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Abstract

Cross-sectional associations have been found between anxiety disorders (ADs) and hypothalamic-

pituitary-adrenal (HPA) axis functioning, as measured by levels of salivary cortisol, but

prospective data are lacking, as are studies examining specific ADs. We have previously shown

that one aspect of the diurnal rhythm of cortisol, the cortisol awakening response (CAR),

prospectively predicts both new onsets and recurrences of major depressive disorder (MDD). Here

we sought to examine whether it also predicts ADs. Participants (N=232) were drawn from the

larger Northwestern-UCLA Youth Emotion Project, a two-site, longitudinal study of older

adolescents, which aims to identify common and specific risk factors for mood and anxiety

disorders. After baseline interviews for mental health diagnoses, a subset of adolescents completed

a three-day cortisol sampling protocol measuring the CAR and other diurnal rhythm indices.

Participants with past or current anxiety disorders at the time of cortisol measurement were

excluded and Cox regression (survival analysis) was used to predict first onsets of ADs over the
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subsequent six years. AD onsets (N=25), the largest subset of which were social anxiety disorder

(SAD) onsets (N=11), were observed over six annual follow up diagnostic interviews. Even when

statistically adjusting for past and prospective MDD onsets and other covariates, a higher CAR

significantly predicted increased first onsets of ADs (HR = 2.20, p < .05). A higher CAR was also

a strong and significant predictor of the subset of SAD onsets (HR = 5.37, p < .005). Implications

for the etiology of ADs, with a focus on SAD, are discussed.
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Introduction

Alterations in hypothalamic pituitary adrenal (HPA) axis functioning are frequently

observed in individuals with major depressive disorder (MDD) (Ehlert et al., 2001; Thase et

al., 2002; Doane et al., 2013; Herbert, 2013). Recent meta-analytic evidence suggests that

depressed individuals show higher basal cortisol, on average, than individuals without

depression (Lopez-Duran et al., 2009; Knorr et al., 2010). Not all studies and not all

depressed individuals show elevated cortisol, and differences are not sufficiently large for

basal cortisol to be used to discriminate depressed individuals from controls (Adam et al.,

2008; Knorr et al., 2010). Evidence is sufficient, however, for altered HPA axis activity to

be proposed as a risk marker that potentially plays an etiological role in the development of

major depressive disorder (Ehlert et al., 2001; Thase et al., 2002; Herbert, 2013). Although

prospective studies are rare, our own prior research has shown that one element of the

cortisol diurnal rhythm, the cortisol awakening response (i.e., increase in cortisol levels from

waking to 30 or 40 minutes after waking), is a significant prospective predictor of MDD,

with individuals with a higher CAR showing increased risk for MDD over the subsequent

2.5 years (Adam et al., 2010; Vrshek-Schallhorn et al., 2013). Other studies have found high

morning levels (measured at 8 AM) to be a significant prospective predictor of MDD

(Goodyer et al., 2000; Harris et al., 2000; Halligan et al., 2007).

Despite the fact that MDD and anxiety disorders (ADs) are highly comorbid and share many

features and risk factors (e.g., Clark and Watson, 1991; Mineka et al., 1998; Watson, 2005),

far less research has examined HPA-axis activity in ADs. Cross-sectional research has

suggested associations between current ADs and HPA-axis activity, as indexed by salivary

cortisol (see below). Prospective longitudinal studies, however, predicting first onsets of

ADs from premorbid basal cortisol levels, are to our knowledge entirely absent from the

literature. In the current study, we examined whether measures of basal cortisol, including

the CAR, collected in late adolescence, predicted first onsets of anxiety disorders over the

subsequent six years.

Cortisol, the primary hormonal product of the HPA axis, is the most frequently measured

HPA-axis marker in research on emotional disorders, including ADs, in part because the

non-invasive nature of salivary cortisol collection allows repeated measurement of cortisol
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in the context of daily life (Kirschbaum and Helhammer, 2000; Adam et al., 2008). Cortisol

levels increase in response to stress, and also follow a strong circadian rhythm. The typical

basal/diurnal cortisol rhythm involves high levels upon waking, a substantial (50-60%)

increase in the 30-40 minutes after waking (the cortisol awakening response or CAR), and a

subsequent decline over the remainder of the day, reaching a low point or nadir around

midnight (Weitzman et al., 1971; Kirschbaum and Hellhammer, 1989; Pruessner et al.,

1997).

Anxiety disorders (such as panic disorder with or without agoraphobia, specific phobia,

social anxiety disorder, and generalized anxiety disorder) and related disorders (obsessive-

compulsive disorder, post-traumatic stress disorder, and acute stress disorder)1 are very

prevalent. They also tend to be chronic in nature (e.g., Ferdinand and Verhuist, 1995;

Pollack et al., 1996), and contribute high disease burden and cost to society (Greenberg et

al., 1999; Kessler and Greenberg, 2002). In addition, individuals with anxiety disorders

often go on to develop later MDD (Fava, 2000; Stein et al., 2001). Among the anxiety

disorders, social anxiety disorder (SAD; also known as social phobia) is one of the most

common mental disorders in the U.S. (Kessler et al., 2005), and is often associated with a

high degree of impairment, including increased rates of unemployment, absenteeism from

work, financial dependence on the state, use of prescription medications, and drug

dependency (Lecrubier et al., 2000; Patel et al., 2002).

