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A B S T R A C T

Autism spectrum disorder (ASD) is a neurodevelopmental disorder, whose core symptoms consist of deficits in
social interaction and communication as well as restricted and repetitive behavior. Brain oxytocin (OXT) has been
associated with various prosocial behaviors, and might, therefore, be involved in the pathogenesis of disorders
associated with socio-emotional dysfunctions such as ASD. However, significant associations between central and
peripheral OXT levels may only be present in response to physiological or stressful stimuli but were not shown
under baseline conditions. In this study, we, therefore, investigated salivary and plasma OXT in response to
physical exercise in adults with ASD (n ¼ 33, mean age: 36.8 � 10.7 years) without intellectual impairment (IQ >

70) and neurotypical controls (n ¼ 31, mean age: 31.0 � 11.7 years). To stimulate the OXT system, we used rapid
cycling and measured cortisol (CORT) concentrations to monitor the physiological stress response. When con-
trolling for age, neither salivary OXT (p ¼ .469), plasma OXT (p ¼ .297) nor CORT (p ¼ .667) concentrations
significantly differed between groups at baseline. In addition, neither OXT nor CORT concentrations significantly
differed between groups after physical exercise. Social anxiety traits were negatively correlated with plasma, but
not saliva OXT concentrations in neurotypicals at baseline, while empathetic traits were positively correlated with
saliva, but not plasma concentrations in autistic patients at baseline. No significant correlations between salivary
and plasma OXT concentrations were found at any time point. Future studies including adult participants should
investigate the effect of age on CORT and OXT concentrations in response to stress.
1. Introduction

Autism spectrum disorder (ASD) is defined by persistent impairments
of social communication and interaction as well as repetitive and
restricted patterns of behavior, interests or activities [1]. The existing
diagnostic assessment of ASD is still very complex and time-consuming.
Especially autistic individuals with at least average intelligence, also
referred to as persons with high-functioning autism (HFA), can reach
adulthood without being tested for ASD due to cognitive compensation
sychiatry, Kraepelinstr. 2-10, 808
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mechanisms and favorable environmental factors [2]. Due to the high
comorbidity rate of psychiatric conditions (e.g. depression, social phobia,
and alexithymia) potentially overlapping the core symptoms of ASD, the
diagnostic assessment is further complicated [2,3]. For these reasons, the
development of objective and observer-independent markers would be
an important break-through for autism diagnosis but could also be rele-
vant for treatment decisions.

Until today, the exact etiology of ASD remains poorly understood [4].
The neuropeptide oxytocin (OXT), which has been frequently linked with
04, Munich, Germany.
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ASD in recent years, has received considerable interest as a modulator of
social behaviors on the one hand, and anxiety and stress-coping on the
other [5,6]. OXT is primarily synthesized in the magnocellular neurons of
the paraventricular and supraoptic nuclei of the hypothalamus, then
transported to the posterior pituitary gland, and finally released into the
blood stream [7]. OXT is also released via widely distributed pathways
within distinct brain regions in response to social or stressful stimuli as
revealed in laboratory animals, where it acts as a neuromodulator [7]. In
humans, OXT is mostly measured in the periphery, i.e. in different body
fluids such as plasma, saliva or urine [8].

Due to the core symptomatology of ASD, a deficiency of the OXT
system has been suggested as an underlying cause of autism [9]. Analyses
of peripheral OXT concentrations in autistic individuals, however,
showed mixed results with lower [10,11], higher [12,13], or similar OXT
values compared to neurotypicals [14,15]. Importantly, the temporal
dynamics of peripheral OXT release may substantially differ from that of
central release in a stimulus-dependent way [5,16]. While both central
and peripheral OXT release was observed during birth, suckling, mating,
physical exercise or experimentally induced stress, no correlation was
found under baseline conditions [5,16,17]. Thus, previous findings
observed solely at baseline need to be treated with caution as it is unclear
whether they reflect the OXT (dys-)regulations of the brain. Several
stimuli like sexual self-stimulation [18], psychosocial stress [18,19], and
physical exercise [18,20,21] have been identified to reliably increase
peripheral OXT concentrations. In adults with ASD, however, a
commonly used psychosocial stress task like public speaking has failed to
induce a peripheral OXT change [13]. In this study, we therefore, chose
physical exercise in form of rapid cycling (ergometry) as OXT-inducing
stimulus. Apart from stimulating OXT secretion, this procedure also al-
lows to elicit stress responses measurable as cortisol (CORT) increase.

CORT is the primary glucocorticoid in humans which is released from
the adrenal cortices of the hypothalamic-pituitary-adrenal (HPA) axis
and responsive to physical or perceived psychological stress [22–24].
CORT follows a circadian rhythm with its highest levels in the early
morning hours (about 30 min after waking), declining rapidly in the
morning, with a slower decrease in the afternoon, and reaching its lowest
level in the evening [25,26]. Measuring CORT in addition to OXT seems
relevant because an increase of CORTmight be essential to stimulate OXT
concentrations [27,28]. To ensure the successful individual stress
response a cut-off of �15.5% CORT baseline-to-peak increase was
defined [47]. More precisely, participants reaching a CORT
post-stress-to-baseline quotient of at least 1.155 were defined as CORT
responders, while others below this quotient were CORT non-responders
to the physical challenge.

