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Abstract
Objective
To determine whether intranasal oxytocin, alone or in combination with instructed mimicry of
facial expressions, would augment neural activity in patients with frontotemporal dementia
(FTD) in brain regions associated with empathy, emotion processing, and the simulation
network, as indexed by blood oxygen–level dependent (BOLD) signal during fMRI.

Methods
In a placebo-controlled, randomized crossover design, 28 patients with FTD received 72 IU
intranasal oxytocin or placebo and then completed an fMRI facial expression mimicry task.

Results
Oxytocin alone and in combination with instructed mimicry increased activity in regions of the
simulation network and in limbic regions associated with emotional expression processing.

Conclusions
The findings demonstrate latent capacity to augment neural activity in affected limbic and other
frontal and temporal regions during social cognition in patients with FTD, and support the
promise and need for further investigation of these interventions as therapeutics in FTD.

ClinicalTrials.gov identifier
NCT01937013.

Classification of evidence
This study provides Class III evidence that a single dose of 72 IU intranasal oxytocin augments
BOLD signal in patients with FTD during viewing of emotional facial expressions.
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A hallmark symptom of frontotemporal dementia (FTD) is
the progressive loss of empathy.1 For those with FTD, there
are currently no approved treatments for their symptoms, and
only a few off-label treatments of limited efficacy are available.
Impairments in insight and reporting of emotional experience
further complicate the assessment of treatments for these
symptoms. At present, the lack of treatments targeting the
early loss of empathy and social dysfunction in FTD renders
physicians unable to effectively manage the symptoms that are
most difficult for families and caregivers.

The hormone and neuropeptide oxytocin has been implicated
in augmenting prosocial behavior and empathy. Oxytocin re-
ceptors are expressed in the amygdala, medial prefrontal cortex
(PFC), insula, and nucleus accumbens,2,3 regions involved in
emotion and reward processing and affected by FTD pathol-
ogy. In patients with behavioral variant FTD (bvFTD), a single
dose or short courses of oxytocin have been associated with
reduced recognition of anger and fear, improved neuropsy-
chiatric symptoms, and reduced social apathy/indifference.4,5

Abnormal processing of emotional facial expressions is con-
sidered a key factor in the empathy deficits observed in FTD in
both bvFTD and the semantic dementia subtype with right
temporal atrophy.6,7 Patients with bvFTD show consistent
impairments in negative facial expression recognition, with
preserved nonemotional feature processing. Humans also show
an unconscious drive to imitate others’ facial expressions.8

Viewing emotional reactions in others activates neural regions
in the observer similar to those activated when one experiences
that emotion9; such activity is correlated with trait measures of
empathy10 and is deficient in patients with FTD.11,12

One’s emotional experience is influenced by the facial ex-
pressions they adopt, even when their emotional expressions
are manipulated without their awareness (e.g., having partic-
ipants hold a pen in their teeth to produce a smile).13 Emo-
tional mirroring differentially engages areas such as the
amygdala, anterior insula, and anterior cingulate cortex
(ACC), as well as simulation network regions such as the
inferior frontal gyrus (IFG).14,15 Thus, mimicry has been
considered a potentially potent means of arousing
empathy.16,17 In FTD, recent studies have confirmed abnor-
mal automatic mimicry of emotional facial expressions.18,19

Furthermore, oxytocin administration to healthy adults has
been associated with increased automatic motor imitation20

and mimicry of emotional facial expressions.21

The objective of this study was to determine whether 2 po-
tential interventions, oxytocin and emotional mimicry, alone
or in combination, augment neural activation related to social
cognition in the compromised nervous system of patients
with bvFTD. We predicted that oxytocin and instructed
mimicry would modulate neural activity in brain regions af-
fected in bvFTD and implicated in emotional facial expression
processing.

Methods
Participants
Fifty-one participants met eligibility criteria and took part in
this study between 2013 and 2017, including 28 patients
with FTD and 23 healthy volunteers. Twenty-six partici-
pants in the FTD group met the revised international
consensus diagnostic criteria for bvFTD.22 Twenty had
frontal or frontal and temporal atrophy, while 6 had pre-
dominant right temporal atrophy. Two patients initially had
symptoms of semantic variant primary progressive apha-
sia23 and at the time of the study also displayed the be-
havioral features of bvFTD, with bitemporal atrophy, left
greater than right. Three participants were known to have
the C9orf72 repeat expansion, and 1 participant carried a
TBK1 mutation associated with FTD. All patients com-
pleted cognitive testing assessing attention, memory, ex-
ecutive functioning, language, and visuospatial skills and
had MRI, CT, or SPECT imaging consistent with the di-
agnosis (table 1). Exclusion criteria included a history of
stroke or other neurological disorder excluding FTD, a di-
agnosis of bipolar disorder or schizophrenia that was not
accounted for by the diagnosis of FTD, or cognitive im-
pairment that precluded comprehension of task instruc-
tions (CONSORT flowchart available from Dryad: doi.org/
10.5061/dryad.59zw3r254). Patients were recruited
through the Cognitive Neurology and Alzheimer Research
Centre at Parkwood Hospital in London, Ontario, Canada.
Age- and sex-matched control participants with no history
of a neurologic or psychiatric disorder were recruited
through advertisements to caregivers at local FTD family
support groups and volunteer databases of the center.

