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Dose-dependent social-cognitive effects of intranasal oxytocin
delivered with novel Breath Powered device in adults with
autism spectrum disorder: a randomized placebo-controlled
double-blind crossover trial
DS Quintana1,2, LT Westlye1,2,3, S Hope1,2,4, T Nærland1,2,5, T Elvsåshagen1,2,6,7, E Dørum1,2, Ø Rustan1,2, M Valstad1,2,3, L Rezvaya1,2,3,
H Lishaugen1,2,3, E Stensønes1,2,3, S Yaqub1,2,3, KT Smerud8, RA Mahmoud9, PG Djupesland10 and OA Andreassen1,2

The neuropeptide oxytocin has shown promise as a treatment for symptoms of autism spectrum disorders (ASD). However, clinical
research progress has been hampered by a poor understanding of oxytocin’s dose–response and sub-optimal intranasal delivery
methods. We examined two doses of oxytocin delivered using a novel Breath Powered intranasal delivery device designed to
improve direct nose-to-brain activity in a double-blind, crossover, randomized, placebo-controlled trial. In a randomized sequence
of single-dose sessions, 17 male adults with ASD received 8 international units (IU) oxytocin, 24IU oxytocin or placebo followed by
four social-cognitive tasks. We observed an omnibus main effect of treatment on the primary outcome measure of overt emotion
salience as measured by emotional ratings of faces (η2 = 0.18). Compared to placebo, 8IU treatment increased overt emotion
salience (P= 0.02, d= 0.63). There was no statistically significant increase after 24IU treatment (P= 0.12, d= 0.4). The effects after 8IU
oxytocin were observed despite no significant increase in peripheral blood plasma oxytocin concentrations. We found no
significant effects for reading the mind in the eyes task performance or secondary outcome social-cognitive tasks (emotional dot
probe and face-morphing). To our knowledge, this is the first trial to assess the dose-dependent effects of a single oxytocin
administration in autism, with results indicating that a low dose of oxytocin can significantly modulate overt emotion salience
despite minimal systemic exposure.
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INTRODUCTION
Autism spectrum disorder (ASD) is a group of neurodevelop-
mental disorders characterized by persistent impairments in social
interaction and communication, and restricted patterns of
interests and behaviors.1 Although ASD is a diverse disorder with
a variety of presentations, deficits in social behavior are unifying
features of ASD that encompass the most commonly reported
symptoms that continue throughout adolescence and adulthood.2

Social interaction problems can have a considerable impact on
quality of life with many individuals with ASD reporting
impairments in relationships and reciprocal conversation
ability,2,3 which contribute to poorer outcomes in education,
employment, community inclusion and independent living.4,5

Despite a high prevalence of up to 1 in 88 individuals,6 current
non-pharmacological therapy options for ASD are either resource
intensive (20–40 h of behavioral intervention per week) or have
low-to-moderate effectiveness.7 Pharmacotherapy options for ASD
symptoms are also limited. Many drugs are used in an attempt to
address different downstream aspects of the disease, such as
melatonin for sleep difficulties.8 However, there are with no

approved treatments available to address the core feature of
social dysfunction, with commonly used medications only
targeting the core feature of repetitive behaviors with consider-
able side-effects (for example, risperidone and aripiprazole9).
Considering these factors, there is an urgent need for new
pharmacotherapies to improve the core symptom of social
dysfunction in ASD.
Intranasal oxytocin has emerged as a potential treatment

addressing social dysfunction. The importance of the oxytocin
system in mammalian social behaviors including social memory,
recognition and attachment has been established using a variety
of animal models since 1980s.10–13 Buoyed by this pre-clinical
animal evidence together with reports that oxytocin increases
trust14 and modulates neural circuitry for social cognition in
humans,15 there was a marked increase in human oxytocin
research from the mid-to-late 2000s. A succession of studies
reported modest improvements in social cognition after use of
nasal oxytocin spray in both neurotypical16–18 and psychiatric19–21

populations, stoking intense scientific and lay interest.22,23

However, a series of negative results,24–26 mixed meta-analytic
results27 and doubts surrounding oxytocin research methods28
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somewhat dampened initial enthusiasm. Given these findings,
researchers have begun to recalibrate their expectations of
oxytocin by more detailed investigation of its social-cognitive
effects. For instance, the notion that oxytocin is exclusively a pro-
social hormone has been largely abandoned,29 with converging
evidence suggesting that oxytocin increases social salience30 and
approach-related behaviors,31 regardless of valence.
In parallel with efforts to better understand contextual and

