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You say ‘prefrontal cortex’ and I say ‘anterior cingulate’:
meta-analysis of spatial overlap in amygdala-to-prefrontal
connectivity and internalizing symptomology
HA Marusak1, ME Thomason2,3,4, C Peters1, C Zundel5, F Elrahal1 and CA Rabinak1

Connections between the amygdala and medial prefrontal cortex (mPFC) are considered critical for the expression and regulation
of emotional behavior. Abnormalities in frontoamygdala circuitry are reported across several internalizing conditions and
associated risk factors (for example, childhood trauma), which may underlie the strong phenotypic overlap and co-occurrence of
internalizing conditions. However, it is unclear if these findings converge on the same localized areas of mPFC or adjacent anterior
cingulate cortex (ACC). Examining 46 resting-state functional connectivity magnetic resonance imaging studies of internalizing
conditions or risk factors (for example, early adversity and family history), we conducted an activation likelihood estimation
meta-analysis of frontoamygdala circuitry. We included all reported amygdala to frontal coordinate locations that fell within a
liberal anatomically defined frontal mask. Peak effects across studies were centered in two focal subareas of the ACC: pregenual
(pgACC) and subgenual (sgACC). Using publicly available maps and databases of healthy individuals, we found that observed
subareas have unique connectivity profiles, patterns of neural co-activation across a range of neuropsychological tasks, and
distribution of tasks spanning various behavioral domains within peak regions, also known as ‘functional fingerprints’. These results
suggest disruptions in unique amygdala–ACC subcircuits across internalizing, genetic and environmental risk studies. Based on
functional characterizations and the studies contributing to each peak, observed amygdala–ACC subcircuits may reflect separate
transdiagnostic neural signatures. In particular, they may reflect common neurobiological substrates involved in developmental risk
(sgACC), or the broad expression of emotional psychopathology (pgACC) across disease boundaries.
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INTRODUCTION
The past few years have witnessed a paradigm shift in the
characterization of neuropsychiatric disorders, away from catego-
rical descriptions towards a dimensional view.1 This shift is due, in
part, to the observations of common behavioral, neurobiological
and genetic substrates shared across phenotypically related
diagnoses. This is particularly true among the internalizing disorders
(for example, anxiety, depression and posttraumatic stress
disorder (PTSD)), which are highly comorbid and have common
heritable and environmental influences.2,3 These observations
have prompted the search for potential transdiagnostic neural
markers (for example, Goodkind et al.4), which may provide
better understanding of the etiopathogenesis of internalizing
psychopathology.
Central to the internalizing disorders is the altered expression

and/or regulation of emotional behavior.5 As such, a core emotion
circuitry comprised of amygdala and medial prefrontal cortex
(mPFC) has become a prime translational target for understanding
the neural substrates of internalizing conditions. Abnormal
resting-state functional connectivity (FC) between amygdala and
mPFC is repeatedly reported across studies of internalizing
conditions (for example, Brown et al.,6 Roy et al.7 and Etkin
et al.8) and associated risk factors, for example, family history9 and

exposure to childhood adversity,10 suggesting that fronto-
amygdala FC may be a transdiagnostic marker of internalizing
psychopathology.
Although the extant literature converges on frontoamygdala

circuitry as a core neural substrate altered across internalizing,
genetic and environmental risk studies, it is unclear if findings
across these studies localize to the same areas of mPFC or
adjacent anterior cingulate cortex (ACC). ACC and mPFC are large,
heterogeneous regions. Focal subareas within these do not have
uniform function,11,12 cellular composition13 or position within
neuroanatomic circuits.14,15 ACC/mPFC subregions also have
distinct and frequently opposing roles in emotion processing. In
general, ventral regions subserve emotion regulation, whereas
dorsal regions contribute to the appraisal, expression and
facilitation of emotion (see Etkin et al.16). As such, abnormalities
in amygdala connectivity with different ACC/mPFC subregions
likely have distinct phenotypic consequences.
To test localization of findings across studies, we conducted a

coordinate-based meta-analysis of neuroimaging studies report-
ing disruptions in resting-state FC of the amygdala with frontal
regions. We used a data-driven approach to evaluate spatial
localization in studies that report significant differences in
frontoamygdala FC in patient or at-risk groups. We focused on
resting-state FC because it is reproducible and robust to variation
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in experimental parameters.17–19 To better understand resulting
meta-analytic peak effects, we evaluated their connectivity profiles
in healthy individuals using FC mapping and publicly available
task activation databases. We also used quantitative functional
decoding to identify the distribution of tasks spanning various
behavioral domains within each meta-analytic peak, also known as
‘functional fingerprints’.20 Finally, we assessed the studies
contributing to each peak to look for common features (for
example, age and diagnosis) that could inform whether the peak
was a potential marker of premorbid risk vs expression of
symptomology.

