseline
M=30.95 + 10.18 yrs.) or
SSRI
Dierckx AD N = 116 children and CBT (10 child Salivary CAR and Compared to baseline, one-year ~ ++ -
et al. adolescents (male ~ 50 %; age:  sessions and 4 daytime cortisol before, follow-up high daytime cortisol
(2012) 8-16 yrs.; no medication) separate parent 3 months and 1 year production was associated with
sessions) after treatment persistence of symptoms, high
MASC CAR with remission
Tiller GAD N = 15 patients (8 men; age: BT (5 weeks) DST 1 week before and 1 After treatment all patients + Non-
et al. M=38, 25-65 yrs.; 8 DST week after treatment were DST suppressors, but suppressors DST
(1988) suppressors, 7 matched non HAMA, STAI dexamethasone concentrations 1x2:r=0.964
suppressors), remained significantly lower in
N = 13 matched HC (5 initial non-suppressors
suppressors, 8 non suppressors)
Faucher SAD N = 13 CBT (38.5 % women; Group CBT and 6 saliva cortisol samples ~ No change in physiological ++ -
et al. age: M=39.31 + 10.40 yrs.) MBSR (12 weeks)  and HRV during a measurers
(2016) N = 14 MBSR (35.7 % women; speech task before and
age: M=36.64 + 16.15 yrs.) after treatment (HC only
N = 30 HC (36.7 % women; baseline)
age: M=29.77 + 12.77 yrs.) LSAS-T, SIS, SPS, VAS
Asbrand SAD N = 65 children (WL: N = 26; Group CBT (12 6 saliva samples during Children with SAD in the +++ d= 0.71-0.74
et a. female=63,6 %; age: M=11.3, weeks) and the TSST (cortisol and waitlist group showed stronger
(2019) 9-13 yrs.) waitlist alpha amylase) before cortisol reactivity and a higher
N =55HC and after CBT or no cortisol response rate compared

(female=60 %; age: M=11.7,
9-13 yrs.)

treatment
SPAI-C

to children in the CBT group
after treatment

AD = anxiety disorders; PD+AG = panic disorder with or without agoraphobia; GAD = generalized anxiety disorder; SAD = social anxiety disorder; MDD = major
depressive disorder; OCD = obsessive-compulsive disorder; HC = healthy controls; CBT = cognitive behavioural therapy; ET = exposure therapy; CT = cognitive
therapy; BT = behavioural therapy; MBSR = mindfulness-based stress reduction; SSRI = selective serotonin reuptake inhibitor; ACTH = adrenocorticotropic hormone;
BP = blood pressure; CAR = cortisol awakening response; ECG = electrocardiography; EDA = electrodermal activity; HR = heart rate; HRV = heart rate variability;
MHPG = 3-Methoxy-4-Hydroxyphenylglycol; SCL = skin conductance level; BAT = behavioral avoidance test; SUD = subjective units of distress; VAS = visual analog
scale ranging from 0 (no fear) to 10; CGI = Clinical Global Impressions-Improvement; GAS = Goal Attainment Scale; SCL-90 = Symptom Checklist-90; ASI = Anxiety
Sensitivity Index; BAI = Beck Anxiety Inventory; HAMA = Hamilton Anxiety Rating Scale; STAI = State-Trait Anxiety Inventory; MASC = Multidimensional Anxiety
Scale for Children; ACS = Anxiety Control Scale; FQ = Fear Questionnaire; FRQ = Fear of Rat Questionnaire; FSQ = Fear of Spiders Questionnaire; SAS = Spider
Anxiety Screening; SPQ = Spider Phobia Questionnaire; SNAQ = Snake Questionnaire; LSAS = Liebowitz Social Anxiety Scale; SIS = Social Interaction Scale, SPAI-C
= Social Phobia and Anxiety Inventory for Children; SPS = Social Phobia Scale; TSST = Trier Social Stress Test; ACQ = Agoraphobic Cognitions Questionnaire; BSQ
= Body Sensations Questionnaire; MI = Mobility Inventory; PAS = Panic and Agoraphobia Scale; PASS = Panic Attack Symptom Scale; PDSS = Panic Disorder Severity
Scale; GAD = Generalized Anxiety Disorder Scale; PASA = Primary Appraisal and Secondary Appraisal Questionnaire; BDI = Beck Depression Inventory; HAMD
= Hamilton Depression Scale; CDI = Children’s Depression Inventory; CTQ = Childhood Trauma Questionnaire; PHQ = Patient Health Questionnaire; DPSS-R =
Disgust Propensity and Sensitivity Scale-Revised; EAST = Extrinsic Affective Simon Task; PSQI = Pittsburgh Sleep Quality Index; rMEQ = reduced Morningness-
Eveningness-Questionnaire; PVT = Psychomotor Vigilance Task; r = Pearson’s correlation; d = Cohen’s D; AUC = area under the time curve; 2 = multivariate >
small = 0.02, moderate = 0.15, large = 0.35; nz: small ~.01, medium ~.06, large .> .14.
+ = weak
++ = moderate
+-++ = strong

# according to Quality Assessment Tool for Quantitative Studies (Armijo-Olivo et al., 2012; Thomas et al., 2004).
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limited by concomitant psychopharmacological treatment of some pa-
tients, especially intake of benzodiazepines, different time schedules for
exposure sessions and cortisol measurements, not considering the
circadian related cortisol secretion variability. Interestingly, another
study compared the effects of one-session exposure in the morning (high
endogenous cortisol) to exposure in the evening (low endogenous
cortisol) in 60 spider phobic patients (Lass-Hennemann and Michael,
2014). Assessment of anxiety symptoms before the therapy, one week as
well as three months after CBT showed that treatment in the morning
was significantly more effective than in the evening. A recent study in 71
patients with snake phobia did not replicate these findings despite
higher cortisol levels in the morning group, but found that rather vigi-
lance and sleep quality play a role as moderators of pre-post changes in
fear reduction (Sopp et al., 2024), which points to more complex diurnal
effects on exposure therapy. In the above mentioned study with 10 an-
imal phobic women, response to an exposure session in the morning also
showed an overall higher cortisol level than in the evening, though in-
crease from naturally lower levels was much higher in the evening; but
blunted cortisol responses might be anticipated when levels are already
elevated (Nesse et al., 1985). Consistently, in a study with 24 PD/AG
patients receiving 72 exposure sessions (3 per week), earlier sessions
were associated with higher pre-exposure cortisol levels, which medi-
ated the effect of time of day on greater clinical improvement (Meuret
et al., 2016). Similarly, in a study with 20 PD/AG patients and 20
matched healthy controls, a higher symptom severity before and unfa-
vorable therapeutic outcome after CBT, were associated with a signifi-
cantly lower cortisol response under interoceptive exposure
(Wintermann et al., 2022). Whether higher cortisol concentrations
during exposure sessions in AD patients are associated with better
treatment outcomes remained unclear in the beforementioned meta-
analysis by Fischer and Cleare (2017). In a study of Kuhlman et al.
(2020) with SAD patients, elevated endogenous in-session cortisol dur-
ing ET predicted attenuated symptom improvement. The authors state
that their cortisol indices represent rather chronically elevated cortisol
with little variation during ET since less than one third of the samples
exhibited at least a 20 % increase in cortisol during exposure sessions
and no significant change across the trial (Kuhlman et al., 2020). Taken
together, these findings emphasize the probable detrimental effect of
sustained elevations in cortisol levels for treatment outcome, compared
to acute increase and thus, beneficial responsiveness.

3.3. CBT effects on cortisol levels

The studies assessing the relationship between CBT effects and HPA
system function in AD before, during and after intervention are sum-
marized in Table 1. A few studies investigated changes in cortisol levels
and response after CBT treatment in AD: Brand et al. (2011) investigated
army recruits with protective mask phobia. They found heightened basal
morning salivary cortisol levels compared to controls as well as the as-
sociation of a significant reduction in afternoon cortisol levels during
exposure to the phobic stimulus with symptom reduction after a two-day
intensive treatment course of CBT. Similar, a study investigating re-
sponses to one- and multi-session exposure-based therapy in rat phobia,
showed a reduction in cortisol levels during a behavioral avoidance test
conducted pre and after successful treatment (Hemyari et al., 2020).
Tafet et al. (2005) showed that a significant decrease in symptom
severity after CBT in 17 GAD patients was associated with a significant
reduction in elevated afternoon plasma cortisol levels, while plasma
cortisol in an untreated group remained high. Comparable, in a study of
Wang et al. (2013) 19 GAD patients treated with attribution retraining
group therapy for 8 weeks had significantly lower morning plasma
cortisol concentrations compared to baseline and in contrast to a
medicated group (SSRI; N = 55). Further, a prospective study showed
that remission of children with AD one year after CBT was associated
with lower daytime cortisol and that low CAR levels were associated
with a poorer outcome at one year follow up (Dierckx et al., 2012).
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Additionally, Tiller et al. (1988) found in a sample of 15 non-medicated
GAD patients that non suppressors in the DST compared to suppressors
at baseline had an expected normalized suppression after 5 weeks of
behavioral therapy. Regarding SAD, a study investigating effects of CBT
versus MBSR treatment on stress reaction to the TSST found no changes
in cortisol levels after treatment (Faucher et al., 2016). Another study in
children with SAD comparing a CBT group to waitlist controls showed
that in children who had not received treatment a repeated social stress
task led to a sensitization and stronger cortisol reactivity, concluding
that a potential vulnerability to stress-related diseases, possibly leading
to an enhanced cortisol stress response, might be improved with CBT
(Asbrand et al., 2019). Taken together, some evidence suggests that
successful CBT induces normalization of an aberrant HPA system.

4. Discussion

We reviewed studies investigating the potential use of hormones
related to the endogenic stress system as biological marker for the
outcome of CBT in anxiety disorders. We focused on studies assessing
basal levels and specifically before, during and after exposures sessions
as well as changes in cortisol levels over the course of CBT and beyond.
In summary, despite the methodological weaknesses, heterogeneity of
study protocols, and mostly preliminary results, findings indicate on the
one hand a detrimental effect of insufficient HPA system responsiveness
regarding basal and stress-exposure related cortisol as predictor of CBT
outcome as well as a beneficial effect of acute cortisol elevation, with
most indicative parameters of morning cortisol response and increase
before and during exposure. On the other hand, monitoring cortisol
levels may function as biomarker for CBT effects, since effective treat-
ment seems to normalize HPA system abnormalities. Moreover, findings
imply that cognitive processes which are an essential part of CBT may
play an important role in modulating the HPA system.

First, chronic dysregulation of the HPA system function, persistently
elevated cortisol concentrations and hyporeactivity to phobic situations,
possibly due to neuroendocrine adaptation processes in response to
prolonged stress or due to the disorder itself, indicates a less favorable
outcome of CBT in patients with AD and thus, represents a possible
causal and maintaining factor. A blunted response to acute stress is
associated with poorer outcome across studies in AD using CBT (Meuret
et al., 2014; Siegmund et al., 2011), except for SAD, where elevated
levels during exposure may be detrimental or less beneficial to outcome
than in other AD (Asbrand et al., 2019; Kuhlman et al., 2020), but
studies are small and conclusions are preliminary. Also, this may
represent chronically elevated cortisol levels and is contradicted by a
recent study with psychodynamic psychotherapy (Schmalbach et al.,
2024). Following this, heightened cortisol might be beneficial by
weakening the originally learned fear memory and consolidating a
newly formed fear-inhibitory memory. The memory reconsolidation hy-
pothesis proposes that every time the original fear memory is retrieved
by a brief memory reactivation it becomes unstable through induced
plasticity that opens up a transient period during which a memory be-
comes susceptible to disruption and can be modified (impaired,
enhanced, or updated), which allows for transition into a fear-inhibitory
memory (Dudai, 2006; Meir Drexler et al., 2015; Monfils et al., 2009).
Investigations showed that reminding of a task ahead and encouraging
anticipation or presenting a fear activating stimulus before, successful
exposure can lead to persistent attenuation of conditioned fear (Johnson
and Casey, 2015; Maples-Keller et al., 2017). Moreover, the impairing
effect of glucocorticoids on reconsolidation is supported by animal
extinction studies (Cai et al., 2006; Yang et al., 2006; Zohar et al., 2011).
However, the occurrence of spontaneous recovery, renewal, rapid
acquisition, and reinstatement after extinction, suggests that it does not
seem to change the original fear memory (Bouton and Todd, 2014;
Myers and Davis, 2002; Todd et al., 2014), which is corroborated by the
inhibitory learning approach (Craske et al., 2014). Concurring, Fischer
and Zilcha-Mano (2022) review that in phobias low cortisol during
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initial exposure sessions seem to facilitate retrieval of fear memories and
to impede the formation of extinction memories, resulting in suboptimal
treatment outcomes. Some studies have already investigated the po-
tential use for pharmacological enhancement of exposure effects with
glucocorticoids and various other substances (Singewald et al., 2014).
Investigations augmenting exposure by cortisol administration found a
significantly greater reduction in fear until follow up applying gluco-
corticoids prior to, but not post, ET (de Quervain et al., 2011; Fitzgerald
etal., 2014; For areview see Hofmann et al., 2015; Nakataki et al., 2017;
Raeder et al., 2019; For a review see Singewald et al., 2014; Soravia
et al., 2006; Soravia et al., 2014; Steudte-Schmiedgen et al., 2021). Two
recent studies with spider phobia patients showed a fear reducing effect
of cortisol administration due to improving an aberrant functional
connectivity of the amygdala (Nakataki et al., 2017) and restoration of
the salience network activity (Soravia et al., 2018) when exposed to
phobia-related stimuli. Results are encouraging but have to be further
evaluated. Furthermore, an enhancing effect of cortisol on reconsoli-
dation of the reactivated original fear memory was shown if this former
memory is updated (Meir Drexler et al., 2015). This would explain the
reinforcement of anxiety through fear confirming actions like avoidance
and safety behavior of anxiety patients, ineffective exposure and lacking
disprove of fears, respectively. Additionally, in a situation of high stress,
cortisol may impair the retrieval of the new acquired extinction memory
and to promote relapses and the return of fear after successful extinction
learning by increasing activation of the fear network (Hagedorn et al.,
2021). In Summary, not only discordant experience by the use of CBT
may play a role in overcoming fear, but, despite the known impairing
effect of a chronically elevated cortisol level on memory, acute stress
before and during ET sessions, an activated HPA system respectively,
interpreted as a flexible and adaptive response to fear-related situations,
seems to be favorable for the extinction learning during fear dis-
confirming ET (Meuret et al., 2016), and hence a decreased cortisol
response after.

Second, effective treatment seems to normalize HPA system abnor-
malities in AD patients which was found on different levels. First, a
decrease in an elevated cortisol response over recurrent exposure ses-
sions or repeated BATs was found in several studies (Brand et al., 2011;
Gaab et al., 2005; Hemyari et al., 2020; Lass-Hennemann and Michael,
2014). Second, a few studies showed a decrease in elevated basal
cortisol levels after treatment (Dierckx et al., 2012; Tafet et al., 2005;
Wang et al., 2013). In this, the cortisol awakening response also plays a
role with inconsistent findings whether it should be high (Dierckx et al.,
2012) or low (Brand et al., 2011; Meuret et al., 2014) for beneficial
therapy response, and which is probably depending on the upcoming
day’s demands and anticipation of it. Third, one study showed a
normalization of cortisol hyporesponsiveness after CBT in the DST
(Tiller et al., 1988). Taken together, cortisol appears to be one possible
indicator of CBT effects on anxiety symptoms, specifically heightened
basal and daytime cortisol levels before treatment as well as its dynamics
in response to fear related stimuli and dexamethasone stimulation.

Moreover, the reviewed studies imply that cognitive processes, e.g.
appraisal, attribution, perceived controllability, and coping, seem to
have a beneficial influence on adaptive HPA system functioning and
related cortisol changes (Abelson et al., 2005; Gaab et al., 2005; Tafet
et al., 2005; Wang et al., 2013). Cortisol seems to be heightened during
anticipating of a demanding task (Coplan et al., 1998; Meuret et al.,
2014), e.g. exposure to a feared situation, whereas a more positive
anticipatory cognitive stress appraisal and regulation seems to decrease
the cortisol response to stress stimuli (Pulopulos et al., 2019). Further,
distracting GAD patients from their anxious thoughts by refocusing the
attention was demonstrated to reduce acute cortisol levels (Rosnick
et al., 2013). Mayer et al., (2017) showed in a phobic fear exposure
model that actual and perceived control was the determining factor for
lower cortisol levels. In line with the inhibitory learning model (Craske
et al., 2014), flexible responses, e.g. metacognitions, to environmental
stimuli may facilitate extinction by inhibiting a conditioned reaction
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(Arch and Abramowitz, 2015). However, as explained above, an adap-
tive response of the HPA system to demands seems to be required. An
investigation of the association of momentary emotion regulation and
diurnal cortisol in depression and anxiety showed that current inter-
nalizing disorders seem to be associated with downregulated HPA axis
functioning, while engaging in problem solving was associated with
elevated cortisol reactivity (Gilbert et al., 2017). Similar, a recent lon-
gitudinal study showed that higher physiological symptoms in children
with anxiety symptoms were related to hypercortisolism during the day
and in contrast, that chronic worry and social concerns predicted
hypocortisolism with a blunted diurnal cortisol pattern (Ma et al., 2019).
Comparable, an increase in cortisol activity in older patients in remis-
sion of GAD, but not with PD and phobias, and a decrease in cortisol
activity in those with persistent anxiety was found, which may be linked
to symptoms of constant worry (Bakouni et al., 2020). This fits with
findings in GAD with lower hair cortisol concentrations compared with
healthy controls (Steudte et al., 2011). Thus, dysfunctional cognitive
coping strategies might explain reduced cortisol response in chronic
anxiety states, compared to acute exposure to a fear-related stimulus and
adaptive HPA response. These results underscore the importance of
cognitive factors in explaining HPA functioning and improvement of
anxiety symptomatology, which are an essential part of CBT.

4.1. Conclusion and future directions

In summary, cortisol levels may have the potential to serve as
biomarker for current anxiety severity and effectiveness of treatment.
However, the interpretation of the results from currently available
studies are clearly limited by small sample sizes, diverse type of cortisol
assessment (e.g. salivary, plasma, hair) and methods to assess the HPA
system function (e.g. cortisol awakening response, diurnal decline, stress
response), different experimental conditions (e.g. time of day, natural or
induced panic attacks, type of stressor), differentially performed ratings
(self-ratings, therapist-ratings, specific vs. general anxiety symptoms)
and treatment procedures (e.g. group, individual, virtual reality),
including the combination with medication, different duration of
treatment (e.g. 1-24 sessions) and follow up periods. Further variables
like childhood adversity, biological (e.g. sex, genes, medication, oral
contraceptives, etc.) or diurnal moderators (e.g. sleep efficiency,
arousal, chronotype), duration of the disorder and comorbidity with
other psychiatric disorders may contribute to inconsistencies and should
be considered. For instance, smoking status, depression, especially fe-
male gender and the use of the contraceptive pill were shown to be
related to a mainly blunted HPA axis reactivity (Bakouni et al., 2020;
Kische et al., 2021; Wintermann et al., 2016).

In conclusion and in line with Laufer et al. (2018), the measurement
of the global HPA system function, CAR, diurnal slope, acute and
long-term cumulative cortisol output on consecutive days as well as
before, during and after exposure in CBT might be useful to monitor the
disease status, severity, and treatment effect along the CBT depending
on the effect that is investigated. Moreover, differential approaches may
be beneficial for the improvement in different states of the AD as well as
for specific AD: reducing stress response to a fear-related stimulus or
chronically elevated cortisol levels in the initial phase of an AD and
activating/normalizing a downregulated, exhausted HPA system in
persistent AD, like GAD and SAD, through exposure and cognitive
techniques and possibly glucocorticoid augmentation. Importantly,
cognitive processes and coping strategies, such as appraisal, sense of
control, focus of attention, vigilance and self-monitoring, as well as
avoidance behavior during the CBT may mediate the differential effects
on the HPA system and should be included in future investigations.
Finally, further reviews may include other forms of psychotherapy and
determine common or different mechanisms of actions.

Based on the evidence available to date, we deduce the following
recommendations for future studies to clarify the role of cortisol in
specific AD and on CBT effects: 1) assessment of CAR, daily cortisol and
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hair cortisol before and after the psychotherapeutic intervention
including at minimum one follow up after 3 month to measure hair
cortisol levels, 2) assessment of cortisol before and after the exposure
intervention by keeping the time of measurement comparable within
and between the individuals, 3) ensuring diagnostic properties and
specifically the comorbidity of AD and depression, 4) applying a global
and AD-specific assessment of anxiety dimensions and of the therapy-
related effects, such as cognitive processes, 5) assessing first onset and
duration of AD symptoms as well as childhood adversity as putative
moderating factor of HPA system response, 6) correcting for medication
use, sex and age, and 7) considering further putative moderating vari-
ables on exposure, such as sleep quality. As HPA system abnormalities
seem not to be a general pattern of AD, within subject-analyses could
help to better identify those who most profit from a priori and
concomitant HPA system measurements related to clinical outcomes to
improve decision making for clinicians in terms of best fitting therapy.
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Abstract

Panic disorder (PD) affects about four million Europeans, with women affected twice as likely as men, causing
substantial suffering and high economic costs. The etiopathogenesis of PD remains largely unknown, but both genetic
and environmental factors contribute to risk. An epigenome-wide association study (EWAS) was conducted to
compare medication-free PD patients (n=89) with healthy controls (n =76) stratified by gender. Replication was
sought in an independent sample (131 cases, 169 controls) and functional analyses were conducted in a third sample
(N=71). DNA methylation was assessed in whole blood using the Infinium HumanMethylation450 BeadChip. One
genome-wide association surviving FDR of 5% (cg07308824, P=1.094 x 10-7, P-adj = 0.046) was identified in female
PD patients (N =49) compared to controls (N =48). The same locus, located in an enhancer region of the HECA gene,
was also hypermethylated in female PD patients in the replication sample (P=0.035) and the significance of the
association improved in the meta-analysis (P-adj = 0.004). Methylation at this CpG site was associated with HECA mRNA
expression in another independent female sample (N=71) both at baseline (P=0.046) and after induction by
dexamethasone (P=0.029). Of 15 candidates, 5 previously reported as associated with PD or anxiety traits also showed
differences in DNA methylation after gene-wise correction and included SGK1, FHIT, ADCYAP1, HTR1A, HTR2A. Our study
examines epigenome-wide differences in peripheral blood for PD patients. Our results point to possible sex-specific
methylation changes in the HECA gene for PD but overall highlight that this disorder is not associated with extensive

changes in DNA methylation in peripheral blood.

