- % (@) Tvlor Franci
" evordsoan The World Journal of Biological Psychiatry
Biological,
PSychiatry

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iwbp20

Amygdala structure and function in paediatric
bipolar disorder and high-risk youth: A systematic
review of magnetic resonance imaging findings

Alessio Simonetti, Kirti Saxena, Alexia E. Koukopoulos, Delfina Janiri, Marijn
Lijffijt, Alan C. Swann, Georgios D. Kotzalidis & Gabriele Sani

To cite this article: Alessio Simonetti, Kirti Saxena, Alexia E. Koukopoulos, Delfina Janiri,
Marijn Lijffijt, Alan C. Swann, Georgios D. Kotzalidis & Gabriele Sani (2021): Amygdala
structure and function in paediatric bipolar disorder and high-risk youth: A systematic review
of magnetic resonance imaging findings, The World Journal of Biological Psychiatry, DOI:
10.1080/15622975.2021.1935317

To link to this article: https://doi.org/10.1080/15622975.2021.1935317

A . .
h View supplementary material &' ﬁ Published online: 24 Jun 2021.
N
CJ/ Submit your article to this journal & il Article views: 51
[ S
& View related articles &' (&) view Crossmark data &
CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallinformation?journalCode=iwbp20


https://www.tandfonline.com/action/journalInformation?journalCode=iwbp20
https://www.tandfonline.com/loi/iwbp20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15622975.2021.1935317
https://doi.org/10.1080/15622975.2021.1935317
https://www.tandfonline.com/doi/suppl/10.1080/15622975.2021.1935317
https://www.tandfonline.com/doi/suppl/10.1080/15622975.2021.1935317
https://www.tandfonline.com/action/authorSubmission?journalCode=iwbp20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iwbp20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15622975.2021.1935317
https://www.tandfonline.com/doi/mlt/10.1080/15622975.2021.1935317
http://crossmark.crossref.org/dialog/?doi=10.1080/15622975.2021.1935317&domain=pdf&date_stamp=2021-06-24
http://crossmark.crossref.org/dialog/?doi=10.1080/15622975.2021.1935317&domain=pdf&date_stamp=2021-06-24

THE WORLD JOURNAL OF BIOLOGICAL PSYCHIATRY
https://doi.org/10.1080/15622975.2021.1935317

Taylor &Francis
Taylor & Francis Group

‘ W) Check for updates‘

REVIEW ARTICLE

Amygdala structure and function in paediatric bipolar disorder and high-risk
youth: A systematic review of magnetic resonance imaging findings

Alessio Simonetti®®*, Kirti Saxena®“*, Alexia E. Koukopoulos“€, Delfina Janirif, Marijn Lijffijt*9,
Alan C. Swann?®9, Georgios D. Kotzalidis“" and Gabriele Sani®

aMenninger Department of Psychiatry and Behavioral Sciences, Baylor College of Medicine, Houston, TX, USA; PDepartment of
Psychiatry, Fondazione Policlinico Universitario “Agostino Gemelli” IRCCS, Rome, Italy; “Centro Lucio Bini, Rome, Italy; “Department of
Psychiatry, Texas Children’s Hospital, Houston, TX, USA; “Azienda Ospedaliera Universitaria Policlinico Umberto |, Sapienza School of
Medicine and Dentistry, Sapienza University of Rome, Rome, Italy; ‘Department of Neurology and Psychiatry, Sapienza University of
Rome, Rome, Italy; “Michael E. DeBakey VA Medical Center, Houston, TX, USA; hNESMO.S Department, Faculty of Medicine and
Psychology, Sant’Andrea University Hospital, Sapienza University of Rome, Rome, Italy; 'Institute of Psychiatry, Universita Cattolica del
Sacro Cuore, Roma, Italy

ABSTRACT
Objective: Converging evidence from structural and functional magnetic resonance imaging
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(MRI) studies points to amygdala alteration as crucial in the development of paediatric bipolar
disorder (pBP). The high number of recent studies prompted us to comprehensively evaluate
findings. We aimed to systematically review structural and functional MRI studies investigating
the amygdala in patients with pBP and in youth at high-risk (HR) for developing pBP.

Methods: We searched PubMed from any time to 25 September 2020 using: ‘amygdala AND
(MRI OR magnetic resonance imaging) AND bipolar AND (pediatr* OR child OR children OR
childhood OR adolescent OR adolescents OR adolescence OR young OR familial OR at-risk OR
sibling* OR offspring OR high risk)'. In this review, we adhered to the PRISMA statement.
Results: Amygdala hyperactivity to emotional stimuli is the most commonly reported finding in
youth with pBP and HR compared to healthy peers (HC), whereas findings from structural MRI
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studies are inconsistent.

Conclusions: Hyperactivation of the amygdala might be an endophenotype of pBP.

Introduction

Paediatric bipolar disorder (pBP) runs a chronic course
and has a worse outcome when it persists, compared
to adult onset BP; prepubertal and adolescent BP dif-
fer from adult onset BP in comorbidities (Janiri et al.
2021) and traumatic experiences (Aas et al. 2016). It is
characterised by a more severe illness course than
adult-onset bipolar disorder (BP), including episodes
with more mixed features and rapid cycling, compli-
cating treatment (Singh, Chang, et al. 2014).
Treatment for pBP is often delayed for many years
because of the lack of specificity of its prodromal fea-
tures (Hernandez et al. 2017) together with the partial
overlap of its symptoms with other childhood disor-
ders (Leverich et al. 2007). For these reasons, insights
into the neurobiology of pBP could be helpful to iden-
tify biomarkers that facilitate early diagnosis and more

effective  treatment (Leibenluft  and

Rich 2008).
Magnetic resonance imaging (MRI) studies have

planning

identified some of the neurobiological mechanisms of
pBP (Kondo et al. 2014), including dysfunctional neural
networks involved in mood modulation. These net-
works involve the prefrontal cortex (PFC), ventral stri-
atum, thalamus, and the limbic regions (Soares and
Mann 1997; Phillips et al. 2003; Strakowski et al. 2005).
The amygdala, a core component of the limbic system,
has a prominent role in emotion regulation (Usher
et al. 2010). Accordingly, it could serve as a possible
biomarker of pBD (Mwangi et al. 2014).

Findings from studies using structural (sMRI) and
functional (fMRI) MRI to examine the involvement of
the amygdala in prodromes, onset and progression of
pBP are mixed. One meta-analysis (Usher et al. 2010)
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reported a significantly smaller amygdala and amyg-
dala hyperactivity in response to emotional stimuli in
patients with pBP compared to healthy controls (HC).
Functional abnormalities in youth with pBP partially
overlap with those of adults with BP (Deveney et al.
2014) and healthy relatives of patients with BP, while
structural changes do not (Olsavsky et al. 2012;
Brotman et al. 2014; Singh, Kelley, et al. 2014; Singh,
et al. 2015). This suggests that abnormal amygdala
activation could be a biomarker for high risk for devel-
oping or progressing to pBD.

Thus, despite the number of studies published, the
actual role of the amygdala in the onset and progres-
sion of pBP still defies clarification. Although some
reviews have addressed the functional and structural
neurobiological differences between pBP and HR pop-
ulations (Pavuluri and Passarotti 2008; Usher et al.
2010; Fusar-Poli et al. 2012), none have focussed spe-
cifically on the amygdala.

Because of the importance of the amygdala in emo-
tion regulation and potential differences between pBP
and youth at high risk for developing BP (HR), we
review here structural and functional MRI studies that
investigated the amygdala in patients with pBP and in
HR children and adolescents.

