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ABSTRACT

Oxytocin (OT) is a crucial modulator of social cognition and behavior. Previous work primarily examined effects of acute intranasal oxytocin administration (IN-OT)
in younger males on isolated brain regions. Not well understood are (i) chronic IN-OT effects, (ii) in older adults, (iii) on large-scale brain networks, representative of
OT’s wider-ranging brain mechanisms. To address these research gaps, 60 generally healthy older adults (mean age = 70.12 years, range = 55-83) were randomly
assigned to self-administer either IN-OT or placebo twice daily via nasal spray over four weeks. Chronic IN-OT reduced resting-state functional connectivity (rs-FC) of
both the right insula and the left middle cingulate cortex with the salience network but enhanced rs-FC of the left medial prefrontal cortex with the default mode
network as well as the left thalamus with the basal ganglia-thalamus network. No significant chronic IN-OT effects were observed for between-network rs-FC.
However, chronic IN-OT increased selective rs-FC of the basal ganglia-thalamus network with the salience network and the default mode network, indicative of more
specialized, efficient communication between these networks. Directly comparing chronic vs. acute IN-OT, reduced rs-FC of the right insula with the salience network
and between the default mode network and the basal ganglia-thalamus network, and greater selective rs-FC of the salience network with the default mode network
and the basal ganglia—-thalamus network, were more pronounced after chronic than acute IN-OT. Our results delineate the modulatory role of IN-OT on large-scale

brain networks among older adults.

1. Introduction

The neuropeptide oxytocin (OT) acts as a neuromodulator on social
cognition and social behavior (Meyer-Lindenberg et al., 2011). OT is
synthesized in the hypothalamus and processed along axonal projections
for posterior pituitary and dendritic release into extracellular space,
resulting in both local action and diffusion to distant brain regions, such
as the amygdala and insula (Meyer-Lindenberg et al., 2011). One of the
most well-documented roles of OT is its involvement in maternal and
infant bonding. Additionally, OT is implicated in numerous physiolog-
ical effects, such as reducing free cortisol levels, lowering blood pres-
sure, inducing analgesia, and promoting wound healing (IsHak et al.,
2011).

OT can be administered via diverse routes including intranasal, oral,
and intravenous (Phung et al., 2021; Zhuang et al., 2022), but intranasal
OT administration (IN-OT) circumvents the blood-brain barrier and is
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well-suited for the investigation of OT effects on human behavior and
brain function (Burmester et al., 2018; Quintana et al., 2018). The ma-
jority of current research on IN-OT brain modulation, however, con-
siders activity in isolated regions during a task (Koch et al., 2016; Riem
et al., 2011; Zhao et al., 2016). Little is known about IN-OT effects on
resting-state functional connectivity (rs-FC), i.e., temporal correlations
in spontaneous fluctuations of blood oxygen level-dependent (BOLD)
signals at rest, providing valuable insights into the inherent functional
organization of the brain (Cabral et al., 2011). Further, the few existing
IN-OT functional connectivity studies are mostly limited to coupling
between two regions (amygdala and insula, De Cagna et al., 2019, nasal
administration of 24 International Units (IUs), amygdala and medial
prefrontal cortex, Ebner et al., 2016, nasal administration of 24 IUs;
thalamus and amygdala, Koch et al., 2019, nasal administration of 40
IUs; but see Bethlehem et al., 2017, nasal administration of 24 IUs;
Brodmann et al., 2017, nasal administration of 24 IUs).

E-mail addresses: peiweiliu@ufl.edu (P. Liu), natalie.ebner@ufl.edu (N.C. Ebner).

https://doi.org/10.1016/j.neuropharm.2024.110130

Received 15 February 2024; Received in revised form 18 July 2024; Accepted 20 August 2024

Available online 23 August 2024

0028-3908/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:peiweiliu@ufl.edu
mailto:natalie.ebner@ufl.edu
www.sciencedirect.com/science/journal/00283908
https://www.elsevier.com/locate/neuropharm
https://doi.org/10.1016/j.neuropharm.2024.110130
https://doi.org/10.1016/j.neuropharm.2024.110130
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2024.110130&domain=pdf

P. Liu et al.

Complex brain function, however, is subserved by large-scale brain
networks (Bellec et al., 2006), such as the salience network (Menon,
2015), the default mode network (Andrews-Hanna et al., 2014), and the
basal ganglia-thalamus network (Haber and Calzavara, 2009; Luo et al.,
2012). These networks support social function (Di Simplicio et al., 2009;
Grimm et al., 2009; Ince et al., 2023; Kirkpatrick et al., 2014), rendering
them particularly likely and effective targets of IN-OT modulation.
However, a large-scale network approach (both regarding within as well
as between network coupling) to the study of IN-OT brain modulation is
nascent (for a recent summary see Liu et al., 2022, nasal administration
of 24 IUs) and IN-OT’s wider-ranging brain mechanisms of action are
still insufficiently understood.

Furthermore, previous IN-OT functional connectivity studies exclu-
sively focused on young and middle-aged adults, despite increasing
evidence of age-differential effects of IN-OT on both human brain and
behavior (Ebner et al., 2013; Horta et al., 2020; Sannino et al., 2017).
One exception is Liu et al. (2022) which comprised young and older
participants and found that acute (i.e., single-dose) IN-OT decreased
1s-FC of the right insula with the salience network in both age groups as
well as of the left amygdala with the salience network in older adults.
Acute IN-OT also decreased rs-FC between the angular gyrus and the
default mode network in both young and older adults. Note that Liu et al.
did not examine effects in the basal ganglia-thalamus network, despite
evidence of enhanced rs-FC within this network after acute IN-OT in
young adults (Bethlehem et al., 2017; Rocchetti et al., 2014).

Finally, only two studies to date have investigated effects of chronic
(i.e., repeated) IN-OT on brain activity (Kou et al., 2022, nasal admin-
istration for 3 or 5 days with 24 IUs per day) and rs-FC (Watanabe et al.,
2015, nasal administration for 6 weeks with 24 IUs twice a day for a total
of 48 IUs per day) in humans, and none in aging. To probe IN-OT’s
treatment potential, however, determination of chronic IN-OT effects on
brain functional connectivity, including among older adults, is war-
ranted (Horta et al., 2020a,b h.

To fill these research gaps, the present study examined effects of a
four-week chronic IN-OT on both within- and between-network rs-FC of
the salience network, the default mode network, and the basal gan-
glia-thalamus network in a sample of generally healthy older adults.
Building on Liu et al. (2022), we also directly compared effects from
chronic relative to acute IN-OT on within- and between-network con-
nectivity in older adults; as chronic administration of any bioactive drug
may produce either more pronounced or less pronounced (tolerance)
effects compared to acute administration (Brusa et al., 2007). Chronic
IN-OT’s effects may be pronounced over acute effects due to Chronic
IN-OT’s potential for prolonged exposure to the OT (Peters et al., 2014),
increased receptor sensitivity (Zanos et al., 2014), and/or neuroplastic
changes linked to a decrease in epigenetic methylation of the OT re-
ceptor and an increase in OT receptor expression (Alaerts et al., 2023,
nasal administration for 28 days with 12 IUs twice a day for a total of 24
IUs per day).