Standard protocol approvals, registrations,
and patient consents
All participants and caregivers provided written informed
consent according to the Declaration of Helsinki. This study
was registered at ClinicalTrials.gov (NCT01937013) and

Glossary
ACC = anterior cingulate cortex; ANCOVA = analysis of covariance; AFNI = Analysis of Functional NeuroImages; BOLD =
blood oxygen–level dependent; bvFTD = behavioral variant FTD; FD = framewise displacement; FOXY = Intranasal Oxytocin
for Frontotemporal Dementia; FTD = frontotemporal dementia; FWE = family-wise error; IFG = inferior frontal gyrus; IPL =
inferior parietal lobule;MET =Multifaceted Empathy Test;NEM = nonemotional movement; PFC = prefrontal cortex; PKT =
Postural Knowledge Test; PMC = premotor cortex; SMA = supplementary motor area; STS = superior temporal sulcus.
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approved by the Health Sciences Research Ethics Board at the
University of Western Ontario, London, Ontario, Canada.

Procedure

Baseline symptoms and cognition
At the first visit, before the fMRI procedure, participants
completed the Montreal Cognitive Assessment.24 Caregivers
of patients with FTD completed the Frontotemporal De-
mentia Rating Scale25 to determine disease severity and third-
person questionnaires assessing behavior, personality, and
empathy changes, including the Frontal Behavioural In-
ventory,26 the Scale for Emotional Blunting,27 and the In-
terpersonal Reactivity Index,28 a multidimensional empathy
questionnaire.

Oxytocin administration and fMRI
In a double-blind, placebo-controlled, randomized crossover
design (see Dryad for details: doi.org/10.5061/dryad.
59zw3r254), patients received 72 IU placebo saline mist
(Salinex; Markham, Ontario, Canada) or oxytocin (Syntoci-
non; Novartis, Bern, Switzerland) nasal spray, for which our
group has previously shown safety and tolerability in FTD.5

The nasal spray was administered via 3 sprays per nostril at
10-minute intervals. Participants began the fMRI View and
Imitate Task ≈45 minutes after their last spray. While direct
knowledge of the CNS pharmacokinetics of oxytocin in hu-
mans is limited, in a study of human volunteers, CSF oxytocin
levels increased by 64% 75 minutes after 24 IU intranasal
oxytocin.29 In macaques, elevated CSF oxytocin levels have
been observed at 15 to 60 minutes after intranasal oxytocin
administration.30–33 After the fMRI procedure, participants
completed 3 behavioral tasks outside of the scanner:

Behavioural View and Imitate Task, the Multifaceted Empa-
thy Test (MET), and the Postural Knowledge Test (PKT;
detailed below).

Two weeks later, patients returned and completed the fMRI
and behavioral battery again under the alternative treatment
condition. The order of behavioral task completion was ran-
domized across patients, but the order of presentation for
both fMRI blocks and behavioral tasks was the same on both
visits for each patient. Healthy controls completed the same
fMRI procedure and battery of testing as patients but came for
1 visit and received only placebo saline mist, although they
believed they could be receiving oxytocin or placebo. After
completion of their sole visit, healthy individuals were
debriefed regarding the administration of only saline mist and
reconsented accordingly. Healthy control participants were
matched with patients on the basis of age and sex and com-
pleted the fMRI task blocks and behavioral tasks in the same
order as their matched case participant.

fMRI View and Imitate Task
Participants underwent the above fMRI while completing a
View and Imitate Task developed by the laboratory (pro-
grammed in Eprime) and based on previous work exploring
the simulation network in relation to empathy.34 During the
task, participants were presented with short dynamic videos of
20 actors demonstrating facial expressions and hand actions
(button presses) and were asked to either view or imitate
each. Facial expressions included emotional (anger, disgust,
fear, happiness, sadness) and neutral (calm, nonemotional
movements [NEMs] such as pursing the lips) ones. Hand
actions involved button presses using the same button box

Table 1 Participant demographic and neuropsychological characteristics

FTD (n = 28) Healthy control (n = 23)

pNo. % No. %

Sex (male) 15 53.6 11 47.8 0.899

Handedness (right) 24 85.7 21 91.3 0.857

Mean SD Mean SD p

Age, y 64.29 7.88 61.39 7.04 0.177

Years since symptom onset 4.32 2.60 — — —

Years since diagnosis 0.95 1.59 — — —

MoCA score 17.00 3.61 27.17 2.72 <0.001

FRS score 10.58 5.62 — — —

FBI score 31.48 10.35 — — —

SEB score 20.20 6.40 — — —

IRI score 64.15 18.93 — — —

Abbreviations: FBI = Frontal Behavioural Inventory; FRS = Frontotemporal Dementia Rating Scale; FTD = frontotemporal dementia; IRI = Interpersonal
Reactivity Index; MoCA = Montreal Cognitive Assessment; SEB = Scale for Emotional Blunting.
Data were available for 25 patients for the MoCA and SEB, 26 patients for the FRS and IRI, and 21 patients for the FBI.
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used in the scanner (index finger, middle finger). Each video
was presented once in each condition (view, imitate). In-
clusion of the button pressing trials allowed for the potential
discrimination between motor mimicry and facial mimicry.
Before scanning, participants completed a practice version of
the task to ensure comprehension.