Plasma has been the biomaterial of choice to measure OXT given the
modestly invasive character and its good temporal resolution [8,18].
However, people with ASD often suffer from sensory issues [30], thus a
less invasive method, e.g. saliva collection, would be advantageous.
While measures of basal OXT in saliva have repeatedly been shown to be
reliable [31,32], the sensitivity of saliva samples to detect dynamic
changes in OXT levels in response to relevant physiological and psy-
chological challenges needs to be further examined [18]. Therefore, we
decided to collect both plasma and saliva samples to measure peripheral
OXT.

In this study, we pursued five main aims: First, we tested whether the
peripheral OXT and CORT concentrations of adult individuals with HFA
were altered compared to those of neurotypicals under baseline condi-
tions. Second, we examined peripheral OXT and CORT concentrations for
group-related effects after physical exercise. Third, we focused on the
correlation between peripheral CORT and OXT concentrations, as
recently found in neurotypicals [18,19,33]. Fourth, we tested, whether
the behavioral phenotype (e.g. autistic or anxious traits) was associated
with peripheral OXT concentrations measured at baseline. Implementing
this approach, we aimed at integrating the complex behavioral charac-
teristics of our participants, especially of those with ASD and comorbid
psychiatric conditions, into our analysis. Fifth, we were interested
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whether salivary and plasma OXT concentrations were correlated in this
experimental set-up.

2. Subjects and methods

2.1. Study sample

Seventy-seven participants, aged 18–60 years, were recruited in the
time between October 2017 and April 2019 at the Max Planck Institute of
Psychiatry (MPIP). Thirteen participants were excluded from the study
due to cardiovascular risks (n ¼ 7), exceedance of cut-off values in psy-
chometric questionnaires (this applies to alleged neurotypicals, n¼ 5), or
intake of hormonal contraception (n ¼ 1), leaving 64 participants for the
final data analyses (Table 1). Neurotypical controls were recruited
through an online study application system on the institute’s website.
Individuals with autism were either recruited through the “Outpatient
and Day Clinic for Disorders of Social Interaction” at the MPIP (n¼ 28) or
the online system (n¼ 5). Neurotypical controls (n¼ 31) were defined as
adults without any history of psychiatric or neurological disorders.
Before inclusion in the study, the medical history of potential candidates
was taken following a physical examination. They were excluded from
the study in case of a suspected somatic, psychiatric or neurological
disorder. Autistic patients (n ¼ 33) received a diagnostic assessment for
ASD according to the German national autism guidelines [34] (see 2.2).
Only patients who met the DSM-5-criteria for ASD were admitted to
participate in the study [1]. Since participants with ASD did not show any
intellectual impairment and IQ values < 70 were used as an exclusion
criterion, they were regarded as patients with high-functioning autism
(HFA). Exclusion criteria consisted of any serious somatic illness (e.g.
diabetes, diseases of the cardiac, pulmonary, renal or hepatic system,
chronic inflammatory diseases etc.), a diagnosis of schizophrenia in the
present or past, breast-feeding, pregnancy, and the use of hormonal
contraception and/or sex hormones to control for potential hormonal
effects on OXT. All study participants provided written informed consent.
Ethical approval was granted by the Ethics Committee of the
Ludwig-Maximilians-University (LMU) Munich (Project number:
712–15). All procedures were performed in accordance with the Decla-
ration of Helsinki. Participants could withdraw from the study at any
time and were financially compensated for their time.

2.2. Diagnostic procedures

Autistic patients received a diagnostic assessment for ASD according
to the German national autism guidelines [34], in which ASD related
symptoms were interrogated and observed in a comprehensive diag-
nostic interview conducted by a psychologist or psychiatrist experienced
in diagnosing ASD. In the interview, the focus was set on diagnostic
criteria for ASD according to DSM-5 covering the lifespan (starting from
early development to adulthood). If possible and with the patient’s
consent, third parties (e.g. parents, siblings), who were familiar with the
early development of the patient, were also interviewed for ASD related
symptoms of the patient. As part of the diagnostic process, autistic par-
ticipants were tested using the “Autism Diagnostic Observation
Schedule-2” (ADOS-2) – Module 4 [35]. Approximately 61% of autistic
individuals had psychiatric comorbidities known to be common for
adults with HFA (Supplementary Table 1) [2,3]. 51.5% of patients took
psychiatric medication on a regular basis (Supplementary Table 1). A
reduction of medication and stop of intake prior to the study participa-
tion would have caused a disruption of familiar procedures in the pa-
tients’ everyday lives, causing psychological stress and potentially
confounding with the experiment’s measures. Therefore, patients were
asked not to take the medication in the morning prior to the experiment
but afterwards. Participants of both groups filled out the same set of
questionnaires to assess social functioning. The focus was set on the
autistic phenotype by evaluating autistic traits with the “Autism-Spec-
trum Quotient (AQ)” [36] and empathetic traits with the “Empathy



Table 1
Characteristics of study participants.

