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Abstract

Over the last decade, oxytocin (OT) has received focus in numerous studies associating intranasal
administration of this peptide with various aspects of human social behavior. These studies in
humans are inspired by animal research, especially in rodents, showing that central manipulations
of the OT system affect behavioral phenotypes related to social cognition, including parental
behavior, social bonding and individual recognition. Taken together, these studies in humans
appear to provide compelling, but sometimes bewildering evidence for the role of OT in
influencing a vast array of complex social cognitive processes in humans. In this paper we
investigate to what extent the human intranasal OT literature lends support to the hypothesis that
intranasal OT consistently influences a wide spectrum of social behavior in humans. We do this by
considering statistical features of studies within this field, including factors like statistical power,
pre-study odds and bias. Our conclusion is that intranasal OT studies are generally underpowered
and that there is a high probability that most of the published intranasal OT findings do not
represent true effects. Thus the remarkable reports that intranasal OT influences a large number of
human social behaviors should be viewed with healthy skepticism, and we make recommendations
to improve the reliability of human OT studies in the future.
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Introduction

Oxytocin (OT) has been the subject of intensive investigation for several decades due to its
pivotal role in reproductive physiology. More recently, attention has turned to its role in
regulating complex social behavior, including parental care, social bonding and social
cognition in general (1-6).

Much of the excitement regarding OT over the past decade has been driven by a remarkable
proliferation of research suggesting that intranasal OT (IN-OT) administration influences
various aspects of human social behavior (7). These studies appear to provide compelling,
but sometimes bewildering evidence for the role of OT in influencing complex social
cognitive processes in humans. If all of the conclusions from human OT research were true,
one might characterize OT as the elixir of the social brain. Yet we know from the nature of
the scientific process that all findings that are statistically significant do not represent true
effects.

Our goal here is to discuss quantitatively some statistical and methodological limitations that
should moderate our interpretation of the vast literature on the effects of IN-OT on human
social behavior. These limitations are not specific to IN-OT research, but we are particularly
concerned that there is a certain degree of irrational exuberance emerging from this field that
could be detrimental to the field when initial reports are not replicated. We feel that
researchers and the media should maintain an appropriate level of skepticism and regard
individual reports not as fact, but as evidence to be considered in the context of the
limitations presented here. Our discussion is focused on evidence-based concepts and we
consider statistical and methodological issues of IN-OT studies, including factors like
statistical power, pre-study odds and bias. We conclude that the literature on the effects of
IN-OT on human behavior should be interpreted cautiously, and provide some
recommendations to improve reliability of IN-OT data and moving OT research forward.

The statistical power of behavioral IN-OT studies in humans

Statistical power is the probability that a test will be able to reject the null hypothesis
considering a true relation with a given effect size. True effect size values are however
difficult, if not impossible to acquire. This problem can to some extent be avoided by using
effect size estimates from meta-analyses of relevant prior studies. Even though summary
effects from meta-analyses can be inflated due to various sources of bias (8), these analyses
provide the best estimates of the true effect size.