The task was presented in 4 runs, each comprising a view and
an imitate block. The order of runs and blocks was counter-
balanced across patients, and trials within runs were randomly
presented. Each block included 45 trials (5 per expression
action, 2500 milliseconds each) preceded by an intertrial in-
struction (view or imitate; 1,000 milliseconds) and 15 jitter
trials displaying a fixation cross (3,000 milliseconds). Each
block began with an 8,000-millisecond instruction screen in-
dicating the condition (view or imitate) and was followed by a
15,500-millisecond interblock interval. Button presses were
recorded, allowing for accuracy assessments of motor imita-
tion. Participants’ faces were recorded throughout the task
with an MRI-compatible camera to ensure task compliance.
Videos were coded using an adaptation of the Facial Expres-
sions Coding System.35 For each participant video, a blinded
rater coded the onset of each trial, the participant’s atten-
tiveness (eyes open/eyes closed), and whether an attempt to
imitate an expression was made (yes/no).

MRI data acquisition
Participants were scanned with a 3T Siemens Prisma scanner
(Malvern, PA) with a 32-channel head coil at Robarts Re-
search Institute. fMRI images were taken with a T2*-gradient
echo-planar imaging sequence (repetition time 3,000 milli-
seconds, echo time 30 milliseconds, field of view 240 mm,
matrix 120 × 120). Parameters were chosen to optimize the
signal-to-noise ratio for regions of interest with high signal
dropout such as the ventromedial PFC and the amygdala
while maintaining coverage. For functional scans, 45 contig-
uous slices of 2.0 × 2.0 mm in-plane with a slice thickness of
2.5 mm were obtained. A high-resolution, T1-weighted, an-
atomic scan was acquired with whole-brain coverage (repe-
tition time 2,300 milliseconds, echo time 2.98 milliseconds,
field of view 256 mm, matrix 256 × 240, 192 axial slices, 1.0 ×
1.0 × 1.0–mm voxels).

fMRI analysis
Analyses of fMRI data were conducted with the Analysis of
Functional NeuroImages (AFNI) software.36 All volumes were
slice-time corrected, and anatomic data were registered to the
functional volume with the minimal outlier fraction. Echo-
planar imaging data were registered to the anatomic scan, fol-
lowed by nonlinear registration into Montreal Neurological
Institute 152 space. Data were spatially smoothed with a 4-mm
full width at half-maximum isotropic gaussian kernel and nor-
malized such that each time point within a voxel was repre-
sented as a percent change from the mean voxel intensity.

Within task runs, volumes and the preceding volume were
censored if the derivatives of the 6 generated motion

parameters had a euclidean norm >2.0 mm. Regressors were
created for each condition by convolving the stimulus events
with a gamma-variate hemodynamic response function. Nui-
sance regressors for the motion parameters and their deriva-
tives were included in the model, with linear and quadratic
detrending to account for baseline drift. The blood oxygen–
level dependent (BOLD) response was fitted to each re-
gressor to conduct linear regression modeling for each par-
ticipant visit. This produced a β coefficient and t statistic at
each voxel for each regressor. Regression coefficients repre-
sented the percentage signal change from the mean activity.

Regressors were created for each expression action (anger,
disgust, fear, happiness, sadness, NEM, button press [index or
middle finger]) for each condition (view, imitate), including
only trials in which participants appropriately viewed or imi-
tated according to the video coding and button-pressing re-
sponses. Regressors were also created to model trials of
obstinate viewing or imitation (i.e., errors) and a regressor of
no interest for trials in which participants were not attending
to the stimuli (eyes closed).

Five patients and 1 control were excluded from the fMRI
analyses due to artifacts or inability to complete the task
(details and sample sizes by condition in table e-1 fromDryad:
doi.org/10.5061/dryad.59zw3r254).

Oxytocin versus placebo in FTD
Whole-brain analyses were used to investigate the within-
group neural effects of oxytocin and emotional mimicry in
participants with FTD. A 2 treatment (oxytocin, placebo) × 2
condition (view correct, imitate correct) × 7 expression action
(anger, disgust, fear, happiness, sadness, NEM, button press)
analysis of covariance (ANCOVA) using 3dLME in AFNI was
conducted. Oxytocin order (visit 1, visit 2) and sex were in-
cluded as nuisance between-participant factors to control for
order effects and given that the distribution of oxytocin re-
ceptors is known to vary by sex. Mean framewise displace-
ment (FD) was also included as a covariate. Pairwise contrasts
were modeled to delineate the nature of significant effects.
Whole-brain contrasts were thresholded at p < 0.001 and
family-wise error (FWE) corrected for multiple comparisons
to p < 0.05 (45 contiguous voxels) using 3dFWHMx and
3dClustSim in AFNI.