Variables Neurotypicals ASD Statistics1

Total Females Males p Total Females Males p P

Number of participants n ¼ 31 n ¼ 20 n ¼ 11 n ¼ 33 n ¼ 14 n ¼ 19 .077
Mean age (SD) in years 31.0 (11.7) 32.7 (13.7) 28.1 (6.4) .219 36.8 (10.7) 39.9 (12.0) 34.6 (9.3) .164 .043*
Mean BMI (SD) in kg/m2 23.1 (4.9) 21.7 (4.7) 25.6 (4.4) .031* 23.9 (4.1) 23.1 (3.8) 24.5 (4.3) .330 .492
Mean urine osmolality (mosm/kg) 767.3 (216.9) 728.1 (243.0) 845.9 (128.9) .164 773.5 (179.4) 708.1 (178.2) 824.4 (167.7) .068 .903
Mean AQ 13.7 (5.3) 13.7 (5.8) 13.6 (4.4) .993 35.4 (9.8) 39.5 (7.2) 32.3 (10.5) .036* .001**
Mean BDI-II 4.5 (5.2) 5.0 (5.8) 3.6 (3.8) .456 13.2 (11.6) 20.6 (12.5) 7.7 (7.3) .006** .001**
Mean EQ 46.5 (11.3) 47.4 (11.8) 44.9 (10.7) .546 19.1 (12.6) 16.2 (5.8) 21.3 (15.6) .222 .001**
Mean LSAS 23.4 (15.4) 22.9 (16.0) 24.2 (15.1) .821 73.1 (25.0) 82.7 (23.4) 66.0 (24.2) .059 .001**
Mean TAS-20 41.2 (9.3) 40.7 (10.8) 42.2 (6.0) .617 58.8 (9.5) 60.9 (9.2) 57.2 (9.7) .255 .001**
Mean ADOS-2 – – – – 7.4 (4.0)2 6.1 (3.9)3 8.4 (3.9)4 .135 –

Note. Neurotypicals: n ¼ 31; Autism Spectrum Disorder (ASD): n ¼ 33. SD: Standard Deviation. BMI: Body Mass Index. AQ: Autism-Spectrum Quotient; BDI-II: Beck
Depression Inventory – II; EQ: Empathy Quotient; LSAS: Liebowitz Social Anxiety Scale; TAS-20: Toronto Alexithymia Scale with 20 Items. ADOS-2: Autism Diagnostic
Observation Schedule - Second Edition.
Diagnostic group statistics. 2n ¼ 29.3n ¼ 12.4n ¼ 17.
Questionnaire results are based on 1000 bootstrap samples.
* denotes significance with p < .05. ** denotes significance with p < .01.
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Quotient (EQ)” [37]. Furthermore, symptoms of psychiatric comorbid-
ities commonly found in adults with ASD such as social phobia and
depression were assessed by the “Liebowitz Social Anxiety Scale (LSAS)”
[38] and “Beck Depression Inventory-II (BDI-II)” [39], respectively. Since
alexithymia also represents a common co-condition in autistic in-
dividuals [40,41], alexithymic traits were measured by the “Toronto
Alexithymia Scale” with 20 Items („TAS-20“) [42]. As expected, neuro-
typical and autistic participants significantly differed in all psychometric
measures (Table 1).
2.3. Physical exercise as stress paradigm

Participants arrived at the outpatient unit of the MPIP at 8:30 a.m. in
a fasting state (>12 h). After a physical examination, the experiment
started (Fig. 1).

First, salivary OXT was collected using a cylindrical chewing swab
(see 2.4, Sarstedt, S-Salivette, Cat.nr.: 51.1534.500), on which partici-
pants were instructed to chew for approximately 2 min for sufficient
saliva absorption. Then (þ3 min), plasma was taken for plasma OXT and
CORT analyses. After the baseline sample collection, participants exer-
cised on a bicycle ergometer (Kettler Ergometer TXl, Germany) according
to a strict protocol [20]. In summary, participants exercised for � 7 min,
and then stopped either a) when lactate levels reached� 4mmol/l which
Fig. 1. Experimental set-up. Heart rate (HR) was measured at the start (0 min) and 2
after the start of the cycling and prior to the stop of the cycling depending on the in
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is considered to be the anaerobic threshold [43], or b) if lactate contin-
uously remained < 4 mmol/l, then it was stopped when participants
either reached physical exhaustion or after overall 25 min of exercise
[20]. After the stress task, salivary OXT samples were taken at þ1 and at
þ15 min post-stress. Plasma samples were taken at þ3, 8, and 13 min
post-stress for plasma OXT and CORT analyses. The time points were
chosen to monitor the OXT concentrations over time considering the
half-life of OXT, which is supposed to be 4–10 min in human beings [44].
All blood and saliva samples were collected within a strict time frame
(9.00 a.m.– 10.30 a.m.) according to protocol. In addition to the heart
rate, lactate in capillary blood was measured repeatedly (Lactate Pro2,
Japan [45]) in order to monitor for individual exertion during the
experiment (Fig. 1).
2.4. Quantification of plasma CORT, salivary and plasma OXT

2.4.1. Sample preparation
Saliva was taken into collection tubes (Sarstedt, S-Salivette, Cat.nr.:

51.1534.500) and transported at room temperature. Then saliva was
centrifuged at 4 �C for 15 min with 2500�g. After centrifugation the
samples were aliquoted into 2D-barcode tubes (Brooks, fluidX, Cat.nr.:
68-0703-12) and stored at �80 �C. Plasma was taken into blood collec-
tion tubes (Sarstedt, S-Monovette K3E 2.7 ml or 7.5 ml, Cat.nr.:
min after the start of the cycling. HR and lactate levels (L) were measured 7 min
dividual performance.



