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Typical adolescents have increased limbic engagement unchecked by regulatory
medial prefrontal cortex (PFC) activity as well as heightened self-focus. The resulting
emotion dysregulation and self-focused rumination make adolescents more susceptible
to depression and suicide attempts. Heightened self-focus converges with mental
illness among depressed adolescents, who deploy exaggerated attention to negative
self-relevant stimuli and neglect positive ones as part of depression’s phenomenology.
This results in rigid negative self-representations during an identity formative period
with potential lifetime repercussions. Current empirically supported treatments fail
to allay recurrent depression. Evidence-based interventions for illnesses linked to
suicide ideation and attempts (e.g., depression) underperform across the lifespan.
This could be because current treatments are not successful in altering pervasive
negative self-representations and affect dysregulation, which is known to be a risk
factor of chronic depression. This study departs from the premise that increasing
positive self-processing might be protective against chronic depression particularly
during adolescence. The present research is a novel investigation of neurofeedback as
a potential treatment alternative for adolescent depression. To enhance positive self-
processing, we used the happy self-face as a cue to initiate neurofeedback from the
bilateral amygdala and hippocampus and adolescents attempted to upregulate that
limbic activity through the recall of positive autobiographical memories. We identified
limbic functional circuitry engaged during neurofeedback and links to short-term
symptoms’ change in depression and rumination. We found that depressed youth
showed greater right amygdala to right frontocortical connectivity and lower left
amygdala to right frontocortical connectivity compared to healthy controls during
neurofeedback vs. control conditions. Depressed youth also showed significant
symptom reduction. Connectivity between the right amygdala and frontocortical regions
was positively correlated with rumination and depression change, but connectivity
between frontocortical regions and the left amygdala was negatively correlated with
depression change. The results suggest that depressed youth might engage implicit
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emotion regulation circuitry while healthy youth recruit explicit emotion regulation circuits
during neurofeedback. Our findings support a compensatory approach (i.e., target the
right amygdala) during future neurofeedback interventions in depressed youth. Future
work ought to include a placebo condition or group.

Keywords: amygdala circuits, neurofeedback, emotion regulation, depression, adolescence, prefrontal cortex,
rumination

INTRODUCTION

Adolescence is a period of increased risk for developing
depression, and early onset is associated with a poorer prognosis,
higher symptom severity, and comorbidity, along with higher
suicidality rates (Sung et al., 2013). Given that suicide—a severe
outcome of depression in youth—is the second leading cause
of adolescent death in the United States (Murphy et al., 2018)
and that persistent depression is a risk for adolescent attempts
(Goldstein et al., 2012), the need for developing novel and
effective treatments for adolescent depression is imperative.
This is particularly critical as it has been shown that whereas
current treatments such as medication and psychotherapy aid in
recovering from depressive episodes, they often fail to prevent
recurring episodes (Rush et al., 2008; Maalouf and Brent, 2012;
Schwartz-Lifshitz et al., 2012; De Silva et al., 2013; O’Connor
et al., 2013; Hetrick et al., 2016; Weisz et al., 2017; Cha
et al., 2018), resulting in a compounded economic burden for
families and health systems (Wang et al., 2003) and higher risks
for suicide attempts (Pezawas et al., 2003; Witte et al., 2009;
Jonsson et al., 2011). This is a pre-clinical study comparing
healthy and depressed adolescents’ functional connectivity (FC)
during a novel neurofeedback task that upregulated the activity
of limbic sub-cortical and temporal regions of interest (ROI:
bilateral amygdala and hippocampus) with the expectation
that modulating their activity would cascade to beneficial
connectivity changes that are the focus of the present follow-up
publication. The publication of the ROI activity results (Quevedo
et al., 2019) precedes the current report which follows-up that
work and extends its significance for short-term symptoms
change and connectivity patterns.

Adolescence is characterized by heightened engagement of
emotional subcortical limbic systems such as the amygdala, yet
regulatory medial prefrontal cortical (mPFC) systems remain
relatively immature (Arruda-Carvalho et al., 2017). This leads
to strong emotional experiences among typically developing
youth which is unchecked by regulatory control by the mPFC
(Hare et al., 2008). Typical adolescent brain development might,
therefore, contribute to the onset and severity of depression
due to difficulty experiencing and sustaining positive emotions
(that along with exacerbated negative emotions characterizes
depression) converging with immature emotion regulation and
self-identity (Ahmed et al., 2015). In addition to developing
brain circuitry of emotion and its regulation, adolescence is
characterized by self-processing transformations due tomaturing
cortical neural circuitry. Self-processing involves conscious and
unconscious processes of relating external information to one’s
self, such as self-recognition in photographs or self-attribution

of traits and skills (Nejad et al., 2013). Conversely, due to
heightened cortico-limbic plasticity (Gee et al., 2013), this
developmental period is a window of opportunity to train the
substrates of affect regulation and self-processing via novel
procedures such as neurofeedback.

Neurofeedback utilizes the latest developments of real-time
functional magnetic resonance imaging (rt-fMRI) data
processing and pattern analysis to train participants in the
self-modulation of neural networks (Johnston et al., 2010).
Neurofeedback allows for localization and voluntary modulation
of brain activity ‘‘in vivo’’ (Marzbani et al., 2016) as individuals
visualize neural activity levels from ROIs inside the scanner. The
strength of this technique lies in its high spatial resolution, which
allows us to probe functionally connected networks, including
deep subcortical structures (Paret et al., 2019). Neurofeedback
combines neuromodulation and emotion regulation (Linhartová
et al., 2019). It is well suited to non-invasively study dynamic
self-processing and affect regulation in youth. Our goals were
to: (1) engage cortico-limbic circuits by increasing bilateral
amygdala and hippocampus activity; (2) compare depressed and
healthy adolescents during neurofeedback targeting cortico-
limbic circuits of positive self-processing; and (3) garner
preliminary neural data linked to depression and rumination
short-term changes in depressed youth.

Previous research has successfully used neurofeedback
in psychiatric patients. For example, Young and colleagues
used autobiographical memory recall during neurofeedback
to enhance activity in the amygdala (Young et al., 2014,
2017a,b, 2018). Healthy adults show enhanced amygdala-mPFC
connectivity during autobiographical memory recall during
neurofeedback (Zotev et al., 2013). Depressed adults showed a
reversal of hypoactive connectivity between the amygdala and
cortical areas before vs. after neurofeedback training during
resting state conditions (Yuan et al., 2014). Specifically,
they showed strengthened amygdala connectivity with
frontotemporal networks, such as the precuneus and mPFC
components, prominently the rostral anterior cingulate cortex
(rACC), after neurofeedback training (Yuan et al., 2014). In
summary, the neurofeedback literature in depressed adults
shows that corticolimbic FC is strengthened in depressed adults
after neurofeedback that targets single ROI activity.

Multiple neurofeedback studies of psychiatric illnesses have
modulated single ROI’s activity, yet symptom improvements
occurred via ROI connectivity changes (Yuan et al., 2014;
Paret et al., 2016; Young et al., 2018). One such study
found that real-time functional magnetic resonance imaging
(rt-fMRI) neurofeedback targeting the amygdala’s activity
increased amygdala-lateral prefrontal cortex (PFC) connectivity
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in borderline personality disorder patients (Paret et al.,
2016). Critically, increases in connectivity were correlated with
decreased emotional awareness and dissociation, indicating
a relief in emotion regulation and self-processing symptoms
(Paret et al., 2016). Additionally, the upregulation of the left
amygdala activity via rt-fMRI neurofeedback led to increased
amygdala connectivity post vs. pre-neurofeedback during resting
state conditions (Yuan et al., 2014). Similarly, targeting the
left amygdala with rt-fMRI neurofeedback resulted in higher
amygdala connectivity with frontal and limbic structures (Young
et al., 2018). Overall, prior neurofeedback research has therefore
shown that changes in connectivity are associated with decreased
depressive symptoms and increased ability to recall specific
memories (Young et al., 2017b). Finally, the downregulation
of amygdala activity via neurofeedback in post-traumatic stress
disorder (PTSD) patients resulted in decreased symptom severity
and increased connectivity between the amygdala and the
dorsolateral and dorsomedial prefrontal (Nicholson et al., 2017,
2018). To summarize, multiple studies suggest that single ROI
modulation via rt-fMRI likely exerts its beneficial effects via
changes in patterns of ROI-cortical connectivity. Accordingly,
we expected that similar amygdala or hippocampus to cortical
connectivity could underpin symptoms improvements in the
present study. Furthermore, this study’s use of an explicit ‘‘top-
down’’ mental strategy was to modulate limbic sub-cortical
structures in adolescents by engaging regulatory ‘‘top’’ medial
prefrontal cortical (mPFC) systems that are still maturing
(Arruda-Carvalho et al., 2017). The goal of our connectivity
analyses thus was to test the potential re-routing of cortico-limbic
pathways in depressed youth due to the voluntary enhancement
of positive stimuli amygdala or hippocampus connectivity.

Limited neurofeedback adolescent trials have found improved
symptoms via increased inferior PFC activity in healthy
adolescents and upregulated emotion regulation networks’
engagement in adolescents with attention deficit hyperactivity
disorders (ADHD; Cohen Kadosh et al., 2016; Alegria et al.,
2017). FC analyses conducted by the same sample employed by
Alegria et al. (2017), revealed that the underlying mechanism for
symptom improvement may be the FC differences between the
PFC and frontostriatal systems and the default mode network
(Rubia et al., 2019). Though unrelated to adolescent depression,
these are -to date- the only published pediatric neurofeedback
studies aside from our study (Quevedo et al., 2019). Those
connectivity studies suggested that emotion-regulation based
neurofeedback is feasible among adolescents and that it should
target circuits of known abnormal connectivity in pediatric
depression perhaps aiming to change their hypo-connectivity
patterns to improve symptoms.

In the current study, we used real-time functional magnetic
resonance imaging-based neurofeedback to train adolescent
participants in the voluntary regulation of the amygdala and
hippocampus activity and expected to engage cortical neural
networks that enable self-processing and affect regulation. Our
selection of ROI was spurred by our findings of the hypoactive
bilateral amygdala and hippocampus (AMYHIPP) during happy
self-face vs. other-face recognition (Quevedo et al., 2018)
in depressed adolescents compared to healthy controls. Our

decision to examine left and right amygdala connectivity in the
present study was also guided by the fact that left vs. right
amygdala to mPFC connectivity characterized suicide attempts
in depressed adolescents (Alarcón et al., 2019). Specifically,
attempting youth engaged left the amygdala-ACC connectivity
to a greater degree than all other youth during self-vs. other face
recognition (Alarcón et al., 2019). These results suggested that
the amygdala hemisphere of connectivitymay constitute a critical
marker to examine during neurofeedback. Given that our work
showed amygdala and hippocampus hypoactivity during positive
self-relevant information (i.e., happy self-faces), as well altered
amygdala-ACC connectivity in attempting depressed youth, we
administered a neurofeedback task using the happy self-face
as an emotional cue to initiate AMYHIPP neurofeedback
and used happy other-face during the control condition.
Our activity analyses of that task, in a prior publication,
yielded higher AMYHIPP and frontotemporal activity during
neurofeedback vs. control conditions and significant modulation
of AMYHIPP during neurofeedback vs. the control condition
(Quevedo et al., 2019).