Healthy controls versus participants with FTD
Whole-brain analyses were used to determine whether
between-group differences in neural responding while viewing
emotional expressions in FTD could be replicated with dy-
namic stimuli11 and to explore the neural effects of emotional
mimicry in healthy controls vs participants with FTD. Given
that healthy controls received only placebo saline mist and
completed 1 visit, only participants with FTD who received
placebo on their first visit were included in this analysis (n =
11). A 2 group (control, FTD) × 2 condition (view correct,
imitate correct) × 7 expression action (anger, disgust, fear,
happiness, sadness, NEM, button press) ANCOVA using
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3dLME in AFNI was conducted. Sex was included as a nui-
sance between-participant factor, and age and mean FD were
included as covariates. There was no significant difference in
mean FD between groups, t (11.98) = −1.11, p = 0.288.
Pairwise contrasts were modeled to delineate the nature of
significant effects. Whole-brain contrasts were thresholded at
p < 0.001 and FWE corrected for multiple comparisons to p <
0.05 (42 contiguous voxels).

Behavioral imaging analysis
Analyses of errors conducted with the video coding and
button pressing response data from the fMRI task are avail-
able from Dryad (doi.org/10.5061/dryad.59zw3r254).

Behavioral measures

View and Imitate Task
To further assess the accuracy of participant’s imitation of the
various facial expressions and the relationship between ex-
pression imitation and recognition, outside the scanner, par-
ticipants completed a shortened version of the View and
Imitate Task performed in the scanner while their facial ex-
pressions were video recorded. The task was identical to the
one performed in the scanner with the following modifica-
tions: only facial expressions were included; 2 runs (70 trials
each) were presented consisting of 1 view and 1 imitate block
each; each video was presented twice consecutively per trial;
and participants were asked to identify the emotion from 6
choices presented in random order (angry, disgusted, fearful,
happy, sad, neutral). Participants responded aloud, and the
tester inputted their response via button press. Participant
videos were coded with an adaptation of the Facial Expres-
sions Coding System.35 For each video, independent blinded
raters coded the duration, valence, intensity, and emotion for
each expression. Data were excluded from 2 patients due to
comprehension issues, 5 patients due to a lack of imitation
before responding, and 1 patient due to the presence of ob-
stinate imitation.

Multifaceted Empathy Test
TheMET is a performance-based multidimensional measure
of empathy, previously used to index cognitive and emo-
tional empathy in FTD.7,37 During the MET, participants
answer questions that dissociably tap cognitive and emo-
tional empathy in response to naturalistic emotionally
charged images (see Dryad for details: doi.org/10.5061/
dryad.59zw3r254). MET data were excluded from analyses
for 2 patients due to comprehension issues and 1 control due
to abnormal performance (>2 SDs from control mean on 7
of 12 measures).

Postural Knowledge Test
The PKT is a picture-matching task that evaluates non-
emotional action understanding and motor representation,
which is thought to be an indirect assessment of simulation
network, or mirror neuron system, function in neurodegen-
erative disorders.38 During the task, participants are presented

with a partially drawn cartoon of a person performing an
action and select the correct gesture among 3 options pre-
sented below to complete the cartoon. The task consists of 4
training cartoons and 20 randomly presented test cartoons,
including 10 transitive actions (object related; e.g., ironing,
cutting hair) and 10 intransitive actions (non–object related;
e.g., waving goodbye, saluting).

Behavioral task analysis
We conducted χ2 analyses and independent t tests to identify
any group differences in demographics or standardized neu-
ropsychological test performance (table 1). For the View and
Imitate Task recognition accuracy data, for the FTD group
only, a 2 treatment (oxytocin, placebo) × 2 condition (view,
imitate) × 6 expression (anger, disgust, fear, happiness, sad-
ness, NEM) ANCOVA was conducted. For healthy controls
vs participants with FTD who received placebo on their first
visit, a 2 group (control, FTD) × 2 condition × 6 expression
ANCOVA was conducted.

MET performance for each of the cognitive and emotional
empathy measures, as well as context-only stimuli ratings, was
analyzed with 2 treatment × 2 valence (positive, negative)
ANCOVAs for the FTD group only and 2 group × 2 valence
ANCOVAs for the healthy controls and the FTD group
subset. Lastly, PKT accuracy data were analyzed with 2
treatment × 2 action type (transitive, intransitive) ANCOVAs
for the FTD group only and 2 group × 2 action type
ANCOVAs for the healthy controls and the FTD group
subset.

For within-group FTD treatment comparisons, oxytocin or-
der and sex were included as nuisance between-participant
factors, whereas age and sex were included as covariates for
healthy control vs FTD group comparisons. Follow-up in-
dependent and paired t tests, with Bonferroni correction and
corrected values according to the Levene test when appro-
priate, were conducted to delineate the nature of significant
effects.