individual factors that moderate oxytocin response,30 recent
research has focused on how the mechanisms used for nasal
drug administration may influence oxytocin’s effects, potentially
complicating clinical study results and slowing the progress of
translational research with intranasal oxytocin for treatment of
psychiatric conditions.32,33 First, the means of transport of
oxytocin from the nasal cavity to the brain is not well
understood.34 Although it is assumed that oxytocin travels via
olfactory and trigeminal nerves to the brain rather than across the
blood–brain barrier via circulating blood, this has not been directly
tested in humans. Second, the optimal oxytocin dose for humans
is unknown. The majority of ASD oxytocin trials in older
adolescents and adults evaluated 24 international units (IU) of
nasal spray oxytocin,35 yet there is no justification for selecting this
dose beyond precedence, despite pre-clinical research demon-
strating that lower doses may be more efficacious.36,37 Third,
currently used pump-actuated conventional nasal spray devices
for intranasal oxytocin administration are not optimal for the
delivery of molecules to the brain.32 Only a small fraction of liquid
delivered with such devices reaches the upper-posterior region of
the nasal cavity,38 which is innervated by the olfactory and
trigeminal nerve fibers that are believed to be key targets for
nose-to-brain delivery.22 Addressing these administration obsta-
cles, we recently reported a study in neurotypical adult males
comparing response to an emotion sensitivity task after a single
dose of either intranasal oxytocin 8IU or 24IU, intravenous
oxytocin (1IU), or placebo in a double-dummy and double-blind
crossover trial using a novel Breath Powered device shown to
enhance deposition in intranasal sites targeted for nose-to-brain
transport.38,39 A single administration of intranasal 8IU oxytocin-
modulated social cognition, whereas intravenous administration
did not, despite comparable peripheral blood concentrations of
oxytocin after intranasal and intravenous oxytocin adminis-
tration.40 This indicates that nose-to-brain transport, rather than
transport across the blood–brain barrier via peripherally circulat-
ing oxytocin, influences social cognition. Moreover, neural
evidence from the same data set also suggested that intranasal
8IU (but not the other oxytocin treatments) reduced amygdala
activation during the presentation of social stimuli.41

Another barrier to the translation of pre-clinical oxytocin
research relates to the study design issues. Many oxytocin studies
are statistically underpowered, with clinical studies having an
average of 12% statistical power to detect the median Cohen’s d
of 0.32.28 Therefore, the corresponding average false-negative rate
is large (88%), which probably contributes to poor replication
rates. Although statistical power can be improved by increasing
sample sizes—a common refrain in oxytocin trial report discussion
sections—a more efficient and sensible approach is to boost effect
sizes. For instance, effect sizes in oxytocin studies can be increased
by carefully optimizing administration methods and experimental
design. This is an especially attractive alternative for clinical trials,
as recruiting and testing 79 individuals with ASD in a within-
participants trial—the number of participants needed to achieve
80% power for the small-to-medium average effect size of d= 0.32
—would be difficult for many research groups considering that 17
is the median sample size of single-dose crossover oxytocin
studies in ASD.35

Research has yet to investigate the dose-dependent response to
intranasal oxytocin in ASD using optimized intranasal delivery.
This randomized, double-blind, 3-way crossover trial in volunteers

with ASD compared social-cognitive response between three
treatments delivered via a Breath Powered delivery system
(OptiNose, Oslo, Norway): ‘low dose’ (8IU) oxytocin, ‘higher dose’
(24IU) oxytocin and placebo. Social cognition is a complex suite of
processes that cannot be encapsulated by a single experimental
task. Thus, we employed four tasks detailed below to measure
different elements of social cognition: theory of mind, emotional
salience of overt stimuli, emotional salience of covert stimuli and
the speed of recognizing overt emotional stimuli. As ASD is
associated with deficits in identifying both positive and negative
emotions, the social salience tasks examined the perception of
both happiness and anger in social stimuli.42