Abundant research demonstrates dysfunctional AMYHIPP
connectivity during self- and emotional processing in depression
(Hastings et al., 2004; Tahmasian et al., 2013; Benson et al.,
2014; Belzung et al., 2015; Zheng et al., 2017). The AMYHIPP
is interconnected with the mPFC to govern emotionally
laden memory recall. The AMYHIPP is also reciprocally
interconnected with the ventral and dorsal medial PFC, posterior
cingulate cortex, and precuneus (i.e., midline cortical structures)
to enable emotion regulation and autobiographical memory
(Belzung et al., 2015; Doré et al., 2018). For example, AMYHIPP-
midline cortical connectivity increases as positive affect or
arousal surges during autobiographical recall (de Voogd et al.,
2017; Nawa and Ando, 2019). Scientific reviews suggest that
dysfunctional emotion regulation networks (that include the
AMYHIPP) underlie ruminative brooding during depression:
i.e., dwelling on negative autobiographical memory (Nejad et al.,
2013). Our conceptual model is that given extensive evidence
that depression severely dampens emotional saliency (limbically
mediated) and cognitive awareness (mPFC mediated) of positive
self-relevant information (Dere et al., 2010; Köhler et al.,
2015), neurofeedback could train those processes via AMYHIPP
upregulation. Given abnormal self-processing circuitry in
depressed adolescents (Quevedo et al., 2016, 2018; Alarcón et al.,
2019) and the role of AMYHIPP and midline cortical structure
dysfunction as substrates of emotion dysregulation; we sought
to increase its activity during adolescence: a formative period
for self and emotion processing (Greenberg et al., 2004; Murphy
et al., 2010).

Our neurofeedback procedure aimed to up-regulate bilateral
amygdala and hippocampus activity via recall of positive
autobiographical memories. The use of explicit cognitive
strategies (e.g., recall of positive memories) was expected to
engage cortical areas because such strategies entail associative
cognition and voluntary ‘‘top-down’’ PFC areas that enable
executive control. Accordingly, we sought to test and identify
functional circuitry engaged by neurofeedback in depressed
and healthy youth and their links to short-term symptoms’
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change. A particularly interesting manifestation of both emotion
dysregulation and abnormal self-processing is rumination,
i.e., dwelling in negative events and autobiographical memories
fueled by unrelenting self-focus, a psychological dimension that
has been linked to the onset and maintenance of depressive
episodes (Nolen-Hoeksema et al., 2008). Given that adolescents’
proneness for self-focus has been associated with unique risks for
depressed mood (Chen et al., 1998). We sought to investigate
how corticolimbic circuitry during a novel neurofeedback
procedure would be associated with short-term changes in
self-reported rumination and depression.

The present study follows up on the Quevedo et al.
(2019) article which reported activity patterns during and
after neurofeedback, but here we report critical connectivity
to symptom improvements that indicate possible mechanisms
for neurofeedback effectiveness. The goal of the study was to
implement a novel neurofeedback protocol in a new population:
depressed adolescents. It did not include a placebo group.
Specifically, we sought to collect preliminary data for a future
full clinical trial. Given the previously reviewed literature on
the effects of neurofeedback upon brain connectivity and
reported corticolimbic hypoconnectivity in depressed patients
and neurofeedback research shows its effectiveness occurs via
changes in cortical connectivity, we aimed to test the FC of
the bilateral amygdala and the hippocampus seeds with PFC
areas that support ‘‘top-down’’ emotion regulation and self-
processing. The contrast control condition (to compare with the
active neurofeedback plus smiling self-face and recall of happy
memories) elicited the processing of an unfamiliar adolescent
smiling teen face and participants were asked to count backward
from one hundred (Figure 1). This condition was selected
because it entails both face processing and working memory
task that elicit similar brain regions as the active neurofeedback
condition. Given cited neurofeedback connectivity we expected
that PFC areas associated with self-processing and emotion
regulation would be functionally connected to the target
amygdala and/or hippocampus seeds during the neurofeedback
task. We hypothesized that: (1) all youth would display increased
connectivity between the bilateral amygdala or hippocampus
seeds and mPFC areas during happy-self face plus feedback
(FB) vs. control conditions; and (2) we expected that increased
connectivity would be associated to reduced self-reported
symptoms before vs. after neurofeedback training. We aimed
to increase positive self-processing in depressed youth through
facial self-recognition and recall of positive autobiographical
memories. The primary objective was to determine the
feasibility of using neurofeedback with depressed adolescents
to regulate self-processing and emotion regulation circuits
and demonstrate their links to self-reported rumination and
depression, intending to produce a preliminary data to guide
future clinical trials.

MATERIALS AND METHODS

Participants were recruited from the community and inpatient
units at the University of Minnesota (U of M) using flyers and
permission to contact parents. The sample size of 53 participants

is significantly larger than the only two pediatric neurofeedback
samples published at the time of this work’s submission
(Cohen Kadosh et al., 2016; Alegria et al., 2017; Rubia et al.,
2019). However, given the study’s novelty with regards to the
sample composition and the neurofeedback task, we had no
a-priory justification for our sample size. Exclusion criteria
included general MRI unsuitability, psychosis, major medical
or neurological disorders, and meeting diagnostic criteria for
substance abuse or dependance. This study was conducted at
the U of M Center for Magnetic Resonance Research and
approved by the U of M Institutional Review Board. Right-
handed adolescents (N = 53, Table 1) with or without depression
were evaluated using both categorical (K-SADS-PL, Kaufman
et al., 1997) and continuous (CDRS, Poznanski et al., 1979)
measures of psychopathology. Author KQ, a licensed clinical
child psychologist, established the presence of diagnostic criteria
for depression and the absence of past and current psychiatric
disorder among control youth. A trained research assistant and
KQ examined first sessions’ videos and conferred to establish
diagnoses. Pictures of the participants’ faces with a happy,
sad, and neutral expression were taken following procedures
described in Quevedo et al. (2016). Most depressed youths were
on stable medication (Table 1). The present study was not
registered because it was not considered a clinical trial at the time
of the study’s design and inception, primarily due to the absence
of a placebo group.

During the first sessions, IQ was sampled (WASI, Weschsler,
1999). During the second session, and before scanning,
participants identified and wrote 5–6 positive memories and
recalled them during NF blocks. Experimenters helped them
to identify peak positive arousal moments within complex
memories. Participants completed the Emotional Self-Other
Morph Neurofeedback task (ESOM-NF) in the scanner as part
of a larger imaging study. Rumination (Treynor et al., 2003), as
well as depression questionnaires (Angold et al., 1995; Messer
et al., 1995), were administered before (time 1) and after
(time 2) the scanning session. Youth were told to think about
the present day. To calculate symptoms change, self-reported
symptoms before scanning were subtracted from those reported
after scanning [rumination before neurofeedback (T1) minus
rumination after neurofeedback (T2) = rumination change and
depression before neurofeedback (T1) minus depression after
neurofeedback (T2) = depression change]. Thus, higher scores
indicate lower symptoms after scanning. Finally, participants
reported happiness and ease of recall, and those results are
reported online in the Supplementary Text II. Correlations
between symptoms change and estimates of amygdala FC
were conducted across both depressed and healthy participants
for the total sample size of (N = 53) and are depicted
in Figures 3, 4.

Neurofeedback Task
Emotional Self-Other Morph Neurofeedback,
ESOM-NF
This task [duration time (t) = 354 s] included four blocks
of alternating FB and control (CB) conditions (t = 72 s).
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FIGURE 1 | Emotional Self-Other Morph Neurofeedback Task: adolescents recalled happy autobiographical memories during the neurofeedback blocks while
seeing their smiling face and counted backward from 100 during the control condition while seeing an unfamiliar face. A shifting colored bar during the
neurofeedback blocks was green when the target areas’ activity was above 0 and red for below 0.

Blocks were comprised of one FB condition (t = 40 s)
followed by the participants rating their effect (1 = bad to
4 = good; t = 4 s) followed by one CB condition (t = 24 s)
and finishing with the participants rating their effect again,
t = 4 s. The FB condition started with participants seeing
their happy face (happy self-face) and being asked to increase
AMYHIPP activity displayed via a colored bar shifting up
or down (green = activity > 0, red = activity < 0) brain
activity values provided by MURPHI software (Hinds et al.,
2011). To influence AMYHIPP activity, participants recalled
happy memories discussed before scanning. The CB control
condition was cued to an unfamiliar teen happy face (happy
other-face) and participants counted backward from 100 with no
visual FB. Three rests occurred at beginning (t = 30 s, middle
(onset = 180 s t = 12 s and task’s end (onset = 342 s t = 12 s.
Participants also viewed instructions for the FB task for 6 s after
the first and second rests and instructions for the FB and CB
conditions for 25 s before the onset of the first block. Affect
rating results have been reported in Quevedo et al. (2019) freely
available online.

Both rest and counting-backward conditions have been
used as contrasts to test neuromodulation effects in regions
of interest (ROI) during neurofeedback protocols. Given
the novel nature of our research, as noted in a review
about control conditions or groups in neurofeedback
designs (Sorger et al., 2019) the lack of a placebo group is
acceptable for preliminary proof-of-concept design. However,
we chose a control or contrast condition entailing counting
backward paired with recognizing an unfamiliar face. It
was expected that this would engage areas supportive of
both working memories during the counting-backward
condition (Woodward et al., 2006) and face processing during
exposure to an unfamiliar teen face (Sabatinelli et al., 2011).
It was expected that both the FB and CB conditions would
engage circuits supportive of memory recall (Quevedo et al.,
2019) and self-face and unfamiliar processing (Quevedo
et al., 2016, 2018; Alarcón et al., 2019) during the novel
neurofeedback protocol.

Magnetic Resonance Imaging (MRI) Data Acquisition
and Processing
Neuroimaging data were collected using a 3.0 Tesla Siemens
Prisma MRI scanner with the 32 Channel receive-only head
coil. Structural 3D axial MPRAGE images were acquired for
each participant (TR/TE: 2,100 ms/3.65 ms; TI: 1,100; Flip
Angle 7◦; Field of View: 256 × 256 mm; Slice-Thickness:
1 mm; Matrix: 256 × 256; 224 continuous slices), GRAPPA
2. Mean BOLD images were then acquired with a slice-
accelerated gradient-echo EPI sequence during 6.08 min for the
ESOM_Pre and Post tasks (2.4 mm3 voxels, covering 60 oblique
axial slices; TR/TE = 1510/32.4 ms; FOV = 216 × 216 mm;
matrix 90 × 90; Flip Angle 65◦; multi-band acceleration
factor 3). Multiband has previously been successfully used for
neurofeedback by us and others (Quevedo et al., 2019).

