
Endogenous in-session cortisol during exposure therapy 
predicts symptom improvement: Preliminary results from a 
scopolamine-augmentation trial

Kate R. Kuhlman1,2,3, Michael Treanor4, Gabriella Imbriano5, Michelle G. Craske4,6

1Department of Psychological Science, University of California Irvine, Irvine, CA 92697

2Cousins Center for Psychoneuroimmunology, Semel Institute for Neuroscience and Human 
Behavior, University of California Los Angeles, Los Angeles, CA 90095

3Institute for Interdisciplinary Salivary Bioscience, University of California Irvine, Irvine, CA 92697

4Semel Institute for Neuroscience and Human Behavior, University of California Los Angeles, Los 
Angeles, CA 90095

5Department of Psychology, Stony Brook University, Stony Brook, NY 11794

6Department of Psychology, University of California Los Angeles, Los Angeles, CA 90095

Abstract

The purpose of this study was to explore whether individual differences in glucocorticoid 

concentrations were associated with symptom improvement following exposure therapy for 

patients with social anxiety disorder. To do this, 60 participants with social anxiety disorder 

completed a randomized-controlled trial of exposure therapy, where participants were randomized 

to receive scopolamine-augmentation or placebo during their 7 exposure sessions. Scopolamine is 

an antimuscarinic which blocks the effects of acetylcholine and reduces autonomic arousal. 

During sessions 1, 4, 7, and during the post-treatment extinction assessment, participants provided 

up to 16 saliva samples (4 in each session). Pre-treatment, post-treatment, and at 1-month follow-

up, participants completed the Liebowitz Social Anxiety Scale to monitor change in fear and 

avoidance symptoms. Elevated endogenous in-session cortisol during exposure sessions was 

associated with less symptom improvement from pre- to post-treatment and at 1-month follow-up. 

The association between elevated endogenous in-session cortisol and attenuated symptom change 

was not moderated by scopolamine treatment condition. Individuals with social anxiety disorder 

who have elevated neuroendocrine signaling may under-benefit from exposure therapy. This is the 

first study, to our knowledge, to examine whether endogenous in-session cortisol concentrations 

predict symptom changes following exposure therapy for the treatment of social anxiety disorder. 
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More investigation of non-invasive and reliable biological markers that explain variability in 

responses to effective treatments are needed.

1.0 Introduction

Social anxiety disorder is characterized by intense and persistent fear of social or 

performance situations when exposed to unfamiliar people or potential scrutiny by others 

(American Psychiatric Association, 2013; World Health Organization, 1992). Social anxiety 

disorder is common; affecting approximately 13% of the population (Bandelow and 

Michaelis, 2015; Kessler et al., 2012; Merikangas et al., 2010). The prevalence of social 

anxiety disorder contributes significantly to the global burden of disease, such that 35% of 

men and 41% of women with the disorder report their symptoms to be “severely disabling” 

(Kessler et al., 2009). There are several efficacious treatments for social anxiety disorder. 

Among them, exposure therapy has emerged as a highly effective treatment, with large effect 

sizes relative to waitlist control as well as other established pharmacological and 

psychological treatments (Acarturk et al., 2009; Feske & Chambless, 1995; Mayo-Wilson et 

al., 2014; Stewart & Chambless, 2009). Yet, there remain individual differences in the 

efficacy of exposure therapy for social anxiety disorder, resulting in a clinically significant 

response rate of approximately 50% (Loerinc et al., 2015). In the present study, we explored 

whether endogenous glucocorticoid concentrations as measured by a common biomarker, 

salivary cortisol, identified individuals for whom exposure therapy was more or less 

effective.

Biomarkers may be critical for precision medicine, which seeks to identify which 

individuals benefit from which interventions (Insel, 2014). Salivary biomarkers are of 

particular interest due to their cost-benefit profile (Kuhlman and Mousavi, in press). Yet, 

only a few studies to date have explored functioning of the HPA axis via salivary cortisol as 

a predictor of response to exposure therapy for anxiety disorders, with none in social anxiety 

disorder. As of 2017, only six studies had explored whether individual differences in tonic or 

resting cortisol predict treatment responses for individuals with any anxiety disorder 