SAD is of particular theoretical interest in relation to HPA-axis activity (Schiefelbein and

Susman, 2006), and the CAR in particular. The hallmark of social anxiety disorder is fear of

negative social evaluation (American Psychiatric Association, 2000), and compared to other

types of stressors, social evaluative threat has been found to be the most powerful activator

of the HPA axis in studies of experimentally-induced stress (Dickerson and Kemeny, 2004).

Social anxiety symptoms in adolescents are associated with perceived loneliness, perceived

peer rejection and peer conflict (Storch and Masia-Warner, 2004; La Greca and Harrison,

2005). Perceived peer rejection and peer conflict have in turn been associated with cortisol

activation (Flinn and England, 1995; Stroud et al., 2009) and perceived loneliness has been

associated with a higher cortisol awakening response, in particular (Steptoe et al., 2004;

Adam et al., 2006; Doane and Adam, 2010).

Establishment of effective peer and romantic relationships are some of the core

developmental challenges of adolescence and the transition to adulthood (Roisman et al.,

2004). Recent theory and research proposes the cortisol awakening response as an allostatic

response, helping to mobilize the body's physiological resources to cope with anticipated

daily challenges, including social engagement (Adam et al., 2006). Following these

proposals, one would expect to see an elevated CAR in response to either anticipated or

perceived acute social challenges. Elevations in the CAR have, however, been proposed to

be costly in the long-term. The high and rapidly increasing levels of cortisol found in the

morning hours and associated with the CAR in particular, are likely to occupy low-affinity

glucocorticoid receptors in limbic regions; alterations to these receptor systems have in turn

1These three disorders were previously classified as anxiety disorders in DSM-IV (American Psychiatric Association, 2000); DSM-V
(American Psychiatric Association, 2013) classifies them as a distinct but related category of disorder.
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been implicated in the development of mood and anxiety disorders and their associated

symptomatology (Adam et al., 2010; Herbert, 2013).

In summary, the anxiety experienced in SAD is strongly social in nature, the HPA axis is

highly socially-sensitive, the CAR in particular appears to be responsive to daily social

challenges, and an elevated CAR is likely to impact brain regions relevant to depression and

anxiety. For these reasons, we hypothesize that alterations in the CAR are the most likely

basal cortisol predictor of SAD.

Several cross-sectional studies have found elevated CARs or other aspects of morning

cortisol in individuals with anxiety disorders. More specifically, in one study individuals

with current anxiety disorders (n=774) showed significantly greater CAR values than their

remitted (n=311) and never-disordered (n=324) counterparts (Vreeburg et al., 2010). Also,

among 1768 adolescents in another study, those with “persistent” anxiety problems showed

higher morning cortisol values, determined by averaging the waking and 30-minute post

waking cortisol values, than those without anxiety problems or current problems only. Thus,

cross-sectional data suggest that the CAR, and morning cortisol more generally, may be

elevated in individuals with ADs or elevated anxiety. As noted earlier, however, to our

knowledge there have been no prospective studies of this association.

Taking a prospective longitudinal approach to understanding the role of the HPA axis in

emotional disorders is important because it can reveal whether HPA-axis alterations precede

and predict the onset of disorder, increasing the likelihood the HPA axis plays an etiological

role (Adam et al., 2008; Adam et al., 2010). It is most helpful to measure HPA-axis

functioning prior to first onsets of disorder; otherwise, the observed HPA axis differences

may reflect the effects of experiencing a current emotional disorder, or the “scar” effects of

the past experience of disorder (e.g., Dierckx et al., 2012), rather than representing a

premorbid risk factor.

In the current prospective study, we utilized a large longitudinal sample to examine whether

morning cortisol levels, and the CAR in particular, assessed in late adolescence among

participants who had not previously experienced an AD, were associated with first onsets of

ADs over the following 6 years. We also examined whether pre-morbid variations in HPA

axis functioning predicted two subgroups of AD onsets: 1) first onsets of social anxiety

disorder, a disorder which occurred with high prevalence in our sample, and which we and

others consider to be of particular interest in relation to HPA axis activity (Schiefelbein and

Susman, 2006) and 2) first onsets of anxiety disorders other than social anxiety disorder

(none of which occurred with high enough prevalence in our sample to be examined as

separate disorders). We expected that elevated morning cortisol, and an elevated CAR in

particular, would predict first onsets of ADs. For reasons outlined earlier, we expected to

find particularly strong associations between the cortisol awakening response and SAD.
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Method

Participants

Participants (N=232) were drawn from the Northwestern-UCLA Youth Emotion Project, a

two-site longitudinal study of older adolescents. The key aims of this project were to

identify risk factors that were shared versus unique to mood or anxiety disorders (Zinbarg et

al., 2010). Risk factors included a set of personality, cognitive, life event and biological

factors proposed to increase risk for these disorders. Over 1,900 juniors from two diverse

high schools (one in a suburb of Chicago, one in a suburb of Los Angeles) were screened for

neuroticism (N) using the Revised Eysenck Personality Questionnaire (EPQ-R-N; Eysenck

et al., 1985). Given that neuroticism is a known risk factor for mood and anxiety disorders

(Kendler et al., 2004), individuals scoring in the top third on this measure were oversampled

in order to increase the number of individuals in the sample likely to go on to develop these

disorders. Of the final group of 627 who consented to the longitudinal study and completed

the baseline interviews and questionnaires described below, 59% scored in the top third.

