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Abstract: Amygdala dysregulation has been shown to be central to the pathophysiology of posttrau-
matic stress disorder (PTSD) representing a critical treatment target. Here, amygdala downregulation
was targeted using real-time fMRI neurofeedback (rt-fMRI-nf) in patients with PTSD, allowing us to
examine further the regulation of emotional states during symptom provocation. Patients (n 5 10)
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completed three sessions of rt-fMRI-nf with the instruction to downregulate activation in the amygda-
la, while viewing personalized trauma words. Amygdala downregulation was assessed by contrasting
(a) regulate trials, with (b) viewing trauma words and not attempting to regulate. Training was followed
by one transfer run not involving neurofeedback. Generalized psychophysiological interaction (gPPI)
and dynamic causal modeling (DCM) analyses were also computed to explore task-based functional
connectivity and causal structure, respectively. It was found that PTSD patients were able to success-
fully downregulate both right and left amygdala activation, showing sustained effects within the trans-
fer run. Increased activation in the dorsolateral and ventrolateral prefrontal cortex (PFC), regions
related to emotion regulation, was observed during regulate as compared with view conditions. Impor-
tantly, activation in the PFC, rostral anterior cingulate cortex, and the insula, were negatively correlat-
ed to PTSD dissociative symptoms in the transfer run. Increased functional connectivity between the
amygdala- and both the dorsolateral and dorsomedial PFC was found during regulate, as compared
with view conditions during neurofeedback training. Finally, our DCM analysis exploring directional
structure suggested that amygdala downregulation involves both top-down and bottom-up informa-
tion flow with regard to observed PFC-amygdala connectivity. This is the first demonstration of suc-
cessful downregulation of the amygdala using rt-fMRI-nf in PTSD, which was critically sustained in a
subsequent transfer run without neurofeedback, and corresponded to increased connectivity with pre-
frontal regions involved in emotion regulation during the intervention. Hum Brain Mapp 38:541–560,
2017. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

It has been well documented that dysregulation of amyg-
dala neural circuitry—a brain region associated with the
generation and processing of emotions [Duvarci and Pare,
2014; Frank et al., 2014; LeDoux, 2007]—is central to the
development and maintenance of symptoms experienced by
patients with posttraumatic stress disorder (PTSD) [Aghajani
et al., 2016; Birn et al., 2014; Etkin and Wager, 2007; Lanius
et al. 2010, 2015; Mickleborough et al., 2011; Patel et al., 2012;
Pitman et al., 2012; Shin and Liberzon, 2010; Stevens et al.,
2013; Weston, 2014; Yehuda et al., 2015]. The amygdala,
along with the prefrontal cortex (PFC), a region central to
emotion regulation [Etkin et al., 2011, 2015], displays unique
activation patterns among PTSD patients across a number of
modalities, including symptom provocation [Frewen et al.,
2011; Hayes et al., 2012; Hopper et al., 2007], fear processing
[Bruce et al., 2013; Bryant et al., 2008; Williams et al., 2006;
Wolf and Herringa, 2016; Zhu et al., 2016], and resting state
[Brown et al., 2014; Huang et al., 2014; Koch et al., 2016;
Nicholson et al., 2015]. Critically, during rest, the amygdala
also displays altered connectivity to the cingulate cortex
[Brown et al., 2014; Nicholson et al., 2015; Sripada et al.,
2012], insula [Fonzo et al., 2010; Nicholson et al., 2016a; Rabi-
nak et al., 2011; Sripada et al., 2012] and PFC [Birn et al.,
2014; Brown et al., 2014; Nicholson et al., 2015; Stevens et al.,
2013] among patients with PTSD.

Notably, heightened symptoms of hyperarousal in PTSD
are correlated with negative medial PFC-amygdala coupling
[Sadeh et al., 2014], and hyper/hypo-activation of the amyg-
dala and medial PFC, respectively, during emotional proc-
essing [Bruce et al., 2013]. This pattern of findings points

towards attenuated top-down inhibition from the PFC and
rostral anterior cingulate (ACC) on the amygdala in PTSD
patients, leading to hyperactivation of the limbic system,
contributing to the emotion dysregulation observed in the
disorder [Admon et al., 2013; Aupperle et al., 2012; Lanius
et al., 2010; Pitman et al., 2012; Ronzoni et al., 2016; Shin and
Liberzon, 2010]. Accordingly, it has been suggested that
downregulation of the amygdala through recruitment of
emotion regulatory resources from the PFC may represent a
potential treatment for patients with PTSD [Doll et al., 2016;
Koch et al., 2016]. Indeed, the efficacy of electroencephalog-
raphy neurofeedback (EEG-nf) targeting these regions has
already been illustrated [Kluetsch et al., 2014; Reiter et al.,
2016]. Here, EEG-nf has been shown to plastically modify
the aforementioned neural circuitry mediating PTSD, lead-
ing to acute symptom alleviation [Kluetsch et al., 2014]. Spe-
cifically, one 30-minute session of alpha desynchronizing
EEG-nf was shown to shift amygdala complex connectivity
away from fear/defense processing and memory regions
towards prefrontal emotion regulation areas after interven-
tion [Nicholson et al., 2016b]. In contrast to EEG-nf, real-
time fMRI neurofeedback (rt-fMRI-nf) offers enhanced spa-
tial resolution thereby increasing potential for targeted
treatment. To date however, rt-fMRI-nf has not been uti-
lized with PTSD patients to investigate and normalize aber-
rant amygdala activity/connectivity.

Rt-fMRI-nf utilizes a brain-computer interface to process
and feedback real-time BOLD signal activation in a region-of-
interest (ROI) to individuals inside the scanner. Ergo, partici-
pants are presented with online information that corresponds
to their success in regulating the ROI. This neuroimaging
method allows for the exploration of neural mechanisms that
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underlie concomitant shifts in performance due to feedback
training [Sitaram et al., 2007]. Several studies have examined
the capacity to regulate emotions by targeting neurofeedback
of the amygdala using rt-fMRI-nf, in healthy individuals
[Br€uhl et al., 2014; Keynan et al., 2016; Paret et al., 2014,
2016b; Zotev et al., 2011] as well as in psychiatric popula-
tions, including borderline personality disorder (BPD) [Paret
et al., 2016a], and major depressive disorder [Young et al.,
2014; Zotev et al., 2016]. In support of this concept, self-
regulation of the amygdala as compared with sham regions
via rt-fMRI-nf has been shown to concomitantly affect activa-
tion in PFC areas involved in emotion regulation, as well as
enhance amygdala-PFC connectivity [Koush et al., 2013;
Paret et al., 2014; 2016b; Zotev et al., 2011] and amygdala-
rostral ACC coupling [Zotev et al., 2011]. Similarly, using rt-
fMRI-nf to target the regulation of the lateral PFC during cog-
nitive reappraisal resulted in decreased amygdala BOLD
response [Sarkheil et al., 2015]. Moreover, active pain coping
through rt-fMRI-nf was associated with increased activity in
the PFC and ACC [Emmert et al., 2016]. Critically, in a feasi-
bility rt-fMRI amygdala downregulation study, involving
three patients with PTSD [Gerin et al, 2016], patients reported
an acute decrease in symptoms along with a concatenate nor-
malization of brain connectivity, albeit, explicit amygdala
downregulation was not reported.