Introduction

Panic disorder (PD) is the most disabling anxiety dis-
order, causing substantial suffering, and high economic
and social costs. It affects about four million Europeans
(12-month prevalence estimate is about 2%) with women
being twice as likely to be affected as men'. PD is char-
acterized by sudden episodes of acute anxiety (panic
attacks) occurring without any apparent reason. It can be
accompanied by a persistent concern of having additional
attacks or worry about the possible consequences of the
attacks (e.g., suffering of a heart attack, dying, losing
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control) and significant behavioral changes to avoid future
panic attacks®. First onset for PD is in adolescence and
early adulthood” and it is highly co-morbid with other
mental disorders, especially agoraphobia®.

Despite the substantial long-term disability, PD appears
to be underdiagnosed and undertreated in mental health
settings. The overall heritability of PD is substantial with
heritability estimates up to 48%*. Genetic studies (gen-
ome-wide as well as candidate gene approaches) have
identified some loci possibly contributing to disease risk
such as variants in the TMEM132D locus™ °, COMT?,
CRHRI®, SLC6A4, MAOA, HTRIA®, but overall genetic
linkage or association signals are usually not consistently
replicated.

Exposure to negative life events are the complementing
risk factors to genetics so that both genetic and envir-
onmental components are likely important mechanisms
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influencing disease risk'’. The differential contribution of
environmental and genetic factors in risk for anxiety
disorders, personality disorders, alcohol use disorders has
been previously supported by epidemiologic and twin
studies’' ™3, Adverse life events have been shown to
associate with specific epigenetic modifications, such as
DNA methylation, which may mediate the lasting cellular
consequences of these exposures in psychiatric dis-
orders'?, also in the context of gene—environment inter-
actions'®, Exploring DNA methylation may thus be able
to give an integrated view of both environmental and
genetic risk factors. While epigenetic changes including
DNA methylation are mainly tissue specific, some sites
show cross tissue relevance’® !’ and furthermore changes
in peripheral tissues such as blood could serve as potential
biomarker for disease risk.

To date, a few studies have investigated differences in
DNA methylation in candidate genes in PD> 872!,
Recently, one epigenome-wide study of DNA methylation
in a relatively small Japanese PD case-control sample (48
patients vs. 48 controls) detected significant associations
at 40 sites with overall small methylation differences*. So
far, studies in the European population are lacking. To
perform such a study in two independent samples of
patients with PD vs. control was the aim of our study. To
reduce confounding due to effects of drug treatment, both
patients and controls were free of psychotropic medica-
tion. Given that both the prevalence of PD as well as DNA
methylation pattern show large gender differences®, a
gender-stratified analysis was undertaken and com-
plemented by a meta-analysis.

Previous studies report that hits identified in genome-
wide association studies (GWAS) show changes in DNA
methylation in peripheral blood, e.g., in schizophrenia®*
or bipolar disorder®®. For this reason, in addition to an
unbiased approach, we also investigated DNA methyla-
tion changes in candidate genes that have emerged from
genome-wide or candidate gene studies for PD, anxiety
disorders or anxiety related phenotypes either in humans
or animals™*® %,

PD has a high comorbidity rate not only with other
psychiatric disorders like agoraphobia and depression, but
also with other medical conditions, e.g., cardiovascular
disorders, asthma and epilepsy’. DNA methylation age
has been previously correlated with morbidity and mor-
tality”®>!, Therefore, we also investigated whether age
acceleration was occurring in PD patients compared to
controls.

Materials and Methods
Max Planck Institute of Psychiatry PD cohort

PD patients included in the discovery and replication
sample were recruited in the anxiety disorders outpatient
unit at the MPIP in Munich’. PD was the primary
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Table 1 Characteristics of the participants included in the
study
Variable Controls  Cases Total
Discovery
Participants, N (%) 76 (46%) 89 (54%) 165
Male, N (%) 28 40 68 (41%)
Female, N (%) 48 49 97 (59%)
Age, years (SD) 37 (7.5) 36 (104)
Diagnosis None PDA 72%

PD 28%

Comorbidity:MDD 13.5%
Replication
Participants, N (%) 169 (56%) 131 (44%) 300
Male, N (%) 48 48 96 (32%)
Female, N (%) 121 83 204 (68%)
Age, years (SD) 38 (7.2) 38 (11.6)
Diagnosis None PDA 61%

PD 39%

Comorbidity:MDD 13%
Meta-analysis
Participants, N (%) 245 (55%) 220 (45%) 465
Male, N (%) 76 88 164 (34%)
Female, N (%) 169 132 301 (66%)
Age, years (SD) 38 (7.3) 38 (11)
Diagnosis None PDA 65%

PD 35%

Comorbidity:MDD 13%
Dex-treatment study
Participants, N (%) 29 (41%) 42 (59%) 71
Male, N (%) 0 0 0
Female, N (%) 29 42 71
Age, years (SD) 44 (114) 44 (137)
Diagnosis None MDD

PDA panic disorder with agoraphobia, PD panic disorder without agoraphobia,
MDD major depressive disorder

diagnosis; mild secondary depression was allowed (Table
1). The diagnosis was ascertained by trained psychiatrists
according to the Diagnostic and Statistical Manual of
Mental Disorders (DSM)-IV criteria. All patients under-
went the Structured Clinical Interviews for DSM-IV
(SCID I and II). PD due to a medical or neurological
condition or the presence of a comorbid Axis II disorder
was an exclusion criterion. All patients underwent a
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thorough medical examination including EEG, ECG and
detailed hormone laboratory assessment.

Control subjects were recruited from a Munich-based
community sample and screened for the absence of axis I
psychiatric disorders using the Munich version of the
Composite International Diagnostic Interview>>. Controls
were age-matched and sex-matched with patients.

To reduce confounding due to effects of drug treatment,
both patients and controls were free of psychotropic
medication for at least 4 weeks before the blood draw. All
subjects were Caucasian and provided written informed
consent. The Ethics Committee of the Ludwig Max-
imilians University, Munich, Germany, in accordance
with the Declaration of Helsinki approved all procedures.

Microarray processing and quality control in the MPIP PD
cohort

Genomic DNA was extracted from peripheral blood
using the Gentra Puregene Blood Kit (Qiagen). DNA
quality and quantity was assessed using NanoDrop 2000
Spectrophotometer (Thermo Scientific) and Quant-iT
Picogreen (Invitrogen). To minimize batch effects, sam-
ples were randomized with respect to case-control status,
sex and age.

Genomic DNA was bisulfite converted using the
Zymo EZ-96 DNA Methylation Kit (Zymo Research)
and DNA methylation levels were assessed for >480,000
CpG sites using the Illumina HumanMethylation450
BeadChip array. Hybridization and processing were
performed according to the instructions of the
manufacturer.

The Bioconductor R package minfi (version 1.10.2) was
used for the quality control of methylation data including
intensity read outs, normalization, cell type composition
estimation, f-value and M-value calculation. Outliers, i.e.,
samples whose behavior deviated from that of others in
terms of median intensity, were excluded from the ana-
lysis (N=3 in the discovery sample, N=5 in the repli-
cation sample) as well as samples with a discordant
methylation-predicted vs. reported sex (N=1 in the
replication sample).

Failed probes were excluded based on a detection P-
value larger than 0.01 in >50% of the samples. X and Y
chromosome were removed to avoid a possible gender
effect and also non-specific binding probes®. We also
excluded probes if single nucleotide polymorphisms
(SNPs) were documented in the interval for which the
Hlumina probe is designed to hybridize. Probes located
close (10 bp from query site) to a SNP which had a minor
allele frequency of 20.05, as reported in the 1000 Gen-
omes Project, were also removed. This yielded a total of
around 425,000 CpG sites in the discovery and replication
sample for further analysis.
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The data were then normalized with functional nor-
malization (FunNorm)®*, an extension of quantile nor-
malization included in the R package minfi.

Batch effects were identified by inspecting the associa-
tion of principal components of the methylation levels
with possible technical batches using linear regressions
and visual inspection of principal component analysis
plots using the Bioconductor R package shinyMethyl
(version 0.99.3). Identified batch effects (i.e., bisulfite
conversion plate and plate position) were removed using
the Empirical Bayes’ method ComBat>. Batch corrected
M-values after ComBat were used for all further statistical
analyses.

Epigenome-wide association analysis

Linear regression models were fit for each probe to test
for a case vs. control difference within the R package
MatrixEQTL (version 2.1.1)*°. Sex, age and imputed white
blood cell distribution from the Houseman projection®”
were included as covariates. Population stratification was
investigated using multidimensional scaling and could not
be observed (Supplementary Fig. S1). Significance after
multiple testing was adjusted using false discovery rate
(FDR) of 5%. As a first step all the samples were analyzed
together (Table 1) but, given the higher prevalence of PD
in females, we performed a sex-stratified analysis, first in
the discovery and then in the replication sample. A fixed-
effect meta-analysis across both samples was performed in
Plink v1.9°® following identification of hits in the indivi-
dual analyses.

In order to investigate whether we can find clusters of
association in the epigenome-wide analysis, we performed
the differentially methylated region (DMR) analysis on the
combined results from both samples based on the input of
individual P-values of at least 5e-05 and within 500 bp
using Comb-P*°,

Targeted gene analysis

A high number of studies showed mostly single SNP
associations in different genes with PD, however, the
replicability of these findings was low. Therefore, we used
three lines of approaches to select candidate genes for the
targeted methylome analysis: (1) candidate genes from
human genetic studies confirmed in the recent meta-
analysis of different international PD  cohorts
(TMEM132D, COMT, NPSRI and HTR2A)’, (2) and/or
having additional evidence from translational studies for
anxiety and stress related-phenotypes (CRH, CRHRI,
ADCYAPI1, ADCYAPIRI, FKBPS, SGK1, BDNF, HTRIA)®
40746 and lastly, (3) genes containing loci with previous
evidence for differential methylation in PD and anxiety
disorders (GAD1, OXTR)** *’. All the genes examined (N
=15) showed previous evidence of association with

104



Iurato et al. Translational Psychiatry (2017)7:1287

stress-related phenotypes not only in clinical (human)
studies but also in preclinical (animal) studies>*®?” 752,
The CpGs lying within the target genes were selected
from the meta-analysis results of the epigenome-wide
association study (EWAS) and FDR correction of 5% was
applied for the number of CpGs included in the gene.

Disease association analysis

To investigate a possible enrichment for specific path-
ways, we conducted a disease association analysis using
Web Gestalt>™ °*, DAVID®> *° and the R-package
DOSE™".

Tested genes for a disease enrichment were annotated
from CpG sites with P-value < 0.001 in the meta-analysis
results of the cases vs. controls EWAS in the whole
sample (Ngenes = 312), in the female subset (Ngenes = 428)
and in the male subset (Nyenes =379). The analysis was
background corrected for the Illumina HumanMethyla-
tion450 BeadChip array annotated genes.

DNA Methylation age calculation

DNA methylation age was calculated from peripheral
blood of patients and controls included in the discovery
(N=165) and replication sample (N=300). DNA
methylation-based age prediction was performed using
the R code and statistical pipeline developed by Hor-
vath®®, This predictor was developed using 82 Illumina
DNA methylation array datasets (n = 7,844) involving 51
healthy tissues and cell types®®. The raw data were nor-
malized using BMIQ normalization method® imple-
mented in the Horvath DNA methylation-based age
predictor R script®®. We then tested whether epigenetic
age acceleration (A-age), calculated by subtracting the
actual chronological age from DNA methylation age®,
was associated with case-control status. Since DNA
methylation age is calculated from raw beta values,
technical batches identified for discovery and replication
sample (96-well plate) were included as covariates in the
linear regression model together with age, sex and cell
counts (Houseman and Horvath cell counts, specifically:
PlasmaBlast, CD8pCD28nCD45Ran, CD8.naive, CDA4T,
NK, Mono, Gran).

MPIP dexamethasone treatment study
Glucocorticoid-induced methylation and gene expres-
sion changes were examined in an independent sample of
71 Caucasian female subjects (29 healthy probands and 42
depressed) recruited at the MPIP. Recruitment strategies
and characterization of participants have been previously
described®. Baseline whole blood samples were obtained
at 6 pm after 2 h of fasting and abstention from coffee and
physical activity (baseline). Subjects then received 1.5 mg
oral dexamethasone (DEX) and a second blood draw was
performed at 9 pm 3 h after DEX ingestion (post-DEX).
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The study was approved by the local ethics committee and
all individuals gave written informed consent.

DNA methylation and gene expression arrays in the MPIP
dexamethasone treatment study

Genomic DNA was extracted from whole blood using
the Gentra Puregene Blood Kit (QIAGEN) and processed
as for the MPIP PD cohort. DNA methylation levels were
assessed for >480,000 CpG sites using the Illumina
HumanMethylation450 BeadChip arrays. Whole blood
RNA was collected using PAXgene Blood RNA Tubes
(PreAnalytiX), processed as described previously®®. Blood
RNA was hybridized to Illumina HumanHT-12 v3 and v4
Expression BeadChips arrays. All methylation and gene
expression array probes have been subjected to an
extensive quality control including filtering by low p-
detection value, normalization (FunNorm for methylation
and VSN for gene expression data) and batch correction
with ComBat as previously described in ref. ®*. Cellular
composition was estimated by using CellCode®”.

Statistical analysis in the MPIP dexamethasone treatment
study

Methylation levels of cg07308824 were tested for asso-
ciation with gene expression levels of the HECA mRNA
(ILMN_1770667) using a linear mixed effects model
within the Ime4 package®.

Results
Genome-wide methylation differences in discovery and
replication samples

Genome-wide associations were performed in the dis-
covery sample, combined as well as stratified by gender.
While no association survived correction for multiple
testing in the overall samples and the male subset, one
genome-wide association, cg07308824, surviving FDR of
5% (P =1.094 x 10-7, P-adj = 0.046) was observed in the
female-only discovery sample. QQ plots for each of the
analyses are presented in the Supplementary Figs. S2-S3.
¢g07308824 is located in the promoter of the HECA gene
and was hypermethylated in female PD patients (N = 49)
compared to controls (N =48). The association and the
direction of the association could be replicated in the
second sample (P=0.035) and yielded a combined P-
value of 1.651e-08 in the meta-analysis, that would again
survive correction for multiple testing (P-adj=0.004)
(Figs. 1, 2).

The DMR analysis using Comb-P revealed no sig-
nificantly associated regions.

Targeted gene analysis

The targeted gene analysis (see Supplementary Tables
S1-S15 for the complete list of genes tested) using the
meta-analysis results, yielded in females one significant
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Fig. 2 Box plot of DNA methylation levels for the genome-wide
significant CpG in the discovery (P-adj = 0.046) and replication sample
(P=0.035)
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CpG each (surviving 5% FDR correction over the CpGs in
the gene) in ADCYAPI (P-adj = 0.010) and HTRIA (P-adj
=0.041) (Supplementary Fig. S4). The same analysis
yielded one significant CpG in SGKI (P-adj=0.035)
(Supplementary Fig. S5) in the whole sample and in males
in fragile histidine triad (FHIT, P-adj=0.010) and two
significant CpGs in HTR2A (P-adj=0.015 and P-adj=
0.029) (Supplementary Fig. S6) (Table 2). Single nominal
associations have been found in the genes ADCY1PIRI,
BDNF, COMT, CRH, CRHRI, GADI, OXTR and
TMEM132D. No differential methylation was detected for
NPSRI between cases and controls.

Disease association analysis

An enrichment for psychiatric disorders could be found
in the whole sample (bipolar disorder, P = 1.9e-2; mental
disorders, P=2.5e-2) and in females (response to anti-
psychotic treatment, P = 5.3e-2; ADHD, P = 9.5e-2) using
DAVID>* *°,
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Table 2 Targeted gene analysis results for the significant
CpGs

Sample Gene CpG P-adj
Meta-analysis

Whole SGKT1 €g00959636 0.035

Males FHIT cg07351758 0.010

HTR2A €g09361691 0.015

cg06476131 0.029

Females ADCYAPT(PACAP) €g13940693 0.010

HTRI1A €g16280141 0.041

Functional characterization of significant results

To assess the functionality of the significant CpG
methylation site, association of methylation levels with
gene expression of the HECA mRNA was tested. Methy-
lation at this CpG site was associated with mRNA
expression of HECA (ILMN_1770667) both at baseline (P
=0.046) and after induction by dexamethasone (P=
0.029) (Fig. 3). Gene expression was significantly altered
in the sample following dexamethasone induction (P=
8.78e-05) but not DNA methylation (P = 0.796), indicat-
ing that the significant association between gene expres-
sion and DNA methylation is specific and not due to
dexamethasone.

DNA Methylation age and case-control status

PD is a strong stressor for the people affected and so far
no studies have been carried out to determine whether
patients affected by PD also develop age acceleration. To
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answer this question, we compared the A-age of PD
patients with healthy controls in the whole discovery (N
=165, P=0.980) and replication sample (N =300, P=
0.282) and found no significant differences. We then
stratified for gender and found no significant results in
males (discovery: N =68, P =0.835; replication: N =95,
P=0.467) as well as in females (discovery: N=97, P=
0.964; replication: N =204, P=0.402) (Fig. 4, Supple-
mentary Fig. S7).
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Fig. 3 Scatterplot showing the association between DNA methylation

(x-axis, beta values) and gene-expression (y-axis, VSN normalized array
probe intensity) in an independent female sample at baseline (P=

0.08 0.09

0.046) and after induction by dexamethasone (P =0.029)
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Discussion

Genome-wide association of whole blood DNA
methylation with PD cases and matched controls identi-
fied a locus (cg07308824), which was hypermethylated in
female PD patients compared to healthy controls. This
locus was also associated with case-control status in
females in another independent sample and results were
further confirmed with a meta-analysis (N=301). No
methylation differences were identified at genome-wide
level taking both genders together. This is the first and
biggest EWAS for PD in a population with European
background.

The methylation locus that we identified in females is
located in the intragenic and enhancer region®* of the
Homo sapiens headcase homolog (Drosophila) (HECA)
gene on Chromosome 6. The HECA gene is a cell cycle
regulator and may play an important role in human
cancers, e.g., hepatocellular carcinoma®; however, only a
few publications about this gene are available to date. The
potential functional relevance of cg07308824 was further
investigated in the UCSC Genome Browser®*. An overlap
was observed between the location of ¢g07308824 probe
and histone 3 lysine 27 acetylation (H3K27Ac) on seven
cell lines from ENCODE® (Fig. 5). H3K27Ac was pre-
viously found near to active regulatory elements sug-
gesting that the sequence where the probe is located is
functional®”. The HECA gene is expressed in brain at
lower levels compared to blood (Supplementary Fig. S8)
but we could not see any correlation between the
methylation levels of the significant CpG found in blood
and brain, which could indicate that the relevance of these
results might be limited to blood. No significant correla-
tions were found between cg07308824 methylation levels
and four different brain regions (i.e., prefrontal cortex,
superior temporal gyrus, entorhinal cortex and
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Fig. 4 Violin plots of A-age by case-control status in the discovery sample. From the left: whole sample (P =0.980), males only (P = 0.835), and
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Fig. 5 Annotation of the genome-wide significant CpG located in the HECA gene. The top panel contains the HECA gene model, located on Chr
6. The other two panels show the genome-wide significant CpG and the CpG island where the CpG is located. The bottom panel shows the levels of
enrichment of the H3K27Ac mark in the HECA gene. Data were obtained from UCSC Genome Browser and plotted using the R package Gviz®’

cerebellum) in a linear regression model using a publicly
available data set'®(Supplementary Fig. S9).

It is noteworthy considering that methylation levels of
the identified locus showed a significant correlation with
gene expression levels of the HECA gene in another
independent female sample, which points to the func-
tional relevance of the observed methylation change. The
fact that the direction of the association is positive (higher
gene expression correlated with higher methylation) may
be explained by the intragenic location of the significant
locus. It has indeed previously been shown®® that a
positive correlation with gene expression is expected for
CpG probes located in the body of the gene and a negative
correlation is expected for CpG probes located close to a
gene’s TSS. The authors also report that however this is
only partially verified, with one-third of the latter type
showing a positive correlation and nearly half of the for-
mer type showing a negative correlation.

Notably, the significant changes in DNA methylation
presented here are small with less than 1% difference
(0.08%) but replicable. While the functional relevance of
such small changes is debatable, these effect sizes are in
line with other EWAS in psychiatry, including the recent
small Japanese EWAS in PD*?, where 40 significant CpGs
with overall low methylation (mostly under 0.05%) dif-
ferences have been detected. Sex-specific associations
were not reported, most likely because of the small sample
size. Furthermore, similar effect sizes were observed in
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other methylome studies of psychiatric disorders (schi-
zophrenia®!) and other complex diseases (rheumatoid
arthritis®®, multiple sclerosis”® and Alzheimer’s disease’").
The EWAS in schizophrenia is largest EWAS in the
psychiatric field to date, with 689 schizophrenia patients
and 645 controls included in the analysis and shows
methylation differences lower than 0.02% that replicate in
an independent cohort. More work needs to be performed
to understand what contributes to these small differences
(e.g., slight differences in cell composition, genotype dif-
ferences or differences in environmental exposures) and if
they are informative beyond serving as biomarker.