From the larger YEP sample, 491 individuals were randomly selected and invited to

participate in a diary study and cortisol sampling protocol; 344 completed this protocol.

Participants were excluded for one or more of the following criteria: use of corticosteroid-

based medications (N=14); presence of psychotic symptoms (N=3) or bipolar disorder (N=6)

at any time point; provision of insufficient cortisol data to compute cortisol indices (N=10);

presence of MDD at the time of cortisol sampling (N=15) and presence of any past or

present clinically significant anxiety disorders at baseline (N=58). These eliminations

resulted in 232 participants (171 female, 61 male). The predominance of females over males

in this sample is accounted for by the fact that individuals with high levels of neuroticism

were oversampled, and females score higher, on average, on this personality trait (Costa et

al., 2001). In addition, females were disproportionately likely to agree to participate in the

study if invited.

On average, participants were 16.91 years of age at baseline assessment (SD=.39, females=

16.92, males = 16.88). Participants were 17.06 years of age on average at the time of the

cortisol assessment (SD = .40). At the 6-year follow-up, participants were 23 years of age on

average (SD = .62 years). See Table 1 and Figure 1. The sample was racially diverse: 48%

Caucasian, 10% African-American, 20% Hispanic, 5% Asian/Pacific Islander, 17%

Multiracial/Other. It was also socioeconomically diverse, with parent occupations ranging

from unskilled labor and service work to high-level professional and business positions (See

Table 1).

Procedures

Demographic Data—Gender, date of birth, self-reported racial/ethnic group were

collected at screening. Variables for African-American and Hispanic race/ethnicity were

created for potential use as covariates, given previous findings from this study showing

significant differences in basal/diurnal cortisol for African American and Hispanic youth as

compared to European American youth (DeSantis et al., 2007). Socioeconomic status (SES),

coded from parental education level and occupation using the Hollingshead system
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(Hollingshead, 1975), was assessed at baseline and examined as a potential covariate due to

prior studies showing associations between SES and cortisol diurnal rhythms (Cohen et al.,

2006).

Diagnostic Assessment—The presence or absence of clinically significant mood and

anxiety disorders was ascertained using the Structured Clinical Interview for DSM-IV, non-

patient edition (SCID; First et al., 2001). Although DSM-V was recently released (American

Psychiatric Association, 2013), this longitudinal study was conducted while DSM-IV was in

effect (American Psychiatric Association, 2000). As a result, DSM-IV definitions of ADs

and DSM-IV diagnostic criteria were employed in the current study. The baseline SCID

assessed lifetime diagnoses of mood and anxiety disorders. The six subsequent annual

follow-up SCIDs assessed diagnoses occurring during the interim since the previous SCID.

DSM-IV anxiety disorders assessed and included in the present analyses were: panic

disorder with or without agoraphobia, specific phobia, social anxiety disorder, obsessive-

compulsive disorder, generalized anxiety disorder, post-traumatic stress disorder and acute

stress disorder. DSM-IV past or present diagnoses of major depressive disorder (MDD) at

baseline, and new onsets of MDD at each follow-up were also assessed.

Interviewers were extensively trained (see Zinbarg et al., 2010) graduate students or BA

level research assistants who were blind to the results of previous assessments and

diagnoses. All diagnoses were finalized by consensus in supervision meetings with a

postdoctoral-level psychologist. Inter-rater reliability was assessed for approximately 10%

of SCIDs in the larger study. Kappa values adjusted due to departure from equiprobable

distributions (i.e., low base rates of diagnoses) across the SCID assessments ranged from .82

to .94 for MDD and from .72 to .85 for anxiety disorders. These represent a lower bound

estimate for the reliability, given that all SCIDs were diagnosed by consensus of the group.

Personality Assessment—As previously described (Zinbarg et al., 2010), baseline

levels of neuroticism (N) were measured using four separate scales: the Eysenck Personality

Questionnaire-Revised Neuroticism Scale (EPQ-R-N; Eysenck et al., 1985) completed at the

screening, the Behavioral Inhibition Scale (BIS)2 from the Behavioral Inhibition Scale/

Behavioral Activation Scale (BIS/BAS; Carver and White, 1994), the Big Five Mini-

Markers Neuroticism Scale (Saucier, 1994), and the IPIP NEO Revised Personality

Inventory (IPIP NEO-PI-R; Goldberg, 1999). These scales were standardized (mean = 0, SD

=1) and averaged to create a composite N score. Supporting the decision to use this

composite, confirmatory factor analysis revealed that a single-factor model provided

excellent fit (comparative fit index = 1.00, root mean square error of approximation = .013,

standardized root mean square residual = .008) to the observed covariances among the four

scales (Zinbarg et al., 2010).