MATERIALS AND METHODS
Study selection
The selection process occurred in multiple stages. First, we searched
PubMed (www.pubmed.gov) with the keywords ‘connectivity AND
(‘resting-state’ OR rest OR intrinsic) AND amygdala AND (*fMRI OR
‘functional MRI’ OR ‘functional magnetic’ OR fc-MRI OR fcMRI) AND (PTSD
OR Borderline OR internalizing OR ‘behavioral inhibition’ OR stress OR
adversity OR abuse OR poverty OR maltreat* OR trauma OR depress* OR
anxiety OR ‘negative affect’ OR ‘reward sensitivity’ OR anhedonia OR mood
OR bipolar or dysthymia OR ‘negative emotionality’ OR ‘neuroticism’) AND
(‘prefrontal’ OR ‘*PFC’ or cingulate OR ACC OR orbitofrontal)’ for the time
frame up to April 2016. This search identified 182 papers. We then refined
our search from the 182 identified articles assessing from the title and
abstract whether the studies: (1) investigated internalizing conditions (for
example, anxiety or affective disorders) or associated risk factors (for
example, family history, childhood adversity, trait anxiety and behavioral
inhibition); (2) examined resting-state FC of the amygdala (that is, used a
seed-based approach); (3) included a group comparison between patients/
at-risk individuals and matched healthy control participants, or examined
risk factors on a continuum (for example, behavioral inhibition); and (4)
reported coordinates in a defined stereotaxic space (Talairach or Montreal
Neurological Institute). Of note, coordinates reported in Talairach space
were converted into Montreal Neurological Institute for the meta-
analysis.21 When multiple patient groups were available, we included
results comparing all patients vs healthy controls. Studies were excluded if
they (1) used nonhuman animals, (2) used a non-seed-based approach (for
example, independent components analysis), (3) seeded regions other
than the amygdala, (4) examined externalizing conditions/risk factors (for
example, substance use disorder, attention deficit hyperactivity disorder
and aggression) or gene polymorphisms, or (5) examined FC following an
experimental perturbation (for example, psychosocial stressor, intervention
and mood induction). In addition, studies examining postpartum or
geriatric depression were excluded, as well as studies with comorbid

epilepsy, brain injury or chronic physical condition (for example, end-stage
renal disease). Of note, five additional articles were later identified through
PubMed and Google Scholar by assessing similar studies that met the
initial inclusion/exclusion criteria. After applying outlined exclusion/
inclusion criteria (see Figure 1), 55 studies were further assessed for
eligibility by reviewing the full text of the article. Nine studies were
excluded after full-text review because although these studies fulfilled our
initial inclusion criteria, eight studies did not report significant findings in
frontal regions and one study did not report coordinate locations (Figure 1;
Supplementary Table S1). Thus, 46 studies with a total of 2401 participants
(n=893 in patient/risk group) were ultimately included in the meta-
analysis (Table 1). Twelve studies evaluated heritable or temperamental
risk factors (for example, negative affect and family history), 9 included
individuals with major depressive disorder (MDD), 7 with anxiety disorders,
6 with PTSD, 6 environmental risk studies (for example, adversity and
stress), 4 with bipolar disorder, 1 with borderline personality disorder, and
1 examined PTSD and environmental risk (early stress) within the same
study. Thirty-two studies included adults and 14 included youth ages 18
and under. The majority of included studies (38) contributed more than
one foci, and in total, 206 experimental foci were analyzed.
We used a data-driven approach, and included all coordinate locations

reported in eligible studies that fell within an anatomically defined frontal
mask (Supplementary Figure S1) comprised of the 13 frontal areas defined
by the Harvard–Oxford cortical atlas (http://www.cma.mgh.harvard.edu/
fsl_atlas.html): frontal operculum cortex, frontal orbital cortex, cingulate
gyrus (anterior division), paracingulate gyrus, subcallosal cortex, frontal
medial cortex, precentral gyrus, inferior frontal gyrus (pars opercularis),
inferior frontal gyrus (pars triangularis), middle frontal gyrus, superior
frontal gyrus, insular cortex and frontal pole. The mask was dilated by one
voxel in all directions. Studies could contribute more than one unique
frontal peak.

ALE meta-analysis
We used the revised activation likelihood estimation (ALE) algorithm22,23 to
identify consistent patterns of amygdala resting-state FC changes with
frontal regions. This algorithm aims to identify brain areas showing a
convergence of reported coordinates across studies, which is higher than
expected under a random spatial association. ALE treats reported peak
coordinates, or ‘foci’, as centers for three-dimensional Gaussian probability
distributions that capture the spatial uncertainty associated with each
focus. Width of the probability distribution is weighted based on sample
size of the study from which foci were drawn, such that smaller
distributions are used for larger samples and vice versa. Then, for each
voxel, probabilities of all foci of a given study are aggregated to produce a
modeled activation map.24 Modeled activation maps are combined to
produce voxel-wise ALE scores, which reflect the convergence of results at
each location of the brain.