Online Analyses
MURFI software (Hinds et al., 2011) generated and sent
AMYHIPP activity values during the FB condition displayed
with PsychoPy (Peirce, 2007) during the ESOM_NF task
using subject-specific anatomical masks of the bilateral
AMYHIPP (see Supplementary Text I). MURFI automatically
reduces noise during online analyses. Given the real-time
nature of the protocol, MURFI supports certain aspects of
preprocessing such as motion correction, polynomial trends
removal, artifact detection, and regional smoothing, and
smoothing within the region used for FB. The FB signal
may still have components of confounds that could have
been removed such as slice time correction, susceptibility
distortion correction, and other confounds such as compcor,
retroicor, and physiological noise such as respiration. The
bar representing AMYHIPP values were updated as each new
fMRI volume was acquired in a continuous reinforcement
schedule. Online subject head motion compensation was
accomplished using the Siemens PACE/MoCo system (Thesen
et al., 2000). FB automatically stopped if movement exceeded
4–3 mm repeatedly (which occurred in just one participant),
but participants could re-initiate the ESOM-NF task. ROIs
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TABLE 1 | Demographics and clinical presentation by diagnostic group.

Healthy controls Depressed Statistic

n = 19 n = 34

Suicide attempters n = 0a n = 15b

Age at Intake: M ± SD 16.26 ± 1.19 16.08 ± 1.27 F (1,51) = 0.26
Age: M ± SD 16.35 ± 1.23 16.11 ± 1.25 F (1,51) = 0.45
IQ: M ± SD 115.32 ± 9.12a 108.35 ± 10.84b F (1,51) = 5.61*

Sex χ2
(1) = 0.31

Male 7 (36.84%) 10 (29.41%)
Female 12 (63.16%) 24 (70.59%)

Puberty: M ± SD 4.53 ± 0.65 4.53 ± 0.68
Ethnicity χ2

(4) = 7.69
White 14 (73.68%) 27 (79.41%)
African American/Black 0 2(5.88%)
American Indian 0 2 (5.88%)
Asian 3 (15.79%) 0
Other 2 (10.53%) 3 (8.82%)

Family Structure χ2
(3) = 2.80

Married 15 (78.95%) 22 (64.71%)
Living with a partner 1 (5.26%) 3 (8.82%)
Separated-Divorced 3 (15.79%) 5 (14.71%)
Single 0 4 (11.76%)

Income χ2
(2) = 3.90

≥35K 0 6 (17.65%)
35–75K 7 (36.84%) 9 (26.47%)
+>75K 12 (63.16%) 19 (55.88%)

Depression before neurofeedback: M ± SD 3.76 ± 3.95a 30.5 ± 13.32b F (1,47) = 72.01∗∗

Depression after neurofeedback: M ± SD 2.26 ± 2.47a 21.47 ± 16.33c F (1,51) = 25.76∗∗

Rumination before neurofeedback: M ± SD 29.31 ± 6.97a 50.41 ± 11.77b F (1,47) = 49.79∗∗

Rumination after neurofeedback: M ± SD 27.89 ± 7.26a 44.35 ± 14.35c F (1,51) = 21.75∗∗

Depression Severity (CDRS): M ± SD 19.21 ± 3.57a 49.85 ± 16.15b F (1,51) = 66.06∗∗

Depression Diagnosis (K-SADS-PL)
Major Depressive Disorder (MDD) 0 14
MDD with Psychotic Features 0 1
Dysthymia 0 4
Melancholic Depression 0 1
Depressive Disorder-NOS 0 15

Eating Disorders (K-SADS-PL) 0 2
Anxiety Disorders (K-SADS-PL) 0 22
PTSD (K-SADS-PL) 0 6
Disruptive Behavior Disorders (K-SADS-PL) 0 6
Substance Use Presence (K-SADS-PL) 0 2
Medication

Antidepressants 0 26 χ2
(1) = 27.53∗∗

Antipsychotics 0 2 χ2
(1) = 1.10

Mood stabilizers 0 0
Anxiolytics 0 10 χ2

(1) = 6.56∗

Note 1: Different letter subscripts (a, b, or c) denotes significant statistical differences between groups or within groups across times of symptoms’ sampling. M, Mean; SD, Standard
Deviation; NOS, Not otherwise specified. *p < 0.05, ∗∗p < 0.005, ***p < 0.001. Bold values represent significant difference in p-value.

were localized anatomically during the multi-band echo-planar
imaging (EPI) series (target functional reference acquisition,
see the Supplementary Text I) for each individual and
mapped to an individual’s T1 structural brain data. Data
were collected using a 3.0 Tesla Siemens Prisma MRI scanner
with the 32 Channel receive-only head coil. Structural 3D
axial MPRAGE images were acquired for each participant
(TR/TE: 2,100 ms/3.65 ms; TI: 1,100; Flip Angle 7◦; Field
of View: 256 × 256 mm; Slice-Thickness: 1 mm; Matrix:
256 × 256; 224 continuous slices), GRAPPA 2. Mean blood
oxygen level-dependent (BOLD) images were then acquired
with a slice-accelerated gradient-echo EPI sequence during
6.08 min for the ESOM-Pre and Post tasks and 6.02 min for

the ESOM-NF task (2.4 mm3 voxels, covering 60 oblique axial
slices; TR/TE = 1510/32.4 ms; FOV = 216 × 216 mm; matrix
90 × 90; Flip Angle 65◦; multi-band acceleration factor 3). Please
see the Supplementary Material for more details of online
data processing.

Off-Line Data Analysis
SPM12 was used for all fMRI preprocessing and statistical
analyses. Preprocessing the EPI time series included: (1) rigid
body realignment for head motion correction; (2) slice
timing correction; (3) rigid body co-registration of EPI with
high-resolution anatomical data; (4) spatial normalization to
the Montreal Neurological Institute (MNI) anatomical space
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using unified segmentation; and (5) spatial smoothing (6 mm
full width at half maximum). Head motion outliers in the
EPI time series were identified using the Artifact Detection
Tools with a scan-to-scan movement threshold of 0.5 mm
and a scan-to-scan global signal change of 3 SD1. For each
subject, the BOLD-contrast signal variance was modeled with
a set of regressors using a general linear model. The total
signal variance was decomposed into a task component, with
inter-trial intervals as implicit baselines. Each task regressor
was constructed by generating condition duration vectors
and then convolving them with a canonical hemodynamic
response function, allowing parameter estimates proportional to
task-related neural activity per second. The full model for each
subject comprised: (1) the condition regressors; (2) regressors
modeling movement-related signal modulation; (3) outlier time
points; (4) the mean signal for the session; and (5) a discrete
cosine transform basis set that modeled the low frequency,
presumably artifactual, signal modulations at frequencies lower
than 0.008 Hz. Parameter estimates were calculated using
a restricted maximum likelihood algorithm. All offline and
online activity analyses have been previously reported by
Quevedo et al. (2019).

Region of Interest Seed Definitions
FC was determined using psychophysiological interactions
(PPI) to explain activity changes in the target ROIs due to
an interaction between the activity in the amygdalae and
FB+self-face vs. count-backwards+other-face, which served as
the contrast or control condition (Friston et al., 1997) during
the ESOM_NF task. The seed regions for connectivity analyses
were 8 mm diameter spheres placed in the left and right
amygdala, as defined by the PickAtlas toolbox (Maldjian
et al., 2003). The signal time course in the amygdalae was
obtained for each participant and task condition to construct
the 1st level PPI estimate variables. The coordinate of the
highest activity within the left or right amygdala were the
locations for extracting the signal time courses for the FB
vs. the count-backward conditions. Because the coordinate of
the highest activity was individualized to each participant,
this resulted in slightly different peak coordinates (within the
right or left amygdala masks) per participant that reflected
their highest peak of amygdalae activity. Note that the peak
coordinates of amygdalae activation were statistically similar
for the diagnostic groups, F(1,49) = 0–0.03, p = 0.9) and
gender, F(1,49) = 0.3–0.17, p = 0.86–0.68. Peak coordinates
are reported in the supplements online (Supplementary Table
S1). Similar procedures were followed for the hippocampi,
but no significant areas were connected to these seeds
for FB+self-face vs. count-backwards+other-face, nor there
was any group by a condition or hemisphere interactions.
The hippocampus seed area is henceforth omitted from
all results.

Functional Connectivity (FC) Analyses
Using the 1st level PPI estimates we tested contributions of the
amygdalae activity to areas that differed between groups during

1www.nitrc.org/projects/artifact_detect/

the ESOM_NF task. The 1st-level PPI activation maps during
ESOM_NF were subjected to a 2nd level general linear models
(GLM) analysis with the group as between-subject factors and
hemisphere as a within-subject factor. Variables that differed by
groups (i.e., IQ) were added as a covariate to the GLM. Significant
results show neural areas with high or low coupling with the
amygdalae. Clusters and coordinates with statistically significant
peak connectivity levels with the seed areas (punc < 0.001) are
reported. AFNI (v. 18.2.06) was used to correct for multiple
comparisons and determine whole-brain, voxel-wise and cluster-
extent thresholds (Cox, 1996) via 3dClustSim. The ESOM_NF
GLM analysis yielded a voxel-wise threshold (punc < 0.001)
and cluster-extent threshold of k = 122, α = 0.01, and only
clusters larger than this threshold are reported. Significant main
effects and interactions were interrogated with post hoc t-tests in
SPM12 (punc < 0.001). Each pair-wise comparison was masked
with a binary mask of the significant cluster (s) from the
principal GLM. Estimates from each significant cluster were
extracted using the SPM12 ‘‘eigenvariate’’ function to produce
plots depicting the direction of effects. To examine associations
between FC and symptom change. Specifically, rumination and
depression change associations with FC estimates between the
amygdalae and cortical areas using SPSS v.24 software. Please
note that neural activity results have been published (Quevedo
et al., 2019) and are freely available online. Given the lack
of a placebo group, to further underscore the importance
of amygdalae-PFC connectivity as a potential mechanism of
neurofeedback effectiveness, we conducted additional analyses
with ROI’s whose connectivity with the amygdala (for FB vs.
count-backward) could be conceivably increased and associated
with symptoms change. Using the same 2nd level GLM with the
group as between-subject factors and amygdala hemisphere as a
within-subject factor we examined connectivity patterns with the
bilateral occipital cortex, fusiform and ventral striatum regions
of interests. Neither of these ROI’s analyses yielded significant
estimates of FC with the amygdala.

RESULTS

Group by Amygdala Hemisphere
Interaction During Neurofeedback
Frontocortical to amygdalae connectivity varied as a function
of the hemisphere between depressed and healthy adolescents.
Depressed youth showed greater right amygdala to right
frontocortical connectivity compared to healthy adolescents
during FB vs. count-backward, however, they showed lower
left amygdala to right frontocortical connectivity compared to
healthy controls. Specifically, connectivity between the right pre-
central, superior, inferior, and middle frontal gyri (BA10, 9, 46)
and the amygdala varied depending on the hemisphere of those
loci of neurofeedback between the groups (Table 2, Figure 2).
There were no increases in connectivity between the PFC and the
averaged left and right amygdala seeds, all the results pertained
to differences between the left or right amygdala connectivity
patterns between the groups.
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TABLE 2 | Connectivity with the amygdalae during the ESOM_NF task.