Cortisol Assessment—The cortisol collection protocol used here has been described in

detail previously (Adam et al., 2010; Doane and Adam, 2010). Cortisol was collected by

passive drool on three consecutive weekdays, six times daily: upon waking, 40 minutes after

2The BIS measures anxiety, which is often included as a facet of neuroticism in neuroticism scales, such as the IPIPNEO-PI-RN.
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waking, at bedtime, and at three unanticipated times signaled by a programmed watch beep

throughout the remainder of the day. Thus, cortisol samples were taken: immediately upon

waking (S1); 40 minutes after waking (S2); in the mid-morning approximately 3h post-

waking (S3); in the mid-afternoon approximately 8h post-waking (S4); in the mid-evening

approximately 12h post-waking (S5); and immediately before bedtime (S6). For the

scheduled samples, participants were instructed not to eat, drink, or brush their teeth during

the 30 minutes prior to the expected sample collection times. The unanticipated beeps were

scheduled so as to avoid typical major mealtimes. Participants were asked to store samples

in their refrigerators after collection, and returned samples to our team by way of a drop off

location at their local school, or by regular postal mail. Cortisol samples are stable in saliva

at room temperature for several days, and are not affected by the handling associated with a

regular postal journey (Clements and Parker, 1998). Samples were stored at -20°C after

being returned to the lab. They were later shipped to Trier, Germany, and were assayed in

duplicate using time-resolved fluorescent-detection immunoassay (DELFIA; Dressendörfer

et al., 1992). Intra-assay variation ranged from 4.0% to 6.7%, while inter-assay variation

ranged from 7.1% to 9.0%.

Diurnal Cortisol Indices—Raw cortisol data were logarithmically transformed due to

positive skew prior to use in analyses, but raw salivary cortisol values in μg/dL are presented

in figures for ease of interpretation. Three indices of diurnal cortisol were calculated: the

cortisol awakening response or CAR (cortisol value 40 minutes after waking minus value at

waking, an index of cortisol increase in the 40 minutes post-awakening), the diurnal cortisol

slope (a regression line fit to all measures between waking and bedtime except the measure

taken at 40 minutes after waking, an index of rate of decline per hour in cortisol from

waking to bedtime), and total cortisol across the day (the area under the curve of all six

cortisol measures with respect to ground, AUCg). For the CAR and AUC, indices were

calculated separately for each day and averaged; for the diurnal cortisol slope, regression-

based slopes were fit using all 3 days of cortisol data. Waking cortisol levels (S1, taken

immediately upon waking) were also examined due to past research suggesting their

importance in predicting mood disorders (Goodyer et al., 2000; Halligan et al., 2007), and in

response to recommendations that waking cortisol levels also be examined when examining

the CAR (Clow et al., 2010b).

Health Behavior Covariates—Health behavior variables were measured by

questionnaire or in a short diary entry completed at the time of each saliva sample. We

focused on variables that have previously been found to influence HPA axis functioning that

could be plausibly related to anxiety disorders. Thus, they may confound the association

between HPA axis measures and anxiety outcomes. The covariates included: time of waking

(Kudielka and Kirschbaum, 2003), hours of sleep (Zeiders et al., 2011), use of oral

contraceptives (Kirschbaum, 1999), (Meulenberg, 1987), nicotine use (smoking cigarettes)

(Badrick et al., 2007), and use of psychotropic medications (Hibel et al., 2007). Time of

waking and hours of sleep were continuous, and were standardized for use in analyses.

Medication and smoking variables were dichotomous and were coded as 1 if participants

reported any use. Health behavior covariates were only retained in final models if they

showed significant associations with any of the anxiety disorder outcomes.
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Analytic Plan—We conducted Cox regression models (survival analyses; Cox, 1972)

using a person-year dataset, in which each participant possesses one line of data per year of

study participation. Anxiety disorder onsets (no = 0, yes = 1) were dated according to the

year at which they were first diagnosed. Non-proportional hazards models were used in

order to test whether the strength of the relation between cortisol and future anxiety

disorders varied with the passing of time over the 6-year follow up period. Unlike

proportional hazards models, such models do not assume that the hazard associated with a

particular predictor is constant across time, permitting the examination of interactions with

time (Singer and Willett, 2003). We adopted this non-proportional hazards approach because

we have previously shown that the CAR's strength of prediction for major depressive

episode onsets varied significantly over time, such that prediction was initially significant,

but no longer significantly predicted depressive episode onsets occurring beyond 2.5 years

of follow-up (Vrshek-Schallhorn et al., 2013). Interactions of the cortisol variables with time

were calculated by multiplying the year of assessment, centered at the median (3rd follow-

up), by each cortisol variable. Models yield hazard ratios (HRs) and their 95% confidence

intervals (CIs) for each predictor. Continuous predictors such as the cortisol indices (CAR,

AUC, cortisol slope) were standardized to facilitate interpretation of HRs.

Depression was covaried in two ways. Whether participants had experienced one or more

clinically significant depressive episodes prior to cortisol measurement was covaried as

“depression history” (no = 0, yes = 1). Further, prospective major depressive onsets were

indicated with a dummy variable in a time-varying fashion during the follow-up, specific to

the year in which a depressive episode occurred and for all subsequent years after that onset.

A maximum of one new anxiety disorder onset per participant was included in the model.

No participants were diagnosed with first onsets of two separate anxiety disorders at the

same follow-up interview. Given that individuals with past anxiety disorders were

purposefully excluded from our analyses, all onsets represent first-ever onsets of an anxiety

disorder. After a new onset was experienced, the participant's remaining person-years were

excluded from the model, as is necessary for Cox regression. Participants without new

anxiety disorder onsets remained in the model until the year corresponding to their last

follow-up SCID assessment.

We examined anxiety disorder onsets in two ways. First, we examined whether our baseline

cortisol variables predicted the onset of any anxiety disorder (one model for all anxiety

disorders combined). Second, we examined whether our cortisol variables predicted social

anxiety disorder onsets when such onsets were modeled separately from the rest of the

anxiety disorders (resulting in two additional models – one for social anxiety disorder

onsets, and one for anxiety disorder onsets other than social anxiety disorder).

