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Abstract Pediatric bipolar disorder (BD) and unipolar
disorder (UD) share common symptomatic and functional
impairments. Various brain imaging techniques have been
used to investigate the integrity of brain white matter (WM)
and gray matter (GM) in these disorders. Despite promising
preliminary findings, it is still unclear whether these altera-
tions may be considered as common trait markers or may be
used to distinguish BD from UD. A systematic literature
search of studies between 1980 and September 2013 which
reported WM/GM changes in pediatric and adolescent BD/
UD, as detected by diffusion tensor imaging and voxel-based
analysis was conducted. Of the 34 articles judged as eligible,
17 fulfilled our inclusion criteria and were finally retained in
this review. More abnormalities have been documented in
the brains of children and adolescents with BD than UD.
Reductions in the volume of basal ganglia and the hippo-
campus appeared more specific for pediatric UD, whereas
reduced corpus callosum volume and increased rates of deep
WM hyperintensities were more specific for pediatric BD.
Seminal papers failed to address the possibility that the

G. Serafini (D<) - M. Amore

Department of Neuroscience, Rehabilitation, Ophthalmology,
Genetics, Maternal and Child Health (DINOGMI),

Section of Psychiatry, University of Genoa,

IRCCS San Martino, Largo Rosanna Benzi 10,

16100 Genoa, Italy

e-mail: gianluca.serafini @unige.it

M. Pompili - P. Girardi

Department of Neurosciences, Mental Health and Sensory
Organs, Sant’ Andrea Hospital, Sapienza University of Rome,
Rome, Italy

S. Borgwardt
Department of Psychiatry, University of Basel, Basel,
Switzerland

differences between unipolar and bipolar samples might be
related to illness severity, medication status, comorbidity or
diagnosis. UD and BD present both shared and distinctive
impairments in the WM and GM compartments. More WM
abnormalities have been reported in children and adolescents
with bipolar disease than in those with unipolar disease,
maybe as a result of a low number of DTI studies in pediatric
UD. Future longitudinal studies should investigate whether
neurodevelopmental changes are diagnosis-specific.
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Introduction

Bipolar disorder (BD) is a chronic and disabling disorder
characterized by relevant impairments in social, emotional,
and academic functioning in childhood and early
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adolescence [1, 2]. The prevalence rate of bipolar spectrum
disorder has been estimated to be 2 % among children and
adolescents in the community [3]. Early-onset BD is usu-
ally associated with poorer performance, comorbidity with
substance abuse, suicide attempts, hospitalization, and
legal difficulties [4—7]. Similarly, major depressive disor-
der (MDD) in children and adolescents is associated with a
fourfold increased risk of recurrence in adulthood, long-
term functional impairment and adult disability [8, 9].This
poor outcome in children and adolescents with unipolar
disorder (UD) or BD emphasizes the need for adequate
understanding of the mechanisms underlying these affec-
tive conditions [10-14].

Although many studies attempted to elucidate the
neurobiological basis of affective disorders in children and
adolescents, their pathogenesis remains unclear. During the
last decades, brain imaging techniques provided new
approaches to detect in vivo structural and functional brain
changes. Magnetic resonance imaging studies reported a
wide range of morphometric alterations in both pediatric
BD [15-20] and UD [21-27].

Diffused GM abnormalities have been found in patients
with pediatric BD, specifically volumetric changes in the
anterior limbic network (ALN), including the prefrontal
regions, thalamus, striatum, amygdala, hippocampal com-
plex, and the midline cerebellum [28].

In their meta-analysis, Arnone et al. [29] found that
reduced prefrontal cortex and increased globus pallidus
volumes are some of the most consistent findings in chil-
dren and young adults with BD. There is also evidence that
adolescents with a recent single manic episode exhibited
smaller subgenual cingulate cortex volumes than healthy
controls (HC) [30], whereas drug-naive adult individuals
with a first-episode depression showed reduced GM vol-
ume in the right pre-supplementary motor area [31].
Reduced GM has also been reported in the prefrontal
cortex, amygdala, and hippocampi of depressed children.
However, these results were inconsistent, due to hetero-
geneous samples and differences in terms of gender, illness
duration, severity of symptoms, medication, or episode
states [32-34].

A second line of studies explored white matter (WM)
integrity in these disorders using diffusion tensor imaging
(DTI) [35]. Studies using a region-of-interest (ROI)
approach reported abnormalities in prefrontal-limbic cir-
cuits that have been associated with affective dysregulation
in BD [33]. Specifically, lower fractional anisotropy (FA)
has been found in the anterior corona radiata (ACR) [36]
and superior frontal WM in pediatric BD [37]. Recently,
studies using either voxel-based morphometry (VBM)
analysis or tract-based spatial statistics (TBSS) reported
WM abnormalities and lower FA in several brain regions
[38-40].

@ Springer

Similarly, DTI studies conducted in pediatric UD
reported microstructural WM abnormalities during the first
episode of depression in both depressed young adults [41]
and adolescents [42].

There are also some neuroimaging studies that were
conducted among unaffected but high risk of BD/MDD
individuals aimed to reveal WM changes [43—45].

Few studies in the current literature examined whether
some VBM/DTI abnormalities may help in distinguishing
individuals with UD or BD. For example, Cardoso de
Almeida and Phillips [46] suggested more widespread
abnormalities in WM connectivity and more WM hyper-
intensities in BD than UD, more habenula volume reduc-
tions in BD but not UD, and differential patterns of
functional abnormalities in emotion regulation and atten-
tional control neural circuitry in both BD and UD. There is,
however, the pressing need for more neuroimaging studies
using larger samples sizes, and comparing BD and UD
depressed subjects.

In this context, we aimed to systematically review the
current literature to determine whether pediatric/adolescent
BD is associated with greater or more consistent WM or
GM alterations than pediatric/adolescent UD.

Methods

Information sources, search strategy, and study
selection

A detailed search strategy was used to identify relevant
studies. In order to provide a new and timely critical review
of VBM/DTI abnormalities and their possible involvement
in children/adolescents with UD or BD, we performed a
systematic PubMed/Medline, Scopus, and Science Direct
search to identify all papers and book chapters in the
English language during the period between 1980 and
January 2014.

The search used first the following terms: “Voxel-based
morphometry analysis”, OR “VBM analysis”, AND
“Diffusion tensor imaging” OR “DTI” AND “White
matter hyperintensities” OR “White matter lesions” OR
“White matter abnormalities” OR “White matter changes
signals” AND “Grey matter hyperintensities” OR “Grey
matter lesions” OR “Grey matter abnormalities” to
investigate “pediatric and adolescent samples with bipolar
disorder” OR “PBD” OR “Bipolar disorder in children
and adolescents” AND subsequently the same terms to
investigate “Pediatric and adolescent samples of unipolar
disorders” OR “Unipolar disorders in children and ado-
lescents”. When a title or abstract seemed to describe a
study eligible for inclusion, the full article was examined to
assess its relevance based on the inclusion criteria. Two
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Fig. 1 Flowchart of the search
and selection process

Identification

26 records identified through
database searching

42 additional records identified through
other sources

Screening

45 records after duplicates removed

A 4

34 records screened

11 records excluded

Eligibility

A4

27 full-text articles assessed for
eligibility

7 full-text articles excluded with
reasons

A 4

Included

17 studies included in qualitative
synthesis

10 studies excluded with reasons

A 4

blinded, independent researchers (GS and MP) conducted a
two-step literature search. Any discrepancies between the
two reviewers were resolved by consultations with the
senior authors (JH, MA, RJ, PG). The reference lists of the
articles were also manually checked for relevant studies
while other publications were cross-referenced for any
additional published articles. Only English language full-
text articles reporting original data about the main topic
were included.