MATERIALS AND METHODS
Participants
Participants were recruited through advertisements distributed via the
Autism Society of Norway to user networks and specialist clinicians in the
Oslo area. Eligible participants were male, aged 18 to 35 (inclusive), and
had received a diagnosis of ASD from a specialized pediatric or psychiatric
institution via multidisciplinary teams. Written confirmation of ICD-10
criteria ASD diagnosis was obtained from their treating clinicians and
quality-controlled by a specialist study psychiatrist. Only males were
selected because of their overrepresentation in ASD1 and to achieve a
more homogenous study population. Exclusion criteria included psychia-
tric co-morbidity requiring acute intervention (for example, psychosis
spectrum disorders) or IQo75. A screening visit occurred before
randomization at Oslo University Hospital. The Wechsler Abbreviated
Scale of Intelligence43 and the Mini-International Neuropsychiatric
Interview44 were administered by trained graduate students under the
supervision of study physicians and clinical psychologists to index IQ and
confirm the absence of psychiatric illnesses requiring intervention,
respectively. A physical examination was performed by study physicians
and nurses, including a 12-lead ECG and routine blood samples. Study
physicians also confirmed normal nasal anatomy and patency in
participants via physical examination under the supervision of an
otolaryngologist, consistent with recent recommendations.32 Acoustic
rhinometry data were collected by trained study staff under otolaryngol-
ogist supervision (SRE 2000; RhinoMetrics, Lynge, Denmark), yielding nasal
valve dimensions (minimum cross-sectional area, summed left and right
dimensions) and nasal cavity volume 2–5 cm from the nostrils. This trial
was approved by the Regional Committee for Medical and Health Research
Ethics (REC South East) and participants provided written informed
consent before they participated. The study is registered at the EU Clinical
Trials register (EudraCT no.: 2014-005452-26).

Study design
Participants received 8IU oxytocin intranasally, 24IU oxytocin intranasally,
and an intranasal placebo treatment in a randomized, placebo-controlled,
double-blind, three-period crossover design. Participants were randomized
to one of six treatment sequences, using a three-period, three-treatment
Latin square method (ABC—ACB—BAC—BCA—CAB—CBA in a 1:1:1 ratio;
Supplementary Figure S1), with a minimum of 24 h between treatments to
ensure adequate washout. Three participants, who were later randomized
for treatment, took part in pilot tests of the social-cognitive and nasal spray
administration procedures with open label placebo solution. An indepen-
dent statistician (Smerud Medical Research International, Oslo, Norway)
provided the randomization code, and both the participants and the
research team were blinded to treatment. A pharmaceutical service
provider (Farma Holding, Oslo, Norway) filled the oxytocin and placebo
(matching liquid vehicle) formulations into the Breath Powered devices. All
participants completed practice administration at every treatment session
using an empty Breath Powered device under the supervision of study
staff, before self-administering an intranasal treatment using another
device. Participants began the social-cognitive tasks (see details below)
40 min after treatment administration in the following order during every
visit: emotion sensitivity, Reading the Mind in the Eyes Test (RMET),
emotional dot probe and emotional face-morphing (Figure 1). Each task
took ~ 10 min to complete. Analysis of prior study data derived using the
same emotion sensitivity primary outcome measure and Breath Powered
device40 revealed a large effect size (partial η2 = 0.14). A power analysis
using G*Power software45 indicated that a sample size of 18 would achieve
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90% power for a repeated measures design, given a large effect size
(partial η2 = 0.14) and α=0.05.

Breath Powered delivery device for nasal spray administration
The breath powered, closed-palate, bi-directional nasal spray (‘Breath
Powered’) device (also known as the Exhalation Delivery System)
capitalizes on two aspects of nasal anatomy to facilitate efficient posterior
and superior delivery of medication in the nasal cavity46 (Supplementary
Figure S2). As the user blows through the mouth against a resistance the
soft palate automatically closes, creating an airtight seal isolating the nasal
cavity from the oral cavity, preventing lung deposition and limiting
gastrointestinal deposition.47 An optimized sealing nosepiece helps direct
the exhaled breath and oxytocin aerosol into the upper-posterior nasal
cavity. With a closed soft palate, airflow enters via one nostril and deposits
the drug aerosol on target sites and then exits from the other nostril (that
is, bi-directional delivery). These conditions create a positive variable
pressure in the nasal cavity, which balances pressure across the soft palate,
to prevent over-elevation and ensure a patent communication around and
behind the nasal septum while also expanding the nasal valve and narrow
slit-like nasal passages. This mechanism has been shown to produce
improved delivery of drug beyond the nasal valve to target regions in the
upper and posterior nasal cavity.46 As in a previous study, the device was
further optimized for nose-to-brain deliver with an elongated nosepiece
and sideways flexible tip to improve delivery to the most upper and
posterior segments of the nasal cavity.40,48