The aim of the present study was therefore to investi-
gate the ability of PTSD patients to self-regulate PTSD-
related emotional states by utilizing rt-fMRI-nf to downre-
gulate the amygdala. An additional aim was to better
understand the neural connectivity underlying the psycho-
pathology of this disorder by use of online emotion regu-
lation. We predicted that exposure to personalized trauma
words while downregulating the amygdala would recruit
prefrontal emotion regulation regions (dorsolateral and
ventrolateral) [Etkin et al., 2015] as compared to simply
viewing personalized trauma words. Moreover, we pre-
dicted that during neurofeedback training, amygdala con-
nectivity to the same PFC regions would be strengthened.
Finally, we predicted that activation of the PFC, rostral
ACC and insula would be correlated to state PTSD symp-
toms during neurofeedback training.

METHODS

Participants

The sample consisted of n 5 10 PTSD patients (see Table
I for demographic and clinical information). Participants
were recruited in 2015 through flyers and clinician refer-
rals. Exclusion criteria for participants with PTSD includ-
ed: noncompliance with 3T fMRI safety standards, a
history of head injury with loss of consciousness, signifi-
cant untreated medical illness, neurological disorders, per-
vasive developmental disorders, and pregnancy. Further
clinical exclusion criteria for PTSD patients included a his-
tory of bipolar disorder or schizophrenia, and alcohol or

substance dependence/abuse not in sustained full remis-
sion within 6 months prior to participation in the study.
Participants were assessed using the DSM-IV Structured
Clinical Interview (SCID) [First et al., 1997], the Clinical
Administered PTSD Scale (CAPS-5) [Blake et al., 1995],
Beck’s Depression Inventory (BDI) [Beck et al., 1997], the
Childhood Trauma Questionnaire (CTQ) [Bernstein et al.,
2003], and the Multiscale Dissociation Inventory (MDI)
[Briere et al., 2005]. In addition, to assess state changes in
PTSD and dissociative symptoms, participants completed
the Response to Script Driven Imagery (RSDI) Scale [Hop-
per et al., 2007] after each of the four fMRI runs, which
consisted of the following subscales: dissociation, hyper-
arousal, avoidance, and reliving. All scanning took place
at the Lawson Health Research Institute in London, Ontar-
io, Canada. The research ethics board at the University of
Western Ontario approved the current study, and all par-
ticipants provided written informed consent.

Experimental Conditions, Visual Feedback, and

Instructions

Participants were instructed to “regulate the feeling cen-
ter of their brain,” referencing the role of this region (refer-
ring to the amygdala) to the perception and processing of
emotions. In order to elicit unbiased regulatory strategies,
specific instructions on how to regulate the brain region-
of-interest (ROI) was not provided. During training trials,
neurofeedback of the amygdala was displayed in the form
of two identical thermometers on the left and right side of
the screen inside the scanner (to ensure high visibility),
where the bars on the thermometer increased or decreased
as BOLD signal increased versus decreased in the amygda-
la respectively. Patients were told that the orange line

TABLE I. Demographic and clinical information

Measure PTSD (n 5 10)

Age M 5 49.6 6 6.5
Sex Females 5 6
CAPS Severity 32.2 6 9.6
CTQ 56.7 6 25.8
BDI 27.1 6 14.4
MDI-DENG 15.1 6 5.0
MDI-DEPR 11.1 6 7.0
MDI-DERL 11.6 6 6.6
MDI-ECON 13.3 6 5.0
MDI-MEMD 11.8 6 5.8
MDI-DDIS 9 6 5.8
Current medication n 5 9

Abbreviations: CAPS, Clinician Administered PTSD Scale; CTQ,
Childhood Trauma Questionnaire; BDI, Becks Depression Invento-
ry; MDI, Multiscale Dissociation Inventory; DENG, Disengage-
ment; DEPR, Depersonalization; DERL, Derealization; ECON,
Emotional Constriction; MEMD, Memory Disturbance; IDDID,
Identity Dissociation.
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within the thermometer indicated the activation level in the
ROI at rest (see Fig. 1). Participants were provided with
written instructions, followed by a sham example within
the scanner to ensure that they understood the task.

Our experiment consisted of three conditions (i) regulate,
(ii) view, and (iii) neutral (see Fig. 1). During the regulate
condition, patients were asked to decrease activity in the
ROI (decrease bars on the thermometer corresponding to
the amygdala), while viewing a personalized trauma word
according to standard methods [Rabellino et al., 2015a, b].
During the view condition, patients were asked to refrain
from regulating the thermometer bars and to simply view
their personalized trauma word. During the neutral condi-
tion, patients were simply presented with a personalized
neutral word, and also asked to refrain from regulating
the bars. Trials were separated by an inter-trial fixation
cross interval. Our experimental design consisted of three
consecutive neurofeedback training runs, and one transfer
run in which patients received the same three conditions
albeit without neurofeedback from the thermometer (to
assess learning effects immediately after training). An
experimental run lasted about 9 minutes, consisting of 15
trials (5 of each condition, counterbalanced). Personalized
trauma and neutral words were matched on subjective
units of distress to control for between subject variability.
Stimuli were presented with Presentation software (Neuro-
behavioral Systems, Berkeley, CA).

One bar on the thermometer display corresponded to
0.2% signal change in the amygdala. Here, the orange line
(baseline), divided the thermometer into an upper activa-
tion range (maximum 2.8% signal changes) and a lower
activation range (maximum 1.2% signal change) [Paret

et al., 2014; 2016b; Zotev et al., 2011]. In order to circumvent
regulation by avoiding the trauma word and directing
attention to the thermometers, participants were asked to
visually focus on the word during its entire presentation,
and to view the two thermometers in their peripheral
vision. Participants were also informed of the temporal
delay that would occur during neurofeedback, correspond-
ing to the BOLD signal delay. Finally, when a neurofeed-
back run was completed, patients were asked to rate their
perceived ability to regulate their emotion center.

Delineation and BOLD Processing of the

Amygdala for Real-Time Neurofeedback

In order to present amygdala neural activity to patients in
real-time through the thermometer display, anatomical scans
were first imported into BrainVoyager (version QX2.4, Brain
Innovations, Maastrict, Netherlands), then skull-stripped and
transformed into Talairach space. Subsequently, normaliza-
tion parameters were loaded into TurboBrainVoyager (TBV)
(version 3.0, Brain Innovations, Maastricht, Netherlands).
Motion correction features and spatial smoothing using a 4-
mm full-width-half-maximum (FWHM) Gaussian kernel
were implemented in TBV, and the initial 2 volumes of the
functional scans were discarded before real-time processing.
An anatomical mask of the bilateral amygdala was then load-
ed, and the “best voxel selection” tool was used in TBV to cal-
culate the BOLD signal amplitude of the ROI. This method
identified the 33% of voxels with the highest beta-values for
the view> neutral contrast. As previously outlined by Paret
et al., [2014; 2016b], the voxels were dynamically determined
based on (a) the voxel with the largest beta value, and (b) on

Figure 1.

Real-time fMRI amygdala neurofeedback experimental design. Participants were only instructed

to downregulate neurofeedback thermometer bars, corresponding to amygdala activation, on

regulate trials. Condition duration was 24 s, with 2 s of instructions prior. Personalized trauma

words were presented in the scanner for regulate and view conditions, while neutral words

were presented for the neutral conditions only. [Color figure can be viewed at wileyonlineli-

brary.com.]
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the magnitude of deviation from the mean of all condition
betas [Goebel, 2014]. This feature ensured that there was no
difference in the number of voxels used for signal extraction
between subjects and was used to counterbalance moderate
shifts in the anatomical delineation due to alignment errors
across runs/movement-related slice shifts. The first two trials
of each neurofeedback run consisted of view and neutral con-
ditions in order to permit an initial selection of voxels based
on the view>neutral contrast, which was updated as voxels
were dynamically refined along the course of training.