We expected chronic IN-OT to modulate within- (Hypothesis 1a) and
between- (Hypothesis 1b) network rs-FC for all three networks (i.e.,
salience network, default mode network, and basal ganglia-thalamus
network). We further hypothesized more pronounced effects of chronic
than acute IN-OT effects on both within- (Hypothesis 2a) and between-
(Hypothesis 2b) network rs-FC for all three networks. Beyond delineation
of the effects of chronic IN-OT on a single specific brain network (within-
network) or interaction between two brain networks (between-
network), we also explored chronic IN-OT effects on resting-state func-
tional coupling between all three networks using selective rs-FC, a

! Note that IN-OT has previously been examined as therapeutic strategy in
post-traumatic stress disorder (Giovanna et al., 2020), depression and anxiety
disorders (De Cagna et al., 2019), and psychiatric disorders with impaired so-
cial functioning such as autism and schizophrenia (Kirsch, 2015; Martins et al.,
2022).
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comparatively novel metric referring to specific brain networks dis-
playing stronger connections with distinct networks compared to others,
indicative of more specialized, efficient network communication
(Simmons et al., 2013; Chan et al., 2014). We did not formulate hy-
potheses for this outcome measure, however, given the lack of prior
literature on this variable in OT and aging.

2. Methods
2.1. Participants

This paper leveraged data from two datasets. Dataset 1, containing
chronic IN-OT data, tested Hypothesis 1a and 1b; Dataset 1 and Dataset 2
combined, with Dataset 1 containing acute IN-OT data, tested Hypothesis
2a and 2b as well as were used for the exploratory analysis regarding
selective rs-FC. Both data collection protocols were approved by the
university’s Institutional Review Board (IRB), registered with clinicalt
rials.gov (Dataset 1: NCT02069431; Dataset 2: NCT01823146), and
monitored by the IRB, a Data Safety Monitoring Board, and the Food and
Drug Administration (FDA; IND 100,860).

Regarding Dataset 1, the larger clinical trial comprised 159 partici-
pants, who were recruited through fliers in the community and on the
university campus, mail-outs to university participant registries as well
as via newspaper ads, the community-recruitment service HealthStreet,
and word of mouth. Data was collected between February 2016 and
February 2020. Fig. 1 provides an overview of the larger project for
Dataset 1 (see Rung et al., 2021 for details). We used data from both pre-
and post-intervention visits from Dataset 1.

Analysis of Dataset 1 considered participants with complete resting-
state fMRI and T1 data both at pre- and post-intervention. All partici-
pants were generally healthy, aged 55 or older, eligible for MRI as well
as IN-OT, had a pre-intervention blood pressure <180/100 mm Hg, were
fluent in English, able to provide informed consent, not pregnant, and
scored 30 or higher on the Telephone Interview for Cognitive Status
(TICS; Brandt, Spencer and Folstein, 1988). Primary exclusion criteria
included hypersensitivity to IN-OT, a history of hyponatremia or syn-
drome of inappropriate antidiuretic hormone secretion, use of vaso-
constrictors (e.g., desmopressin, pseudoephedrine, or antidiuretic
medication), low sodium (<134 mEq/L) coupled with high urine
osmolality (>1200 L), psychogenic polydipsia, and excessive cigarette
smoking or alcohol consumption, severe claustrophobia, major medical
surgery in the past two months, large pieces of metal in the body or any
metal in the face or neck, a history of brain surgery or any serious brain
damage or disease like aneurysm, stroke, or seizures, and severe forms of
current glaucoma, macular degeneration, or cataract (see Rung et al.,
2021 for details).

After listwise deletion of missing data and removing images with
motion artifacts as well as undifferentiated gray matter/white matter,
60 participants (mean age = 70.12 years, standard deviation = 6.57
years, range = 55-83 years; 68.33% males) were submitted to data
analysis. Of these 60 participants, 31 (mean age = 71.45 years, standard
deviation = 7.46 years, range = 55-83 years, 67.74% males) were
randomly assigned to self-administer chronic IN-OT (24 IUs) twice daily
over 28 days, between 7 and 9 am and again between 5 and 7 pm) and 29
participants (mean age = 68.69 years, standard deviation = 5.22 years,
range = 58-80 years, 68.97% males) to self-administer Placebo (P) at
the same dose and frequency. There were no pre-intervention differ-
ences in rs-FC between the chronic IN-OT and P group (ps > 0.05),
confirming successful randomization. Table 1 summarizes sample-
descriptive information and inference statistics for demographics,
mood, health, and cognition by treatment group (IN-OT vs. P) for
Dataset 1.

Regarding Dataset 2, the larger clinical trial comprised 105 partici-
pants who were recruited via university participant pools, fliers across
the community and university campus, and word of mouth. Data
collection for Dataset 2 took place between August 2013 and October
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Nasal Spray Self-Administration
(24 1Us twice a day for a total of 48 IUs per day, between 7AM to
9AM and between 5PM to 7PM)
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Fig. 1. Overview of Study Flow for Dataset 1 (Chronic IN-OT). Data collection comprised five stages: Pre-Screening, to determine participant eligibility; Pre-
Intervention Visits, involving comprehensive data collection across four visits, including demographic, health, cognitive, physiological, and socioemotional as-
sessments as well as MRI; Intervention, with twice-daily administration of 48 international units (IUs) of intranasal oxytocin (IN-OT) or placebo (P) for 28 days;
Post-Intervention Visits, with data collection identical to pre-intervention visits; and Follow-Up Phone Contact, to monitor drug safety and tolerability. Ab-
breviations used: rs-fMRI = resting-state functional Magnetic Resonance Imaging; TRs = Repetition Time. See Rung et al., 2021 for details.

2014. Analysis of Dataset 2 only included older adults with complete
resting-state fMRI and T1 data. Eligibility criteria were equivalent to
those described for Dataset 1 (see Liu et al., 2022 for details). The final
analysis sample included 20 older adults randomly assigned to
self-administer 24 IUs IN-OT (mean age = 71.00 years, standard devi-
ation = 6.03 years, range = 63-80 years, 42.86% males). See Liu et al.
(2022) for procedure and sample-descriptive information/inference
statistics for Dataset 2.