Methods

PubMed was searched from any time to 25 September
2020 using the following terms: amygdal* AND (MRI
OR "magnetic resonance" OR MRI) AND bipolar AND
(paediatr*OR pediatr* OR child OR children OR child-
hood OR adolescen*OR young OR youth OR familial
OR at-risk OR sibling* OR offspring OR ‘high risk’). Two
researchers independently performed the search. The
following criteria were applied for papers to be
included in this review: (i) original research articles
(not reviews or meta-analyses, although we used their
reference lists to seek possible additional studies); (ii)
include individuals aged between 6 and 18years; (iii)
use the amygdala as a region of interest (ROI) or have
the specific aim to find differences in amygdala struc-
ture or function between the study subjects; (iv) use
fMRI or sMRI to assess amygdala structure and func-
tion; (v) include patients with a diagnosis of paediatric
bipolar disorder type 1 (pBPIl), paediatric bipolar dis-
order type 2 (pBPIl) or paediatric bipolar disorder not
otherwise specified (pBP-NOS), based on Structured
Clinical Interview for DSM-IV SCID or Kiddie Schedule
for Affective Disorders and Schizophrenia (K-SADS) or
other recognised clinical diagnostic criteria (e.g. diag-
nostic interview for genetic studies); (vi) include high-

risk (HR) youth defined as children or adolescents
between 6- and 18years old with at least one first
degree relative affected by BP, but who themselves do
not meet DSM-IV/5 criteria for pBPI or pBPIl. Exclusion
criteria were: (i) reviews and meta-analyses, (i)
unfocused studies, in which the aim is not consistent
with the scope of the review (e.g. studies that do not
consider the amygdala, studies that focussed on adult
samples, or used techniques other than sMRI or fMRI),
(iii) studies combining youth and adults, (iv) combin-
ing subjects with bipolar and non-bipolar diagnoses,
i.e. studies that did not provide separate data for sub-
jects with or without bipolar disorder, (v) editorials,
opinions, and comments, (vi) case reports and case
series with no reliable statistics, and (vii) animal, post-
mortem, or in vitro studies. Reference lists of the
selected articles were also checked for additional pub-
lications. Inclusion and exclusion of papers were based
on consensus discussions among authors; unanimity
was required for both and was achieved through
Delphi rounds. Two rounds were sufficient to reach
complete agreement for paper inclusion or exclusion.

In developing this systematic review, we adopted
the Preferred Reporting ftems for Systematic reviews
and Meta-Analyses (PRISMA) statement (Moher et al.
2009). The PRISMA checklist and flowchart as well as
detailed results of database searches are provided in
the Supplement. To assess Risk of Bias (RoB), i.e. the
risk of an overestimation or an underestimation of an
outcome or effect due to flaws in design, conduct,
analyses, and reporting, we followed the Cochrane
RoB method as described in the Cochrane Handbook
(Higgins et al. 2020). We used RoB 2: A revised
Cochrane risk-of-bias tool for randomised trials to
assess longitudinal studies (Sterne et al. 2019). We reg-
istered our review on PROSPERO, ID 183907. Overall
judgments and comments for each rated study are
provided in the Supplement.

Results

The search produced 246 records on 25 September
2020, of which 64 papers were eligible. Detailed rea-
sons for exclusion are provided in Supplemental
Figure 1. Included studies were published between
June 2005 and July 2020; the complete output of the
search spanned from November 1993 to September
2020. Results are split according to the type of popu-
lation and MRl technique used (Tables 1-8).
Specifically, we first described findings from sRMI
(Tables 1 and 2) and fMRI techniques (Tables 3 and 4)
in subjects with pBP, then we described findings from
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Figure 1. Findings on fMRI studies in pBP. DLPFC: dorsolateral prefrontal cortex; FG: fusiform gyrus; IPL: inferior parietal lobule;
mACC: medial anterior cingulate cortex; OFC: orbitofrontal cortex; PCC: posterior cingulate cortex; STS: superior temporal sulcus;
TPJ: temporoparietal junction; sgACC: subgenual anterior cingulate cortex; vACC: ventral anterior cingulate cortex; VLPFC: ventro-

lateral prefrontal cortex; VMPFC: ventromedial prefrontal cortex.

sRMI (Tables 5 and 6) and fMRI techniques (Tables 7
and 8) in HR youth.

sMRI in pBP

Thirteen studies investigated amygdala volume in indi-
viduals with pBP. Detailed descriptions of studies char-
acteristics, i.e. samples used, and studies designs, are
included in the Supplement. Demographic and clinical
characteristics of studies samples are in Table 1. Main
outcomes are in Table 2.

Five cross-sectional studies reported smaller amyg-
dala volumes in individuals with pBP, compared to HC
(Chang et al. 2005; Dickstein et al. 2005; Kalmar et al.
2009; Cui et al. 2020; Xiao et al. 2020). Two reported
smaller volumes only on the left side (Dickstein et al.
2005; Xiao et al. 2020), one reported smaller volumes
only in manic (Xiao et al. 2020), whereas another
reported smaller volumes only in euthymic (Cui et al.
2020) subjects. Nonsignificantly smaller volumes in
pBP were reported by two additional studies (Frazier
et al. 2005, 2008). A longitudinal study in pBPI patients
(Bitter et al. 2011) reported no differences at baseline
compared to HC but smaller bilateral amygdala vol-
umes after 12months. Another (Akbas et al. 2017)
reported greater volumes in pBP youth than HC,

although the difference was not statistically significant.
Geller et al (2009) showed no differences between
study groups but did not provide the direction
of comparison.

Youth with pBP had smaller bilateral amygdala vol-
umes compared with youth affected by schizophrenia
(Frazier et al. 2008), whereas pBP youth showed simi-
lar amygdala volumes compared to those with ADHD
at onset of illness. However, patients with pBP showed
progressive amygdala volumetric shrinkage over time,
whereas those with ADHD did not (Bitter et al. 2011).

Regarding pBP subpopulations, no differences
emerged between psychotic or nonpsychotic (Frazier
et al. 2008) or between manic and euthymic samples
(Cui et al. 2020; Xiao et al. 2020).

Greater bilateral amygdala volume predicted treat-
ment response in manic/mixed youth, suggesting that
amygdala volumes might be a potentially useful prog-
nostic indicator of clinical outcome (Bitter et al. 2011).
Amygdala volumes also correlated inversely with ill-
ness duration and number of adverse life events
(Geller et al. 2009).

Medications seem to have an impact on the amyg-
dala volumes. Chang et al. (2005) found that lithium
or sodium valproate treatment was related to a trend
towards bilateral amygdala enlargement compared to



4 (&) A. SIMONETTI ET AL.

(panunuod)

-1dg) 13410 %9°/1 $1eA S/ TFOE
‘Jueinwis %9°0¢ ‘ay ‘(Asduou-dgd) (ASduou-dg) ‘(ASduou-jdgd) S0T ‘ASd-1dad 61 8007 ‘e 12
%S'9T ‘SN %08 ‘dV %S°€L U'N aHay %9 UN S1eh '€ F 1T 67 0'EF0L  ‘ASd uou-dgd s¢ 9] Jaizei4
‘pajedipawun JIWAYIND 9%1'8€
%61 'Za9 %8t ‘passaidap %56
‘SueINWING %8'€T ‘Y ‘paxiwy/diuewodAy/ 600 ‘e 12
%9°87 ‘%19 SW ‘dV %¥'CS dlueW %4'ZS UN UN "U'N o€ SOTFOLSL Idgd 1z ] Jewey|
‘JueINWIS 9%Eg€E _ommmw‘_Qwﬁ %ECE
‘av %S'6 “juewodAy/ 600 ‘e 12
‘SN %8'€T 'dV %9'8T dIUBW 9%1'8€E asld sey auo oN ‘¥'N UN aposida 1si14 74 LEFLpL Idgd 1z ] 19]99
dg yum
“Jueinwiis %09 “(149) A0 %09 (s)uased 600 ‘e 12
‘AY%08 ‘S %S9 ‘dV%SE JJWAYING %001 XNY %S€ ‘AHAV %58 aney 9001 sIeakg'LF /'L BUON 8TFOYL 1dgd 0z ] eAOUO3WIS
(aHavy)
(dn moj|04)
(dn mojjoy) L1+e9l
u_c;r_u:w %88 ch__wmmgv
(dn mojjoy) Sluew %z| gLFEGL
Qv %8L ‘S %SE ‘(ulfaseq) ‘(dad) (dn-mojjoy)
9 !4V %L ‘(dujdseq) paxiw %08 gLFESL aHav 6z LL0Z e 312
Qv %€ SW %£Z ‘dV %0S dluew %07 WN U'N aposida 1sii4 ¥ ‘(duidseq) 'L FO'SL ‘dgd 0g  (1eak 1) 7 JENTH|
aHaV %s.'8l
‘00 %SL ey
‘ad %ST'9
\m_mm‘:‘:._w %S/'81
‘04d-0S %ST'9
‘aSLd %ST9
‘avo %ST'LE
‘eiqoyd %S/'8L
‘D0 %S'TL 7107 ' 1
SAIRU UONRIIPaW %8 U'N ‘avs %sT'LE UN 1A ST F vy 9l Ly TF6E L dgd 91 S 1buempy
(4H) dg yum
(s)rua.ed
av %S's 'dY %S'S (4H) Aupiguowod | aney 9001
‘syuenwInS 9%/'91 15e9] 1@ 9ARY %6'8E (d9) dg yum
‘7Aad %L°LL QY %9'9L (dad) Aupiquowod | (s)uased (4H) L F¥'SL 4H 8L L10T "B 39
‘SN 9%8'88 'dY %001 U'N 1se3] e aney %8'88 aneY 9%7°7T SYauowW /07 F L'vE 8l (dgd) SLF 9L dgd g1 ] Seqyy
"XNY pue gao 8L0T |e 1@
Adessylouow ydA 4N ‘ad ‘aHay U'N N duoN SOEFErEL dgd ¥1  (S499m9) 7 ejeze)
{P1whyina-qgd) {(Prwhyina-4gd)
av zs'6 dg jo Koisiy
‘VdA%Y'TS 1T %6'TH (O1wAyina-4gd) Anwey sey 9997 (o1wkyina-dgd) (d1wAyina-4gd)
‘dY %£°99 ‘(dluew-dgd) JIWAYING 9001 ‘Pluew-4gd) dg jo Syuow ¥1'gL ¥ £€9°7C SELFLLGL
av 756 'YdA%¥'Ts ‘Pruew-4gd) fioxsiy {(P1uew-4gd) {Pruew-4gd) dlwAyna-dgd 61 020C '[e 39
1 %6TY ‘dY %L 99 dluew %001 4N Ajnwey sey 9p57°LE SYIIOW /£ °TL F EF'SL 8l SLLFS6TL dluew-4gd 1z ] oely
(o1wiAyina-4gd)
I %0t ‘'YdA (d1wAyana-4gd) (PlwAyna 4gd)
%S9 ‘dV %S ‘(dluew JIWAYING 9001 Y9'LF09'GL
-dgd) av %0L N ‘luew-4gd) (P1wAyIna-dgd %0z ‘dluew-4gd) d1wAyine dgdoz 0207 ‘e 32
%0t 'VdA %SS ‘dV %S9 dluew %001 UN Diuew-4gd) %S¢ SYIUOW 96°7L F 06'SL (114 L8'LFOESL dluew-4gd 0z ) n
suoledIpa 9)e)S pooW Apigiowod K101s1y Ajiwe4 ssau||l Jo uoneing (N) DH (s123K) aby (s)s|dwes ubisaq Apnis