Amygdala BOLD signal amplitude was passed to Pre-
sentation when a new volume had been processed. Laten-
cy of the feedback was equal to the TR (2 s) plus the time
needed for real-time calculation/visual display by the pre-
sentation software (about half a second). For each trial, the
mean of the last four data points before stimuli onset were
taken as a baseline. The signal was smoothed by calculat-
ing the mean of the current and the preceding three data
points [Paret et al., 2014, 2016b].

fMRI Image Acquisition

We utilized a 3 Tesla MRI Scanner (Trio, Siemens Medi-
cal Solutions, Erlangen, Germany) with a 32 channel head
coil for brain imaging. Functional whole brain images of
the BOLD contrast were acquired with a gradient echo T2*
weighted echo-planar-imaging sequence (TE 5 30 ms,
TR 5 2 s, FOV 5 192 3 192 mm, flip angle 5 808, inplane
resolution 5 3 3 3 mm). One volume comprised 36 ascend-
ing interleaved slices tilted 2208 from AC-PC orientation
with a thickness of 3 mm and slice gap of 1 mm. Partici-
pants’ heads were stabilized. The experimental runs com-
prised 284 volumes each, where T1-weighted anatomical
images were acquired with a Magnetization Prepared Rap-
id Acquisition Gradient Echo sequence (TE 5 3.03 ms,
TR 5 2.3 s, 192 slices and FOV 5 256 3 256 mm).

fMRI Preprocessing

Preprocessing of the functional images was conducted
with SPM12 (Wellcome Department of Cognitive Neurolo-
gy, London, United Kingdom). After discarding the four
initial volumes, the standard preprocessing routine includ-
ed slice time correction to the middle slice, followed by
spatial alignment to the mean image using a rigid body
transformation, reslicing, and coregistration of the func-
tional mean image to the anatomical. We then performed
segmentation of all tissue types, and normalization to the
Montreal Neurological Institute (MNI) standard template.
Images were then smoothed using a 6 mm kernel FWHM.
Additional correction for motion was implemented using
the ART software package (www.nitrc.org/projects/arti-
fact_detect), which computes regressors that account for
outlier volumes, in addition to the six movement regres-
sors computed during standard realignment in general lin-
ear modeling.

Statistical Analyses

First level analysis

The three neurofeedback runs and the transfer run were
defined as separate sessions, and all events were modeled
as blocks of brain activation and convolved with the
hemodynamic response function. Here, ART software
computations were included as nuisance variables to
account for movement artifacts. Scans in the experiment
corresponding to the instruction phase and initial baseline
were also modeled. All experimental conditions were
modeled separately; we also generated the t-contrast regu-
late> view on the first level.

Online region of interest amygdala downregulation

analysis

In order to determine if participants were successfully
able to downregulate amygdala activation using real-time
fMRI neurofeedback, we investigated parameter estimates
of the left and right amygdala during the regulate and view
condition. Parameter estimates were extracted and
graphed using rfx-plot software [Gl€ascher, 2009] via ana-
tomical definition from the PickAtlas toolbox [Maldjian
et al., 2003]. Extracted values were passed to SPSS version
20 for statistical analyses, where we computed a 3 (neuro-
feedback run) 3 2 (condition) 3 12 (2 s time bins across
the 24 s condition) randomized block analysis of variance
(ANOVA) for each amygdala hemisphere. We included
time as a factor in the ANOVA, as we a-priori hypothe-
sized that participants would be able to better regulate
during the middle-end of the regulate condition as opposed
to the beginning where patients are only beginning to
learn how to regulate their amygdala activity.

We specified a-priori directional hypotheses, such that
we expected amygdala activation to be lower across train-
ing runs and the transfer run during the regulate as com-
pared with view condition. Therefore, we computed
paired-sample t-tests for amygdala parameter estimates
during the regulate as compared with the view condition,
during the training and transfer runs separately for each
amygdala hemisphere. We conducted the same paired
sample t-tests on the middle-end (i.e., 8–24 s) of the condi-
tion, as again, we predicted that patients would be more
successful in amygdala downregulation toward the end of
the condition. In order to be statistically conservative, we
implemented a Bonferroni correction for multiple compari-
sons for all paired-sample t-tests.

Offline analysis of brain activation during

neurofeedback and transfer run

In addition to investigating amygdala downregulation
during neurofeedback, we had previously defined 4 a-
prior ROIs, including the dlPFC, vlPFC, rostral ACC/
mPFC and the insula, in which we wanted to observe
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activation across conditions. These regions were chosen
based on their involvement in emotion regulation and
monitoring physiological condition with respect to emo-
tion [Birn et al., 2014; Bruce et al., 2013; Craig, 2009; Etkin
et al., 2011, 2015; Gasquoine, 2014; Kurth et al., 2010; Patel
et al., 2012, 2015; Pitman et al., 2012; Sadeh et al., 2014; Ste-
vens et al., 2013; Yehuda et al., 2015]. Coordinates for the
bilateral dlPFC, left vlPFC, and rostral ACC/mPFC were
taken from a meta-analysis focusing on neurocircuitry
models of PTSD [Patel et al., 2012]: right dlPFC (40 54 6),
left dlFPC (226 20 42), left vlPFC (224 54 24), rostral
ACC (2 26 22). Coordinates for the right vlPFC were taken
from Paret et al. [2016b], where this region was shown to
be recruited during the downregulation of the amygdala
in a healthy female sample: right vlPFC (54 41 1). We used
PickAtlas to define 15mm radius spheres around the
dlPFC, vlPFC, and rostral ACC/mPFC coordinates, where
6 mm spheres were defined separately for insula subre-
gions [Ichesco et al., 2014] extracted using standard coordi-
nates from previous anatomical and MR imaging studies
[Ichesco et al., 2014; Taylor et al., 2009]: bilateral anterior
insula (left 5 232, 16, 6; right 5 32, 16, 6), bilateral mid
insula (left 5 238, 2, 8; right 5 38, 2, 8), and bilateral poste-
rior insula (left 5 239, 215, 1; right 5 39, 215, 8). Insula
subregions were examined separately as they have been
shown to display unique connectivity in PTSD patients
[Nicholson et al., 2016a] and orchestrate differential func-
tions with regard to interoception [Craig, 2009], where a
smaller radius was used to investigate subregions sepa-
rately. All coordinates reported were in MNI space. We
generated two simple masks for ROI data analyses, the
first contained only the dlPFC and vlPFC spheres, as we
hypothesized these to be the most influential regions dur-
ing amygdala down regulation. The second mask con-
tained all ROIs (dlPFC, vlPFC, rostral ACC, and insula
subregions), which was only used for correlations with
symptoms.

In order to verify that these 4 a-priori regions were in
fact important in learning to downregulate amygdala acti-
vation, we checked to see if they were also identified in a
conservative FDR-corrected 3 (condition) 3 3 (neurofeed-
back training run) repeated measures ANOVA, investigat-
ing whole brain activation (FDR cluster-corrected P< 0.05
k 5 10). Hence, our results are both hypothesis and data
driven (corrected for multiple comparisons).

Next, to specifically test our hypothesis regarding
regions recruited during amygdala downregulation, we
analyzed two different one-way ANOVAs (1) including
only the training runs, (2) including the training runs and
transfer run, for the contrast regulate> view. For this ROI
analysis, we applied the PFC mask only.

RSDI and trait symptom correlation analyses

In order to characterize neural mechanisms relating
emotion regulation to PTSD symptom presentation, we
conducted a regression analysis for both the amygdala

online analysis and ROI offline analysis. Here, we correlat-
ed state changes in PTSD symptoms collected for each run
to neural activation during the regulate as compared with
the view condition, via a multiple regression analyses. We
correlated RSDI subscales to amygdala and a-priori ROI
activation during the training runs and the transfer run.
These analyses utilized the aforementioned error protec-
tion rate for multiple comparisons, and we only applied
the ROI mask containing all ROIs (dlPFC, vlPFC, rostral
ACC, and insula subregions). We also computed a repeat-
ed measures ANOVA to investigate how RSDI state scores
fluctuate across training and transfer runs. In addition, we
correlated trait PTSD symptom severity (CAPS total
scores) to individual patient’s ability to downregulate the
amygdala during the neurofeedback training runs and the
transfer run, using a Pearson’s bivariate correlation.