Data availability
The data are not publicly available because written consent for
data sharing was not obtained and data contain information
(face videos) that could compromise the privacy of research
participants.

Results
Behavioral results: Oxytocin versus placebo
in FTD
There were no significant effects of treatment or condition for
the Behavioral View and Imitate Task in FTD (n = 20) (table
e-2 from Dryad: doi.org/10.5061/dryad.59zw3r254). How-
ever, there was a main effect of expression, driven by patients
showing greater accuracy across conditions for happy ex-
pressions vs all other expressions (all p < 0.001).
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For the MET in FTD (n = 26), the only effect of treatment
was a main effect for empathic concern, with patients pro-
viding slightly higher ratings on placebo (7.49 ± 0.237) than
oxytocin (7.11 ± 0.284, p = 0.013). There were also significant
effects of valence, with greater values for positive vs negative
images for cognitive empathy accuracy, empathic concern,
and affective sharing intensity, and greater ratings for negative
vs positive stimuli for affective sharing valence, affective
sharing arousal, context-only valence, and context-only
arousal.

A main effect of treatment was found for the PKT in FTD (n
= 28), characterized by greater accuracy on oxytocin (0.712
± 0.026) than placebo (0.656 ± 0.028, p = 0.006). There was

also a main effect of action type, driven by greater accuracy
for intransitive (0.807 ± 0.028) vs transitive (0.562 ± 0.030,
p < 0.001) actions, but no treatment × action type
interaction.

Healthy controls versus FTD
The ANCOVA interrogating recognition accuracy on the
View and Imitate Task outside the scanner (FTD n = 11,
control n = 23) demonstrated a main effect of group, driven
by patients (0.646 ± 0.032) performing worse than controls
(0.795 ± 0.021, p = 0.001) regardless of condition.

For the MET (FTD n = 14, control n = 22), a main effect of
group was revealed for cognitive empathy accuracy, driven by

Figure 1 Main effect of oxytocin on blood oxygen level–dependent (BOLD) signal during facial expression processing

(A) Regions showing increased BOLD signal after oxytocin treatment compared to placebo and regions showing greater BOLD signal during placebo
treatment compared to oxytocin.Whole-brain analyseswere conducted at p< 0.001, corrected to family-wise error p < 0.05. (B) Example distributions ofmean
percent BOLD signal change during oxytocin and placebo treatments across conditions and expressions in clusters showing a main effect of treatment with
opposing activation patterns. IFG = inferior frontal gyrus; PMC = premotor cortex.
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controls (0.951 ± 0.012) showing greater accuracy than pa-
tients (0.887 ± 0.016, p = 0.003). For empathic concern and
affective sharing intensity, there was a main effect of valence
driven by greater ratings for positive vs negative images. In
addition, significant group × valence interactions were iden-
tified for affective sharing valence, affective sharing arousal,
context-only valence, and context-only arousal, characterized
by patients providing lower ratings than controls for negative
images but not positive images.

A main effect of group was found for the PKT (FTD n = 14,
control n = 23), with controls (0.839 ± 0.018) showing
greater accuracy across action types than patients (0.705 ±
0.024, p < 0.001).

Supplementary material from Dryad (table e-3; doi.org/10.
5061/dryad.59zw3r254) provides behavioral imaging
results.

Neuroimaging

Oxytocin versus placebo in FTD (p < 0.001, cluster
correction = 45)

Main effects of treatment, condition, and expression

Whole-brain fMRI analyses (n = 23; see table e-1 for numbers by
condition from Dryad: doi.org/10.5061/dryad.59zw3r254)
revealed a main effect of treatment in multiple regions (figure 1
and table 2). Most regions showed greater activation on oxytocin
vs placebo, including the right anterior insula into IFG, premotor
cortex (PMC), andmotor cortex, the right inferior parietal lobule
(IPL) into somatosensory cortex, right anterior/middle cingulate,
the left anterior insula into IFG, and bilateral caudate. Areas
demonstrating greater activation on placebo vs oxytocin included
the left inferior/middle occipital gyri, bilateral lingual gyrus, and
fusiform gyrus. A significant main effect of condition was also
observed, with greater activation during imitation vs viewing in

Table 2 Regions showing a main effect of treatment (oxytocin vs placebo) in patients with FTD

