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Objectives: Evidence from several lines of research sug-
gests the critical role of neuropeptide oxytocin in social 
cognition and social behavior. Though a few studies have 
examined the effect of oxytocin on clinical symptoms of 
schizophrenia, the underlying neurobiological changes are 
underexamined. Hence, in this study, we examined the ef-
fect of oxytocin on the brain’s effective connectivity in 
schizophrenia. Methods: 31 male patients with schizo-
phrenia (SCZ) and 21 healthy male volunteers (HV) under-
went resting functional magnetic resonance imaging scans 
with intra-nasal oxytocin (24 IU) and placebo administered 
in counterbalanced order. We conducted a whole-brain ef-
fective connectivity analysis using a multivariate vector 
autoregressive granger causality model. We performed a 
conjunction analysis to control for spurious changes and 
canonical correlation analysis between changes in con-
nectivity and clinical and demographic variables. Results: 
Three connections, sourced from the left caudate survived 
the FDR correction threshold with the conjunction anal-
ysis; connections to the left supplementary motor area, left 
precentral gyrus, and left frontal inferior triangular gyrus. 
At baseline, SCZ patients had significantly weaker connec-
tivity from caudate to these three regions. Oxytocin, but 
not placebo, significantly increased the strength of con-
nectivity in these connections. Better cognitive insight and 
lower negative symptoms were associated with a greater 
increase in connectivity with oxytocin. Conclusions: These 
findings provide a preliminary mechanistic understanding 
of the effect of oxytocin on brain connectivity in schiz-
ophrenia. The study findings provide the rationale to ex-
amine the potential utility of oxytocin for social cognitive 
deficits in schizophrenia.
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Introduction

Emerging evidence from several lines of research suggests 
the critical role of neuropeptide oxytocin in social cogni-
tion and social behavior across species.1 Several studies 
have examined the potential of intranasal oxytocin as an 
adjunct treatment for social cognitive deficits in schizo-
phrenia.2 While the effect of oxytocin in improving posi-
tive and negative symptoms and neurocognitive deficits is 
still debated, higher-level social cognition is likely to im-
prove with intranasal oxytocin.3 Though several studies 
have examined the effect of oxytocin on clinical symp-
toms of schizophrenia, the underlying neurobiological 
changes are not well explored. In a first fMRI study in 
schizophrenia patients, authors examined the effect of 
intranasal oxytocin on brain activity using implicit facial 
emotion recognition paradigm and reported attenuated 
amygdala activity for emotional faces.4 Recent task-
based fMRI studies in patients with schizophrenia have 
reported modulatory effect of oxytocin on social brain 
regions using theory of mind tasks5 and stochastically re-
warded decision-making task.6

Studies in healthy volunteers suggest that intranasal 
oxytocin has a modulatory effect on large-scale resting-
state brain networks; oxytocin enhanced intrinsic 
cortico-striatal functional connectivity7 and amygdala 
– prefrontal cortex connectivity.8 The only such study 
in schizophrenia used a seed-based connectivity anal-
ysis with the amygdala as seed. The authors reported 
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increased functional connectivity between the amyg-
dala and left middle temporal gyrus, superior temporal 
sulcus, and angular gyrus in schizophrenia patients with 
intranasal oxytocin. The study also reported a correla-
tion between negative symptoms and increased connec-
tivity between the amygdala and temporal lobe structures 
with oxytocin.9

In the studies outlined above, functional connectivity 
analysis has been the most prevalent mode of research 
focusing on the strength of connectivity between re-
gions. On the other hand, effective connectivity exam-
ines how one neural system exerts influence on another 
and gives valuable insights into information flow between 
different brain regions. In other words, effective connec-
tivity analysis allows inferences on directional causal in-
fluence.10 Only a few studies have examined the effective 
connectivity changes with intranasal oxytocin. A recent 
study reported intranasal oxytocin to modulate the ef-
fective connectivity between the precuneus and the dor-
solateral prefrontal cortex in healthy individuals.11 To 
date, no study has examined the effect of intranasal ox-
ytocin on effective connectivity in schizophrenia using 
resting-state fMRI.