2.2. Procedure

For Dataset 1 (Chronic IN-OT), a phone pre-screening determined
general eligibility. After written informed consent, over the following
1-2 weeks participants completed four pre-intervention visits on
campus for comprehensive data collection pertaining to physiological,
biological, cognitive, and socioemotional measures as well as
Electroencephalogram/Event-related potentials (EEG/ERP), eye-
tracking, Magnetic Resonance Imaging (MRI), and Magnetic Reso-
nance Spectroscopy (MRS) (see Rung et al., 2021 for details). Here we
used the resting-state fMRI data and T1 images. During the resting-state
scan, participants were instructed to keep their eyes open and fixate on a
centrally presented cross.

During the 28-day intervention phase, participants self-administered
24 1Us twice daily for a total of 48 IUs of IN-OT or P, following standard
procedures (Guastella et al., 2013). The study adopted a randomized,
double-blinded, between-within subjects experimental design (2 treat-
ment group: chronic IN-OT vs. P as between-subject variable, 2 time-
point: pre-intervention vs. post-intervention as within-subject variable).
IN-OT and P were compounded and dispensed by the university Inves-
tigational Drug Service under IND 100,860 (see Rung et al., 2021 for
safety and tolerability data).

In their last week of nasal spray administration, participants returned
to campus for four post-intervention visits which were identical to the
pre-intervention visits. Participants were instructed to refrain from
administration of the spray the morning of the post-intervention visits,

to allow for dissociation of acute from chronic effects, but to continue
their self-administration scheme in the evening of testing days. Partici-
pants received $350 for study completion, including the imaging
components.

For Dataset 2 (Acute IN-OT), a phone pre-screening determined
general eligibility, followed by an in-person screen visit on campus to
obtain written informed consent and assess demographic, cognitive, and
health measures. Two to ten days later, eligible participants returned for
a second campus visit during which they self-administered a single-dose
(24 1Us) of either IN-OT or P following a randomized, double-blinded,
between-subjects experimental design. Participants were then settled
into the MRI scanner to obtain T1-weighted anatomical, task-evoked
functional, and resting-state functional images (see Ebner et al., 2016;
Frazier et al., 2021; Horta et al., 2019; Liu et al., 2022 for details). Here
we used resting-state fMRI data and TI images from the older adults in
the acute IN-OT group. During the resting-state scan, participants were
asked to relax and look at a white fixation cross on a black screen.

2.3. MRI acquisition

In Dataset 1, brain images were acquired on a 3 T Philips Achieva MR
Scanner (Philips Medical Systems, Best, The Netherlands). A 32-channel
head coil was used with foam padding to reduce head motion. Two-
hundred and forty functional images were acquired during an 8-min
resting-state scan using a gradient-echo-planar imaging (EPI) sequence
with a total of 38 interleaved slices (TR = 2 s, TE = 30 ms, FOV = 252
mm x 252 mm x 133 mm, flip angle = 90°, transverse slice orientation,
in plane resolution = 3.5 x 3.5 mm, slice thickness = 3.5 mm without
skip). Additionally, high-resolution T1-weighted anatomical images
were acquired using a magnetization-prepared rapid gradient echo (MP-
RAGE) sequence (sagittal slice orientation, FOV = 240 mm x 240 mm x
170 mm, in plane resolution = 1 mm x 1 mm, slice thickness = 1 mm
without skip).

MRI acquisition and task parameters in Dataset 2 (Acute IN-OT) were
comparable to those in Dataset 1, except for the in-plane resolution of
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Table 1
Sample-descriptive information and inference statistics for Dataset 1 (chronic
IN-OT) at pre-intervention.

Characteristics IN-OT (n = P (n=29) Inference
31) Statistics
Demographics
Age (yrs, mean (sd)) 71.45 (7.46) 68.69 (5.22) t=-1.67,p=
0.1
Sex (female%) 32.3% 31% ¥=0,p=1
Race (%) p=0.32%
American Indian/Alaska 3.2% 6.9%
Native
Asian 0% 0%
Black/African American 3.2% 13.8%
White 93.5% 79.3%
Ethnicity (%) p = 0.24*
Hispanic or Latinx 9.7% 0%
Education (yrs, mean (sd)) 16.32 (2.94) 15.89 (3.40) t=0.51,p=
0.61
Mood (mean (sd))
Positive Affect 47.13 (8.19) 46.52(9.49) t=0.27,p=
0.79
Negative Affect 15.84 (4.24) 16 (4.21) t=0.15p=
0.88
Health (mean (sd))
Physical 8.29 (1.19) 8.52 (1.15) t=0.75p=
0.46
Mental 8.81 (1.19) 8.72 (0.10) t=0.29,p=
0.77
Cognition (mean (sd))
Crystallized 116.92 (8.65)  118.82 t=0.69,p =
(9.55) 0.50
Fluid 89.84 (8.41) 91.26 t=0.54,p=
(11.66) 0.59

Note: Mood was assessed using the Positive Affect Negative Affect Schedule
(PANAS 20-item short version plus 6 additional adjectives; Rocke et al., 2009;
Watson et al., 1988). Participants rated their feelings in general on a scale from
1 = very slightly or not at all to 5 = extremely. Higher mean scores indicated
greater levels of Positive Affect and Negative Affect, respectively. Health was
assessed by asking participants to rate their general physical health (Physical)
and their mental health/mood (Mental) on a scale from 1 = poor to 10 =
excellent. Cognition was assessed using the NIH Cognition Toolbox
(Akshoomoff, 2013). Crystallized Cognition and Fluid Cognition were computed
utilizing uncorrected composite scores with a normative mean of 100 and a
standard deviation of 15, with higher mean scores indicating greater levels of
Crystallized Cognition and Fluid Cognition respectively. Abbreviations used:
yrs = years; sd = standard deviation; % = percentage; y2 = chi-square; * in-
dicates use of Fisher’s exact test instead of chi-square (y2) test to address the
issue of inaccurate chi-square approximation caused by small sample sizes or
zero counts in the contingency table cell (Campbell, 2007).

the resting-state fMRI scan (3.15 x 3.15 mm) and the FOV in the T1-
weighted anatomical images (240 mm x 240 mm x 240 mm; see Liu
et al., 2022, for details).

2.4. MRI data preprocessing

The approach described in Liu et al. (2022) was used for MRI data
preprocessing for both datasets respectively. In particular, as graphically
summarized in Fig. 2A, we used the CONN functional connectivity
toolbox (v.18.b; Whitfield-Gabrieli and Nieto-Castanon, 2012) in
conjunction with SPM12 software (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/) on MATLAB R2018a (MathWorks Inc., Natick, MA,
USA) to preprocess the resting-state MRI images from pre- and
post-intervention, following the default preprocessing pipeline for
volume-based analysis. Resting-state images were realigned,
outlier-removed, unwrapped, slice-timing corrected (interleaved
bottom-up), co-registered with T1 images, spatially normalized into MRI
space, and smoothed to an 8-mm full width at half maximum (FWHM)
Gaussian kernel.
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2.5. Independent component analysis (ICA)

The same ICA approach as described in Liu et al. (2022) was applied
to Dataset 1 to obtain the targeted brain networks using Group ICA in the
fMRI Toolbox (GIFT; http://icatb.sourcefttkorge.net/, version v4.0 b;
Calhoun et al, 2009). ICA was performed across pre- and
post-intervention data. The protocol comprised (i) a component iden-
tification and (ii) a component selection phase.