Offline generalized psychophysiological interaction

(gPPI) analysis

First level gPPI analysis.. Here, our objective was to
observe changes in task-dependent amygdala connectivity
during neurofeedback training. The general psychophysio-
logical interaction (gPPI) method allows one to study task-
dependent functional connectivity in more than two task
conditions [McLaren et al., 2012]. Resulting parameter esti-
mates can then be interpreted as the condition-specific
functional connectivity of the seed region to a target
region. Hence, gPPI allows us to understand how brain
regions interact in a task-dependent manner. We followed
standard a gPPI analysis protocol [McLaren et al., 2012],
which has been previously published with regard to
amygdala connectivity by Paret et al. [2016b] and Kerr
et al. [2012] Task regressors—regulate, view, and neutral—
were convolved with the standard hemodynamic response
function. Amygdala seeds were defined using the anatomi-
cal atlas from PickAtlas, where the signal time course was
extracted for the left and right amygdala separately, for
each of the three training runs. For amygdala ROIs, a
model was computed defining the psychological task
regressor, the psychological regressor of amygdala signal
time course, and the interaction terms. The PPI regressor
was deconvolved before modeling, and movement was
corrected for using ART software. The beta coefficients for
the interaction terms regulate, view, and neutral were
passed forward to analyze on the group level. First level
analyses were performed individually for each of the neu-
rofeedback training.

Second level gPPI analysis.. We computed a 3 (run) 3 3
(condition) repeated measures ANOVA for both amygdala
seed regions. We investigated gray matter clusters for the
run by condition interaction (FDR cluster-corrected
P< 0.05, k 5 10). To test specific hypotheses of areas show-
ing increased amygdala connectivity during the regulate
condition, we then conducted follow-up analyses on FDR-
corrected clusters identified in the ANOVA, using paired
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sample t-tests for the contrasts regulate> view, and view>
regulate, separately for the left and right amygdala (FDR
cluster-corrected P< 0.05, k 5 10).

Offline dynamic causal modeling (DCM) analysis

To test directional information flow, complimenting the
functional structure defined with our gPPI analysis, we
computed a dynamic causal modeling (DCM) analysis
[Friston et al., 2003]. The DCM approach takes a biophy-
siologically plausible model and aims to estimate, and
make inferences about, the coupling among brain areas
and how that coupling is influenced by changes in experi-
mental context [Friston et al., 2003]. Via Bayesian infer-
ences, DCM infers the probability that a given model fits
the signal time course. Bayesian Model Selection (BMS) is
used to define the best model based on its model evidence,
relative to all other models defined in the analysis [Ste-
phan et al., 2009, 2010].

We used our gPPI analysis to inform the delineation of
the nodes in our models. Specifically, we investigated
regions showing increased connectivity to the left and
right amygdala for the regulate> view condition, which
were the dlPFC and the vlPFC. Here, the dlPFC and vlPFC
have also previously been shown to be implicated in emo-
tion regulation [Etkin et al., 2011; Golkar et al., 2012; Paret
et al., 2014, 2016b]. We tested a series of nine amygdala-
PFC models published previously with regard to amygda-
la neurofeedback regulation [Paret et al., 2016b], which
define bidirectional intrinsic connectivity between the
amygdala and PFC. These models are also in keeping with
the anatomical structure for the whole model space
[Ghashghaei et al., 2007] (see Fig. 6). The signal associated
with the experimental conditions enters the network either
at the amygdala node, at the PFC node, or at both sites.
The regulate condition was assumed to modulate
amygdala-PFC connectivity in either bottom-up, top-down,
or both directions. From each subject, the first eigenvariate
of the signal time course was extracted from the bilateral
anatomical amygdala, and the three PFC ROIs separately
(radius 5 6 mm). We optimized voxel selection by selecting
peak activation voxels within the amygdala from the view
condition, and selecting peak activation voxels within PFC
ROIs from the regulate condition, based on the single-
subject t-contrasts. Here, sphere centers were defined as
the peak coordinates within the bilateral amygdala and
the PFC regions. Interestingly, almost all of the partici-
pants displayed peak coordinates within the bilateral dor-
sal amygdala. In order to prevent inter-subject variations
of amygdala subregions [Nicholson et al., 2015; Paret
et al., 2016b; Roy et al., 2009], only dorsal amygdala coor-
dinates were selected. After defining our bi-direction liner
models on the subject level, models were then inverted,
and exceedance probability assessed on the group level
via random effects comparisons. We also computed a ran-
dom effects family inference analysis, in order to first
identify which family of models best fits the data. Here,

we grouped models based on their driving inputs. Hence,
we had three families of models: (1) models with both
amygdala and PFC driving inputs (models 1–3), (2) mod-
els with amygdala driving inputs only (models 4–6), and
(3) models with PFC driving inputs only (models 7–9)
(Fig. 6).

RESULTS

Response to Script Driven Imagery Analysis

RSDI total scores were found to not differ significantly
across training runs and the transfer run, when computing
a repeated measures ANOVA for the main effect of run
(F(3, 27) 5 0.495, ns) in which sphericity was not violated.

Online Amygdala Neurofeedback

Regarding the right amygdala, the 3 (run) 3 2 (condi-
tion) 3 12 (2 s time bins across the 24 s condition) ran-
domized ANOVA yielded a significant main effect of
condition (F(1, 9) 5 109.80, P< 0.001) and time (F(12, 108)
5 2.34, P< 0.05), and also a significant condition 3 time
interaction (F(12, 108) 5 2.68, P< 0.005), where sphericity
was not violated.

For the left amygdala, the 3 (run) 3 2 (condition) 3 12
(time bin) randomized ANOVA yielded a significant main
effect of condition (F(1, 9) 5 31.68, P< 0.001) and time
(F(12, 108) 5 3.58, P< 0.001), and also a significant condi-
tion 3 time interaction (F(12, 108) 5 2.16, P< 0.05), where
sphericity was also not violated. We found neither a sig-
nificant main effect of run, nor any significant interactions
with this variable, for both the right and left amygdala.

This justified the examination of our a-priori directional
hypotheses. Here, we expected amygdala activation to be
lower across training runs and the transfer run, during the
regulate as compared with view condition. Furthermore, we
predicted that participants would be better able to regulate
towards the middle-end of the condition.

For the right amygdala, we observed significantly lower
activation during the regulate as compared with the view
condition across time bins for the three neurofeedback
training runs (t(11) 5 23.86, P 5 0.001), and the transfer
run (t(11) 5 23.64, P 50.001) (see Fig. 2a,c). The signifi-
cance of these results were highlighted when considering
only the last two thirds (8–24 s) of the time bins within
the conditions for the three neurofeedback training runs
(t(7) 5 210.67, P< 0.001), and the transfer run (t(7) 5

26.55, P< 0.001) (see Fig. 2a,c).
Similarly, for the left amygdala, we also observed signif-

icantly lower activation during the regulate as compared
with view condition across time bins for the three neuro-
feedback training runs (t(11) 5 23.08, P 5 0.004), and the
transfer run (t(11) 5 22.18, P< 0.025), (see Fig. 2b,c). The
significance of these results were also highlighted when
considering only the last two thirds of the time bins within
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Figure 2.