Co-primary outcome measures
We had two primary outcome measures: an overt emotion sensitivity task
previously demonstrated to be modulated by oxytocin delivered via the
Breath Powered device40 and a Norwegian translation of the RMET49 a
commonly used task in oxytocin research17,19,26,50,51 to assess theory of
mind performance. We hypothesized that oxytocin would increase
emotion sensitivity and salience, and improve RMET performance. For
the emotion sensitivity task, participants were presented with 20 male and
female faces as used previously;40,52 displaying angry, happy and
emotionally ambiguous facial expressions derived from the Karolinska
Directed Emotional Faces database.53 The task consisted of five blocks with
20 trials in each block. Each trial of ~ 6–8 s duration comprised the
following sequence: fixation cross of 2 s duration→ face presentation of 1 s
duration→Q1 of 10 s duration (maximum response window, which
terminated after participant response). Participants were asked either:
‘How angry is this person?’ (anchors: not angry—very angry) or ‘How
happy is this person?’ (anchors: not happy—very happy). Participants were
asked to rank their answer on a numerical rating scale from 1 to 5, with
initial location of the cursor on the numerical rating scale randomized for
each question. The primary outcome measures were the mean ratings for

each category. The RMET is a 36-item battery indexing theory of mind
ability,49 whereby participants are shown eye region images and asked
which of four possible descriptions best describes what the person in the
images is thinking or feeling. The percentage of correct responses was
used as the outcome measure, as per prior research.19

Secondary outcome measures
Secondary outcomes included performance on an emotional dot probe
task54 (covert emotional salience) and an emotional face-morphing task
(speed of recognizing overt emotional stimuli). On the basis of prior
reports, we hypothesized that oxytocin would increase covert emotional
salience in the dot probe task55,56 and increase the speed of recognizing
overt emotional stimuli in the face-morphing task.57,58 The dot probe task
assesses attentional preference or bias between two stimuli that are
presented for a short period of time. Each trial began with a fixation cross
for 100 ms, followed by a face stimuli pair (using the same stimuli set from
the emotion sensitivity task). One of three pairs of stimuli were presented:
angry-ambiguous, happy-ambiguous and ambiguous-ambiguous. The
stimuli (40 faces) were drawn from the same stimulus set as the emotion
sensitivity task. Pairs were presented for 500 ms, with the probe appearing
directly after the faces were present in the place of one of the faces. The
probe either appeared behind the target (congruent trial), which was the
emotional face for the angry-ambiguous and happy-ambiguous pairs, or
non-target (incongruent trial). Participants were asked to indicate where
the probe appeared as fast as possible by pressing one of two keys. A total
of 160 trials were presented. To create a measure of attentional bias (ms),
which was the outcome measure for this task for each stimuli pair (angry
and happy), reaction times from congruent trials were subtracted from
incongruent trials.
A face-morphing task was developed using the same stimuli to assess

speed of emotion recognition. Faces morphed from ambiguous faces to
either happy (50%) or angry faces (50%) over 10 s. Morphing videos were
created using Fantamorph software (version 5.4.2, Abrosoft, USA). When
selecting the starting frame as the ambiguous face and the end frame as
the emotional face, each video displays a consistent 10-s morph between
these two faces. Participants did not see the same face twice. Participants
were instructed to indicate when they could recognize the emotion as
either happy or angry. There were 38 trials in total.
The forty-item state-trait anxiety inventory STAI59 was also administered

before intranasal administration to index state and trait anxiety. The
twenty-item state anxiety portion of the STAI was administered again after
the completion of the social cognition tasks to assess changes in state
anxiety. After completing the STAI, participants were asked to guess which
treatment they were randomized to for the present experimental session
(oxytocin or placebo).

Figure 1. Task design. Participants were administered an intranasal solution with the social-cognitive tasks beginning 40 min after intranasal
administration. Blood samples and the STAI responses (state-trait anxiety questionnaire) were also collected twice, before and after intranasal
administration. Time is shown in minutes.
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Pharmacokinetics
Blood samples were collected to assess peripheral levels of oxytocin,
arginine vasopressin (AVP), and cortisol at baseline and 40 min after
administration of study medication. Blood samples were centrifuged at 4 °
C within 5 min of blood draw, after which plasma was frozen at − 80 °C.
Oxytocin concentrations were assessed with enzyme-linked immunosor-
bent assay (ELISA) using commercially available kits (Enzo Life Sciences,
Farmingdale, NY, USA). AVP concentration was assessed with competitive
radioimmunoassay using commercially available kits (BÜHLMANN
Laboratories, Schönenbuch, Switzerland). Cortisol concentrations were
measured by luminescence immunoassay (Siemens Immulite 2000XPi,
Erlangen, Germany). The Oslo University Hospital hormone lab performed
all assays using standard techniques (including sample extraction).