As graphically summarized in Fig. 2B, in the component identifica-
tion phase, ICA was performed in four steps: (1) After data concatena-
tion in time, the data was reduced in dimension using Principal
Component Analysis. (2) The ICA infomax algorithm was used to esti-
mate independent component(s) (IC(s); Bell and Sejnowski, 1995). ICs
were determined by the minimum description length (MDL) criterion
(Rissanen, 1983). (3) Back reconstruction was conducted to generate
time courses and spatial maps for each participant (Calhoun et al.,
2009). (4) Significant IC spatial maps were thresholded using a correc-
tion for false discovery rate with a significance level of p < 0.01. The
transformed Fisher’s Z-score within the IC spatial map represented the
fit (i.e., degree of correlation) of a given voxel’s fMRI signal with the
average fMRI signal of the IC (Greicius et al., 2007).

As graphically summarized in Fig. 2C, the component selection phase
comprised four steps: (1) ICs were kept if their patterns were highly
correlated with gray matter, to constrain signal changes to gray matter
(Naveau et al., 2012). Spatial correlation of the IC (converted to a binary
mask) with an a-priori binary mask of gray matter, white matter, and
cerebrospinal fluid (using the WFU Pickatlas; Maldjian, Laurienti, Kraft
and Burdette, 2003; http://fmri.wfubmgc.edu/cms/software) was
calculated. ICs with high spatial correlations (top 10% of ICs) to white
matter or cerebrospinal fluid as well as ICs with low spatial correlation
(bottom 10% of ICs) to gray matter were dropped. (2) The Infomax ICA
algorithm (Bell and Sejnowski, 1995) was conducted 20 times in ICASSO
3 to test reliability of signal decomposition (Himberg et al., 2004).
Quality index (Iq) was calculated as the difference between average
intra-cluster and extra-cluster similarities, reflecting compactness and
isolation of a cluster that contained ICs with high similarities across runs
(Himberg et al., 2004). An Iq greater than 0.8 indicated a stable ICA
decomposition. (3) We also performed visual inspection and ICs were
dropped if they represented eye movements, head motion, or a
cardiac-induced pulsatile artifact at the brain base. (4) Finally, spatial
correlation of ICs to the a-priori defined network templates provided by
GIFT (Shi et al., 2018; Ye et al., 2014) were conducted with a threshold
of r > 0.1 representing the minimum value of a small effect size (Chen
et al., 2010).

For Dataset 1, the component selection process resulted in three
relevant ICs: IC 4 - representing the salience network, composed of the
insula, anterior cingulate cortex, and inferior frontal gyrus (Fig. 3A); IC
1 - representing the default mode network, composed of the medial
prefrontal cortex, posterior cingulate cortex, precuneus, and angular
gyrus (Fig. 3B); and IC 10 — representing the basal ganglia-thalamus
network, composed of the pallidum, putamen, subthalamic nucleus,
substantia nigra, and thalamus (Fig. 3C). The three brain networks
identified in Dataset 1 were consistent with previous studies on the
salience network (Uddin, 2016), the default mode network (Raichle,
2015), and the basal ganglia—thalamus network (Szewczyk-Krolikowski
et al., 2014).

2.6. Statistical analyses

Hypothesis 1a. stated that chronic IN-OT modulates within-network
rs-FC of the salience network, the default mode network, and the basal
ganglia-thalamus network at post-intervention. To test this hypothesis,
we conducted chronic IN-OT > P and chronic IN-OT < P contrasts in
Dataset 1 on within-network rs-FC for the IC spatial maps of the salience
network, the default mode network, and the basal ganglia—-thalamus
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Fig. 2. Overview of Resting-State fMRI Data Preprocessing and Independent Component Analysis (ICA) Approach in Dataset 1 (Chronic IN-OT). (A) Resting-State
fMRI Data Preprocessing: Steps including motion correction, slice timing correction, co-registration with T1 scans, spatial normalization to MNI coordinates, and
smoothing using an 8 mm FWHM Gaussian kernel. (B) Component Identification: Four steps encompassing subject-level and group-level data dimension reduction,
independent component analysis (ICA), back reconstruction for each participant, and t-tests to identify brain networks. (C) Component Selection: Four steps
involving spatial map correlation, ICA decomposition reliability assessment, visual inspection, and correlation with brain network templates. Abbreviations used:
TR = Time Repetition; PCA = Principal Component Analysis; PC(s) = Principal Component(s); ICA = Independent Component Analysis; ICs = Independent

Component(s); CSF = Cerebrospinal Fluid.

network, respectively, as generated during the component identification
process. Based on evidence that insula (peak MNI coordinates: xyz =
+30, 14, —2; Rilling et al., 2014), middle cingulate cortex (peak MNI
coordinate: xyz = +2, —12, 32; Paloyelis et al., 2016), medial prefrontal
cortex (peak MNI coordinate: xyz = +3, 47, 19; Zhao et al., 2016), and
thalamus (peak MNI coordinate: xyz = +14, 10, 4; Koch et al., 2019)
constitute brain regions of IN-OT action (i.e., a-priori prediction of
ROIs), we applied small volume correction to these analyses using
spherical masks with a 6-mm radius around the peak voxel of these
a-priori ROIs as defined by the WFU PickAtlas (Gougelet et al., 2018;
Schmitz and Johnson, 2006). Additionally, we created a 6-mm radial
spherical ROI (ROlprain region) around the peak voxel of the significant
brain cluster based on the contrast result to confirm that no
pre-intervention differences existed between the two treatment groups
(as well as for testing of Hypothesis 2a; see below). In particular, to
confirm no pre-intervention treatment-group differences, we extracted
and averaged the values (within-network rs-FC) of all voxels within the
ROIprain_region at pre-intervention and conducted Bayesian, bootstrapped
independent t tests (chronic IN-OT vs. P; with 5000 resampling itera-
tions) on the within-network rs-FC at pre-intervention.

Hypothesis 1b. stated that chronic IN-OT modulates between-
network rs-FC of the salience network, the default mode network, and
the basal ganglia-thalamus network at post-intervention. To test this

prediction, we conducted Bayesian, bootstrapped independent t tests
(chronic IN-OT vs. P; with 5000 resampling iterations) on the between-
network rs-FC for each pair among these three brain networks in Dataset
1 (i.e., salience network and default mode network, salience network
and basal ganglia-thalamus network, default mode network and basal
ganglia-thalamus network). Between-network rs-FC was calculated as
follows (Passow et al., 2015; Rubbert et al., 2019; Varangis et al., 2019):
Spatial IC maps of the salience network, default mode network, and
basal ganglia-thalamus network were saved as three binary-value brain
network masks (ROIetwork) respectively. Time series of each voxel from
each participant were extracted within ROI,etwork- Pearson correlations
were calculated for the three pairs of averaged time series of each
ROl etwork to reflect the between-network rs-FC. To confirm that the two
treatment groups did not differ at pre-intervention, we conducted
Bayesian, bootstrapped independent t tests (chronic IN-OT vs. P; with
5000 resampling iterations) on between-network rs-FC at
pre-intervention.