(Fischer and Cleare, 2017). When subjected to meta-analysis, this small number of studies 

did not support a reliable, aggregated association between tonic cortisol at pre-treatment or 

during treatment sessions and symptom reductions (Fischer and Cleare, 2017). Notably, the 

studies included in this meta-analysis were heterogeneous in both the clinical sample and the 

psychological treatment administered, and only one study even included participants with 

social anxiety disorder (Dierckx et al., 2012). In their pediatric sample, Dierckx and 

colleagues (2012) found that treatment responders and non-responders did not differ in 

diurnal cortisol indices prior to treatment. However, non-response was associated with an 

increase in total diurnal cortisol (AUCg) and a decrease in the cortisol awakening response 

from baseline to the 1-year follow-up assessment (Dierckx et al., 2012). Further, only four of 

the six studies used some form of exposure therapy as their intervention (Gaab et al., 2005; 

Lass-Hennemann & Michael, 2014; Meuret et al., 2015; Siegmund et al., 2011). Since this 

meta-analysis was published, Rauch and colleagues (2017) conducted a randomized-

controlled trial (RCT) testing the effectiveness of prolonged exposure compared with 

present-centered therapy in 30 veterans with post-traumatic stress disorder. Using salivary 
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cortisol collected three times across three treatment sessions, patients with a low response to 

treatment exhibited increases in cortisol reactivity across sessions compared with treatment 

responders (Rauch et al., 2017). Conceivably, individuals with social anxiety disorder with 

elevated cortisol or cortisol reactivity may also experience less symptom improvement 

following exposure therapy. Indeed, activation of the HPA axis via acute stress has been 

shown to impair extinction retrieval (Raio et al., 2014).

The purpose of this study was to examine whether glucocorticoid concentrations during 

exposure treatment, as measured by salivary cortisol, differentially predicted symptom 

reductions following exposure therapy among individuals with social anxiety disorder. We 

did this in a secondary analysis of salivary cortisol collected during a RCT for social anxiety 

disorder where participants were randomized to either receive exposure therapy alone or 

exposure therapy augmented by scopolamine. We hypothesized that individuals with 

elevated cortisol throughout their exposure treatments would report less symptom 

improvement relative to other participants.

There are complexities inherent to the interpretation of glucocorticoid concentrations during 

exposure therapy. Extinction learning is a purported key mechanism of exposure therapy, 

involving updating of excitatory conditioned stimulus (CS) – unconditioned stimulus (US) 

associations in memory (e.g., neutral facial expression – rejection) through the development 

of inhibitory CS-no US associations (neutral facial expression – no rejection), leading to 

extinction of the conditional fear response (Craske et al., 2019, 2014). The experience of 

fear involves a complex neurophysiological system that typically includes activation of the 

autonomic nervous system and the HPA axis (Charney & Deutch, 1996; Phelps & LeDoux, 

2005; Shin & Liberzon, 2010). Activation of both of these systems increases circulation of 

catecholamines (e.g., norepinephrine) and glucocorticoids (e.g., cortisol in humans), 

respectively, which influence learning and memory (Schwabe et al., 2012). Indeed, both 

exogenous and endogenous glucocorticoids have been linked to reduced subjective fear 

during single phobic exposures (Soravia et al., 2006), norepinephrine and glucocorticoids 

have both been shown to enhance extinction at multiple levels of analysis (Singewald et al., 

2015), and the effect of glucocorticoids on memory may depend upon the presence of 

norepinephrine (Roozendaal et al., 2006). Thus, the role of individual differences in 

endogenous cortisol concentrations during exposure therapy may be confounded by 

individual differences in autonomic nervous system activation occurring simultaneously.

Disentangling HPA from autonomic processes during exposure therapy can be accomplished 

pharmacologically. The drug scopolamine results in decreased autonomic nervous system 

activation (Liem-Moolenaar et al., 2011). This occurs because scopolamine antagonizes the 

excitatory effect of acetylcholine on norepinephrine neurons in the locus coeruleus (Engberg 

& Svensson, 1980). Data from the present RCT has shown that augmentation of exposure 

therapy with scopolamine causes reduced skin conductance (an index of sympathetic 

nervous system activation) during exposure sessions (Craske et al., 2019). Indeed, 

scopolamine has been proposed as a promising adjunct to exposure therapy because it can 

impede context-based learning (Luyten et al., 2017; Zelikowsky et al., 2013), thus reducing 

contextually-based return of fear and therefore relapse (Craske et al., 2019). Specifically, 

scopolamine blocks the effects of acetylcholine on muscarinic receptors within the 
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hippocampus, which may impede contextual encoding of extinction learning (Zelikowsky et 

al., 2013), as well as inhibitory feedback of the HPA axis (Bhatnagar et al., 1997; Smythe et 

al., 1998). Comparing the association between in-session cortisol concentrations and 

symptom improvement when treatment was conducted with versus without scopolamine 

may elucidate the unique role of neuroendocrine signaling in exposure therapy through fear 

extinction. Thus, we also explored whether augmentation of exposure therapy with 

scopolamine would moderate the association between endogenous cortisol and symptom 

improvement.