Table 2
Δ Values for OXT and CORT concentrations.

Δ Values Minute Calculation Material

ΔOXT-1 þ1 post-stress – baseline Saliva
ΔOXT-3 þ3 post-stress – baseline Plasma
ΔOXT-8 þ8 post-stress – baseline Plasma
ΔOXT-13 þ13 post-stress – baseline Plasma
ΔOXT-15 þ15 post-stress – baseline Saliva
ΔCORT-3 þ3 post-stress – baseline Plasma
ΔCORT-8 þ8 post-stress – baseline Plasma
ΔCORT-13 þ13 post-stress – baseline Plasma
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01.1605.001). Immediately after blood collection the tubes were trans-
ported in a cooling box. Then plasma was centrifuged at 4 �C for 15 min
with 2500�g. The supernatant was filled into a 4 ml tube (Sarstedt, 92 �
15.3 mm, PP, Cat.nr.: 62.611) and centrifuged again. After centrifugation
the samples were aliquoted into 2D-barcode tubes (Brooks, fluidX,
Cat.nr.: 68-0703-12) and stored at �80 �C.

2.4.2. OXT analysis
All salivary and plasma OXT concentrations were quantified by an

external laboratory (RIAgnosis, Sinzing, Germany) using radioimmuno-
assay (RIA) as previously described [18]. The analysis was performed on
encoded samples without providing any additional information
(including times of sample collection, matching pairs of saliva and
plasma etc.). According to the provider, saliva samples (300 μl) were
evaporated (Concentrator, Eppendorf, Germany) prior to analysis.
Plasma samples (0.5 ml) were kept at �20 �C until extraction using
LiChroprep® Si60 (Merck) heat-activated at 690 �C for 3 h. 20 mg of
LiChroprep® Si60 in 1 ml distilled water were added to the sample,
mixed for 30 min, washed twice with distilled water and 0.01 mol/l HCl,
eluded with 60% acetone and evaporated as described above. To both,
evaporated saliva samples and plasma extracts, 50 μl of assay buffer was
added followed by 50 μl antibody raised in rabbits against OXT. Finally,
after 60-min pre-incubation, 10 μl of 125I-labeled OXT was added. The
detection limit of the RIA was in the 0.1–0.5 pg/sample range depending
on the age of the tracer. Intra- and inter-assay variabilities were < 10%
and cross-reactivities with related peptides < 0.7%. All samples were
assayed in the same batch. Serial dilutions of samples containing high
levels of endogenous OXT run strictly parallel to the standard curve
indicating immuno-identity.

2.4.3. CORT analysis
Plasma CORT was determined by using an Enzyme-linked Immuno-

sorbent Assay (ELISA) kit (RE52061, TECAN, IBL Hamburg, Germany).
The Standard Range was 20–800 ng/ml. The analytical sensitivity (limit
of detection) is 2.46 ng/ml, the 2 SD functional sensitivity is 4.03 ng/ml
and the mean concentration is < 20% CV; cross-reactivity of other sub-
stances tested < 0.01%; intra-assay < 3.48; inter-assay < 3.42.

2.5. Statistics

Data processing and statistical analyses were performed in IBM SPSS
25.0 (IBM Corp., Armonk, NY, USA), Matlab (R2010a, The MathWorks,
Inc., Natick, MA, USA), and Perseus (http://www.biochem.mpg.de/5111
810/perseus). Missing values of OXT, CORT and psychometric measures
(<7%) were imputed with Perseus (http://www.biochem.mpg.de/5111
810/perseus) using normal distribution with width 0.3 and down shift
0 (Supplementary Table 2). Descriptive data were compared by Chi2-tests
(sex) or t-tests. To analyze dimensional measures of OXT, all OXT mea-
sures were transformed by natural logarithmic transformation to achieve
a normal distribution. After transformation, OXT measures were nor-
mally distributed. For easier interpretation of results, most tables and
figures show the original, non-transformed data. CORT measures were
normally distributed (Kolmogorov-Smirnov tests, all p-values > .05).
Univariate analyses were performed to test for effects of group and sex as
between-subject factors and age as covariate on baseline CORT and OXT
concentrations. Repeated measures analyses of variance (rmANOVA)
were conducted to test for effects of time as within-subject factor and
group (Neurotypicals vs. ASD patients) as between-subject factor on
CORT and OXT reactivity. In addition, the influence of sex and age on
time and group effects of CORT and OXT reactivity was investigated. Sex
(males vs. females) was included as between-subject factor in rmANOVAs
first, while age was entered as covariate second, to test for sex effects and
age effects on CORT and OXT stress response, respectively. Greenhouse
Geisser corrections were implemented when necessary. In case Green-
house Geisser corrections exceeded .75, Huynh-Feldt corrections were
used [46]. Differences in CORT and OXT reactivity (p < .05) were
4