To date three meta-analyses of the effects of IN-OT on human behavior have been
published. Van 1Jzendoorn and Bakersmans-Kranenburg investigated the effect of IN-OT on
facial emotion recognition (13 effect sizes, total N = 408), trust to in-group (8 effect sizes,
total N = 317) and trust to out-group (10 effect sizes, total N = 505) (9). Shahrestani et al.
conducted a meta-analysis of studies examining the effect of OT on recognition of basic
emotions (7 effect sizes, total N = 381)(10). Bakermans-Kranenburg and Van IJzendoorn
studied the effect of IN-OT in clinical trials (19 effect sizes, total N=304)(11). These studies
yielded summarized effect sizes ranging from d=0.21 to d=0.48. We reanalyzed the data
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from these meta-analyses by calculating the average effect size for healthy subjects included
in the studies in the meta-analyses, weighted by sample size. This resulted in a mean effect
size of d=0.28. The median sample size for the individual studies in these meta-analyses was
49 individuals. For simplicity, when determining the individual sample sizes, we multiplied
the N by two for studies adopting a within subject design. Using the effect size estimates and
median sample size from these studies we calculated the average power, assuming an alpha
level of 5%, using G*Power software (12). For verification, power calculations were also
performed using simulation in R (3.1.1) (13) (Figure 1), and yielded very similar results
compared to G*Power. Our results indicate that the average study investigating the effect of
IN-OT in healthy subjects has a statistical power of 16%. For clinical trials the median
sample size is 26 individuals and the effect size is d=0.32, resulting in a statistical power of
only 12%. If the studies included in the meta-analyses are representative of the field,
statistical power values of 16% for studies investigating IN-OT effects in healthy subjects
and 12% in clinical trials are certainly very low, but not very different from studies in
neuroscience in general (average power = 21%) (14). In Figure 1 we show the achieved
statistical power for different effect sizes, plotted against the range of sample sizes for the
studies included in the meta-analyses (N=4 to 112). As seen in Figure 1, IN-OT studies in
humans are underpowered. For all sample sizes and effect sizes the power is lower than 80%
(often considered the standard for minimal adequate statistical power). Even in the situation
in which the true effect size is 0.48 (the largest observed) and the sample size also is the
largest observed within studies included in the meta-analyses (i.e., N = 112) the statistical
power is no higher than 70%.

As mentioned above, the median sample size for studies in healthy subjects and in clinical
trials were 49 and 26 individuals, respectively. Studies within this sample size range can
only reliably detect large effect sizes (d=0.81 to d=1.14) with 80% power. In order to
achieve 80% power given the summarized effect size of 0.28 for healthy subjects, a sample
size of 352 individuals would be needed. Similarly, for the average effect size in clinical
trials (d=0.32), 310 individuals are needed to achieve 80% power.

Why is it a problem that IN-OT studies are underpowered? If the statistical power is only
12% to 16%, this implies that the false negative rate is between 84% and 88%. In other
words, replication attempts of true positive findings would fail up to 88% of the time.
Failure to replicate calls into question the validity of the initial finding. This is obviously
very problematic since the majority of replication attempts using samples of roughly the
same size as the original studies within the field of IN-OT in humans will fail for statistical
reasons alone, and could significantly influence funding and regulatory agencies making
decisions regarding clinical applications of IN-OT. Thus individual reports should be
interpreted in the context of the totality of the evidence, such as in meta-analyses.

Further, in situations when an underpowered study detects a true effect, the estimate of this
effect size is likely to be highly exaggerated, a phenomenon often referred to as the
“winner’s curse” (15). In Figure 2 we show the effect size inflation for the same effect sizes
as in Figure 1, plotted against the sample size range. Clearly, IN-OT studies considerably
overestimate the true effect size. In cases where the sample size is below 40 individuals the
inflation is very large, but even when N=100, the overestimation of the effect is by no means
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negligible. Inflation of this extent makes it difficult to determine adequate sample size for
replication studies and could imply overconfidence in positive findings.

One could argue that the most important problem to avoid in science is false positives and
that this is largely accomplished by adopting a relatively conservative alpha level of 5%. As
loannidis (16) showed by statistical modeling this is not the case. The proportion of reported
positive findings that are actually true can be described as the positive predictive value
(PPV) (16), and is further discussed below.

The positive predictive value of behavioral IN-OT studies in humans

The formula for calculating the PPV using information on power (1), the pre-study odds
(R; described below) and the alpha level () is: PPV = ((1-8) x R)/((1-B) x R+ a).

Although rather exact values for both power (calculated above) and alpha level (most
commonly set to 5%) can be put into this formula, picking a reasonable value for R is more
problematic. Within any research field both true and false hypotheses can be made. Thus R
represents the ratio of the number of true relationships to the number of false relationships.
For example, if the effects researchers within a field look for actually exist half of the time,
this corresponds to R=1 (1/(2-1)). Pre-study odds estimates can be viewed as informed
predictions of the likelihood of the postulated hypotheses within a field being true.