"S3IPNIS [YIN [BANIDNIIS Ul SDISLIBIdRIRYD [RIUI JOo Alewwing °| 3]qel



Medications
nonPSY); 84.2% AP,
17.6% stimulant, 10.5%

sedative, 21.1% other
(BPI-PSY); 94.4% AP,
10.0% stimulant, 5.6%
sedative, 5.6%

other (S)
76% AP, 66% MS, 30%

89.5% MS, 36.8% AD,
38.9% MS, 27.8% AD,

AD, 19% other
100% MS 65% AP, 15 AD

N.R.

Mood state
11.4% depressive,

52.3% mixed,
20.5% euthymic
100% euthymic

15.9% manic,

N.R.

Comorbidity
62.9% ADHD

(pBPI-PSY)
35% ANX, 55% ODD

67% ODD, 51% ADHD
70% ANX 70%, 60% ADHD

80% ADHD,

Family history
parent(s) with BP

100% have

N.R.
N.R.

Duration of illness

(BP-PSY),
4.2 +3.4years (S)

3.3 years
3years

N.R.

HC (N)
20
20
20

Age (years)
11.6 2.6 (pBPI-PSY)

13.5+29 (S)

11.3+£27
13.4+25
146+28

Sample(s)

43 pBP
20 pBP
20 pBPI

Design

cs
cS
cs

et al. 2005
et al. 2005

Chang

et al. 2005
CS: cross-sectional; L: longitudinal, N.R.: not reported. Psychopathology: ADHD: attention deficit and hyperactivity disorder; ANX: anxiety disorder; CD: conduct disorder; GAD: generalised anxiety disorder; HC: healthy

features; pBPI-non PSY: paediatric bipolar disorder type | without psychotic features; PTSD: post-traumatic stress disorder; S: schizophrenia; SAD: seasonal affective disorder; So-Pho: social phobia; SUD: substance

controls; OCD: obsessive-compulsive disorder; ODD oppositional defiant disorder; pBP: paediatric bipolar disorder; pBPI: paediatric bipolar disorder, type I; pBPI-PSY: paediatric bipolar disorder type | with psychotic
use disorder. Medications: AD: antidepressants; AP: antipsychotics; BDZ: benzodiazepines; Li: Lithium; MS: mood stabilisers; VPA: valproate.

Table 1. Continued.

Study
Frazier
Dickstein
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no treatment in pBP youth. Conversely, Cazala et al.
(2018) showed progressive amygdala reduction with
valproate monotherapy.

fMRI in pBP

Thirty-three fMRI studies focussed on the amygdala or
specifically sought alterations in amygdala function in
youth with pBP. The vast majority of fMRI studies used
tasks evaluating implicit and explicit emotion regula-
tion in response to emotional cues, while others inves-
tigated prepotent response inhibition (Cerullo et al.
2009; Pavuluri et al. 2012; Metcalfe et al. 2016), reward
processing (Singh et al. 2013), sustained attention
(Schneider et al. 2012), and irritability (Barzman et al.
2014), or used a resting-state approach (Dickstein
et al. 2010; Stoddard et al. 2015; Son et al. 2017; Guo
et al. 2020). Emotional cues consisted of emotional
faces, mostly fearful, happy, angry, sad and neutral,
although pictures or words were also used. A detailed
description of the study designs, tasks used, and sam-
ple characteristics are given in the Supplement.
Sample characteristics are described in Table 3. Study
designs, paradigms, and main findings are described
in Table 4.

Results from studies involving emotional faces as
cues showed greater activation in the left (Ladouceur
et al. 2011), right (Pavuluri et al. 2007; Garrett et al.
2012; Kim, Thomas, et al. 2012) or bilateral (Rich et al.
2006; Passarotti et al. 2011; Brotman et al. 2014;
Deveney et al. 2014) amygdala, for both explicit and
implicit emotion regulation paradigms, in individuals
with pBP compared to HC. Such activation was related
to happy, fearful, angry or neutral faces, or to emo-
tional faces cumulatively (Pavuluri et al. 2009; Garrett
et al. 2012; Kim et al. 2012). Studies using emotional
words reported similar results, showing hyperactiva-
tion in the right amygdala for neutral, positive, and
negative words (Yang et al. 2013), or hyperactivation
in the left amygdala for negative words (Pavuluri
et al. 2008).

Functional connectivity studies, i.e. studies of large-
scale distributed neural systems, reported blunted
connectivity between the amygdala and several inter-
related networks involved in emotional perception,
processing and control in pBP. Poor amygdala-anterior
paralimbic cortical connectivity was reported for impli-
cit regulation of fearful, happy, and neutral stimuli in
pBP youth compared to HC (Ladouceur et al. 2011;
Wang et al. 2012). These findings were confirmed by
another study that used neutral and angry stimuli
(Passarotti et al. 2011). However, this study described



6 A. SIMONETTI ET AL.

Table 2. Main findings of structural MRI studies.

Study Approach

Main findings

Cui et al. 2020 ROI (amygdala subnuclei)

Whole brain

Xiao et al. 2020

Cazala et al. 2018
Akbas et al. 2017

ROIs (33 subcortical, 34 cortical)
ROI (amygdala, hippocampus and thalamus)

Mwangi et al. 2014 ROI (amygdala)

Bitter et al. 2011 Whole brain + ROI (amygdala)

Simeonova et al. 2009 ROI (amygdala, hippocampus)

Geller et al. 2009 ROI (medial OFC, rACC, hippocampus,

amygdala, NAcc)

Kalmar et al. 2009
Frazier et al. 2008

ROI (amygdala)
ROI (amygdala, hippocampus, striatum)

Frazier et al. 2005
Dickstein et al. 2005
Chang et al. 2005

ROI (amygdala, hippocampus, thalamus)
ROI (amygdala, Nacc, hippocampus, DLPFC, OFC)
ROI (amygdala, hippocampus,

thalamus, caudate)

pBB-manic showed smaller I-amygdala and r-amygdala than HC. pBP-
manic showed smaller |- and r-basal nucleus, |- and r- accessory basal
nucleus, r-central nucleus, |- and r-cortico-amygdaloid transition and |-
paralaminar nucleus than HC. PBP-euthymic showed smalle |- and r-
cortico-amygdaloid transition than HC. No differences between pBP-
manic and pBP-euthymic.

pBP-euthymic showed decreased l-amygdala volumes than HC. No
significant differences between pBP-manic and HC and pBP-manic and
pBP-euthymic.

Reduction in amygdala volumes bilaterally.

No differences. Negative correlation between duration of manic episodes
and l-amygdala volume.