Female-specific DNA methylation changes in PD have
been previously shown both in mice’” and in humans. A
female-specific association and/or correlation of negative
life events with decreased overall methylation levels has
been shown for GADI and MAOA?® 73, In contrast,
female-specific effects in terms of increased methylation
levels of promoter region were observed in the FOXP3
gene for PD'®. Sex-specific findings regarding the
methylation pattern have been also detected in depres-
sion, which is highly comorbid with PD, and psychosis’*
75

Interestingly, the disease association analysis shows an
enrichment for psychiatric disorders in the whole sample
and in females, but not in males.

In our analysis with Comb-P, no evidence for clusters of
differential methylation per gene could be detected,
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indicating that associated CpGs do not have adjacent
signals. The genome-wide findings are thus not supported
by DMR analysis. However, the structure of the 450k
[lumina array has many loci that are only interrogated
with single CpGs, especially in enhancer regions, so that
single significant CpGs could reflect a differentially
methylated region, but since no adjacent CpGs are pro-
bed, this cannot be assessed using only array data. Here
bisulfite sequencing approaches are needed.

One of the limitation of the study is that we could not
correct for the smoking status of the subjects, due to lack
of information. We verified though that our significant
genome-wide hit was not one of the top-associated CpGs
in the biggest EWAS for cigarette smoking’®. Another
limitation is the lower number of males compared to
females, which is due to the higher prevalence of the
disease in the latter. This might also explain why no sig-
nificant results were found in the male subset but only in
females. For this reason a bigger study with a higher
number of subjects, with possibly the same ratio between
genders, is necessary in order to confirm the sex-
specificity of our findings.

We have to point out that we observe increased lambdas
in the QQ plots of the replication sample despite cor-
rection for population stratification and methodological
issues, such as DNA extraction and batch effects. It is
noteworthy that female subjects of the replication sample
seem to contribute to the higher inflation in our study.
Other previously published EWAS in psychiatric dis-
orders have shown similar or even higher inflation®**> 77~
7%, The different sample size of discovery and replication
sample as well as between female and male subjects might
be one reason for these effects. The sample size of female
subjects is doubled in the replication sample (97 vs. 204).
If we extrapolate the inflation factor from discovery to
replication sample®’, we see an increase of lambda to 1.11.
In our study, we saw the association in the HECA gene
first in the discovery sample which showed only moderate
inflation and could then confirm the finding in the second
sample and meta-analysis, suggesting that this finding
cannot be attributed just to the inflation effects in the
replication sample. Additionally, if we correct for popu-
lation stratification using the inflation factor qualitatively
results are not altered.

A targeted gene approach was subsequently applied,
with the aim of investigating if genes previously associated
with PD or anxiety-related phenotypes are affected at the
methylation level. Five of the genes we analyzed, ie.,
HTRIA, HTR2A, ADCYAPI (pituitary adenylate cyclase-
activating polypeptide (PACAP)), FHIT and SGK1 showed
different methylation patterns in PD patients compared to
controls. For these genes, the evidence for a correlation
with anxiety disorders at the genetic level could be con-
firmed in our data at the epigenetic level. SGK1 (serum/

Translational Psychiatry

Page 8 of 10

glucocorticoid regulated kinase 1) is one of the key player
in the mediation of fast and chronic stress response and,
therefore, could be implicated in the transition of the
environmental stress influences via methylation®. It
seems to play a role in the expression of conditioned fear
in the animal model®” and is one target of miRNAs in the
glucocorticoid pathway affecting neurogenesis and lead-
ing to anxiogenic and depressiogenic behavior in mice®'.
Additional evidence from human studies point to the
implication of this gene in the pathophysiology of trau-
matic stress, e.g., PTSD®? and our results point to a pos-
sible involvement in PD as well. The second gene which is
implicated in the stress response regulation is PACAP.
Ressler et al. could demonstrate a female-specific sig-
nificant correlation of the PACAP38 peptide concentra-
tion in blood with PTSD symptoms and diagnosis®’. In
line with these previous findings, we could also demon-
strate a female-specific significant methylation difference
in one locus between cases and controls, suggesting that
this gene may play an important role in long-lasting stress
dependent pathophysiology in PD or other anxiety dis-
orders. Similarly, a female-specific methylation difference
could be shown for the gene HTRIA. This serotonin
receptor is the most abundant of all serotonin receptors in
the brain and HTRIA variants have been shown to be
associated with depression and defensive behavior in PD
patients*’. So far, there is no evidence for gender-specific
implication of HTRIA gene in PD or other mental dis-
orders. There are instead already previous studies show-
ing an association of HTR2A and PD” **, and supporting
evidence comes from our results in males. Similarly,
variants in the gene FHIT (fragile histidine triad) were
nominally associated in GWAS studies with anxiety® and
PD”, and were not gender-specific. In a recent huge meta-
analysis for broad depression phenotype, several variants
in FHIT were among the most significant hits®*®. However,
there was no difference in the burden of depressive
symptoms or depression diagnosis between the male and
female group in our study, therefore, we cannot refer our
finding to depression as bias. For HTRIA, HTR2A and
FHIT, gender-specific effects presented here need to be
replicated and elucidated in further studies.

In the targeted gene analysis we observe five significant
results, which is more than expected by chance (2-3
expected by chance). We corrected gene-wide because
each gene was regarded as separate analysis driven by the
positive evidence for association with anxiety phenotypes.
The results might be biased by the selection of the can-
didate gene itself as one limitation of the gene-targeted
approach. Therefore, these findings, while supporting
previous results, have to be taken with caution and
replicated elsewhere.

Another aim of the study was to determine the effect of
PD on epigenetic aging, as measured with the epigenetic
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clock®®. We found no differences between PD patients
and healthy controls in the discovery and replication
sample, also when separated by gender. This might be
explained by the heterogeneity of the samples in terms of
age. It was showed by Zannas et al.°' that the effect of
personal life stress on A-age is stronger in older as com-
pared to younger people. This suggests that the effects in
our study, if presents, might be diluted by the age-range.
Additionally, the effect sizes of PD on epigenetic age
might be low and higher sample sizes are needed to detect
significant changes. As cumulative lifetime stress has been
shown to contribute to faster epigenetic aging®', analysis
of other phenotypes, such as number of panic attacks or
duration of the disorder, could be more effective in
uncovering epigenetic aging effects of PD. In summary,
our study examines epigenome-wide differences in per-
ipheral blood for PD patients. Our results point to pos-
sible sex-specific methylation changes in the HECA gene
for PD but overall highlight that this disorder is not
associated with extensive changes in DNA methylation
pattern in peripheral blood.
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Abstract

Background: Anxiety disorders including panic disorder (PD) are the most prevalent
2Department of Psychiatry and Behavioral . . . . . .
Sciences, Emory University, Atlanta, Georgia psychiatric diseases leading to high disability and burden in the general population.
Acute panic attacks are distinctive for PD but also frequent in other anxiety
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disorders. The neurobiology or specific molecular changes leading to and present
during panic attacks are insufficiently known so far.

Methods: In the present pilot study, we investigated dynamic metabolomic and gene
expression changes in peripheral blood of patients with PD (n=25) during two

Funding information exposure-induced acute panic attacks.

EranetNeuron, Grant/Award Number: AnxBio Results: The results show that the metabolite glyoxylate was dynamically regulated in
peripheral blood. Additionally, glyoxylate levels were associated with basal anxiety
levels and showed gender-related differences at baseline. As glyoxylate is part of the
degradation circuit of cholecystokinin, this suggests that this neuropeptide might be
directly involved in exposure-induced panic attacks. Only gene expression changes of
very small magnitude were observed in this experimental setting.

Conclusions: From this first metabolome and gene expression study in exposure-
induced acute panic attacks in PD we conclude that metabolites can potentially serve
as dynamic markers for different anxiety states. However, these findings have to be

replicated in cohorts with greater sample sizes.

KEYWORDS
cognitive behavioral therapy, exposure, gene expression, metabolomics, panic attack, panic

disorder

1 | INTRODUCTION agoraphobia, where patients avoid situations in which they might feel
trapped or are unable to escape. The lifetime prevalence of PD is up

Anxiety disorders including generalized anxiety disorder, panic to 4% and females are affected twice as often compared with men

disorder (PD) with or without agoraphobia (PDA, PD; due to high
comorbidity we use PD for both disorders throughout the paper) and
specific phobias are the most prevalent mental disorders. They affect
up to a third of the general population during their lifetime (Kessler
et al, 2006). PD is one of the most disabling anxiety disorders

characterized by recurrent panic attacks often accompanied by

(McLean, Asnaani, Litz, & Hofmann, 2011). The underlying neurobiol-
ogy of PD is highly complex and implicates various genetic,
neurobiological and environmental factors (Binelli et al., 2015). Panic
attacks are frequent in all anxiety disorders and are distinctive for
PD. They appear suddenly with symptoms of intense fear and bodily

sensations followed by self-perceived lack of control and anticipatory

Depress Anxiety. 2019;36:1173-1181.
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anxiety. The neurobiological circuits and molecular systems respon-
sible for and activated by panic attacks within anxiety and PDs are
poorly understood. In recent years, studies investigating the dynamic
functional response within the panic emotions used panic-inducing
compounds, such as sodium lactate and cholecystokinin-4 (CCK-4;
Plag et al., 2012; Toru et al., 2013). However, these compounds might
activate pathways which differ from the characteristic of a panic
attack within an anxiety disorder. To exclude this, we chose to use
exposure intervention within cognitive behavioral therapy (CBT) to
induce and measure acute anxiety- and panic-related molecular
changes in the blood.

Exposure is a core technique within CBT to treat phobia- and
anxiety-related symptoms (Abramowitz, 2013). As part of this
intervention, the patient is exposed to highly feared and mostly
avoided situations. The main goal is to induce the highest possible
anxiety levels to apply cognitive and behavioral strategies for dealing
with anxiety feelings. The intervention is completed when the anxiety
levels decrease significantly (habituation) without using avoidance or
security strategies. Exposure has been suggested to alter the
pathological fear structure by initially activating it and then updating
the pathological, unrealistic associations in these structures (Kacz-
kurkin & Foa, 2015).

Despite the improvements in treatment, numerous patients with
PD do not respond to current therapies (White et al, 2013).
Currently no molecular biomarker exists for any anxiety trait,
especially for disease-related acute anxiety states. Biomarkers will
be essential for early diagnosis, accurate subtype classification, and
treatment efficacy.

High-throughput-omics approaches offer the opportunity to
identify novel candidate biomarkers and affected pathways (Bragazzi,
2013; Higdon et al., 2015). Recently, genetic and epigenetic markers
have received great attention. However, robust associations in
anxiety disorders are rather the exception than the rule, partly due
to limited sample size (Andersen, Dogan, Beach, & Philibert, 2015;
Ng et al, 2012). Other types of biomarkers resulting from
neuroimaging (Schnack & Kahn, 2016), proteomics, and metabolo-
mics(Filiou et al., 2011), studies have great potential for improved
understanding of anxiety-related circuits. Omics-based technologies
may identify early biochemical disease- or treatment-related changes
and identify predictive biomarkers that can be used to reveal
pathological abnormalities before the development of any clinical
symptoms or to monitor dynamic changes during a therapeutic
intervention (Sethi & Brietzke, 2016). The metabolome represents
molecular pathway activities and can serve as a reflection of the
disease phenotype (Peng, Li, & Peng, 2015). Studies have shown
altered metabolite levels in schizophrenia (Liu et al., 2016; Xiao et al.,
2011), depression (Abdallah et al., 2014; Ali-Sisto et al., 2016), and
autism (Chugani, Sundram, Behen, Lee, & Moore, 1999; Lim et al.,
2016), suggesting a distinct metabolic profile associated with disease
state. Metabolomics and proteomics studies in animal models have
identified differences in neurotransmission and energy metabolism
(Filiou et al., 2011), mitochondrial functions, and oxidative stress
(Hollis et al., 2015; Krolow, Arcego, Noschang, Weis, & Dalmaz, 2014)
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for anxiety-related behavior. Recently, blood biomarkers have been
identified that predict the development of a subsequent depressive
episode for the social disorder (Gottschalk et al., 2015). However,
specific metabolites indicating disease-related states in anxiety
disorders and predictive biomarkers are yet to be identified.

The primary goal of the present pilot study was to trace specific
exposure-/panic-related plasma metabolite and gene expression
changes of individuals (n=25) with PD at three time points to
identify biomarkers for acute anxiety states. In addition, dynamic
changes of significantly or highly regulated metabolites in response
to exposure were tested for association with the clinical response

following CBT.
2 | METHODS
2.1 | Study participants and exposure procedure

A total of 25 patients were included in the study (males n = 8, females
n=17, mean age of 32+ 9standard deviation). The recruitment of
patients was conducted between January 2014 and December 2015
in the Outpatient Clinic for Anxiety Disorders at the Max Planck
Institute of Psychiatry. Inclusion criteria consisted of a current
primary DSM-IV-TR diagnosis of PD with/without agoraphobia (PD/
AG) and a clinical interview score >14 on the Hamilton Anxiety Scale
(HAMA,; Hamilton, Schutte, & Malouff, 1976). Exclusion criteria were
somatic disorders, pregnancy, personality disorder, current suicidal
intent, and other psychiatric disorders except other anxiety disorders
(AD) or secondary mild or moderate depression. All patients included
in the analysis were free of psychotropic medication for at least 4
weeks before the exposure.

The exposure treatment was applied within a highly structured
and research approved short-term CBT (Lang, Helbig-Lang, West-
phal, Gloster, & Wittchen, 2018). The therapy course consisted of 12
sessions of CBT (1-2 sessions per week, 6-8 weeks) and two booster
sessions after 2 and 4 months. Therapy included two accompanied in
vivo exposures (Sessions 6-11). Therapists were trained in exposure-
based CBT. Exposure sessions were conducted outside the clinic,
depending on the feared situation (e.g., subway, supermarket, and
tower) and specific concern (e.g., fainting, asphyxiation, and losing
control). The type of exposure was determined by the patient, with
the goal of high fear provocation. Benzodiazepines were not allowed
during the course of therapy.

On the day of the exposure, patients were instructed to eat a
standardized breakfast before the exposure session (roll with jelly),
not to smoke, not to exercise, not to take any medication and not to
consume caffeine. The first blood sample (in the following referred to
baseline b1 in the first exposure and b2 for the second exposure, for
the overview of blood sampling procedure see Figure S1) was drawn
between 8:30 and 9 a.m.

The exposure was started immediately after the basal blood draw
by approaching the specific agoraphobic situations which was
previously defined with the patient. As intended, all patients reached

high subjective anxiety levels within the exposure intervention
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TABLE 1 Psychometric measures for exposure sessions and
therapy course

Exposure-related psychometry

SUD peak anxiety (0-10)
Exposure 1 9.16 +1.03
Exposure 2 8.08+244

Baseline Postexposure  p-Level
ACQ
Exposure 1 1.58+0.58 1.06+0.11 51x107*
Exposure 2 1.58 £0.63 1.08+0.13 6.9x1073
BSQ
Exposure 1 2.12+0.79 126 +0.28 8.9x107°
Exposure 2 1.96 +0.93 1.26 +0.29 9.8x107°
Therapy-related psychometry

Baseline Therapy end p-Level
HAMA 34.95+6.85 13.11£10.97 6.3x10°®

Abbreviations: ACQ, Anxiety Cognition Questionnaire; BSQ, Body
Sensation Questionnaire; HAMA, Hamilton Anxiety Rating Scale; SUD,
subjective units of disturbance for anxiety.

(Table 1). A second blood draw was conducted 1 hr after the highest
anxiety peak within exposure (between 11:00 and 12:00a.m.,
postexposure, pel resp. pe2). A third blood sample was collected
24 hr after the onset of the exposure (referred to as 24-hr
postexposure, p24, 8:30-9 a.m.) with the same dietary instructions
as the day before. Each patient received two therapist-guided
exposure sessions at an interval of 1 week between the sessions.
Additionally, patients’ anxiety levels were assessed before, during
and after the exposure using the following questionnaires: the
Anxiety Cognition Questionnaire (ACQ; Ehlers, Margraf, & Chamb-
less, 2001) and Body Sensations Questionnaire (BSQ; Chambless,
Caputo, Bright, & Gallagher, 1984) as well as an exposure protocol
(Lang et al., 2018), including Subjective Units of Disturbance (SUD;
0-10) for anxiety and expectations about the exposure.

The clinical severity was assessed at three time points during the
therapy: baseline, after 4th session before the exposure and at the
end of therapy (12th session). Therapy remission was reached if
symptom ratings were below the cut-off 14 in HAMA, the threshold
for clinical relevance. Remission was assessed after the end of
therapy (12th session). The study was approved by the ethics
committee of Ludwig Maximilian University in Munich, Project
number 318/00. Written informed consent was obtained from all
subjects.

2.2 | Metabolomics analysis

Isolation of polar plasma metabolites. Human plasma was extracted
with a fourfold excess (vol/vol) of 100% cold methanol. After
vortexing for 2 min, samples were incubated on dry ice for 2 hr and
centrifuged (2,053 g, 100 min, 4°C). Supernatants were filtered using
a 0.22-um ultrafiltration tube (1,105g, 2 min, 4°C) and the filtrates
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were lyophilized. The lyophilized metabolites were stored at -80°C
until further use (see Supporting Information S1).

Targeted metabolomics analysis. Plasma extracts were resus-
pended in 20l liquid chromatography-mass spectrometry grade
water. Ten microliters were injected and analyzed using a 5500
QTRAP triple quadrupole mass spectrometer (AB/SCIEX, Framing-
ham, MA) coupled to a Prominence UFLC high-performance liquid
chromatography system (Shimadzu, Columbia, MD) via SRM of a total
of 293 endogenous water-soluble metabolites for steady-state
analyses of samples.

Overall 309 metabolites were measured across three time points
(baseline, 1hr postexposure, and 24 hr postexposure). The first
exposure included 25 patients of which 8 were males and 17 were
females. The second exposure included 23 patients (8 males and 15

females).

2.3 | Identification of single metabolite alterations

Metabolite intensities were median-normalized and auto-scaled
(mean-centering and dividing by the respective standard deviation)
for statistical analysis. Metabolites with significant changes defined
with a p-value below .05 in concentration over all three time points
(baseline, 1 hr postexposure, and 24 hr postexposure) were identified
via two-way analysis of variance for repeated measures correcting
for age, sex, and all significant surrogate variables estimated via sva
(Leek, Johnson, Parker, Jaffe, & Storey, 2012). Metabolites were
excluded from the analysis if more than two subjects had missing
values in the trajectory. Immediate effects of highest anxiety level
were investigated by exclusively taking the baseline and the first
postexposure metabolite concentrations into account using a paired t
test. For both analyses, the p-values were false discovery rate (FDR)-
corrected (FDR < 0.10). All statistical analyses were performed in R
version 3.4.3 (Team, 2018).

2.4 | Gene expression

For all three time points, baseline as well as 1-hr postexposure and
24-hr postexposure blood RNA were collected using PAXgene Blood
RNA Tubes (PreAnalytiX), processed as previously described (Menke,
Rex-Haffner, Klengel, Binder, & Mehta, 2012). Blood RNA was
hybridized to lllumina HumanHT-12 v4 Expression BeadChips
(Hllumina, San Diego, CA). Raw probe intensities were exported with
lllumina's GenomeStudio. The raw expression values were normal-
ized using the variance-stabilizing normalization method from the vsn
package (Huber, von Heydebreck, Sultmann, Poustka, & Vingron,
2002). Batches that were significantly associated with the first 10
principal components were removed using the ComBat function from
the sva package (Leek et al., 2012). Two rounds of ComBat were
necessary to remove associations with the Bead Chip ID and the Chip
Barcode. Cell composition was estimated using CellCODE (Chikina,
Zaslavsky, & Sealfon, 2015). Significantly altered genes overexposure

were detected by using a linear mixed effect model (Ime4 package;
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Bates, Maechler, Bolker, & Walker, 2014). We corrected for age, sex,
cell composition as well as random effects (De Boeck et al., 2011).

2.5 | Identification of significantly enriched
pathways

We included all metabolites showing significant changes over two or
three time points (FDR 0.1) in a pathway analysis using MetaboA-
nalyst (Xia, Mandal, Sinelnikov, Broadhurst, & Wishart, 2012). These
were considered significantly enriched for Reactome (Joshi-Tope
et al., 2005) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Kanehisa & Goto, 2000) if they presented with an
enrichment p-value of .05. A second pathway analysis was performed

using the 227 genes which were significantly altered over time.

2.6 | Data availability

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

3 | RESULTS

Anxiety levels measured with ACQ, BSQ, and SUD showed a
significant reduction across each exposure. The patients reached
high subjective anxiety levels in both exposures (Table 1). We
included two exposure measurements per patient into the analysis to
capture stable anxiety-induced metabolomics and gene expression
effects. In general, we observed a significant reduction of all therapy-
related measures at the end of therapy and an overall reduction of all

exposure-related measures in the second exposure (Table 1).

3.1 | Altered metabolites over time

Short-term effects of the exposure were captured by only consider-
ing the differences between baseline and the first postexposure time
point (1 hr after anxiety peak). We identified 14 metabolites with
nominally significantly altered levels between these time points for
the first exposure. In the second exposure the changes for 17
metabolites were nominal significant (see Tables S1 and S2).
However, there was no overlap between the list of altered
metabolites from the two exposure sessions.