Study design and eligibility criteria

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses” (PRISMA) guidelines [47].
Studies were included according to the following criteria:
(a) being an original paper in a peer-reviewed journal and
(b) containing an analysis of VBM/DTI abnormalities in
samples of bipolar/unipolar disorders. Figure 1 summarizes
the search strategy used for selecting studies (identification,
screening, eligibility, inclusion process) in the present
review. We excluded studies explicitly conducted on high-
risk subjects. Papers that were not written in English, book
chapters, conference abstracts, and case studies were not
reviewed.

Recorded variables

We retained the following variables for each article about
VBM/DTI abnormalities and their possible involvement in
bipolar/unipolar disorders of children and adolescents:
sample characteristics, study design, treatment-resistant
definition, location of WM/GM abnormalities, main find-
ings, limitations, and conclusions (Table 1).

Results
Number of selected studies

The combined search strategy yielded a total of 68 articles,
of which 34 full-text articles were screened and 34 exclu-
ded. Articles not published in peer-reviewed journals and
not in English, papers without abstracts, abstracts that did
not explicitly mention the link between WM/GM abnor-
malities and bipolar/unipolar disorders in children and
adolescents, articles published before 1980, and those with
unclear data concerning materials and methods or number
of patients analyzed, were excluded. Of the initial 45
papers, 34 were considered of relevance and 27 were
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Table 1 Most relevant DTI studies showing neuroimaging abnormalities in samples of children and adolescents with UD

Author Sample Study Location of Main findings Limitations Conclusions
(s), year  characteristics design WM

(mean

years £ S.D.)

1. Cullen 14 adolescents Cross- WM tract Adolescents with MDD Most of the MDD subjects MDD in adolescents
et al. with MDD sectional  connecting showed lower FA in were undergoing treatment  may be related to
[42] (16.79 £+ 1.29) subgenual the WM tract with medications, and they the altered WM

compared with ACC to connecting subgenual had one or more secondary = microstructure in
14 healthy amygdala in ACC to amygdala in comorbid diagnoses (in frontolimbic neural
controls the right the right hemisphere particular, five subjects had ~ pathways

(16.81 £ 1.5) hemisphere a history of a substance use

disorder)

judged eligible. However, seven full-text articles were also
excluded due to their low relevance (two studies were
conducted on FEP patients) for the main theme, and three
articles were excluded as they included high-risk subjects.
This left 17 papers that fulfilled inclusion criteria, includ-
ing 326 patients and 360 controls.

Types of studies selected

Several studies documented the association between WM/
GM abnormalities and bipolar/unipolar disorders in chil-
dren and adolescents. Table 1 summarizes the most rele-
vant studies about DTI neuroimaging abnormalities in
children and adolescents with unipolar disorder whereas
Table 2 includes the nine most relevant studies about DTI
neuroimaging abnormalities in children and adolescents
with bipolar disorder. Table 3 summarizes the two most
relevant studies about VBM neuroimaging abnormalities in
children and adolescents with UD, whereas Table 4
includes the five most relevant studies about VBM neuro-
imaging abnormalities in children and adolescents with
bipolar disorder. These studies were all cross-sectional in
nature with the exception of the study of Adleman et al.
[54], including an initial cross-sectional phase and a sub-
sequent 2-year follow-up period.

DTI studies in samples of children and adolescents
with BD

Nine DTI studies showed neuroimaging abnormalities in
samples of children/adolescents with BD. Significantly
lower FA was found by Lu et al. [33] in the anterior limb of
the internal capsule (ALIC) of 35 pediatric subjects pre-
senting with first-episode type I BD compared with 46
controls. Gao et al. [35] reported significantly lower FA
values in the right anterior cingulate of pediatric bipolar
children in comparison with healthy volunteers. Lower FA
values were reported by Saxena et al. [49] in the callosal
genu and anterior commissure of 10 bipolar adolescents

@ Springer

than with 10 age-matched HC. James et al. [50] reported
reduced GM density in the left orbito-frontal cortex, left
pars triangularis, right premotor cortex, occipital cortex,
right occipital fusiform gyrus, and right crus of the cere-
bellum of 15 bipolar subjects with psychosis, compared to
20 euthymic age- and gender-matched controls. Reduced
FA values were also shown in the anterior corpus callosum
associated with the prefrontal cortices. Voxel-based mor-
phometry, tract-based spatial statistics, and probabilistic
tractography were all used to analyze the DTI data.

Goneng et al. [51] suggested that FA was reduced and
radial diffusivity increased on the left side, whereas on the
right side, trace was increased and T2 values were
decreased in subjects with BD compared with control
subjects. Significantly lower FA was found in the ACR of
13 children/adolescents with BD compared to 15 controls.
Also, FA and regional fiber coherence index (r-FCI) values
were significantly lower in ADHD than BD and controls in
both the ALIC and superior region of the internal capsule
(SRI) [36]. The authors suggested that apparent diffusion
coefficient was significantly increased in specific brain
areas of subjects with ADHD compared to both bipolar
subjects and controls.

Kafantaris et al. [40] found that 26 adolescents with BD
type I showed alterations in WM regions, including lower
FA in the right orbital frontal lobe and higher apparent
diffusion coefficient in the right and left subgenual region.
Patients with BD manifested a significant correlation
between lower FA across regions and lower visuomotor
speed. Lower FA values compared to 18 age- and 1Q-
matched controls in the fornix, left mid-posterior cingulate
gyrus, throughout the corpus callosum, in fibers extending
from the fornix to the thalamus, and in parietal and
occipital corona radiata bilaterally have also been reported
in 21 bipolar adolescents by Barnea-Goraly et al. [39].

Finally, Frazier et al. [38] found that 10 bipolar children
exhibited reduced FA in the bilateral superior frontal tracts,
including the SLF I and CG-PACWM relative to eight HC
and seven children at risk for BD. Furthermore, bipolar



1027

Eur Child Adolesc Psychiatry (2014) 23:1023-1041

sjuaosafope Iejodiq
omerpad ur uorssai3se
puUE INSSTWIOD

JouuE Y} Jo INM

) jo AyISour [eInonIs
JU) USAMIOq UOIBIOOSSE
Jrqrssod e 10§ pojrodar
Sem QOUQPIAD Areurwiijold
" Ut 9[01 [edNIID

JIqe[reAR JOU

Qrom DY JIoj ewiner} peay
10 A3ojoyredoyoAsd Arurey
SUIIIoOUOD UOTJRULIOJUT
‘A[[eurq ‘suonesIpow
ordonoyoAsd Surye; [e
d1oMm $109[qQns ‘Os[y 'sAeIs
poour Surkrea ym (SON)
pagroads asimIaylo Jou qg
pue [-qg Yim sjuadsajope
yjoq papnpour ojdwes
rejodiq oy, ‘s3urpuy

sjuaosajope Jejodiq oy} ur
uoIssaI33e Jo AI0ISIy 9JI B
M paje[arIod K[oAneSou
QIOM QINSSTWIWOD