followed by post-hoc Bonferroni-corrected pair-wise comparisons. Par-
ticipants qualifying as stress responders for CORT were defined by a
cut-off of � 15.5% baseline-to-peak increase [47]. The CORT peak was
reached at the third time point after the physical exercise (CORT þ13
min). Thus, a quotient of the CORT concentrations þ13 min/baseline �
1.155 was defined as CORT response (¼ 1) with participants being CORT
responders to the physical challenge. Otherwise, participants were
identified as CORT non-responders (¼ 0). The OXT and CORT responses
were operationalized as a change score (ΔOXT and ΔCORT, respectively)
by subtracting the baseline value from the concentrations at different
time points of the sample collection (Table 2) [33].

Correlations betweenΔOXT andΔCORT values were calculated using
partial correlation analyses with age and sex as control variables (no
logarithmic transformations were possible due to negative values).
Linear regression analyses were performed to reveal associations be-
tween the behavioral phenotype and peripheral OXT levels. Since
behavioral measures, applied in this study, were rather trait than state
related only basal OXT concentrations were used. First, backwards se-
lection was applied to identify the most parsimonious model. This
approach allowed us to observe the relative impact of psychometric
measures on OXT concentrations, even if they were not included in the
final models. Scores from AQ, BDI-II, EQ, LSAS, and TAS-20 were
included in the model as independent variables. To control for potential
age and sex effects, both variables were additionally entered as inde-
pendent variables, while basal salivary and plasma OXT concentrations
were included as dependent variables, respectively. Second, to provide
more robust statistics [46], variables of the most parsimonious model
were included with the enter method and 1000 resamples bootstrapping.
The reason for this second approach was that tests of normality revealed
that relevant measures (AQ, BDI-II, EQ, LSAS, TAS-20) were not normally
distributed, and data transformation failed to improve skewness.

3. Results

3.1. Baseline concentrations of CORT, salivary and plasma OXT
concentrations

An overview of baseline concentrations of CORT, salivary and plasma
OXT concentrations can be found in Supplementary Tables 5a, 6a and 7a.

3.1.1. Plasma CORT
CORT baseline concentrations significantly differed between sexes

(F(1,59)¼ 8.37, p¼ .005), with men (mean CORT¼ 145.74 ng/ml, SD¼
39.99) presenting significantly higher CORT concentrations than women
(mean CORT ¼ 117.43 ng/ml, SD ¼ 34.22). There was neither a signif-
icant main effect of group on CORT baseline concentrations (F(1,59) ¼
0.19, p ¼ .667), nor of the interaction of group x sex (F(1,59) ¼ 0.46, p ¼
.502), nor of age (F(1,59) ¼ 0.36, p ¼ .554).

3.1.2. Salivary OXT
There was neither a significant main effect of group on salivary OXT

baseline concentrations (F(1,59) ¼ 0.53, p ¼ .469), nor of sex (F(1,59) ¼
0.92, p ¼ .341), nor of the interaction of group x sex (F(1,59) ¼ 0.08, p ¼
.783), nor of age (F(1,59) ¼ 0.12, p ¼ .731).

http://www.biochem.mpg.de/5111810/perseus
http://www.biochem.mpg.de/5111810/perseus
http://www.biochem.mpg.de/5111810/perseus
http://www.biochem.mpg.de/5111810/perseus


L. Albantakis et al. Comprehensive Psychoneuroendocrinology 5 (2021) 100027
3.1.3. Plasma OXT
There was neither a significant main effect of group on plasma OXT

baseline concentrations (F(1,59) ¼ 1.11, p ¼ .297), nor of sex (F(1,59) ¼
2.88, p ¼ .095), nor of the interaction of group x sex (F(1,59) ¼ 0.20, p ¼
.656), nor of age (F(1,59) ¼ 0.04, p ¼ .851).
3.2. Validity of the stress paradigm

Heart rates and lactate levels significantly increased during the stress
paradigm in each group, respectively (p < .001; Supplementary Table 3).
Physiological parameters before and during the physical exercise did not
significantly differ between groups (Supplementary Table 4).
3.3. CORT, salivary and plasma OXT concentrations in response to the
stress paradigm

3.3.1. Plasma CORT
Time had a significant effect on CORT concentrations (F(1.68,

100.89) ¼ 11.74, p < .001) with increasing CORT levels over time
(Supplementary Tables 5a, b). When applying Bonferroni correction,
significant effects were observed between baseline and CORTþ13 min (p
¼ .025), CORTþ3 min and CORTþ8 min (p < .001), and CORTþ3 min
and CORTþ13 min (p < .001) values. When entering age as covariate,
neither time nor any other main or interaction effects on CORT con-
centrations were significant (Fig. 2a; Supplementary Table 5c).

The physical stressor induced the defined CORT response (CORT
quotient � 1.155, see 2.5) in 11 out of 31 neurotypicals (8 females and 3
males) and 18 out of 33 autistic patients (9 females and 9 males).