In the next step, metabolite levels were analyzed across all three
time points to capture prolonged exposure-related effects. Of the 309
metabolites measured, 160 (Measurement 1) and 163 (Measurement 2),
respectively, passed the filter for missing values (see Section 2).

The metabolite glyoxylate showed significant changes across all
three time points of the first exposure (p=6.30x107% FDR
corrected p=7.49 x 1073). For the second exposure, no changes in
metabolite levels for all three time points withstood correction for
multiple testing. However, the change in glyoxylate levels was
nominal significant in the second measurement (p=1.27 x 107).
Metabolites with a nominal included

significant  p-value
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TABLE 2 Long-term metabolic profile
KEGG compound

Metabolite ID Exposure 1 Exposure 2
Glyoxylate €00048 6.30x10™% 1.27x107°
Ascorbic acid C00072 228x107% 1.63x107°
2-Oxobutanoate ~ C00109 3.03x107% 3.44x1072
Homocysteine C00155 325x1072 29x1072

Glutamine C00064 376x1072 375x1072
08P-O1P Not available NA? 8.50x 1072

Note: Nominal significant metabolite level changes across three time
points. Bold: significant after correction for multiple testing.
Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.
#Missing values in trajectories.

oxobutanoate, ascorbic acid and homocystein in both exposures
(see Table 2). The course of glyoxylate levels in the first exposure
(see Figure 1) showed at least two different dynamics: One cluster of
eight patients with mostly high baseline glyoxylate levels which
decreased toward the first postexposure time point, the other cluster
with 17 patients where glyoxylate levels were mostly stable across
the exposure. However, we found no difference across time between
patients in the two subgroups with regard to age, anxiety levels

during exposure, depression scores or response to CBT.

3.2 | Glyoxylate and peak anxiety

To assess if metabolite level dynamics correlated with phenotype,
glyoxylate levels were mapped to the SUD peak anxiety level that
each individual experienced during the exposure (Figure 2).

glyoxylate trajectories over time

1e+15

8et14

metabolite level
6e+14

4e+14

2et+14

0e+00

pel

time

FIGURE 1 Progression of glyoxylate levels during exposure. For
each individual the course of blood glyoxylate levels (y-axis) is shown
at baseline (time point 0), 1 hr postexposure (time point 1), and 24 hr
later (time point 2)
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The baseline glyoxylate levels correlated highest with the peak
anxiety level experienced by the individuals at the basal time point bl
(p=.03, adjusted R?=28%). Glyoxylate levels for the other time points
showed no significant correlation with the peak anxiety (postexposure:
p=0.26, adj. R? = 27%; 24 hr postexposure: p = 0.83, adj. R? = 12%).

3.3 | Glyoxylate, clinical response, and gender-
related differences

Glyoxylate levels in remitting (n=9) and nonremitting (n=12)
individuals were compared for all three time points to assess
correlation with clinical response at the end of the therapy. Although
we observed some differences in glyoxylate levels between the
remitters and nonremitters (e.g., stable glyoxylate overexposure in
nonremitters compared with initially high levels pre-exposure and a
drop after exposure in remitters), the changes were not significant at
any time point, p(b1) =0.59, p(pel) =0.19, p(p24) = 0.83.

However, the baseline time point showed a significant difference
in glyoxylate levels between genders in the first exposure with higher
levels in male patients (p=.006, see Figure 3). The difference in
glyoxylate levels between genders decreased during exposure and

was not significant for both postexposure time points.

34 |
levels

The metabolome as proxy for baseline anxiety

To investigate whether baseline anxiety levels could be projected
onto metabolite levels which were nominally significantly altered
over two or three time points, we tested if their baseline levels were
significantly associated with baseline ACQ and BSQ. After multiple
testing correction, only 2-hydroxy-2-methylbutanedioic acid was
significantly positively associated with both ACQ (r=0.71,
p=3.6x10"% FDR-corrected p-value = 1.15 x 1072) as well as BSQ,
r=0.68, p(BSQ) = 6.1 x 10™*, FDR-corrected p-value = 1.95 x 1072,

Further, we tested the correlation between the nominal significant
metabolites levels over three time points (Table 2) and anxiety values
during the therapy using the Hamilton Anxiety Rating Scale (HAMA). The
most consistent and significant correlation was found for postexposure
levels of ascorbic acid with HAMA one session before the exposure
(HAMA exp; Exposure 1: r = -0.44, p = .02; Exposure 2: r = -0.46, p = .03).
Additionally, postexposure glyoxylate levels were significantly correlated
with HAMA exp in the first exposure (r=043, p=.04). In the second
exposure, 24 hr postexposure was correlated with anxiety levels at the
end of therapy (r=0.61, p=.001).

3.5 | Pathway analysis

Pathway analysis was performed using all metabolites which were
nominal significantly associated with exposure in the analysis of the
first two time points to delineate exposure-related effects. We used
hits from both exposures to capture a broader signal. The top

enriched pathway (see Table 3) was pyrimidine metabolism.
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glyoxylate levels and peak anxiety
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FIGURE 2 Correlation of glyoxylate levels and peak anxiety level
(Subjective Units of Disturbances). Glyoxylate levels (y-axis) and
anxiety (x-axis) at baseline (shown in black), at 1 hr postexposure
(dark blue) and 24 hr after exposure (light blue)

3.6 | Gene expression

With regard to the changes in gene expression between two time points
(baseline -1 hr), there were no significantly differentially expressed genes
(all log-fold changes < 0.1, see Figure S2). To test for changes across the
exposure we included all three time points, by using a liner mixed model

to detected genes that were significantly altered (FDR < 0.05) which

glyoxylate concentration by time and sex
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FIGURE 3 Glyoxylate levels by time and gender. Depicted are
glyoxylate levels by gender at each time point. The boxes are the
quartiles. The line with the box denotes the median and the whiskers
represent the upper/lower quartiles
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TABLE 3 Enrichment of altered metabolites

Pathway Raw p FDR-corrected p

Pyrimidine metabolism 1.21x10™*  9.70x1073

Nitrogen metabolism 430x107% 171x107!

Alanine, aspartate, glutamate 1.78x1072  475x107*
metabolism

Arginine and proline metabolism 276x1072 553x107!

Purine metabolism 436x1072  6.99x107"

Note: Pathways with nominal significant raw p-values for enrichment are
shown, only the pyrimidine pathway holds after correction for multiple
testing. Bold: significant after correction for multiple testing.
Abbreviation: FDR, false discovery rate.

resulted in 227 altered genes (Table S3). These genes were used to
perform overrepresentation analysis within reactome/KEGG pathways.
This vyielded five pathways which were significantly enriched after FDR
correction (Table 4). However, these pathways did not overlap with the
pathways obtained in the analysis of metabolites (Table 3). As glyoxylate
is a by-product in the biosynthesis of CCK, we looked for differential CCK
gene expression over all time points and remission status which resulted
in significantly higher CCK gene expression only at the baseline in
remitters (p =.03, Figure S3).

4 | DISCUSSION

In this study, we analyzed plasma metabolome and blood cell gene
expression data during anxiety exposure in PD patients. The primary goal
of the study was to identify metabolites and gene expression levels which
correlate with different acute anxiety states during the exposure, such as
anticipatory anxiety (b), anxiety provocation (p) and 1 day following the
exposure markers for stable anxiety phenotype and could serve as
biomarker for anxiety phenotypes. When taking basal and postexposure
time points into account, several metabolites were nominal significantly
altered in the course of the first and second exposure. However, as there
was no overlap between the first and second exposure, these metabolites
thus do not seem to depict robust anxiety-related changes. In contrast,
the metabolite glyoxylate showed significant dynamic changes across all
three time points of the experiment. Interestingly, baseline glyoxylate
levels but not the first postexposure levels correlated with peak anxiety
and showed gender-dependent differences. We conclude from our
preliminary results that baseline glyoxylate levels of an individual reflect
the anxiety level that will be experienced during exposure.

We could not detect an association with CBT response of
glyoxylate or any other metabolites from the exposure experiment.
The pathway analysis of all regulated metabolites across the
exposure revealed an enrichment of the pyrimidine pathway which
was shown to be involved in the clinical response in other psychiatric
diseases, for example, depression (Park et al., 2016).

Generally, gene expression showed minimal fold changes over the
exposure experiment (<0.09). The small magnitude in regulation suggests
limited usability of this tool in the clinical context. So far only one study

has investigated genome-wide gene expression in anxiety disorder
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TABLE 4 Enrichment of altered genes

Pathway p FDR-corrected p
BH3-only associated proteins 9.26x107° 2.54x 1072
PCE/CE pathway 1.83x10™%  3.65x1072
RHO-GTPases 296x10°  108x107?
Mitotic anaphase 9.52x107°  1.04x107
Immune system 3.5x%x107° 1.10x 1072

Note: Only pathways with nominal significant p-values for enrichment are
shown.
Abbreviation: FDR, false discovery rate.

patients over CBT course (n=102; Hudson et al., 2013) and yielded no
significant results (suggestive outcome for 20 genes). We conclude from
this preliminary study with a small number of individuals, that gene
expression in the blood might not be the best tool to capture acute
anxiety-related states. Therefore, how we can use gene expression results
in the clinical context needs further research.

Glyoxylate levels showed significant changes across all three time
points of the first exposure. Glyoxylate is mainly a product of
enzymatic glycolate oxidation in peroxisomes (Kunze & Hartig, 2013).
Another source of glyoxylate is the 4-hydroxyproline metabolism in
mitochondria (Salido, Pey, Rodriguez, & Lorenzo, 2012). Nikiforova
et al. (2014) attempted to link glyoxylate to diabetes type 2.
However, the lack of strong correlations between plasma and liver
tissue suggests that these pathways do not directly contribute to
changes in plasma glyoxylate levels.

Interestingly, glyoxylate is also a by-product in the biosynthesis of
CCK. Bioactive CCKs are synthesized by two enzymatic reactions from
the immediate precursors, the glycine-extended CCKs (Bradwejn &
Vasar, 2013). CCK has a function in the alimentary tract and the central
nervous system (CNS), where it seems to be the most abundant
neuropeptide in the CNS (Lindefors, Linden, Brene, Sedvall, & Persson,
1993). Its role in anxiety is well established in the literature where the
acute anxiogenic effects of CCK appear to be the result of CCK-B
receptor activation in the basolateral amygdala (Ravard & Dourish, 1990).
Different CCK-8 fragments have been reported to have a degradation
half-life of less than 1hr in human plasma (sulphated: 5-17 min:
unsulphated CCK-8: 50 min). CCK-9 analogs were rapidly converted into
their corresponding octapeptides (half-life of 2.7 min in human plasma).
CCK-4 showed a half-life of 13 min (Koulischer, Moroder, & Deschodt-
Lanckman, 1982) and is therefore difficult to capture in our experimental
setting. Metabolic degradation of glyoxylate in mammals takes place
exclusively in the liver (Knight & Holmes, 2005; Salido et al., 2012) and
therefore is longer present in the plasma.

The fact that glyoxylate is a by-product of and therefore an indicator
of CCK levels is supported by our finding that baseline glyoxylate levels
significantly correlate with the peak anxiety level during exposure (see
Figure 2). Genetic association of CCK-B receptor repeat polymorphism
and PD has been previously shown (Hésing et al., 2004). CCK-4 peptide
has been used to induce panic attacks in healthy controls and PD patients
for research purposes. Nevertheless, there is a debate whether this

peptide’s activities adequately mimic the natural appearance of panic
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attacks. Our preliminary metabolomic results suggest that intrinsic CCK
circuits are activated during an exposure-induced anxiety provocation.
According to the glyoxylate levels over the course of our study, CCK
might be involved in anticipatory anxiety thereby influencing the severity
of the anxiety within the exposure. To gain more information about the
regulation of CCK in our experiment we analyzed the trajectory of CCK
gene expression. CCK gene expression was significantly higher before
exposure in patients with remitter status after therapy, again suggesting
that CCK is involved in anticipatory anxiety and activation of brain
circuits important for successful learning in the exposure intervention.
Further studies with larger sample size and direct measurements of CCK-
related circuits are needed to prove this hypothesis.

Functional and physiological parameters are known to differ between
men and women and affect gene expression and metabolite levels.
Previous studies have reported sex-dependent gene expression in liver
(Kwekel, Desai, Moland, Branham, & Fuscoe, 2010) and in stem cells
(Ronen & Benvenisty, 2014). Plasma and urine metabolite profiles are
able to classify samples by sex with >90% accuracy. Main features used
for the classification included creatinine, sarcosine and branched chain
amino acids (Rist et al, 2017). For the top hits, we find a significant
gender-specific difference for glyoxylate at baseline (p=1.46x 107%).
Interestingly, there are animal data showing a reduction of CCK in the
limbic structures including amygdala in response to estrogen injection
(Holm, Liang, Thorsell, Hilke, & Behavior, 2014). Given the link between
CCK metabolism and glyoxylate, this effect might be one explanation for
the sex-difference at the basal time point. Furthermore, we observed
differences for eight other metabolites which have been previously
reported to vary by gender (Table S2). However, due to the relatively
small sample size (n=25) the identified metabolite levels differences
need to be validated with a larger set of samples.

2-Hydroxy-2-methylbunaneioic acid was significantly associated with
anxiety cognition and body sensation levels at the basal time point. This
and another four metabolites (nominal effects over three time points in
both measurements: ascorbic acid, 2-oxobutanoate, homocysteine, and
glutamine) might be candidates for further studies. Interestingly, ascorbic
acid is implicated in oxidative metabolism and was the only metabolite
significantly associated with anxiety measures during the therapy (Uluata,
McClements, & Decker, 2015). A previous study reported an association
between oxidative stress and certain anxiety disorders (obsessive-
compulsive disorder and PD), implicating that oxidative metabolism
may affect anxiety (Kuloglu et al., 2002). Furthermore, reduced ascorbic
acid levels in the hippocampus of mice with high anxiety-related behavior
has been associated with anxiolytic effects of MitoQ treatment
(Nussbaumer et al, 2016). Thus, ascorbic acid levels may reflect
anxiety-related changes in the periphery and the brain.

Using the metabolites with altered levels between the first and
the second time point, we performed overrepresentation analysis
which highlighted significantly the pyrimidine and nominally the
nitrogen, amino acids, and purine pathways. Pyrimidine and purine
pathways have been previously linked to MDD (Park et al., 2016) and
proteins of these pathways are significantly correlated with clinical
response in MDD patients. In our sample, the burden of depression
was low (HAMD = 11.3 + 6.1). This raises the question whether these
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pathways, and especially pyrimidine pathway in our experiment,
comprise general markers of symptom burden in PD and depression
and are linked to clinical response in a disease-unrelated manner.

One limitation of the present study is the small sample size. Given the
exploratory nature of the study, namely to investigate the magnitude of
metabolite and gene expression changes as well as to explore their
potential as biomarker usability in the prediction of acute anxiety states,
the results have to be replicated in further studies. This includes the
investigation of how acute anxiety metabolome during exposure might be
related to clinical response. We tried to minimize external bias related to
metabolome before exposure and the day after (standardized breakfast,
no coffee, no exercise). However, a comprehensive standardization was
not possible as we applied exposure in real-world situations. For future
studies, standardized exposure using virtual reality might reduce the
number of possible bias. Additionally, there is no previous evidence for
the best time point to measure metabolite level or gene expression
changes in the context of acute anxiety. In our study, we decided to use
the time point 1hr after the peak of anxiety to capture more stable
metabolic and gene expression changes. However, other time points
might be more suitable to gain the maximum effect. Although we think
that the identified metabolite changes are mainly dependent on the
underlying anxiety pathology, we cannot exclude that they are also due
to the general distress response during the exposure. A comparison with
a control group is not feasible, because anxiety induction during the
exposure works on the basis of phobic fear, which is normally absent in
healthy probands. Studies on dynamic metabolome analyses during stress
exposure in nonanxiety settings are lacking. Furthermore, significantly
associated metabolites in our study do not overlap with exercise-induced
metabolites described by Lewis et al. (2010). Future studies are needed
to disentangle the specific anxiety pathology related markers from
general stress-induced metabolome changes.

5 | CONCLUSIONS

To our knowledge, this is the first study investigating metabolite level
changes and gene expression during acute anxiety induced by exposure
intervention. We could detect glyoxylate as the metabolite dynamically
regulated during the course of acute exposure and 24 hr later. This
metabolite was indicative for the severity of experienced anxiety during
the exposure and showed gender-specific differences with higher
baseline values in man. As glyoxylate is a metabolite of CCK, we
hypothesize, that this system is intrinsically involved in exposure-induced
anxiety. We conclude from this exploratory study that metabolomics has
the potential to predict anxiety states. Metabolite profiles might reflect
the phenotype more closely than gene expression data, which in our
study showed low fold changes. Further studies with greater sample sizes

are needed to confirm these conclusions.
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Interaction of genetic predispositions and environmental factors via epigenetic mechanisms have been hypothesized to play a
central role in Panic Disorder (PD) aetiology and therapy. Cognitive Behavioral Therapy (CBT), including exposure interventions,
belong to the most efficient treatments of PD although its biological mechanism of action remains unknown. For the first time, we
explored the dynamics and magnitude of DNA-methylation and immune cell-type composition during CBT (n = 38) and the
therapeutic exposure intervention (n = 21) to unravel their biological correlates and identify possible biomarkers of therapy success.
We report transient regulation of the CD4 + T-Cells, Natural Killers cells, Granulocytes during exposure and a significant change in
the proportions of CD4 + T cells, CD8 + T cells and B-Cells and Granulocytes during therapy. In an epigenome-wide association
study we identified cg01586609 located in a CpG island and annotated to the serotonin receptor 3 A (HTR3A) to be differentially
methylated during fear exposure and regulated at gene expression level with significant differences between remitters and non-
remitters (p = 0.028). We moreover report cg01699630 annotated to ARG1 to undergo long lasting methylation changes during
therapy (paired t test, genome-wide adj.p value = 0.02). This study reports the first data-driven biological candidates for
epigenetically mediated effects of acute fear exposure and CBT in PD patients. Our results provide evidence of changes in the
serotonin receptor 3 A methylation and expression during fear exposure associated with different long-term CBT trajectories and
outcome, making it a possible candidate in the search of markers for therapy success. Finally, our results add to a growing body of
evidence showing immune system changes associated with PD.

Translational Psychiatry (2022)12:46; https://doi.org/10.1038/s41398-022-01802-7

INTRODUCTION

Panic disorder (PD) is a disabling psychiatric condition and
characterized by repetitive and unpredictable panic attacks
associated with psychological and somatic symptoms, such as
fear of dying, feeling unreal, feel of being out of control, heart
racing, shortness of breath sweating, feeling dizzy or trembling [1].
The majority of PD patients are affected by agoraphobia, where
situations with limited escape or help possibilities are accom-
panied by intense fear, panic attacks, avoidance and anticipatory
anxiety [2]. According to epidemiological studies, the lifetime
prevalence ranges from 2.5 to 4% with women being affected
twice as often as men [3, 4]. The appearance and course of panic
symptomatology can be remitting-relapsing or chronic and
comorbidity rates with other anxiety disorders and lifetime
depression are high [5]. Age of onset for both PD and agoraphobia
is in the adolescence and early adulthood impacting the individual
personal and professional development at an early stage and
causing high socioeconomic costs [6].

Anxiolytic antidepressants and cognitive behavioral therapy
(CBT) including exposure interventions as treatment options
show the best evidence for PD [7, 8]. However, the biological
mechanisms underlying the effect of CBT and exposure interven-
tions have not been elucidated yet and to date no biomarkers are

available in the clinical routine to individually assign the best
matching therapy to each patient or to supervise therapy-related
progress.

Substantial evidence suggests a complex interplay between
genetic and environmental factors in the etiology of PD and their
role in the treatment-related outcomes [9]. The heritability is
modest with 40-50% including frequent and rare variations of
different effect sizes across the genome [10]. Thus, environmental
influences are relevant for shaping biological processes which lead
to PD pathology and recovery during therapy [11].

Epigenetics describes gene-regulatory mechanisms which are
responsive to environmental influences, heritable, time-stable but
also highly dynamic. This makes them interesting candidates to
mediate effects of therapy in general and of exposure interven-
tions in particular. Epigenetic changes include histone modifica-
tions, small/micro RNA-related gene silencing and DNA
methylation (DNAm). The latter occurs at cytosines through
addition of a methyl-group, mediated through DNA methyltrans-
ferases (DNMT). This process modulates gene expression by
regulating accessibility of transcription factors to their binding
sites [12]. DNAm in the promoter region often leads to reduced
gene expression, whereas decreased or no methylation results in
more active gene expression [13].
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Few case-control epigenome-wide association studies (EWAS)
are available for PD or PD-related symptomatology showing
significant association of CpG sites in genes involved in cell-cycle
regulation and immune system with overall small effect sizes
[14-16]. A meta-analysis of two published EWAS [17] identified
61 significantly differentially methylated CpGs on epigenome-
wide level. Several of those CpGs were annotated to genes which
play a role in immune system regulations, such as the T-
lymphokine- activated killer cell-originated protein kinase (TOPK)
or in brain development and stress-induced depressive behavior,
such as SMARCAS5. The authors also observed differences in
immune phenotypes and reported a decreased proportion of
CD8 + T cells and an increased neutrophil-to-lymphocytes ratio in
PD cases. While several other studies have reported similar results
[18, 19], other disagreed [20], thereby highlighting a probably
complex inter-play between PD and the immune system.

