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Material and methods

Participants and drug treatment

Participants were recruited from tertiary outpatient clinics in Maastricht, The Netherlands. All
participants gave written informed consent. The study was approved by the institutional review board
of Maastricht University Medical Center/Maastricht University and was conducted in accordance with
the Declaration of Helsinki. The study was registered in the Nederlands Trial Register database
(Identifier: NTR3672). The recruitment and testing of the participants took place in Maastricht between
July 2013 and July 2016. It was initially planned to include an additional patient group with other
anxiety disorders, but this study arm was discarded due to a lack of eligible patients. Screening of the
subjects was conducted prior to the test session. Questionnaires included the Social Phobia and
Anxiety Inventory [1] to measure social anxiety symptoms, the Center for Epidemiologic Studies
Depression Scale Revised (CESD-R) [2] to measure depression symptoms and the Social
Connectedness Scale [3] to measure interpersonal closeness. Primary diagnosis was determined by
the Mini-International Neuropsychiatric Interview (MINI) [4]. Comorbidities of the social anxiety
disorder (SAD) sample included major depressive or dysthymic disorder (n = 12), specific phobia (n =
5), agoraphobia (n = 4), generalized anxiety disorder (n = 3), posttraumatic stress disorder (n = 3),
obsessive-compulsive disorder (n = 3), bulimia nervosa (n = 2), drug abuse (n = 1), body dismorphic
disorder (n = 1) and irritable bowel syndrome (n = 1). Healthy controls were free of any

psychopathology.

Participants self-administered nasal sprays containing either synthetic oxytocin (OXT) or placebo
(PLC) at the beginning of the testing session. Participants were randomized over the OXT and PLC
condition based on stratification of gender (male versus female) and group (SAD patients and healthy
controls). The randomization procedure was done by a person not involved in the study. The
administration instructions were in accordance with the latest standardization guidelines [5], and
administration was supervised by a trained research assistant. Participants received an OXT dose of
24 1U (three puffs per nostril, each with 4 IU OXT; Novartis, Basel, Switzerland). The PLC solution
contained the identical ingredients except for the peptide itself. To examine a possible effect of OXT
on prosocial behavior, participants were video recorded during a social interaction task that started 45

minutes after the nasal spray administration. The results of this first task will be reported elsewhere.



The temporal discounting task began 90 minutes after the nasal spray administration. The average
duration of the temporal discounting task together with the valuation task was 5 minutes. The
strongest effects of intranasal OXT on amygdala activation have been observed 45 minutes after nasal
spray administration, but amygdala inhibition has been evident up to a latency of 95 minutes [6]. In
fact, a previous study even detected effects of intranasal OXT on emotion intensity ratings after 120

minutes [7].

Temporal discounting task

We used a temporal discounting task to assess the ability to control impulsive preferences (i.e. to
suppress the impulsive choice of smaller-sooner incentives over long-term greater benefits) [8, 9]. The
temporal discounting task was composed of 36 trials in which the participants chose between smaller-
sooner (pseudorandomly drawn from a normal distribution with a mean of EUR 45 and a standard
deviation of EUR 15) and larger-later rewards (0.5-75% larger than the smaller-sooner rewards;
henceforth “relative difference”). In half of the trials there were immediate smaller-sooner rewards and
delayed (two and four weeks) larger-later rewards. In the other half of trials the sooner-smaller option
was available in 2 weeks and the larger-later option in four or six weeks. The order of trials was
randomized across subjects. The proportion of patient choices (i.e. larger-later rewards) was used as
dependent variable. All stimuli were presented using the software Presentation 16 (Neurobehavioral

Systems, Albany, CA).

Valuation task

In the valuation task, the participants rated the attractiveness of 12 single options that each provided a
specified monetary amount at a specified time point. The options were randomly chosen from the 36
trials of the temporal discounting task and consisted of four time points of delivery ("today", "in 2
weeks", "in 4 weeks", "in 6 weeks") crossed with three levels of reward magnitude (low: approximately
EUR 30; medium: approximately EUR 45; and high: approximately EUR 60; actual values varied
slightly from these approximate numbers as they were dependent on the values presented in the

temporal discounting task). The self-assessment manikin (SAM) [10] was presented below each option

and participants rated the attractiveness on a scale of 1 (minimum) — 9 (maximum).