Statistical analysis
Statistical analysis was conducted using the R statistical package60 and
JASP (https://jasp-stats.org) to examine the impact of treatment on social-
cognitive and pharmacokinetic outcomes. A multilevel linear mixed-model
(LMM) approach using the ‘nlme’ package (http://CRAN.R-project.org/

package= nlme) was adopted to assess the effect of treatment on social-
cognitive outcomes measures. This approach compares the fit of a null
LMM model against a main effect LMM model, which yields a likelihood
ratio and P-value. LMMs were chosen as repeated-measure analyses to
assess main effects because they do not rely on complete data sets or the
assumption of compound symmetry. For any significant main effects
(Po0.05), post-hoc tests were performed to compare each treatment
condition (with Tukey adjustment of critical P-values to correct for multiple
comparisons). Cohen’s d was calculated as a measure of effect size with
values of 0.2, 0.5 and 0.8 interpreted as small, medium and large effect
sizes, respectively.61 For comparison and the calculation of effect sizes,
repeated measures ANOVAs were also performed if there was o10%
missing data, with Huynh-Feldt corrected statistics presented if sphericity
was violated. Eta-squared (η2) was computed in JASP as a measure of
ANOVA effect size, with values of 0.01, 0.06 and 0.14 interpreted as small,
medium and large effect sizes, respectively.61 Figures illustrating main
effects and interactions contain SE bars corrected for within-subjects
data.62 This approach helps to ensure that non-overlapping SE bars better
represent significant group mean differences, as uncorrected SE bars can
be misleading when visualizing within-subjects data.63

Figure 2. Mean scores for emotion sensitivity ratings. Happy ratings of ambiguous faces were increased after 8 international units (IU) oxytocin
treatment (a). Angry ratings of ambiguous faces were also increased after 8IU treatment; however, this was on the border of statistical
significance (b). There were no significant differences in happy ratings of happy faces (c) or angry ratings of angry faces (d). Error bars
represent standard error of the mean and were corrected for a within-subject design.62,63
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RESULTS
Twenty-six volunteers were assessed for eligibility, and seventeen
participants aged 19–35 years (M= 24.76, s.d. = 4.75) were
randomized (Supplementary Figure S1; mean full-scale IQ = 109.8
(SD= 12.1); mean body mass index = 26.7 (SD= 6.1)). Nine
participants were excluded either because they declined to
participate further (n= 2), had a full-scale IQo75 (n= 2), fulfilled
criteria for a psychosis spectrum disorder (n= 2), displayed an
abnormal 12-lead electrocardiogram, (n= 2), or had clinically
significant blood test results (n= 1). Five eligible participants
fulfilled criteria for a co-morbid psychiatric disorder (agoraphobia
(n= 2), major depressive disorder (n= 2), obsessive compulsive
disorder (n= 1)). On average, 13 days (s.d. = 16) elapsed between
each treatment session (range: 1–72). Every randomized partici-
pant completed all three treatments. Recruitment commenced
April 2015 and all treatments were completed by February 2016.