Region R/L BA x y z Voxels, n

Oxytocin > placebo

Anterior insula/IFG/PMC/motor cortex R 4, 6, 13, 44 −50.3 1.5 15.9 568

PMC/inferior/middle frontal gyrus R 6, 9, 44 −43.2 −6.7 32.1 305

Caudate/putamen R — −9.3 −7.9 −0.1 233

IPL/somatosensory cortex R 40, 1, 2, 3 −45.3 24.8 41.2 205

Anterior insula/IFG R 13,47 −42.8 −21.5 −2.8 168

Anterior/middle cingulate cortex R 24, 32 −11.6 −16.5 31.3 156

Caudate/thalamus L — 11.3 10.9 22.7 145

IFG R 44, 45 −56.6 −17.6 11.1 129

Inferior/middle frontal gyrus L 9,44,45 41.2 −8.7 24.6 110

Caudate/thalamus L — 8.3 1.5 9.4 93

Anterior insula/IFG L 13, 45, 47 37.2 −23.8 4.4 84

PMC/motor cortex L 4,6 50.9 12.1 32 70

Caudate/thalamus R — −20.2 14.9 16.8 67

Cerebellum L — 23.8 65.4 −41.6 58

Parahippocampal gyrus R 34 −13.5 1.6 −18.2 45

Placebo > oxytocin

Lingual gyrus R/L 18 2.1 83.8 −4.6 219

Inferior/middle occipital gyrus L 18 28.5 95.8 −4.3 199

Middle temporal/middle occipital gyrus L 19, 39 45.5 70 17.8 55

Inferior/middle temporal gyrus/fusiform gyrus L 20, 37 50.3 34 −20.4 47

Lingual gyrus R 18 −21.3 99.3 −12.2 47

Abbreviations: BA = Brodmann area; FTD = frontotemporal dementia; IFG = inferior frontal gyrus; IPL = inferior parietal lobule; PMC = premotor cortex.
Thresholded at p < 0.001, p < 0.05 family-wise error corrected. Table displays region, BA,Montreal Neurological Institute coordinates (x, y, z), and cluster size in
voxels.
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bilateral IFG, PMC, motor cortex, somatosensory cortex, IPL,
and supplementary motor area (SMA); a greater response to
viewing vs imitation was observed in bilateral caudate, cingulate,
medial PFC, superior temporal sulcus (STS), and cerebellum
(table e-4 from Dryad). In addition, a main effect of expression
action was observed in multiple regions, including greater acti-
vation in the precuneus/posterior cingulate and lingual/fusiform

gyrus for button pressing and reduced activation inmedial PFC and
ACC for anger and disgust compared to other action expressions.

Treatment interactions

A treatment × condition interaction was significant in
multiple regions (figure 2 and table 3). Brain areas that were

Figure 2 Interaction of treatment and condition on blood oxygen level–dependent (BOLD) signal during facial expression
processing

(A) Regions showing increased BOLD signal after oxytocin compared to placebo treatment during imitate compared to view and regions showing greater
BOLD signal during placebo treatment compared to oxytocin for imitate in comparison to view. Whole-brain analyses were conducted at p < 0.001, corrected
to family-wise error p < 0.05. (B) Example distributions ofmean percent BOLD signal change (betaweights) during imitate and view conditions on oxytocin and
placebo treatments across expressions in clusters identified in the treatment × condition interaction showing different activation patterns. Bars indicate
where significant differences exist. IFG = inferior frontal gyrus; PMC = premotor cortex.
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more active during imitation on oxytocin compared to both
viewing on oxytocin and imitation on placebo included bi-
lateral ACC, anterior insula, IFG, PMC, caudate, bilateral
SMA, and right globus pallidus/amygdala. In contrast, re-
gions showing greater activation during imitation on

placebo than both viewing on placebo and imitation on
oxytocin included visual areas such as bilateral fusiform and
lingual gyri. Table e-5 from Dryad (doi.org/10.5061/dryad.
59zw3r254) provides results from pairwise comparisons in
functionally defined regions, including areas hypothesized

Table 3 Regions showing a treatment (oxytocin vs placebo) × condition (imitate vs view) interaction in patients with FTD

Region R/L BA x y z Voxels, n

Oxytocin imitate > placebo imitate and oxytocin view

R anterior cingulate/insula/IFG/PMC/motor cortex/caudate/L
anterior cingulate/caudate

R/L 4, 6, 9, 13, 32, 44 −29.3 −10.1 19.7 8,412

PMC/IFG/anterior insula L 6, 44, 13 48.2 −1.2 16.2 1793

Supplementary motor area R/L 6 −3.2 9.5 57.9 112

Globus pallidus/amygdala R — −23.8 11.9 −8.6 60

Oxytocin imitate and placebo view > placebo imitate

Anterior cingulate cortex R/L 24, 32 2.1 −36.2 −4.6 165

Inferior/middle frontal gyrus L 44 41.1 −45 −6 140

Ventromedial prefrontal cortex L 11 13.9 −55.7 −10.1 110

Superior/medial frontal gyrus R 10 −15.2 −59 −1 87

IFG L 45 42 −25.1 20.2 76

Superior/medial frontal gyrus R 9, 10 −20.6 −54.6 31 59

Superior/medial frontal gyrus L 8 12.3 −28.6 51.2 57

Temporal pole L 38 45.7 −12.5 −38 56

Paracentral lobule R 4,6 −19.4 30.2 64.6 55

Claustrum L — 25.1 −15 17.8 54

Insula/superior temporal gyrus/Heschl gyrus R 13, 41 −40.6 21 10.2 52

Motor/somatosensory cortex L 3, 4 19.2 36.6 65.4 51

Superior/middle frontal gyrus R 8 −37.3 −22.2 51.3 48

Superior/medial frontal gyrus L 9 7.8 −52.7 37.7 46

Inferior parietal lobule R 40 −31.5 43.1 58.5 46

Placebo imitate and oxytocin view > oxytocin imitate

Cerebellum R — −9.8 80.8 −23.3 66

Inferior/middle occipital gyrus/cuneus L 18 29.2 93.6 −7 64

Parahippocampal gyrus R 35 −22.4 37.7 −9.1 49

Cuneus/posterior cingulate cortex R 30,31 −7.2 71.5 12.1 46

Subgenual cingulate/IFG R 25,47 −12.2 −15.8 −20.3 45

Placebo imitate and oxytocin view > oxytocin imitate; placebo
imitate > placebo view