Using the amygdala as neuroanatomical signature, the model predicted
with 78.12% diagnostic accuracy and 81.25% sensitivity if the subject
is pBP or HC.

No differences at baseline. At 12 months pBPI demonstrates smaller |-
and r- amygdala volumes than both ADHD and HC. L-amygdala
volumes increased in ADHD and HC but not in pBPI. R-amygdala
increased in patients with ADHD but not in HC and pBPI. Volume
changes were significantly different for |- and r- amygdala for ADHD
and HC as compared with pBPI.

No correlation between total (I +r) amygdala volume and levels
of anxiety.

No differences. For all subjects a greater number of ILE was significantly
associated with smaller total (I+r) amygdala volume. Use of stimulant
medication at the time of the scan was associated with larger total
amygdala volume.

Amygdala volume is smaller in pBP than HC bilaterally.

No differences between pBPI-PSY, pBPI-nonPSY and HC. pBPI-PSY and
BPI-nonPSY males have smaller I-amygdala volumes than S. pBPI-PSY
and BPI-nonPSY have an inverse correlation between bilateral
amygdala volumes and MRS scores.

No differences.

pBP showed smaller I-amygdala than HC.

pBPI showed smaller bilateral amygdala than HC.

Psychopathology: ADHD: attention deficit and hyperactivity disorder; HC: healthy controls; pBP: paediatric bipolar disorder; pBPI paediatric bipolar dis-
order, type |; pBPI-PSY: paediatric bipolar disorder type | with psychotic features; pBP-nonPSY: paediatric bipolar disorder type | without psychotic fea-
tures; S: schizophrenia. Brain regions: ACC: anterior cingulate cortex; DLPFC: dorso-lateral prefrontal cortex; Nacc: nucleus accumbens; OFC: orbito-frontal
cortex; rACC: rostral anterior cingulate cortex, ROI: region of interest. Rating scales: ILE: independent life events; MRS: mania rating scale.

blunted connectivity within a broader network related
to emotion evaluation and regulation and including
ventrolateral PFC, putamen, fusiform gyrus, inferior
parietal lobe, superior temporal sulcus, and the amyg-
dala. Poorer connectivity in pBP compared to HC was
also present in the facial emotion processing network,
which includes the amygdala, the fusiform gyrus, the
posterior cingulate, the parahippocampal gyrus, and
the emotional component of the working memory
network, which in turn is composed of the amygdala,
the dorsolateral PFC, ventrolateral PFC, cingulate and
orbitofrontal cortices, and precuneus (Passarotti et al.
2011). On the other hand, greater amygdala connect-
ivity with areas belonging to prefrontal and parietal
cortices were also sporadically reported (Stoddard
et al. 2015; Hafeman et al. 2017; Son et al. 2017) (see
Figure 1).

Compared to adult BP patients, pBP youth showed
higher amygdala activity for implicit vs. explicit proc-
essing of happy, angry and fearful emotions (Kim
et al. 2012; Deveney et al. 2014). Greater activity was

also reported in pBP youth compared to those with
ADHD for implicit regulation of fear (Brotman et al.
2010). Connectivity studies reported different patterns
between youth with pBP and those with ADHD.
Connectivity between bilateral amygdala and ventro-
lateral PFC/subgenual cingulate cortex was greater for
processing of emotional as compared to nonemotional
content in pBP, whereas ADHD showed greater con-
nectivity for nonemotional vs. emotional content. One
study compared pBPl patients with BP-NOS
(Ladouceur et al. 2011), and found that the latter had
blunted amygdala activation compared to the former
for implicit emotion regulation of neutral stimuli.
Studies investigating the effect of medications on
brain circuitry in pBP mainly focussed on risperidone,
valproate or lamotrigine. Pavuluri et al. (2011) showed
decreased bilateral amygdala activation for implicit
regulation of positive and negative emotions in
response to risperidone. Using the same paradigms,
another study showed that responders to either risper-
idone, valproate or lamotrigine, showed greater
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Table 4. Main findings of functional MRI studies.

Study

Technique

Task

Results

Guo et al. 2020

Son et al. 2017

Hafeman et al. 2017

Metcalfe et al. 2016

Stoddard et al. 2015

Barzman et al. 2014

Hafeman et al. 2014

Deveney et al. 2014

Brotman et al. 2014

Perlman et al. 2013

Singh et al. 2013

Yang et al. 2013

Diler et al. 2013

Wang et al. 2012

Functional connectivity, ROl (I-IFG,
I-ACC, I-SFG, r-OFC, r-SOC, SPG,
precuneus (seed), whole brain

ROI (amygdala, thalamus,
hippocampus, OFC, ACC, insula,
IFG, MFG, TPJ. IPS FEF)

Inverse functional connectivity,
amygdala (seed), ROI
(VLPFC, ACQ)

Whole brain + ROI (striatum, rACC)

Intrinsic functional connectivity,
basolateral, superficial,and
centromedial amygdala (seed),
whole brain

Whole brain

ROI (amygdala, ACC, VLPFC, OFC)

Whole brain + ROI (amygdala)

Whole brain + ROl (amygdala,
putamen, ACC, IFG)

Whole brain + ROl (amygdala,
FG, STS)

Whole brain + ROl (amygdala,
caudate, putamen, NAcc, globus
pallidus, insula, ACC)

Whole brain

Whole brain + ROl (amygdala,
VLPFC, DLPFC, ACQ)

Functional connectivity, amygdala
(seed), whole brain

Resting state

Resting state

Faces (neutral, happy, angry,
fearful, sad), morphed from
neutral to emotional, and
shapes. Colour labelling task
(implicit emotion regulation task)

Go/no-go task

Resting state

Frustrative non-reward task

Faces (neutral, happy, angry,
fearful, sad), morphed from
neutral to emotional, and
shapes. Colour labelling task
(implicit emotion regulation task)

Faces (happy, angry, neutral) with
different degrees of intensity.
Implicit (nose) or explicit
(hostility and fear ratings)
emotion regulation task

Faces (happy, angry, sad, fearful).
Implicit (nose) or explicit
(hostility ratings) emotion
regulation task, passive
viewing task

Faces (neutral, happy, angry,
fearful, sad), morphed from
neutral to emotional, and
shapes. Colour labelling task
(implicit emotion regulation task)

Monetary incentive delay
task + affective priming task

Words (positive, negative, neutral).
Word-colour matching task
(implicit emotion regulation task)

Faces: hih- or mild- intensity happy
and fearful faces, neutral faces.
Gender labelling (implicit
emotion regulation task)

Faces (fearful, happy, neutral).
Gender labelling (implicit
emotion regulation task)

pBP showed decreased connectivity between
the r-OFC and l-amygdala than HC.

pBPI showed increased functional correlation
between the r-IFG and r-amygdala than HC.
pBPI showed increased functional correlation
between the r-amygdala and I-and r-TPJ.
ADHD showed increased functional
correlation between I-OFC and |-amygdala
than HC.

Faces vs shapes: pBP showed significant positive
inverse functional connectivity
(emotions > shapes), HC and ADHD groups
showed significant inverse inverse functional
connectivity (emotions < shapes).

pBP exhibited more activation in the r-
amygdala than HC for go trials.

pBP are more connected than both HC and
SMD in an area between |-basolateral
amygdala and r-PCC, extending to the I-PCC
and the adjacent precuneus. pBP are also
more connected than SMD and HC in an
area between the basolateral l-amygdala and
the medial SFG.

Rigged feedback pre-test vs baseline: increased
activation of the r-amygdala.

Rigged feedback pre-test vs baseline:
associations between activation of amygdala
and Tumour Necrosis Factor gene
expressions. Rigged feedback post-test vs
rigged feedback pre-test: inverse correlation
between r-amygdala activation and
BRACHA scores.

No differences. In the entire sample, emotions
vs. shapes condition diffusely activated the
amygdala bilaterally.

Angry faces, all kinds of tasks: HC showed
increased amygdala activity related to
increase angry face intensities, while both
pBP and BP do not show this increase. No
differences between pBP and BP.

Fearful faces (hostility ratings) and angry faces
(passive viewing): both pBP and BP showed
greater activation of l-amygdala than HC.
Angry and neutral faces (passive viewing):
pBP and BP showed greater activation in r-
amygdala than HC. All kinds of faces and all
tasks: pBP showed greater |-amygdala
activation than BP. Both pBP and BP showed
greater activation in the r-amygdala than HC.

No differences.

No differences.

Happy vs neutral and angry vs neutral faces:
pBP showed greater r-amygdala activation
than HC at baseline. No differences after
three years.

No differences.