Hence, in this study, we examined the effect of intranasal 
oxytocin on effective connectivity in schizophrenia using 
fMRI. We employed a single-blind placebo-controlled 
design to investigate the impact of single-dose intranasal 
oxytocin on the whole-brain effective connectivity. As 
the scanner environment-related stress may cause sym-
pathetic arousal and affect brain activity during the first 
scan, we considered a three-scan paradigm.12–15 We con-
ducted a baseline scan without administering any drug, 
and in the subsequent two scans, we administered pla-
cebo and oxytocin in counterbalanced order. Considering 
the paucity of literature in the patient population, we 
conducted a whole-brain analysis rather than restricting 
it to specific regions of interest like the amygdala. We 
ran a conjunction analysis to identify directional con-
nections in the brain that simultaneously satisfied all the 
hypotheses and corrected for the whole brain multiple 
comparisons. Specifically, we tested whether patients 
with schizophrenia (SCZ) will have significantly weaker 
connections than healthy volunteers (HV) at baseline 

and whether oxytocin will significantly strengthen con-
nectivity in SCZ than HV compared to their respective 
baselines.

Materials and Methods

Overview of the Design

The study involved 31 male patients with schizophrenia 
(SCZ) and 21 healthy male volunteers (HV). All subjects 
underwent three resting functional magnetic resonance 
imaging (rsfMRI) scans. During the first scan (referred to 
as baseline scan), no drug was administered. Subjects self-
administered 24 IU oxytocin or saline nasal spray 45 min 
before the second and third scan. The Institute’s human 
ethics committee approved the study. All participants 
gave written informed consent. A schematic diagram of 
the study design is presented in figure 1.

Subjects

Patients were recruited from the National Institute 
of Mental Health and Neurosciences (NIMHANS), 
Bangalore, India, between 2013 and 2018. Healthy con-
trols were recruited from the community using flyers, 
advertisements, and word of mouth. We interviewed 
all patients using the structured clinical interview for 
DSM-IV Axis I disorders (SCID-I)16 and recruited those 
diagnosed with schizophrenia or schizoaffective dis-
order. We excluded those with substance dependence/
abuse in the past 12 months (except nicotine), concurrent 
comorbid axis-I disorder, less than ten years of formal 
education, risk of harm to self  or others, history of 
electroconvulsive therapy in the preceding six months, 
clinically significant physical illness, presence of metal 
implants in the body, claustrophobia and current upper 
respiratory tract infection or nose block. Also, healthy 
volunteers were excluded if  they had a lifetime history of 
any axis-1 diagnosis or family history of schizophrenia 
in a first-degree relative. All patients were on treatment 
with antipsychotic medications with some on a combina-
tion of antipsychotics [Risperidone = 14; Clozapine = 3; 
Haloperidol=2;Fluphenazine  =  2; Aripiprazole  =  5; 
Olanzapine  =  4; Amisulpiride  =  6; Flupenthixol  =  2; 

Fig. 1. Overview of the study design.
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Ziprasidone  =  1; Zuclopenthixol  =  1]. The chlorprom-
azine equivalent17 of the antipsychotics was calculated, 
and the mean dose was 505.48(375.72).

Assessments

The severity of clinical symptoms was documented using 
the Positive and Negative Syndrome Scale (PANSS)18 
and the Scale for the Assessment of Negative Symptoms 
(SANS).19 Level of functioning was assessed with the 
Global Assessment of Function Scale (GAF),20 depres-
sive symptoms with Calgary Depression Scale for schiz-
ophrenia (CDSS),21 and severity of nicotine dependence 
through Fagerstrom Test for Nicotine Dependence 
(FTND).22

Oxytocin/Placebo Administration

In the second and third scans, subjects self-administered 
six puffs of oxytocin (24 IU) or saline nasal spray 45min 
before each scan. The participants administered the drug 
in the presence of an experimenter as per the established 
guidelines.23 We used identical and covered spray bottles 
to blind the participants to the drug administered. We 
also counterbalanced the order of administration of ox-
ytocin or placebo. Participants were asked not to use al-
cohol the previous night and not to smoke cigarettes for 
at least four hours before the scan. Further details of the 
oxytocin administration are given in the supplementary 
material.