(a) Right amygdala parameter estimates corresponding to amyg-

dala activation during neurofeedback runs for the view (solid

green line) and regulate (solid red line) conditions. (b) Left

amygdala parameter estimates corresponding to amygdala activa-

tion during neurofeedback runs for the view (solid green line)

and regulate (solid red line) conditions. (c) Bilateral amygdala

parameter estimates corresponding to activation during the

transfer run without neurofeedback for the view (solid green

line) and regulate (solid red line) conditions. Shaded red and

green regions adjacent to the solid lines indicate standard error

of the mean. Statistical thresholds corresponds to a-priori paired

sample t-tests, comparing amygdala activation during view versus

regulate across the whole condition, and for the last two thirds

of the condition. Each of these respective t-tests are indicated

by the black bars on the bottom of each graph. Asterisks indi-

cate Bonferroni corrected statistical thresholds for paired sam-

ple t-tests. Abbreviations: NFB, neurofeedback. [Color figure

can be viewed at wileyonlinelibrary.com.]
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the conditions, for the three neurofeedback training runs
(t(7) 5 26.58, P< 0.001), and the transfer run (t(7) 5 22.72,
P< 0.01) (see Fig. 2b,c).

Offline Whole Brain Activation

When investigating the whole brain FDR cluster-
corrected repeated measures ANOVA, we found that all a-
priori ROIs were significant for the main effect of run
(dlPFC, vlPFC, rostral ACC, and insula subregion; see
Supporting Information Table s1). The presence of our
ROIs in a conservative FDR-corrected ANOVA supported
their use in subsequent one-way ANOVAs investigating
the a-priori regulate> view contrasts. Thus, our analysis
may be viewed as both hypothesis and data driven (FDR
cluster-corrected).

When investigating the one-way ANOVAs for the regula-
te> view contrasts, we found significant bilateral dlPFC (BA
9 and 10) and right vlPFC (BA 11) activation for the main
effect of run across the neurofeedback training runs (see
Table II; Fig. 3a). A similar pattern was found for the main
effect of run when including the transfer run with the neu-
rofeedback training runs, where we report significant acti-
vation in the right vlPFC (BA 45) and the right dlPFC (BA
46) (see Table II; Fig. 3b). We then conducted follow-up t-
tests under the same error protection rate in order to
observe effects of learning across the training trials and
transfer run. We found significantly higher activation in the
bilateral dlPFC (BA 10 and 9) and the right vlPFC (BA 47)
in training run 3 as compared with training run 1, for the
contrast regulate> view (see Table III; Fig. 3c). We did not
find significantly increased activation in the transfer run as
compared with run 1 for the contrast regulate> view.

RSDI and Trait Symptom Correlation Analyses

We found a significant negative correlation with state
dissociation during the transfer run, to the rostral ACC,
and left dlPFC BA 9, in addition to the bilateral anterior,

mid and posterior insula (see Table IV; Fig. 4), for the reg-
ulate as compared with view condition. We did not find
significant correlations (positive or negative) with activa-
tion during the neurofeedback training runs to state disso-
ciation. Furthermore, we did not demonstrate significant
correlations during the neurofeedback training runs and
transfer run for reliving, hyperarousal, and avoidance.
Additionally, we found that trait PTSD severity (CAPS
total) was positively correlated to right amygdala downre-
gulation, during neurofeedback training runs 1 (r 5 0.87,
P< 0.001) and 3 (r 5 0.70, P< 0.05). We found non-
significant correlations between CAPS total and left amyg-
dala down regulation, as well as for right amygdala down-
regulation and training run 2 and the transfer run.

gPPI Results

For the 3 (condition) 3 3 (run) repeated measures
ANOVA, we report a significant condition by run interac-
tion for the right dlPFC (BA 46) and dorsomedial (dm)PFC
(BA 9,8), right precuneus, bilateral cerebellar tonsil (lobule
8, 6), and right cuneus (see Table V). This supported our
a-priori t-tests examining greater connectivity during the
regulate as compared with the view condition across neuro-
feedback training runs.

On balance, we report increased left amygdala connec-
tivity during the regulate condition as compared with the
view condition, to the left dmPFC/dorsal ACC (BA 9) and
the right dlPFC (BA 46) across neurofeedback training
runs (see Table VI; Fig. 5a). Similarly, we found increased
right amygdala connectivity during the regulate condition
as compared with the view condition, to the right dmPFC
(BA 8), across neurofeedback training runs (see Table VI;
Fig. 5b).

DCM Results for Effective Connectivity

We tested nine previously published models for the left
and right amygdala to the three PFC clusters identified in

TABLE II. One-way ANOVA for regulate > view prefrontal cortex analysis

MNI coordinate

Analysis Gyrus/sulcus H BA
Cluster

size x y z
F(2, 27)/
F(3, 36) Z score P FDR

Main Effect of Run,
Across Training Runs

Dorsolateral PFC L 9 412 234 26 36 11.98 3.55 <0.05

Dorsolateral PFC R 10 1130 36 58 19 11.79 3.53 <0.001
Ventrolateral PFC R 11 1130 46 42 27 9.24 3.13 <0.001

Main Effect of Run,
Across Training
Runs and Transfer

Ventrolateral PFC R 45 1010 42 34 2 9.73 3.78 <0.001

Dorsolateral PFC R 46 1010 42 50 20 5.05 2.57 <0.001

One-way analysis of variance for offline activation during regulate as compared with view, for the 4 a-prior prefrontal cortex regions of
interest (P-FDR corrected< 0.05, k 5 10). Abbreviations: BA, Brodmann area; FDR, False discovery rate; H, hemisphere; PFC, prefrontal
cortex.
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the gPPI analysis, which is also supposed by anatomical
studies of amygdala connectivity [Gasquoine, 2014]. For
the left amygdala-right dlPFC models, there was a clear
winner in terms of the family of models that best fit the
data, where models with only PFC driving inputs (models
7–9) yielded an exceedance probability (xP) 5 0.98 (see Fig.
6a). Furthermore, for the left amygdala-right dlPFC, we
found a clear distinction for model 9, where our random
effects analysis was in favor of the model characterized by

network input to the dlPFC, with modulation of connectiv-
ity from the amygdala to the dlPFC (bottom-up) and from
the dlPFC to the amygdala (top-down) by the regulate con-
dition (xP 5 0.83) (see Fig. 6a).

For the left amygdala-left dmPFC models, there was
also a clear winner in terms of the family of models that
best fit the data. Again, models with only PFC driving
inputs (models 7–9) yielded an exceedance probability of
xP 5 0.92 (see Fig. 6b). For the left amygdala-left dmPFC,

Figure 3.

(a) One-way ANOVA examining the main effect of run across

neurofeedback training runs for regulate as compared view con-

ditions (FDR-cluster-corrected P< 0.05, k 5 10). (b) One-way

ANOVA examining the main effect of run across neurofeedback

training runs and the transfer run for regulate as compared with

view conditions (FDR-cluster-corrected P< 0.05, k 5 10). (c)

Follow-up t-tests examining greater activation for regulate as

compared with view conditions, for neurofeedback training run

3 as compared with run 1 (FDR-cluster-corrected P< 0.05,

k 5 10). Coordinates indicate x, y, z, in MNI space displayed in

MRIcron software. Abbreviations: NFB, neurofeedback; dlPFC,

dorsolateral prefrontal cortex; vlPFC, ventrolateral prefrontal

cortex. [Color figure can be viewed at wileyonlinelibrary.com.]
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we report a less clear distinction for model 9 characterized
by network input to the dmPFC and both bottom-up and
top-down modulation by the regulate condition (xP 5 0.40)
(see Fig. 6b). However, it is important to note that models
within the same family, models 7 and 8, also fit the data
in a similar way, with xP 5 0.30 and xP 5 0.25, respective-
ly. This result matches our finding that the family of mod-
els which best fits the data are those with PFC driving
inputs only with an xP 5 0.92.