Happy and neutral faces: pBP showed decreased
functional connectivity between bilateral
amygdala and bilateral OFC and ventral ACC
than HG; neutral faces: pBP showed
decreased functional connectivity between
bilateral amygdala and r-insula.

(continued)
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Study

Technique

Task

Results

Passarotti et al. 2012

Garrett et al. 2012

Schneider et al. 2012

Kim et al. 2012

Pavuluri et al. 2012

Ladouceur et al. 2011

Pavuluri et al. 2011

Passarotti et al. 2011

Wegbreit et al. 2011

Functional connectivity, ICA
algorithm, whole brain

Whole Brain

ROI (amygdala, PFC BA 10, 11, 47)

Whole brain + ROl (amygdala)

Functional connectivity, ICA
algorithm, whole brain

Whole brain + ROl (amygdala,
VMPFC, DLPFC) + Functional
connectivity, Psychophysiological
Interaction method, VMPFC
(seed), ROI (amygdala, DLPFC)

Whole brain

Whole brain

Functional connectivity, ICA
algorithm, ROI (Frontolimbic
Affective Circuit), ROl (amygdala
and VLPFC)

Faces (angry, neutral). Affective
working memory task

Faces (happy, sad, neutral,
scrambled). Gender labelling
(implicit emotion regulation task)

CPT- sustained attention task

Faces (neutral, angry, fearful).
Gender labelling (implicit
emotion regulation task)

Go/no-go task

Faces (happy, fearful, neutral).
Gender labelling (implicit
emotion regulation task)

Words (positive, neutral, negative)
and coloured circles (implicit
emotion regulation task)

Faces (angry, happy, neutral).
Affective working memory task

Words (positive, neutral, negative)
and coloured circles (implicit
emotion regulation task)

All kinds of faces: pBP showed lesser bilateral
amygdala connectivity within the affective
working memory network and in the
affective evaluation and regulation network
than HC. In the face emotion processing
network there is a negative correlation
between YMRS scores and [-amygdala
connectivity.

All kinds of faces vas scrambled faces (pBP
showed greater r-amygdala activation
than HC.

Baseline: BPI (Zip-pBPI + PCB-pBPI) and HC
showed deactivation in the l-amygdala
during task performance. HC exhibited a
significantly larger decrease in I-amygdala
activation during task performance as
compared to pBPI. No differences
at endpoint.

All kinds of faces: pBP showed greater r-
amygdala activation than both BP and HC.
Youth showed greater activation than adults,
irrespective of the presence/absence of a
diagnosis. Fearful faces: patients (pBP -+ BP)
showed greater r-amygdala activation
than HC.

RISP-pBPI showed decreased change in
connectivity of the l-amygdala within the
Reactive Affective Circuit (bilateral OC,
amygdala, MFG and insula) than HC.

VPA-pBPI showed decreased change in
connectivity in the r-amygdala within the
Reactive Affective Circuit (bilateral OC,
amygdala, MFG and insula) than HC.

Happy faces: pBPI showed greater l-amygdala
activation than HC. Neutral faces: pBP-NOS
have reduced activity in l-amygdala than
pBPI. Fearful faces: pBPI showed reduced
coupling between I-amygdala and VLPFC
than HC.

Negative vs neutral faces: RISP-pBPI (baseline):
negative correlation between improvement
in YMRS scores and baseline activation in r-
amygdala. RISP responders showed
decreased activation in bilateral amygdala
than non-responders. Positve vs Neutral: RISP
responders showed decreased activation in
bilateral amygdala than non-responders. No
differences between VPA-pBPI and RISP-pBPI
or HC. No differences in VPA-pBP group
between baseline or follow-up.

Happy vs neutral faces, baseline: pBP showed
greater activation in the r-amygdala than HC.
Happy vs neutral faces, follow-up: pBP
showed greater activation in the l-amygdala
than HC. Happy vs neutral faces, follow-up vs
baseline: pBP showed reduced activation in
the r-amygdala. Angry vs neutral, follow up:
pBP showed greater activation in the r-
amygdala than HC at follow up. Angry vs
neutral faces, follow-up vs baseline: BP
showed lesser activation in r-amygdala than
HC. In pBP there is a positive correlation
between percent improvement in YMRS
scores and percent of reduction in r-
amygdala activation from baseline to
follow-up.

Before treatment, network engagement: pBPI-R
and pBPI-NR showed decreased Frontolimbic
Affective Circuit engagement in response to
negative words relative to HC. No difference
between pBPI-R and pBPI-NR. After
treatment, network engagement: BPI-R
showed increased network engagement
compared with HC in response to the

(continued)
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Table 4. Continued.

Study

Technique

Task

Results

Dickstein et al. 2010

Brotman et al. 2010

Cerullo et al. 2009
Kalmar et al. 2009

Pavuluri et al. 2009

Chang et al. 2008

Pavuluri et al. 2008

Rich et al. 2008

Pavuluri et al. 2007

Rich et al. 2006

Resting state functional
connectivity, amygdala, DLPFC,
NAcc (seed), whole brain

ROI (amygdala)

Whole brain
ROI (amygdala)

Whole brain + ROl (amygdala)

ROI (amygdala, DLPFC)

Whole brain + ROl (amygdala,
hippocampus,
parahippocampal gyrus)

Functional connectivity, I-amygdala
(seed), whole brain

ROI (amygdala, hippocampus,
parahippocampal gyrus MFG,
insula, CC, visual processing
areas, STS, MPFC, OFQC)

ROI (amygdala, NAcc, putamen,
caudate, VPFC).

Resting state

Faces (neutral). Implicit (nose) or
explicit (hostility and fear
ratings) emotion regulation
task + passive viewing.

Continuous performance task

Faces (happy, fearful or neutral).
Gender labelling (implicit
emotion regulation task)

Faces (happy, angry). Implicit and
explicit emotion regulation task

Pictures (positive and neutral).
Emotional feeling ratings
(explicit emotion regulation task)

Words (positive, neutral, negative)
and coloured circles (implicit
emotion regulation task)

Faces (happy, angry, fearful, and
neutral). Implicit (nose) or
explicit (hostility and fear
ratings) emotion regulation task

Faces (angry, happy, neutral faces).
Passive viewing

Faces (neutral): Implicit (nose) or
explicit (hostility and fear
ratings) emotion regulation task.

positive words. pBPI-NR did not differ from
either pBPI-R or HC. Before treatment,
amygdala connectivity within the
frontolimbic network: pBPI-R showed
significantly greater I-amygdala connectivity
than pBPI-NR. No differences between pBPI-R
or pBPI-NR with HC. After treatment,
amygdala connectivity within the
frontolimbic network: pBPI-R showed greater
r-amygdala activation than pBPI-NR. No
differences between pBPI-R or pBPI-NR with
HC. The logistic regression model revealed
that the l-amygdala pre-treatment and r-
amygdala post-treatment ROI values
successfully classified 76% of participants as
pBPI-R or pBPI-NR.

No differences.

Nose rating: pBP show trend-level greater
activation in the r-amygdala than HC, SMD
showed greater activation in the l-amygdala
than pBP; fear vs nose rating: ADHD showed
greater activation in l-amygdala than BP
while SMD showed lesser activation.

No differences.

Fearful vs neutral and happy vs neutral. pBP
showed greater amygdala activation than HC
bilaterally. Happy vs neutral: a significant
inverse association was observed between
bilateral amygdala volume and the average
amygdala activation in pBP.

Implicit: pBPI showed increased activation of r-
amygdala than HC.

Implicit vs explicit: r-amygdala activation was
greater in the pBPI group compared with
that in the HC.

pBP showed decrease in activation of bilateral
amygdala with CDRS scores improvement.

Negative vs neutral words: pBPI showed greater
activation in l-amygdala than HC. Positive vs
neutral words: pBP showed greater activity in
the r-amygdala than HC at trend level.

Across all face stimuli and ratings: reduced
connectivity between |-amygdala and a) a
region bordering the r-posterior cingulate
and precuneus, b) a region bordering the r-
FG, ¢) parahippocampal gyrus than HC.

Angry vs neutral: pBP showed increased
activation in r-amygdala than HC.

Hostility vs nose rating: BP showed greater
activity in l-amygdala than HC. Hostility
rating: BP showed greater activation in the
bilateral amygdala than HC. Fear vs nose
rating: BP showed greater activation in |-
amygdala vs HC; Fear rating: BP showed
greater activation in bilateral amygdala
than HC.