3.3.2. Salivary OXT
Time had a significant effect on salivary OXT concentrations (F(2.00,

120.00) ¼ 3.79, p ¼ .025; Supplementary Tables 6a, b). When adjusting
for multiple testing, the difference between baseline salivary OXT and
OXTþ15 min did not remain significant (p ¼ .017; adjusted p ¼ .051).
When entering age as covariate, neither time nor any other main or
Fig. 2a-d. Hormonal changes in response to stress.
Figure 2a. Cortisol (CORT) concentrations are illustrated over time for the neurotypic
for the total sample did not reach significance any more.
Figure 2b. Salivary oxytocin (OXT) concentrations are illustrated over time for the n
Figure 2c. Plasma oxytocin (OXT) concentrations are illustrated over time for the ne
Figures 2d. Plasma oxytocin (OXT) concentrations are illustrated over time for the sub
baseline < 1.155) and CORT responders (quotient of the CORT concentrations þ1
neurotypicals and patients with autism spectrum disorder (ASD) did not reach signi
For Figures 2a-d ddata are shown as means � 2 Standard Error of Means. (For interp
the Web version of this article.)
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interaction effects on salivary OXT concentrations were significant
(Fig. 2b; Supplementary Table 6c). No significant effects were found
when examining salivary OXT concentrations according to CORT re-
sponders and non-responders (Supplementary Tables 6b, c).

3.3.3. Plasma OXT
Neither main nor interaction effects had a significant impact on plasma

OXT concentrations (Supplementary Tables 7a, b). When entering age as
covariate, main and interaction effects remained non-significant (Fig. 2c;
Supplementary Table 7c). A significant difference between ASD and con-
trolswas found in the CORTnon-responder subsample (F(1, 31)¼ 5.14, p¼
.030), with elevated levels in the ASD group (Fig. 2d; Supplementary
Tables7a,b).When includingageas covariate, the effectof grouponplasma
OXT concentrations did not remain significant (Supplementary Table 7c).

3.3.4. Correlation between ΔOXT and ΔCORT concentrations
By controlling for age and sex, no significant correlations were found

between ΔOXT and ΔCORT concentrations in neurotypicals (Supple-
mentary Table 8a). In autistic individuals, ΔOXT-3 and ΔCORT-8 (r ¼
�0.58, p¼ .039) as well asΔOXT-3 and ΔCORT-13 (r¼�0.58, p¼ .038)
were correlated in absence of a CORT response, while ΔOXT-15 and
ΔCORT-13 (r ¼ �0.52, p ¼ .039) were correlated in the subsample with
CORT response (Supplementary Table 8b). However, these results did
not remain significant when correcting for multiple testing.
3.4. Behavioral measures as predictors of basal OXT concentrations

In neurotypicals, LSAS scores were identified as significant predictors
(LSAS [-0.021; �0.004]: β ¼ �0.013, p ¼ .010) and explained 21.6% of
variance (F(1,29) ¼ 8.01, p ¼ .008) of basal plasma OXT concentrations
(Fig. 3a).

In autistic individuals, EQ scores were identified as significant pre-
dictors (EQ [0.002; 0.012]: β ¼ 0.007, p ¼ .008) and explained 12.4% of
variance (F(1,31) ¼ 4.38, p ¼ .045) of basal salivary OXT concentrations
(Fig. 3b).
al (blue) and autistic group (red). When adding age as covariate, the time effect

eurotypical (blue) and autistic group (red).
urotypical (blue) and autistic group (red).
sample of CORT non-responders (quotient of the CORT concentrations þ13 min/
3 min/baseline � 1.155). When adding age as covariate, the group effect of
ficance any more.
retation of the references to colour in this figure legend, the reader is referred to



Fig. 3a and b. Behavioral phenotype in relation to
basal oxytocin (OXT) concentrations.
Figure 3a. Social anxious traits on plasma OXT con-
centrations. Regression of Liebowitz Social Anxiety
Scale (LSAS) scores upon transformed plasma OXT
concentrations at baseline for the neurotypical (blue)
and autistic group (red).
Figure 3b. Empathetic traits on salivary OXT con-
centrations. Regression of empathy quotient (EQ)
scores upon transformed salivary OXT concentrations
at baseline for the neurotypical (blue) and autistic
group (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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3.5. Methodological aspects - correlations between salivary and plasma
OXT

Only values from plasma OXT þ8 min and salivary OXT þ15 min
were significantly correlated (r ¼ 0.306, p ¼ .014). However, this result
did not remain significant when correcting for multiple testing. Thus,
there was no correlation between plasma and saliva OXT concentrations
at any time point (Supplementary Table 9).