2.0 Methods

2.1 Participants

Participants in this study were 60 individuals (58.3% female) with social anxiety disorder 

recruited for a clinical trial testing the efficacy of scopolamine-augmentation of exposure 

therapy. In order to be eligible for the trial, participants needed clinically severe symptoms 

(represented by diagnosis with a clinical severity rating > 3 on 0–8 point scale) and a score > 

6 on a 0–8 scale of self-reported fear of public speaking. Participants were excluded from 

the study if they had bipolar disorder, symptoms of psychosis, currently smoked, had any 

medical conditions contraindicated by scopolamine, or tested positive for opiate or THC use 

in a urine drug screen.

2.2.1 Procedures—All study procedures were approved by the UCLA Institutional 

Review Board. This study was a double-blind, randomized controlled trial designed to assess 

the efficacy of scopolamine-augmentation of exposure therapy for social anxiety disorder 

(NCT01900301). Participants were recruited via public announcements (e.g., flyers at local 

colleges and Universities) and referrals to the UCLA Anxiety and Depression Research 

Center. All participants provided written, informed consent, and were assessed for social 

anxiety disorder via the Anxiety Disorders Interview Schedule for DSM-5 (ADIS-5) (Brown 

& Barlow, 2014). Eligible participants were then randomized to receive either .5 mg of 

scopolamine (n = 19), .6 mg of scopolamine (n = 20), or placebo (n = 21) intranasally at the 

start of their exposure sessions. Exposure therapy was administered via virtual reality, which 

demonstrates comparable effectiveness for social anxiety disorder relative to in-vivo 

exposure (Carl et al., 2019; Opriş et al., 2012; Powers & Emmelkamp, 2008). Therapy 

included 7 sessions, twice per week. During each exposure session, participants completed 

seven virtual reality speech tasks, each lasting 1-minute. Participants returned to the 

laboratory for an extinction test, as well as a test of context renewal, within 1-week of their 

final session. Participants also returned for a 1-month follow-up assessment which included 

symptom measures and a long-term extinction test. For more details on the sample and study 

procedures see Craske et al. (2019).

2.2.2 Measures

2.2.2.1 Endogenous cortisol: Cortisol concentrations were measured in saliva four times 

across exposure sessions 1, 4, 7, and during the post-treatment extinction assessment. 

Participants provided saliva samples 4 times throughout each session using absorbent cotton 

placed between their gum and cheek for 2 minutes and collected into a sterile salivette. Each 
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sample was collected 30–45 minutes apart: immediately after initial arrival questionnaires 

and VR set-up, +30 after scopolamine/placebo administration/immediately before the 1st 

exposure trial, immediately after the 7th exposure trial, and +30 minutes after the end of 

their 7th exposure trial. Saliva samples during the post-treatment extinction test occurred 

upon arrival, 20 minutes after the first VR speech, 20 minutes after the second VR speech, 

and a final sample 20 minutes later. The first and second VR speech were extinction retest 

and context renewal counterbalanced across participants. Salivettes were stored at −20 

degrees Celsius until assay for batch processing. Saliva samples were assayed for cortisol 

concentrations at the UCI Institute for Interdisciplinary Salivary Bioscience (https://

iisbr.uci.edu/). Cortisol was assayed via ELISA using a commercially available enzyme 

immunoassay kit (Salimetrics, Inc.). The range of detection for the assay was 0.007 – 3.00 

μg/dl. A subsample (15%) was assayed in duplicate and the inter-assay CV was 3.17%.

2.2.2.2 Social anxiety symptoms: Participants reported symptoms of social anxiety using 

the Liebowitz Social Anxiety Scale (LSAS) (Liebowitz, 1987) at pre-treatment, post-

treatment, and at 1-month follow-up. The LSAS includes 24 situations such as “Going to a 

party” and “Speaking up at a meeting.” Participants were asked to indicate the degree to 

which they fear each situation according to a 4-point Likert scale where 0 = none and 3 = 

severe. Participants also responded with the frequency with which they avoid each situation 

where 0 = never and 3 = usually. Responses to each item were summed to create a total fear 

subscore and a total avoidance subscore which were used as our primary outcomes. Total 

fear and avoidance subscores can range from 0 to 72. Total scores greater than 30 were used 

to differentiate individuals with social anxiety disorder (Mennin et al., 2002; Rytwinski et 

al., 2009). The LSAS and its subscales demonstrate excellent internal reliability (Heimberg 

et al., 1999), and the internal reliably of the total score, total fear, and total avoidance scores 

were all excellent in this sample as well, αs ≥ .93.