Despite these previous studies providing important evidence
for DNAm and immune phenotypes regulation in PD, temporal
dynamics of these changes during CBT and exposure still remain
unclear. Indeed, to the best of our knowledge, only one
longitudinal study assessed the evolution of DNAm over the
course of CBT in PD [21]. While this study did not report
statistically significant changes, it presented suggestive evidence
for differential DNAm in IL1R1 between treatment responders and
non-responders. Identification and confirmation of such biomar-
kers could prove very useful to stratify and improve treatment in
clinical practice. In summary, to date few data is available on the
magnitude of the DNAm changes over the therapy and no studies
are available on epigenetic changes during CBT interventions
known to drive the therapeutic effects.

Consequently, the present study aims to investigate changes in
DNAm and immune cell-types proportion acutely during the
exposure intervention and longitudinally over the course of short
standardized CBT. As a proof-of concept study with a relatively
small sample size (n = 42), the changes in DNAm are investigated
both at epigenome-wide level, aiming for uncovering new
biological knowledge at the cost of a lower power, and at a more
powerful but restricted candidate gene-approach.

METHODS

Study participants

Fourty-two patients (males n =15, females n =27, mean age of 32+ 10)
(Supplementary Table 2) recruited in the Outpatient Clinic for Anxiety
Disorders at the Max Planck Institute of Psychiatry between January 2014
and December 2015 were included in this study. As previously described in
Martins et al. [22], all included individuals had a current primary DSM-IV-TR
diagnosis of panic disorder (PD) with/without agoraphobia (PD/AG) and a
clinical interview score >14 on the Hamilton Anxiety Scale (HAMA). Due to

A Bl

Cognitive Behavioural Therapy

high comorbidity of the disorders, we use the term PD for the comorbid
status throughout the text. Individuals with somatic disorders, pregnancy,
personality disorders, current suicidal intent and other psychiatric
disorders except other anxiety disorders or secondary mild or moderate
depression were excluded from the study. Patients with anxiety disorders
due to a medical or neurological condition or a comorbid Axis Il disorder
were also excluded. All patients included in the analysis were free of
psychotropic medication and non-psychotropic drugs for at least 4 weeks
before the therapy. Therefore, all medical conditions needing a
pharmacological treatment as well as neurological conditions with putative
damage of the central nervous system were exclusion criterion. The study
was approved by the ethics committee of Ludwig-Maximilians-University
in Munich, Project number 318/00. Written informed consent was obtained
from all subjects.

Treatment procedure and blood sample collection

Treatment followed a structured and empirically validated manual by Lang
[23], which consists of 12 sessions of CBT (1-2 sessions per week,
6-8 weeks) as well as two booster sessions after 2 and 4 months. Therapy
included two accompanied in vivo exposures (sessions 5 and 7) with
therapists trained in exposure-based CBT. Exposure sessions were
conducted outside the clinic, depending on the feared situation (e.g.,
subway, supermarket, height) and specific concern (e.g., fainting,
asphynxiation, losing control). The type of exposure was determined by
the patient, with the goal of highest fear provocation (for detailed
information on therapy and exposure intervention see [24]).

Therapy course related blood samples were collected before the
treatment (T0), after the forth session (T4), at the end of therapy (E) and
2 months after the therapy (K) in 38 patients. Additionally, 3 blood samples
were collected during the first exposure session (before the exposure (BE)),
1 h after the highest anxiety peak (post-exposure, P1h) and 24 h h after the
exposure (P24h) (for detailed information see [22] and Fig. 1) in 21 patients.
In total, 17 patients had their blood collected during both during the
therapy and the exposure phase (Fig. 1). Blood collection, was performed
at a fixed day time (9am) for every patient and every time point.
Psychometric ratings of anxiety symptom severity were performed by a
clinician not involved in the treatment using the German version of the
clinician-rating Hamilton Anxiety Scale [25]. Patients were informed that
their therapists would not have access to their responses on the measures.
Therapy remission was reached if symptom ratings were below the cut-off
7. Remission was assessed after the end of therapy (12th session).

DNA methylation data processing and quality control
Genomic DNA was extracted using the Gentra Puregene Blood Kit (Qiagen)
and bisulfite converted with the Zymo EZ-96 DNA Methylation Kit (Zymo
Research) to assess the methylations levels at ca. 480,000 CpGs sites with the
llumina HumanMethylation450 BeadChip array, as described in [16]. Further
processing and quality control, including removal of failing or cross-reactive
probes, functional normalization, batch correction, beta-value calculation
and cell composition estimation were performed as described in [16]. Beta-
values were inverse-normal transformed to satisfy the normality assumption
of linear models. A total of ca 425,000 CpGs remained after QC.

6-8weeks 8 weeks |

Anamnesis (T0)

Exposure Therapy

4th session (T4)

O &

m " |
anxiety peak

T I

12thsession ()  Katamnesis (K)

O

8% session
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1
Before Exposure (B1) 1h post Exposure (P1h)  24h post Exposure (P24h)

O O é

Fig. 1 Cohort, experimental procedure and data collection. A Cohort: Our study cohort comprised 42 patients. 21 were included in the
therapy part only, 17 in both the exposure and therapy and 4 only in the exposure part. B Experimental procedure: Treatment consisted of
12 sessions of CBT (1-2 sessions per week, 6-8 weeks) as well as two booster sessions after 2 and 4 months. Therapy included two
accompanied in vivo exposures (sessions 5,7) conducted outside the clinic in a feared situation.Therapy course related blood samples were
collected before the treatment (TO0), after the forth session (T4), at the end of therapy (E) and 2 months after the therapy (K). Additionally, 3
blood samples were collected during the first exposure session (before the exposure basal (BE)), 1 h after the highest anxiety peak (post-
exposure, P1h) and 24 h h after the exposure (P24h).
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Gene expression data processing and quality control

Blood RNA was collected at three timepoints (BE, P1h, P24h) and further
processed as described in [26]. Blood RNA was hybridized to lllumina
HumanHT-12 v4 Expression BeadChips and lllumina’s GenomeStudio was
used to export raw probe intensities. Further processing including
normalization, batch correction and cell type composition estimation
were performed as described in [22]. Expression values were inverse-
normal transformed to satisfy the normality assumption of linear models.

Changes in immune cell types composition during CBT

The white blood cell types composition was estimated from the DNAm
data using the Houseman deconvolution method [27]. Linear mixed
models (LMM) including sex, age, and daily cigarettes consumption as
covariates, the respective cell-types proportions as outcome and first or
second degree polynomial of the time as predictor were used to assess if
cell types proportion changed during the exposure phase or therapy
course. FDR-corrected p values derived from the best model, identified by
likelihood ratio tests (LRT) and Akaike Information Criterion (AIC) as
described in Supplementary Methods, are reported and used to evaluate
regulation of cell-type proportions during the exposure or therapy.

For the therapy outcome, a LMM with the first order polynomial of time
remission status and their interaction as predictor was fitted to the first (TO)
and last (E) timepoint to test for differences between beginning and end of
therapy stratified by remission status.

Identification of differentially methylated CpGs during the
course of exposure or therapy

Four LMMs including first- or second-degree polynomial of the time as
predictor (see Supplementary Methods) were used to identify which CpGs
were differentially methylated during the course of exposure or therapy
and how they were regulated (i.e., in a linear or non-linear manner). These
models were computed and compared using LRT and AIC as described in
the Supplementary methods and included age, sex, number of cigarettes
smoked per day immune cell types proportions and surrogate variables as
covariates. The timepoints of therapy course and of the exposure phase
were analyzed separately, as we hypothesized different types of regulation
in these two time periods.

Paired-sample t tests comparing the first and last timepoints within the
exposure or therapy phase were conducted to assess whether particular
CpGs did return to their original levels after any kind of regulation. P values
were FDR-corrected over the total number of test performed.

S. Moser et al.

Residualization of the methylation and gene expression data
Given the reported immune cell types changes in the course of exposure
and therapy, we used linear regression models to regress them out from
the DNAm and gene expression for visualization purposes and statistical
models for which the inclusion of covariates is not possible (e.g., Paired-
sample t tests).

DMR analysis

We performed differentially methylated region (DMRs) analysis to group
neighboring differentially methylated CpGs. Using the Comb-p software
[28], we investigated regions containing at least 2 probes within a 750
base-pair window with a nominal p value for the best model smaller than
0.05. Because FDR-correction formally required by our model selection
process would disturb the spatial correlation structure of the p values
along the epigenome, which is needed in the Comb-p algorithm, we
used uncorrected p values from the model in Eq. (2) (Supplementary
Methods) for the exposure and Eq. (1) (Supplementary Methods) for the
therapy as input for Comb-p. These models were selected as being the
best model, as identified using LRT and AIC, for the majority of CpGs in
that condition.

RESULTS

White blood cell types regulation

To investigate whether exposure or CBT drive changes in the
immune system state of PD patients, we assessed the evolution
of different white blood cells proportions, derived from
methylation data, over 3 time points in the exposure and 4
timepoints covering the whole therapy duration. We hypothe-
sized that exposure and therapy are two distinct processes which
differ regarding both their amplitude and duration, the exposure
being an extreme but short event and the therapy being a steady
but long-time process. We therefore analyzed them separately in
this study.

We identified 3 immune cell types, the CD4 + T-Cells, the
Natural Killers cells (NK) and the Granulocytes which were
significantly regulated during the exposure (Table 1). Conse-
quently, the granulocytes-to-lymphocyte ratio (GLR) was sig-
nificantly regulated as well. The LMM with random intercept and
second degree polynomial of the time as predictor (Eq. (2) in

Table 1. Regulation of Immune Cell Type.

Cell type P value time Q value time P value remission Q value remission
Exposure

CD8T 0.03 0.16 NA NA
CcDAT 9.88x 10 ° 7.37x10* NA NA
Natural Killer cells 1.00x 10 2.80x10 ° NA NA
B-cells 0.40 0.73 NA NA
Monocytes 0.76 0.81 NA NA
Granulocytes 3.09x10 ¢ 432x10° NA NA
GLR 1.00x10°* 7.38x10°* NA NA
Therapy

CDST 5.68x10 > 0.013 0.53 0.68
CDAT 7.54x10* 2.64x10 3 0.86 0.86
Natural Killer cells 0.45 0.45 0.32 0.68
B-cells 0.02 0.03 0.49 0.68
Monocytes 0.32 0.37 0.32 0.68
Granulocytes 5.80x10 * 2.64x10 3 0.48 0.68
GLR 0.01 0.02 0.58 0.68

This table reports the results of the white blood cell types regulation analysis during the exposure and therapy respectively. The P value columns report the
p value for the effect of time and of the remission status (for the therapy analysis) in the selected model The Q-value columns report the corresponding
p value after multiple testing correction. LMMs were fitted on the 3 timepoints of the exposure and on the beginning and end of the therapy respectively.

Statistically significant results are highlighted in bold.
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Fig.2 Changes in White blood cells during exposure and therapy. A. Regulation of CD4 + T-cells (left), Granulocytes (middle) and Natural
Killer cells (right) during the exposure phase. Thicker lines represent the mean for the remitters (blue) and non-remitters (red). The adjusted
p values are reported for the effect of Time in the selected LMM (see “Methods”). B. Regulation of CD4 + T-cells, CD8 + T-cells, B-cells,
Granulocytes and of the granulocytes-to-lymphocyte ratio (GLR) during the course of therapy. Cell-types proportions were directly estimated
from the methylation data. The adjusted p values are reported for the effect of Time in a LMM fitted on the first and last time point of the

therapy.

Supplementary Methods) was selected for these 3 cell types
and the GLR, suggesting a non-linear regulation during the
exposure, coherent with an acute event. Indeed, per individual
cell-types proportions trajectories show a strong decrease
(CDAT, NK cells, Fig. 2A) or increase (Granulocytes, GLR,
Fig. 2A) one hour after the peak of anxiety before returning to
pre-exposure value after 24 h. The magnitude of this effect,
which happens over the course of one hour, is similar or greater
than the changes observed in a time-scale of weeks during
the therapy.

For the course of the CBT, we report a significant change in cell-
type proportion for Granulocytes, CDAT +and CD8 + T-cells,
B-cells and for the GLR between the begin and the end of
therapy (Table 1 and Fig. 2B). As expected for a gradual process
such as therapy, the best selected model for all cell-types included
the first-degree polynomial of the time as predictor (Eq. (1) in
Supplementary Methods) and indicates a linear regulation. This is
confirmed by the observation of the per-individual trajectories
(Supplementary Fig. 1), which moreover show a higher inter-
individual variance than that in the exposure, coherent with a
weaker effect.

In the search of a biological marker for therapy outcome, we
also investigated if individual differences in immune cell-types
trajectories during exposure or therapy could be predictive of
remission. However, no significant difference could be observed
between remitters and non-remitters during the exposure (Fig. 2A
red vs blue and Supplementary Fig. 1) or therapy course (Table 1,
Supplementary Fig. 2).
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Identification of CpGs regulated during the course of
exposure or therapy

With the aim of identifying possible biomarkers for therapy
outcome as well as new mechanistical insights into the brain
mechanisms triggered by exposure and therapy, we performed a
methylome wide search for CpGs differentially methylated during
exposure and therapy. We used LMMs for two reasons. Firstly, they
allow to account for potential confounders, which was needed
given the significant changes observed in the different white
blood cell types proportions. Secondly, they allow to distinguish
between linear and non-linear regulation, which might change the
mechanistic interpretation of the findings.

No CpG was significantly regulated after multiple testing
correction during the exposure or therapy in the LMMs analyses.
Observations of the Quantile-Quantile diagnostics Plots (Supple-
mentary Fig. 3), however, showed evidence of statistical signal and
no signs of p value inflation. Based on this, we decided to rank the
CpGs according to the strength of their statistical evidence.
Similarly as described in [21], we combined this statistical ranking
with a biological ranking based on the maximum absolute
methylation difference between timepoints.

Exposure. We selected the top 100 CpGs (Table 2) in that sum
ranking. These CpGs display both the highest statistical evidence
for being regulated as well as potential for causal biological
effects. The non-linear LMM was selected in more than 70% of this
CpGs (Fig. 3A), which is coherent with the acute nature of the
exposure and confirms that our approach is able to select
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Table 2. Best-ranked CpGs for the exposure intervention and therapy.
CpG P value Q value
Exposure
cg01586609 43%x10°° 0.83
€g02279108 295%10° 0.85
€g27120833 1.63x10* 0.89
€g13927247 22x10°4 0.87
€g03002526 19%10°* 0.87
€g09855140 238x10°* 0.91
€g20611272 2x10°* 0.86
€g07428959 9.7x10°° 0.90
cg13857354 57x10° 0.91
cg13054007 24x10°* 0.87
Therapy
cg01848660 1.00x10~* 1
€g23839680 3.03x 10 % 1
€g07205203 3.43x10°* 1
€g03308839 234x10°* 1
€g09160681 6.62x107* 1
€g12594803 1.74x10 3 1
€g19676182 1.26x10 3 1
€g20956594 8.78x 10 * 1
€g15210526 227x10°% 1
€g25853622 1.19%x 1073 1

Bio rank Stat rank Sum rank Gene
53 60 113 HTR3A
419 214 633 MNX1-AS1
35 620 655 ARFGAP3
448 290 738 DTWD2
673 305 978 HACE1
205 1044 1249 FKSG29
1068 251 1319 ODF1
445 885 1330 JADE1
172 1219 1391 RNPEPL1
1180 271 1451 SPRY2
124 42 166 Cc1D
180 153 333 PSPH
211 175 386 PPP1CB
584 107 691 NDE1
553 323 876 PARM1
28 873 901 DLG1
471 624 1095 CCDC149
701 425 1126 POMP
1054 103 1157 MPZL1
699 590 1289 LPP

This Table displays the 10 best CpGs ranked according to the cumulative, statistical and biological ranking (see “Methods”) for the exposure intervention and
therapy respectively. The p value column reports the p value for the effect of time in the selected model. The Q value columns reports the corresponding
p value after multiple testing correction. The Gene Column reports the gene annotated to the CpG.

regulated CpGs. Furthermore, we used paired sample t test on
the residuals of the methylation (see methods) to test which of
these 100 CpGs were regulated in a long-lasting manner (i.e.
different between timepoint BE and P24h), as these CpGs are
good candidates to participate in the effect of exposure on
remission.

The first CpG in both the overall and long-lasting CpGs ranking
was annotated to the serotonin receptor 3 A gene, HTR3A.
Methylation at cg01586609 showed a slow decrease between
the 4th therapy time point towards the beginning of the exposure
followed by an abrupt increase after the peak of anxiety to reach a
summit 24 h thereafter (Fig. 3). We next investigated the DNAm
dynamics of this CpG during exposure in remitters and non-
remitters. When looking at the difference in DNAm compared to
the first exposure time point, remitters show a stronger decrease
of DNAm towards the peak of exposure, which is not fully
recovered until the end of therapy. Given the low sample size and
number of remitters (Niotal = 21, Nremitters = 7), this trend is not
statistically significant.

We next investigated if these DNAm changes had functional
consequences at gene expression levels and looked at mRNA
levels changes during exposure for 3 different probes annotated
to the HTR3A gene. While the ILMN_1681492 probe associated
with the first, longer transcript of the HTR3A gene did not show
strong evidence of regulation (Supplementary Fig. 4), the
ILMN_1662070 probe associated to the second transcript, coding
for the canonical isoform of HTR3A, did. When looking at the
residuals of gene expression after regressing out the immune cell-
types proportions, expression drops drastically during the first
hour of exposure only in remitters (Fig. 3B left). Afterwards,
expression rises sharply in remitters towards the third time point
while it decreases in non-remitters. Both, the regulation over-time
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and the difference in regulation between remitters and non-
remitters, were statistically nominally significant (Linear mixed
model; p value for Time? = 0.022, p value for interaction of Time?
and remission status: 0.028).

The second probe annotated to the canonical isoform and
located more distally at the very end of exon 9, did however not
show the same evidence of regulation (Fig. 3B middle). Never-
theless, a clear trend is still observable when averaging the
expression values of the two probes from the second transcript
(Fig. 3C left) even if the regulation between timepoints and its
interaction with the remission status are not significant anymore
with this low sample size (n =21 Linear mixed model; p value for
Time® =0.087, p value for interaction of Time® and remission
status: 0.166).

Therapy. In contrary to the exposure, the first order LMM was
selected for majority of the best 100 ranked CpGs for therapy
which is coherent with the linear nature of the therapy process
(Fig. 3A). Only 1 CpG was significantly differently methylated at
the end of therapy as compared to the beginning in the paired-t
test after multiple testing correction (cg01699630, ARG1; paired
t test FDR corrected p value = 0.02). Additionally, the first and
fourth CpGs in the sum ranking (Table 2) were annotated to the
C1D and NDET genes which have been respectively associated
with Schizophrenia and epilepsy [29, 30]. Cg01848660, anno-
tated to C1D, showed a linear increase during therapy in almost
all patients but was also downregulated from the end of the
exposure toward the end of therapy (Supplementary Fig. 6).
Cg03308839, annotated to NDET, showed an increase between
the beginning (T0) and the fourth session of therapy (T4)
followed by a decrease before the exposure and a stabilization
in the subsequent timepoints (Supplementary Fig. 6).
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Fig. 3 Regulation of HTR3A methylation and gene expression during the exposure phase. A Methylation: Left: Distribution of the selected
models among the 100 best sum-ranked CpGs in the exposure and therapy phase. Middle: Evolution over time of cg cg01586609's
methylation residuals after regressing out the immune cell-type composition (referred as methylation residuals later) during the therapy (TO,
T4, E, K) and exposure (BE, P1h, P24h) timepoints. The thick black line represents the mean over all samples. Right: Evolution over the exposure
timepoints and subsequent therapy timepoints of the methylation residuals, centered at the value observed 1h before exposure. This graph
represents the absolute changes in methylation during exposure, independent of the actual methylation levels. Thicker lines represent the
mean for the remitters (blue) and non-remitters (red). B Gene Expression: Evolution over the therapy time points of the residuals of the gene
expression data after regressing out the immune cell-types proportions of the ILMN_1662070 (left) and ILMN_2371079 (middle) probes
annotated to the HTR3A gene and their average (right). Thicker lines represent the mean for the remitters (blue) and non-remitters (red).

Candidate gene analysis

We also conducted a targeted analysis for CpGs associated with
genes which expression we had found to be altered during
exposure in a previous study [22] (Supplementary Table 1). No
CpG withstood multiple testing correction. However, 2 CpGs
annotated to the MAL1D1 gene ranked among the top 10 best
ranked CpGs for the therapy (Supplementary Table 2). Further
analysis of the DNAm dynamics of these 2 CpGs over exposure
and therapy timepoints showed a shared and highly consistent
pattern across individuals (Supplementary Fig. 5), i.e. first decrease
of DNAm during the beginning of therapy, followed by increase in
anticipation of the fear exposure which continues during the
exposure itself before a gradual decrease during the following
therapy timepoints. This regulation is nominally significant for
€g24577389 (LMM,; p value fixed effect of time: 0.004, p value fixed
effect of time2: 0.007269) and almost nominally significant for
cg10418812 (LMM; p value fixed effect of time: 0.05, p value fixed
effect of time?: 0.08).

Differentially methylated regions analysis

It has been suggested that groups of spatially close co-regulated
CpG probes, Differentially Methylated Regions (DMR), could be of
particular biological relevance for several phenotypes. We there-
fore assessed if such clusters of co-regulated CpGs could be
detected during therapy or exposure. Using the Comb-P software
(Methods) we found six DMRs for exposure and one DMR for
therapy (Supplementary Table 3). Of particular interest are the
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SLC6A12 gene coding for a GABA transporter previously associated
with negative symptoms in schizophrenia [31] and the insulin
receptor substrate 2 which has been proposed to regulate
dopamine cell morphology [32].