OXTR Genotyping

OXTR single-nucleotide polymorphism (rs2254298) was 
examined since it has been reported to influence the re-
sponse to oxytocin.24 Among the participants, 2 SCZ 
and 1 HV did not agree to genotyping. The polymor-
phism was determined by standard allelic discrimination 
TaqMan assay that uses the 5′ exonuclease activity of Taq 
DNA polymerase to detect a fluorescent reporter signal 
generated after PCR amplification.

Image Acquisition and Preprocessing

The blood oxygenation level-dependent (BOLD) 
T2* weighted echo-planar images (TR  =  2500  ms, 
TE = 30 ms, flip angle = 78 deg, no interslice gap, matrix 
size = 64 × 64; slice thickness = 3 mm; the number of 
slices = 46) were acquired using a 3-Tesla MRI scanner 
(Skyra, Siemens Healthcare, Germany). Participants were 
scanned for 6 min 22 sec in a single run, providing 153 vol-
umes for analysis. Anatomical T1 reference images were 
also acquired using 3D MPRAGE structural sequence 
(TR = 2200, TE = 2.45 ms, flip angle = 8 deg, FOV = 256, 
matrix size = 256*256; slice thickness = 1 mm; number of 
slices = 176). We used foam pads to reduce the head mo-
tion. During the scan, participants viewed a white fixation 

“+” on a black background using an MR-compatible 
visual stimulation system. Participants were instructed to 
look at the fixation cross and allow their minds to wander.

Standard resting-state fMRI preprocessing was car-
ried out in Data Processing Assistant for Resting-State 
fMRI (DPARSF) (http://rfmri.org/DPARSF). The first 
three volumes were discarded from the resting functional 
data to avoid scanner instability. Preprocessing steps in-
cluded slice timing, motion correction was done with the 
help of 24 Friston motion parameters and Framewise 
Displacement (FD) followed by normalization to MNI 
space, detrending, and regressing out nuisance covariates 
such as white matter signal and cerebrospinal fluid signal. 
Data was spatially smoothed using a 6 mm full width half  
maximum (FWHM) Gaussian kernel and excluded all 
participants with more than 3  mm movement. We em-
ployed a popular blind deconvolution algorithm to mini-
mize the non-neural variability of the HRF and estimate 
the latent neuronal time-series.25 The method considers 
resting-state fMRI data as “spontaneous event-related” 
with randomly occurring events and estimates voxel-
specific HRFs using Weiner deconvolution. The low pass 
filtering (0.01–0.1 Hz) was run on the deconvolved data. 
Given the high dimensionality of whole-brain fMRI 
data, filtered mean deconvolved fMRI time series were 
obtained from 90 functional brain regions across the en-
tire brain using MarSBar (http://marsbar.sourceforge.
net) and WFU-pick-atlas (https://www.nitrc.org/projects/
wfu_pickatlas).

The whole-brain effective connectivity analysis was 
run using a multivariate vector autoregressive (MVAR) 
model.26,27 Directionality obtained from the MVAR 
model, such as Granger causality, is a reliable method 
for making inferences about directional influences be-
tween brain regions using fMRI. It is also validated by 
in-vivo electrophysiological ground truth data as well.28 
Details of the model are given in supplementary mate-
rial. As a data-driven approach, Granger causality anal-
ysis does not need the specification of connectivity priors. 
The model assumes that if  past values of a time series T1 
(from neural system X) help predict the present and future 
values of the time series T2 (from neural system Y), di-
rectional causal influence from T1 to T2 can be inferred.29 
A whole-brain effective connectivity matrix was obtained 
for each participant (90 × 90, since we had 90 ROIs) fol-
lowing the previous studies’ methods.30,31 A Granger cau-
sality value of 0 represents no causal relationship from 
the source to the destination region, a value of 1 repre-
sents strong positive causality, and a value of −1 repre-
sents strong negative causality.