Whole-brain analyses results Voxels Hemisphere MNI coordinates F

x y z

Areas differentially connected with the left or right amygdala
in depressed and healthy adolescents.
Precentral, middle and inferior frontal gyrus, BA 9 122 Right 42 08 30 21.42
Middle and inferior frontal gyrus (dorsolateral prefrontal
cortex, dPFC), BA 46

130 Right 46 36 16 17.64

Superior and middle frontal gyrus, BA 10 149 Right 28 44 14 17.49

Symptom’s Change and Amygdala
Circuitry During Neurofeedback
As Table 1 shows, depressed youth, as it would be expected,
reported higher rumination and depression compared to controls
at both time points, yet only depressed youth -again as
expected and likely due floor effects in controls—reported
significant symptom reduction after scanning procedures
(see Table 1). Correlations between symptoms change and
circuitry variables found that connectivity between the right
precentral, superior, middle, and inferior frontal gyri (BA10,
9, 46) and the right amygdala were positively correlated
with rumination change (Table 3, Figure 3) across the
whole sample (N = 53). Connectivity between the right
superior, middle, and inferior frontal gyrus (BA46, 10)
and the right amygdala seed was positively correlated with
depression change, however connectivity between the superior
and middle frontal gyrus (BA10) and the left amygdala seed

was negatively correlated with depression change (Table 3,
Figure 4).

DISCUSSION

This study examined changes in amygdala FC during a
neurofeedback procedure (ESOM-NF task) that aimed to
increase positive emotions and self-processing by increasing the
activity of the bilateral amygdala and hippocampus with the
expectation of cascading changes in neurofeedback target to
mPFC connectivity. Our hypotheses were partially supported.
Contrary to our first hypothesis, there was no increase in
connectivity between the averaged right and left amygdala and
the mPFC during happy-self FB vs. the control condition (i.e., no
effect of ESOM-NF condition across amygdala hemisphere and
diagnostic group), nor areas of connectivity with the averaged
hippocampus. However FC between the right mPFC and the

FIGURE 2 | Functional connectivity (FC) between amygdalae and right prefrontal cortex (PFC) during neurofeedback in depressed and healthy adolescents.
Depressed adolescents exhibited lower-left vs. right amygdala connectivity to right frontocortical areas during a neurofeedback condition that prompted the recall of
positive autobiographical memories cued to a happy-self face image vs. a control condition that prompted counting backward cued to a happy unfamiliar face.
Healthy control adolescents showed the opposite pattern. Note: SE, Standard error of the mean.
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TABLE 3 | Correlations between amygdalae functional connectivity to PFC and depression or rumination change.

Pearson correlation

Areas of connectivity with the amygdalae Amygdala Rumination Depression
during the ESOM-NF task hemisphere change change

Right Precentral, Middle and Inferior Frontal Gyrus (BA 9) Left 0.126 −0.192
Right 0.463** 0.216

Right Middle and Inferior Frontal Gyrus (BA 46) Left −0.060 −0.183
Right 0.498** 0.302*

Right Superior and Middle Frontal Gyrus (BA 10) Left −0.160 −0.287*
Right 0.461** 0.307*

Differences in rumination or depression scores before vs. after scanning were correlated with left and right amygdala connectivity to right frontocortical regions. Note: ** and *indicate
2-tailed p significance < 0.01 or 0.05 level respectively. Bold values represent significant difference in p-value.

left or the right amygdala did increase for all youth though this
happened differentially for depressed and healthy control for
happy self-face plus FB vs. the control condition. Importantly,
such group by amygdala hemispheres increases in connectivity
were absent for other areas that support visual, hedonic, and
face processing; suggesting the hypothesized preeminence of
PFC areas that support ‘‘top-down’’ emotion regulation and
self-processing. Additionally, as we proposed in our second
hypothesis there were associations between amygdala increases
in FC with mPFC and changes in short term self-reported
symptoms of rumination and depression.

Amygdala to Frontal Cortex Connectivity in
Depressed vs. Healthy Adolescents During
Neurofeedback
We found that depressed and healthy adolescents differed
in FC between the left and right amygdala and right

frontocortical areas during the FB vs. the count-backward
condition (Figure 2). Right frontocortical areas and their
connectivity with the right amygdalae have been implicated
in positive mood and approach behaviors as well as on
those dimensions’ disfunction (Phillips et al., 2008). Recent
reviews of laterality effects in specific brain structures
(including the amygdala and the ventromedial PFC) appear
to confirm the hypothesis of a right hemisphere dominance
for all components of the emotional system (Gianotti,
2019). Importantly Given that youth were recalling positive
autobiographical memories and instructed to ‘‘feel what you
felt then,’’ the right-sided laterality of these mPFC areas of
connectivity with the amygdalae may represent the limbic to
cortical (or vice versa) circuitry that enabled their reported
higher positive emotions during FB vs. count-backward
blocks (Supplemental Text IV online). However, to elicit
those memories and emotions, both depressed and control
youth engaged different amygdala to PFC circuits during the

FIGURE 3 | Right amygdala (Amy) to ipsilateral frontocortical connectivity and rumination change. High rumination change was significantly associated with high
right amygdala-PFC connectivity during the neurofeedback procedure (ESOM-NF task).
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FIGURE 4 | Amygdalae to right frontocortical areas connectivity and depression change. Depression change was positively correlated with right amygdala-
ipsilateral PFC connectivity (red and yellow) but negatively associated with left amygdala- right PFC connectivity (blue) during the neurofeedback procedure
(ESOM-NF task).

neurofeedback task. Specifically, depressed youth engaged
right amygdala to ipsilateral mPFC areas during recall of
positive autobiographical memories and neurofeedback
while control youth engaged left amygdala to contralateral
mPFC areas.

Compared to the left amygdala, which is more responsive
to conscious processing, explicit emotional responses, and
language-dependent processing, the right amygdala is believed
to be part of a system of automatic saliency processing
and implicit emotional responses (Markowitsch, 1998;
Morris et al., 1998; Funayama et al., 2001; Phelps, 2006).
The right amygdala is also thought to be responsible for
short duration responses, implicit mood regulation as well
a negative emotional salience, while the left amygdala is
possibly implicated in sustained responses, conscious mood
regulation and positive emotional salience (Lane and Nadel,
2000; Baas et al., 2004; Costafreda et al., 2007; Sergerie et al.,
2008; Dyck et al., 2011). In the context of these functional
models of amygdalae circuitry, depressed youth’s lower
engagement of left amygdala-right mPFC connectivity while
upregulating positive affect and self-processing suggests both
depression’s pathophysiology (i.e., depleted explicit regulatory
inputs and/or lower positive saliency) and compensatory

mechanisms for such deficits. Specifically, depressed youth
engaged ipsilateral right amygdala-mPFC circuits during
positive emotion and self-processing up-regulation demands
paired to the happy self-face. This suggests that during voluntary
positive affect and self-processing up-regulation, depressed
youth recruited circuitry associated with involuntary affect
regulation. This might explain why in the amygdala and
hippocampus activity time-series analyses we found some
indications of less efficient modulation in depressed vs.
control youth (Quevedo et al., 2019). Involuntary affect
regulation circuitry might be less engaged during voluntary
positive affect and self-processing up-regulation. Interestingly,
unlike the present results, hippocampi, but not amygdale
activity was up-regulated during FB vs. count-backward in
all youth (Quevedo et al., 2019) in the activity ROI analyses.
By contrast here amygdalae -not hippocampi- functional
circuitry responded to the neurofeedback condition and
was linked to symptoms’ change. A potential explanation
is that while amygdalae activity is equally engaged by
emotional self and other faces (leading to no significant
differences), its functional circuitry is significantly engaged
by voluntary affect and self-processing neuromodulation for
the neurofeedback vs. the control conditions which were both
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cued to smiling faces. Absent hippocampi results might be
due to the relatively larger size of those seeds, which might
have resulted in higher variability of mechanisms across
participants and less convergence on a common circuitry.
Alternatively, the hippocampi circuitry might not differ for the
contrasting conditions (autobiographical recall and counting
backward) given that both entailed working memory and
memory retrieval.

The areas of increased connectivity with the right and left
amygdalae in depressed and control youth respectively are
known to support a plethora of higher-order associative and
cognitive functions (Siddiqui et al., 2008), including cognitive
control and executive function (Ouerchefani et al., 2019), i.e., the
dorsolateral PFC (BA 46), self-referential processing (Meyer and
Lieberman, 2018), i.e., the superior and medial PFC, BA 10, and
emotion regulation (Rive et al., 2013; Eker et al., 2014; Falquez
et al., 2014), i.e., the middle and inferior PFC, BA 9). Pre-central
cortex involvement hints at the amygdala to motor coordination
during emotional autobiographical recall. In summary, increased
right or left amygdala connectivity to the inferior frontal gyrus
(two clusters encompassed by inferior portions BA 46 and BA 9)
during the FB vs. the count-backward condition, may represent
higher cortical coordination with the amygdalae during emotion
regulation, cognitive control, and self-processing in all youth
during neurofeedback.

Scientific results about depressed adolescent’s neural circuitry
of emotion regulation are equivocal. The extant research
suggests that they exhibit different patterns compared to
depressed adults’ reduced PFC-amygdala coupling during
emotion regulation (Ahmed et al., 2015). For example,
higher connectivity was reported for a ‘‘reduce’’ emotion
condition compared to control youth, while viewing negative
images. Similarly, while ‘‘reappraising’’ instances of social
rejection, depressed adolescents exhibited higher amygdala
and hippocampus connectivity with the right frontal pole
compared to controls (Ahmed et al., 2015). Methodological
differences, i.e., elicitation of varying emotion regulation
strategies and use of different stimuli, are present across
those and our study. Notably, prior research pertained to
the regulation of negative stimuli while our task entailed the
use of positive internally and externally generated stimuli.
However, like ‘‘reduce or reappraise negative stimuli’’ we elicited
an active strategy ‘‘increase positive’’ which also resulted in
higher corticolimbic coupling. Yet, prior adolescent emotion
regulation research has not reported hemispheric differences.
The only exception is our results of left vs. right amygdala
connectivity with PFC structures (ventral and dorsal anterior
cingulate cortex) during a self-vs. other face recognition task
which distinguished suicide attempting youth from all other
adolescents (Alarcón et al., 2019) including depressed youth
with intense suicide ideation but no history of attempts. This
article extends our prior research and suggests that active
emotion regulation strategies engage higher amygdala-PFC
circuits in all youth (Quevedo et al., 2019), but it might
do so via implicit vs. explicit processes (at least during
neurofeedback) in depressed vs. control youth. This study did
not focus on attempting depressed youth (N = 15). Yet, given

our findings of similar right amygdala-PFC connectivity in
depressed youth with and without attempts (Alarcón et al.,
2019), enhancing compensatory processes (borne by high right
amygdala-PFC coupling) via neurofeedback might be speculated
to be a mechanism to assuage both recurrent depression and/or
suicide attempts.