Model building/Selection of covariates—The following steps were employed in

building our Cox regression models predicting: 1) all ADs, 2) social anxiety disorder, and 3)

ADs other than social anxiety disorder. For each model, we automatically included a set of

key analytic variables, including the cortisol variables, baseline neuroticism, MDD history,

and our MDD onset covariate. When any cortisol variable was found to be significant, we

also added the interaction of that variable with time to examine whether the prediction
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remained consistent over time. We then added each potential covariate separately to the

model, including: gender, race/ethnicity, socioeconomic status, time of waking, hours of

sleep, smoking, oral contraceptive use, and use of psychotropic medications. The key

analytic variables were left in the model regardless of significance level. Covariates were

retained in all models if they were significantly related to any one of the three anxiety

disorder outcomes, for ease of comparison across models. Due to high correlations among

several cortisol indices, cortisol predictors were examined in several models: the waking

value and CAR in one model, and then the slope and AUCg in separate models.

Results

Excluding participants with a lifetime clinically significant AD at baseline, there were 25

prospective first onsets of ADs over the 6 years of follow-up, including 11 social anxiety

disorder cases and 14 non-social anxiety disorder cases (8 specific phobia, 2 panic disorder,

2 generalized anxiety disorder, 1 obsessive-compulsive disorder, 1 post-traumatic stress

disorder). Although more AD onsets were seen among females (20 onsets) than males (5

onsets), this was not a statistically significant effect [χ2 (1) = .573, p = .45]. See Table 1 for

descriptive statistics on the total sample, participants who did not develop an AD over the

follow-up, those who developed social anxiety disorder, and participants who developed an

AD other than social anxiety disorder. A total of 1,053 person-time points were available for

examination of all anxiety disorder onsets, 1,078 for examination of social anxiety disorder

onsets, and 1,079 for non-social anxiety disorder anxiety disorder onsets.

Identification of Covariates

As noted above, neuroticism, MDD history, and MDD onsets over the follow-up period

were included in all models on theoretical grounds. Of the potential covariates examined for

inclusion in our final models, gender, time of waking, and baseline use of psychotropic

medications were all significantly related to at least one AD outcome, and thus retained in

all final models. Due to collinearity between psychotropic medication use and the baseline

MDD history variable, MDD history and psychotropic medication use were combined into a

single variable indicating whether the individual had a history of MDD or had reported

psychotropic medication use either at baseline or at the time of cortisol assessment. Nicotine

use, oral contraceptive use, race/ethnicity, socioeconomic status and hours of sleep were not

significantly related to any AD outcomes and were therefore not retained in the final models.

The same set of covariates was used for each AD outcome for ease of comparison of models

across outcomes.

Prospective Prediction of All Anxiety Disorders from Cortisol Indices

Turning to the primary analyses of interest, the association between cortisol indices and AD

outcomes, we first examined the associations between the baseline CAR and AD onsets, and

then examined the diurnal cortisol slope and AUCg as predictors of AD onsets. As

recommended in recent reviews on the CAR (Clow et al., 2010b), we included both waking

cortisol levels and the size of the CAR as predictors when examining the CAR in order to

differentiate between elevated morning cortisol levels more generally (high waking levels)

and the size of the cortisol awakening response (high increase in cortisol after waking).
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Predicting to all ADs, the HR for baseline neuroticism approached conventional levels of

significance as a predictor of increased risk of AD onset (β = 0.43, SE(β) = 0.24, HR = 1.54,

95% CI = [.97-2.44], p = .066). There was also a non-significant trend for a history of MDD/

psychotropic medication use prior to the cortisol assessment to predict increased risk for the

development of an AD (β = 0.73, SE(β) = 0.44, HR = 2.07, 95% CI = [.87-4.93], p = .099).

Among the cortisol variables, the CAR was a significant prospective predictor of increased

risk of AD onsets (β = 0.79, SE(β) = 0.38, HR = 2.20, 95% CI = [1.05-4.62], p = .036).

Waking cortisol levels, by contrast, were not significantly associated with AD onsets;

further, the CAR×Time interaction was not significant (see Table 2). In separate models (not

shown), total cortisol across the day (AUCg) and the slope of the diurnal cortisol rhythm

were examined as predictors of new AD onsets. Neither variable was a significant predictor

of AD onsets (slope: β = -.35, SE(β) = 0.21, HR = .704, 95% CI = [.47-1.06], p = .094;

AUCg: β = .15, SE(β) = 0.25, HR = 1.16, 95% CI = [.72-1.88], p = .535).