Button et al. have argued that large-scale phase Il clinical trials represent the case when the
value of Rwill be the highest (17). The argument is that these studies are relatively low risk
and represent the end product of a long process of biomedical research. Data suggest that the
R for phase 11 clinical trials is approximately 1, meaning that in about 50% of the time the
drugs that make it to these trials are more effective than the current “gold standard”
treatment (18).

We do not argue that we can determine with much certainty the true value of R for
behavioral IN-OT studies in humans. It seems reasonable however to assume that it is
considerably lower than for phase 11 clinical trials. Although the idea that manipulating OT
in humans could influence social behavior is supported by rigorous animal research, we
argue that the pre-study odds of studies investigating the effect of IN-OT still would be low,
primarily due to limitations in deep brain penetration of OT when administered intranasally
(2, 19).

Also, the publication culture promotes novel, and often surprising, findings and this will
motivate researchers to postulate improbable hypotheses (20). Regarding the IN-OT field
this seems to translate into a wide spectrum of investigated phenotypes beyond what can
reasonably be predicted based on prior animal research. When a research field is, to a large
degree, exploratory, the pre-study odds decrease.

In Figure 3 we show how PPV estimates differ depending on statistical power and pre-study
odds. The value for the alpha level is kept at 5%. Three values, 12%, 16% and 80%, are used
for power, representing the average power of studies of IN-OT in healthy subjects, in
clinical trials and the standard for adequacy, respectively. We picked a range of R values
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from 0 (all effects are null effects) to 1 (equal to the pre study odds of phase 11 clinical
trials). As shown in Figure 3 when R is low the probability of reported positive findings
being true is low. Importantly, low statistical power has a large negative impact on PPV.
The negative influence of decreasing pre-study odds on PPV is strong in the case when the
power is as low as the average power of behavioral studies of IN-OT in humans. If the value
of Rfor IN-OT studies is approximately 0.10, comparable to what has suggested for
experimental psychology (21) and exploratory epidemiology (16), the PPV is no higher than
24%, given a statistical power of 16%. However discouraging these estimated values might
seem they assume no influence of bias, meaning that the actual PPV values could be
considerably lower.

Bias in behavioral IN-OT studies in humans

When reading the literature on behavioral IN-OT studies in humans it is obvious that most
papers report positive findings, which is in line with a study by Fanelli showing that more
than 80% of scientific publications in various sciences report positive results (22).
Considering the low statistical power within the field of IN-OT we would expect that
approximately 80% of all attempts to detect a true effect would fail. But it seems very
unlikely that all hypotheses about how IN-OT affects human behavior are true, as described
in the previous section. If about 10% of all postulated hypotheses are correct, similar to what
is expected for experimental psychology in general (21), we would expect, in the absence of
bias, that only about 2% of the investigated effects would turn out to be statistically
significant.

We investigated to what extent low power is reflected in behavioral IN-OT studies by
examining the proportion of positive effects published in 2014 (described in Supplemental
information). Twenty-nine out of the investigated 33 papers (88%) reported at least one
positive finding (uncorrected p-value below 0.05). However, 17% (62 out of 357) of all
tested effects were statistically significant when calculating the proportion of positive
findings over the total amount of tests across all studies. If this number represents the true
proportion of successful experiments, this would mean that almost all investigated
hypotheses within these studies are true. An alternative, perhaps more plausible, explanation
is that there could be a significant amount of unpublished negative or inconclusive results, a
phenomenon referred to as the “file-drawer effect” or publication bias (23). Bias of this kind
could have serious consequences such as failure to replicate findings (24), and there are also
reasons to believe that publication bias is more likely to affect low powered studies (25).
The meta-analyses mentioned in this paper all tested for evidence of publication bias in the
IN-OT literature, with mixed results (9-11). However, publication bias tests might be
problematic for IN-OT studies due to small sample sizes resulting in insufficient statistical
power and sample size variability for the tests to yield reliable and significant results (26).