In exploratory fashion, we also examined effects of chronic IN-OT on
specialization and efficiency of brain organization, measured via selec-
tive rs-FC between the salience network, default mode network, and
basal ganglia-thalamus network, as follows (Simmons et al., 2013; Chan
et al., 2014): Selective rs-FC = | rs-FCnetwork 1, network 2) — S-FCnetwork 1,

network 3) | .
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Fig. 3. Large-Scale Networks Identified in Dataset 1 (Chronic IN-OT) Using ICA. (A) Salience Network, (B) Default Mode Network, and (C) Basal Ganglia-Thalamus
Network. Results shown on the Montreal Neurological Institute (MNI) standard brain using MNI coordinates (X, Y, Z). Abbreviations used: IC = Independent

Component. Color bar represents t values.

Hypothesis 2a. stated that effects of chronic IN-OT on within-network
rs-FC for all three networks were more pronounced than effects of acute
IN-OT. To test this hypothesis, we extracted the time series of all voxels
within ROIprain region and ROIetwork in Dataset 1 (at post-intervention)
and Dataset 2, respectively. We then calculated Pearson correlations for
each pair of averaged time series for each brain region (ROlIprajn _region)
with its corresponding brain network (ROIhetwork), to reflect within-
network rs-FC. Again, Bayesian, bootstrapped independent t tests
(chronic IN-OT vs. acute IN-OT; with 5000 resampling iterations) were
conducted on within-network rs-FC.

Hypothesis 2b. finally, stated that effects of chronic IN-OT on
between-network rs-FC for all three networks were more pronounced
than acute IN-OT effects. To test this hypothesis, we extracted the time
series of all voxels within ROIetwork in Dataset 1 (at post-intervention)
and Dataset 2, respectively. We then calculated Pearson correlations for
the three pairs of averaged time series for each ROLetwork, to reflect the
between-network rs-FC. Again, Bayesian, bootstrapped independent t
tests (chronic IN-OT vs. acute IN-OT; with 5000 resampling iterations)

were conducted on between-network rs-FC.

For all models, within-network and between-network rs-FC greater
or less than 3 standard deviations from the mean was regarded as outlier
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and excluded from analyses. Also, all results were comparable when
controlling for chronological age” and sex.’

3. Results”
3.1. Chronic IN-OT modulation of within-network rs-FC°

Chronic IN-OT relative to P resulted in reduced rs-FC of both the
right insula (peak MNI coordinates: xyz = 30, 18, —6, t value = 3.37,
cluster size = 14 voxels; small volume corrected p(FWE-corrected) =
0.013; Fig. 4A; see also Table 2) as well as the left middle cingulate
cortex (peak MNI coordinates: xyz = —6, —16, 30, peak t value = 3.29,
cluster size = 42 voxels; small volume corrected p(FWE-corrected) =
0.012; Fig. 4B) with the salience network (IC 4). Chronic IN-OT relative
to P furthermore resulted in increased rs-FC of the left medial prefrontal
cortex (peak MNI coordinates: xyz = —8, 48, 20, peak t value = 3.14,
cluster size = 10 voxels; small volume corrected p(FWE-corrected) =
0.023; Fig. 4C; see also Table 2) with the default mode network (IC 1).
Finally, chronic IN-OT relative to P resulted in increased rs-FC of the left
thalamus (peak MNI coordinates: xyz = —14, —16, 4, peak t value =
3.14, cluster size = 9 voxels; small volume corrected p(FWE-corrected) =

2 Given the wide chronological age range in our sample, we conducted par-
allel analyses to the ones reported in-text with chronological age as a moder-
ator. These results showed no significant interaction of chronological age by
treatment on any of the within-network rs-FC analyses (i.e., right insula with
the salience network (F (1, 55) = 0.80, p = 0.38), left middle cingulate cortex
with the salience network (F (1, 55) = 0.39, p = 0.54), left medial prefrontal
cortex with the default mode network (F (1, 55) = 3.62, p = 0.06), or left
thalamus with the basal ganglia-thalamus network (F (1, 55) = 0.72, p =
0.40)); any of the between-network rs-FC analyses (i.e., salience network and
default mode network (F (1, 56) = 0.07, p = 0.80), salience network and basal
ganglia-thalamus network (F (1, 56) = 0.07, p = 0.80), or default mode
network and basal ganglia-thalamus network (F (1, 56) = 0.00, p = 0.97)); nor
any of the selective rs-FC analyses on the salience network (F (1, 56) = 1.25, p
= 0.27), the default mode network (F (1, 56) = 0.05, p = 0.82), and the
basal-ganglia thalamus network (F (1, 56) = 0.09, p = 0.77). See also Fig. S1 in
the Supplementary Materials.

3 We also considered sex as a moderator based on evidence in the literature of
sex-dimorphic functions of IN-OT on the brain (Reed et al., 2019; Rilling et al.,
2014), including among older adults (Ebner et al., 2016). The 2 treatment
group (chronic IN-OT, P) by 2 timepoint (pre-intervention, post-intervention)
by sex (male, female) interaction was not significant for (i) any of the
within-network rs-FC analyses (i.e., right insula with the salience network (F (1,
56) = 1.19, p = 0.28), left middle cingulate cortex with the salience network (F
(1, 56) = 0.23, p = 0.88), left medial prefrontal cortex with the default mode
network (F (1, 56) = 0.16, p = 0.70), or left thalamus with the basal gan-
glia-thalamus network (F (1, 56) = 0.06, p = 0.80)); (ii) any of the
between-network rs-FC analyses (i.e., salience network and default mode
network (F (1, 56) = 0.001, p = 0.97), salience network and basal ganglia—
thalamus network (F (1, 56) = 0.81, p = 0.37), or default mode network and
basal ganglia-thalamus network (F (1, 56) = 0.13, p = 0.73)); nor (iii) any of
the selective rs-FC analyses on the salience network (F (1, 56) = 0.52, p = 0.48),
the default mode network (F (1, 56) = 0.04, p = 0.84), or the basal-ganglia
thalamus network (F (1, 56) = 1.62, p = 0.21). See Figs. S2 and S3 in the
Supplementary Materials for details.

4 Results for Hypotheses 1 b, 2a & 2 b remained the same when applying
Bonferroni correction (Hypothesis 1b: adj. p = 0.05/3 = 0.017; Hypothesis 2a:
adj. p = 0.05/4 = 0.013; Hypothesis 2b: adj. p = 0.05/3 = 0.017).