Prospective Prediction of Social Anxiety Disorder from Cortisol Indices

The CAR was a strong and significant predictor of SAD onsets (N=11) over the subsequent

6 years (β = 1.68, SE(β) = 0.55, HR = 5.37, 95% CI = [1.85-15.66], p = .002). In addition,

the CAR × Time interaction effect was significant (β = -.47, SE(β) = 0.19, HR = .63, 95% CI

= [.43-.91], p = .015), suggesting that the strength of prediction from the CAR to SAD

declined over time. Specifically, the CAR predicted SAD onsets significantly to the fourth

annual follow-up, but not significantly thereafter (see Figure 2). Waking cortisol levels did

not significantly predict SAD onsets (see Table 3). Male gender also significantly predicted

increased risk for SAD (HR = 6.79, p = .028); this finding should be regarded with caution,

however, given the low number of males in the sample and low overall number of male

SAD onsets (N=5). Prospective MDD onsets over the follow-up period (HR=4.34, p = .061)

and baseline neuroticism (HR = 1.89, p = .070) both approached significance as predictors

of SAD onsets. Neither diurnal cortisol slope, nor total cortisol across the day (AUCg) were

significant predictors of SAD onsets when they were substituted for waking cortisol and the

CAR in the model (slope: β = -.51, SE(β) = 0.33, HR = .60, 95% CI = [.31-1.48], p = .12;

AUCg: β = .31, SE(β) = .40, HR = 1.37, 95% CI = [.63-2.98], p = .43).

Although the HR coefficient for the CAR predicting to SAD onsets was notably larger in

size than the CAR coefficient when predicting ADs more generally, tests comparing their

inferential confidence intervals showed that they overlapped slightly, suggesting that the

coefficients are not significantly different from one another (Tryon, 2001). Thus, the CAR is

a significant predictor both of the full set of ADs, and of the subset of SAD cases, but the

effect size for SAD is not statistically significantly stronger.

Prospective Prediction of Other Anxiety Disorders from Cortisol Indices

None of the baseline cortisol variables were significant predictors of the combined non-

social anxiety disorder onsets, including the CAR (β = .13, SE(β) = 0.47, HR = 1.14, 95% CI

= [.46-2.87], p = .776), waking cortisol (β = .00, SE(β) = 0.36, HR = 1.00, 95% CI = [.

49-2.04], p = .997), the cortisol diurnal slope (β = -.16, SE(β) = 0.27, HR = .85, 95% CI = [.

50-1.45], p = .556), or total (AUCg) cortisol (β = .14, SE(β) = 0.30, HR = 1.16, 95% CI = [.

64-2.09], p = .628). The only significant predictor of the ADs other than SAD was time of
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waking, with individuals waking later in the day having an increased risk for ADs other than

SAD (see Table 2).

Discussion

This study provides the first evidence of a prospective relation between the cortisol

awakening response and first onsets of anxiety disorders over a six-year follow-up. The

strength of prediction to first onsets of the total group of ADs did not decline significantly

over time. The CAR was also a strong and significant predictor of first onsets of one specific

type of anxiety disorder, social anxiety disorder (SAD). Prediction to SAD declined

significantly over time, but the CAR remained a significant predictor of first SAD onsets for

four years following the baseline cortisol assessment. Analyses predicting to anxiety

disorders other than social anxiety disorder did not show significant effects of the CAR. The

“other anxiety” disorder category combined a wide range of disorders, however, some of

which might be predicted by cortisol variables if examined separately with sufficient

numbers of onsets in future research.

It is worth noting that many anxiety disorder onsets (N=58) had already occurred at the time

of the baseline assessment of this study. This is consistent with research showing that many

anxiety disorders are first diagnosed during early and mid-adolescence (Merikangas et al.,

2010), and in some cases, even pre-adolescence (Weissman et al., 1999). Our study began in

late adolescence. Thus, future research on first onsets of anxiety disorders would benefit

from assessing participants starting at an earlier age, in order to capture more cases of first

onset ADs, and to examine the role that puberty may play in HPA-axis changes and risk for

ADs.

There were no significant associations between waking cortisol and later anxiety disorders,

nor were the slope of the diurnal cortisol rhythm or total cortisol across the day significant

prospective predictors of anxiety disorders. Rather, effects were specific to the CAR. This

finding is similar to our previously reported results, in which the CAR, but not other aspects

of diurnal cortisol activity, predicted onsets of major depressive disorder in this sample

(Adam et al., 2010; Vrshek-Schallhorn et al., 2013). Importantly, however, the current

analyses used both MDD history and prospective onsets of MDD as covariates, suggesting

that the prediction of anxiety disorders from the CAR is not attributable to comorbid MDD

diagnoses.

The mechanisms underlying the association of the CAR with future onsets of anxiety

disorders will require further investigation. A number of possibilities exist. Our analyses

removed anyone with a past or present AD at baseline, such that we predicted only first

onsets of any of the anxiety disorders our participants developed. Thus, in the context of our

data, an elevated CAR can be interpreted as a risk marker for future ADs, rather than a scar

marker for the experience of past ADs. However, our analyses do not rule out the possibility

that early subclinical symptoms of anxiety may be contributing to an increased CAR. Future

evaluations of symptom-level anxiety could examine whether an elevated CAR is a marker

of prodromal AD symptoms. In the current analyses, we covaried continuous levels of

neuroticism, which are moderately to highly correlated with anxiety symptomatology in this
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sample (Sutton et al., 2011). Still, future analyses should examine whether the cortisol

awakening response predicts future continuous anxiety symptoms as well as disorders, while

covarying concurrent symptom level measures of general and social anxiety. Such an

approach would be consistent with the research domain criteria (RDoC) approach currently

being developed and promoted at the National Institute of Mental Health (Craske, 2012).

The RDoC approach attempts to replace diagnostic categories with a continuous

dimensional description of symptoms, as well as of underlying biological markers of

vulnerability and symptomatology. The current paper suggests that the HPA axis, and the

CAR in particular, should be considered as a unit of analysis of vulnerability for social fear.