Psychopathology: ADHD: attention-deficit and hyperactivity disorder; BP: bipolar disorder; HC: healthy controls; pBP: paediatric bipolar disorder; pBPI
paediatric bipolar disorder, type I; pBP-NOS: paediatric bipolar disorder, not otherwise specified; pBPI-NR: paediatric bipolar disorder type |, treatment
non-respondent; pBPI-R: paediatric bipolar disorder type |, treatment respondent; RISP-pBP: paediatric bipolar disorder under risperidone treatment; VPA-
pBP:: paediatric bipolar disorder under valproate treatment; SMD: severe mood dysregulation; Zip-pBP: paediatric bipolar disorder under ziprasidone
treatment. Brain areas: BA: Brodmann area; ACC: anterior cingulate cortex; CC: cingulate cortex; DLPFC: dorsolateral pre frontal cortex; FEF: frontal eye
fields; FG: fusiform gyrus; IFG: inferior frontal gyrus; IPS: intraparietal sulcus; MFG: middle frontal gyrus; MPFC; medial prefrontal cortex; NAcc: nucleus
accumbens; OC: occipital cortex; OFC: orbito-frontal cortex; PCC: posterior cingulate cortex; PFC: prefrontal cortex; rACC: rostral anterior cingulate cortex;
ROI: region of interest; SFG: superior frontal gyrus; SOC: superior occipital gyrus; SPG: superior parietal gyrus; STS: superior temporal sulcus; TPJ: temporo-
parietal junction; VLPFC: ventrolateral prefrontal cortex; VMPFC: ventromedial prefrontal cortex; VPFC: ventral prefrontal cortex; Rating scales: BRACHA:
Brief Rating of Aggression by Children and Adolescents; CDRS: Children depression Rating Scale; ICA: independent component analysis; YMRS: Young

Mania Rating Scale.



engagement of the frontolimbic affective regulation
circuit, which comprises parahippocampal gyrus,
hippocampus, ventrolateral PFC and orbitofrontal
cortex, anterior insula, superior temporal pole, cerebel-
lum and the amygdala (Wegbreit et al. 2011).
Conversely, using a go/no-go task without affective
cues, Pavuluri et al. (2012) reported decreased func-
tional connectivity in the left (risperidone group) and
right (divalproex group) amygdala within the evalu-
ative affective circuit. The evaluative affective circuit
includes occipital and parietal cortices, contributes to
impulsive automatic response tendencies and is regu-
lated by medial PFC regions. Passarotti et al. (2011)
found that pBP patients showed reduced right amyg-
dalar activity in response to angry vs. neutral and
happy vs. neutral faces in a working memory task after
14 weeks of lamotrigine monotherapy. Furthermore,
they found a positive correlation between the reduc-
tion of manic symptoms and reduction of right amyg-
dala activation.

sMRI in HR youth

Eight studies evaluated structural brain abnormalities
in first-degree relatives of patients with BP. Detailed
descriptions of study samples and designs are present
in the Supplement. Demographic and clinical charac-
teristics of studies samples are presented in Table 5.
Main outcomes are in Table 6.

Eight studies found no differences in left and right
amygdala volumes between HR youth and HC
(Ladouceur et al. 2008; Singh et al. 2008; Simeonova
et al. 2009; Karchemskiy et al. 2011; Kelley et al. 2013;
Bauer et al. 2014; Park et al. 2015; Palacio-Ortiz et al.
2019). Bauer et al. (2014) evaluated differences among
HR for pBP who were diagnosed with a variety of
mental disorders except BP, unaffected HR individuals,
and HC. They found no differences between affected
HR and HC, while unaffected HR had greater right
amygdala volumes than both affected HR and HC.

Only one study evaluated differences between pBP
youth and HR (Kelley et al. 2013). HR showed greater
radial volume in basolateral and superficial subregions
of the left and the superior region of the right amyg-
dala than pBP.

Clinical variables apparently do not impact amyg-
dala structure in HR, whereas data on medication
effects are mixed. Two studies investigated the effects
of medications (Karchemskiy et al. 2011; Park et al.
2015) without finding any volumetric changes in the
amygdala. Chang et al. (2008) examined the effect of
12-week valproate treatment in HR subjects with a
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major depressive disorder (MDD), ADHD, oppositional
defiant disorder, or cyclothymia and found no volu-
metric changes. Kelley et al. (2013) found that HR indi-
viduals exposed to antidepressants had significantly
smaller left amygdalar radial distances compared to
HR subjects who had not taken antidepressants.

fMRI in HR youth

Fourteen studies used fMRI techniques in HR subjects.
A detailed description of the studies’ characteristics
and outcomes are presented in the Supplement. Study
sample characteristics are present in Table 7.
Characteristics of tasks and fMRI techniques used, and
main findings, are in Table 8.

The vast majority of studies investigating amygdala
activity used implicit or explicit emotion regulation
tasks with faces or pictures. One study administered a
go/no go-task (Kim et al. 2012) and another used a
monetary incentive task (Singh, Kelley, et al. 2014)
without emotional stimuli. Two studies adopted a rest-
ing state approach (Singh, Ketter, et al. 2014; Singh
et al. 2018).

Right amygdala activity was increased in HR vs. HC
for both explicit and implicit emotion regulation tasks
for fearful faces (Olsavsky et al. 2012; Chang et al.
2017), or for implicit regulation of emotional faces
taken as a whole (Manelis et al. 2015). Another study
used an emotional n-back task and found bilateral
amygdala hyperactivity across emotional faces
(Ladouceur et al. 2013). Conversely, Brotman et al.
(2014) investigated amygdala response during a task
with faces showing progressive intensity in anger and
found reduced increments in bilateral amygdala activ-
ity with increasing anger face intensity in HR youth
than HC.

Studies using connectivity techniques reported con-
flicting results. Greater amygdala-ventrolateral PFC
functional connectivity was reported for implicit emo-
tion regulation of happiness and fear in HR youth
compared to HC (Manelis et al. 2015; Chang et al.
2017), although reduced connectivity between the
amygdala and ventrolateral PFC/occipital cortex was
also documented for implicit emotion regulation of
fear (Ladouceur et al. 2013; Chang et al. 2017).
Similarly, connectivity between the amygdala and
anterior cingulate cortex was reported as either
decreased or increased using implicit control of emo-
tions (Manelis et al. 2015) or a resting state approach
(Singh, Ketter, et al. 2014; Singh et al. 2018).
Conflicting results also involved conversion risk. In
fact, risk of conversion into pBP was associated either
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Table 6. Main findings of structural MRI studies in at-risk children.
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Study Approach Major findings

Palacio-Ortiz et al. 2019 Whole brain No differences.

Park et al. 2015 ROI (amygdala) No differences. Negative correlation between bilateral
amygdalar volumes and MASC social anxiety score, only in
those with level of MASC > 55 (high anxiety group)

Bauer et al. 2014 Whole brain HR-unaffected showed greater r-amygdala than HC, HR-affected
and HR-affected with pBP-NOS. No differences between HR-
affected and HC

Kelley et al. 2013 ROI (amygdala) No differences between HR and HC. pBPI showed smaller radial
distances in basolateral and superficial subregions of the I-
and r- amygdala than HC. pBPI showed smaller radial
disctances in the basolateral and superficial subregions of the
I- amygdala and r- superior amygdala than HR.

Karchemskiy et al. 2011 ROI (hippocampus, thalamus, amygdala) No differences

Chang et al. 2009 ROI (total brain volume, amygdala) No differences

Singh et al. 2008 ROI (total intracranial volume, amygdala, No differences

thalamus, striatum, PFC)
Ladouceur et al. 2008 ROl (amygdala, OMPFC) No differences

Psychopathology: HR: high-risk for developing paediatric bipolar disorder; HR-affected: non-bipolar diagnosis and high-risk for developing paediatric bipo-
lar disorder; HR-unaffected: absence of psychiatric diagnosis and high-risk for developing paediatric bipolar disorder; pBPI: paediatric bipolar disorder,
type |; pBP-NOS: paediatric bipolar disorder, not otherwise specified. Brain areas: OMFC: orbitomedial prefrontal cortex; PFC: prefrontal cortex. Rating

scales: MASC: Multidimensional Anxiety Scale for Children.

with greater amygdala-occipital cortex or poorer
amygdala-orbitofrontal cortex connectivity for implicit
control of emotions (Hanford et al. 2019) (Figure 2).

No differences emerged in amygdala activity and
connectivity between HR and pBP (Olsavsky et al.
2012; Brotman et al. 2014) or between offspring and
siblings of BP patients (Olsavsky et al. 2012; Brotman
et al. 2014). However, HR showed poorer bilateral
amygdala-anterior cingulate cortex connectivity for
implicit control of happiness than individuals at-risk
for other psychopathological conditions (Manelis et al.
2015), and higher bilateral amygdala-posterior cingu-
late cortex connectivity than those at-risk for develop-
ing MDD (Singh et al. 2018).