2.3 Data analysis

All continuous variables were assessed for normality and heteroscedasticity and, with the 

exception of cortisol concentrations, were found to be sufficiently normally distributed to 

subject to multivariate analyses. Of a total 960 possible samples, 869 (90.5%) were collected 

and sent for assay. Of the 91 missing samples, 40 (44.0%) were missing because 10 

participants missed their 7th session, 16 (17.6%) were missing due to protocol errors, and the 

remaining 35 (38.5%) were missing for other reasons. Among the assayed samples, 45 

(5.2%) were flagged for quality control (e.g., low volume, discoloration, contamination) but 

did not result in any notably unusual values or influence our analyses, and 2 samples 

returned a value below the limit of detection for the assay and replaced with half of the 

detection limit, or 0.0035 μg/dl. Raw salivary cortisol concentrations were skewed and 

highly kurtotic, MCortisol = 0.17, SDCortisol = 0.32, skewness = 11.69, kurtosis = 175.69. 

Extreme values (n = 9) were winsorized to 3 SDs from the mean which improved the 

distribution of the variable but did not bring kurtosis within an acceptable range, MCortisol = 

0.16, SDCortisol = 0.15, skewness = 3.30, kurtosis = 14.55. Cortisol concentrations were then 

transformed using the natural log (ln) transformation, MCortisol = 0.14, SDCortisol = 0.11, 

skewness = 2.50, kurtosis = 8.56. Endogenous in-session cortisol was computed by 

averaging all cortisol concentrations collected within a therapy session.
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There were no significant differences between individuals in the scopolamine-augmentation 

and placebo conditions on any study variables or covariates, all ps > .35. There were no 

significant differences between male and female participants in social anxiety symptoms 

throughout the study, all ps > .24, nor were there sex differences in the number of saliva 

samples that contributed to the endogenous cortisol estimations, p = .37. Male and female 

participants did not differ in endogenous cortisol at session 1, p = .90, or session 4, p = .12, 

however female participants had non-significantly higher average endogenous cortisol 

during their final exposure therapy session (session 7), F(1,47) = 2.88, p = .097, and at the 

post-treatment extinction visit, F(1,57) = 3.82, p = .055. Therapy sessions took place 

throughout the business day and therefore saliva samples occurred between 8:04 am and 

5:14 pm, MCollection Time = 12:24 pm (SDCollection Time=2:11). Higher cortisol concentrations 

were observed at sessions occurring earlier in the day, r = −.35, p < .001. As a result of these 

apparent and potential differences, sex, BMI, the number of saliva samples a participant 

provided during the trial, and the average collection time within each session were included 

as key covariates.

All hypotheses were tested separately for Total Avoidance and Total Fear subscales on the 

LSAS. We used linear mixed models with an unstructured covariance matrix, maximum 

likelihood estimation, and random effects for the intercept (symptoms at baseline) and slope 

(change in symptoms over time). These models consistent of two-levels, individual and 

session. Sessions (1, 4, 7, and post-treatment/1-month follow-up) were nested within 

participants, enabling symptoms to be modeled as a function of time (session), endogenous 

cortisol (session), treatment condition (scopolamine vs placebo; person), their interaction 

(cross-level), and our covariates. Scopolamine treatment conditions .5 mg and .6 mg were 

combined into one scopolamine condition because we had no hypotheses specific to dose. 

Coefficients with a p < .05 were considered significant.

3.0 Results

Table 1 displays descriptive statistics for all key study variables and bivariate correlations 

between them. Cortisol concentrations declined across sessions 1, 4, and post-treatment, 

session 1 F(3, 48) = 2.64, p = .06 and session 4 F(3, 59) = 6.88, p < .001 and post-treatment 

F(3, 53) = 3.72, p = .017, but did not change across session 7, F(3, 48) = 1.53, p = .22. On 

average, participants demonstrated a 51.6% increase in cortisol from arrival to the end of 

their 7th exposure trial in session 1, a 12.5% increase in session 4, a 5.5% decrease in session 

7, and 22.3% increase at post-treatment. These within session increases in cortisol were 

driven by a minority of participants, such that within any given session ≤ 33.1% of 

participants exhibited a 20% increase in cortisol or greater from pre- to post-exposure trials. 