5 Note that an equivalent analysis was conducted in Liu et al. (2022) on
Dataset 2. However, in that paper we focused on the salience network as the
primary brain network under investigation (and the default mode network as a
secondary) and on effects of acute IN-OT. Crucially extending this previous
work, the current paper included the basal ganglia-thalamus network as well as
conducted between-network analysis in addition to within-network analysis.
Furthermore, the present paper directly compared chronic and acute IN-OT
effects on large-scale brain network connectivity at rest, and important exten-
sion not previously covered.
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0.024; Fig. 4D; see also Table 2) with the basal ganglia-thalamus
network (IC 10). No baseline difference was found (p > 0.05). These
results support Hypothesis 1a regarding OT-modulation of these three
large-scale brain networks in generally healthy older adults.

3.2. Chronic IN-OT modulation of between-network rs-FC

Neither rs-FC between the salience network and the default mode
network (Fisher’s Zmean difference = —0.07, bootstrapped p = 0.41,
bootstrapped 95% confidence interval = —0.24 — 0.10, Bayesian 95%
credible interval = —0.25 - 0.11, Cohen’s d = —0.21; Fig. 5A), between
the salience network and the basal ganglia-thalamus network (Fisher’s
Zmean difference = 0.10, bootstrapped p = 0.16, bootstrapped 95% Confi-
dence interval = —0.03 - 0.24, Bayesian 95% credible interval = —0.04
— 0.24, Cohen’s d = 0.37; Fig. 5B), nor between the default mode
network and the basal ganglia-thalamus network (Fisher’s Zmean differ-
ence = —0.08, bootstrapped p = 0.30, bootstrapped 95% Confidence
interval = —0.06 — 0.23, Bayesian 95% credible interval = —0.08 - 0.24,
Cohen’s d = —0.27; Fig. 5C) were significantly different after chronic IN-
OT compared to P; thus not supporting Hypothesis 1b. No baseline dif-
ferences were found (p > 0.05).

Interestingly, however, selective rs-FC, as an indicator of more
specialized, efficient network communication, of the basal ganglia—
thalamus network with both the salience network and the default mode
network (Fisher’s Zpean difference = 0.13, bootstrapped p = 0.02, boot-
strapped 95% confidence interval = 0.02-0.23, Bayesian 95% credible
interval = 0.02-0.24, Cohen’s d = 0.61; Fig. 5F) was significantly
increased for chronic IN-OT relative to P. In contrast, neither selective
rs-FC of the salience network with the default mode and the basal
ganglia-thalamus network (Fisher’s Znean difference = 0.03, bootstrapped
p = 0.63, bootstrapped 95% confidence interval = 0.09-0.15, Bayesian
95% credible interval = —0.09 — 0.15, Cohen’s d = 0.12; Fig. 5D) nor
selective rs-FC of the default mode network with the salience network
and the basal ganglia-thalamus network (Fisher’s Zmean difference =
0.003, bootstrapped p = 0.96, bootstrapped 95% confidence interval =
—0.12-0.11, Bayesian 95% credible interval = —0.12 - 0.13, Cohen’s d
= 0.02) were significant (see Fig. 5E). No baseline differences were
found (p > 0.05).

3.3. Comparison of chronic and acute IN-OT effects on within- and
between-network rs-FC

Regarding within-network connectivity, chronic compared to acute
IN-OT resulted in a greater reduction of rs-FC of the right insula with the
salience network (Fisher’s Zmean difference = —0.49, t (1,48) = —4.36,
bootstrapped p < 0.001, bootstrapped 95% confidence interval =
0.30-0.70, Bayesian 95% credible interval = 0.27-0.70, Cohen’s d =
—1.26; Fig. 6A; see Fig. S4 in the Supplementary Materials for details), in
support of Hypothesis 2a. However, rs-FC of the left middle cingulate
cortex with the salience network (Fisher’s Zmean difference = —0.06,
bootstrapped p = 0.65, bootstrapped 95% confidence interval = —0.28 —
0.19, Bayesian 95% credible interval = —0.30 — 0.19, Cohen’s d =
—0.12), the left medial prefrontal cortex with the default mode network
(Fisher’s Zmean difference = —0.23, bootstrapped p = 0.06, bootstrapped
95% confidence interval = —0.47 — 0.01, Bayesian 95% credible inter-
val = —0.45 — 0.00, Cohen’s d = —0.55), or the left thalamus with the
basal ganglia-thalamus network (Fisher’s Zmean difference = —0.25,
bootstrapped p = 0.07, bootstrapped 95% confidence interval = —0.52 —
0.02, Bayesian 95% credible interval = —0.49 — 0.00, Cohen’s d =
—0.54) were not different for chronic and acute IN-OT.

Regarding between-network connectivity, chronic compared to
acute IN-OT resulted in more reduced rs-FC between the default mode
network and the basal ganglia-thalamus network (Fisher’s Zmean differ-
ence = —0.48, bootstrapped p < 0.001, bootstrapped 95% confidence
interval = —0.65 to —0.30, Bayesian 95% credible interval = —0.66 to
—0.30, Cohen’s d = —1.50; Fig. 6B), in support of Hypothesis 2b.
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Fig. 4. Effects of Chronic IN-OT on Within-Network rs-FC in Dataset 1. (A) Right Insula with Salience Network; (B) Left Middle Cingulate Cortex with Salience
Network; (C) Left Medial Prefrontal Cortex with Default Mode Network; and (D) Left Thalamus with Basal Ganglia-Thalamus Network. For better display quality and
data population distribution results are shown at p < 0.01 (uncorrected). Dots represent individual participants; lines connect each individual participant’s data at
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used: IN-OT = Intranasal Oxytocin (in black); P = Placebo (in green). Error bar indicates 95% confidence interval. * indicates uncorrected p < 0.05; ** indicates

uncorrected p < 0.01. Spectral color bar represents t-values.

Table 2

Treatment Group (Chronic IN-OT vs. P) x Timepoint (Pre-vs. Post-Intervention)
ANOVAs on Within-Network rs-FC in Three Large-Scale Brain Networks in
Dataset 1.

Brain networks MNI (x,y, T Cluster Corrected p
z) value size value
Salience network (IC 4)
Chronic IN-OT < P
Right insula 30,18, -6  3.37 14 0.013
Left middle cingulate -6, —16, 3.29 42 0.012
cortex 30
Chronic IN-OT > P ns
Default mode network (IC 1)
Chronic IN-OT < P ns
Chronic IN-OT > P
Left medial prefrontal —8, 48, 20 3.14 10 0.023
cortex
Basal ganglia-thalamus network (IC 10)
Chronic IN-OT < P ns
Chronic IN-OT > P
Left thalamus —14, —16, 3.14 9 0.024
4

Note: Each region underwent small volume correction with a peak-level
threshold of p(FWE-corrected) < 0.05. ns indicates not significant.