There is little information about medication effects
on amygdala activity in HR, and the findings are
inconsistent. Garrett et al. (Garrett et al. 2012), found
greater activation of the bilateral amygdala for implicit
control of happiness after four months of psychother-
apy. Conversely, Chang et al. (2009) found no changes
after 12weeks of valproate monotherapy in HR,
already ill youth.

3.5. Bias

The risk of bias detected in included studies raised
concerns for all eligible longitudinal studies. Concerns
are mainly related to the insufficient or absent descrip-
tion of randomisation procedures. Other concerns
regard the description of blinding processes and lim-
ited assessment of the effects of individual types of
interventions separately in  some studies (see
Supplemental Table 1).

Discussion

We summarise findings from structural and functional
studies as follows: (i) sMRI studies on amygdala volu-
metric alteration in pBP individuals are inconsistent.
Furthermore, no structural difference in the amygdala
between HR and HC emerged. (ii) fMRI studies more
consistently found amygdala hyperactivation in both
HR and pBP youth for explicit and implicit emotional
processing. (iii) In both HR and pBP youth, altered
connectivity between the amygdala and other brain
regions, mainly prefrontal areas, were also reported.
However, although there is consistent evidence of
blunted connectivity in networks involving the amyg-
dala in pBP, results in HR are mixed.

Amygdala-PFC connections and the
pathophysiology of pBP

The amygdala is a heterogeneous complex of nuclei
comprised in multiple networks modulating subpro-
cesses related to social cognition, including evaluation,
rule-based actions, emotional processes, attention,
goal-directed behaviour, and memory (Salzman and
Fusi 2010). In these networks, the main role of the
amygdala is to encode the emotional valence and the
motivational significance of certain stimuli (LeDoux
2007). The amygdala serves this role through (i) a
broad input from associative sensory cortices and
from areas involved in providing information about
the internal state, such as the orbitofrontal cortex
(Reiman et al. 1997; Arciniegas et al. 2013), and
through (ii) projecting to a wide range of target struc-
tures, including PFC, striatum, sensory cortices, hippo-
campus, perirhinal and entorhinal cortices, and to
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Table 8. Main findings of functional MRI studies in high-risk children.

Study

Approach

Task

Amygdala

Hanford et al. 2019

Acuff et al. 2019

Singh et al. 2018

Chang et al. 2017

Manelis et al. 2015

Garrett et al. 2015

Brotman et al. 2014

Singh, Kelley, et al. 2014

Singh, Ketter, et al. 2014

Ladouceur et al. 2013

Whole brain + functional connectivity,
Psychophysiological Interaction
method, amygdala, ventral striatum
(seed), whole brain

ROl (amygdala, VLPFC, and cACC, rACC);
+ WM tracts (forceps major/minor;
bilateral anterior thalamic radiation,
cingulum-angular bundle, cingulate
gyrus, corticospinal tract, inferior
longitudinal fasciculus, superior
longitudinal fasciculus-parietal and
-temporal, and uncinate fasciculus)

Functional connectivity, PCC (seed),
whole brain.

Whole brain + ROI (r-amygdala, VLPFC,
sgACC) + functional connectivity,
Psychophysiological Interaction
method, amygdala (seed), whole brain

ROI (face emotion processing circuitry) +
functional connectivity,
Psychophysiological Interaction
method, ACC, OFC, VLPFC (target)

Whole brain

Whole brain + ROl (amygdala)

Whole brain + functional
connectivity + ROl (amygdala,
insula, NAcc)

ROI (dorsal and ventral default mode and
bilateral executive control networks) +
Functional connectivity, ICA algorithm,
amygdala, VLPFC, sgACC) (seed),
whole brain.

ROl (amygdala, striatum, VLPFC, DLPFC,
dACC,) + functional connectivity,
Psychophysiological Interaction
method, VLPFC (seed), amygdala,
DLPFC (target)

Faces (all emotions considered as a
whole) and shapes (implicit
emotion regulation task); reward
processing task.

Faces (positive, negative) and
shapes (implicit emotion
regulation task).

Resting state

Faces (fearful, neutral, calm) and
scrambled images. Gender
evaluation (implicit emotion
regulation task).

Faces (happy, angry, fearful, and
sad) and shapes (implicit
emotion regulation task).

Faces (fearful) and scrambled
images. Gender evaluation
(implicit emotion
regulation task).

Faces (happy, angry): implicit (nose)
or explicit (hostility and fear
ratings) emotion regulation task.
Five morph intensities (100%
neutral; 25% emotion and 75%
neutral; 50% emotion and 50%
neutral; 75% emotion and
25% neutral)

Monetary incentive task

Resting state

Faces (neutral, fearful, happy, or no
distractor), N-back task (0-back,
2 back)

Emotions vs shapes: for higher risk of
conversion to pBP (higher risk
calculator scores), HR showed positive
correlation between r-amygdala activity
and number of recent negative
stressful life events. For higher risk to
conversion to pBP (higher risk
calculator scores), HR showed positive
correlation between bilateral amygdala
and r-OC. This association was inverse
for lower risk for developing pBP
(lower risk calculator scores)

No relationship between WM and
amygdala activity.

HR showed greater bilateral amygdala
concordant connectivity with PCC than
MDD-HR; HC showed discordant
connectivity between these regions.

Fearful faces: HR showed grater activation
in the r-amygdala than HC. HR showed
greater r-amygdala connectivity with
VC and r-VLPFC.

Faces vs shapes: HR and HRnonBP had
significantly greater r-amygdala
activation than HC. No differences
between HR and HrnonBP

Happy faces vs shapes: HR, relative to
HRnonBP and HC, showed significantly
less positive r-amygdala-ACC functional
connectivity. HR without
psychopathology have greater r-
amygdala-I-VLPFC functional
connectivity than HC without
psychopathology. HR without
medication have greater r-amygdala-I-
VLPFC connectivity than HRnonBP
without medication and HC. No
differences between HC and HRnonBP

Fearful faces: HR showed greater
activation in the bilateral amygdala at
post treatment vs pre-treatment.

Angry faces (both implicit and explicit
conditions): HR and pBP showed a
reduced increase of |- and r- amygdala
activation with increasing anger of
the face

HR showed positive correlations between
|- and r- amygdala activations and
increased novelty seeking while
anticipating losses. These correlations
were not evident in HC.

HR have reduced connectivity between I-
amygdala and pgACC

All kinds of faces (2 back-condition): HR
showed greater activation in bilateral
amygdala than HC.

Fearful faces: HR had significantly reduced
VLPFC modulation of the r-amygdala
than HC. Happy faces: HR showed
reduced modulation of the l-amygdala

(continued)
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Table 8. Continued.
Study Approach Task
Olsavsky et al. 2012 Whole brain + ROl (amygdala)

Amygdala

Faces (happy, angry, fearful,
neutral). Implicit (nose) or
explicit (hostility and fear
ratings) emotion regulation task;
passive viewing task.

Faces (happy, fearful, neutral):
expressions ranging from
neutral, to mild (50%), and to
intense (prototypical; 100%).
Gender labelling (implicit
emotion regulation task).

Go/No-go task No differences between HR, HC and pBP

Images (negative, positive, neutral). No differences between HR and HC
Feeling ratings (explicit emotion
regulation task)

Fearful faces (afraid rating vs passive
viewing): pBD and HR have greater
activation in the r-amygdala than HC.
No differences between pBP and HR.