In addition to publication bias, the excess of statistically significant findings may be
explained partly by the use of other questionable research practices. As shown by Simmons
et al. (2011), Type | errors are easily inflated when researchers allow themselves to employ
undisclosed analytic flexibility regarding choice of statistical model, definition of variables,
and the rationale for exclusion of outliers (27). Such questionable practices are common in
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psychology (28), and likely pervasive in other disciplines as well. Use of multiple analyses
on the same data set and selective reports of statistical methods used, or insufficient
correction for multiple comparisons, can cause inflation in effects (29). Reporting bias and
multiple comparisons issues seem to be problems for studies of IN-OT. For example, out of
the 33 IN-OT papers we investigated, only 3 mention that any correction for multiple
comparisons was performed, and in these cases it is unclear how corrections were applied.
The average number of tests performed in the 33 studies is 11, but it should be mentioned
that we have no way to assess to what extent these tests are independent. If many outcome
variables are investigated and selective reporting is present, or correction for multiple testing
is not adopted, the likelihood of any study finding statistically significant results will be
determined by the number of dependent variables rather than an actual underlying effect.
We illustrate the impact of this kind of bias in Figure 4 by showing the effect of number of
uncorrected multiple comparisons on PPV for power estimates of 12% and 16%. The PPV
values in Figure 4 was estimated using the formula presented by loannidis (16) (PPV =
R(1-BM/(R+1-(1-a)"-RA™), where n equals the number of comparisons. For example, if
data from 10 independent tests are collected and only reported for one of these, the statistical
power is 16% for all tests and the R-value is 0.10, then the PPV goes down from 24% to
17%.

Within the field of behavioral IN-OT studies in humans, there are several other examples of
questionable practices including the use of statistical methods, such as unjustified use of
one-tailed tests and unexplained exclusion of outliers. In addition, it has been shown that the
more popular or “trendy” a scientific field is the less likely it is to generate true findings (16)
and the extent to which a study overestimates true effects is positively correlated with the
impact factor of a journal (30). Studying behavioral effects of OT is at the moment a hot
research topic, attracting many new research groups, and studies within this field have been
published in very high impact journals such as Science and Nature.

Taken together we think that it is fair to say that the field of behavioral IN-OT studies in
humans is prone to several types of bias. If we consider both the potentially low PPV and
the influence of different types of bias described above, it is possible that most published
“positive” findings within the field actually are false positives, and thus do not represent true
effects.

Conclusions and Recommendations

Our analyses demonstrate that IN-OT studies are generally considerably underpowered. This
leads to a high probability that the reported effects of IN-OT are overestimated. Also,
underpowered studies are prone to other types of biases, such as the use of questionable
research practices. The combination of low power and low pre-study odds results in low
PPV estimates. Taken together this suggests that most of the reported “positive” findings
regarding how OT affects human behavior are likely to be false positives. From a statistical
point of view this problem might not be any more serious for this field than other domains of
psychology (20, 21, 31) or neuroscience in general (14). However, treatments involving OT
have clinical promise and studies investigating the effects of this peptide not only receive
attention from the scientific community, but are often mentioned in the media and are of
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interest to the general public. Nasal sprays purportedly containing OT are available on the
internet for a variety of indications and parents are increasingly seeking IN-OT as a therapy
for their children with autism. We therefore believe that these issues deserve attention and it
is important that people are given a chance to assess the reliability of studies within this
popular field when drawing conclusions about the true nature of the effects of IN-OT.
Increased confidence in data from clinical trials involving IN-OT would entice funding
agencies and pharmaceutical companies to support more research in the field.