Group-level Analysis

We performed a conjunction analysis to control for spu-
rious changes due to within-subject, between scan vari-
ability. This would enable us to generalize the results of 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
http://rfmri.org/DPARSF
http://marsbar.sourceforge.net
http://marsbar.sourceforge.net
https://www.nitrc.org/projects/wfu_pickatlas
https://www.nitrc.org/projects/wfu_pickatlas
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
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the study to the population in general.32 Based on the pre-
vious literature, the conjunction analysis was conducted 
with the tests described below (1) Group difference be-
tween SCZ and HV in the baseline scan and placebo scan, 
with the hypothesis that SCZ will have weaker connec-
tions compared to HV (independent sample t-test) (2) In 
both SCZ and HV, comparison of the placebo scans and 
baseline scans will not show a significant change in con-
nectivity (paired t-test) (3) In SCZ, the oxytocin scan will 
result in greater connectivity compared to baseline scan 
(paired t-test) (4) The change in connectivity between the 
baseline scan and the oxytocin scan will be greater in SCZ 
than HV (independent sample t-test). We applied FDR 
correction to control for multiple comparisons.

Correlation with Behavior

We conducted a canonical correlation analysis (CCA) be-
tween changes in connectivity on one-side and clinical and 
demographic variables on the other side. CCA is a method 
to identify the relation between variables from different 
modalities. Due to its’ ability to handle large number of 
variables, CCA is ideal for examining the multi-faceted rela-
tion between functional brain connectivity and behavior.33 
Further details of CCA are given in the supplementary 
material. We used permutation testing with 1000,000 iter-
ations to find significant latent variables that correlate with 
each other between the imaging and non-imaging meas-
ures and their loadings.34 To examine the possible con-
founding effect of antipsychotic medication, we conducted 
a Pearson’s correlation analysis between CPZ equivalent 
of antipsychotic dose and change in the effective connec-
tivity (example: connectivity during oxytocin minus con-
nectivity during baseline) in connections that survived the 
correction threshold with the conjunction analysis.

Results

The socio-demographic and clinical characteristics of the 
sample are given in table 1. There was a significant differ-
ence between the groups in years of education and age, 
which were used as covariates in the group-level analysis. 
The number of homozygous GG and heterozygous AG 
were equally distributed in the patient and control groups 
(table 1).

Group Level Analysis

Three connections survived the FDR correction 
threshold with the conjunction analysis on the whole 
brain. All three connections were sourced from the left 
caudate. These connections were from left caudate to 
(1) left supplementary motor area (MNI coordinates 
– x = −5,y = 5,z = 6) 2) left precentral gyrus (MNI co-
ordinates –x = −39;y = −6;z = 51) 3) left frontal inferior tri-
angular gyrus (MNI coordinates –x = −46;y = 30;z = 14). 
None of the other connections survived the stringent 
threshold that was applied. (figure 2 and Supplementary 
fig. S2). At baseline, SCZ patients had significantly 
weaker connectivity from caudate to these three regions 
(P < .05, FDR corrected); (1) Left caudate and left sup-
plementary motor area (pcorr = 0.01) (2) Left caudate and 
left precentral gyrus (pcorr = 0.0) (3) Left caudate and left 
frontal inferior triangular (pcorr = 0.01).

Neither SCZ nor HV had a significant difference be-
tween baseline and placebo conditions in these connec-
tions; SCZ: (1) Left caudate and left supplementary motor 
area (pcorr  =  0.78) (2) Left caudate and left precentral 
gyrus (pcorr = 0.62) (3) Left caudate and left frontal infe-
rior triangular (pcorr = 0.94). HV: (1) Left caudate and left 
supplementary motor area (pcorr = 0.19) (2) Left caudate 

Table 1. Demographic and Clinical Characteristics of Participants

 