Importantly, individuals in the scopolamine-augmentation condition were more likely to 

exhibit at least a 20% increase in cortisol within the session, Session 1 d = .29, p = .08, 

Session 4 d = .32, p = .007, and Session 7 d = .22, p = .05. Controlling for the timing of the 

session, endogenous in-session cortisol did not change significantly across the trial, 

exposure only b = .016 (SE = .018), p = .37 and exposure with scopolamine-augmentation b 
= .013 (SE = .021), p = .55. See Figure 1 for raw cortisol concentrations across each 

exposure session.
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Social anxiety symptoms decreased across the trial from pre- to post-treatment, Cohen’s d = 

1.06, and from pre-treatment to 1-month follow-up, Cohen’s d = 1.09. Specifically, LSAS 

scores declined from 40.09 ± 14.18 at pre-treatment to 25.52 ± 13.21 at post-treatment and 

remained below the clinical cut-off (LSAS = 30) at the 1-month follow-up, 24.82 ± 13.93. In 

our multilevel model, time accounted for 50.9% of variance in total fear symptoms (AIC = 

599.64 vs 1,220.43) and, on average, fear symptoms declined by two points on the total fear 

scale each session, b = −2.26, SE = .32, p < .001. Time accounted for 50.4% of variance in 

total avoidance symptoms (AIC = 614.05 vs 1,238.76) and, on average, avoidance symptoms 

declined by two points on the total avoidance scale each session, b = −2.32, SE = .33, p 
< .001.

Higher concentrations of cortisol during exposure sessions were associated with less 

symptom improvement. Individuals with below average in-session cortisol in our sample 

showed an average decrease in total fear symptoms of 17.33 (SD = 1.13) and an average 

decrease in total avoidance symptoms of 15.52 (SD=1.50) from Session 1 to post-treatment. 

Individuals with above average in-session cortisol in our sample showed an average decrease 

in total fear symptoms of 14.04 (SD = 0.8) and an average decrease in total avoidance 

symptoms of 13.55 (SD = 0.46). This corresponds to large effect sizes for in-session cortisol 

on change in fear, d = 3.27 95%CI[2.29, 4.25], and change in avoidance, d = 1.66 

95%CI[0.92, 2.41]. With the current sample, the study had greater than 95% power to detect 

this association at 95% reliability.

When cortisol was added to the multi-level model of total fear symptoms, higher 

endogenous cortisol was not associated with any differences in symptoms at treatment onset, 

b = −2.46, SE = 2.27, p = .28, but was associated with less symptom decline over time, b = 

1.38, SE = .42, p = .002. Similarly, when cortisol was added to the model of total avoidance 

symptoms, higher endogenous cortisol was not associated with any differences in symptoms 

at treatment onset, b = −1.53, SE = 2.84, p = .59, but was associated with less symptom 

decline over time, b = 1.40, SE = .53, p = .011. These patterns did not change when 

adjusting for key covariates, such as female sex, BMI, the number of samples a participant 

contributed to their cortisol estimations, and sample collection times. Table 2 provides 

model fit parameters and coefficient estimates for social anxiety symptoms across treatment 

and follow-up as a function of endogenous cortisol and adjusted for key covariates. Figure 2 

illustrates changes in social anxiety symptoms over time as a function of endogenous in-

session cortisol.

The association between endogenous cortisol during exposure sessions and symptom 

changes across the trial was not moderated by treatment condition. For total fear symptoms, 

there was no significant interaction between endogenous in-session cortisol and scopolamine 

condition at treatment onset, b = 7.06, SE = 4.63, p = .14, nor on symptom change over time, 

b = −1.46, SE = 1.13, p = .20. The results were similar for total avoidance symptoms, such 

that there was no significant interaction between endogenous in-session cortisol and 

scopolamine-augmentation of exposure treatment at treatment onset, b = 7.90, SE = 4.78, p 
= .10, nor on symptom change over time, b = −1.06, SE = 1.03, p = .31.
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4.0 Discussion

To our knowledge, this was the first study to examine endogenous cortisol as a predictor of 

symptom improvement among individuals undergoing exposure therapy for social anxiety 

disorder. Elevated endogenous cortisol during exposure sessions was associated with less 

symptom improvement relative to participants with average or low in-session cortisol. 

Further, the association between cortisol during treatment and symptom improvement was 

independent of scopolamine-augmentation. Endogenous in-session cortisol during exposure 

therapy may be a useful biomarker for identifying individuals for whom exposure therapy is 

likely to be effective.