There are not enough studies with uniformity in measures
to definitively conclude the amygdala laterality for implicit vs.
explicit, nor local vs. global processing (Baas et al., 2004).
Alternative explanations for the group by amygdala hemisphere
interactions entail broader functionalities of the left vs. the right
hemisphere. For instance, the right hemisphere thought to be
biased towards negative thinking, pessimism, inward withdrawal,
and self-reflection while the left hemisphere is thought to be
biased towards positive emotion, and decision making (Hecht,
2010)–a.k.a. the valence hypothesis. At a neurochemical level, the
left hemisphere is associated with more dopamine demanding
processes (Hecht, 2010) and may subsequently reinforce
behavioral biases through similar lateralized neuropathways
(Aberg et al., 2016). Amygdala lateralization studies do show
significantly increased activation of the left amygdala during
emotion processing (Baas et al., 2004), particularly the left
amygdala is thought to modulate positive emotion (Lane and
Nadel, 2000; Costafreda et al., 2007; Dyck et al., 2011). This
alternative explanation would suggest that depressed youth may
have a less responsive left amygdala circuitry, as evidenced by
reduced connectivity of this amygdala hemisphere to cortical
brain structures during FB vs. counting backward, due to a
prevalence of negative vs. positive emotionality. Our results
suggest that a compensatory use of neurofeedback targeting the
amygdala ought to select the right amygdala or its connectivity
with the PFC as a target of neurofeedback: a circuitry that
depressed youth can engage and that is associated with
symptoms change.

Rumination or Depression Change and
Amygdala Circuitry
Correlations between FC estimates revealed that improvements
in rumination and depression after vs. before neurofeedback
training were associated with the right amygdala- right
PFC structures connectivity. Ipsilateral right amygdala-PFC
coupling was positively correlated with a reduction in both
rumination and depression (Tables 1, 3, Figures 3, 4) suggesting
that this might be a tentative mechanism for short-term
symptoms improvements. Depression scores measured via
the mood and feelings questionnaires (MFQ, Messer et al.,
1995) indicate illness severity but they also overlap with the
presence of maladaptive emotion regulation strategies typical
of depressive states (i.e., rumination). Rumination is both a
maladaptive emotion regulation strategy and a form of negative
self-processing (Nolen-Hoeksema et al., 2008; Nejad et al.,
2013). Our findings suggest that neurofeedback might alter
coordination between the ipsilateral amygdala and PFC in
ways that lead to short-term symptom reduction. Perhaps by
increasing positive self-processing and/or positive affect. By
contrast, reduced left amygdala to right PFC connectivity was
linked to reduced depression (though left-right PFC coupling
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was uncorrelated with rumination change) suggesting that
increasing the harmony between these two loci (i.e., coordinated
increases or decreases of activity in the left amygdala and
right PFC) might not be as effective to lessen short-term
symptoms among depressed youth, given that they were the
only ones who reported significant depression and rumination
reduction after scanning (Table 1). Given the likely role of
the left amygdala in sustained responses, language-driven, and
conscious mood regulation (Lane and Nadel, 2000; Baas et al.,
2004; Costafreda et al., 2007; Sergerie et al., 2008; Dyck et al.,
2011); and the role of the right PFC in emotional processing
(the right hemisphere hypothesis) as well as in the processing
of negative stimuli (the valence hypothesis; Wyczesany et al.,
2018; Gainotti, 2019); negative correlations between right
PFC-left amygdala coupling and depression improvement might
mean that less reliance on sustained/conscious processing
of emotional stimuli during memory recall is linked to
short-term depression reduction (something akin to savoring
recalled positive memories vs. language-driven positive memory
recall). Such speculations regarding mental states must cede
to caution, however, due to the small sample size and
alternative explanations. An overlapping interpretation (more
in line with the right hemisphere hypothesis) might be that
explicit mood regulation (left amygdala) or associative (right
PFC) emotional recall (borne by left amygdala-right PFC
circuits) are either inversely associated to short-term depression
reduction or not as strongly linked to both depression and
rumination reduction as the engagement of ipsilateral right
amygdala-PFC circuits which sustain all components of the
emotional system (Gianotti, 2019). Another interpretation might
be that reducing left amygdala-right PFC and increasing
ipsilateral right amygdala-PFC coupling both contribute to short
term depression and rumination improvement. However, while
the data might suggest engaging circuitry of implicit emotion
regulation (i.e., right amygdala-PFC circuits), the strategy
deployed (i.e., recalling positive memories) was an explicit one.
Though perhaps the right amygdala-PFC circuitry is engaged
to a greater extent in depressed vs. control youth as our results
show (Figure 2). It is also possible that short term symptoms
change can occur through a variety of mechanisms (correlated
with ours) that are not captured by the present analyses which
focused only on amygdala connectivity patterns. For higher
statistical rigor (i.e., larger sample size) we report associations
between right and left amygdala-PFC coupling and symptoms
change for the entire sample. However, the fact that -unlike
controls- depressed youth report significant symptoms change,
added to exploratory correlations between symptoms change
and connectivity within diagnostic groups (which showed that
circuits to symptoms change associations are significant just
for depressed youth), suggest that the results are driven by the
depressed youth’s circuits engaged during neurofeedback and
their short term symptoms change. The caveat that this may
represent a regression toward the mean among depressed and a
floor effect for the control youth still apply.

In summary, neurofeedbackmight reduce rumination, known
to be associated to onset and maintenance of depression
symptoms (Nolen-Hoeksema et al., 2008) and depression

symptoms themselves, via engagement of implicit emotion
regulation circuits or broad right-sided emotion processing
circuits, which are preferentially engaged in depressed youth
(Figure 2). Our results suggest the use of compensatory
mechanisms for emotion regulation and self-processing among
depressed adolescents (i.e., right amygdala and/or PFC circuitry)
in future neurofeedback clinical trials. However, to confirm
these findings, comparisons of right amygdala vs. left amygdala
neurofeedback and use of a placebo group are necessary, as well
as longitudinal follow-ups to confirm the enduring or temporary
effects of neurofeedback.

LIMITATIONS AND FUTURE DIRECTIONS

There are limitations to consider. PPI analyses have alternative
explanations. First, possibly the task condition of neurofeedback
modulated the contribution of the amygdalae seeds to PFC
areas. However, it is equally possible that the contribution
of the amygdalae modulated the PFC regions FC during the
neurofeedback vs. the control condition (Friston et al., 1997).
Second, due to lack of a placebo condition, it is difficult to
discern whether rumination and depression changes represent
a regression toward the mean, particularly among depressed
youth, or an effect of neurofeedback training. For example,
short-term symptoms improvement might be due to the placebo
effects of being inside the scanner. Plus, self-reported short-term
symptoms’ changes could be due to thinking about positive
memories alone, and not to neurofeedback training. Therefore,
future studies with a placebo group or condition are needed.
Also, this is a cross-sectional study with only short-term effects
measured. Future studies ought to include longitudinal studies
of adolescents with depression and discern any correlations
of symptom reduction or brain activity with reduced lifetime
occurrences of depression. There are additional considerations
and limitations regarding the mechanisms of symptoms change.
In our study, bilateral amygdala and hippocampus activity
levels were not significantly associated with symptoms change,
instead, the amygdala to PFC connectivity levels during the
neurofeedback task appear to be linked to symptoms change.
This suggests that FC-based neurofeedback (e.g., actually trying
to increase right amygdala-PFC connectivity via neurofeedback)
may be a more effective and powerful way to exert changes
in self-reported symptoms. Given the intrinsic interconnected
nature of the human brain, it remains an empirical question
whether targeting FC between loci vs. targeting one locus of that
same circuit leads to similar, worst, or better outcomes in terms
of subject’s ability to control their brain, effect sizes in symptoms
change, neural target’s engagement and their relationship. Future
research ought to examine these questions which would yield
both rich pieces of knowledge about the human brain and
departure points for future clinical trials.

CONCLUSION

This study is important to the field of clinical neuroscience
because it builds empirical knowledge about the adolescent brain
during depression and neurofeedback, a potential treatment
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for treatment-resistant depression and suicide risks. We
demonstrated that both depressed and healthy adolescents
were able to recruit the amygdala and PFC structures during
FB vs. count backward in a neurofeedback procedure. This
suggests that executive control of emotional decision-making
was prevalent, perhaps entailing both conscious and unconscious
modulation of emotional experiences during the recall of
positive memories. Increased right amygdala-PFC structures
connectivity in depressed youth suggests implicit emotion
regulation strategies that lead to symptoms’ improvements,
while increased left amygdala-PFC structures connectivity in
healthy youth suggest explicit emotion regulation. Our results
recommend a compensatory use of neurofeedback and the
right amygdala and its FC to the mPFC as important loci
and cascading neural targets for future neuromodulation in
depressed adolescents. Potential strategies include contrasting
online single ROI (e.g., right amygdala) to connectivity (e.g., right
amygdala to mPFC) neurofeedback as competing targets to test
engagement and therapeutic effectiveness. Alternatively, future
work could compare cortical ‘‘top’’ (e.g., ventral or dorsal ACC)
vs. limbic ‘‘down’’ (e.g., amygdala) single ROI’s activity, or their
top vs. down connectivity. The novelty of neurofeedback as a
potential therapeutic tool opens manifold avenues of inquiry
including basic research in non-diseased populations which is
sorely missing to fully explain how this procedure changes brain
function and behavior.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved byUniversity ofMinnesota, Institutional Review Board
(IRB). Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

KQ lead the writing and data analyses in close collaboration
with JT, ME, RW, C-SG and BZ. DP aided in scripting and
coding of preprocessing analyses. KC wrote the introduction and
contributed to the synthesis of all manuscript parts.

FUNDING

Funding awarded to KQ from the National Institute of
Mental Health (NIMH; MH092601), Brain & Behavior Research
Foundation (NARSAD Young Investigator Award), and the
University of Minnesota Clinical and Translational Science
Institute funded and supported data collection, analysis and
manuscript preparation. Funding sources were not involved in
the design of this study, collection, analysis and interpretation of
data or manuscript preparation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.
2020.00110/full#supplementary-material.

REFERENCES

Aberg, K. C., Doell, K. C., and Schwartz, S. (2016). The left hemisphere
learns what is right: hemispatial reward learning depends on reinforcement
learning processes in the contralateral hemisphere. Neuropsychologia 89, 1–13.
doi: 10.1016/j.neuropsychologia.2016.05.023

Ahmed, S. P., Bittencourt-Hewitt, A., and Sebastian, C. L. (2015). Neurocognitive
bases of emotion regulation development in adolescence. Dev. Cogn. Neurosci.
15, 11–25. doi: 10.1016/j.dcn.2015.07.006

Alarcón, G., Teoh, J. Y., Sauder, M., Forbes, E. E., and Quevedo, K. (2019).
Amygdala functional connectivity during self-face processing in depressed
adolescents with recent suicide attempt. J. Am. Acad. Child Adolesc. Psychiatry
58, 221–231. doi: 10.1016/j.jaac.2018.06.036

Alegria, A. A., Wulff, M., Brinson, H., Barker, G. J., Norman, L. J.,
Brandeis, D., et al. (2017). Real-time fMRI neurofeedback in adolescents with
attention deficit hyperactivity disorder. Hum. Brain Mapp. 38, 3190–3209.
doi: 10.1002/hbm.23584

Angold, A., Costello, E. J., Messer, S. C., Pickles, A., Winder, F., and Silver, D.
(1995). The development of a short questionnaire for use in epidemiological
studies of depression in children and adolescents. Int. J. Methods Psychiatr. Res.
5, 237–249.