Our calculations are focused on human studies, but we see no reason to expect that these
results would differ for other species given OT intranasally, like non-human primates, as
long as the dose is adjusted for body weight. Even though it is possible that the IN-OT
literature so far contains a relatively high proportion of false positive findings we believe the
behavioral effects of OT are indeed evolutionary conserved (6, 32) and that the evidence
from rodent research is compelling. The problem here is not the underlying hypothesis that
OT could be a modulator of human behavior, it is in the certainty in which we can have faith
that any particular reported finding represents a true effect. Changes in research practices
could increase the trustworthiness of the data.

We agree with Button et al. (14) who suggested that the way to handle these problems in
neuroscience is for researchers to perform a priori power calculations, disclose methods and
findings transparently (preferably making all data available to others within the field), and to
work collaboratively to increase power and replicate findings. Researchers and funding
agencies should acknowledge that better powered studies are needed, and funding be made
available to make this possible. Our calculations show that sample sizes of hundreds of
individuals are necessary to produce reliable data given these effect size estimates. If such
studies are impractical for single research groups, multi-site collaborative studies are
warranted. Large-scale collaboration efforts have been successful within fields like human
genetics (33) and psychology (34) and replicated findings from these consortia can be
considered more reliable. Further, gathering repeated measures from individuals on the same
behavioral task can be an efficient way to increase statistical power, thus avoiding the need
to recruit as many participants. Our simulations show that if the effect size is d=0.28 and the
sample size is 49 individuals, 8 repeated trials (4 in each drug condition) can be enough to
gain 80% power even when the correlation between trials is as low as 20%.

Considering the uncertainty of IN-OT findings, replications are needed. Although it is often
argued that conceptual replications assess both the validity and generality of previous
studies, and therefore should be considered more effective than direct replications, this is not
necessarily true (21). In order to determine if IN-OT can affect human behavior in a specific
manner, ideally studies need to be repeated using methods that are identical to those in the
original study, or at least as close as possible. However, having several groups investigating
the same behavioral phenotypes is not enough. The data these groups collect need to be
presented transparently, for example deposited in publicly available databases, otherwise
this will only lead to unreliable effects being presented due to reporting bias. Also, since the
IN-OT studies are underpowered it does not make sense to try to replicate findings in
samples of the same size as the original study. This will lead to many unsuccessful
replication attempts due to insufficient power, undermining the original true finding. A
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priori power calculations to determine the appropriate sample size needs to be performed
before data collection starts. Finally editors of high impact journals should not reject
replication studies on the basis of lack of novelty, as a replication may be more important
than the initial finding.

While our assessment of the current state of the IN-OT field in psychology may appear
pessimistic, we remain optimistic about the future of human OT research. There may be
improvements in efficacy of manipulating the central OT receptor system, including more
efficient intranasal delivery paradigms, or the development of small molecule agonists, or
positive allosteric modulators (35). We believe that one of the reasons why human IN-OT
studies are underpowered is because the current intranasal route of administration is not
optimal for neuropeptides, leading to relatively small effect sizes. To test the veracity of this
hypothesis we gathered data from animal studies investigating the behavioral effects of
centrally manipulating the OT/vasopressin systems. Specifically, we focused on vole studies
using the partner preference test to assess behavior, a literature well known by the authors.
Effect sizes were estimated for 30 independent experiments comprising 668 individuals in
total, weighted by the sample size of the individual experiments. This yielded a summarized
effect size of d = 0.76. Although these vole studies are underpowered considering the small
samples used (median n = 22, 1-f = 0.43), these results indicate that larger effect sizes can
be achieved by more efficient routes of administration. Central injections will for obvious
reasons never be a common way to administer drugs in humans. However, there is an
intriguing possibility that endogenous OT release could be stimulated pharmacologically
and have a robust effect on OT-dependent behavior (35, 36). For example, melanocortin
receptor agonists potentiate central OT release in the brain (37, 38), facilitate OT-dependent
partner preferences in prairie voles (35, 37, 39, 40), and mimic the prosocial effects of OT in
a mouse model of autism (41). These alternate means of manipulating the OT system, if
used in humans, could potentially increase the effect size to levels similar to central
injections of OT (36). In addition, research should be guided by information of the
neurobiological mechanisms underlying the effects of OT on behavior gained from animal
research. For example, OT receptors are concentrated in cholinergic brain regions regulating
visual and auditory attention in nonhuman primates (6, 42, 43), consistent with the putative
localization of OT receptors in human brain (44). Research in animals suggest that OT
enhances the salience and reinforcing value of social stimuli, which is consistent with some
evidence from human studies involving IN-OT (45-47) and genetics (48). Understanding
the precise neural and cognitive effects of OT manipulation on the processing of social
information can be used to increase the efficacy of OT-based therapies to improve social
function in psychiatric disorders (36). Finally, in the meta-analysis by Bakermans-
Kranenburg and Van 1Jzendoorn (11) IN-OT seems to have the largest effect size in
individuals with autism. Only four studies of autism were included in the analysis and
should therefore be interpreted cautiously. However, the larger effect size for autism
(d=0.57) compared to all clinical studies (d=0.32) could indicate that focusing on disorders
characterized by deficits in social-communicative skills could produce reliable results.
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In summary, there are multiple ways for increasing the reliability of OT related research in
humans so that we can have a true understanding of the function of OT in the human brain
and maximize the therapeutic potential of this important neuropeptide.
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Figure 1. Statistical power as a function of effect size and sample size
The figure shows the relationship between sample size and statistical power for four