Primary outcome measures
Treatment condition had a statistically significant effect on the
perception of happiness in ambiguous faces, χ2(2) = 6.71, P= 0.03
(Figure 2a; Table 1). Post-hoc tests with Tukey-adjusted P-values for
multiple comparisons revealed that ratings of happiness after 8IU
oxytocin were significantly higher than ratings after placebo
(P= 0.02), a difference associated with a medium-to-large effect
size (d= 0.63). There was no significant difference in the
perception of happiness between 24IU and placebo (P= 0.12,
d= 0.4) or 8IU and 24IU (P= 0.8; d= 0.18). For comparison, a
repeated measures ANOVA revealed a similar outcome to the
LMM with a significant main effect (F(2, 32) = 3.49, P= 0.04), which
was associated with a large effect size (η2 = 0.18). There was also
evidence of a main effect of treatment on the perception of anger
in ambiguous faces, but this was on the border of statistical
significance, χ2(2) = 4.83, P= 0.09 (Figure 2b). Tukey-adjusted
multiple comparisons revealed that the increase in anger ratings
after 24IU compared to placebo treatments was also on the border
of statistical significance (P= 0.07, d= 0.64). A repeated measures
ANOVA with Huynh-Feldt sphericity correction provided equiva-
lent statistics to the LMM (F(1,56, 24.97) = 2.44, P= 0.1), which was
associated with a medium-to-large effect size (η2 = 0.13). There
was no significant effect of treatment on the happy ratings of
happy faces (χ2(2) = 1.19, P= 0.55; Figure 2c) or angry ratings of
angry faces (χ2(2) = 0.22, P= 0.89; Figure 2d). There was also no
significant effect of treatment (χ2(2) = 3.83, P= 0.15; Figure 3) or
visit order (that is, practice effects; χ2(2) = 1.79, P= 0.41) on RMET
performance.

Secondary outcome measures
There was no statistically significant main effect of treatment
condition on speed or accuracy of detection for happy (speed:

χ2(2) = 0.02, P= 0.99; accuracy: χ2(2) = 0.43, P= 0.8) or angry (speed:
χ2(2) = 0.23, P= 0.89; accuracy: χ2(2) = 5.39, P= 0.07) face morphs
(Supplementary Table S1). Treatment effects on speed of
identifying faces for correct trials only were similar for happy
(74% of all trials; χ2(2) = 2.8, P= 0.25) and angry faces (70% of all
trials; χ2(2) = 0.18, P= 0.91). Results from the dot probe task also
revealed there was no main effect of treatment on attentional bias
towards happy (χ2(2) = 2.48, P= 0.29) or angry (χ2(2) = 0.76,
P= 0.68) faces (Supplementary Table S1).

Pharmacokinetics, safety and anxiety measures
The main effect of treatment condition on peripheral oxytocin
concentrations was on the border of statistical significance
(χ2(2) = 5.48, P= 0.06; Figure 4a). There was no main effect of time
(χ2(1) = 0.3, P= 0.58), however, the treatment × time interaction
effect was on the border of statistical significance (χ2(2) = 5.37,
P= 0.07). Simple main effects revealed no treatment condition
effect at baseline (χ2(2) = 0.17, P= 0.92); however, there was a
treatment condition, simple main effect on peripheral oxytocin
concentrations post treatment administration (χ2(2) = 13.79,
P= 0.001). Post-hoc comparisons (Tukey-adjusted) revealed
increased peripheral oxytocin concentrations after 24IU compared
to 8IU (P= 0.01) and placebo (Po0.001). There was no difference
in peripheral oxytocin concentration after 8IU and placebo

Table 1. Primary social cognition outcome measures

8IU OT 24IU OT Placebo Pairwise comparison P-values

8IU vs placebo 24IU vs placebo 8IU vs 24IU

Emotion sensitivity
Happy ratings of neutral faces 2.42 (0.05) 2.37 (0.06) 2.21 (0.06) 0.02** 0.12 0.8
Angry ratings of neutral faces 2.61 (0.06) 2.65 (0.03) 2.49 (0.06) 0.22 0.07* 0.86
Happy ratings of happy faces 3.76 (0.09) 3.8 (0.05) 3.74 (0.1) 0.54 0.7 0.97
Angry ratings of angry faces − 0.25 (0.21) −0.15 (0.25) 0.53 (0.22) 0.98 0.89 0.95

RMET
Percentage correct 63.24 (1.5) 67.81 (1.84) 65.69 (1.61) 0.53 0.62 0.11

Abbreviations: IU, international units; RMET, Reading the Mind in the Eyes Test. **Po0.05. *Po0.01. Values represent means with standard error in parenthesis.