4. Discussion

The present study examined the OXT response to physical exercise in
neurotypical compared to autistic adults. Five main study aims were
hereby addressed: First, we compared basal peripheral CORT and OXT
concentrations, but found no group related differences. Second, we
examined CORT and OXT responses after physical exercise. CORT con-
centrations significantly increased over time in the total sample, while no
time related effects were observed in salivary and plasma OXT concen-
trations. When subdividing the sample into CORT responders and non-
responders, autistic patients presented significantly higher post-stress
levels of plasma OXT than neurotypicals, when lacking a stress-induced
increase in CORT concentrations (CORT quotient < 1.155). However,
both factors, “time” on CORT and “group” on plasma OXT concentra-
tions, did not have a significant effect any more when “age”was included
6

as covariate, highlighting the relevance of “age” in our analysis. Third,
when correcting for multiple testing, no correlations between CORT and
OXT reactivity were observed irrespective of CORT subsamples. Fourth,
we found a higher degree of social anxiety predicting lower OXT levels in
neurotypicals, and a higher degree of empathy predicting higher OXT
levels in autistic patients. Fifth, we did not observe any correlation be-
tween salivary and plasma OXT concentrations irrespective of time of
sample collection.

In contrast to studies investigating CORT responses in neurotypical
and autistic children [48–50], we did not observe any group related
differences of CORT concentrations in our sample with adult participants.
In accordance with our findings, other studies including neurotypical and
autistic adolescents or adults did not find group related differences of
CORT concentrations either [13,51]. Similar to our results, Jansen et al.
[13] observed a significant time effect of CORT concentrations due to the
implemented stress task. In our study, the mentioned time effect did not
remain significant when we controlled for age. Age has been discussed as
modulating factor of stress responses in autistic children [48–50] and
neurotypical adolescents [52,53] with higher CORT concentrations in
older participants. No age effects in relation to provoked stress were
found in neurotypical adults [54,55], where the hormonal status remains
largely stable except for later in life [56]. In general, the literature of age
effects on CORT concentrations in adolescents and adults with ASD is
very limited. In the study by Jansen et al. [13] the diagnostic groups did
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not significantly differ in age and no age-related effect on CORT levels
was reported. Since the diagnostic groups in our study significantly
differed in age with autistic patients being significantly older, the factor
“age” might act as an additional group related factor.

The majority of previous studies have focused on children and ado-
lescents with equivocal results [11,12,14], when investigating peripheral
OXT concentrations in ASD under baseline conditions. While some studies
found lower peripheral OXT concentrations [11,57,58], others observed
higher peripheral OXT concentrations [12] or similar OXT values in
autistic children and adolescents compared to neurotypical peers at
baseline [14,15,22,29]. So far, only two studies have examined peripheral
OXT levels in autistic adults with contrasting results. While Andari et al.
[10] found significantly lower basal OXT concentrations in 13 adults with
ASD compared to neurotypicals, Jansen et al. [13] observed increased
levels of peripheral OXT in 10 autistic individuals at baseline. In this re-
gard, our findings add to previous literature of peripheral OXT concen-
trations in adults with ASD by reporting no group-related differences
under baseline conditions in a much bigger sample of 33 autistic adults.
Furthermore, no significant associations were revealed between OXT
levels and the degree of core autism symptoms in a study with autistic
adults [59]. These results are in line with observations in children and
adolescents with ASD [14,15,22,29], and further support the notion that
differing OXT baseline levels do not represent a defining feature of autism.

Successful OXT stimulation has previously been reported in response
to running [18,21] and rapid cycling [20]. Other studies used social tasks
(e.g. Trier Social Stress Task [TSST]) to stimulate the OXT system [18,19,
33]. However, these public speaking tasks were mostly tested in neuro-
typicals [60], and those studies which included autistic patients either
failed to induce a stress [61,62] or OXT response [13]. Thus, an objective
stimulus in form of physical exercise was applied in this study, related on
former study designs, to increase the chances of a successful OXT and
CORT stimulation in autistic adults. Against our expectations, after
physical exercise, we found significantly higher plasma OXT concentra-
tions in autistic individuals than in neurotypicals. This supports the
assumption that a stimulating task is required in order to reveal group
related differences of the OXT responsiveness. However, this group effect
was only observed in the subsample of ASD and neurotypicals who did
not show the defined CORT response to exercise. As concluded from
adrenalectomized rats, glucocorticoids seem to inhibit the stress-induced
secretion of OXT into blood [28], but seem essential for OXT release
within the hypothalamus. This could indicate that the intensity of the
applied stimulus needs to be moderate and should not induce a physio-
logical stress response. This would be in line with previous findings of an
OXT increase during a “moderate running” task in healthy participants
[18]. However, the results did not hold up when including age as factor
in our statistical model. So far, the existing research of age effects on
peripheral OXT concentrations in human beings is limited and incon-
sistent. While some found age-related changes on peripheral OXT con-
centrations [11], others did not [10,15]. Nevertheless, the results are
surprising for two reasons: first, we expected lower OXT concentrations
in patients with ASD compared to neurotypicals, bearing in mind the
hypothesis of an OXT deficiency in ASD [9]. Secondly, we assumed that
we would reveal group-related differences in the subsample of CORT
responders than among CORT non-responders because individuals with
autism have been shown to exhibit heightened stress responses to
experimental procedures [63].

According to the stress buffer theory, which suggests that OXT would
be released as a buffer for the induced CORT increase [64,65], our pre-
liminary and non-significant results indicate that OXT might not be suf-
ficiently released to buffer the CORT increase or might even be
suppressed in patients with ASD. This would be in line with previous
findings in autistic children where, contrary to neurotypicals, OXT failed
to serve as a stress buffer after a physiological challenge with hydro-
cortisone [22].