Statistical analysis

Quantitative behavioral data were compared by a mixed-design analysis of variance (ANOVA).
Pearson's product-moment correlation (r) was used for correlation analysis. Eta-squared and Cohen’s
d were calculated as measures of effect size. The assumption of sphericity was assessed with
Mauchly’s test, and Greenhouse-Geisser’s correction was applied for significant violations. Pearson’s
chi-squared tests were used for qualitative variables. All reported P-values are two-tailed, if not
otherwise noted, and P-values of P < 0.05 were considered statistically significant. Demographical,
neuropsychological and behavioral data were analyzed using SPSS 24 (IBM, New York, NY, USA).
The discount rate k for each participant was quantified by using a standard one-parameter model of

hyperbolic discounting [11], captured by the following term:

Reward magnitude

Subjective value =
1+k+Delay

where Delay is the time of delivery (in weeks) and k is the parameter that represents the participant’s
discount rate. Larger k values indicate steeper discounting of delayed rewards, while 0 indicates no
discounting at all. We used the Matlab (Matlab R2017b, The MathWorks Inc., Natick, MA) function
fminbnd to estimate the k value for each participant which produced the global minimum in the
negative log-likelihood of individual choice probability. Extreme k values (k ~ 1) of two participants who

rejected all larger-later rewards were discarded.



Supplementary results

Screening data

As expected, SAD patients reported significantly higher levels of social phobia (fes) = 15.40, P < 0.01,
d = 3.74) and depression (f4s.20) = 8.29, P < 0.01, d = 2.08) and significantly lower levels of social
connectedness (fes) =-11.29, P < 0.01, d = -2.74) compared to controls (CTL). Age and gender were
comparable between groups (all Ps > 0.30). There were no a-priori differences regarding
demographical and psychometric variables between the OXT and PLC groups (cf. Table $1). No

participant reported any side effects.

Temporal discounting

The pattern of results with the proportion of patient choices (later-larger) as dependent variable did not
change when we included gender as an additional between-subject factor. Furthermore, we analyzed
possible treatment effects on response time. An additional mixed-design ANOVA with the response
time as dependent variable yielded a main effect of relative difference (Fs.34, 346.91) = 3.05, P < 0.01, n?
= 0.05) and a trend-to-significant group effect (F(,s5 = 3.01, P = 0.09, n?2 = 0.04). Across treatment
groups, patients with SAD were slightly slower in their responses. Interestingly, we also observed a
significant interaction of relative difference and treatment (Fs.34, 346.01) = 2.31, P = 0.04, n2 = 0.03).
Under PLC, the response time increased quadratically with the relative difference (F,33 = 10.38, P <
0.01, n2 = 0.24), suggesting that participants experienced the strongest conflict between larger-later
and smaller-sooner options if there was only a modest reward difference. By contrast, this effect
vanished after OXT treatment, with the participants showing a linear decrease in response time (i.e.
the smaller the relative difference, the faster the participants responded; F1,32) = 15.62, P < 0.01, n2 =
0.33). Interestingly, a correlational analysis revealed a significant association between average
response times in the OXT group and the average proportion of patient choices (later-larger)

(ree) =-0.52, P < 0.01) and the discounting parameter k (rz3) = 0.46, P < 0.01). The correlations did not

reach significance in the PLC group (all Ps > 0.43).



Valuation task

We applied a mixed-design ANOVA with the between-subject factors “treatment” (OXT, PLC) and
“group” (SAD, CTL), the within-subject variables “time points of delivery” (today, in 2 weeks, in 4
weeks, in 6 weeks) and “magnitude” (low, medium, high), and the attractiveness ratings from the
valuation task as dependent variable. All participants preferred sooner and larger rewards and the
treatment did not affect these ratings, indicating that OXT did not alter the valuation of rewards
options, but rather modulated cognitive control which is required when a sooner-smaller reward is

directly contrasted with a later-larger option (cf. Table S2)



Supplementary Discussion

An alternative explanation for the observed effects is related to a possible distortion of time perception
in patients with anxiety disorders. The experimental induction of fear and anxiety in healthy subjects
causes an overestimation of time intervals [12]. However, if patients with anxiety disorders chose more
immediately available smaller rewards because they overestimated the delay for the larger rewards,
this perceptual bias should have also influenced their valuation of single options. Moreover, temporal
discounting has been associated with various psychological constructs and demographic variables
including general intelligence and working memory [13], personality traits such as conscientiousness
and neuroticism [14], financial stability and physical health [15] as well as the quality of reward
imagination [16]. Previous studies did not find evidence for a modulatory effect of OXT on working
memory [17] or conscientiousness and neuroticism ratings [18]. By contrast, OXT is known to increase
the ease of imagining compassionate qualities [19], suggesting that OXT could have altered the ability
to imagine future rewards. However, the absence of an OXT effect on the valuation of future rewards
speaks against this interpretation. Furthermore, well in line with our observation that OXT did not affect
the valuation of future monetary rewards, a recent study showed that OXT increased the willingness to
work for monetary rewards of other people, but not own monetary rewards in patients with social

anxiety disorder [20].