IOLIQJUE Q) UT SON[eA Vo
"QINSSIWWOD JOLIOJUER pue
nuag [esoq[ed oy} ur sonfea

S[onuod payojew-a3e (]

© oARY 0) pazisayjodAy  JO UONEZI[RIAUAT AY) MO[[R v Iomo] Apueoyrugis QINSSIWIWOD [BUOI103S pue qg ynm (s1eak /-,
uQ9q sey nuog [eso[[es Y[, jou pIp az1s dfdures Y, pamoys ynok rejodrg Jouoyue pue nuag [esofe) -$S0ID) page) sjuaosa[ope 0T  [61] ‘T 10 BUAXES "¢
(Ino porLed UARq SBY
uo1921100 ou) A10jerordxe
se pojaxdiaiur oq prnoys
91033 (SYINA) 21825
uaIp[yo Iejodiq Juney eruepy unox oyl
owerpad ur suone[n3aIsAp pue sunjoa sndurecoddry
aAns0d pue oY) U29MIDQ UOTIR[ILIOD
[eUOTIOW? O} INQLIUOD ay [, *(1030e] SUIPUNOJUOD
A[reonuo 0 paisadsns  [enudod e st siy)) Suruueds
U09q Sey YIomjou QUM SUONEBIIPOU
S1quul JoLIdUE Y, Iopun 2re sjuoned DH PaYoleW-x3s pue
‘uaIp[yo Ieodiq ouerpad jsowr ‘os[y ‘s3urpuy uaIp[Iyo refodiq oumerpad -o3e Q1 pue s1ak 81—
ur Sunsix9-a1d Ajqewnsaid  Jo uopezIfeIoua3 Ay} Mo[[e ur je[n3urd JOoLJuL page eruew Jejodiq
QIe SUOIS9[ [eIM)Oonns 0 [fews A[Ane[ar st dnoid JYSII Y UT PAjOOp dIom X91I00  [BUONIAS ym (S[ewdj g1 pue ofewr
NM PUB JAD QAISUIXT yoea jo ozis o[dwes oy  son[eA o I9MO[ JueoyIusig de[n3uro Jouue WYSry -$SOID  XIS) SJUQDSI[OPE/UAIP[IYD 8] [¢€] 'Te 10 oBD T
ag ur ASojoyedoinau
Jo Qs ogroads A[ySiy
© SI DITV oy Jey) A_yIun
SSOU[[T JO JOSUO IOT[IEd ST J1 ‘SUOTIPUOD Kuewr KyIATSnggip
Ue [IIM PAJRIOOSSE 9q SNy} ur paynuepI are DIV [eIXe PIseaIodp uey)
pue g ur uone[n3aisAp oy} UI SuoneIdE N e Ioyjer [eIpel 19)eais
poour 0} 9NQLIUOD SuLIapISUO)) "suoneIwI| 01 onp sem (g UI son[eA
Kew suor3ar [erodwo) Jolewr se paIopISUOD Vi Iomo] Y], S[enprarpur (26 PaSe) DH
[eIpow pue snwerey) 9q Aew pasn sem ag Jepjo ur uey) sjoalqns 9f pue (s309[qns qg Jop[o
‘WNRLISTYIIR YIIM SAQO[ ey uonisiboe 11 oyd g 1e8unof ur sanfea g QI1V) pue 105unok ojur papIAIp) |
[eIUOI} AU} JO UONIIUUOD ur uonnjosai [eneds pue Iomo] Apuedyrusis moys o[nsdeo [euIAUI 9Y) JO  [BUOINIIS adKy g oposide-isiy yPim
qy) Ul senIeULIoOuqy uSISop [BUOTIOS-SSOIO Y], 0] punoj sem DTV YL quilf JOLISIUE 13 U} JO N -$S0ID) Sunuesaxd spenpraipur g¢ [8¥] Te 10 0T ']
ugisop
SUOISN[OU0)) SUOTIRITWI | sSurpuy urejy JNM JO uoneso Apmis sons)oereyd djdwes Ieak ‘(s) Joyny

dd Y s)uedsdjope pue uaIp[Iyo jo sordwes ur sanjeuriouqe SuiSewomau Surmoys saIpnis [, JUBAJ[RI ISON T dlqel

pringer

A



Eur Child Adolesc Psychiatry (2014) 23:1023-1041

1028

MO poo[q oy}

ur sa3ueyd YIm Ioy3030)

g 1esuo-£pres ayy

Sururue)ap 9pis [ Y uo
INd00 P[nod aFewrep UreAIN

syuaned refodiq ommerpad
Ul POAJOAUL 9q P[NOD S}OBI)
reuoxyaxd ouoydsruayrouy

J[qe[IBA® QIOM UOIBULIOJUL
snje)s JIWOU0II0I0S

10 ‘3unsa) [eo130]
-oyoAsdoinou ‘ssoupopuey
pa[reiop ou ‘A[reury
*(1030B] SUTPUNOJUOD
[enuajod e st s1yy) Suruueds
uayM SuonEedIpIU
ordonoyoAsd 1opun arom
$3109[qng ‘A[puooeg ‘ureiq
Ay} ur sa3ueyd [eqo[3
Surkynuopr ur poyrur] AIoA
are sasA[eue [OY ‘ApSIL
‘surpuy Jo uonezIfeIoudd
Y} MO[[e Jou

pIp az1s oidwes [[ews ayJ,

Jloym
' se (g 0) pozi[erouad
9q jou Aew s3urpuy
‘910J011} ‘s1soyoAsd
i 9s0ty 03 pajrul]
sem Apnis ay, ‘sSurpuy
Jo uonezIeIuas ay)
Mmo[[e jou pIp s3o9fqns jo

Ioquinu J[ews A[oANR[aT Y],

9prs y3u oy} uo dnoi3
g 2y} Ul paseaIodp sem
71 PUe POseaIoul sem eI}
SBaIaUM JPIS )JI[ dY) U0
pasearour sem AJAISNIJIP
[eIpeI/20RI) PUB PAONPAI
SeM Y ‘SQOUSI_JIIp
1LQ 03 10adsar yIp opIs
1331 9y} ym paredwod aprs
Y311 oy uo Apyueurwopard
(Z1) 2wn uonexe[ar
OSIOASURI} PISEAIOP M
‘dno13 g ay) ur poaresqo
SeM 90udIdyJIp Juaydsiuoy
sorod
[eluolj pue sLe[nSuBL)
sred ‘x91100 J0j0WAId
X91I100 [eIU0IJ-0)1QI0
) Aprenonred ‘x91100
[eyuogard ay) 01 pajdaUUOd
QI0M IJ)SN]O [eSO[[ed
JOLIdIUE AU} UIYIIM S[OXOA
‘Kydei3ojoen onsiyiqeqoid
€ 0} UIpI0d20y
"*DH payolew-19puds pue
-o5e 03 paredwod wnso[ed
snd10o 2y} jo jley JoLejue
9y Ul ' padnpal pey g
oLeIpad yim s[enpiApuy