Mourao-Miranda et al. 2012 Whole brain Happy vs neutral faces: Gaussian Process
Classifier differentiates HR from HC
with 75% accuracy. The spatial pattern
that best discriminated the groups
does not include the amygdala

Kim et al. 2012
Chang et al. 2009

Whole Brain + ROI: ACC
ROI: amygdala, DLPFC

Psychopathology: HC: healthy controls; HR: high-risk for developing paediatric bipolar disorder; HR-nonBP: high-risk for developing disorders other than
BP; MDD-HR: high-risk for developing major depressive disorder; pBP: paediatric bipolar disorder; Brain regions: ACC: anterior cingulate cortex; cACC: cau-
dal anterior cingulate cortex; dACC: dorsal anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; NAcc: nucleus accumbensOC: occipital cortex;
PCC: posterior cingulate cortex; pgACC: pregenual ACC; OFC: orbitofrontal cortex; rACC: rostral anterior cingulate cortex; ROI: region of interest; sgACC:

subgenual anterior cingulate cortex; VLPFC: ventrolateral prefrontal cortex; VC: visual cortex; WM: white matter.

subcortical structures responsible for physiological
responses related to emotion, such as autonomic
responses, hormonal responses, and startle (Davis
1992). In the field of affective neuroscience, great
importance is given to the amygdala-PFC circuitry,
because of its role in emotion generation and control,
and the subsequent modulation of social behaviour.
The amygdala is densely connected with the paleo-
cortical, ventromedial regions of PFC, namely the orbi-
tofrontal cortex, the mediodorsal PFC, and the rostral
and subgenual anterior cingulate cortices (Phillips
et al. 2008). These connections mediate the produc-
tion and perception of emotional states, representa-
tion of reward value of a stimulus and the way in
which this representation guides goal-directed behav-
iour (Rolls and Grabenhorst 2008). These areas are
involved also in implicit (i.e. automatic) emotion regu-
lation processes through the extinction of previously
acquired behaviours, inhibition of stress response,
regulation of emotional attentional resources, auto-
matic behavioural monitoring, and rule learning
(Phillips et al. 2008). Emotion regulation also occurs
voluntarily through selective attention (Erk et al. 2007;
Goldstein et al. 2007), emotion suppression and
reinterpretation of the emotional content (Ochsner
et al. 2013). Voluntary emotion suppression relies on
the activation of ventrolateral and dorsolateral corti-
ces, which are mainly involved in cognitive and
higher-order executive functions, and deliver indirect
connections to the amygdala via the paleocortex
(Bickart et al. 2014).

Alterations in the amygdala-PFC circuits were pro-
posed as the key neurobiological finding in both
paediatric and adult BP (Phillips and Swartz 2014).

Disruption in PFC inhibitory control on the amygdala
might lead to aberrant amygdala hyper-reactivity to
emotional internal and external stimuli. On the other
hand, blunted connectivity between the amygdala
and PFC might result in the inability of the latter to
rapidly adapt/regulate behaviour when emotionally/
motivationally charged, or to correctly interpret social
cues (e.g. emotional expressions) and adapt behaviour
to social situations (Adolphs et al. 1998). Such altera-
tions might lead to depressive and manic-like behav-
iours, such as humourlessness, fear, emotionality,
disinhibition, mood lability, excessive involvement in
hedonically-driven context, euphoria, irritability, dis-
tractibility, psychomotor agitation, hypersexuality gran-
diosity, and paranoia (Flor-Henry 1969; Bear and Fedio
1977; Cummings and Mendez 1984; Rolls et al. 1994;
Bechara et al. 1999). On the other hand, disruption in
networks connecting the amygdala with areas
involved in basic biological rhythms and neurovegeta-
tive processes might also result in insomnia/hypersom-
nia, anorexia or hyperorality (Blond et al. 2012).

fMRI findings in pBP and in HR youth

Findings from fMRI studies investigating amygdala
activity in pBP mainly replicated finding in adults and
support the aforementioned model. There is sufficient
evidence reporting amygdala hyperactivity, together
with poor activity or blunted connectivity in paleocort-
ical (i.e. ventromedial, mediodorsal, orbitofrontal and
anterior cingulate cortex) (Pavuluri et al. 2009;
Passarotti et al. 2011, 2012; Garrett et al. 2012;
Hafeman et al. 2014; Stoddard et al. 2015) or neocor-
tical (i.e. ventrolateral and dorsolateral PFC) (Pavuluri
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Figure 2. Findings on fMRI studies in HR. ACC: anterior cingulate cortex; OFC: orbitofrontal cortex; VC: visual cortex; VLPFC:

ventrolateral prefrontal cortex.

et al. 2008, 2009; Ladouceur et al. 2011; Passarotti
et al. 2011; Garrett et al. 2012; Kim, Thomas, et al.
2012) areas in pBP for both implicit and explicit emo-
tion paradigms. Amygdala hyperactivation also
appears to be a robust finding in HR youth. This might
suggest that amygdala hyperactivation could emerge
as a possible biomarker of illness susceptibility
(Surguladze et al. 2010). However, directions of amy-
gadala-PFC connectivity patterns between HR youth
and those with pBP differ, with the former showing
either hypo- or hyperconnectivity, or greater PFC activ-
ity. The meaning of increased PFC activity and greater
amygdala-PFC connectivity in HR is unclear and has
been addressed as either a resilience factor (Pompei
et al. 2011), or as a risk factor for developing BP
(Phillips and Swartz 2014; Manelis et al. 2015).
Regarding the latter hypothesis, overconnectivity
might reflect aberrant activation of circuits deputed to
the elaboration of emotionally salient contents and
related adjustment of behaviour (Chang et al. 2017).
Accordingly, greater PFC engagement to emotive con-
tent, specifically to happy emotions, has been related
to the predisposition to mania (Phillips and Swartz
2014; Manelis et al. 2015). Amygdala-PFC hypercon-
nectivity may turn into hypoconnectivity conversion
from HR to BP (Chang et al. 2017). Possible underlying
mechanisms include immune system hyperactivation,
inflammatory mediator release, hypothalamic-adrenal
axis dysregulation and noradrenergic release related

to the occurrence of either major depressive, mixed,
or manic episodes. Inflammatory cascades and hyper-
activation of noradrenergic systems might exert toxic
effects on brain circuitry, disrupting connections
between functional engaged areas (Berk et al. 2011;
Fitzgerald 2011; Swann et al. 2013; Rosenblat
et al. 2014).

sMRI findings in pBP and in HR youth

In the last decade, structural amygdala shrinkage in
pBP compared to HC was considered a robust finding
(Usher et al. 2010). However, in more recent years,
results became less consistent. Possible explanations
could be related to sample selection strategies, which
recently included mixed samples of BPI and BPIL. In
fact, when restricting the review to patients with pBPI,
a more consistent finding of reduced amygdala vol-
ume in patients with pBP as compared to HC emerges.
BPIl diagnosis is less reliable than BPI (Andreasen et al.
1981) and is associated with high levels of comorbidity
(Baek et al. 2011), which might have affected findings.
Furthermore, higher levels of inflammatory mediators
in BPI than BPII (Bai et al. 2014) patients suggest that
consistent findings of amygdala shrinkage in samples
with BPI might be due to higher neuroinflammation-
mediated structural amygdala damage than in studies
enrolling combined samples.
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In HR, no structural alterations of the amygdala
were found. Again, sample selection strategies could
have affected results. In fact, the vast majority of stud-
ies included HR who had psychopathological symp-
toms and were already ill. The only study selecting
unaffected HR showed greater bilateral amygdala than
HC (Bauer et al. 2014), suggesting that amygdala
enlargement could represent a possible marker of
resilience. Therefore, more studies on samples includ-
ing unaffected HR are needed.

Limitations

A major limitation of this systematic review is the sub-
stantial heterogeneity of the analytical approaches
used in the included studies. Specifically, the size, and
location of the amygdala and connected areas were
quite diverse, making it difficult to compare results
between studies. For this reason, we also were unable
to conduct a meta-analysis. Furthermore, we discuss
results and make conclusions mainly based on p-val-
ues, whose reliability has been recently criticised
(Goodman 1999). Other measures, such as Bayesian
statistics, confidence intervals or statistical power anal-
yses should accompany p-values in order to
strengthen the reliability of the results (Concato and
Hartigan 2016; Simonetti et al. 2019). Additionally,
results are biased by possible effects of psychotropic
medications, which could affect brain structure and
function (Centorrino et al. 2005; Lostia et al. 2009;
Hafeman et al. 2012; Simonetti et al. 2016; Sani et al.
2018) and have not been always addressed in
included studies. One more limitation regards the
pooling of results of pre-pubertal with those of post-
pubertal onset bipolar disorder. While there is still
much debate about the mere existence of prepubertal
BP (Duffy et al. 2020), it should be made clear that
young brains are in developmental trajectories that
may change the volume of the amygdala according to
age and gender (Uematsu et al. 2012). Another major
limitation is the difficulty of describing fMRI and sMRI
differences in HR youth who develop symptoms com-
pared with those who remained resilient. This is
mainly due to the absence of adequate follow-ups of
the selected studies.

Conclusions

Summarising, functional hyperactivity in the amygdala
is present in both pBP and HR youth, whereas direc-
tion of prefrontal alterations in the two groups is less
consistent. Structural amygdala alterations seem to
not be present in HR youth, but seem to be related to

a more severe form of illness in pBP individuals.
Therefore functional, rather than structural, amygdala
alterations might serve as possible endophenotypes of
pBP. Although additional evidence is needed, findings
from fMRI studies prompt research on possible tar-
geted interventions specifically aimed at decreasing
amygdala activation in order to delay or interrupt
pathological cascades leading to illness onset and
progression.
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