Finally, for the right amygdala-right dmPFC models,
there was a clear winner for the family inference analysis,
where models with only PFC driving inputs had the high-
est exceedance probability (xP 5 0.98) (see Fig. 6c). When
examining models separately, model 9 was again the
strongest, characterized by network input to the dmPFC
and both bottom-up and top-down modulation by the reg-

ulate condition (xP 5 0.62) (see Fig. 6c).

DISCUSSION

Emotion dysregulation is central to the clinical presenta-
tion of PTSD and is thought to arise, in part, due to atten-
uated amygdala top-down inhibition from the PFC
[Aupperle et al., 2012; Lanius et al., 2010; Pitman et al.,
2012; Ronzoni et al., 2016; Shin and Liberzon, 2010] . This
aberrant amygdala activity/connectivity is illustrated in a

number of studies where the majority of patients with
PTSD are characterized by hyperactivation of the amygda-
la [Aghajani et al., 2016; Birn et al., 2014; Etkin and Wager,
2007; Lanius et al., 2010, 2015; Mickleborough et al., 2011;
Patel et al., 2012; Pitman et al., 2012; Shin and Liberzon,
2010; Stevens et al., 2013; Weston, 2014; Yehuda et al.,
2015; but also see the dissociative subtype of PTSD Lanius
et al., 2010, 2015; Nicholson et al, 2015]. Accordingly, we
sought to investigate the ability of patients to self-regulate
their emotional states using utilizing rt-fMRI-nf targeting
amygdala downregulation. An additional objective was to
better understand PTSD neural connectivity as a function
of real-time emotion regulation.

Here, we found that patients were able to successfully
downregulate amygdala activity during trauma provoca-
tion, an effect that was sustained during the transfer run
without neurofeedback. As predicted, the ability to down-
regulate the amygdala during neurofeedback and the
transfer run was associated with increased activation in
the dlPFC and vlPFC, regions associated with emotion reg-
ulation. In addition, the amygdala displayed increased
task-based functional connectivity to the dlPFC and
dmPFC during neurofeedback training, for the regulate as
compared with view condition. In keeping with these find-
ings, our DCM analysis suggested that amygdala-PFC con-
nectivity is modulated by downregulation of the amygdala
in both top-down and bottom-up directions, with driving

TABLE III. Follow up t-test for regulate > view prefrontal cortex analysis

MNI coordinate

Analysis Gyrus/sulcus H BA Cluster size x y z T(18) Z score P FDR

Run 3>Run1 Dorsolateral PFC R 10 1,407 36 58 14 4.86 4.08 <0.005
Ventrolateral PFC R 47 1,407 44 50 26 4.01 3.52 <0.001
Dorsolateral PFC L 9 1,112 234 26 36 4.83 4.06 <0.05

Transfer Run>Run 1 ns

Follow-up t-test comparisons for the both the training and transfer 1 training one-way analyses of variance for the 4 a-prior prefrontal
cortex regions of interest (p-FDR corrected< 0.05, k 5 10). Abbreviations: BA, Brodmann area; FDR, False discovery rate; H, hemisphere;
PFC, prefrontal cortex.

TABLE IV. PTSD symptom correlation to offline brain activation

MNI coordinate

Symptom Analysis Gyrus/sulcus H BA Cluster size x y z T(8) Z score P FDR

Dissociation Negative
Correlation,
Transfer Run

Rostral ACC 1,194 2 34 28 18.53 5.38 <0.005

Anterior, Mid and
Posterior Insula

L 1,017 238 218 0 11.44 4.66 <0.005

Anterior, Mid and
Posterior Insula

R 1,116 38 14 26 6.70 3.79 <0.005

Dorsolateral PFC L 9 726 230 28 38 4.43 3.06 <0.05

Regression analysis with PTSD symptoms for the contrasts regulate> view, FDR-corrected gray matter clusters (P-FDR< 0.05, k 5 10).
Abbreviations: BA, Brodmann area; FDR,5 False discovery rate corrected threshold; H, hemisphere; PFC, prefrontal cortex.
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inputs feeding directly into the PFC. Further, consistent
with our predictions, we found that PFC, rostral ACC, and
insula activation was correlated negatively to PTSD disso-
ciative symptoms during the transfer run. Here, PTSD
symptom severity positively correlated to the degree of
amygdala downregulation during training runs 1 and 3,
suggesting that patients with more severe PTSD symptoms
actually decrease amygdala activity more during neuro-
feedback. Interestingly, these rt-fMRI results parallel those
found with a different modality of neurofeedback (EEG),
where one 30-minute session of alpha desynchronizing
EEG-nf was shown to shift amygdala complex connectivity
away from fear/defense processing and memory regions

towards prefrontal emotion regulation areas after interven-
tion [Nicholson et al., 2016b].

Amygdala Downregulation Success

We observed significantly decreased amygdala activa-
tion for the neurofeedback training runs and the transfer
run, during the regulate as compared with view condition.
Although several studies have examined the capacity to
regulate emotions by targeting neurofeedback of the amyg-
dala using rt-fMRI-nf, in healthy individuals [Br€uhl et al.,
2014; Keynan et al., 2016; Paret et al., 2014, 2016b; Zotev
et al., 2011], and in neuropsychiatric populations [Paret

Figure 4.

Brain regions whose activation were negatively correlated to

PTSD symptoms of dissociation during the transfer run, for the

regulate as compared with view condition (FDR-cluster-cor-

rected P< 0.05, k 5 10). Coordinates indicate x, y, z, in MNI

space displayed in MRIcron software. Abbreviations: dlPFC,

dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal

cortex; vlPFC, ventrolateral prefrontal cortex; ACC, anterior

cingulate cortex. [Color figure can be viewed at wileyonlineli-

brary.com.]

TABLE V. The 3 (condition) 3 3 (run) gPPI amygdala connectivity repeated measures ANOVA

MNI coordinate

Analysis Gyrus/sulcus H BA Cluster size x y z F(4, 81) Z score P FDR

Condition 3

Run Interaction
Dorsomedial PFC L 9 344 212 44 22 12.59 4.22 <0.001

Precuneus R 7 1,259 18 248 52 12.37 4.18 <0.001
Cerebellar Tonsil,

Lobule 8
L 387 222 256 242 12.96 4.23 <0.001

Dorsomedial PFC L 9 373 226 38 44 12.65 4.23 <0.001
Dorsolateral PFC R 46 303 46 40 22 12.30 4.17 <0.001
Cerebellum Declive,

Posterior Lobe 6
R 417 26 256 222 12.26 4.16 <0.001

Dorsomedial PFC R 8 485 20 39 48 11.00 3.92 <0.001
Cuneus R 19 295 30 284 32 10.88 3.89 <0.001

Repeated measures analysis of variance for the gPPI amygdala connectivity condition by run interaction, FDR-corrected gray matter
clusters (P-FDR< 0.05, k 5 10). Abbreviations: BA, Broadmann area; FDR, False discovery rate cluster-corrected threshold; H, hemi-
sphere; PFC, prefrontal cortex.
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et al., 2016a; Young et al., 2014; Zotev et al., 2014], this is
the first study to demonstrate amygdala downregulation
during trauma provocation among patients with PTSD.
The significance of these results, surrounding both the
neurofeedback training runs and the transfer run, was
highlighted when comparing amygdala activation for the
middle-end of each condition (8–24 s of the 24 s condi-
tion). Here, we speculate that patients require some time
to successfully downregulate the amygdala after initially
being presented with their trauma word, reflected in our
findings of a small increase in amygdala activation at the
beginning of the regulate condition. With regard to state
PTSD symptoms, we did not find statistical differences in
terms of RSDI scores across neurofeedback training runs

and the transfer run. Additional studies are therefore
required to assess PTSD symptoms as a function of repeat-
ed rt-FMRI-nf targeting amygdala downregulation.