Participants with elevated endogenous in-session cortisol exhibited less symptom 

improvement at post-treatment and 1-month follow-up. This was partially consistent with a 

previous trial of prolonged exposure for veterans with posttraumatic stress disorder for 

whom a pattern of increasing in-session cortisol reactivity across treatment predicted 

treatment non-response (Rauch et al., 2017), as well as a study of youth for whom elevated 

diurnal cortisol was linked to persistence of anxiety symptoms following treatment (Dierckx 

et al., 2012). There are several ways in which elevated in-session cortisol may interfere with 

exposure therapy. For example, individuals with a propensity for elevated endogenous 

cortisol may form more intractable fear-related memories. Indeed, youth with an elevated 

cortisol awakening response are at greater risk for developing social anxiety disorder (Adam 

et al., 2014). Fear memories formed under high concentrations of glucocorticoids are also 

resistant to subsequent extinction (Chakraborty & Chattarji, 2019) possibly due to 

alterations in synaptic plasticity in the amygdala and hippocampus (Goldwater et al., 2009; 

Vyas et al., 2002). Elevated endogenous cortisol during exposure sessions may also interfere 

with extinction learning. Increases in glucocorticoids (either through exogenous 

administration or as a result of acute stress) can impair the retrieval of emotional memories 

(de Quervain et al., 2019). Extinction learning depends on a discrepancy between the 

expected and actual outcome (Rescorla & Wagner, 1972). In social anxiety disorder, 

extinction learning results from a discrepancy between the expectation of rejection when 

engaging in social interaction and the non-occurrence of the aversive outcome. 

Glucocorticoid-impaired retrieval of emotional memories may lead to less expectation of the 

unconditioned stimulus (rejection) and impair the acquisition of extinction learning. 

Elevated cortisol may also impair extinction retrieval once acquired. Indeed, acute stress-

related activation of the HPA axis is associated with impaired retrieval of extinction (fear 

recovery) (Raio et al., 2014). That being said, future studies are needed to address the 

possibility that HPA axis activity during exposure sessions was increasing as a result of poor 

responses to treatment. The timing of our symptom and cortisol measures did not enable us 

to test the potential bidirectional nature of these observations.

The present findings add to a small and inconsistent literature linking neuroendocrine 

functioning to treatment outcomes. Much of this equivocal evidence can be clarified by 

carefully examining the neuroendocrine index used in each study. Functioning of the HPA 

axis can be indexed in a number of ways, such as through the cortisol awakening response 

(Clow et al., 2010; Wüst et al., 2000), diurnal decline in cortisol across the day (Adam et al., 

2017), acute reactivity to an exogenous challenge (Dickerson and Kemeny, 2004), and trait 
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cortisol concentrations (Doane et al., 2015). Each of these indices represents unique 

underlying neurophysiology and has been linked to differentiated psychosocial experiences 

and health outcomes (cf. Kuhlman et al., 2016, 2015; Vrshek-Schallhorn et al., 2013). 

Specifically, the cortisol awakening response has been linked to the capacity for the HPA 

axis to respond to the environment, in part because this index increases with greater daily 

demands and stressors (Adam et al., 2006; Clow et al., 2010; Wüst et al., 2000). The 

capacity for the HPA axis to respond to the environment has been linked to better treatment 

outcomes for exposure therapy. For example, individuals undergoing exposure therapy for 

panic disorder exhibit higher cortisol awakening responses on exposure days compared to 

mornings on days without exposure, and larger cortisol awakening responses on exposure 

days predicted better responses to treatment (Meuret et al., 2015). Further, exposure therapy 

for spider phobia was found to be more effective in the morning than the evening because 

endogenous cortisol concentrations are higher earlier in the day (Lass-Hennemann & 

Michael, 2014). In both studies, the indices of higher cortisol concentrations may indicate 

the capacity for the HPA axis to respond to the environment, rather than persistently elevated 

concentrations.

In contrast, the measure of cortisol in this study is unlikely to represent reactivity of the HPA 

axis to exposures. While there was heterogeneity in HPA axis function during exposure 

sessions, less than one third of our sample exhibited at least a 20% increase in cortisol in any 

given exposure session, and cortisol values declined on average throughout the sessions, if 

they showed any change at all. Further, subjective reports of fear via SUDS ratings were not 

related to in-session cortisol concentrations, and autonomic inhibition via scopolamine-

augmentation did not moderate our findings. This last observation is particularly important 

given that in-session HPA reactivity disproportionately occurred in the scopolamine-

augmentation condition. Scopolamine is known to impair inhibitory feedback of the HPA 

axis (Bhatnagar et al., 1997; Smythe et al., 1998), thus leading to higher glucocorticoid 

exposure throughout the session independent of acute activation. Thus, for the vast majority 

of our participants, endogenous in-session cortisol likely represents tonic HPA axis 

regulation.