Associations between the CAR and future ADs could possibly be explained by genetic

factors, given the substantial genetic component to the cortisol awakening response (Wüst et

al., 2000). As a result, an elevated CAR might be a reflection of genetic risk for anxiety.

Future analyses could examine specific polymorphisms found to be related to the CAR and

whether they are, in turn, associated with anxiety symptoms and ADs. Beyond genetics, the

CAR may also be simply an indicator of an underlying trait neurobiological vulnerability

that contributes both to an elevated CAR and to risk for ADs. While alterations in limbic

system neurocircuitry or neurochemistry are obvious candidates, recent theory and research

on the neurobiology of the CAR response suggests that central circadian circuitry, and

signaling from the suprachiasmic nucleus in particular, may play an important role in

regulating the size of the CAR response (Clow et al., 2010a).

Possible explanations may also lie at the level of social experience. The CAR has been

shown to be strongly affected by psychosocial experience (Chida and Steptoe, 2009). Thus,

it is worth considering whether either recent (proximal to the time of CAR measurement) or

earlier experiential influences on the CAR could play a role. There are substantial current

state influences on the CAR. The CAR is increasingly being interpreted as a preparatory

response, helping to organize the individual for anticipated daily demands by helping to

overcome sleep inertia, sharpening morning cognitive functioning, and mobilizing energy

resources to prepare the individual for action (Adam et al., 2006; Clow et al., 2010b).

Thinking about its role in social anxiety disorder in particular, an increased CAR in those

who go on to develop SAD may be a reflection of relatively high levels of anticipated daily

social demand. This hypothesis should be examined in future work that investigates the

determinants of an elevated CAR in those at risk for SAD. Along these lines of thinking, we

might expect to see the CAR particularly elevated on days that higher levels of social

interaction are anticipated, and to see a higher CAR in response to anticipated social

interaction among those at risk for social anxiety disorder, compared to those without.

Only a few studies of early or chronic adverse experience and the CAR have been

conducted. Some studies show an elevated cortisol awakening response but others show a

reduced CAR among those with adverse early experiences such as parental loss, or

childhood trauma (Chida and Steptoe, 2009). More consistent associations have been found

between elevated general life stress and an increased CAR (Chida and Steptoe, 2009). Of

relevance to social anxiety disorder in particular, several studies report associations between

perceived social problems and an elevated CAR in both adolescents and adults (Wüst et al.,

2000; Ellenbogen et al., 2006). Loneliness and perceived social exclusion have also been
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related to social anxiety disorder symptoms (Storch et al., 2003) and with an elevated

cortisol awakening response (Wüst et al., 2000; Steptoe et al., 2004; Adam et al., 2006;

Doane and Adam, 2010). Perceived social exclusion, loneliness and a high CAR may

therefore reflect an interrelated set of risk factors for the development of social anxiety

disorder. Moreover, several studies have shown that experiences of loneliness precede and

predict subsequent CAR elevations (Adam et al., 2006; Doane and Adam, 2010). As a result,

although further research is required to fully reveal their causal ordering, we hypothesize

that perceived social exclusion and loneliness may contribute to an elevated CAR, which

may in turn place the individual at risk for mood and anxiety disorders.

Whether the CAR plays a causal etiological role in the development of social anxiety

disorder, or is simply an indicator of the presence of increased risk remains to be

determined. In identifying a possible biological pathway for the effects of elevated CAR, it

is worth considering the impact of high morning cortisol levels on corticosteroid receptor

populations in brain regions involved in the activation and regulation of the stress response,

and of known relevance to mood and anxiety disorders (e.g. prefrontal cortex, hippocampus,

amygdala) (Wüst et al., 2000; Herbert, 2013). The effects of cortisol in the brain are

mediated by way of high affinity mineralocorticoid receptors (MRs) and glucocorticoid

receptors (GRs) which have a 10× lower affinity (de Kloet et al., 2007). Due to these

differential affinities, high GR occupation typically only occurs at times of stress, or at the

peak of the cortisol diurnal rhythm. The high and rapidly increasing cortisol levels

associated with a high CAR would likely result in substantial occupation of glucocorticoid

receptors (GR). A higher than normal CAR could, over time, result in changes in the GR

population and an imbalance the MR/GR ratio that has been proposed to play a role in the

etiology of emotional disorders (de Kloet et al., 2007; Adam et al., 2010).

It is also of interest to consider why major depressive disorder (Adam et al., 2010; Vrshek-

Schallhorn et al., 2013), and anxiety disorders (as well as SAD in particular) are all

significantly predicted by an increased CAR. MDD and several of the anxiety disorders,

including SAD, share several common features, including increased interpersonal sensitivity

and low levels of positive affect (Dozois and Frewen, 2006). As noted earlier, perceived

social problems and social exclusion appear to be related to an elevated CAR. Meta-analytic

findings are more mixed regarding the role of positive affect in the CAR (Chida and Steptoe,

2009), but the role of positive affect in the CAR is worthy of further examination.