DISCUSSION

Blood cell count

In the present study, we found a dynamic change of specific
immune cell types during exposure and therapy. While some
findings in regard to platelet reactivity indicators and red cell
distribution width in PD compared to healthy controls suggest
their diagnostic and predictive capacity [33, 34], investigations of
immune markers in PD are still at the early stage. Petersen et al.
analyzed immune cell proportions from two previous case-control
DNAm studies in PD and observed significantly lower proportions
of CD8 + T-lymphocytes, higher proportion of neutrophil as well
as increased neutrophil-to-lymphocyte ratio in PD cases, however,
after adjustment for age and sex, only CD8 + reduction was still
significant [17]. The authors suggest that reduced CD8 + T cells
are consistent with lower levels of IFN-gamma previously detected
in a case-control study in PD [35]. Coherently, we report a
significant regulation of the CD8 + T cells during therapy phase,
with the proportion at the end of therapy being significantly
higher than at the beginning. We also observe a significant
decrease in Granulocytes and in the Granulocytes-to-lymphocytes
ratio during therapy, in agreement with the trend described by
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Petersen and colleagues. As a whole, it seems that the immune
cell-type composition changes over the course of therapy from a
“PD-case-like” status towards a more “control-like” status.

In addition, we observe an increase of the CD4+T cells
proportion and decrease of the Granulocytes proportions during
the therapy course. These changes are the opposite of the
dynamics observed during the exposure phase. Indeed, CD4 +
T cells shown an abrupt decrease one hour after the peak of
anxiety, whereas the Granulocytes proportion increased dramati-
cally. These variations in proportion are of greater magnitude than
during therapy and happen in a very short time scale, pointing
towards an acute response to the strong stress induced by
exposure. Comfortingly, similar changes have been observed in
response to acute stress in rodents [36, 37]. Taken together, our
results suggest that exposure induces an acute stress response of
the immune system whereas the therapy might lead to a gradual
transition towards a “less-stressed” state of the immune system.

Interestingly, we did not observe any difference in any of the
cell-types regulations between responders and non-responders.
Whether this means that these regulations are physiological
responses to stress, which are not malfunctioning in PD patients,
or that they are part of the disease etiology but not affecting the
therapy outcome, cannot be hypothesized from this study. Further
studies, with higher sample size and inclusions of healthy control
during the exposure phase are needed to clarify this question.

Methylation regulation

In the present study, we conducted an epigenome-wide and a
targeted candidate analysis of DNAm changes over the course of
exposure and therapy. These two types of analysis have the
potential to complement each other. The former being able to
generate new hypotheses at the cost of a lower power, and the
later allowing a higher power for a set of genes of interest.

We acknowledge that the sample size of our cohort of 42
patients provides only limited power for an epi- genome-wide
analysis using LMMs. However, as this is the first study of this kind,
and very little is known about therapy-related methylation in PD,
we suggested that a hypothesis free approach could allow
generating new hypotheses about possibly involved biological
mechanisms and explore the magnitude of DNAm dynamics.
Indeed, even if no CpGs reached epigenome-wide significance,
the p values obtained from the LMMs are still indicative of the
strength of the statistical evidence and allow to rank CpGs from
the more to the less likely to be regulated. Combined with a
ranking based on the magnitude of the observed changes, our
statistical analysis allowed to uncover CpGs with a strong potential
to be regulated. The validity of this approach is moreover
confirmed by the very different distributions of selected LMMs
for the best ranked CpGs during therapy versus exposure. Indeed,
non-linear models were widely predominant in the exposure
phase, consistent with an acute event, and linear models were
predominant in the therapy phase, consistent with a long lasting
process. This suggests that our models could indeed find
meaningful biological changes.

We included several covariates, such as sex and age and
smoking in our models, and used LMM which are able to account
for unspecified variations among samples in order to correct for
possible confounders in our study population. However, we
cannot exclude that remaining confounders, such as diet, physical
activity or stressful life events might have influenced our results. In
particular if these variables were heterogeneously distributed
between remitters and non-remitters. Moreover, the inclusion of
healthy control group and randomized controlled experimental
design with patients undergoing therapy and CBT free patients
would be necessary to show that the DNAm and expression
changes reported here are solely caused by the exposure or CBT.
Nonetheless, we argue that the strict exclusion criteria of the
study, such as the psychotrop-medication-free condition, the very
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homogenous study sample and very similar DNAm and expression
trajectories observed across patients, plead in favor of a genuine
effect of the interventions.

In the epigenome-wide association analysis of the exposure
phase, the first CpG in both the overall and long-lasting CpGs
ranking was annotated to the serotonin receptor 3 A gene (HTR3A)
(product: 5HT3A receptor, 5HT3AR), which has been associated
with numerous psychiatric disorders in human and related
behavior in mice [38-42]. The 5-HT; receptor is a ligand-gated
ion channel composed of five subnits, in which 5-HT binding
occurs to the extracellular N-terminus of the 5-HTz, subunit [43].
5HT3AR subtype is localized in limbic brain regions, such as the
amygdala, hippocampus and throughout the cortex, closely
involved in the regulation of panic states [44, 45]. The antagonism
of the HT3 receptors display anxiolytic effects and blunted
response to acute stress in rodents and primates, e.g., 5HT3AR
null mice exhibit anxiolytic behavioral phenotype [46]. Further-
more, around 30% of GABAergic interneurons contain 5HT3AR
and were suggested to influence cortical circuits during specific
behavioral contexts [47]. A subset of these interneurons also co-
expresses cholecystokinin (CCK) [48], a neuropeptide system used
for panic induction via CCK4 and recently linked to metabolomic
response during exposure [22, 49].

To investigate if these DNAm changes during exposure had
functional consequences, we assessed the evolution of HTR3A
gene expression in peripheral blood during exposure.

We report a strong decrease of HTR3A expression one hour
after the peak of anxiety, compatible with a regulation through
DNAm. Although both DNAm and gene expression changes are
transient, with levels going back to initial values at the end of
exposure, they could have long lasting implication during therapy
and even predict therapy outcome. Indeed, transient changes in
gene expression driven by DNAm changes have for example been
showed to allow memory formation [50]. We therefore assessed
whether HTR3A methylation and gene expression were differen-
tially regulated in remitters vs non-remitters. And indeed, we
observed a different dynamic of HTR3A expression with a
nominally significant effect of the interaction between the
remission indicator variable and the time in the LMM suggesting
a different effect of the acute exposure on this serotonin receptor
in remitters vs non-remitters. Decreased HTR3AR production in
remitters suggest a pronounced anxiolytic effect in compare to
non-remitted group after the exposure. From that point,
antagonism of 5HT3AR might be a candidate mechanism to
booster exposure effects by enhancing the anxiolysis and
diminishing stress-induced deleterious effects in AD. In fact,
there is evidence from pharmacological studies of improved
antidepressive efficacy of Serotonine-Reuptake-Inhibitors, the first
line treatment agents in most AD, after blockade of 5HT3AR [51].
Interestingly, the significant expression difference between
remitters and non-remitters was found in a probe annotated to
the canonical, functional, isoform of HTR3A, whereas the probe
associated to the long isoform did not show significant
regulation. This long isoform has been shown to be unable to
form functional homomeric receptors but to be able to modify
the response of heteromeric HTR3A receptors [52]. This suggest
that the effect of HTR3A regulation on treatment outcome might
be underpinned by a decrease of the canonical-homomeric form
of HTR3A rather than by a modulation the serotonin response by
heteromeric receptors.

In addition to HTR3A, a previous case-control study from our
group identified methylation differences at CpGs annotated to
two other serotonin receptors, namely HTRTA and HTR2A [16].
Taken together, these results suggest a shared involvement of the
serotonin system in the etiology of PD and in response to acute
fear during the exposure phase and further studies are needed to
clarify a potential clinical application of 5HT3AR in therapeutic
exposure and pharmacological treatment in AD.
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Follow-up studies, with higher sample size would therefore be
needed to replicate this preliminary finding and in vivo experi-
ments would in addition be needed to assess whether these
changes play a mechanistic role in therapy and exposure effects.
In particular, the present study assessed the DNAm and gene
expression in the blood as a proxy for brain DNA and expression,
which are not readily accessible in humans. Several studies have
shown that shown brain and blood transcriptomics to be very
similar [53], and especially for receptors in general and for
HTR2Ain particular [54], another members subtypes of serotonin
receptors. Concordantly, the human protein atlas [55] reports
similar HTR3A expression levels for the average of Peripheral
Blood Mononuclear Cells (PBMC) and for several brain regions,
including the cortex, thalamus and midbrain (https://www.
proteinatlas.org/ENSG00000166736-HTR3A, accessed on 2021-10-
20). However, it remains to be directly shown that the observed in
the blood during the exposure and therapy phase are reflecting
changes in the brain.

In the candidate analysis, we found two CpGs in the MADIL1
gene to be nominally regulated during the therapy. MADILT
(mitotic arrest deficient 1like 1) dysfunction is associated with
chromosomal instability and risk variations in this genes were
linked to anxiety-related psychopathology [56], such as broad
anxiety symptomatology [57] and neuroticism [58], but also further
major psychiatric phenotypes, such as depression [59], bipolar
disorder [60] and schizophrenia [61]. Furthermore, DNAm markers
have been identified as associated with higher risk for PTSD in
military male subjects in a longitudinal set up [62]. Snijders and
colleagues reported decreased methylation at cg12169700, post
trauma associated with decrease gene expression. On the contrary,
we report decreasing methylation at cg10418812 and cg24577389
during the first phase of therapy followed by an increase during
the exposure phase. These differences could be due to different
effects of the initial trauma, therapy and exposure on the
regulation of MADILT regulation. Nevertheless, these apparently
opposite effect could participate in the same regulation process,
given that cg12169700 is positioned inside the 16" exon and
cg10418812 is located respectively 5 kb before transcription start
and in the 12" exon. Indeed, whereas hyper-methylation of CpG in
the promoter region is well understood and associated with gene
expression suppression, the consequence of gene-body CpG
methylation are still under study. Notably, several studies have
shown gene-body CpG methylation to correlate with gene
expression [63, 64]. Further studies, assessing gene expression
during the therapy would be needed to conclude on the
regulation of MADILT at the expression level during CBT.

In a complementary approach, we used paired t test to test for
difference between the end and the beginning of the therapy
only, ignoring the dynamics of the methylation in the inter-
mediate time-points but looking for therapy-driven long-lasting
changes. In the paired-t test, we obtained one CpG significantly
differently methylated at the end of therapy as compared to the
beginning in the gene ARGI. This gene is involved in the urea
cycle and missense mutations in this gene cause serious
developmental and neurological syndroms [65]. ARGT is important
for macrophages specification and their effector functions [66]
again highlighting that immunometabolism might be of impor-
tance in therapy-related effects.

CONCLUSION

This is the first longitudinal study of DNAm and immune cell-type
composition combining CBT course and acute fear exposure in PD
patients. We firstly demonstrate that CBT and acute fear exposure
do have measurable biological correlates, a critical argument in
favor of their efficacy. Our results moreover provide evidence of
the involvement of HTR3A in CBT success, calling for further
experiment to dissect its mechanism of action and clarify potential
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clinical application. In addition, we also identified several genes
with high potential of regulation during therapy to be investi-
gated in further candidate studies. Finally, our study adds to the
growing body of evidences linking PD and regulation of the
immune system state.

CODE AVAILABILITY

The code written to perform the analysis is available at https://github.com/sylvain-
moser/CBT_DNAm.
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An insecure attachment style (AS), described as being highly anxious and/or avoidant, is often
assumed to be stable over time, yet some studies show that AS can change. To the extent that AS
may be malleable over shorter time periods, it potentially impacts key therapy processes and out-
comes. In the present study, we first investigated the stability of AS in patients with panic disorder
(N = 49) treated with short-term cognitive behavioral therapy (CBT) including follow-up. Second,
we tested whether time-specific change of AS predicted subsequent symptom severity, interperso-
nal distress (ID), and alliance, or vice versa. Third, we investigated if anxious attachment and ID
average levels impact the alliance—outcome relation. Analyses were conducted at within- and
between-patient levels with 5 measurements (baseline, intermediate, end, and follow-up after 4 and
8 months) over the course of CBT (12 sessions/8 weeks, 2 booster sessions) using linear mixed-
effects models. A strong decrease in anxious attachment was found that was stable until 8 months
after therapy. At the within-patient level, a reciprocal relationship of reduction in anxious attach-
ment with less symptom severity, stronger alliance, and a prediction of less ID was found. ID
decrease preceded less avoidance. At the between-patient level, anxious attachment and ID moder-
ated the relation of alliance change and subsequent depressive symptoms. The prolonged improve-
ment in interpersonal patterns suggests that short-term CBT positively modifies attachment
working models in panic disorder patients. Effects on therapy process indicate that anxiously
attached and interpersonally distressed patients seem to benefit more from alliance increase.

Clinical Impact Statement

Question: (a) Does attachment style (AS) change over short-term treatment and follow-up? (b)
Does such AS change predict subsequent outcome, interpersonal distress (ID), and alliance or
vice versa? and (c) Is an effect of improvement in alliance on subsequent outcome impacted by
AS and ID? Findings: (a) Standardized short-term cognitive behavioral therapy (CBT) may
effectively reduce anxious attachment, symptom severity, and ID in patients with panic disorder
beyond therapy. (b) AS improvement seems to be reciprocally related to symptom severity, alli-
ance change, and interpersonal difficulties. (c) Furthermore, AS and ID appear to moderate the
relation of the therapeutic alliance and subsequent depressive symptom severity, with more
anxiously attached and interpersonal distressed patients benefitting more from an improvement
of alliance. Meaning: Short-term CBT for panic disorder consists of standardized, exposure-
based interventions and is not aimed to influence the quality of the relationship. Hence, it seems
not necessary to target AS directly, but it may be sufficient to target overcoming one’s fear to
promote enduring improvement in anxious attachment, or the “inner working model of self”.
However, it seems important to foster the alliance in patients with anxious attachment and
interpersonal difficulties regarding symptom reduction. Next Steps: It is recommended to

Jennifer Lange
Stephan Goerigk

Angelika Erhardt

share senior authorship.
We have no known conflict of interest to disclose.
Jennifer Lange served as lead for conceptualization, data curation,

https://orcid.org/0000-0002-2153-1121
https://orcid.org/0000-0002-3021-0346
Rita Rosner (2 https://orcid.org/0000-0002-7960-8398

Goerigk served in a supporting role for formal analysis. Katja Nowak
served in a supporting role for investigation. Rita Rosner contributed
equally to conceptualization and supervision and served in a supporting
role for writing — review and editing. Angelika Erhardt served as lead for

https://orcid.org/0000-0002-2840-7633 funding acquisition, project administration, and supervision and served in a
Rita Rosner and Angelika Erhardt contributed equally to this work and supporting for writing — review and editing.
Correspondence concerning this article should be addressed to Jennifer

formal analysis, investigation, and writing — original draft. Stephan Email: kontakt @praxis-jenniferlange.de

206

134

Lange, Department of Translational Research in Psychiatry, Max Planck
Institute for Psychiatry, Kraepelinstrale 2-10, 80804 Munich, Germany.



This document is copyrighted by the American Psychological Association or one of its allied publishers.

This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

ATTACHMENT STYLE CHANGE, WORKING ALLIANCE, AND CBT

207

monitor AS and ID as risk factors for symptom severity and to target the alliance accordingly

outside the CBT protocol.
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The attachment style (AS) of a person is a concept derived from
John Bowlby’s (1969) theory that describes the way someone
behaves in a close reciprocal relationship and is conceptualized as
a systematic pattern of relational expectations and emotions. Based
on early experiences of a child with caring persons, the theory
describes the relevance of internalized models for the development
of relationships later in life. Early experiences interact with herit-
able personality factors of individuals that effect relationships,
which in turn leads to a stabilization of the attachment orientation
as well as the environment (Waters et al., 2000). Children who ex-
perience an inadequate response by the caregiver tend to develop
secondary strategies to cope with threat and to preserve proximity
and protection of the attachment figure (Nolte et al., 2011), which
leads to either deactivation (attachment avoidance) or hyperactiva-
tion of the attachment system (attachment anxiety; Mikulincer &
Shaver, 2012). In Bartholomew and Horowitz’s (1991) model, the
four categories of adult AS—secure, preoccupied with relation-
ships, dismissing, and fearful of intimacy—can be described as
positions along two orthogonal dimensions of insecurity: avoid-
ance and anxiety. These are parallelized by negative or positive
working models of self and others (Griffin & Bartholomew,
1994).! Secure attachment is conceptualized as relatively low anx-
iety and avoidance.

Previous evidence supports Bowlby’s core assumption that AS
is relatively stable over time across significant portions of the life
span and, therefore, is “trait-like,” but results have been inconsis-
tent (Fraley et al., 2011). At the same time, AS seems to remain
open to revision in face of ongoing or new relationships and
attachment-related (e.g., traumatic) life events (Davila et al., 1997;
Horesh et al., 2014; Levy et al., 2018; Waters et al., 2000). How-
ever, some studies show that despite temporary variations, there
seems to be an underlying enduring construct in the AS, which is
called the prototype hypothesis (Fraley et al., 2011; Jones et al.,
2018). As proposed by this, current working models may be re-
vised across the life span by deviating attachment-relevant experi-
ences, whereas the prototype working models developed during
early childhood continue to exist as a stable core and shape attach-
ment patterns throughout life by unconsciously influencing a per-
son’s expectations, fears, defenses, and behavior and thereby
recreating interpersonal experiences (Fraley et al., 2011; Miku-
lincer & Shaver, 2007). Hence, even after a shift in AS security
due to intense experiences, it might gravitate back to a robust pro-
totype value. Recent longitudinal research reveals that a wide
array of life events (e.g., related to work, relationships, family, and
health) seems to lead to changes in attachment, but whether these
changes are enduring is depending on how positive or negative the
events are construed (Fraley et al., 2020). Fraley and colleagues
(2011) suggested that to achieve a prolonged change in the proto-
type, it might be useful to target another enduring latent factor that
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opposes the working models, for example, automatic specific pat-
terns of thought, feeling, and behavior. This may be done with
cognitive behavioral therapy (CBT).

A growing body of research suggests that AS change can occur
through psychotherapy in various disorders using different, mainly
psychodynamic approaches (for a review, see Levy et al., 2018;
Mikulincer et al., 2013; Taylor et al., 2015), and even long-term
change (Kirchmann et al., 2012). An insecure AS appears to be a
predisposition for the development of anxiety disorders (AD) as
well as a maintaining factor (Colonnesi et al., 2011; Esbjorn et al.,
2012; Levy et al., 2011; Manning et al., 2016) and vice versa
(Davila et al., 1997; Horesh et al., 2014). The constant sense of
threat in AD probably leads to frequent activation of the attach-
ment system (Zalaznik et al., 2019). Earlier studies show that AD
patients often have an insecure and mainly preoccupied/anxious
AS (de Ruiter & Van Ijzendoorn, 1992; Manning et al., 2016;
Marazziti et al., 2007; Nielsen et al., 2017). Some studies investi-
gated changes of AS in AD with mixed results: Research in
patients with posttraumatic stress disorder (PTSD), treated with
various forms of psychotherapy, suggests improvement in AS and
maintenance over 6 to 12 months (Miiller & Rosenkranz, 2009;
Murphy et al., 2016). Other studies, using CBT, revealed an
improvement of AS in PTSD patients to posttreatment (Stovall-
McClough & Cloitre, 2003) and to 3-month follow-up (Rimane et
al., 2020) or no effect (Madigan et al., 2015). An effect on the
improvement of anxious and avoidant attachment was also found
in patients with social anxiety disorder enduring until follow-up
after 12 months (Strauf} et al., 2018). One study found no effect of
CBT plus communication and problem-solving training on AS in
panic disorder (PD) patients (Belanger et al., 2011). In summary,
results regarding malleability of AS in patients with AD are incon-
sistent. Following this, we first investigate the change of a global
AS in response to a disorder-specific, manualized, and hence
highly structured short-term CBT for PD including follow-up
measurements.

Furthermore, an insecure AS has a detrimental effect on psycho-
therapy outcome (for a meta-analysis, see Levy et al., 2018). Find-
ings indicate that attachment anxiety seems to predict worse
treatment outcome, whereas avoidant attachment might be less
related to therapy outcome (Levy et al., 2011). Improvements in
attachment security coincide with improved therapy outcome dur-
ing treatment and beyond (Levy et al., 2018; Miiller & Rose-
nkranz, 2009). However, the assumption that change in AS is

1Using discrete types of AS have limited statistical power compared
with dimensional measures. Even if we use categorical descriptions in this
work for descriptive purposes, we are referring to a two-dimensional space
in which individuals are continuously distributed (Mikulincer & Shaver,
2007).
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meaningful in itself and not merely a by-product of changes in
symptoms needs to be tested by establishing temporal precedence.
Results of only one study using CBT for PD patients showed a
decrease of an avoidant and anxious attachment measured by self-
report preceded by improved anxiety sensitivity, avoidance behav-
ior, and emotion regulation, but without follow-up assessments
(Zalaznik et al., 2019). The latter is recommended to disentangle
the direction of the AS—outcome relation (Levy et al., 2018). There
is a lack in studies examining longitudinal AS change in AD using
CBT, in particular exposure therapy (ET), and the effect on subse-
quent symptom level. Whether attachment improvement causes
better outcomes is unclear and further research is required (Levy
et al., 2018). The present study aims to answer the dynamic of AS
and outcome with follow-up assessments.