However, rs-FC between the salience network and the basal ganglia—
thalamus network (Fisher’s Zpean difference = 0.001, bootstrapped p =
0.99, bootstrapped 95% confidence interval = —0.17- 0.18, Bayesian
95% credible interval = —0.18 — 0.18, Cohen’s d = 0.01) and between
the salience network and the default mode network (Fisher’s Zyean dif.
ference = 0.10, bootstrapped p = 0.32, bootstrapped 95% confidence in-
terval = —0.30- 0.10, Bayesian 95% credible interval = —0.31 - 0.11,
Cohen’s d = 0.29) were not different for chronic and acute IN-OT.
Finally, chronic compared to acute IN-OT resulted in greater selec-
tive rs-FC of the salience network with both the default mode network
and the basal ganglia—thalamus network (Fisher’s Z mean difference = 0-13,
bootstrapped p = 0.01, bootstrapped 95% confidence interval =

0.04-0.23, Bayesian 95% credible interval = 0.03-0.23, Cohen’s d =
0.67; Fig. 6C). However, selective rs-FC of the default mode network
with the salience network and the basal ganglia-thalamus network
(Fisher’s Z mean difference = 0.06, bootstrapped p = 0.27, bootstrapped
95% confidence interval = —0.05 - 0.17, Bayesian 95% credible inter-
val = —0.17 — 0.05, Cohen’s d = 0.30) as well as the basal ganglia—
thalamus network with the salience network and the default mode
network (Fisher’s Z mean difference = 0.08, bootstrapped p = 0.18, boot-
strapped 95% Confidence interval = —0.04 - 0.20, Bayesian 95%
credible interval = —0.04 — 0.20, Cohen’s d = 0.39) were not different
for chronic and acute IN-OT (see Fig. S5 in the Supplementary Materials
for details).

4. Discussion

Taking a large-scale network approach, the present study investi-
gated the effects of chronic IN-OT on both within- and between-network
rs-FC of the salience network, the default mode network, and the basal
ganglia-thalamus network in a sample of generally healthy older adults.
The main findings revealed significant alterations in rs-FC within these
three networks following chronic IN-OT. In addition, chronic IN-OT
(relative to P) resulted in significantly greater selective rs-FC of the
basal ganglia-thalamus network with both the salience network and the
default mode network, highlighting higher specialization, modularity,
and efficiency of coupling between these networks following chronic IN-
OT. Directly comparing chronic with acute IN-OT, we furthermore
observed more pronounced IN-OT effects on both within- and between-
network rf-FC following chronic than acute IN-OT. These various novel
findings and their implications are discussed next.

4.1. Chronic IN-OT modulated within-network rs-FC in three large-scale
brain networks in older adults

4.1.1. Chronic IN-OT reduced rs-FC within the salience network
Chronic IN-OT resulted in reduced rs-FC of the right insula with the
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Fig. 5. Effects of Chronic IN-OT on Between-Network rs-FC and on Selective rs-FC, respectively. Between-Network rs-FC for (A) Salience Network and Default Mode
Network; (B) Salience Network and Basal Ganglia-Thalamus Network; (C) Default Mode Network and Basal Ganglia-Thalamus Network. Selective rs-FC of (D)
Salience Network; (E) Default Mode Network; (F) Basal Ganglia-Thalamus Network with the other two brain networks, respectively. For better display quality and
data population distribution results are shown at p < 0.01 (uncorrected). Dots represent individual participants; lines connect each individual participant’s data at
pre- and post-intervention, with a positive slope indicating increase and a negative slope indicating decrease in rs-FC from pre-to post-intervention. Abbreviations
used: IN-OT = Intranasal Oxytocin (in black); P = Placebo (in green). Error bar indicates 95% confidence interval. ** indicates uncorrected p < 0.01.

salience network in older adults. This finding may reflect OT-
modulation of cognitive-emotional information processing within the
salience network (Menon, 2015) and is closely aligned with results re-
ported by Liu et al. (2022) regarding acute IN-OT, which showed
decreased rs-FC of the right insula with the salience network in a sample
comprising both younger and older adults. Insula plays a crucial role in
bottom-up processing of novel and salient stimuli, particularly for
negative emotional stimuli (e.g., related to anxiety, fear, uncertainty;
Ince et al., 2023; Menon and Uddin, 2010). Our findings of reduced rs-FC
of the insula with the salience network therefore could signify a regu-
latory effect of OT on transmission of emotional information within the
salience network.

Chronic IN-OT also resulted in reduced rs-FC of the left middle
cingulate cortex with the salience network. Middle cingulate cortex is
involved in the processing of reward-related information, conflict
detection, and error monitoring (Hu et al., 2013; Rolls, 2019). Chronic
IN-OT-reduced connectivity of the middle cingulate cortex with the
salience network may be reflective of a mechanism through which OT
modulates sensitivity to reward-related stimuli, which could underlie
the neuropeptide’s role in promoting prosocial behavior by redirecting
individuals towards a more altruistic orientation (Jones et al., 2017).

4.1.2. Chronic IN-OT increased rs-FC within the default mode network in
older adults
In contrast, chronic IN-OT increased rs-FC between the left medial

prefrontal cortex with the default mode network in older adults, sup-
porting the role of OT in social cognition (Raichle, 2015; Schilbach et al.,
2008) as well as the integration of emotional and cognitive processes
such as in the context of empathy, theory of mind, and moral judgments
(Li and Rieckmann, 2014). This finding is in line with previous evidence
of acute IN-OT enhancing rs-FC of the medial prefrontal cortex with
subcortical regions, such as the amygdala (Ebner et al., 2016; Sripada
et al., 2013) in both young and older adults.

4.1.3. Chronic IN-OT increased rs-FC within the basal
Ganglia-Thalamus network in older adults

We also found that chronic IN-OT increased rs-FC of the left thalamus
with the basal ganglia-thalamus network in older adults. The basal
ganglia-thalamus network is crucial for reward-related information
processing, and the thalamus plays a critical role in emotional up-
regulation through cognitive reappraisal (Koch et al., 2019; Wager
et al., 2008). Chronic IN-OT increased coupling within the basal gan-
glia-thalamus network may represent a neural mechanism underlying
OT’s role in emotion regulation (Koch et al., 2019).

In sum, the pattern of results observed here for chronic IN-OT
modulation of within-network rs-FC within the salience network, the
default mode network, and the basal ganglia-thalamus network com-
bined suggest that OT may act through mitigating down-regulation
(“bottom-up”) of emotion processing areas (i.e., insula and middle
cingulate cortex within the salience network), as well as enhancing up-
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regulation (“top-down™) of emotional control areas (i.e., medial pre-
frontal cortex within the default mode network and thalamus within the
basal ganglia-thalamus network). Overall, our findings provide first
compelling evidence of an impact of chronic IN-OT effects on within
large-scale brain network connectivity in older adults, shedding light on
the neural mechanisms of OT in aging via brain network functional
connectivity with relevance to emotion and social cognition.