SOOURIRYJIP ouRYdsTWAY JAM

wnsoj[es

snd10o a3 Jo Jrey Iooyuy

(s1eak 17 F ¢¢l
a8k uBOW ‘O[BUIDJ UQADS

pue ‘s1eak ¢y F 601

o3e ueow ‘O[eW JUIU)

DH 91 ym paredwod

(sreak 7% F 911

93e uBOW ‘Q[EUIR)

[T pue ‘sieak ¢'¢ F ¢'11

[euoI1309s age ueow ‘orew 0]) Ag
-$SOID)  YIIM SIUQISI[OPR/URIP[IYD [T

(01 F sreak ¢°g1)

OH payodjewt

-19pua3 pue -3k OTWAYIND
0T ynm paredwoo

(0T F s1e£ (°61)

[16] T8 10 dusugn g

[0S] Te 19 sswef y

SUOISN[OU0D)

suone I

s3urpuy urejy

N JO uonedo |

[euonoas stsoyoAsd
-$S0ID) i sjoalgns rejodiq G
u3isop
Apmis sonseloeIRyd o[dureg

Ieak ‘(s) Joyiny

penunuod g dqe],

pringer

A's



1029

Eur Child Adolesc Psychiatry (2014) 23:1023-1041

ssauf[r oy} jo Ayarsndur

pue SWoISAS 9ATIOJe

Jo uorne[n3aIsAp ay) 3091

Kew sjuadsa[ope (g Ul

JNM Tenua3qgns pue [ejuoly

[©1G10 9y} UI SUONRIA[Y

'SQ)JB[OII0D [eUOTIOUN]

9ARY 0) PUNOJ U2 AABY
g smerpad ur sagueyd A M

D 01 payw]
A[eAne[a1 oq Aew spiay
jo31e) [eonIod ur A3ojoyyed
[euonoung "qHAV pue
ddg yoq jo sisauadoyed
QU3 UT PIAJOAUT 9q Aewl
YOV Ul VA pasnpal oy}
Kq pajoapar yoen Teyuoryaxd
Q) Ul UonBUI[QAW PAdNpal
10 Aysuop 1oqy parreduy

Ieg[oun [[us St Ajuugojur

NA\ UO sagueyo aonput

0] SUOIIBIIPAW JSAY)

Jjo renuajod QyJ, ‘Suruueds

uayMm SI9ZI[Iqe)S poout

Io/pue sonjoydAsdriue

Sune) a1om syuened

‘os[y “(serq renuajod

®) s1o112 | 2d£} 0} 109[qns
SI SISA[eUR 9SIM[OXO0A AUy

paziferauas 2q 0} s3urpuy
AU} MO[[® 10U PIP UONN]OSI
[eneds moy A[oAne[ax
Ay ‘osTy "Apmys juasaxd
U} Ul SOOUAIRIJIP ISopout
199)9p 0} paromodiopun

9q Aew oz1s odwes ayJ,

poads 10j0WONSIA

IOMO[S pue SuoI3a1

SSOIOR Y JOMO] Udam)aq

UONe[aII00 JUBOYIUSIS

e payodar g ym

syuaned ‘DH 01 paredwod

uor3a1 renuadqns o[

pue 1ySII 9y} UT JUSIOYFI0d

uorsnyjip juaredde

IoyS1y pue 2qo[ [eIU0L}

[e31q10 Y311 o Ul Y

JIomo] Surpnjour ‘(sdnoi3

uoomiaq 1ord e I9JIp 03

pajorpaid) suor3ar A Ul
SUOIIEId)[E POMOYS SIUdNed

OH Pue dgd =u yoq

0} paredwod dnoi3 qHQAV

JO 4TS 4TI ‘DD TIS

OI'ld OI'TV YOV 2w

ur pasearour Apueoyrusis

SEM JUSIOLJO0D

uorsnyyip juareddy

TIS pue DITTV =241 yoq ut

OH pue g ut ueyy JHAV

ur 1omo[ Apjueoyrugis

JIom San[eA [D-I pue

VA ‘os[y "DH 03 paredwoo

s1o0lqns QHQV pue

dd woq ur YoV ut punojg
sem V] Jomo] Ajueoyrusis

(s1eak €61
‘oFe ueow s100[qns opeway
TT pue a[ew 1) DH 9T
s paredwod (s1edK ()91
‘oFe ueow ‘sjoafgns
[euonoes O[eWo) ] pUE O[RW T[) | [or]
-ssor)  adK) qg yim s1ueoss[ope 9g ‘[€ 19 sueuRIRY "L

uor3ar fenua3qns 3Jo[
pue Y311 pue ‘9qo[ [eIUOI)
[e31qI10 JYS1I oY) JO M

(dS) wntuords

(D)) wnpnsur (4710
SN[NOTOSeJ [eurpmIsuo|
JoLdyur :(A71S)
SN[NOTOSEJ [euIpmIuo|
Jouadns {(O171d)

q[nsdes [eurojur Y3 Jo OH
quurf Joualsod ‘TYS DIV ¢1 pue (QHQYV) 1op1osip
‘(MDV) 9msdeo reurojur KyanoeradAyogep

9 jo uor3ar Jorradns
‘aleIpel BUOIOD IOLIIUY

[euono9s -uonuane YIM ¢1 ‘ag

-SSOID)  YIIM SJUSDSI[OPB/UAIPIIYD €]  [9¢] ‘e 30 Un[nAed 9

SUOISN[OU0D)

suone I

s3urpuy urejy

u3isop

NAA JO uonedso| Apmis sonseloeIRyd o[dureg Ieak ‘(s) Joyiny

penunuod g dqe],

pringer

A



Eur Child Adolesc Psychiatry (2014) 23:1023-1041

1030

ssauqq1 sejodiq

o jo adKjousydopuo

ue jJuasaidar

PINOS SanI[ewWIouqe

9say,[, ‘Surpuy paje[al

-91e)s-0seasIp e Judsaidax

pInod sdnoi3 1ayjo Yy 03

poredwod uaIpyiyo rejodiq

ur INMOVd-DO W9l pue
YT Y U Y Paseardd

uone[ngal

9ANIUS0O pue [eIOIABYq

‘[eUOTIOWd UT PIA[OAUTL

SuOI3aI urelq 9soy) ur

punoj oq Aewl sjuaISI[Ope

1ejodiq ur se3ueyo

1081 JNM JUBOYIUSIS

‘dd [er]iwe] Ut ssessIp Jo

9s1n00 9y ur A[Ied juasaid
e N U sonI[eulIouqy

(10108]

Surpunojuoo enusjod

' SI SIy)) uruueds uaym
suonedrpaw drdonoyoksd
Sunye; a1om s[enpraiput
‘OS[V "PAIBN[BAD Uq
jou aAey sSurpuy TN
-1d 2y} Uo SenIpIqIoWod
PUE 9)B}S POOW JO SIIYJQ
A} ‘IOAOAIOJN "IOPIOSIP
Kerxue 1o/pue (QHAVY)
IopIosip AjranoeradLAy
OYp-uonudIe

pey s109[qns [[e ‘os[y

‘paziferouad 2q 0) s3urpuy

a3 mo[e jou pip Apnjs
9y} JO 9INJBU [BUONIIS

-SSOI0 JY} pue s3o9lqns
JO JoquINU ISOpour Y],

1omod jo yoe[ 0} onp
paureIqo uadq dAey Aew
S)[NSAI 9ANEIAU ‘QI0JIAY)
‘ordwes ojoym oy
Jo 19sqns & A[uo papnjout
S9sA[eur [BIOIARYQQ
201 1504 "(10)0e}
Surpunojuod [enusjod
®) swoydwis qHAV
juedyrusis pey syoalqns
‘os[y "A103s1y arnsodxo
uonedrpaw ordonoyoAsd
pey Jo/pue Juruueds
uayM SUONEBIIPIW Jurye)
arom syuedronied 3sopN