There is a very high rate of comorbidity between anxiety and depression [21] and 36% of the SAD
patients in our sample also suffered from dysthymia or major depressive disorders (MDD). Depression
affects social-economic decision-making [22] and MDD patients also show higher discounting rates for
large-sized rewards [23]. Thus, although it is conceivable that depressive symptoms contributed to the
observed differences in temporal discounting, we did not find a significant association between

depressive symptoms and the proportion of patient choices in the present study.

Intranasal OXT reduced the proportion of impulsive choices in the temporal discounting task across
groups, a finding that is consistent with the idea that OXT improves cognitive control. This
interpretation is also corroborated by the observed changes in response time. The conflict between the
preference for immediate rewards and larger delayed rewards is reflected by longer response times in
trials with a modest reward difference between these options (resulting in an almost equal number of

patient and impulsive decisions) and this response time difference was abolished after OXT treatment.



Mesolimbic dopamine signaling has been linked to temporal discounting [24, 25] and there is
accumulating evidence that OXT interacts with dopamine pathways. For instance, in mice,
hypothalamic oxytocinergic projections regulate midbrain dopamine neuron activity [26] and in
humans, positron emission tomography (PET) studies revealed that OXT gene polymorphisms explain
interindividual differences in dopamine responses to stress [27] (but see [28]). However, temporal
discounting is also dependent on other neurotransmitter pathways. For instance, low serotonin levels
have been linked to a preference for small and immediate rewards [29], which may be mediated by
increased activity of the ventral part of the striatum [30]. As such, it is also conceivable that OXT
modulates temporal discounting via inhibitory regulation of serotonin signaling [31]. Future imaging
studies are warranted to decipher the neurobiological mechanisms underlying the effect of OXT on

temporal discounting.

The present study has some limitations. First, the prevalence rate of anxiety disorders is significantly
higher in women than in men [32] and this distribution is reflected in our sample. The small number of
men may have prevented us from detecting sexual-dimorphic effects of OXT which have been
observed in several previous studies [33-35]. Second, since we only included medication-free patients
we can rule out confounding effects of medication, but future studies are warranted to explore the

specificity of our findings by assessing temporal discounting in patients with other anxiety disorders.
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Table S1. Demographic and psychometric trait data

Oxytocin Placebo tx? P
(mean * SD) (mean * SD)

Social anxiety (n = 33)

Age (years) 33.12 (12.54) 29.19 (10.11) 0.99 0.33
Gender (females) 13 12 0.01 0.92
Depressive symptoms ' 26.94 (12.08) 22.50 (11.15) 1.10 0.28
Social phobia 2 132.03 (21.10) 134.03 (19.15) -0.23 0.82
Social connectedness 3 65.94 (17.91) 58.31 (12.39) 1.41 0.17
Healthy controls (n = 37)

Age (years) 35.82 (15.67) 33.30 (13.63) 0.52 0.60
Gender (females) 14 16 0.46 0.50
Depressive symptoms ' 718 (7.21) 4.70 (5.78) 1.16 0.26
Social phobia ? 53.75 (29.74) 42.70 (21.28) 1.31 0.20
Social connectedness 3 97.47 (17.24) 104.55 (7.51) -1.57 0.13

Notes. ' Depressive symptoms were measured with the Center for Epidemiologic Studies Depression Scale Revised (CESD-R).
2 Social phobia symptoms were measured with Social Phobia and Anxiety Inventory. 2 Social connectedness was measured with
the Social Connectedness Scale.
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Table S2. Valuation ratings

Oxytocin Placebo t P
(mean * SD) (mean * SD)

Social anxiety (n = 33)

Low amount today 6.47 (2.24) 5.31 (2.33) 1.46 0.16
Low amount 2 weeks 5.06 (2.51) 4.13 (1.86) 1.21 0.24
Low amount 4 weeks 4.65 (1.80) 3.50 (1.75) 1.85 0.07
Low amount 6 weeks 4.71 (2.34) 4.00 (2.31) 0.87 0.39
Medium amount today 7.18 (1.98) 7.19 (2.20) -0.02 0.99
Medium amount 2 weeks 6.41 (2.00) 6.38 (1.67) 0.06 0.96
Medium amount 4 weeks 6.29 (2.23) 6.38 (1.36) -0.13 0.90
Medium amount 6 weeks 6.47 (2.10) 5.56 (1.75) 1.35 0.19
High amount today 8.53 (0.79) 8.69 (0.79) -0.57 0.57
High amount 2 weeks 8.12 (1.05) 7.81(1.17) 0.79 0.44
High amount 4 weeks 7.76 (1.30) 7.13 (2.00) 1.10 0.28
High amount 6 weeks 7.82 (1.29) 7.56 (1.26) 0.59 0.56
Healthy controls (n = 37)