Our finding of increased risk for social anxiety disorder among males was unexpected given

past epidemiological work showing higher rates of social anxiety disorder among females

(Merikangas et al., 2010; Kessler et al., 2012). Given the small number of male SAD onsets

(N=5), we give little weight to this finding unless it is replicated in future prospective

research of this nature. Our finding that later time of waking predicts onsets of anxiety

disorders other than social anxiety disorder suggests that further attention may be warranted

to the role of sleep, circadian rhythms, and circadian timing (morningness/eveningness) in

the development of anxiety disorders.
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Limitations and Future Directions

This study has several limitations, each of which suggest directions for future research. First,

the limited number of anxiety disorder onsets was problematic. We consider it an advantage

that we only predicted first onsets of ADs, thus reducing the possibility that an elevated

CAR is a “scar” of the past experience of an anxiety disorder. Nevertheless, future analyses

could examine whether the CAR plays a role in the maintenance or exacerbation of ADs

over time. Although our current analyses covaried past diagnoses of MDD and MDD onsets

over follow-up, with larger numbers of AD onsets, it would also be interesting to examine

whether the CAR behaves differently in prediction of pure AD cases, as compared to AD

cases that are comorbid with past or present diagnoses of MDD. Additional comorbidities,

such as externalizing symptoms, should also be considered. Gender differences could also

be examined further in future studies with an increased number of AD cases; current

analyses covary the impact of gender, but it would be informative to examine whether the

CAR is equally predictive of AD onsets for males vs. females. Our relatively low number of

AD onsets also prevented us from drawing firm conclusions about the prospective relation

of the CAR to each of the specific anxiety disorders. Although we did not find significant

associations between the CAR and the combined group of anxiety disorders other than social

phobia, it is possible that specific disorders within that combined group (such as GAD)

would also be predicted by the CAR if they were examined individually in future studies. As

noted earlier, utilization of continuous symptom-level data is another potential solution to

low numbers of formal clinical cases, and is another a potentially important approach to

examining the role of the CAR in the development of various types of anxiety symptoms.

Second, to alleviate the participation burden on adolescents during a relatively intensive data

collection over the course of three days, we chose to measure the CAR with two saliva

samples (waking and 40 minutes after waking) rather than the original and more complete

CAR protocol of sampling cortisol at waking and every 15-20 minutes thereafter for the next

hour (a total of 4-5 samples). Our less intensive CAR measure may have missed the true

peak of the CAR for some individuals, particularly given that cortisol levels, on average,

remain elevated even 60 minutes after waking (Wust et al., 2000). However, similar

strategies have been used extensively in past research (Adam and Kumari, 2009), and if

anything, less precise measurement of the CAR should have hampered our ability to find an

effect. A third limitation is that objective measures of compliance with the timing of

collection of saliva samples were not employed. Noncompliance with requested sample

timing can significantly impact estimation of diurnal cortisol rhythm, including the CAR

(Dockray et al., 2008; DeSantis et al., 2010).

Implications for Intervention—If the CAR plays an etiological role in the emergence of

anxiety disorders, interventions aimed at reducing the size of the CAR might reduce their

onsets. As previously noted, anxiety disorders have high prevalence, impairment and cost

and burden to society. Given the importance of variation in the CAR in responding to daily

demands (Adam et al., 2006), psychosocial interventions aimed at reducing the average

CAR while still maintaining its plasticity and responsivity to daily changes might be a

desirable approach.
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Adam et al. (Adam et al., 2008) proposed that intervention research, in particular random

assignment interventions including measures of HPA axis function, could help to address the

etiological role of the HPA axis in the development of disorder. Lupien and colleagues

(Lupien et al., 2013) demonstrated that an early adolescent, school-based stress-reduction

program was effective at reducing cortisol levels for a subset of youth; those youth with

decreases in cortisol, in turn, showed decreased risk for subsequent depressive symptoms.

However, anxiety disorders were not assessed, and cortisol measures were taken at school

such that measures of the cortisol awakening response were not available. Future stress-

reduction interventions, examining anxiety outcomes, and utilizing home-based cortisol

assessments across the full day (including measurement of the CAR), would test the

feasibility and efficacy of modifying the CAR through social/behavioral interventions, and

provide additional insights into the role of the cortisol awakening response in the

development of mood and anxiety disorders.

Conclusions

The cortisol awakening response predicts onsets of a combined group of anxiety disorders,

as well as smaller group of social anxiety disorder onsets in older adolescents and young

adults. This was true even when covarying lifetime depression (another disorder we have

shown the CAR to predict) at the time of cortisol measurement as well future onsets of

depression over the follow-up period. Additional research with a larger number of onsets of

anxiety disorders would allow examination of the prospective relation of cortisol awakening

response to specific anxiety disorders other than social anxiety. Future research should

delineate the biological mechanisms and psychological predictors of the CAR in relation to

risk for depression and social anxiety disorder, and incorporate measures of the CAR into

intervention studies designed to prevent and reduce anxiety and depressive symptoms and

disorders.
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Figure 1.
Timeline of study procedures. SCID = Structured Clinical Interview for DSM-IV, non-

patient edition (SCID; First et al., 2001). Average ages at time of assessments are provided

in parentheses.
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Figure 2.
Model-estimated hazard ratios illustrate the observed CAR × Time interaction predicting

social anxiety disorder onsets. Bars represent HRs for z-scored baseline natural log

transformed CAR in year intervals after baseline. * = p < .05, ** = p < .01, NS = not

significant, p > .05.
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Figure 3.
Baseline 3-day averages of raw salivary cortisol level (μg/dl) across the day for never

anxiety-disordered participants and participants who experience a first onset of social

anxiety disorder within the six-year follow-up.
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