OH
0} paredwod sdnoi3 qdg
-4V pue qg °yi Ieyre ul
A7IS [eloje[iq Ul punoj sem
v paonpar ‘Ajfeul ‘add
-4V Ul INMDVd-DD Y31
pue JySI oY) UI ] paonpal
poyiodar osfe uaIpqIyd
Iefodrg "Apoq wnsoq[eo
sndroo Y311 ay) pue M
[euoly Te3IqI0 Yo Ul VA
PooNpaI Pomoys UIP[IYD
rejodiq ‘erowroyung ‘OH
0} paredurod IWMOVI-DD
pue [ 4TS oy Surpnjout
‘sjoe1) Teyuoly Jorredns 1Jof
pue Y31 oY) Ul Y paonpal
payrodar uaipqyo rejodig

A[reroreriq

ejeIpel euolod [e3idiooo

/Terotred pue ‘snurefey)

9y} 0] XIUIOJ 9y} WO}

sIaqy ur ‘wnsof[ed sndiod

9y} 1noy3noay} ‘snik3

9re[n3uro Josod-prua

1J9] *XIUIOJ Y1 Ut DH 01

paredwiod sonfeA  Iomo[
pamoys syudosajope rejodig

Apoq wmso[[ed sndrod
JYS1I 9y} puE [BIUOIJ [EIIQIO
Yol ‘INMIVA-DD) M
Jre[n3uroered-ojen3urd
oy pue [ 4TS 9y Jo M

A[exde[iq 9jerpel

'u0109 [2)1d1000/[B)oLIRd

pue ‘snuwefey) ayj 0} XIuIoj

d) WOIJ SIdqy ‘Wnso[[ed

sndi0o oy JnoySnoyy

‘snik3 oye[n3uro Jorreisod
-PIW o[ “XIUIOY Y JO INM

[euondas

-SS01D)

[euono9s

-SS0ID)

(0°€ F 6'8 ‘o ueow)
(adg-av) ag oy ysu
18 UQIP[IYD Payojew-a3e /
pue ‘("¢ F 76 ‘@3 ueour)
OH 8 “(0°¢ F T'6 o3¢

ueow) uaIp[ryd rejodiq o1

LTF Sl

‘aSe ueow) HH payorew
-OI pue -o3e g1 pue ‘quared
(g SUO ISLI I8 JO UIP[IYd
A1om oym (L7 F 1°9] ‘oFe

ugow) sjuadssope g ¢

[8€] T8 10 101714 “6

[6€] T2 10

Arelon-eoureq ‘g

SUOISN[OU0D)

suone I

s3urpuy urejy

NAA JO uonedso|

u3isop
Apmg

sonseloeIRyd o[dureg

Ieak ‘(s) Joyiny

penunuod g dqe],

pringer

A's



Eur Child Adolesc Psychiatry (2014) 23:1023-1041 1031

o ¥ Eo 8 children showed reduced FA in left orbital frontal WM and
‘g g 5 . . .
E-E s 8 % 2 = the right corpus callosum body. Bipolar children also
L@ = 15} . . .
0SB é é é@ E exhibited lower FA in the right and left CG-PACWM than
= =B = —_ . . I
-8 jg ST E XS for children at risk for BD (AR-BPD). In addition, lower
o= B == 232 . . . .
S22 5= &2 FA relative to HC was found in bilateral SLF I in both the
==
Oz °E%83¢g BD and AR-BPD groups.
522 £552z7
«© oh - S >
zEe= 2ESEwT o .
% o 8 8 ';% £ 8 2 DTI studies in samples of children and adolescents
w ) - Q - < .
E E§ §§§%_§§ with UD
£ 5S¢ g SESZE e
S 5§ 2E2S o= o -
% ;2: £ e= £33 25 &% Only one DTI study reported brain imaging abnormalities
© i @ in samples of children and adolescents with UD. Cullen
- g g et al. [42] found that 14 adolescents with MDD exhibited
g o § é o é’ %“ £ < lower FA in the WM tract connecting the subgenual ACC
EEe52 E& i 2 to amygdala in the right hemisphere when compared with
48222 38232
£2EEs 872298 14 healthy volunteers.
893 hB: 22%Fg:z
$2373 [3iid - .
o ®EC % - ! %‘: 5 VBM studies in samples of children and adolescents
o .5 2 o =
% 2 o < =) 3 O = > .
g eﬁﬁ§8 .é.g%n_ggﬁ with BD
= SE2s58 =S22Z2EF
= < == 9 @ on — =1 . . . . e
| 2 Q =8 %g T EEge g % Five VBM studies reported neuroimaging abnormalities in
Z] o 4 = H L P O = . .
g 5 o 5 g 272 & B = é % 9 & samples of children and adolescents with BD. Adleman
g E=I ) @ S35
2| E ES2E % S 2ES588E et al. [54] reported that the GM volumes of the pre-SMA,
-§ = < = dorsolateral prefrontal cortex (DLPFC) and insula were
= 2. ) increased in 68 HC compared with 55 with BD and 78 with
£ a2 2 o) . . .
- % &5 & g § 2 severe mood dysregulation. Regarding globus pallidus,
5 5 552 B2 _2 increased GM volume in BD compared with healthy vol
3 1 o & s &F S -
= 2 o0 0« = S = = B . .
c 2 g ; 2 '§ E =C 2“3 =8 unteers and severe mood dysregulation patients have been
ks g g E £ i B0 g % Lm) -;'g g% reported. After 2 years of follow-up, an abnormal increase
8 0= 8 2% 2 . e o .
| & § £ ER=¢ f g 3 E 2 é § in the volume of the superior/inferior parietal lobule as well
—_ = — @ 5] . . .
§ § gg c 8 § § £ 2 SEEF —§ as in the precuneus of 34 BD patients was found. Hajek
g i = et al. [55] also reported that 19 patients with BD who had a
B g » 2 = substantial burden of illness and a <3 months of lifetime
g2 s = gﬁ g '% ° £ exposure to lithium exhibited smaller right inferior frontal
g S o8 2 < .
g % CE[ls52¢ gfug éE gyrus (rIFG) volumes when compared with 29 control
[} o o . . . .
E § § g % E&EEFS .‘:3*3 subjects (having a substantial burden of long-lasting BD).
£ This negative association was not replicated in lithium-
g g g treated BD patients.
Slzh 28 28 As suggested by Jarvis et al. [56], cannabis use disorder
8| 2% g a e 3 . . . .
<3S &) &) was associated with structural differences in frontal and
§ a - & temporal cortical regions, as well as subcortical regions
2 g ~ el < § 75 such as the caudate (hypothesized to be involved in emo-
% 7 = ;F ég ~ 27 e 2 tional and motivational regulation); this study was per-
2 B=] > - g < . . .
g 3 E v E= EJN £z 2T '§0 53 formed in 14 adolescents with BD, of which seven were
AR g3 § —%: S; 28 § %S"mﬁ cannabis consumers.
£ ) g . . . .
2EE E SERES SR C8ER Dickstein et al. [57] found that 20 bipolar subjects had
w2 N N .
E ° reduced GM volume in the left DLPFC (Brodmann area 9)
b = = and, using a less conservative statistical threshold, in the
[0
ol - e} = left accumbens and left amygdala, when compared to 20
= o < = controls. Significantly greater GM volume has been also
- | T - % found in 10 bipolar subjects in the basal ganglia, thalamus
< . .
212 = E and left temporal lobe bilaterally by Wilke et al. [S8] when
[+ =
=< — o compared to 52 age- and gender-matched controls. In
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Table 4 continued