Fusiform gyrus/lingual gyrus/inferior occipital gyrus R 18 −27.9 84 −11.3 310

Lingual gyrus/calcarine gyrus R/L 18 −3.6 77.5 −5.8 92

Abbreviations: BA = Brodmann area; FTD = frontotemporal dementia; IFG = inferior frontal gyrus; IPL = inferior parietal lobule; PMC = premotor cortex.
Thresholded at p < 0.001, p < 0.05 FWE corrected. Table displays region, hemisphere, BA, Montreal Neurological Institute coordinates (x, y, z), and cluster size
in voxels.
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to be influenced by oxytocin or instructed mimicry (anterior
insula, amygdala, and IFG).

Condition × expression interaction

A significant condition × expression action interaction was
demonstrated with greater activation observed in the right
cerebellum, left cingulate gyrus and SMA, and the left pos-
terior insula into IPL during imitation of button pressing vs
the other action expressions. Compared to imitation of the
other expression actions, decreased BOLD responses were
also observed during imitation of button pressing in right
PMC, during anger and disgust in bilateral ACC and medial
PFC, and during fear in right posterior middle temporal
gyrus (table e-6 from Dryad: doi.org/10.5061/dryad.
59zw3r254).

Healthy controls versus FTD (p < 0.001, cluster
correction = 42 voxels)

Main effects of group, condition, and expression

Whole-brain ANCOVAs exploring the neural effects of
emotional mimicry in healthy controls compared to individ-
uals with FTD (FTD n = 11, control n = 22; see table e-1 for
numbers by condition from Dryad: doi.org/10.5061/dryad.
59zw3r254) revealed main effects of condition (imitate vs
view; table e-7 from Dryad) and expression action.

Interactions

There was a significant group × condition interaction in
multiple areas (figure 3 and table e-8 from Dryad: doi.org/10.
5061/dryad.59zw3r254). Regions that showed greater

Figure 3

(A) Regions showing increased BOLD signal in healthy controls during imitate vs patients with frontotemporal dementia (FTD) during imitate or controls during
view and regions showing greater BOLD signal in patients with FTD during imitate vs controls during imitate or patients during view. Whole-brain analyses were
conducted atp < 0.001, corrected to family-wise error p < 0.05. (B) Example distributions ofmean percent BOLD signal change (βweights) during imitate and view
conditions incontrols andpatients acrossexpressions in clusters identified in thegroup× condition interaction showingdifferent activationpatterns.Bars indicate
where significant differences exist. IFG = inferior frontal gyrus; IPL = inferior parietal lobule; PMC = premotor cortex.
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activation during imitation in controls vs both imitation in
patients and viewing in controls included the left insula, and
bilateral IFG, PMC, primary motor and somatosensory cor-
tices, IPL, basal ganglia, and SMA. However, there were also
areas that showed greater activity during imitation in patients
than controls such as the bilateral middle/inferior temporal
gyrus and left IPL and ventromedial PFC. Patients and con-
trols showed no significant differences in activation during
viewing across expression actions. Table e-5 from Dryad gives
results from pairwise comparisons in functionally defined
regions of particular interest.

A significant condition × expression action interaction was
also present, with several areas of frontal and parietal cortex
differentially responding to button pressing (table e-9 from
Dryad: doi.org/10.5061/dryad.59zw3r254).

Classification of evidence
This study provides Class III evidence that a single dose of 72
IU intranasal oxytocin increases neural activity as measured by
BOLD signal during facial expression viewing in fronto-
temporal regions in patients with FTD on the basis of the
completion rate of <80% of FTD patients enrolled (78%).

Discussion
Patients with FTD show impairments in empathy and its key
components, including impaired facial expression recognition
and pathophysiologic responses to emotional stimuli.39 Using
fMRI and an emotional expression viewing and imitation task,
we examined the effects of oxytocin and instructed mimicry
on neural activity associated with internal emotional experi-
ence and empathy in patients with FTD. Using whole-brain
analysis, we observed robust effects of oxytocin on BOLD
signal in regions associated with emotional facial and action-
expression processing and the simulation network. Specifi-
cally, increased activity was observed after oxytocin compared
to placebo in frontal and limbic regions, including bilateral
anterior insula and IFG, caudate, and right ACC and IPL. The
combination of oxytocin treatment and instructed mimicry
was associated with increased responses in these regions and
in the right amygdala. During instructed mimicry alone, pa-
tients and controls showed greater activation in bilateral IFG
and IPL. Reduced BOLD activity after oxytocin compared to
placebo treatment was observed in posterior visual regions,
including fusiform and lingual gyri. These findings demon-
strate that oxytocin and imitation, alone or in combination,
activate frontal and other limbic brain regions in patients with
FTD. This provides evidence that latent capacity is present,
even in patients with significant neurodegeneration, in brain
regions affected early in the disease course. In the context of
the functional neural models of empathy and social cognition,
the augmented BOLD signal in these neural regions and
networks supports the potential promise of oxytocin and
mimicry to improve empathy and related social cognitive
deficits in patients with FTD.