In addition to biological factors (e.g. sex, age and peripheral CORT
concentrations), we looked for potential associations between behavioral
7

traits and peripheral OXT concentrations. In line with former results [66,
67], a higher degree of social anxiety was associated with lower basal
plasma OXT concentrations in neurotypicals. In autistic participants, a
higher degree of empathy was associated with higher basal salivary OXT
concentrations which is in line with previous literature [14,68].

Although the exact mechanisms of OXT entering saliva remain poorly
understood, studies applying mass spectrometry confirmed the identity
of OXT in saliva [69]. Furthermore, salivary OXT has been shown to
respond to stimuli known to induce OXT release [18]. Thus, saliva
collection seems to be an attractive alternative to blood sampling.
However, contrary to results by other research groups [31,70], we did
not observe any correlations between salivary and plasma OXT concen-
trations at any time point in our study. A possible explanation could be
that enzyme immunoassays (EIA) were used to measure OXT in unex-
tracted [70] and extracted plasma [31], while we measured OXT in
extracted plasma with RIA. An extracting or non-extracting process prior
to analysis as well as the kind of assay (EIA or RIA) used to assess OXT can
lead to great discrepancies of measured OXT concentrations [8,71].
Comparing the complexity of OXT measurements and diversity of results
with the parable of the blind men and the elephant, MacLean et al. [71]
concluded that multiple valid OXT measures exist which might not co-
vary. In this regard, our results might support their statement.

4.1. Strengths and limitations

A strength of our study lies in the assessment of both peripheral CORT
and OXT concentrations at baseline and in response to physical exercise.
Furthermore, participants were neurotypical and autistic adults who
have hardly been set in the focus of this research context before, contrary
to children and adolescents on whom most existing literature is based.

Despite these strengths, there are also some limitations in our study
which need to be considered. First, neurotypicals and autistic patients
were not ideally matched regarding age and sex distribution which is a
common challenge in clinical trials with naturalistic designs [72].
Nevertheless, sex was considered as between-subject factor and age as
covariate in the univariate and rmANOVAs. There was neither a sex nor
an age-related effect on OXT concentrations. However, when entering
age as covariate into the rmANOVA for CORT and plasma OXT in the last
step, the described effects of time and group, respectively, turned
non-significant. Thus, our findings need to be interpreted with caution
and future studies are warranted to investigate the impact of age on
CORT and OXT concentrations in adult participants. Second, the high
rate of psychiatric comorbidities adequately represents the autistic
phenotype in adulthood and stands for a very naturalistic study design [2,
3]. Given the limited sample size of 33 autistic patients, we did not
control for potential psychotropic effects on CORT and OXT concentra-
tions. A binary categorical division (psychopharmacological intake:
yes/no) appeared as no appropriate solution for this potential con-
founding factor because the prescribed substances varied among patients
(Supplementary Table 1) targeting different neurotransmitter systems.
Including each drug as covariate alternatively, did not appear useful
either, as various different drugs were taken with different dosages
(Supplementary Table 1). Therefore, we only reported this information
without further including it into our analyses. However, existing research
on the prescribed medication in this study suggested that it does not
affect peripheral OXT concentrations [15,73]. In this regard, the effect of
psychiatric medication might not have had such an important impact on
the peripheral OXT concentrations overall. Third, the sample collection
and stress paradigm were carried out in the morning. CORT concentra-
tions are known to follow a circadian rhythm with higher levels in the
morning following a decrease over the day [74]. Although material for
CORT analyses was taken from the same samples as for OXT plasma
analyses (Fig. 1), we could not control for the biological circadian rhythm
of CORT which might have additionally influenced the CORT concen-
trations measured in relation to the paradigm. In this context, it might
also be debatable that the defined CORT threshold of 15.5%
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baseline-to-peak increase applied in this study derives from samples
collected in the afternoon [47]. However, it has been shown that CORT
stress responses are comparable between morning and evening hours
[75,76]. Furthermore, the defined CORT threshold of 15.5%
baseline-to-peak increase is based upon a systematic evaluation of pre-
vious research including 504 healthy adults and thus, providing reli-
ability in its application [47].

The present study has helped to extend our understanding of the OXT
and stress system in autistic adults and neurotypicals. In line with pre-
vious studies, we found no evidence for group-related differences of
peripheral CORT and OXT concentrations at baseline. After physical
exercise, however, plasma OXT concentrations were significantly higher
in autistic participants when the physical stressor had not induced an
increase in CORT levels, while no such group-related differences were
found under a CORT response. However, these observations did not hold
up when including age as factor in the statistical model. Thus, these
findings need to be interpreted with caution. Preliminary and non-
significant results of the correlation analyses between ΔOXT and
ΔCORT levels in autistic individuals indicate that OXT might not be
sufficiently released to buffer the CORT increase or might even be sup-
pressed in patients with ASD. Furthermore, levels of social anxiety were
predictive of basal plasma OXT concentrations in neurotypicals, while
empathetic traits were predictive of salivary OXT levels in autistic
individuals.
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