different effect sizes. Power calculations were performed using simulations in R (3.1.1). In
the simulations, half of the sample was drawn from a standard normal distribution and the
other half from a second normal distribution with a mean representing the investigated effect
size. This procedure was repeated 1000 times per effect size and sample size. Power was
determined as the proportion of these 1000 “experiments” rejecting the null hypothesis
(using one-way ANOVA), with the alpha level set to 0.05. The effects sizes presented in the
figure represent the largest (d=.48) and smallest (d=.21) effects sizes within the field of
intranasal oxytocin studies in humans, as well as the mean effect size for healthy subjects
(d=.28) and clinical trials (d=.32). It is clear that the studies within this field are
underpowered since for all effect sizes and sample sizes the statistical power is below 80%,
the standard for minimal adequate statistical power.
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Figure 2. Effect size inflation as a function of statistical power
Effect size inflation is expected to occur when findings need to pass a certain threshold, in

this case statistical significance, in order to be considered positive. The smaller the
proportion of effects that pass this threshold, the larger the average effect size inflation will
be. Since power is an estimate of the proportion of investigated effects that are statistically
significant, low power is associated large effect size inflation. The figure shows simulations
of effect size inflation. To generate this data we ran simulations in R (3.1.1) (13), using a
similar approach as for the power simulations presented in Figure 1. Here, the amount of
inflation was calculated by subtracting the true population effect size from the observed
effect size of simulations reaching statistical significance (p<0.05 using one-way ANOVA),
and dividing the difference by the true effect size. This estimate was then averaged over
1000 replicates. Due to the low power of IN-OT studies reported effect sizes within this
field are generally inflated to a large degree.
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Figure 3. Positive predictive value as a function of pre study odds and statistical power
The probability of a research finding representing a true effect (the positive predictive value)

is dependent on the pre study odds of an effect being true (R) and statistical power. The
figure shows the relationship between pre study odds and positive predictive value, for the
average statistical power in IN-OT studies in healthy subjects (16%) and clinical trials
(12%), as well as the standard for minimal adequate statistical power (80%). Clearly,
compared to adequately powered studies the probability of a research finding reflecting a
true effect is strongly reduced for studies with 12% and 16% power, especially when the pre
study odds are low.
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Figure 4. Positive predictive value as a function of multiple comparisons
The odds of a research finding representing a true effect (the positive predictive value) are

reduced as the number of uncorrected tests within a study increases. The figure is showing
how multiple comparisons without correction influence the positive predictive value for
studies with 12% and 16% power.
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