Enhanced Activation in Emotion Regulation

Regions During Amygdala Downregulation With

Negative Correlations to PTSD Symptoms

When examining offline brain activation that occurred
during the regulate compared with the view condition, we
observed increased activation in emotion regulation PFC
areas during the neurofeedback training runs and the
transfer run. Specifically, we found a main effect of run

TABLE VI. Follow-up paired t-test for regulate > view gPPI amygdala connectivity

MNI coordinate

Analysis Gyrus/sulcus H BA Cluster size x y z T(9) Z score P FDR

Left Amygdala
Regulate> View

Left Dorsomedial PFC/
Dorsal ACC

L 9 81 212 42 20 4.17 3.03 <0.05

Right Dorsolateral PFC R 46 48 50 40 24 4.36 3.12 <0.05
Right Amygdala

Regulate> View
Right Dorsomedial PFC R 8 74 18 38 48 4.12 3.01 <0.05

Paired sample t-tests for the gPPI amygdala connectivity analysis, for the contrast regulate> view, FDR-corrected gray matter clusters
(P-FDR< 0.05, k 5 10). Abbreviations: BA, Brodmann area; FDR, False discovery rate corrected threshold; H, hemisphere; PFC, prefrontal
cortex.

Figure 5.

(a) Increased task based functional connectivity during the neu-

rofeedback regulate condition for the left amygdala. (b)

Increased task based functional connectivity during the neuro-

feedback regulate condition for the right amygdala. (FDR-cluster-

corrected P< 0.05, k 5 10). Coordinates indicate x, y, z, in MNI

space displayed in MRIcron software. Abbreviations: dlPFC, dor-

solateral prefrontal cortex; dmPFC, dorsomedial prefrontal cor-

tex; ACC, anterior cingulate cortex. [Color figure can be

viewed at wileyonlinelibrary.com.]
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Figure 6.
(See legend on the next page.)
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across the training runs for the regulate> view contrast in
the bilateral dlPFC and right vlPFC. We also found a main
effect of run for the regulate> view contrast across training
runs and the transfer run in the right dlPFC and right
vlPFC. Follow-up analyses revealed that there was stron-
ger activation in the bilateral dlPFC and right vlPFC dur-
ing run 3 as compared with run 1 for the regulate> view
contrast. This suggests significant recruitment of emotion
regulation regions as a function of learning to downregu-
late the amygdala during trauma triggers via neurofeed-
back. However, we did not observe significantly more PFC
activation during the transfer run as compared with run 1
during the regulate as compared with view condition. Spec-
ulatively, the PFC may become more efficient with regard
to regulating the amygdala by the transfer run, thereby
yielding less detectable activation. This hypothesis is indi-
rectly supported by the finding of decreased dissociation
being correlated with PFC activation only during the
transfer run and not the training runs. Alternatively,
although patients were able to successfully downregulate
their amygdala during the transfer run in which they did
not receive neurofeedback, enhanced PFC activation dur-
ing the transfer as compared with run 1 may require mul-
tiple neurofeedback training sessions

Our results parallel other pioneering proof-of-concept
studies in the field, where self-regulation of the amygda-
la as compared with sham regions via rt-fMRI-nf was
shown to concomitantly recruit activation in PFC regions
associated with emotion regulation, as well as enhancing
amygdala-PFC connectivity [Koush et al., 2013; Paret
et al., 2014, 2016b; Zotev et al., 2011]. Inversely, using rt-
fMRI-nf to target the regulation of the lateral PFC during
cognitive reappraisal revealed a concomitant decrease in
amygdala BOLD response [Sarkheil et al., 2015]. In a
pattern of findings paralleling those observed for online
emotion regulation, active pain coping through rt-fMRI-
nf was associated with increased activity in the PFC and
ACC [Emmert et al., 2016]. Similarly, Levesque et al.
[2003] reported increased activation within the right
dlPFC when healthy participants were asked to suppress

negative emotions associated with increased amygdala
activity. Finally, a recent review on the neural basis of
emotion regulation [Etkin et al., 2015] highlights the
dlPFC and vlPFC as key areas of explicit emotional reg-
ulation on emotional reactive regions, including the
amygdala and periaqueductal gray. Thus, our study
shows that amygdala downregulation using rt-fMRI-nf
may be an effective means of enhancing PFC activity to
regulate emotions, where increased PFC activation has
also been reported when examining neural activity post
treatment among PTSD patients [Peres et al., 2007; Rav-
indran and Stein, 2009; Seedat et al., 2004; Shin and Lib-
erzon, 2010].

Our findings are further consistent with emotion modu-
lation models of PTSD, which characterize PTSD symptom
manifestation as a result of failed top-down inhibition of
the PFC and rostral ACC on the amygdala in the majority
of PTSD patients [Aupperle et al., 2012; Lanius et al., 2010;
Patel et al., 2012; Pitman et al., 2012; Ronzoni et al., 2016;
Shin and Liberzon, 2010]. In keeping with this hypothesis,
PTSD symptoms of hyperarousal have been correlated
with negative medial PFC-amygdala coupling [Sadeh
et al., 2014], and hyper/hypo-activation of the amygdala
and medial PFC, respectively, during PTSD emotional
processing [Bruce et al., 2013]. Accordingly, downregulat-
ing the amygdala by recruiting emotion regulatory resour-
ces from the PFC may represent a potential treatment for
patients with PTSD [Koch et al., 2016]. Critically, increased
activation in the dlPFC, rostral ACC, and insula during
the transfer run was negatively correlated to dissociative
symptoms (emotional numbing, depersonalized, derealiza-
tion, and disconnection). Here, the rostral ACC has been
shown to resolve emotional conflict through top-down
inhibition of the amygdala [Etkin et al., 2006]. Notably, the
anterior, mid and posterior insula exhibit unique functions
related to interoception, integrating bodily awareness with
emotions and somatotopic representations, respectively
[Critchley et al., 2004; Menon and Uddin, 2010; Pitman
et al., 2012], have been shown to display altered activity
and connectivity among PTSD patients [Lanius et al., 2010;

Figure 6.

Upper portion of figure indicates the nine models tested in the

dynamic causal modeling analysis. Model number 9 was the best

fitting model with respect to Bayesian model selection for all

analyses examined. The nine models were derived from different

combinations of signal input (either in the amygdala [amy], in the

prefrontal cortex [PFC], or in both) and causal information flow

(either from the amygdala to the PFC, from the PFC to the amyg-

dala, or both). Models 1–9 are displayed with arrows indicating

intrinsic information flow between the amygdala and PFC, and

modulating input from the conditions (“regulate,” “view”) on the

network nodes and connections. Referencing the bottom half of

the figure, graphs on the top indicate the family level inference.