Schizophrenia  
(mean ± SD)  

n = 31 

Healthy  
volunteer  

(mean ± SD)  
N = 21 t/χ2 P 

Age 31.87 ± 7.67 25.33 ± 3.86 3.60 0.001
Education 15.06 ± 2.17 16.90 ± 2.68 2.72 0.009
Global Assessment of functioning 60.32 ± 15.91 93.81 ± 2.48 9.54 <0.001
PANSS -positive 11.65 ± 5.43 - - -
PANSS-negative 12.39 ± 5.54 - - -
PANSS- general psychopathology 26.03 ± 4.92 - - -
PANSS - total 49.77 ± 12.37 - - -
SANS 24.06 ± 16.97 - - -
Clinical Global Impression 3.48 ± 1.12 - - -
CDSS 2.03 ± 1.66 - - -
Age at onset of psychosis in years 21.57 ± 4.58 - - -
Duration of illness in years 8.8 5 ± 5.75 - - -
OXTR polymorphism (G/G:A/G) 26:5 18:3 0.03 1.00

t – Independent t-test; χ2 – Chi-square test; PANSS – Positive and negative syndrome scale; SANS – Scale for assessment of negative 
symptoms; OXTR – Oxytocin receptor polymorphism (rs2254298)

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
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and left precentral gyrus (pcorr  =  0.42) (3) Left caudate 
and left frontal inferior triangular (pcorr = 0.24).

There was a significant group X condition effect in 
all three networks; (1) Left caudate and left supplemen-
tary motor area (pcorr  =  0.04) (2) Left caudate and left 
precentral gyrus (pcorr = 0.04) (3) Left caudate and left 
frontal inferior triangular (pcorr = 0.04). While SCZ had 
a significant difference between baseline and oxytocin 
conditions in these connections, there was no significant 
difference in HV. SCZ: (1) Left caudate and left supple-
mentary motor area (pcorr = 0.01) (2) Left caudate and 
left precentral gyrus (pcorr = 0.01) iii) Left caudate and 
left frontal inferior triangular (pcorr = 0.03). HV: (1) Left 
caudate and left supplementary motor area (pcorr = 0.35) 
(2) Left caudate and left precentral gyrus (pcorr = 0.37) 
(3) Left caudate and left frontal inferior triangular 
(pcorr = 0.43).

SCZ also had significant difference between placebo 
and oxytocin conditions in (1) Left caudate and left sup-
plementary motor area (pcorrected = 0.03) (2) Left caudate 
and left precentral gyrus (pcorrected = 0.01) (3) Left caudate 
and left frontal inferior triangular (pcorrected = 0.01). The 
results are graphically represented in figure 3 along with 
connectivity strengths.

Correlation with Behavior

The CCA algorithm determined four modes. For the con-
nectivity difference between oxytocin and placebo in pa-
tients, mode-3 was significant (FDR corrected P-values 
– mode-1  =  0.35, mode-2  =  0.26, mode-3  =  0.009 and 
mode-4 = 0.16). For the connectivity difference between 
oxytocin and placebo in patients, all three aths were pos-
itively correlated with SES and BCIS SR and negatively 
correlated with age of onset, PANSS Negative, and CGI 
Severity (Supplementary fig. S2). This shows that the 
better the socioeconomic status and cognitive insight, the 
earlier the age of onset, and the lesser the severity of neg-
ative symptoms, the greater the increase in connectivity 
with oxytocin than placebo.

There was no significant relationship between the 
CPZ equivalent of antipsychotics and change in effective 
connectivity in the three connections that survived the 
correction threshold in both oxytocin vs baseline com-
parison and placebo vs baseline comparison. The r and 
P values for individual connections are given below; (a) 
connectivity during oxytocin minus connectivity during 
baseline - left Caudate to left Frontal Inferior Triangular 
gyrus (r = −.0988; P = .6170), left supplementary motor 
area (r  =  0.2565; P  =  .1877) and left Precentral gyrus 
(r =  .1160; P =  .5566) (b) connectivity during oxytocin 
minus connectivity during baseline – left Caudate to left 
frontal inferior triangular gyrus (r = −.0432; P = .8272), 
left supplementary motor area (r = .1307; P = .5074) and 
left Precentral gyrus (r = .0506; P = .7983).

Fig. 2. Brain regions involved in the affected network. The 
regions were defined based on the WFU-pickatlas brain atlas. The 
left caudate, is the source of all three connections.