Additionally, a person’s attachment orientation at a particular
time may not simply be state or a trait but a combination of effects
from contextual as well as enduring factors (Fraley et al., 2011).
Thus, it is important to differentiate between patients’ general abil-
ity to form satisfying relationships (“trait-like” component) and
the dynamic of changes within patients in that ability through
social interaction (“state-like” component). On the interpersonal
level, the dysfunctional strategies of insecure attached patients
lead to conflicts of autonomy and dependence, having a disadvan-
tageous influence on relationships. Previous findings show that an
anxious AS is associated with more interpersonal problems (Bar-
tholomew & Horowitz, 1991). In PD with agoraphobia (AG),
interpersonal relationships appear to be problematic and can
decrease treatment efficacy (Carter et al., 1994). It stands to reason
that if AS improves, the ability to form stable and satisfying rela-
tionships is promoted, and hence interpersonal problems are
reduced. Research shows that greater decrease in attachment
avoidance is increasingly associated with continuing improvement
of interpersonal difficulties (Maxwell et al., 2014). Furthermore,
change of “trait-like” interpersonal patterns—AS as well as related
interpersonal problems—within the timeline of a limited therapy
challenges the developmental perspective of continuity and slow
meaningful change over a long time span. Opposing the “state-ar-
tifact” hypothesis, aggregated findings support the “cause-correc-
tion” hypothesis and the inference that therapy can lead to lasting
personality trait change (for a meta-analysis, see Roberts et al.,
2017). There is a gap in the literature with regard to therapeutic
techniques that lead to change, how fast the change occurs, and if
the change remains. To determine stability, the pace, dynamic and
directionality of change, multiple assessments over a longer period
of time are required. Following this, we examine second, if
improvement in AS precedes decrease in symptom severity and ID
beyond therapy, disaggregated for between-patient (BP) effects,
that are likely to be partly indicative of the stable person-level
characteristic, for example, about how much anxious or avoidant
attachment patients experience on average during therapy relative
to one another, and the within-patient (WP) effect, which is con-
cerned with changes from assessment-to-assessment, provides in-
formation about the temporal relationship and may imply
corrective experiences (Zilcha-Mano, 2017).

As noted before, an efficacious change mechanism for interperso-
nal patterns might be social interaction, specifically the therapeutic
alliance, which is an effective and critical common factor for out-
come across therapy methods (Horvath, 2018; Levy et al., 2018;
Wampold, 2015). From Bowlby’s (1969) attachment theory
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perspective, the client—therapist relationship can be conceptualized as
containing an attachment bond that provides a reliable source of se-
curity and support with serving the function of a physical and emo-
tional safe haven as well as a secure base for exploration (Mikulincer
et al., 2013). The alliance is a part of this relationship by representing
its interactive and collaborative aspects (e.g., common goals and task
agreement) based on trust and an appreciative and empathetic contact
(Castonguay et al., 2006). It was shown to be a general moderate but
robust therapeutic and process-based factor for treatment outcome
(aggregated correlation of alliance and response: r = .28; Fliickiger et
al., 2018; Horvath et al., 2011) and to contribute to that substantially
and consistently independent of therapy method (Norcross & Lam-
bert, 2018), patient or therapist intake factors (e.g., demographics
and/or pretreatment symptomatic severity, personally traits, interper-
sonal distress, and treatment expectancy), and treatment processes
(e.g., adherence and competence; Fliickiger, Del Re, et al., 2020).
For AD, there is a limited amount of research on the relationship
between working alliance and treatment outcome in CBT for AD,
and the findings showed evidence for a significant alliance—outcome
relation (Buchholz & Abramowitz, 2020). Alliance has been shown
to be associated with outcome (Weiss et al., 2014) and to be a predic-
tor in exposure-based CBT for PD of symptom severity (Huppert et
al., 2014) and change in agoraphobic avoidance behavior (Weck et
al., 2016). However, one study with PD patients found no significant
association with treatment outcome in ET (Maiwald et al., 2019). To
utilize alliance, components again must be differentiated that are
“trait-like” (BP effects) and can moderate treatment outcome as pre-
condition for therapeutic work (e.g., patient’s ability to make pro-
gress), and “‘state-like” components (WP effects) that may be
curative in itself, have the potential to be changed, and consequently
facilitate symptom improvement. Several studies showed that the
“state-like” aspect of alliance precedes symptom reduction, which
supports the notion that alliance may be therapeutic in itself (for a
review, see Zilcha-Mano, 2017). WP meta-analytic analysis session-
by-session shows that symptoms and alliance are reciprocally related
to one another early in therapy, with higher alliance and lower symp-
tom severity positively impacting the relation between alliance and
symptoms in the subsequent session (Fliickiger, Rubel, et al., 2020).
There are a few studies with AD patients investigating WP effects:
Findings show that the alliance seems to be a facilitative factor for
change in CBT in generalized anxiety disorder, irrespective of thera-
pists adherence (Rubel et al., 2019) and for subsequent PTSD symp-
tom reduction (Hoffart et al., 2013). Though both WP and BP effects
seem to move in the same direction in the case of alliance, with gen-
eral better capability to create a stronger alliance likely impacting
outcome, and WP improvement in alliance improving subsequent
treatment outcome (Zilcha-Mano, 2017), WP effects may be inde-
pendent of the respective BP effects and induced by different thera-
peutic factors (Fliickiger, Rubel, et al., 2020).

The capability to form satisfying relationships, understood to be
impacted by AS, affects the therapeutic relationship. Patients with
a secure AS and the ability of forming a strong and satisfying rela-
tionship with others, likely form a strong alliance with their thera-
pist, and thus benefit from a better treatment outcome. Research
shows that a secure AS seems to promote positive attitudes toward
therapy and constructive therapeutic behavior, like self-disclosure
and inner exploration (Mikulincer et al., 2013). Though findings
are inconsistent, they overall suggest a small influence on alliance
by the developed AS, whereby a secure AS is correlated with a
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stronger alliance (for a meta-analysis, see Bernecker et al., 2014;
weighted correlation: avoidance: r = —.14, anxiety: r = .12; for a
meta-analysis, see Diener & Monroe, 2011; weighted correlation:
r = .17; for an overview, see Mikulincer et al., 2013; Smith et al.,
2010). Alliance has also been shown to mediate the relationship
between client attachment and psychotherapy outcome (subjective
distress, interpersonal relations, and social role performance) in
clients presenting with mixed pathology (e.g., mood and anxiety
disorders; Byrd et al., 2010). One study in PD patients showed
that changes in anxious attachment preceded improvement in alli-
ance across CBT (Zalaznik et al., 2019).

On the other hand, it is likely that the alliance—outcome relation
is impacted by patients’ interpersonal characteristics, and a proba-
ble candidate is attachment (Constantino et al., 2017). Recent
research shows a moderating role of AS in patients with substance
use disorder (Gidhagen et al., 2020; Zack et al., 2015), but studies
in other disorders are lacking. Improvement in the ability to form a
satisfactory relationship with the therapist seems to affect general
interpersonal ability, resulting in a reduction in symptom severity
(Zilcha-Mano, 2017). Empirical findings support the notion that
the WP effect of alliance on subsequent outcome is mediated by
changes in interpersonal distress (ID; Constantino et al., 2016;
Coyne et al., 2019). Other research suggests that patients suffering
from low interpersonal agency and reporting problems with sub-
missiveness, which impact depressive symptoms, benefit from an
improved therapeutic alliance that facilitates changes in interperso-
nal problems (Gémez Penedo et al., 2020). In summary, improve-
ment in interpersonal patterns seems to be a consequence of
change in alliance and in turn predict symptom severity. Taken to-
gether, whether a secure bond—alliance—is the catalyst for
improvement in AS or the other way round and whether AS
impacts the alliance—outcome relation is unclear and needs to be
tested over a longer period of time, which is our third goal.

In summary, we want to answer the following questions with
our study: (a) does AS change over short-term treatment and fol-
low-up? (b) does such AS change predict subsequent outcome, ID,
and alliance, or vice versa? and (c) is an effect of improvement in
alliance on subsequent outcome impacted by AS and/or ID? The
following hypotheses were examined:

Hypothesis 1: An insecure AS improves over the course of ther-
apy, enduring after the therapy.

Hypothesis 2: Improvement in AS predicts subsequent
improvement in outcome and interpersonal patterns and is pre-
ceded by alliance change.

Hypothesis 3: The effect of change in alliance on subsequent
outcome is moderated by AS and ID.

Method

Participants

Inclusion criteria consisted of (a) a current primary Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition, Text
Revision, diagnosis of PD with/without AG and a clinical interview
score >14 on the Hamilton Anxiety Scale (Hamilton, 1996). Exclu-
sion criteria were major somatic disorders, pregnancy, personality
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disorder, current suicidal intent, and other psychiatric disorders
except other AD (n = 7; 14%), comorbid OCD (n = 5; 10%), or sec-
ondary mild or moderate depression (n = 7; 14%). In total, 49
patients (33 woman, 17 men; M, = 32.2 years; age range: 18-61
years; ethnicity: Caucasian) with PD with (n = 42; 86%) or without
AG (n = 7; 14%) were included with 88% (n = 43) being free of
psychotropic medication. Medicated patients (n = 6) were several
months on medication (SSRIs) before the study and continued with
the same dosage during the CBT and the follow-up period. Benzo-
diazepines were not allowed during the course of therapy. Possible
attachment-related events were assessed in the follow-up period. A
total of 14 patients reported stressors after the therapy: death of a
relative or friend (n = 5), ending an intimate relationship (n = 6),
abortion (n = 1), and severe sickness of a relative (n = 2).

Treatment

Treatment followed a highly structured and empirically sup-
ported manual by Lang et al. (2011), which consists of 12 sessions
of CBT (one to two sessions per week, 68 weeks) as well as two
booster sessions after 2 and 4 months. The manual includes precise
instructions and worksheets for every session and consists of the
following modules: establishing therapeutic rapport, psychoeduca-
tion (e.g., self-monitoring, functional analysis; Sessions 1-3),
interoceptive exposure (Sessions 4-5), at least one accompanied
exposure in vivo (Sessions 6-11), as well as relapse prevention
(Session 12 and two booster sessions). Exposure sessions were
conducted outside the clinic, depending on the feared situation
(e.g., subway, supermarket, height) and specific concern (e.g.,
fainting, asphyxiation, losing control). Treatment was conducted
by two trainees for CBT in advanced years of training. Both had
received introduction to the theory, case formulation, and tech-
nique of CBT for AD and were under individual supervision
including videotaped sessions for feedback by senior supervisors
with extensive experience in CBT. Study protocol included three
psychiatric consults for patients during and after therapy as well as
1-hr weekly group supervision for therapists by a senior psychia-
trist administrating the study.

Procedure

The study was conducted in the outpatient clinic for anxiety dis-
orders of the Max Planck Institute for Psychiatry. The study was
approved by the ethics committee of the Ludwig-Maximilians-
University. Participants were recruited from the pool of anxiety
patients seeking treatment in the clinic and meeting inclusion crite-
ria. After describing the study protocol and informing of limitation
of sessions, written informed consent of the patients was obtained.
Self-report as well as clinician-ratings were administered at five
time points: baseline, fourth session, end (after main therapy), fol-
low-up 1 (after 4 months), and follow-up 2 (after 8§ months; see
also the study design in Figure S1 in the online supplemental
materials). If deviant, administration schedule for the specific mea-
sure is found in the materials section. Clinician ratings of symptom
severity were performed by a clinician not involved in the treat-
ment. Patients were informed that their therapists would not have
access to their responses on the measures.

We defined dropout as failure to complete the 12-session treat-
ment and follow-up assessment protocol. Based on this, 31% (n =
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15) of patients were lost either during therapy (n = 8) or after the
main therapy (n = 7) for the following reasons: early symptom
remission (n = 5), worsening of symptoms with need for inpatient
treatment (n = 3), comorbid psychiatric disorder more relevant
(n = 2), acute somatic disease (n = 2), interrupted contact (n = 1),
pregnancy (n = 1), and other reasons (n = 1). In total, 34 patients
completed the treatment as well as follow-up assessments. Patients
who needed further treatment after the follow-up were either
treated thoroughly or forwarded to other therapists. Of the com-
pleters, two patients reported that they sought further therapy else-
where after end of main therapy, and seven patients reported
additional therapy after the first follow-up.

Materials
Attachment Style

AS is measured as self-report by the validated German version
of the Relationship Scales Questionnaire (RSQ; Griffin & Bartho-
lomew, 1994; Steffanowski et al., 2001) in close (not necessarily
intimate or particular) relationships with 30 items (internal consis-
tency: Cronbach’s oo = .72 to .81). For the formation of attachment
orientation, the two scales Anxiety (e.g., “I worry about being
abandoned.”) and Avoidance of Intimacy (e.g., “I worry about
others getting too close to me.”) are used. An insecure AS is
defined as either high anxious (cutoff: >2.89; i.e., preoccupied)
and/or avoidant attachment (cutoff: >2.76; i.e., dismissing). Indi-
viduals who score high in both dimensions are classified as fearful;
individuals underneath both cutoffs are classified as securely
attached (see Footnote 1). Psychometric evaluation is adequate
and the assessed AS robust (Kirchmann et al., 2012; Steffanowski
et al., 2001). AS was measured at four time points: baseline
(before contact with the therapists), end (after main therapy), fol-
low-up 1 (second booster session) and follow-up 2.

Working Alliance

Alliance was measured as self-report by the short German ver-
sion of the Working Alliance Inventory (WALI) for patients (Wilm-
ers et al., 2008) at five time points: after the first, the fourth, the
eights, the 12th session (end), and at follow-up 1 (second booster
session). It assesses the scales Bond, Task, and Goals with 12
items (internal consistency: Cronbach’s oo = .82 to .93). Psycho-
metric validity of the measure is well established.

Interpersonal Problems

The German short version of the Inventory of Interpersonal
Problems (IIP; Horowitz et al., 2000) is a self-report instrument
with 64 items that identifies a person’s most salient interpersonal
difficulties in eight scales: Domineering, Vindictive, Cold,
Socially Avoidant, Nonassertive, Exploitable, Overly Nurturant,
and Intrusive (retest reliability: r, = .81 to .90; internal consis-
tency: Cronbach’s o = .36 to .64). We only used the IIP total score,
which is a measure of patients’ general distress derived from inter-
personal problems. Factorial, differential, prognostic, and criterion
validity of the measure is well established. It was measured at the
same four time points as AS.
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Symptom Severity

Anxiety and depression were measured by the German versions
of the clinician-rating Hamilton Anxiety Scale (HAMA; Hamilton,
1996; internal consistency: Cronbach’s o = .82 to .87; interrater
reliability: r» = .89), the Agoraphobic Cognitions Questionnaire
(ACQ; Ehlers & Margraf, 2001; internal consistency: Cronbach’s
a =.79), and the Beck Depression Inventory (BDI; Hautzinger et
al., 2000; internal consistency: Cronbach’s o = .88). Psychometric
validity of the measures is well established.

Data Analysis

The stability of the AS (Hypothesis 1) as well as the change of
symptomatology, ID, and alliance were examined with linear
mixed-effects models (LMM) to test for significant changes over
time as well as to adjust for the interdependence of the repeated
observations within individuals, providing a robust strategy to han-
dle missing data. All analyses contain all patients (including drop-
outs), and models are run as intent-to-treat analyses. Coefficients
were estimated using restricted (residual) maximum likelihood
estimation. Analyses were conducted in RStudio Version 1.2.5001
(RStudioTeam, 2020) using the “lme4” package (Bates et al.,
2015). A continuous linear time factor with five or four repeated
assessments (baseline, intermediate, end, and follow-up after 4
and 8 months) depending on the scale was included as a fixed
effect, patient intercepts and slopes as random effects. Preliminary
analyses to test for therapist effects on the study variables revealed
no systematic differences between the therapists in variables dur-
ing treatment. Nevertheless, variance attributed to therapists was
controlled for by including it as a covariate. Significance was cal-
culated using the “ImerTest” package (Kuznetsova et al., 2017);
which applies Satterthwaite’s method to estimate degrees of free-
dom to calculate p values for mixed models. Effect sizes (Cohen’s
d) for changes from baseline to follow-up 2 were calculated by
multiplying the estimate of the time slope with the number of
measurements and dividing it through the baseline standard devia-
tion (Feingold, 2009). Bonferroni-corrected post hoc analyses
were computed to identify differences in change between the time
points (baseline to all as well as end to all measurements).

We further examined associations between change in AS, symp-
tom severity, ID, and alliance (Hypothesis 2) parsed in WP and
BP effects. The “within” part consists of the relative attachment
on a particular occasion compared with other occasions of the par-
ticular patient, whereas the “between” part consists of the average
attachment of one patient compared with the other patients. Fol-
lowing recommendations of Wang and Maxwell (2015), we cen-
tered within the individual patient’s mean. For the BP effects, we
used the individual patient’s mean. As changes over time are
expected during treatment in the current study and are a constitu-
tive part of the therapy process, no detrending for time was per-
formed, as it might result in suppression of effect sizes, could lead
to overcorrection of WP associations, and masking of effects (Fal-
kenstrom et al., 2017; Wang & Maxwell, 2015). To assess tempo-
ral precedence between variables, lagged models per Falkenstrom
et al. (2017) were used and dependent variables were lagged (¢ +
1). To test for directionality, reverse models were implemented.
To avoid “endogeneity,” we did not control for the lagged depend-
ent variable in our analyses (Falkenstrom et al., 2017).
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To test for moderation (Hypothesis 3) of WP change of alliance
(#) on subsequent outcome scores (t + 1), we included mean anx-
ious AS and ID scores as moderators in the model. BP moderators
were grand mean centered to facilitate interpretation. To further
understand the effect of AS on the WP alliance effect, we calcu-
lated regions of significance as a follow-up analysis.

Results

Efficacy Analysis
Symptom Severity

The results of the LMM analysis show a highly significant
reduction for anxiety (HAMA and ACQ) as well as depressive
(BDI) symptoms with large effect sizes (see Table 1).

Relationship Scales Questionnaire

In our sample of anxiety patients, 35% (n = 17) showed a secure
AS and 65% (n = 32) displayed an insecure AS, with high scores
on the Anxiety dimension in 47% (preoccupied: n = 23), on
Avoidance in 10% (dismissing: n = 5), and to a minor part on both
Anxiety and Avoidance (fearful: n = 4; 8%), (see Footnote 1).
LMM analyses showed a significant reduction in anxiety, B =
—.16,1(41.18) = —3.94, p < .001; d = —.74, 95% confidence inter-
val (CI) [—.86, —.62], as well as a trend result for avoidance, B =
—.06,1(39.77) = —1.84, p = .073; d = —.25,95% CI [-.33, —.17];
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see Table 1. Significant Bonferroni-corrected post hoc analyses
(comparisons of all measurements) indicate that patients were less
anxiously attached directly after therapy (p < .01). Importantly,
this effect endured after therapy throughout follow-up after 4 and
8 months. The trend effect for avoidance was not seen until fol-
low-up 2. Detailed information about model parameters and post
hoc analyses of the primary outcomes are summarized in Tables
S1 and S2 in the online supplemental materials.

Working Alliance Inventory

Over the course of therapy, a significant increase in alliance
from baseline to follow-up 1 (final booster session) was detected,
B = .17, 1(47.48) = 791, p < .001; see d = 1.05, 95% CI [.99,
1.11]; see Table 1.

Inventory of Interpersonal Problems

A significant reduction of ID until follow-up 2 was detected,
B=-1.33,137.47)=-8.17,p < .001; d = —.86, 95% CI [—.92,
—.79]; see Table 1. Post hoc analyses showed significant changes
between all measurements (p < .001; see Table S2 in the online
supplemental material). Hence, the improvement in ID was
observed directly after therapy and sustained until follow-up 2.

Lagged Effects

LMM analyses allowed disaggregation into WP and BP effects.
Significant BP effects are reflective of “trait-like” differences in

Table 1
Symptom Severity, Attachment, Interpersonal Distress, and Alliance Over the Course of Therapy
LMM
Measure Baseline 4th session End Follow-up 1 Follow-up 2 df\/df, F d P
N 49 49 41 38 34
HAMA
M 33.92 21.24 12.76 10.87 8.88 1 168.00 —3.27 <.001
SD 7.64 10.22 10.04 1041 8.36 43.65
BDI
M 14.78 10.22 7.62 5.26 5.00 1 46.88 —1.06 <.001
SD 9.34 8.05 9.01 5.63 5.59 33.96
ACQ
M 2.03 1.82 1.54 1.33 1.28 1 81.60 —1.43 <.001
SD 0.56 0.61 0.52 0.38 0.28 30.43
RSQ
Anxiety
M 2.87 — 2.69 2.59 2.46 1 15.50 —0.74 <.001
SD 0.65 0.66 0.74 0.67 41.18
Avoidance
M 2.13 — 2.16 2.04 1.97 1 3.40 —0.25 .07
SD 0.73 0.76 0.85 0.79 39.77
1P
M 10.01 — 8.81 6.84 6.19 1 66.76 —0.86 <.001
SD 4.66 5.25 4.50 4.12 37.47
Session
4th 8th
WAI
M 4.08 4.30 4.57 4.69 4.73 — 1 62.52 1.05 <.001
SD 0.65 0.56 0.47 0.43 0.40 47.48
Note. HAMA = Hamilton Anxiety Scale; BDI = Beck Depression Inventory; ACQ = Agoraphobic Cognitions Questionnaire; RSQ = Relationship Scales

Questionnaire; IIP = Inventory of Interpersonal Problems; WAI = Working Alliance Inventory — Patient; LMM = linear mixed effects models.
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patient characteristics. Significant WP effects reflect differences
due to varying patient state, divergence from the subject’s specific
mean. Dependent variables are lagged (¢t 4 1).

Anxious Attachment Effects

The analysis of RSQ-Anxiety WP yielded significant result in
preceding ACQ, IIP, and WAI. BP effects were found for RSQ-
Anxiety on symptom severity (HAMA and BDI) and IIP (see
Table 2). Hence, patients who generally reported less anxious
attachment across treatment tended to report less anxiety and
depressive symptoms as well as less ID. When patients reported
time-specific decrease of anxious attachment compared with their
usual level, they reported fewer agoraphobic cognitions, less ID,
and stronger alliance at the next measurement.