4.2. Chronic IN-OT modulated selective rs-FC of the basal
Ganglia-Thalamus network with the salience network and the default
mode network

We did not observe modulation of chronic IN-OT on between-
network modulation of rs-FC between the salience network, the
default mode network, and the basal ganglia—thalamus network in older
adults; in contrast to our predictions, which were based on the few acute

10

IN-OT studies that examined between-network connectivity (Bethlehem
et al., 2017; Brodmann et al., 2017; Zheng et al., 2021). These previous
studies, however, exclusively comprised young adults. Young and older
adults often exhibit distinct brain functional patterns (Geerligs et al.,
2015), including regarding resting-state coupling (Chen et al., 2017;
Farras-Permanyer et al., 2019; Mary et al., 2017).

However, when examining functional coupling between these three
large-scale brain networks via the novel measure of selective rs-FC, which
reflects efficiency of communication between brain networks (Simmons
etal., 2013; Chan et al., 2014), we observed increased selective coupling
of the basal ganglia-thalamus network with the salience network and
the default mode network after chronic IN-OT relative to P in older
adults (while there were no effects on the other two brain networks).
This qualification of our results indicates that chronic IN-OT may
selectively influence functional connectivity patterns, aligning with the
concept of modular organization, where specific modules or
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communities exhibit varying levels of connectivity and interaction with
other modules (Chan et al., 2014). In fact, the basal ganglia-thalamus
network’s differential connectivity with the default mode network and
the salience network after chronic IN-OT we observed may reflect OT’s
unique role in coordinating “down-regulation” (via the salience
network) while “up-regulation” (via the default mode network) of
emotional/salient information. By investigating selective rs-FC for the
first time in the context of IN-OT research and in older adults, this study
importantly advances understanding of the OT’s effects on specificity
and efficiency of brain network interactions.

Unlike conventional approaches that may overlook subtle alterations
in network interactions, measuring selective rs-FC allows for a more
nuanced exploration of connectivity changes among brain networks,
given the distinctive nature of selective rs-FC, which estimates re-
lationships across multiple brain networks rather than focusing solely on
specific pairs (Chan et al., 2014; Power et al., 2011; Simmons et al.,
2013). This more integrative approach enhances sensitivity to capture
intricacies of network dynamics influenced by IN-OT.

4.3. More pronounced effects of chronic compared to acute IN-OT on
within- and between-network rs-FC in older adults

Directly compared to acute IN-OT, chronic IN-OT resulted in a more
pronounced reduction in rs-FC of the right insula with the salience
network, more pronounced reduced rs-FC of the default mode network
with the basal ganglia-thalamus network, and relatively greater selec-
tive rs-FC of the salience network with both the default mode and the
basal ganglia-thalamus network. Current knowledge on chronic IN-OT
on brain and behavior in older adults is still limited (Horta et al.,
2020; Valdes-Hernandez et al., 2021), and our study is the first to
directly compare the magnitudes of chronic and acute IN-OT effects on
brain network connectivity in older adults. Acute administration tends
to evoke immediate, transient effects, whereas chronic administration
potentially triggers prolonged alterations in brain networks (Horta et al.,
2020). Taken together, our findings support the notion that chronic
IN-OT induces more pronounced brain mechanistic effects and thus may
bear greater therapeutic potential in older adults than a single-dose
acute administration.

Our findings of more pronounced chronic than acute IN-OT effects
underscore potential advantages associated with prolonged exposure to
IN-OT. Peters et al. (2014) have indicated that chronic IN-OT regimens
allow for sustained exposure to OT, amplifying its influence on neural
systems. Prolonged exposure may contribute to increased receptor
sensitivity (Zanos et al., 2014). Additionally, neuroplastic changes
associated with chronic IN-OT could play a pivotal role in enhancing
OT’s effects on the brain (e.g., rs-FC) and behavior. Chronic IN-OT is
linked to a decrease in epigenetic methylation of the OT receptor,
accompanied by an increase in OT receptor expression (Alaerts et al.,
2023; Moerkerke et al., 2024). These neuroplastic alterations may create
a conducive neural environment for OT to exert its modulatory effects on
functional connectivity within and between large-scale brain networks.

IN-OT has previously shown therapeutic potential in posttraumatic
stress disorder (Giovanna et al., 2020; Matsushita et al., 2019; Sippel
et al., 2017), autism (Watanabe et al., 2015; Yamasue, 2016), and fear
disorders (Baldi et al., 2021). Our study demonstrated that chronic
IN-OT modulates large-scale network rs-FC among older adults, further
informing OT’s brain mechanism of action in treatment. Future research
could test IN-OT in combination with behavioral and cognitive training
(Cao et al., 2016; Han et al., 2017; Sun et al., 2020) or targeted brain
modulation such as via Transcranial Magnetic Stimulation (TMS; Luber
and Lisanby, 2014) in to develop most effective therapy.

4.4. Limitations

The present study is making several significant novel contributions
regarding OT’s role in modulating within and between large-scale
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neural network communication. However, some limitations should be
acknowledged. First, our sample consisted exclusively of older adults,
limiting the study’s ability to directly speak to aging effects or gener-
alizability to other age groups. Future studies should explore chronic IN-
OT effects on brain network connectivity in more diverse populations
(including middle-aged adults, older adults with a history of adversity,
clinical aging populations), also to allow determination of moderating
effects in the observed relationships. Second, our study focused on IN-
OT modulation of rs-FC (i.e., task-free), but investigation of associa-
tions between brain connectivity patterns and specific social-cognitive
and/or behavioral outcomes is crucial (see Fig. S6 in the Supplemen-
tary Material for an association between brain connectivity and apathy
in our sample). Third, our study did not reveal sex differences, perhaps
due to the small sample size which was not adequately powered to
detect significant sex moderations. Future investigations should employ
larger sample sizes with equal representation of women and men given
evidence of sex-dimorphic effects of IN-OT on brain and behavior among
older adults (Horta et al., 2020).

Finally, moving forward analysis of structural connectivity (e.g.,
structural diffusion tensor imaging derived connectivity measures)
contributing to the functional connectivity patterns observed in our
study could provide valuable insights into the impact of chronic IN-OT
on the aging brain.

5. Conclusions

In sum, findings from our study support a modulatory role of chronic
IN-OT on within-network functional coupling of the salience network,
the default mode network, and the basal ganglia—-thalamus network in
older adults, as well as effects on selective rs-FC among these networks.
Moreover, we demonstrate for the first time that chronic compared to
acute IN-OT produces more pronounced effects on brain network con-
nectivity, underscoring the importance of duration and frequency in
administration regimens to unfold IN-OT’s full treatment potential on
brain and behavior among older adults.
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