Fig. 3. Graphical representation of the effective connectivity analysis showing the connections from left caudate to (A) left frontal 
inferior triangular gyrus, (B) left the supplementary motor area, and (C) left precentral gyrus. Solid lines: placebo, dashed lines: 
Oxytocin, BL: Baseline, PL: Placebo, OX: Oxytocin.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac066#supplementary-data
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Discussion

To the best of our knowledge, this is the first study to 
examine changes in whole-brain effective connectivity 
with intranasal oxytocin in patients with schizophrenia. 
We conducted a whole-brain conjunction analysis with 
stringent correction for multiple comparisons. We also 
controlled for potential confounding factors by matching 
the participants for oxytocin receptor variations, fol-
lowing a three-scan paradigm to avoid scan order-related 
biases and blinding participants to the drug adminis-
tered. We found three affected connections, anchored in 
the left caudate, with connections to the left SMA, left 
pars triangularis, and left precentral gyrus. The connec-
tions were weaker in SCZ at baseline, which significantly 
improved with OXT. We also found that those with better 
cognitive insight and lesser negative symptoms had more 
significant enhancement in connectivity with oxytocin. 
While an earlier study reported the relation between neg-
ative symptoms and oxytocin-induced changes on amyg-
dala functional (non-directional) connectivity,9 we have 
reported the directional connections with the caudate.

Several lines of research in schizophrenia have con-
sistently reported abnormal structure, function, and do-
pamine neurotransmission in the caudate nucleus.35–39 
Alterations in the reward pathway, which involves the 
caudate, are implicated in the symptomatology of schiz-
ophrenia.40,41 Several studies have also reported abnor-
malities in left pars triangularis,42,43 dysfunctional motor 
systems including the motor cortex and supplementary 
motor area44 and angular gyrus in schizophrenia.45 These 
innervations are also part of the neural networks impli-
cated in several social cognitive functions. While the cau-
date has been traditionally implicated in motor functions, 
emerging literature suggests its role in social cognitive 
functions such as social decision making.46–49 Caudate, 
through its connections with the amygdala and cortical 
regions, could contribute to the social decision-making 
process by integrating social stimuli, memories, precon-
ceptions of trust, and anticipated reward.50,51 Oxytocin 
administration increased caudate activity while partici-
pants performed tasks measuring trust, face processing, 
and parental attachment48,51–55 This is also supported by 
resting fMRI studies in which the modulatory effect of 
oxytocin on several large-scale networks involving the 
caudate nucleus have been demonstrated7,56–59 The left 
pars triangularis is part of the Broca’s area and is pro-
posed as a crucial node of the mirror neuron system 
(MNS), involved in speech and processing speech asso-
ciated gestures.60,61 The precentral gyrus containing the 
motor cortex and the supplementary motor area are core 
regions of the mirror neuron system. They are involved in 
action recognition, imitation, and agent representation.62

Despite the increased research interest in oxytocin in 
the last decade, we do not have a complete understanding 
of the neurobiology of oxytocin. Available evidence 

suggests that the oxytocin system is complex and has 
multifaceted influences on behavior mediated by mod-
ulation of oxytocin receptors rich brain regions such as 
the amygdala, insula, and striatum.3,63 While most of the 
initial seed-based analysis approach reported oxytocin’s 
effect on amygdala connections, several whole-brain ana-
lyses have suggested the modulatory effect of oxytocin in 
other brain regions as well. While we did not find a sig-
nificant effect of oxytocin on amygdala connectivity, this 
could be due to methodological differences as the apriori 
conjunction analysis followed in the current study re-
stricted multiple levels. For example, the connectivity will 
not be considered significant in the conjunction analysis 
if  the effect of OXT on amygdala connectivity was sim-
ilar across SCZ and HV or in opposite directions across 
groups as reported in the previous study.9 The correla-
tion with clinical variables suggests higher socioeconomic 
status, better cognitive insight, lesser the severity of neg-
ative symptoms, and earlier the age of onset to be associ-
ated with greater response with oxytocin. While the first 
three variables are good prognostic factors, the earlier age 
at onset is considered as poor prognostic factor in schiz-
ophrenia.64 We do not have a definitive explanation for 
this association. Pending replication in an independent 
sample, these correlations need to be considered prelimi-
nary and to be examined in future studies.