At first glance, our finding of an inverse association between cortisol and symptom 

improvement is contrary to a dominant theory in the field. Indeed, there is strong 

experimental evidence that glucocorticoids actually enhance extinction learning (Bentz et 

al., 2010; Singewald et al., 2015), thus leading many to hypothesize that elevated cortisol 

during exposure therapy may predict better treatment responses. However, acute versus 

sustained elevations in glucocorticoids likely exert different effects on cognition and its 

underlying neurocircuitry (Hermans et al., 2014). Specifically, acute increases in 

catecholamines and glucocorticoids exert short-term and non-genomic influences on 

cognitive systems via the salience network, while sustained elevations in glucocorticoids 

lead to genomic effects, particularly within the executive control system, and predominantly 

occur after the catecholamine response has terminated (Hermans et al., 2014). Taken 

together, more attention to the underlying neurobiology represented by each HPA axis index 

is needed to better characterize neuroendocrine predictors of treatment response to exposure 

therapy. Indices that represent the capacity for the HPA axis to respond to the environment 

may be more likely to predict better responses to exposure therapy while cortisol indices that 
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represent chronically elevated cortisol with little variation over time may predict poorer 

responses. Post hoc analyses showed that individuals in our sample who exhibited at least a 

20% increase in cortisol during any of our sessions did not differ in their change in 

symptoms from pre- to post-treatment. However, given the low rate of observable cortisol 

reactivity to exposure sessions in our sample and other study design characteristics (e.g., 

lack of a no treatment control), this question warrants further investigation in a study 

designed for this specific purpose.

The results of this study should be considered in the context of several limitations. First, the 

observations in this study cannot yet be used for precision medicine. In order for an index of 

HPA axis functioning to have utility in precision medicine, it would need to be assessed 

prior to treatment selection and delivery. However, in this study persistent elevations in 

cortisol across treatment sessions predicted less symptom improvement. Ongoing efforts to 

characterize the underlying neurobiology of different cortisol indices (e.g., Abelson et al., 

2019; Deuschle et al., 1998b, 1998a), such as elevated in-session cortisol, will be helpful in 

identifying pre-treatment assessments that will serve the goals of precision medicine. 

Second, our results can only conclude that individuals with high endogenous in-session 

cortisol benefitted less from exposure therapy relative to individuals with average or below 

average in-session cortisol. The present trial was designed to test the effectiveness of 

scopolamine-augmentation for exposure therapy and therefore all participants received 

treatment. Assessment of both symptoms and endogenous cortisol in a no-treatment control 

group would help to clarify whether individuals with high endogenous in-session cortisol 

benefited from exposure relative to those who did not receive any treatment. Similarly, 

future studies of this nature would benefit from having endogenous cortisol concentrations 

from participants outside of the exposure therapy context. Third, our participants varied in 

the number of saliva samples provided during their exposure treatment. As a result, AUC 

could only have been computed for a small subset of participants (n = 27). We chose to 

maximize the data available for these analyses by using average cortisol concentrations 

during each session as the individual neuroendocrine signaling index. All analyses were 

adjusted for the number of samples each participant contributed to the study, however 

estimates of endogenous in-session cortisol for individuals with missing data are still likely 

to be less reliable than those computed from complete data.

There are several highly effective treatments for social anxiety disorder. Biomarkers such as 

salivary cortisol may be useful, cost-effective, and informative measures of individual 

differences in complex neurophysiology that can be used to optimize mental health services. 

Functioning of the HPA axis has long been implicated in the pathophysiology of anxiety 

disorders (Charney & Deutch, 1996; Owens & Nemeroff, 1993; Pine, 1999; Shin & 

Liberzon, 2010), including social anxiety disorder (Dieleman et al., 2015), and has also been 

identified as a mechanism through which exposure therapy is effective (Bentz et al., 2010). 