Figure 3. Mean RMET scores. There was also no significant difference
in Reading the Mind in the Eyes Test (RMET) performance between
treatment conditions. Error bars represent standard error of the
mean and were corrected for a within-subject design.62,63 IU,
international units.
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(P= 0.45). Regarding peripheral AVP concentrations (Figure 4b),
there was no main effect of treatment condition (χ2(2) = 2.03,
P= 0.36), time (χ2(1) = 1.89, P= 0.17), or treatment × time interac-
tion (χ2(2) = 4.2, P= 0.12). There was also no main effect of
treatment (χ2(2) = 0.24, P= 0.89), time (χ2(1) = 1.65, P= 0.2), or
treatment × time interaction (χ2(2) = 0.34, P= 0.84) for peripheral
cortisol concentrations (Figure 4c).
There was no significant main effect of treatment condition on

state anxiety, as measured by the STAI-state questionnaire,
(χ2(2) = 0.65, P= 0.72) but a significant time effect (χ2(1) = 17.45,
Po0.001) with a reduction of ratings from baseline to the
conclusion of testing. However, there was no significant treat-
ment × time interaction (χ2(2) = 0.5, P= 0.78) for state anxiety.
There was also no effect of treatment group on nasal valve
dimensions (χ2(2) = 2.65, P= 0.27), or the total volume of the nasal
cavity 2–5 cm deep from the nostrils (χ2(2) = 1.23, P= 0.54). There
was also no statistically significant relationship between nasal
valve dimensions or total volume of the nasal cavity (2–5 cm deep
from the nostrils) and performance on any of the social cognition
tasks (Supplementary Tables S2 and S3). A χ2 test revealed no
difference between treatment conditions on whether participants
could correctly identify the treatment they were administered (χ2

(2) = 2.57, P= 0.28). Adverse events reported after treatment
administrations were transient and easily tolerated (for example,
dizziness associated with blood collection, fatigue and headache),
and were distributed across the three-treatment arms (8IU, 4
reports; 24IU, 4 reports; and placebo, 2 reports).

DISCUSSION
This pre-registered randomized controlled trial was designed to
assess the dose-dependent effects of intranasal oxytocin for
social-cognitive performance in ASD. Here, we show that a single
8IU intranasal administration of oxytocin significantly increases
the overt emotional salience of happiness in ambiguous faces
compared to placebo, providing additional support that oxytocin
treatment may help ameliorate a core feature of ASD. Although
there was no significant difference in mean rating of happiness
between 8IU and 24IU oxytocin, only scores after 8IU were
significantly higher than ratings after placebo treatment. There
was also a main effect of treatment condition on the perception of
anger associated with a medium-to-large effect size; however, this
was on the border of statistical significance, making conclusions
less clear. Exploratory post-hoc analysis, albeit non-significant,
suggested that anger ratings were increased after 24IU oxytocin
treatment compared to placebo, a difference coupled with a

medium effect size. There were no statistically significant main
effects on the RMET primary outcome measure, or secondary
outcome measures (dot probe and face-morphing). Altogether,
these results suggest that oxytocin administration may influence
the sensitivity of overt emotion perception, particularly happiness,
in ambiguous facial stimuli in adults with ASD, but might not
influence the speed of emotion recognition, implicit bias towards
emotional stimuli, or theory of mind performance.
Individuals with ASD are less sensitive to both positively and

negatively valenced social information.42,64,65 Consequently,
potential treatments addressing social dysfunction in ASD need
to address the whole gamut of social cues—not just positive cues.
In the present trial, we observed an increase in the salience of
both happiness and anger after intranasal oxytocin, although only
the increased perception of happiness after an 8IU oxytocin dose
reached statistical significance (whereas the increased perception
of anger was only on the border of statistical significance despite a
medium-to-large effect size). The data is somewhat consistent
with the social salience hypothesis,66 which suggests that oxytocin
modulates the salience of both positive and negative social cues.
For reference, compared to happiness rating of ambiguous faces
in the present sample (Table 1), neurotypical adult males that
completed the same task after placebo (n= 16) had an average
happiness rating of ambiguous faces of 2.51 (s.d. = 0.13).40

Comparing these two outcomes provides tentative evidence that
oxytocin treatment in adult ASD may facilitate a shift towards
neurotypical responses to social stimuli, at least for positive
stimuli. Although we previously observed a reduction in angry
ratings of ambiguous faces after 8IU administration,40 this was
found in a sample of neurotypical adults tested in a unique fMRI
environment.
Prior research using a similar sample size (n= 16) demonstrated

that intranasal oxytocin improves RMET performance in male
adolescents with ASD;19 however, we did not observe an effect on
RMET performance in the present older sample of adult males
with ASD. This may have been because of ceiling effects on
performance due to the sampling of a population with less severe
ASD. For comparison, after placebo administration the present
sample scored 65.7% correct on the RMET, whereas previous
research examining the impact of oxytocin in an ASD population
reported scores of approximately 45% correct RMET items.19 The
present score after placebo administration is also slightly higher
than ASD norms for RMET performance (61%).49 In addition, we
did not find any statistically main effects for performance on the
secondary outcome dot probe or face-morphing measures. This
suggests that exogenous oxytocin might not influence the