The study findings have potential implications. How 
the modulation of resting-state networks with intranasal 
oxytocin seen in the current study translates to real-life 
social behavior remains to be examined.2 Interestingly, a 
few recent studies have reported oxytocin to have a sig-
nificant influence on the functional brain activity and 
connectivity in social brain regions such as the amygdala, 
medial prefrontal cortex, temporoparietal junction, poste-
rior cingulate gyrus, and insula using task-based fMRI.4–6 
Given the close correspondence between task-based acti-
vation and resting-state activity,65 and resting-state fMRI 
connectivity and theory of mind task performance in 
schizophrenia,66 our findings suggest the possibility of 
oxytocin enhanced functional connectivity translating to 
better social cognitive function in schizophrenia patients.

The strengths of the study involve using a whole-brain 
effective connectivity analysis as opposed to the more 
widely used seed-based and functional connectivity ap-
proaches. The subjects were matched on genotype to 
control for the potential confound. We believe the use 
of three scans in analysis increased the methodological 
rigor by controlling the confounding effects of the scan 
order, such as cortisol release and changes in brain activa-
tion.12–15 This is particularly relevant in schizophrenia, as 
previous studies have shown disrupted stress-related do-
pamine release in patients with schizophrenia.67

However, our findings need to be considered in the 
background of a few limitations. First, we included only 
men as oxytocin’s effect on resting-state connectivity 
varies by sex.68 The groups were not matched on age and 
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education. While it is ideal for matching the groups on 
these demographic variables, several studies have reported 
that patients with schizophrenia tend to have lower aca-
demic achievement compared to age-matched healthy vo-
lunteers.69,70 Hence, our sample is more representative of 
a real-world scenario. We statistically controlled for age 
and education in the analysis. Second, all patients were 
on treatment with antipsychotic medications with min-
imal symptoms, which may affect the connectivity. Earlier 
studies have reported interaction between oxytocin and 
dopamine in the nucleus accumbens.71 However, there 
was no relationship between CPZ equivalent of antipsy-
chotic dose and oxytocin response in any of the paths like 
an earlier study.4 While the inclusion of drug naïve parti-
cipants with severe symptoms would be ideal for control-
ling the confounding effect of medication, conducting a 
three-scan study in drug naïve individuals is practically 
challenging. Also, as oxytocin is examined as an add-on 
treatment, the current design has more potential clinical 
utility as it is likely to be used as an add-on treatment. 
Third, we administered 24 IU of oxytocin in this study. 
While this dose of oxytocin elicited effective brain ac-
tivity54,72 and reached adequate CSF levels in healthy in-
dividuals,73 emerging evidence from a few recent studies 
suggest that patients with schizophrenia may show better 
response with higher dose of oxytocin >40 IU.74,75 As this 
evidence was not available at the time of study conduct, 
we used a lower dose of oxytocin. Future studies may 
consider using a higher dose of oxytocin. Also, due to 
ethical and logistic reasons we did not do a CSF analysis 
after administration of oxytocin to ensure absorption 
considering three scan design. As intranasal administra-
tion of oxytocin is challenging, future studies may con-
sider doing a CSF or plasma levels after administration 
to ensure adequate absorption, if  feasible. Finally, we 
conducted a single-dose study that provides inadequate 
information about the safety of oxytocin and its effect on 
behavior. However, the findings of this proof-of-concept 
study provide the rationale to do a long-term clinical trial 
with repeated doses to ascertain the definitive effects of 
oxytocin on brain connectivity, behavior, and long-term 
safety.

Conclusion

Findings of the current study suggest a significant 
modulatory effect of oxytocin on brain networks an-
chored in the left caudate with directional connections to 
the left SMA, left pars triangularis, and left precentral 
gyrus. These connections were significantly weaker in 
schizophrenia patients and significantly improved with 
oxytocin. These findings provide a preliminary mecha-
nistic understanding of the effect of oxytocin on brain 
connectivity in schizophrenia. The study findings provide 
the rationale to examine the potential utility of oxytocin 
for social cognitive deficits in schizophrenia.
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