Low amount today 6.47 (2.32) 6.15 (2.37) 0.14 0.68
Low amount 2 weeks 5.47 (2.72) 4.90 (2.45) 0.67 0.51
Low amount 4 weeks 5.35 (2.74) 4.40 (2.19) 1.18 0.25
Low amount 6 weeks 5.06 (2.82) 3.95 (2.24) 1.34 0.19
Medium amount today 7.82 (1.94) 7.30 (2.20) 0.76 0.45
Medium amount 2 weeks 7.12 (1.65) 6.70 (2.25) 0.63 0.53
Medium amount 4 weeks 6.71 (1.83) 6.25 (2.53) 0.62 0.54
Medium amount 6 weeks 6.53 (2.07) 6.30 (2.49) 0.30 0.77
High amount today 8.59 (0.80) 8.65 (0.75) -0.24 0.81
High amount 2 weeks 8.18 (0.95) 8.10 (1.41) 0.19 0.85
High amount 4 weeks 7.41 (1.58) 7.65 (1.84) -0.42 0.68
High amount 6 weeks 7.29 (1.86) 7.05 (2.58) 0.32 0.75

Notes. Participants rated the attractiveness of the options on a scale of 1 (minimum) — 9 (maximum).
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CONSORT 2010 checklist of information to include when reporting a randomised trial*

Item Reported
Section/Topic No Checklist item on page No
Title and abstract
1a Identification as a randomised trial in the title
1b  Structured summary of trial design, methods, results, and conclusions (for specific guidance see CONSORT for abstracts) n.a.
Introduction
Background and 2a  Scientific background and explanation of rationale 2
objectives 2b  Specific objectives or hypotheses 2
Methods
Trial design 3a  Description of trial design (such as parallel, factorial) including allocation ratio 2, S| Methods
3b  Important changes to methods after trial commencement (such as eligibility criteria), with reasons S| Methods
(p- 2)
Participants 4a  Eligibility criteria for participants 2, SI-Methods
4b  Settings and locations where the data were collected S| Methods
Interventions 5 The interventions for each group with sufficient details to allow replication, including how and when they were S| Methods
actually administered
Outcomes 6a  Completely defined pre-specified primary and secondary outcome measures, including how and when they S| Methods
were assessed
6b  Any changes to trial outcomes after the trial commenced, with reasons n.a.
Sample size 7a How sample size was determined n.a.
7b  When applicable, explanation of any interim analyses and stopping guidelines n.a.
Randomisation:
Sequence 8a  Method used to generate the random allocation sequence S| Methods
generation 8b  Type of randomisation; details of any restriction (such as blocking and block size) S| Methods
Allocation 9 Mechanism used to implement the random allocation sequence (such as sequentially numbered containers), S| Methods
concealment describing any steps taken to conceal the sequence until interventions were assigned
mechanism
Implementation 10  Who generated the random allocation sequence, who enrolled participants, and who assigned participants to S| Methods

interventions
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Blinding 11a If done, who was blinded after assignment to interventions (for example, participants, care providers, those S| Methods
assessing outcomes) and how
11b  If relevant, description of the similarity of interventions S| Methods
Statistical methods 12a  Statistical methods used to compare groups for primary and secondary outcomes S| Methods
12b  Methods for additional analyses, such as subgroup analyses and adjusted analyses S| Methods
Results
Participant flow (a 13a  For each group, the numbers of participants who were randomly assigned, received intended treatment, and 2, Sl Flow
diagram is strongly were analysed for the primary outcome Diagram
recommended) 13b  For each group, losses and exclusions after randomisation, together with reasons S| Flow
Diagram
Recruitment 14a Dates defining the periods of recruitment and follow-up S| Methods
14b  Why the trial ended or was stopped n.a.
Baseline data 15 A table showing baseline demographic and clinical characteristics for each group S| Results, SI
tables
Numbers analysed 16  For each group, number of participants (denominator) included in each analysis and whether the analysis was 2, Sl Flow
by original assigned groups Diagram
Outcomes and 17a For each primary and secondary outcome, results for each group, and the estimated effect size and its 2-3
estimation precision (such as 95% confidence interval)
17b  For binary outcomes, presentation of both absolute and relative effect sizes is recommended
Ancillary analyses 18 Results of any other analyses performed, including subgroup analyses and adjusted analyses, distinguishing Sl-Results
pre-specified from exploratory
Harms 19  All important harms or unintended effects in each group (for specific guidance see CONSORT for harms) Sl-Results
Discussion
Limitations 20 Trial limitations, addressing sources of potential bias, imprecision, and, if relevant, multiplicity of analyses S| Discussion
Generalisability 21 Generalisability (external validity, applicability) of the trial findings 4, Sl
Discussion
Interpretation 22  Interpretation consistent with results, balancing benefits and harms, and considering other relevant evidence 4, Sl
Discussion
Other information
Registration 23  Registration number and name of trial registry S| Methods
Protocol 24 Where the full trial protocol can be accessed, if available
Funding 25  Sources of funding and other support (such as supply of drugs), role of funders 5
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