Figure 4. Hormone pharmacokinetics. Pharmacokinetics of plasma oxytocin (a), arginine vasopressin (AVP) (b), and cortisol (c) before and after
each treatment administration. Error bars represent standard error of the mean and were corrected for a within-subjects design.62,63

IU, international units.
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emotional salience of covert stimuli or the speed of recognizing
overt emotional stimuli in young male adults with ASD. An
alternative explanation is that the timing of these two tasks
(~60–80 min post-administration) may have missed peak
central concentrations of oxytocin, which is thought to be
around 35–50 min post-administration. Indeed, previous effects
on the face-morphing or the dot probe tasks occurred at when
these tasks were performed during this time period.55–58 Finally,
the study sample was appropriately powered to detect a
main effect for the overt emotion salience tasks, however, it
may not have had enough power to detect differences in these
secondary tasks.
Animal research has shown the potential for long-term adverse

effects after large oxytocin doses.67,68 Although only minimal
adverse events have been reported in oxytocin ASD trials to
date,69 it is still crucial to determine the lowest efficacious dose to
limit adverse events and exposure to widely distributed peripheral
oxytocin receptors.70 There were no significant differences in
peripheral oxytocin concentrations after 8IU and placebo treat-
ments. This suggests that 8 IU oxytocin delivered with the Breath
Powered device increased emotion sensitivity without significantly
elevating peripheral oxytocin, which supports the possibility of
direct nose-to-brain transport with this delivery mechanism and
potential to achieve therapeutic benefit while minimizing adverse
effects due to peripheral oxytocin receptor activation. There was
also no difference in AVP levels, suggesting no peripheral cross-
reactivity, which is more likely to occur with higher levels of
oxytocin exposure.71 Research is increasingly pointing towards
lower oxytocin doses being more (or at least equivalently)
efficacious than higher doses.36,37,72,73 The present result also
adds to existing behavioral40 and neural41 evidence that lower
oxytocin doses delivered with the Breath Powered device may be
more efficacious, at least for single administration trials. Alter-
natively, 24IU oxytocin delivered via traditional nasal devices may
offer equivalent central levels because of substantial loss of the
delivered drug. Delivery of the drug to the non-ciliated mucosa
anterior to the nasal valve,39 may drip out of the nostril or be
sniffed along the floor of the nose and swallowed. As traditional
nasal spray devices deliver less liquid to nose-to-brain targets in
the upper-posterior region of the nasal cavity, this could limit the
fraction reaching the brain and central activity. Future research is
needed to directly compare performance of the Breath Powered
device and traditional device for delivering intranasal oxytocin.
Regardless, even if 24IU oxytocin delivered with traditional device
provides equivalent central activity as 8IU delivered with the
Breath Powered device, the latter device appears to reduce
peripheral exposure to oxytocin.
The study had some limitations worth noting. First, the

participant sample was a population of young adult males without
intellectual disability. Future work in broader populations is
needed to assess the generalizability to a wider ASD population.
Despite fulfilling criteria for ASD, a measure of disorder severity
was not collected. However, as a main effect on a primary
outcome was observed, without any need for subtyping
participants on any demographic or clinical variable, this suggests
that the effect is robust across a relatively heterogeneous male
ASD population with a range of verbal, non-verbal, and general
cognitive function aptitudes (WASI full-scale IQ mean: 109.8, s.d.:
12.1, range: 89–138). Second, although our sample size matched
the median sample size for oxytocin crossover studies,35 this still
may be considered as small. However, a power analysis based on
effect sizes using the same primary outcome measure in healthy
controls40 revealed a sample of 18 was sufficient to achieve
statistical power of 90%, which is exceptionally higher than the
12% average statistical power of oxytocin clinical trials to detect
the mean effect size across trials.28

Altogether, our study provides initial evidence that a low dose
of oxytocin delivered with the Breath Powered device modulates

overt social salience in ASD. To our knowledge, this is the first
demonstration of such an effect in a heterogeneous adult male
ASD population. Moreover, this social-cognitive effect of
oxytocin administration was achieved with minimal systemic
exposure. Future work will be required to determine the effect
of multiple 8IU oxytocin dosing with Breath Powered device
on social interaction measures and quality of life in people
with ASD.
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