In healthy humans, fMRI studies of oxytocin have highlighted
effects in the regions identified in the present study, including
the amygdala, insula, ACC, and caudate. Themajority of these
studies have found that oxytocin increases activation of these
regions; however, some studies have reported decreases. Po-
tential reasons for this variability include differences in tasks,
region-of-interest vs whole-brain analytic approaches, and
sex-specific effects.40 In this cohort of patients with FTD, we
conducted a placebo-controlled, crossover design with whole-
brain analysis to reduce confounds from interindividual het-
erogeneity and potential biases of region-of-interest ap-
proaches. No sex-specific effects were observed. Meta-
analyses of intranasal oxytocin studies in healthy adults or
in other neuropsychiatric disorders have identified the STS,
insula, amygdala, ACC, and caudate as most commonly
showing modulation by oxytocin,41,42 even when restricted to
studies using whole-brain analysis.40 Although less commonly
reported, changes in occipital region BOLD signal in response
to oxytocin have been described, including decreased activity
in the fusiform gyrus in healthy adults.43 It is interesting to
note that oxytocin receptor expression and binding are evi-
dent in multiple early areas of the visual system, indicating a
role in modulating basic sensory processes that is still poorly
understood.44

Our findings of increased activity in the IFG and IPL support
models of oxytocin modulation of the simulation network. In
healthy populations, emotional empathy is consistently as-
sociated with greater activation in the anterior insula and
ACC, amygdala, and simulation network regions, including
IFG and IPL.45,46 In particular, lesion studies indicate that
the insula and IFG are especially critical hubs in the empathy
network.47,48 Training healthy individuals in elements of
emotional empathy has been associated with increased ac-
tivity in the insula, ACC, and dorsal striatum.49 Enhanced
activity in these regions likely augments the processing of
socially relevant cues, including facial expression, gesture/
body position (IPL/STS), gaze and related eye feature
processing (amygdala), and integration of somatosensory
component signals of emotion (insula, caudate, and
ACC).12,50 We also found that oxytocin improved gesture
recognition accuracy on the PKT and increased BOLD sig-
nal during imitation of both emotional and nonemotional
actions in patients with FTD. This raises the possibility, also
suggested in healthy adults, that oxytocin may also modulate
nonemotional forms of social communication. Together,
these findings and the synergistic effects of imitation and
oxytocin observed on activity in key regions implicated in
emotional empathy support the potential promise of these
interventions to restore emotional empathy-related pro-
cessing in patients with FTD. An ongoing phase 2 ran-
domized clinical trial of oxytocin in patients with FTD
(Intranasal Oxytocin for Frontotemporal Dementia
[FOXY]) will provide further data regarding whether and
how repeated dosing of oxytocin modulates empathy, ex-
pression recognition, and related social behavior (Clin-
icalTrials.gov).51
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While fMRI changes induced by oxytocin and imitation in this
cohort were significant and in line with models of enhancing
facial expression and empathy-related processing, mimicry or
a single dose of 72 IU oxytocin did not significantly improve
expression labeling or self-report of empathic feelings when
viewing emotional pictures. Patients with FTD showed cog-
nitive empathy deficits relative to controls on the MET. They
also rated negative pictures as less negative, although did not
show significant differences in empathic concern ratings,
replicating our prior findings.7 The lack of a measurable
benefit of instructed mimicry or oxytocin on expression rec-
ognition accuracy in patients with FTD indicates that al-
though fMRI changes were robust and serve as an objective
index of oxytocin effects, additional ecologic assessments,
particularly of daily behaviors, are needed to determine
whether these neural signals will translate into improved
symptoms and behavior in real-world situations. In addition,
evidence suggests that brain atrophy can confound BOLD
responses.52,53 Although the present sample of participants
with FTD exhibited heterogeneity in clinical presentation and
brain atrophy, the within-participant design for the FTD
oxytocin vs placebo analyses ensures that our findings are not
being driven by between-participant factors such as atrophy,
age, medication, or disease duration. It should also be noted
that histopathologic or genetic confirmation is required for a
diagnosis of definite FTD.

We found that both oxytocin and instructed mimicry increase
BOLD activity in limbic and frontal regions involved in
emotion and in simulation of other’s emotional and physical
states in patients with FTD. The results support the merit of
further investigation of oxytocin and other pharmacologic and
behavioral approaches to augment empathy and related social
cognitive processing to ameliorate key symptoms of FTD.
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