Arruda-Carvalho, M., Wu, W. C., Cummings, K. A., and Clem, R. L.
(2017). Optogenetic examination of prefrontal-amygdala synaptic
development. J. Neurosci. 37, 2976–2985. doi: 10.1523/jneurosci.3097-
16.2017

Baas, D., Aleman, A., and Kahn, R. S. (2004). Lateralization of amygdala activation:
a systematic review of functional neuroimaging studies. Brain Res. Rev. 45,
96–103. doi: 10.1016/j.brainresrev.2004.02.004

Belzung, C., Willner, P., and Philippot, P. (2015). Depression: from
psychopathology to pathophysiology. Curr. Opin. Neurobiol. 30, 24–30.
doi: 10.1016/j.conb.2014.08.013

Benson, B. E., Willis, M. W., Ketter, T. A., Speer, A., Kimbrell, T. A.,
Herscovitch, P., et al. (2014). Differential abnormalities of functional
connectivity of the amygdala and hippocampus in unipolar and bipolar
affective disorders. J. Affect. Disord. 168, 243–253. doi: 10.1016/j.jad.2014.
05.045

Cha, C. B., Franz, P. J., Guzmán, E. M., Glenn, C. R., Kleiman, E. M.,
and Nock, M. K. (2018). Annual research review: suicide
among youth-epidemiology, (potential) etiology and treatment.
J. Child Psychol. Psychiatry 59, 460–482. doi: 10.1111/
jcpp.12831

Chen, H., Mechanic, D., and Hansell, S. (1998). A longitudinal study of
self-awareness and depressed mood in adolescence. J. Youth Adolesc. 27,
719–734. doi: 10.1023/a:1022809815567

Cohen Kadosh, K., Luo, Q., de Burca, C., Sokunbi, M. O., Feng, J.,
Linden, D. E. J., et al. (2016). Using real-time fMRI to influence
effective connectivity in the developing emotion regulation
network. NeuroImage 125, 616–626. doi: 10.1016/j.neuroimage.2015.
09.070

Costafreda, S. G., Brammer, M. J., Vencio, R. Z., Mourao, M. L., Portela, L. A.,
de Castro, C. C., et al. (2007). Multisite fMRI reproducibility of a motor
task using identical MR systems. J. Magn. Reson. Imaging 26, 1122–1126.
doi: 10.1002/jmri.21118

Cox, R. W. (1996). AFNI: software for analysis and visualization of functional
magnetic resonance neuroimages. Comput. Biomed. Res. 29, 162–173.
doi: 10.1006/cbmr.1996.0014

Frontiers in Behavioral Neuroscience | www.frontiersin.org 13 July 2020 | Volume 14 | Article 110

https://www.frontiersin.org/articles/10.3389/fnbeh.2020.00110/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2020.00110/full#supplementary-material
https://doi.org/10.1016/j.neuropsychologia.2016.05.023
https://doi.org/10.1016/j.dcn.2015.07.006
https://doi.org/10.1016/j.jaac.2018.06.036
https://doi.org/10.1002/hbm.23584
https://doi.org/10.1523/jneurosci.3097-16.2017
https://doi.org/10.1523/jneurosci.3097-16.2017
https://doi.org/10.1016/j.brainresrev.2004.02.004
https://doi.org/10.1016/j.conb.2014.08.013
https://doi.org/10.1016/j.jad.2014.05.045
https://doi.org/10.1016/j.jad.2014.05.045
https://doi.org/10.1111/jcpp.12831
https://doi.org/10.1111/jcpp.12831
https://doi.org/10.1023/a:1022809815567
https://doi.org/10.1016/j.neuroimage.2015.09.070
https://doi.org/10.1016/j.neuroimage.2015.09.070
https://doi.org/10.1002/jmri.21118
https://doi.org/10.1006/cbmr.1996.0014
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Quevedo et al. Neurofeedback and Amygdala Circuitry in Depressed Youth

Dere, E., Pause, B. M., and Pietrowsky, R. (2010). Emotion and episodic memory
in neuropsychiatric disorders. Behav. Brain Res. 215, 162–171. doi: 10.1016/j.
bbr.2010.03.017

De Silva, S., Parker, A., Purcell, R., Callahan, P., Liu, P., and Hetrick, S. (2013).
Mapping the evidence of prevention and intervention studies for suicidal and
self-harming behaviors in young people. Crisis 34, 223–232. doi: 10.1027/0227-
5910/a000190

de Voogd, L. D., Klumpers, F., Fernandez, G., and Hermans, E. J.
(2017). Intrinsic functional connectivity between amygdala and
hippocampus during rest predicts enhanced memory under stress.
Psychoneuroendocrinology 75, 192–202. doi: 10.1016/j.psyneuen.2016.
11.002

Doré, B. P., Rodrik, O., Boccagno, C., Hubbard, A., Weber, J., Stanley, B.,
et al. (2018). Negative autobiographical memory in depression reflects
elevated amygdala-hippocampal reactivity and hippocampally associated
emotion regulation. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3, 358–366.
doi: 10.1016/j.bpsc.2018.01.002

Dyck, M., Loughead, J., Kellermann, T., Boers, F., Gur, R. C., and Mathiak, K.
(2011). Cognitive versus automatic mechanisms of mood induction
differentially activate left and right amygdala. NeuroImage 54, 2503–2513.
doi: 10.1016/j.neuroimage.2010.10.013

Eker, C., Simsek, F., Yilmazer, E. E., Kitis, O., Cinar, C., Eker, O. D.,
et al. (2014). Brain regions associated with risk and resistance for bipolar
I disorder: a voxel-based MRI study of patients with bipolar disorder
and their healthy siblings. Bipolar Disord. 16, 249–261. doi: 10.1111/bdi.
12181

Falquez, R., Couto, B., Ibanez, A., Freitag, M. T., Berger, M., Arens, E. A., et al.
(2014). Detaching from the negative by reappraisal: the role of right superior
frontal gyrus (BA9/32). Front. Behav. Neurosci. 8:165. doi: 10.3389/fnbeh.2014.
00165

Friston, K. J., Buechel, C., Fink, G. R., Morris, J., Rolls, E., and Dolan, R. J.
(1997). Psychophysiological and modulatory interactions in neuroimaging.
NeuroImage 6, 218–229. doi: 10.1006/nimg.1997.0291

Funayama, E. S., Grillon, C., Davis, M., and Phelps, E. A. (2001). A
double dissociation in the affective modulation of startle in humans:
effects of unilateral temporal lobectomy. J. Cogn. Neurosci. 13, 721–729.
doi: 10.1162/08989290152541395

Gainotti, G. (2019). Emotions and the right hemisphere: can new data
clarify old models? Neuroscientist 25, 258–270. doi: 10.1177/10738584187
85342

Gee, D. G., Humphreys, K. L., Flannery, J., Goff, B., Telzer, E. H.,
Shapiro, M., et al. (2013). A developmental shift from positive to negative
connectivity in human amygdala-prefrontal circuitry. J. Neurosci. 33,
4584–4593. doi: 10.1523/jneurosci.3446-12.2013

Gianotti, G. (2019). A historical review of investigations on laterality of emotions
in the human brain. J. Hist. Neurosci. 28, 23–41. doi: 10.1080/0964704x.2018.
1524683

Goldstein, T. R., Ha, W., Axelson, D. A., Goldstein, B. I., Liao, F.,
Gill, M. K., et al. (2012). Predictors of prospectively examined suicide attempts
among youth with bipolar disorder. Arch. Gen. Psychiatry 69, 1113–1122.
doi: 10.1001/archgenpsychiatry.2012.650

Greenberg, P., Corey-Lisle, P. K., Birnbaum, H., Marynchenko, M., and
Claxton, A. (2004). Economic implications of treatment-resistant depression
among employees. Pharmacoeconomics 22, 363–373. doi: 10.2165/00019053-
200422060-00003

Hare, T. A., Tottenham, N., Galvan, A., Voss, H. U., Glover, G. H., and
Casey, B. J. (2008). Biological substrates of emotional reactivity and regulation
in adolescence during an emotional go-nogo task. Biol. Psychiatry 63, 927–934.
doi: 10.1016/j.biopsych.2008.03.015

Hastings, R. S., Parsey, R. V., Oquendo, M. A., Arango, V., and Mann, J. J. (2004).
Volumetric analysis of the prefrontal cortex, amygdala and hippocampus in
major depression. Neuropsychopharmacology 29, 952–959. doi: 10.1038/sj.npp.
1300371

Hecht, D. (2010). Depression and the hyperactive right-hemisphere.Neurosci. Res.
68, 77–87. doi: 10.1016/j.neures.2010.06.013

Hetrick, S. E., Cox, G. R., Witt, K. G., Bir, J. J., and Merry, S. N. (2016). Cognitive
behavioural therapy (CBT), third-wave CBT and interpersonal therapy (IPT)
based interventions for preventing depression in children and adolescents.

Cochrane Database Syst. Rev. 8:CD003380. doi: 10.1002/14651858.cd003
380.pub4

Hinds, O., Ghosh, S., Thompson, T. W., Yoo, J. J., Whitfield-Gabrieli, S.,
Triantafyllou, C., et al. (2011). Computing moment-to-moment BOLD
activation for real-time neurofeedback. NeuroImage 54, 361–368.
doi: 10.1016/j.neuroimage.2010.07.060

Johnston, S. J., Boehm, S. G., Healy, D., Goebel, R., and Linden, D. E. (2010).
Neurofeedback: a promising tool for the self-regulation of emotion networks.
NeuroImage 49, 1066–1072. doi: 10.1016/j.neuroimage.2009.07.056

Jonsson, U., Bohman, H., von Knorring, L., Olsson, G., Paaren, A., and von
Knorring, A. L. (2011). Mental health outcome of long-term and episodic
adolescent depression: 15-year follow-up of a community sample. J. Affect.
Disord. 130, 395–404. doi: 10.1016/j.jad.2010.10.046

Kaufman, J., Birmaher, B., Brent, D., Rao, U., Flynn, C., Moreci, P., et al.
(1997). Schedule for affective disorders and schizophrenia for school-aged
children - present and lifetime (K-SADS-PL): initial reliability and validity data.
J. Am. Acad. Child Adolesc. Psychiatry 36, 980–988. doi: 10.1097/00004583-
199707000-00021

Köhler, C. A., Carvalho, A. F., Alves, G. S., McIntyre, R. S., Hyphantis, T. N.,
and Cammarota, M. (2015). Autobiographical memory disturbances
in depression: a novel therapeutic target? Neural Plast. 2015:759139.
doi: 10.1155/2015/759139

Lane, R. D., and Nadel, L. (Eds). (2000). Series in Affective Science. Cognitive
Neuroscience of Emotion. New York, NY: Oxford University Press.