Conclusions

Limitations

Sample characteristics Study Location of WM/GM Main findings

Author (s), year

abnormalities

design

GM abnormalities in

The small sample size did not

Bipolar subjects had reduced

GM of the left DLPFC, left
accumbens and left

Cross-
amygdala

20 subjects with BD (aged

4. Dickstein et al.

prefrontal cortex are

allow the generalization of
findings. Also, 95 % of

GM volume in the left

sectional

7-17 years) compared to

20 HC

[57]

involved in emotion

DLPFC (Brodmann area 9)
and, using a less

dysregulation underlying BD

children with BD were
taking psychotropic

conservative statistical

medications at the time of

MR imaging

threshold, left accumbens
and left amygdala

A relationship between

Findings were derived as part

Significantly greater GM

GM of the medial temporal
lobe, orbito-frontal

Cross-

10 BD adolescents

5. Wilke et al.

of an fMRI experiment (this localized GM volume and

may determine more severe

volume was found in the

sectional

compared with 52 age-

[58]

altered affect processing has
been hypothesized in bipolar

subjects

bipolar group of the basal

cortex, and the anterior

cingulated cortex

and gender-matched HC

susceptibility artifacts from

tissue—bone or tissue—air

ganglia, thalamus and left
temporal lobe bilaterally.

interfaces). Other concerns
regarded z-gradient and B -

Localized GM abnormalities

in bipolar subjects were also
reported in the medial

field 1 linearity together with

the issue of possibly
incomplete coverage

temporal lobe, orbito-frontal

and anterior cingulate cortex

addition, localized GM deficits in bipolar subjects were
also reported in the medial temporal lobe, orbito-frontal
cortex and anterior cingulate.

VBM studies in samples of children and adolescents
with UD

Only two VBM studies reported brain imaging abnormal-
ities in samples of children and adolescents with UD. Shad
et al. [52] found significantly lower GM volume in the
frontolimbic regions and caudate of 22 MDD adolescents
when compared with 22 age- and gender-matched normal
controls. Also, Frodl et al. [53] suggested that the left
prefrontal cortex was smaller in 24 patients with MDD than
in 27 controls. Childhood stress predicted hippocampal
WM abnormalities.

Conclusions and discussion
Summary of main results

The present review is, to our knowledge, the first study
examining whether pediatric/adolescent BD is associated
with greater or more consistent WM/GM alterations than
pediatric/adolescent UD. We aimed to investigate whether
some VBM/DTI abnormalities can distinguish samples of
children/adolescents with BD or UD from HC.

Only three VBM/DTI studies [42, 52, 53] investigated
the existence of brain imaging abnormalities in samples of
children/adolescents with UD versus fourteen VBM/DTI
studies [35, 36, 3840, 48-51, 54-58] showing neuroim-
aging abnormalities in pediatric/adolescent samples with
BD.

Based on the main findings, more WM abnormalities
have been reported in BD children/adolescents compared
to those with UD. In particular, bilateral abnormalities in
WM connectivity of brain regions and neural circuitry
critically involved in emotion regulation and sensory pro-
cessing have been reported in BD, but not UD. The bilat-
eral findings in BD, but not UD, indicated more widespread
WM connectivity alterations in BD compared to UD. WM
tracts abnormalities may be related to both axonal disor-
ganization and demyelization or apoptosis; future studies
should directly investigate this important issue using recent
techniques such as Magnetization Transfer Ratio or axonal
calibration [59].

Main neuroimaging abnormalities in children/adolescents
with BD

Several studies have suggested the existence of WM/GM
abnormalities in samples of children/adolescents with BD.

@ Springer



1034

Eur Child Adolesc Psychiatry (2014) 23:1023-1041

In their meta-analytic study on adults, Kempton and col-
leagues [60] suggested that basal ganglia and hippocampal
volume reductions seem to be more specific for MDD than
BD, whereas reduced corpus callosum cross-sectional area
and increased rates of deep WM hyperintensities seem to
be more common in BD than MDD. As argued below,
these findings have only partially been confirmed in sam-
ples of children and adolescents. However, alterations
throughout the amygdala and basal ganglia appear poorly
specific, since they have also been documented in BD [42,
54, 58] and many other neuropsychiatric disorders [42].
The presence of subcortical alterations within the amygdala
and basal ganglia in childhood [61] could subsequently
extend to prefrontal cortical regions continuing to develop
into adulthood. These frontolimbic abnormalities occurring
during childhood and early adolescence would suggest the
existence of neurodevelopmental conditions [62]. Abnor-
malities throughout the anterior limbic system and associ-
ated prefrontal regions have been hypothesized to be
involved in affective, cognitive and vegetative symptoms
in BD [63-65]. In line with results in adult samples, one of
the most common brain region in which abnormalities have
been documented in pediatric/adolescent bipolar samples is
the corpus callosum [38, 39, 50]. The corpus callosum
represents the major interhemispheric commissure con-
necting most of the neocortical brain regions and including
fundamental brain networks related to attention, memory,
language and emotional states [66—72]. The corpus callo-
sum develops during childhood/adolescence as demon-
strated by the increased size [73], reduced signal intensity
[72] and increased FA values [74].

Some authors [75, 76] suggested that, although the
signal intensity of the corpus callosum is reduced and its
shape altered in pediatric/adolescent bipolar samples, no
differences in size have been reported between bipolar
children/adolescents and healthy volunteers.

Barnea-Goraly et al. [39] suggested an abnormal matu-
ration process in the corpus callosum of bipolar subjects, as
reflected by the lower FA in adolescence—representing
reduced coherence or aberrant myelination and increasing
FA with age. This might be due to changes in the extra-
cellular compartment related to abnormal perivascular
structures [73], but might also be related to the different
measurements of FA in the corpus callosum of adults and
adolescents [77].

Abnormalities in the CC3-motor area of the corpus
callosum interconnecting right and left paracingulate,
anterior cingulate, supplementary motor areas and lateral
premotor regions in the frontal lobes could be related to
alterations in activity and motivation—that are frequently
observed in children with BD [38].

As hypothesized, WM integrity in prefrontal limbic
network has been found to be significantly altered as

@ Springer

demonstrated by the lower FA in children with BD. Two
studies suggested that there are changes in the WM of the
ALIC [33, 36]. Greater alterations have been reported in
the WM microstructure of the left ALIC with pediatric
bipolar onset compared to adult bipolar onset [36].