Avoidant Attachment Effects

The analysis of RSQ-Avoidance showed a significant result only
on the BP level preceding IIP (see Table 2). Thus, patients’ higher
average levels of avoidant attachment were related to more ID.

Alliance Effects

Lagged WP effects of alliance on symptom severity (HAMA,
ACQ, and BDI), IIP, and RSQ-Anxiety, as well as a BP effect on
BDI, were significant (see Table 2). Thus, reported increase from
usual alliance preceded less symptom severity as well as less ID
and anxious attachment later. Generally stronger alliance predicted
less depressive symptoms.

Interpersonal Distress Effects

Results showed lagged WP effects of IIP on ACQ and RSQ-
Avoidance. BP effects were found for symptom severity (HAMA,
ACQ, and BDI) and both RSQ-Anxiety and RSQ-Avoidance (see
Table 2). When patients reported time-specific decrease of ID from
their mean, they reported less agoraphobic cognitions and avoidant
attachment at the next measurement. Patients” higher average levels
of ID predicted more symptom severity, anxious and avoidant
attachment.

Symptom Severity Effects

Lagged WP and BP effects of symptom severity (HAMA,
ACQ, and BDI) on IIP were found. Effects on alliance were found
on the WP and BP level only for anxiety symptoms (HAMA and
ACQ). Further, BP effects of symptom severity (HAMA, ACQ,
and BDI) on RSQ-Anxiety were found (see Table 2). Hence,
reported decrease from usual symptom levels preceded less ID and
a stronger alliance later. Higher average levels of symptom sever-
ity predicted more anxious attachment.

Moderation Analysis

Building on our results, we tested for moderation of WP change
(1) of alliance on subsequent outcome scores (¢ + 1). Including anx-
ious attachment and ID average scores (person mean) as moderators
of the WP effect of alliance on outcome showed a significant effect:
A greater mean score of RSQ-anxiety and IIP across treatment was
related to an increase in the association between fluctuation in the
alliance and the subsequent BDI scores, but not the HAMA or
ACQ scores (see Table 3). For the significant BDI models, the
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interaction was probed by testing the conditional effects of alliance
at each level of RSQ-Anxiety and IIP scores: Increase of WAI from
one’s usual levels was significantly related to less subsequent
depressive symptom levels if individuals mean anxious attachment
was deviating from the group mean above —.09 (possible range of
—.92to0 1.80; p < .05), and mean IIP deviating above —1.48 (possi-
ble range —6.78 to 10.88, p < .05) points (see also Figures S2 and
S3 in the online supplemental materials). Thus, patients with gener-
ally higher attachment anxiety and ID did benefit more from
increase in alliance relating to less depressive symptoms later.

Discussion

In the present study, our first goal was to test the stability of AS
over the course of time-limited CBT for AD and follow-up assess-
ments. Our study results suggest that short-term CBT leads to an
effective positive modification of AS, specifically anxious attach-
ment, as well as reduction in ID and symptom severity, and growth
in alliance. Importantly, these effects were enduring after therapy
and until follow-up after 8 months. Second, we investigated the
relationship, particularly the temporal precedence, of modifications
in AS with interpersonal patterns and symptom severity, disaggre-
gated for BP differences in the average levels and WP shifts. On
the BP level, we found as expected that patients reporting on aver-
age more anxious attachment and ID also reported higher symptom
severity, which indicates a risk and maintaining factor for less
effective therapy and higher psychopathology. Further, patients
who compared with others generally reported more anxious and
avoidant attachment reported more interpersonal difficulties. A gen-
erally stronger alliance was related to less symptom severity. On
the WP level, time-specific improvement in anxious attachment and
ID, as well as higher than average levels of alliance, predicted sub-
sequent less symptom severity and vice versa. Further, less anxious
attachment compared with average levels predicted better alliance
later and vice versa. Increase in alliance and decrease in anxious
attachment from average levels preceded less subsequent ID. Fur-
thermore, decrease of ID compared with average levels predicted
less subsequent avoidant attachment. Third, we tested the impact of
a person’s average attachment anxiety and ID across treatment on
the WP alliance—outcome association: Patients with higher anxious
attachment and interpersonal difficulties were found to benefit more
from increase in alliance from their average levels relating to lower
subsequent depressive symptom levels.

One of our main findings is a more secure AS, particularly less
anxious attachment, after short-term CBT enduring until 8 months
later. Similarly to previous studies and in line with attachment
models of AD, at the beginning, the majority showed high anxiety
and had an insecure, specifically preoccupied/anxious AS and only
a few were high in avoidance, particularly fearful (de Ruiter &
Van [jzendoorn, 1992; Marazziti et al., 2007; see Footnote 1). The
trend in avoidance reduction was mainly observed after 4 or 8
months after therapy, which suggests that change in internal mod-
els of others is lagged. Though, it must be noted that avoidance
was already not high in our participants at baseline. The prompt
and enduring change in anxious attachment and probably the inter-
nal model of self, measured directly after therapy and beyond,
indicates a lasting beneficial effect of the interventions used inde-
pendent of continuing contact with the therapist. The alleged effect
of therapy on AS did not wear off with time and scores did not
return to their baseline; thus, we may conclude that the improved
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Within- and Between-Patient Lagged and Reverse Effects of Attachment, Alliance, Interpersonal Distress, and Outcome From Baseline

to Follow-Up 2

HAMA,,, BDI,., ACQu
Predictor B (SE) t (df) p B (SE) t (df) p B (SE) t (df) P

RSQ-Anxiety

Within, —1.76 (2.34) —0.75 (59.91) A5 —0.11 (1.64) —0.07 (17.17) .95 0.33(0.09) 3.77 (22.80) <.001

Between 4.03 (2.00) 2.01 (36.30) <.05 4.39 (1.67) 2.63 (32.88) <.01 0.07 (0.09) 0.73 (19.42) 48
RSQ-Avoidance

Within, —1.61 (2.21) —0.73 (55.99) 47 —0.43 (1.68) —0.26 (21.15) .80 0.13 (0.08) 1.74 (56.22) .09

Between 1.99 (1.75) 1.13 (35.51) .26 1.76 (1.40) 1.25 (33.06) 22 0.12 (0.09) 1.29 (35.03) .20
WAI

Within, 658 (221)  —2.98 (7.64) <05 —352(1.00)  —351(61.74)  <.001*  —046(0.08)  —5.65(19.74)  <.001°*

Between —3.59 (2.67) —1.34 (42.57) .19* —4.30 (2.13) —2.01 (44.75) <.05° —0.28 (0.15) —1.89 (34.74) .07*
1P

Within, 0.29 (0.43) 0.69 (18.89) .50 —0.04 (0.23) —0.17 (10.52) .87 0.04 (0.01) 3.17 (31.77) <.001

Between 0.58 (0.27) 217 (3625  <.05 0.87 (0.20) 429 (34.09)  <.001 0.03 (0.01) 273(38.15 <01
HAMA

Within, — — — — — — — — —

Between — — — — — — — — —
BDI

Within, — — — — — — — — —

Between — — — — — — — — —
ACQ

Within, — — — — — — — — _

Between — — — — — — — — —
Note. B = unstandardized coefficient; SE = standard error; RSQ = Relationship Scales Questionnaire; WAI = Working Alliance Inventory — Patient;

IIP = Inventory of Interpersonal Problems; HAMA = Hamilton Anxiety Scale; BDI = Beck Depression Inventory; ACQ = Agoraphobic Cognitions
Questionnaire. Statistic for the effect in linear mixed random-effects models including preassessments over the course of therapy (four time points:
baseline, end, follow-up 1 and 2) is indicated. Predictors are person mean centered.

* Analysis from baseline to follow-up 2 with five time points: baseline, fourth session, end, follow-up 1 and 2.

AS did not gravitate back, like the prototype hypothesis suggests.
We conclude from this preliminary study that even short-term
interventions can induce prolonged changes in AS.

As Bowlby (1969) postulated, tasks that are hypothesized to be
essential to the revision of mental representations (Mikulincer et
al., 2013) are met with ET and may strengthen a positive self-per-
ception. Beliefs and expectations about oneself and the body (e.g.,
I am weak, I am not able to ..., I cannot endure ..., etc.) as well
as maladaptive behaviors are questioned and transformed through
exposure exercises and training of alternative ways of coping—in
progressing therapy increasingly unaccompanied—, subsequently
finding strength and self-confidence. Thus, it makes sense that a
decrease in symptom severity was found to impact subsequent lev-
els of anxious attachment and ID. Overcoming one’s fear, the
main goal of ET, probably increases the individual’s self-efficacy,
braking the vicious cycle of relying on a “safe person” to cope
with anxiety symptoms, and thereby reducing anxious attachment
and interpersonal problems (Zalaznik et al., 2019). Interestingly,
decrease in anxious attachment was found to precede particularly
less agoraphobic cognitions: With a more positive model of self, it
is likely that in return the fear of fear is reduced and perception of
control and trust in one’s body is facilitated. It seems plausible
that ET targets mainly beliefs about oneself, which is connected to
anxious attachment, but probably not so much the beliefs about
others, which are related to avoidant attachment.

As expected, both dimensions of AS, anxiety and avoidance,
were strongly intertwined with interpersonal difficulties on several
levels. Our results of decrease in anxious attachment preceding
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levels of ID suggest that change in anxious AS may function as a
change agent for interpersonal difficulties. Furthermore, following
our results, reduction in ID may lead to less avoidant attachment,
which suggests a complex bidirectional process for AS and ID.
The scales of the IIP resemble pathological forms of low extraver-
sion and low agreeableness (Roberts et al., 2017). The relatively
fast reduction during main therapy (8 weeks) with continuation
until 8 months later emphasizes the change in “trait-like” interper-
sonal patterns. Roberts and colleagues (2017) argued that if trait
change, achieved in a relatively short amount of time, persists over
a long period of time, then this suggests a therapy shifting change
in “trait variance” rather than “state variance.”

Concerning the question if change in the therapeutic relation-
ship impacts subsequent AS or vice versa, results indicate that
there is a reciprocal temporal relationship between change in alli-
ance and anxious, but not avoidant attachment. The WP effects
suggest on the one hand that improvement in anxious attachment
may have facilitated the ability to form a relationship with the
therapist, concurring with Zalaznik and colleagues (2019), and
with an increasing therapeutic bond probably enabling treatment
to be effective. This is in line with general findings that a secure
AS is associated with a stronger therapeutic relationship (Ber-
necker et al., 2014; Diener & Monroe, 2011; Mikulincer et al.,
2013; Smith et al., 2010). On the other hand, findings suggest that
change in alliance was a fostering component for subsequent
change in anxious AS. This means that enhancing the therapeutic
relationship may improve preoccupation with relationships and
probably the “positive model of self’ and underscores the
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1P, WAL, RSQ-Anxiety, RSQ-Avoidance,,
B (SE) t(df) P B (SE) t(df) P B (SE) 1 (df) P B (SE) t(df) 14
1.88 (0.62) 3.01 (49.87) <.001 —0.28 (0.11) —2.62 (46.36) <.01 — — — — — —
316(1.07)  294(39.35) <01  —0.08(0.11) —0.79 (38.71) A4 - - - - - -
~0.11(0.58)  —0.19 (71.17) 85 0.13 (0.11) 1.22 (48.30) 23 — — — — — —
4.21(0.82) 5.15(39.28)  <.001 0.05 (0.09) 0.53 (40.11) .60 — — — — — —
—1.78 (0.44) —4.06 (61.74) <.001 — — — —0.23 (0.08) —2.95(68.12) <.001 —0.11 (0.09) —1.26 (67.96) 21
—143(172)  —0.83 (44.76) 41 — - —  —041(023) —1.78(37.91) 08 —0.00(028) —0.01(37.93) 99
- - - —0.02(0.02) —1.11 (44.67) 27 0.02 (0.02) 1.40 (26.98) 17 0.04 (0.02)  2.30(70.04) <.05
— — — —0.00 (0.01) —0.28 (40.61) 18 0.07 (0.02) 3.52 (40.52) <.001 0.10 (0.02) 4.51 (40.88) <.001
0.07 (0.01) 4.92 (29.17) <.001 —0.02 (0.00) —6.02 (29.09) <.001 0.01 (0.00) 2.17 (68.86) <.05 0.00 (0.00) 0.94 (29.16) .35
0.21 (0.09) 2.30 (40.28) <.05 —0.02 (0.01) —2.04 (50.77) <.05 0.03 (0.01) 248 (40.20) <.05 0.01 (0.02) 0.90 (40.27) 37
0.16 (0.03)  525(29.19)  <.001 —0.01(0.01) —1.72 (69.19) 09 0.01 (0.01) 1.77 (71.11) 08 0.00 (0.01)  0.52 (68.53) 60
0.48 (0.09) 5.60 (31.07) <.001 —0.01 (0.01) —1.07 (43.25) 29 0.05 (0.01) 4.30(39.67) <.001 0.02 (0.02) 0.95 (38.79) .35
242 (0.48) 5.04 (23.05) <.001 —0.30 (0.09) —3.36(28.07) <.001 0.22 (0.08) 2.79(69.52) <.01 —0.04 (0.10)  —0.38 (16.18) 71
563 (1.74)  323(3827) <.001 —028(0.13) —2.15(38.76) <.05 0.40 (0.26) 1.58 (39.18) 12 0.41 (0.29) 1.39 (37.44) 17

importance of fostering the working alliance in therapy as a possi-
ble mechanism of action in enhancing AS. It makes sense that
through the therapeutic relationship trust is facilitated. To face up
against one’s anxiety and expectations requires courage and trust
in the therapist, which in ET is often quickly rewarded with over-
coming one’s fears, and hence assured. The therapist is implicitly
serving the function of providing comfort, encouragement, and a
safe base for exploration (Levy et al., 2018; Mikulincer et al.,
2013), in our case for aversive emotions and their regulation.

Subsequently, an unconscious generalization to other relationships
may take place and might explain the trend in later reduction of
avoidance here. The increase of alliance, the state aspect, predict-
ing less subsequent ID enforces this assumption and is in line with
previous research (Coyne et al., 2019).

Furthermore, our results are in line with findings that improve-
ment in alliance is reciprocally associated with therapy outcome,
such that each influences the other subsequently, probably resulting
in a positive upward spiral of higher alliance/lower symptoms that

Table 3
Results of Conditional Effects Model With Attachment Anxiety and Interpersonal Distress as Moderators of the Alliance—Outcome Effect
HAMArH ACQt+1 BDI!+ 1
Conditional effects model B (SE) 95% CI P B (SE) 95% CI p B (SE) 95% CI P

RSQ-Anxiety
Intercept 0.06 (0.10) [—0.14,0.27] <.001 0.08 (0.14) [-0.19, 0.35] <.001 0.08 (0.12) [-0.16, 0.32] <.001
WAI Between —0.11 (0.10) [—0.31, 0.08] 25 —0.20(0.13) [—0.47,0.06] .14 —0.20(0.12) [—0.43,0.03] .09
WAI Within, —0.22 (0.07) [-0.35, -0.08] <.001 —0.25(0.06) [-0.36, —0.14] <.001 —0.12(0.05) [-0.22, -0.02] <.05
Anxiety Between 0.25 (0.10) [0.05, 0.44] <.01 0.13 (0.14) [—0.14, 0.40] 34 0.37 (0.12)  [0.14, 0.60] <.001
WAI Within, X Anxiety Between —0.06 (0.04) [—0.14, 0.03] 18 —0.04 (0.04) [—0.11,0.04] 31 —0.11(0.03) [-0.17, —0.04] <.001
Marginal R*/Conditional R 0.154/0.403 0.116/0.672 0.249/0.697

iy
Intercept 0.06 (0.11) [—0.16,0.28]  <.001  0.04 (0.14) [-0.23,0.32] <.001  0.05(0.12) [-0.19,0.28]  <.001
WALI Between —0.07 (0.11) [-0.29,0.14] 51 —0.24 (0.14) [-0.51, 0.04] 10 —0.16 (0.12)  [-0.39, 0.08] .20
WAI Within, —0.23 (0.07) [-0.36, —0.10] <.001 —0.27(0.05) [—0.37,—-0.16] <.001 —0.15(0.05) [—0.25, —0.05] <.001
IIP Between 0.26 (0.11)  [0.05, 0.47] <.05 0.30 (0.13)  [0.04, 0.55] <.05 0.43 (0.11) [0.21, 0.65] <.001
WAI Within, X TIP Between ~0.05 (0.06) [—0.18,0.07] 43 —0.04(0.05) [—0.14,0.06] 43 —0.15(0.05) [-0.24, —0.06] <.001
Marginal R?/Conditional R* 0.142/0.426 0.125/0.670 0.125/0.666

Note.

HAMA = Hamilton Anxiety Scale; ACQ = Agoraphobic Cognitions Questionnaire; BDI = Beck Depression Inventory; CI = confidence interval;

RSQ = Relationship Scales Questionnaire; WAI = Working Alliance Inventory—Patient; IIP = Inventory of Interpersonal Problems. Between-patient mod-

erators are grand mean centered.
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predict higher alliances/lower symptoms later (Fliickiger, Rubel, et
al., 2020; Gidhagen et al., 2020). Moreover, in our study, it appears
that this temporal relationship is found by investigating intervals of
several months rather than weeks/sessions including follow-up
assessments. The impact of the “state-like” aspect of alliance on
therapy outcome suggests that alliance is therapeutic in itself, which
is in line with previous studies (Zilcha-Mano, 2017). However, the
ability to form a bond is probably not sufficient to induce change
by itself but might enable the use of effective aspects of treatment
(Zilcha-Mano, 2017). Findings show for example that the therapeu-
tic relationship seems to be an essential tool for promoting treat-
ment adherence in ET (Buchholz & Abramowitz, 2020).

Importantly, the effect of alliance increase on subsequent
depressive symptom levels was found to be moderated by individ-
uals’ general level of anxious attachment and ID, with patients
less anxiously, hence more securely attached, and with lower inter-
personal problems benefiting less from alliance increase, which is
in line with previous research (Gémez Penedo et al., 2020). It is
plausible that patients with negative self-representations and inter-
personal distress, who likely rely more on others as a safe base,
benefit more from a comforting and encouraging bond than self-
sufficient and socially well-adjusted individuals. The effect partic-
ularly on depressive symptoms makes sense, as the BDI measures
a lot of cognitive aspects relating to negative self-representations.
This concurs with our hypothesis that in anxiously attached
patients, who overcome their fear and probably gain a feeling of
control and confidence, promoted by a growing therapeutic alli-
ance, a reduction in symptom severity may be facilitated.

Limitations

One limitation in our study is the relatively small and, because of
the dropouts, decreased sample size at follow-up assessments.
Therefore, we had no potential to test for between-group or interac-
tion effects (e.g., categorical AS). The results are limited in infer-
ring causal associations, but temporality can be established and thus
are indicative of possible causal pathways. Due to the lack of
patients for a waiting control group and of a control group because
of ethical reasons, conclusions that the results are exceptional to
CBT or merely the effect of time or common process factors across
therapies are limited. Furthermore, although therapists received fre-
quent supervision from an expert, no adherence ratings were admin-
istered. Moreover, although we asked for important life events or
additional therapy since the end of therapy, we could not fully con-
trol in the follow-up for subsequent psychotherapy or environmen-
tal influences (e.g., separation or death of a relative) on AS
development. Nevertheless, as the change of AS occurred during
main therapy and remained stable afterward, we may assume that
this change was due to treatment and influences afterward had no
significant effect. The question whether the disorder changed the
AS just temporarily or if attachment status reflects merely current
impaired functioning affected by symptoms cannot be answered
with our study design because the follow-up was restricted to 8
months after therapy and we had no information about the AS
before the onset of the AD. For that, longitudinal and controlled
cohort studies are needed. Additionally, the measurement schedule
precluded us from using other methods of disentangling BP and
WP effects, such as testing prediction from session to session.
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Conclusion and Future Directions

In conclusion, an insecure AS, specifically anxious attachment,
and ID may be effectively and enduringly improved by a standar-
dized exposure based short-term CBT, which is not aimed to influ-
ence the quality of the relationship directly. Hence, at least for
anxious attachment, it seems not necessary to target the AS
directly or overtly identify, clarify, and restructure the attachment
orientation, but it seems to be sufficient to target overcoming
one’s fear, which is the focus of ET. For other affective and anxi-
ety disorders, we assume that similar mechanisms of CBT may
apply in improving attachment security. However, improvement in
anxious attachment seems to be reciprocally related with alliance
increase. Alliance also seems to be an important factor in improv-
ing ID. Importantly, generally more anxiously attached and inter-
personally distressed patients seem to benefit more from a stronger
alliance regarding depressive symptoms. Thus, recommendations
for clinical practice would be to monitor AS and ID as risk factors
for symptom severity and to specifically target the alliance in pre-
occupied and interpersonally despaired patients.

Probable mechanisms of action for improvement of AS and for
the maintenance of treatment gains like enhancing self-efficacy and
self-esteem through changes in behavior or modifying negative self-
representations, reducing anxiety sensitivity, promoting emotion reg-
ulation and reflective function seem promising (Buchholz & Abra-
mowitz, 2020; Mikulincer & Shaver, 2012, 2019; Nielsen et al.,
2017; Zalaznik et al., 2019) and should be investigated in further
studies. We would recommend assessing AS more frequently over
the course of therapy and with longer follow-up intervals after ther-
apy. It would be interesting to determine in what phase of ET the
attachment representations change: for example, as early as after
interoceptive exposure, after accompanied exposure in vivo, or after
succeeding exposure alone. Our study is contributing to the very lim-
ited research on AS in AD treated with CBT as well as disaggrega-
tion of WP and BP effects and supports the independence and
disentangling of the “state-like” and “trait-like” aspects in the future.
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