Linhartová, P., Latalova, A., Kosa, B., Kasparek, T., Schmahl, C., and Paret, C.
(2019). fMRI neurofeedback in emotion regulation: a literature review.
NeuroImage 193, 75–92. doi: 10.1016/j.neuroimage.2019.03.011

Maalouf, F. T., and Brent, D. A. (2012). Child and adolescent depression
intervention overview: what works, for whom and how well? Child Adolesc.
Psychiatr. Clin. N. Am. 21, 299–312. doi: 10.1016/j.chc.2012.01.001

Maldjian, J. A., Laurienti, P. J., Kraft, R. A., and Burdette, J. H. (2003).
An automated method for neuroanatomic and cytoarchitectonic atlas-
based interrogation of fMRI data sets. NeuroImage 19, 1233–1239.
doi: 10.1016/s1053-8119(03)00169-1

Markowitsch, H. J. (1998). Differential contribution of right and left
amygdala to affective information processing. Behav. Neurol. 11, 233–244.
doi: 10.1155/1999/180434

Marzbani, H., Marateb, H. R., and Mansourian, M. (2016). Neurofeedback:
a comprehensive review on system design, methodology and clinical
applications. Basic Clin. Neurosci. 7, 143–158. doi: 10.15412/j.bcn.03070208

Messer, S. C., Angold, A., Costello, E. J., Loeber, R., Van Kammen, W., and
Stouthamer-Loeber, M. (1995). Development of a short questionnaire for use
in epidemiological studies of depression in children and adolescents: factor
composition and structure across development. Int. J. Methods Psychiatr. Res.
5, 251–262.

Meyer, M. L., and Lieberman, M. D. (2018). Why people are always thinking about
themselves: medial prefrontal cortex activity during rest primes self-referential
processing. J. Cogn. Neurosci. 30, 714–721. doi: 10.1162/jocn_a_01232

Morris, J. S., Ohman, A., and Dolan, R. J. (1998). Conscious and unconscious
emotional learning in the human amygdala. Nature 393, 467–470.
doi: 10.1038/30976

Murphy, S. L., Xu, J. Q., and Kochanek, K. D. (2010). Deaths: final data for 2010.
Natl. Vital Stat. Rep. 61, 1–117.

Murphy, S. L., Xu, J., Kochanek, K. D., and Arias, E. (2018). Mortality in the
United States, 2017. NCHS Data Brief 328, 1–8.

Nawa, N. E., and Ando, H. (2019). Effective connectivity within the
ventromedial prefrontal cortex-hippocampus-amygdala network during the
elaboration of emotional autobiographical memories.NeuroImage 18, 316–328.
doi: 10.1016/j.neuroimage.2019.01.042

Nejad, A. B., Fossati, P., and Lemogne, C. (2013). Self-referential processing,
rumination and cortical midline structures in major depression. Front. Hum.
Neurosci. 7:666. doi: 10.3389/fnhum.2013.00666

Nicholson, A. A., Rabellino, D., Densmore, M., Frewen, P. A., Paret, C.,
Kluetsch, R., et al. (2017). The neurobiology of emotion regulation in
posttraumatic stress disorder: amygdala downregulation via real-time fMRI
neurofeedback. Hum. Brain Mapp. 38, 541–560. doi: 10.1002/hbm.23402

Nicholson, A. A., Rabellino, D., Densmore, M., Frewen, P. A., Paret, C.,
Kluetsch, R., et al. (2018). Intrinsic connectivity network dynamics in PTSD

Frontiers in Behavioral Neuroscience | www.frontiersin.org 14 July 2020 | Volume 14 | Article 110

https://doi.org/10.1016/j.bbr.2010.03.017
https://doi.org/10.1016/j.bbr.2010.03.017
https://doi.org/10.1027/0227-5910/a000190
https://doi.org/10.1027/0227-5910/a000190
https://doi.org/10.1016/j.psyneuen.2016.11.002
https://doi.org/10.1016/j.psyneuen.2016.11.002
https://doi.org/10.1016/j.bpsc.2018.01.002
https://doi.org/10.1016/j.neuroimage.2010.10.013
https://doi.org/10.1111/bdi.12181
https://doi.org/10.1111/bdi.12181
https://doi.org/10.3389/fnbeh.2014.00165
https://doi.org/10.3389/fnbeh.2014.00165
https://doi.org/10.1006/nimg.1997.0291
https://doi.org/10.1162/08989290152541395
https://doi.org/10.1177/1073858418785342
https://doi.org/10.1177/1073858418785342
https://doi.org/10.1523/jneurosci.3446-12.2013
https://doi.org/10.1080/0964704x.2018.1524683
https://doi.org/10.1080/0964704x.2018.1524683
https://doi.org/10.1001/archgenpsychiatry.2012.650
https://doi.org/10.2165/00019053-200422060-00003
https://doi.org/10.2165/00019053-200422060-00003
https://doi.org/10.1016/j.biopsych.2008.03.015
https://doi.org/10.1038/sj.npp.1300371
https://doi.org/10.1038/sj.npp.1300371
https://doi.org/10.1016/j.neures.2010.06.013
https://doi.org/10.1002/14651858.cd003380.pub4
https://doi.org/10.1002/14651858.cd003380.pub4
https://doi.org/10.1016/j.neuroimage.2010.07.060
https://doi.org/10.1016/j.neuroimage.2009.07.056
https://doi.org/10.1016/j.jad.2010.10.046
https://doi.org/10.1097/00004583-199707000-00021
https://doi.org/10.1097/00004583-199707000-00021
https://doi.org/10.1155/2015/759139
https://doi.org/10.1016/j.neuroimage.2019.03.011
https://doi.org/10.1016/j.chc.2012.01.001
https://doi.org/10.1016/s1053-8119(03)00169-1
https://doi.org/10.1155/1999/180434
https://doi.org/10.15412/j.bcn.03070208
https://doi.org/10.1162/jocn_a_01232
https://doi.org/10.1038/30976
https://doi.org/10.1016/j.neuroimage.2019.01.042
https://doi.org/10.3389/fnhum.2013.00666
https://doi.org/10.1002/hbm.23402
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Quevedo et al. Neurofeedback and Amygdala Circuitry in Depressed Youth

during amygdala downregulation using real-time fMRI neurofeedback: a
preliminary analysis. Hum. Brain Mapp. 39, 4258–4275. doi: 10.1002/hbm.
24244

Nolen-Hoeksema, S., Wisco, B. E., and Lyubomirsky, S. (2008). Rethinking
rumination. Perspect. Psychol. Sci. 3, 400–424. doi: 10.1111/j.1745-6924.2008.
00088.x

O’Connor, E., Gaynes, B., Burda, B. U., Williams, C., and Whitlock, E. P. (2013).
Screening for Suicide Risk in Primary Care: A Systematic Evidence Review for
the U.S. Preventive Services Task Force. Rockville, MD: Agency for Healthcare
Research and Quality (US).

Ouerchefani, R., Ouerchefani, N., Allain, P., Ben Rejeb, M. R., and Le Gall, D.
(2019). Relationships between executive function, working memory and
decision-making on the iowa gambling task: evidence from ventromedial
patients, dorsolateral patients and normal subjects. J. Neuropsychol. 13,
432–461. doi: 10.1111/jnp.12156

Paret, C., Goldway, N., Zich, C., Keynan, J. N., Hendler, T., Linden, D., et al.
(2019). Current progress in real-time functional magnetic resonance-based
neurofeedback: methodological challenges and achievements. NeuroImage
202:116107. doi: 10.1016/j.neuroimage.2019.116107

Paret, C., Kluetsch, R., Zaehringer, J., Ruf, M., Demirakca, T., Bohus, M., et al.
(2016). Alterations of amygdala-prefrontal connectivity with real-time fMRI
neurofeedback in BPD patients. Soc. Cogn. Affect. Neurosci. 11, 952–960.
doi: 10.1093/scan/nsw016

Peirce, J. W. (2007). PsychoPy—Psychophysics software in Python. J. Neurosci.
Methods 162, 8–13. doi: 10.1016/j.jneumeth.2006.11.017

Pezawas, L., Wittchen, H. U., Pfister, H., Angst, J., Lieb, R., and Kasper, S.
(2003). Recurrent brief depressive disorder reinvestigated: a community
sample of adolescents and young adults. Psychol. Med. 33, 407–418.
doi: 10.1017/s0033291702006967

Phelps, E. A. (2006). Emotion and cognition: insights from studies of the human
amygdala. Annu. Rev. Psychol. 57, 27–53. doi: 10.1146/annurev.psych.56.
091103.070234

Phillips, M. L., Ladouceur, C. D., and Drevets, W. C. (2008). A neural
model of voluntary and automatic emotion regulation: implications for
understanding the pathophysiology and neurodevelopment of bipolar disorder.
Mol. Psychiatry 13, 829, 833–857. doi: 10.1038/mp.2008.65

Poznanski, E. O., Cook, S. C., and Carroll, B. J. (1979). A depression rating scale
for children. Pediatrics 64, 442–450.

Quevedo, K., Harms, M., Sauder, M., Scott, H., Mohamed, S., Thomas, K. M., et al.
(2018). The neurobiology of self face recognition among depressed adolescents.
J. Affect. Disord. 229, 22–31. doi: 10.1016/j.jad.2017.12.023

Quevedo, K., Liu, G., Teoh, J. Y., Ghosh, S., Zeffiro, T., Ahrweiler, N., et al. (2019).
Neurofeedback and neuroplasticity of visual self-processing in depressed and
healthy adolescents: a preliminary study. Dev. Cogn. Neurosci. 40:100707.
doi: 10.1016/j.dcn.2019.100707

Quevedo, K., Ng, R., Scott, H., Martin, J., Smyda, G., Keener, M., et al. (2016). The
neurobiology of self-face recognition in depressed adolescents with low or high
suicidality. J. Abnorm. Psychol. 125, 1185–1200. doi: 10.1037/abn0000200

Rive, M. M., van Rooijen, G., Veltman, D. J., Phillips, M. L., Schene, A. H., and
Ruhe, H. G. (2013). Neural correlates of dysfunctional emotion regulation
in major depressive disorder. A systematic review of neuroimaging studies.
Neurosci. Biobehav. Rev. 37, 2529–2553. doi: 10.1016/j.neubiorev.2013.07.018

Rubia, K., Criaud, M., Wulff, M., Alegria, A., Brinson, H., Barker, G., et al. (2019).
Functional connectivity changes associated with fMRI neurofeedback of right
inferior frontal cortex in adolescents with ADHD. NeuroImage 188, 43–58.
doi: 10.1016/j.neuroimage.2018.11.055

Rush, A. J., Trivedi, M. H., Wisniewski, S. R., Nierenberg, A. A., Stewart, J. W., and
Warden, D. (2008). Acute and longer-term outcomes in depressed outpatients
requiring one or several treatment steps: a STAR*D report. Focus 6, 128–142.
doi: 10.1176/foc.6.1.foc128