Disorganized integration of prefrontal-limbic circuitry
associated with affective dysregulation has been
hypothesized in BD [33, 78]. The prefrontal structures
appear to show dysfunctions in modulating subcortical
structures. The alterations in the WM microstructure of
the ALIC have also been demonstrated in another DTI
tractography study [79]. This may increase the vulnera-
bility to develop bipolar illness, by altering the pro-
cessing of emotional information throughout the limbic
system.

Main neuroimaging abnormalities in children/adolescents
with UD

Only three VBM/DTI studies [42, 52, 53] showed the
existence of brain imaging abnormalities in samples of
children and adolescents with UD. Shad et al. [52] showed
lower GM volumes in the frontolimbic areas and caudate of
depressed adolescents than in healthy volunteers. These
authors also suggested that GM changes in the striatum,
especially in the caudate nucleus, may relate to the initial
presentation of MDD. The involvement of frontolimbic
regions in the pathogenesis of adult MDD has been
extensively reported [79-83]. Dorsolateral and orbito-
frontal regions of the prefrontal cortex (PFC) play a critical
role in self-monitoring and executive control of the medial
PFC and limbic system [84, 85].

As suggested by Frodl et al. [53], even subtle changes of
the hippocampal WM may be relevant in the pathogenesis
of adolescent depression. Hippocampal abnormalities have
been reported in both unipolar depressed children and
adolescents [53], whereas other authors suggested the
existence of alterations in the WM tract connecting sub-
genual ACC to amygdala in the right hemisphere [42].
Consistent evidence [86-88] suggested that the subgenual
ACC is a critical brain structure functionally connected
with the activity of frontolimbic regions. An alteration in
the ACC, including disorganized integrity of WM micro-
structure of the uncinate fasciculus would provide an
abnormal regulatory input to the amygdala [89]. These
WM changes may reflect a critical axonal reduction or cell
loss in the outgoing fibers of the fimbria to the structures of
the limbic system and may be responsible for the cognitive/
emotional disturbances of depression. There is evidence
that childhood trauma (e.g., physical or sexual abuse) may
be associated with reduced hippocampal volume in sub-
jects who subsequently develop depressive disorders in
adulthood [90-92].
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Cullen et al. [42] also suggested that there are lower
mean FA values (reflecting reduced WM integrity) in
right WM tracts connecting subgenual ACC to the
amygdala in adolescents with UD. These authors stated
that alterations of this connection may be involved in
many neuropsychiatric disorders (e.g., bipolar disorder
and schizophrenia).

Methodological differences between VBM analyses and
ROI-based approaches could be fundamental in explaining
some conflicting findings. This is, for example, the case of
the ROI-based study of Chen et al. [23] that failed to
demonstrate significant differences in OFC volume
between depressed adolescents and controls.

Taken together, these few studies supported the
hypothesis that dysfunctions in the microstructure of WM
pathways within frontolimbic neural networks are involved
in the pathophysiology of UD in children and adolescents.

Tables 5 and 6 summarize the main GM and WM
abnormalities and the different brain regions that have been
reported as dysfunctional in children and adolescents with
BD versus UD, respectively.

Psychotic features in children and adolescents
with bipolar/unipolar disorders

Whether data from first-episode psychosis (FEP) samples
or BD/UD samples with psychotic features at their first
presentation may help clinicians to distinguish between the
subsequent (unipolar/bipolar) trajectories of affective ill-
ness is currently a matter of debate. Adolescence is an
interesting period to compare the phenotypic expressions
of BD with psychosis and schizophrenia.

Janssen et al. [93] analyzed data from 70 FEP adoles-
cents and found that smaller right and left thalamus volume
was positively correlated with increased severity of sensory
integration neurological soft signs. In addition, smaller
right caudate volume was effectively associated with
increased impairment in sequencing complex motor acts.
Extensive abnormalities in the left medial frontal GM
volume have been also reported in bipolar patients with
psychotic features at their FEP [94] when compared to
bipolar patients without psychosis. Specifically, patients
with GM volume abnormalities in the left medial frontal
gyrus were more likely to be diagnosed with BD type I than
subjects with schizophrenia.

Conversely to early-onset schizophrenia, pediatric BD
with psychosis has commonly been associated with fewer
cognitive deficits [95], although abnormalities in executive
functioning and working memory are quite common in
both these disorders. Remarkably, larger GM changes and
altered WM integrity in motor control regions have been
identified in patients with early-onset schizophrenia com-
pared to those with adult-onset disease [96].

Hatton et al. [97] reported that young people with
emerging anxiety, affective or psychotic disorders, had
reduced left anterior insula GM volume associated with a
poorer neurocognitive performance and more severe clin-
ical symptoms compared to controls. However, no signif-
icant differences have been suggested between diagnostic
groups.

A correlation between altered fornix connectivity (FA
values in the right fornix), volumetric reductions in the
hippocampus and self-certainty (measuring the confidence
in beliefs and judgments) has been reported by Buchy et al.

Table 5 Main differences in GM abnormalities of children and adolescents with BD versus UD

GM abnormalities Bipolar Unipolar Author(s); year
disorder disorder
Cross-sectionally, the pre-SMA and globus pallidus; longitudinally, the (+) (-) Adleman et al. [54]
superior/inferior parietal lobule and precuneus
Right inferior and left medial frontal gyrus (+) (=) Hajek et al. [55], Janssen et al. [94]
Frontal and temporal cortical regions and some subcortical areas (+) (=) Jarvis et al. [56]
Left DLPFC, left accumbens and left amygdala (+) (=) Dickstein et al. [57]
Medial temporal lobe, orbito-frontal cortex, and the anterior cingulated (+) (=) Wilke et al. [58], Gao et al. [35]
cortex
Left thalamus and right caudate (+) (=) Janssen et al. [93], Shad et al. [52]
Changes in the frontolimbic areas ) (+) Shad et al. [52]
Left hippocampus (-) (+) Cheng et al. [31], Gao et al. [35]
Callosal genu and anterior commissure (+) (=) Saxena et al. [49]
Left orbito-frontal cortex, left pars triangularis, right premotor cortex, (+) (-) James et al. [50]
occipital cortex, right occipital fusiform gyrus, right crus of the
cerebellum, and corpus callosum
Anterior corona radiate, superior region of the ACR, ALIC, SRI, PLIC; (+) (-) Pavuluri et al. [36]

SLF; ILF; CG; SP
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Table 6 Main differences in WM abnormalities of children and adolescents with BD versus UD

WM abnormalities

BD UD Author(s); year

Right and left subgenual region and the tract connecting subgenual ACC to amygdala in (=) (+)

the right hemisphere
ALIC
Interhemispheric differences

Fornix, left mid-posterior cingulate gyrus throughout the corpus callosum, fibers from +)

Cullen et al. [42],
Kafantaris et al. [40]

+) (-) Lu et al. [33]
(=) (-) Goneng et al. [51]
(=) Barnea-Goraly et al. [39]

the fornix to the thalamus, and parietal/occipital corona radiate bilaterally

SLF I and CG-PACWM, left and right orbital frontal and the left/right corpus callosum (+) (-)

body
Hippocampal WM

Kafantaris et al. [40],
Frazier et al. [38]

(=) +) Frodl et al. [53]

[98]. In their DTI study conducted on either affective or
non-affective psychotic individuals, the authors suggested
no significant differences between affective or non-affec-
tive psychotic subjects.