Models were grouped in families based on their driving inputs (1)

models with both amygdala and PFC driving inputs (models 1–3),

(2) models with amygdala driving inputs only (models 4–6), and

(3) models with PFC driving inputs only (models 7–9). The graphs

on the lower half indicate the random effects analysis examining

individual models not grouped into families. The exceedance

probability (xP) of each model/family of models is displayed in ver-

tical bars. Displayed are the exceedance probabilities for the fami-

ly level inference (top) and individual model random effects

analysis (bottom) for (a) the left amygdala-right dlPFC connection,

(b) the left amygdala-left dmPFC connection, and (c) the right

amygdala-right dmPFC connection. [Color figure can be viewed at

wileyonlinelibrary.com.]
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Nicholson et al., 2016a]. Furthermore, dissociation among
patients with PTSD has been associated with poor intero-
ception [Lanius et al., 2015]. Taken together, our results
suggest that increased activation in emotion regulation
regions and interoception/bodily awareness regions dur-
ing the transfer run regulation are negatively correlated
to dissociative symptoms. This pattern is similar to that
observed in patients with BPD, where increased
amygdala-PFC connectivity as a result of amygdala
downregulation was negatively correlated, though not
significantly, to symptoms of dissociation [Paret et al.,
2016a].

Amygdala-PFC Functional Connectivity

During Neurofeedback

We conducted a gPPI analysis to examine task-based
functional connectivity as a result of neurofeedback train-
ing. In keeping with our hypotheses, we found increased
connectivity between the left amygdala and the left
dmPFC/dorsal ACC and right dlPFC, and increased con-
nectivity between the right amygdala and the right
dmPFC, during the regulate as compared with view condi-
tion. This finding indicates that when patients with PTSD
are attempting to downregulate the amygdala, a concomi-
tant increase in connectivity between the emotionally
reactive amygdala and emotion regulatory dlPFC and
dmPFC regions is observed [Admon et al., 2013; Etkin
et al., 2011, 2015]. Our findings compliment previous
work illustrating increased PFC connectivity during emo-
tion regulation via rt-fMRI-nf [Koush et al., 2015; Zotev
et al., 2011]. Notably, Scheinost et al. (2013) report
increased resting-state connectivity of the dlPFC and
decreased limbic network connectivity as a result of rt-
fMRI-nf, which was associated with a change in contami-
nation anxiety unique to the experimental group. Also uti-
lizing gPPI, Kerr et al. [2012] report increased functional
connectivity between the vmPFC and amygdala when
patients had control over emotional stimuli, where the
authors suggest vmPFC inhibition of amygdala processing
involving emotional arousal/anticipation. In a related
study, Banks et al. (2007) found increased dlPFC connec-
tivity to the amygdala when healthy participants were
asked to regulate negative affect, suggesting top down
PFC inhibition of the amygdala. Interestingly, patients
with PTSD exhibit less dlPFC recruitment during cogni-
tive reappraisal of emotions as compared with controls
[Rabinak et al., 2014]. In healthy individuals, successful
regulation of the top-down connectivity between the
dmPFC and amygdala, even without neurofeedback, was
associated with increases in subjective valence ratings of
emotional stimuli [Koush et al., 2015]. Similarly, our col-
laborators have shown that amygdala downregulation
enhances PFC connectivity in healthy individuals [Paret
et al., 2016b]—which was found to be unique to the
experimental group and did not occur for the sham-

neurofeedback group—as well as in BPD patients [Paret
et al., 2016a].

DCM Analysis of Amygdala-PFC Effective

Connectivity During Neurofeedback

To complement the observed task-based functional con-
nectivity in our gPPI analysis, we computed a DCM analy-
sis to inform directional information flow between the
amygdala and PFC during neurofeedback. We tested nine
models for the left and right amygdala to the three PFC
clusters identified in the gPPI analysis, which was also
supposed by anatomical studies of amygdala connectivity
[Ghashghaei et al., 2007]. For both the left and right amyg-
dala, family level inferences favored models with PFC
driving inputs only (models 7–9). This is in accordance
with previous DCM analyses investigating the same nine
models during amygdala downregulation in healthy indi-
viduals [Paret et al., 2016b]. Additionally, for the left
amygdala-right dlPFC, we found a clear distinction for
model 9, which was characterized by network input to the
dlPFC, with modulation of connectivity from the amygda-
la to the dlPFC (bottom-up) and from the dlPFC to the
amygdala (top-down) via the regulate condition (xP 5 0.83)
(see Fig. 6a). We report a less clear distinction for model 9
with regard to the left amygdala- left dmPFC (xP 5 0.40)
and the right amygdala-right dmPFC (xP 5 0.62) (see Fig.
6b). Similarly, Paret et al. [2016a, b] report a DCM analysis
for directional connectivity during amygdala downregula-
tion in healthy individuals, which favored model 7 charac-
terized by predominant information flow from the
amygdala to the vmPFC, with the PFC being the entry
node to the network.

Critically, previous studies have defined the dlPFC as a
central region in emotion regulation [Banks et al., 2007;
Etkin et al., 2015; Golkar et al., 2012; Levesque et al., 2003;
Stein et al., 2007]. Our results support the hypothesis that
emotion regulation is a reciprocal loop of information
processing, in which information flows in a bi-directional
manner between the amygdala and PFC during amygdala
downregulation neurofeedback [Gasquoine, 2014; Kim
et al., 2011; Ray and Zald, 2012]. Here, the amygdala is
characterized by PFC connections that are bi-directional,
pertaining to unique functions among amygdalar subre-
gions [Duvarci and Pare, 2014]. For example, the basolat-
eral amygdala (BLA) has inputs and outputs to the PFC
[LeDoux, 2007] and receives feedforward inhibition from
the PFC via somatostatin interneurons [Duvarci and Pare,
2014]. Inversely, the centromedial amygdala (CMA)
received inputs from the PFC and is involved in the execu-
tion of fear responses, with GABAergic outputs to the
brainstem and periaqueductal gray involved in descending
pain modulation [Duvarci and Pare, 2014; LeDoux, 1998;
Milad, 2013]. Critically, the BLA and CMA have been
shown to display aberrant connectivity patterns to emotion
regulatory prefrontal regions in patients with PTSD
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[Brown et al., 2014; Nicholson et al., 2015]. It should also
be noted that the observed causal connections between the
amygdala and PFC in the current study may be indirect
and mediated by other brain regions.

LIMITATIONS AND FUTURE DIRECTIONS

Limitations of our study include a small sample size,
where 80% of our sample was receiving psychotropic
medication. Additionally, warranting a larger sample, the
dissociative subtype of PTSD should be examined sepa-
rately. Furthermore, we cannot conclude that the observed
results are a direct effect of neurofeedback from the amyg-
dala, as no sham neurofeedback regions were included.
Future studies will include a second neurofeedback
region-of-interest (i.e., prefrontal emotion regulation areas),
in which we will examine neural changes as a result of
upregulating this region. As a control comparison, we will
then correlate observed neuronal effects as a result of reg-
ulating the amygdala as compared with regulating pre-
frontal emotion regulatory regions in order to be able to
conclude that the observed effects are site specific [Rance
et al., 2014]. Nevertheless, the current findings represent
an important first step in the elucidating critical emotion
dysregulation mechanisms underlying PTD with regard to
amygdala neurofeedback.

CONCLUSION

In summary, PTSD patients were able to downregulate
their amygdala activation during trauma provocation,
which was sustained during the transfer run without neu-
rofeedback. Downregulation of amygdala activity during
neurofeedback training was associated with enhanced acti-
vation in PFC regions associated with emotion regulation
as well as increased task-based connectivity to the PFC.
Effective connectivity analyses suggested that amygdala
regulation involves both top-down and bottom-up infor-
mation flow with regard to observed PFC-amygdala con-
nectivity. Moreover, dissociative symptoms were
correlated negatively to emotion regulation PFC/rostral
ACC activity as well as with activation in the insula dur-
ing the transfer run. Taken together, these results support
the hypothesis that neural functioning among patients
with PTSD is characterized by attenuated prefrontal inhibi-
tion on the limbic system, resulting in emotional dysregu-
lation, and suggests that amygdala neurofeedback may not
only be therapeutic for this patient group but may also be
used as an adjunctive future treatment.
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