Sabatinelli, D., Fortune, E. E., Li, Q., Siddiqui, A., Krafft, C., Oliver, W. T.,
et al. (2011). Emotional perception: meta-analyses of face and natural scene
processing.NeuroImage 54, 2524–2533. doi: 10.1016/j.neuroimage.2010.10.011

Schwartz-Lifshitz, M., Zalsman, G., Giner, L., and Oquendo, M. A. (2012). Can we
really prevent suicide? Curr. Psychiatry Rep. 14, 624–633. doi: 10.1007/s11920-
012-0318-3

Sergerie, K., Chochol, C., and Armony, J. L. (2008). The role of the amygdala in
emotional processing: a quantitative meta-analysis of functional neuroimaging

studies. Neurosci. Biobehav. Rev. 32, 811–830. doi: 10.1016/j.neubiorev.2007.
12.002

Siddiqui, S. V., Chatterjee, U., Kumar, D., Siddiqui, A., and Goyal, N. (2008).
Neuropsychology of prefrontal cortex. Indian J. Psychiatry 50, 202–208.
doi: 10.4103/0019-5545.43634

Sorger, B., Scharnowski, F., Linden, D. E. J., Hampson, M., and Young, K. D.
(2019). Control freaks: towards optimal selection of control conditions
for fMRI neurofeedback studies. NeuroImage 186, 256–265. doi: 10.1016/j.
neuroimage.2018.11.004

Sung, S. C., Wisniewski, S. R., Balasubramani, G. K., Zisook, S., Kurian, B.,
Warden, D., et al. (2013). Does early-onset chronic or recurrent major
depression impact outcomes with antidepressant medications? A CO-MED
trial report. Psychol. Med. 43, 945–960. doi: 10.1017/s00332917120
01742

Tahmasian, M., Knight, D. C., Manoliu, A., Schwerthoffer, D., Scherr, M.,
Meng, C., et al. (2013). Aberrant intrinsic connectivity of hippocampus and
amygdala overlap in the fronto-insular and dorsomedial-prefrontal cortex in
major depressive disorder. Front. Hum. Neurosci. 7:639. doi: 10.3389/fnhum.
2013.00639

Thesen, S., Heid, O., Mueller, E., and Schad, L. R. (2000). Prospective acquisition
correction for head motion with image-based tracking for real-time fMRI.
Magn. Reson.Med. 44, 457–465. doi: 10.1002/1522-2594(200009)44:3<457::aid-
mrm17>3.0.co;2-r

Treynor, W., Gonzalez, R., and Nolen-Hoeksema, S. (2003). Rumination
reconsidered: a psychometric analysis. Cogn. Ther. Res. 27, 247–259.
doi: 10.1023/A:1023910315561

Wang, P. S., Simon, G., and Kessler, R. C. (2003). The economic burden of
depression and the cost-effectiveness of treatment. Int. J. Methods Psychiatr.
Res. 12, 22–33. doi: 10.1002/mpr.139

Weisz, J. R., Kuppens, S., Ng, M. Y., Eckshtain, D., Ugueto, A. M., Vaughn-
Coaxum, R., et al. (2017). What five decades of research tells us about
the effects of youth psychological therapy: a multilevel meta-analysis and
implications for science and practice. Am. Psychol. 72, 79–117. doi: 10.1037/
a0040360

Weschsler, D. (1999).Wechsler Abbreviated Scale of Intelligence. The Psychological
Corporation. San Diego, CA: Harcourt Brace and Company.

Witte, T. K., Timmons, K. A., Fink, E., Smith, A. R., and Joiner, T. E. (2009). Do
major depressive disorder and dysthymic disorder confer differential risk for
suicide? J. Affect. Disord. 115, 69–78. doi: 10.1016/j.jad.2008.09.003

Woodward, T. S., Cairo, T. A., Ruff, C. C., Takane, Y., Hunter, M. A., and
Ngan, E. T. (2006). Functional connectivity reveals load dependent neural
systems underlying encoding and maintenance in verbal working memory.
Neuroscience 139, 317–325. doi: 10.1016/j.neuroscience.2005.05.043

Wyczesany, M., Capotosto, P., Zappasodi, F., and Prete, G. (2018). Hemispheric
asymmetries and emotions: evidence from effective connectivity.
Neuropsychologia 121, 98–105. doi: 10.1016/j.neuropsychologia.2018.
10.007

Young, K. D., Misaki, M., Harmer, C. J., Victor, T., Zotev, V., Phillips, R.,
et al. (2017a). Real-time functional magnetic resonance imaging amygdala
neurofeedback changes positive information processing in major depressive
disorder. Biol. Psychiatry 82, 578–586. doi: 10.1016/j.biopsych.2017.03.013

Young, K. D., Siegle, G. J., Zotev, V., Phillips, R., Misaki, M., Yuan, H., et al.
(2017b). Randomized clinical trial of real-time fMRI amygdala neurofeedback
for major depressive disorder: effects on symptoms and autobiographical
memory recall. Am. J. Psychiatry 174, 748–755. doi: 10.1176/appi.ajp.2017.
16060637

Young, K. D., Siegle, G. J., Misaki, M., Zotev, V., Phillips, R., Drevets, W. C., et al.
(2018). Altered task-based and resting-state amygdala functional connectivity
following real-time fMRI amygdala neurofeedback training in major
depressive disorder. Neuroimage Clin. 17, 691–703. doi: 10.1016/j.nicl.2017.
12.004

Young, K. D., Zotev, V., Phillips, R., Misaki, M., Yuan, H., Drevets, W. C., et al.
(2014). Real-time fMRI neurofeedback training of amygdala activity in patients
with major depressive disorder. PLoS One 9:e88785. doi: 10.1371/journal.pone.
0088785

Yuan, H., Young, K. D., Phillips, R., Zotev, V., Misaki, M., and Bodurka, J.
(2014). Resting-state functional connectivity modulation and sustained
changes after real-time functional magnetic resonance imaging neurofeedback

Frontiers in Behavioral Neuroscience | www.frontiersin.org 15 July 2020 | Volume 14 | Article 110

https://doi.org/10.1002/hbm.24244
https://doi.org/10.1002/hbm.24244
https://doi.org/10.1111/j.1745-6924.2008.00088.x
https://doi.org/10.1111/j.1745-6924.2008.00088.x
https://doi.org/10.1111/jnp.12156
https://doi.org/10.1016/j.neuroimage.2019.116107
https://doi.org/10.1093/scan/nsw016
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://doi.org/10.1017/s0033291702006967
https://doi.org/10.1146/annurev.psych.56.091103.070234
https://doi.org/10.1146/annurev.psych.56.091103.070234
https://doi.org/10.1038/mp.2008.65
https://doi.org/10.1016/j.jad.2017.12.023
https://doi.org/10.1016/j.dcn.2019.100707
https://doi.org/10.1037/abn0000200
https://doi.org/10.1016/j.neubiorev.2013.07.018
https://doi.org/10.1016/j.neuroimage.2018.11.055
https://doi.org/10.1176/foc.6.1.foc128
https://doi.org/10.1016/j.neuroimage.2010.10.011
https://doi.org/10.1007/s11920-012-0318-3
https://doi.org/10.1007/s11920-012-0318-3
https://doi.org/10.1016/j.neubiorev.2007.12.002
https://doi.org/10.1016/j.neubiorev.2007.12.002
https://doi.org/10.4103/0019-5545.43634
https://doi.org/10.1016/j.neuroimage.2018.11.004
https://doi.org/10.1016/j.neuroimage.2018.11.004
https://doi.org/10.1017/s0033291712001742
https://doi.org/10.1017/s0033291712001742
https://doi.org/10.3389/fnhum.2013.00639
https://doi.org/10.3389/fnhum.2013.00639
https://doi.org/10.1002/1522-2594(200009)44:3<457::aid-mrm17>3.0.co;2-r
https://doi.org/10.1002/1522-2594(200009)44:3<457::aid-mrm17>3.0.co;2-r
https://doi.org/10.1023/A:1023910315561
https://doi.org/10.1002/mpr.139
https://doi.org/10.1037/a0040360
https://doi.org/10.1037/a0040360
https://doi.org/10.1016/j.jad.2008.09.003
https://doi.org/10.1016/j.neuroscience.2005.05.043
https://doi.org/10.1016/j.neuropsychologia.2018.10.007
https://doi.org/10.1016/j.neuropsychologia.2018.10.007
https://doi.org/10.1016/j.biopsych.2017.03.013
https://doi.org/10.1176/appi.ajp.2017.16060637
https://doi.org/10.1176/appi.ajp.2017.16060637
https://doi.org/10.1016/j.nicl.2017.12.004
https://doi.org/10.1016/j.nicl.2017.12.004
https://doi.org/10.1371/journal.pone.0088785
https://doi.org/10.1371/journal.pone.0088785
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Quevedo et al. Neurofeedback and Amygdala Circuitry in Depressed Youth

training in depression. Brain Connect. 4, 690–701. doi: 10.1089/brain.
2014.0262

Zheng, L. J., Yang, G. F., Zhang, X. Y., Wang, Y. F., Liu, Y., Zheng, G., et al.
(2017). Altered amygdala and hippocampus effective connectivity in mild
cognitive impairment patients with depression: a resting-state functional MR
imaging study with granger causality analysis. Oncotarget 8, 25021–25031.
doi: 10.18632/oncotarget.15335

Zotev, V., Phillips, R., Young, K. D., Drevets, W. C., and Bodurka, J. (2013).
Prefrontal control of the amygdala during real-time fMRI neurofeedback
training of emotion regulation. PLoS One 8:e79184. doi: 10.1371/journal.pone.
0079184

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Quevedo, Teoh, Engstrom, Wedan, Santana-Gonzalez, Zewde,
Porter and Cohen Kadosh. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 16 July 2020 | Volume 14 | Article 110

https://doi.org/10.1089/brain.2014.0262
https://doi.org/10.1089/brain.2014.0262
https://doi.org/10.18632/oncotarget.15335
https://doi.org/10.1371/journal.pone.0079184
https://doi.org/10.1371/journal.pone.0079184
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Amygdala Circuitry During Neurofeedback Training and Symptoms' Change in Adolescents With Varying Depression
	INTRODUCTION
	MATERIALS AND METHODS
	Neurofeedback Task
	Emotional Self-Other Morph Neurofeedback, ESOM-NF
	Magnetic Resonance Imaging (MRI) Data Acquisition and Processing
	Online Analyses
	Off-Line Data Analysis
	Region of Interest Seed Definitions
	Functional Connectivity (FC) Analyses


	RESULTS
	Group by Amygdala Hemisphere Interaction During Neurofeedback
	Symptom's Change and Amygdala Circuitry During Neurofeedback

	DISCUSSION
	Amygdala to Frontal Cortex Connectivity in Depressed vs. Healthy Adolescents During Neurofeedback
	Rumination or Depression Change and Amygdala Circuitry

	LIMITATIONS AND FUTURE DIRECTIONS
	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	SUPPLEMENTARY MATERIAL
	REFERENCES