This study adds to a growing field of salivary predictors of treatment responses. Elevated in-

session cortisol concentrations during exposure therapy predicted poorer symptom 

improvement in individuals with social anxiety disorder. The results of this study could be 

extended by identifying treatments for social anxiety disorder which disproportionately 

benefit individuals with elevated in-session cortisol concentrations.
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Highlights

• Exposure therapy was less effective for individuals with high in-session 

cortisol

• Inhibition of autonomic activation during exposure sessions did not alter the 

link between cortisol and symptom change

• A more sensitive, pre-treatment measure of individual differences in 

glucocorticoid regulation is needed
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Figure 1. 
Endogenous in-session cortisol across exposure therapy sessions 1 (a), 4 (b), 7 (c), and at 

post-treatment (d)
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Figure 2. 
Estimated social anxiety symptoms of a) fear and b) avoidance during and after exposure 

therapy as a function of endogenous in-session cortisol during treatment sessions
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Table 1.

Descriptive statistics and zero-order correlations between all study variables

M (SD) Correlations

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.

In-session cortisol

1. Session 1 0.16 (0.17) 1.00

2. Session 4 0.13 (0.08) .45** 1.00

3. Session 7 0.22 (0.50) .34* .40** 1.00

4. Post-treatment 
extinction

0.17 (0.19) .44** .44** .56*** 1.00

Social anxiety 
symptoms (LSAS)

Total Fear

5. Pre-treatment 40.66 (13.69) −.15 −.07 −.13 .14 1.00

6. Post-treatment 25.74 (12.00) .09 .14
.29

+ .34* .50*** 1.00

7. 1-month follow-up 24.18 (12.41) .28 .18 .41* .19 .40 .86*** 1.00

Total Avoidance

8. Pre-treatment 39.43 (15.32) −.07 .07 −.07 .25 .88*** .45** .38* 1.00

9. Post-treatment 24.28 (12.23) .10 .13 .38* .35* .45** .86*** .71*** .53*** 1.00

10. 1-month follow-up 22.30 (11.93)
.30

+ .18 .49*
.32

+ .30 .74*** .87*** .40* .76*** 1.00

Key covariates

11. BMI 24.37 (4.82) .12 .13 −.01 .002 .34* .12 .04 .38* .17 .06 1.00

12. Number of samples 
contributed

14.71 (1.47) −.09 −.02 .11 −.16 −.02 .09 −.06 −.01 .04 −.14 .03

Note:

+
p < .10,

*
p < .05,

**
p < .01,

***
p <.001;

BMI = Body Mass Index; LSAS = Liebowitz Social Anxiety Scale. Note: Raw means are reported, however bivariate associations were conducted 
with winsorized and transformed variables as described in the data analysis section.
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Table 2.

Coefficient estimates of social anxiety symptoms as a function of endogenous in-session cortisol during 

exposure therapy

Total Fear Total Avoidance Performance - Fear Performance - Avoid

AIC 602.84 607.23 505.70 482.21

Predictor b (SE) b (SE) b (SE) b (SE)

Intercept 38.43 (2.69)*** 37.01 (2.95)*** 20.49 (1.36)*** 18.86 (1.46)***

Session −1.81 (0.57)** −1.36 (0.65)* −0.91 (0.34)** −0.67 (0.31)*

Cortisol (ln) −3.24 (3.22) −2.57 (2.82) −1.62 (1.28) −0.70 (1.30)

Session × cortisol (ln) 1.54 (0.54)** 1.68 (0.61)** 0.86 (0.31)** 0.87 (0.29)**

Covariates

BMI 0.81 (0.42)+ 0.94 (0.46)* 0.50 (0.21)* 0.64 (0.23)**

Session × BMI −0.04 (0.07) −0.04 (.08) −0.03 (0.04) −0.05 (0.03)

Female 2.91 (4.52) 5.06 (5.03) −0.08 (2.31) 1.28 (2.45)

Session × female −0.61 (0.78) −1.16 (0.91) 0.03 (0.45) −0.32 (0.42)

Number of samples 0.77 (0.81) 0.53 (0.89) 0.23 (0.41) 0.13 (0.44)

Session × number of Samples −0.16 (0.23) −0.31 (0.25) −0.13 (0.14) −0.22 (0.12)+

Collection time 1.09E-5 (2.89E-4) −0.0001 (0.0003) 3.06E-5 (0.0002) −3.36E-5 (0.0002)

Session × collection time 1.01E-5 (5.05E-5) −3.49E-5(5.89E-5) −1.02 (2.87E-5) −2.33 (2.71E-5)

Note:

+
p < .10,

*
p < .05,

**
p < .01,

***
p <.001;

BMI = Body mass index

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 June 01.


	Abstract
	Introduction
	Methods
	Participants
	Procedures
	Measures
	Endogenous cortisol
	Social anxiety symptoms


	Data analysis

	Results
	Discussion
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.