Also, de Azevedo-Marques Périco et al. [99], aiming to
investigate structural brain differences between BD-I sub-
jects and MDD subjects with psychotic features, found
more pronounced GM reduction in the right-sided dorso-
lateral prefrontal cortex and a trend toward left-sided GM
deficits in the dorsolateral prefrontal cortex of MDD
patients (also after repeating the analysis with scanner site
as a confounding covariate) when compared to BD sub-
jects. However, the study did not focus exclusively on
pediatric/adolescent samples. There are also studies that
did not support the existence of differences between
patients with pediatric BD with psychotic features and
those with early-onset schizophrenia. Scherk et al. [100]
found no significant differences in GM/WM volumes
between thirty-five patients with BD who had experienced
psychotic symptoms during their illness and thirty-two
control subjects. Significant correlations have been
observed between GM/WM volumes with number of
manic or depressive episodes, duration of illness, existence
of psychotic symptoms, and treatment with lithium or
antipsychotics.

Also, Zanetti et al. [101] reported no statistically sig-
nificant differences in the frequencies and severity scores
of WM alterations when comparing the affective psychosis
(psychotic BD and UD) with non-affective psychosis
(schizophrenia/schizophreniform disorder) and control
subgroups.

Findings are usually limited by the controversy con-
cerning whether pediatric BD with psychosis and early-
onset schizophrenia should be considered as two different
diagnostic entities [102]. Also, the interpretation of dif-
ferences between first-episode BD and MDD subjects may
be complicated by the fact that, based on epidemiological
studies, approximately 1-5 % of unipolar depressed sub-
jects will develop a bipolar illness beyond one year after
their initial identification [103, 104].

@ Springer

Main limitations

Findings must be interpreted in light of the following
limitations. The present review allowed to identify a wider
array of DTI abnormalities with BD versus UD, but this
does not necessarily reflect the actual neurobiology of these
disorders. To definitely disentangle this point, a meta-
analysis is now required, including a search for unpub-
lished negative findings, or using methods to evaluate
whether there was a publication bias. Such a meta-analysis
was judged not possible at the time of the review, due to
limited and heterogeneous available data.

Also, the low number of studies, especially in UD, and
the limited sample size of most studies did not allow the
generalization of findings. In particular, studies may be
underpowered to detect modest differences within samples.
Furthermore, most studies were cross-sectional in nature
and did not control for multiple comparisons. Prospective
studies appear necessary to distinguish between those with
trait markers of BD/UD and those at risk of conversion
from MDD to BD. Indeed, follow-up studies have found
that 20 to 40 % of adolescents with MDD develop BD
within a period of 5 years after the onset of depression
[105]. One of the most helpful future direction is to identify
biomarkers underlying pathophysiological processes toge-
ther with the development of symptom dimensions related
to BD. Examination of the development of neural abnor-
malities occurring before the behavioral changes associated
with BD, or other mood disorders, is crucial for clinicians.

Moreover, most of the patients included in these studies
were under medication at the time of scanning, and this
must be considered a confounding factor. Although lithium
has been demonstrated to increase GM volume compared
to placebo, MRI changes in the brain differ before and after
lithium [106], and the effects of antipsychotics and mood
stabilizers on WM integrity and GM volumes are still quite
unclear [107]. Also, samples were often mixed, including
both adolescents with varying mood states. The effects of
both mood states and psychiatric comorbidities on VBM/
DTI findings have been not adequately evaluated in most
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studies. The presence of ADHD comorbidity in bipolar
children may be interpreted as a potential confounding
factor. ADHD symptoms are very frequent in samples of
bipolar children—ranging to 80 % [38]; this high comor-
bidity induced some authors [108] to suggest that ADHD
may represent a phenotypic manifestation of early-onset
BD.

Also, psychosis occurs in 16 % of BD cases and is
usually a marker of severity and poorer prognosis [105];
some studies analyzed bipolar subjects with psychotic
features, so that the findings may not be generalized to BD
as a whole.

Importantly, interpretation of WM abnormalities
explored with DTI and anatomical measurement are not
straightforward. Voxelwise analysis is subject to type I
errors, whereas the spatial resolution of the studies using
DTI acquisition may be excessively low.

As suggested by Frazier et al. [38], most DTI studies
suffer from low sensitivity and could be quite sensitive
only to FA differences in subsections of the most densely
packed fibers.

The observation of lower FA measurement in specific
brain areas could be erroneously interpreted as lower
connectivity [42], leading to imprecise anatomical mea-
surement of WM. Recent advancements in this field using
meta-analytic and multimodal neuroimaging approaches
should help to clarify how FA differences may reflect
connectivity dysfunctions. Moreover, processing pipelines
of DTI data are diverse and no clear consensus exists on
how to handle DTI data.

Although ROI studies provide relevant information on
regional differences, they should be similarly considered
cautiously, especially in the identification of more global
changes in the brain. Reliable tractography studies are also
missing.

Considering that the main findings derived by the
included studies are highly heterogeneous, it has not been
possible to analyze some relevant issues (e.g., differences
in the instruments/criteria used to diagnose BD in children;
BD subtypes and bipolar polarity; duration of the illness;
childhood versus adolescent onset; effects of psychoactive
medications; eventual comorbidity; family history of BD;
socio-demographic factors; sample size; different scans;
methods to evaluate the used scans and statistics) that could
have influenced the main results of the present review. All
these issues may explain, at least partially, the large dis-
parity and disorganization of the main results.

Finally, most of the correlations that were reported
should be interpreted as exploratory (see Tables), since no
correction for multiple comparisons has been performed or
because post hoc behavioral analyses included only a
subset of the entire samples. Future neuroimaging studies
should be wuseful in elucidating pathophysiological

processes underlying the differential development of BD
from UD supporting to clarify the relationship between
structural and functional neuroimaging findings. They will
require large multicentric samples.

Implications and future directions

Overall, based on the limited studies available, more WM
abnormalities have been reported in BD children/adoles-
cents than in those with UD suggesting the possible exis-
tence of vulnerability markers for BD. More studies about
WM abnormalities in youths with UD are necessary.

Future longitudinal studies should: (1) directly compare
groups of children with UD and BD; (2) use multimodal
imaging for cross-validation of the results and easier
interpretation; and (3) combine follow-up imaging assess-
ments to investigate whether neurodevelopmental changes
may be considered specifically related to diagnostic cate-
gories. In addition, future studies should focus on dimen-
sional approaches able to redefine “bipolarity” in terms of
underlying pathophysiological processes in genetically and
symptomatically at risk subjects. These studies should also
be conducted using more reliable neuroimaging techniques
such as tractography to provide biomarkers as well as
biological targets for more selective personalized treat-
ments. Longitudinal follow-up studies should also allow
identifying differential developmental trajectories between
bipolar and unipolar subjects. Finally, the combination of
different neuroimaging techniques and the development of
novel algorithms based on machine learning, a branch of
artificial intelligence, should warrant a more detailed
understanding of neural circuitry abnormalities underlying
major affective disorders [109].
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