Figure 1. Study selection. Number of studies is given in bold letters.

Frontoamygdala connectivity and internalizing symptoms
HA Marusak et al

2

Translational Psychiatry (2016), 1 – 10

http://www.cma.mgh.harvard.edu/fsl_atlas.html
http://www.cma.mgh.harvard.edu/fsl_atlas.html


Ta
bl
e
1.

In
cl
u
d
ed

st
u
d
ie
s
th
at

ex
am

in
ed

in
te
rn
al
iz
in
g
co

n
d
it
io
n
s
o
r
ri
sk

fa
ct
o
rs

an
d
re
st
in
g
-s
ta
te

fu
n
ct
io
n
al

co
n
n
ec
ti
vi
ty

b
et
w
ee

n
am

yg
d
al
a
an

d
fr
o
n
ta
l
re
g
io
n
s

#
Fi
rs
t
au

th
or

Ye
ar

Jo
ur
na

l
Pa

rt
ic
ip
an

t
ag

es
(y
ea
rs
)

To
ta
l

nu
m
be
r
of

pa
rt
ic
ip
an

ts

%
Fe
m
al
e

G
ro
up

s
or

va
ria

bl
e

of
in
te
re
st

Le
ng

th
of

sc
an

(m
in
)

Ey
es

cl
os
ed

or
ey
es

op
en

n
on

m
ed
ic
at
io
ns

G
SR

(g
lo
ba

l
si
gn

al
re
gr
es
si
on

)?

Sc
ru
bb

in
g
or

re
gr
es
si
ng

ou
t

af
fe
ct
ed

vo
lu
m
es
?

A
m
yg
da

la
se
ed

d
efi

n
it
io
n

W
ho

le
-b
ra
in

or
RO

I
an

al
ys
is

N
um

be
r

of fr
on

ta
l

pe
ak
s

1
C
h
ai

20
16

Bi
ol

Ps
yc
hi
at
ry

8–
14

43
49

C
h
ild

re
n
w
it
h
fa
m
ili
al

ri
sk

o
f
M
D
D

vs
H
C

6.
2

Ey
es

o
p
en

,
b
la
n
k

sc
re
en

N
o
t
sp
ec
ifi
ed

N
o

Ye
s—

o
u
tl
ie
r

vo
lu
m
es

re
g
re
ss
ed

o
u
t

A
A
L
at
la
s

W
h
o
le

b
ra
in

2

2
Z
h
an

g
20

16
Pr
og

N
eu
ro
ps
yc
ho

ph
ar
m
ac
ol

Bi
ol

Ps
yc
hi
at
ry

38
–
62

66
58

PT
SD

vs
tr
au

m
a-

ex
p
o
se
d
co

n
tr
o
ls

8
Ey
es

cl
o
se
d

N
o
t
sp
ec
ifi
ed

Ye
s

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

5

3
A
g
h
aj
an

i
20

16
H
um

Br
ai
n
M
ap

p
13

–
17

42
90

Se
xu

al
ly

ab
u
se
d

ad
o
le
sc
en

ts
w
it
h

PT
SD

vs
co

n
tr
o
ls

6
Ey
es

cl
o
se
d

3
Ye

s
Ye
s

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

4

4
K
im

20
16

N
eu
ro
ps
yc
hi
at
r
D
is

Tr
ea
t

12
–
16

44
32

A
d
o
le
sc
en

ts
w
it
h

M
D
D

an
d
d
is
ru
p
ti
ve

b
eh

av
io
rs

vs
H
C

12
N
o
t

sp
ec
ifi
ed

N
o
cu

rr
en

t
p
sy
ch

o
tr
o
p
ic

u
se

N
o

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

2

5
B
ar
ch

20
15

A
m

J
Ps
yc
hi
at
ry

7–
12

10
5

41
In
co

m
e-
to
-n
ee

d
s

ra
ti
o
in

ch
ild

re
n

6.
8

Ey
es

cl
o
se
d

N
o
t
sp
ec
ifi
ed

Ye
s

Ye
s

Su
b
je
ct
-s
p
ec
ifi
c
se
ed

s
d
er
iv
ed

fr
o
m

Fr
ee

su
rf
er

W
h
o
le

b
ra
in

2

6
D
av
ey

20
15

Ps
yc
ho

l
M
ed

16
.5
±
0.
5

56
45

N
eg

at
iv
e
af
fe
ct

in
ad

o
le
sc
en

ts
11

.9
Ey
es

cl
o
se
d

1
(fl
u
o
xe
ti
n
e)

Ye
s

N
o

A
A
L
at
la
s

R
O
I:
B
A
25

(v
ia

W
FU

Pi
ck
at
la
s)

1

7
Li
u

20
15

M
ed

Sc
iM

on
it

13
–
18

46
59

A
d
o
le
sc
en

ts
w
it
h

fi
rs
t-
ep

is
o
d
e
G
A
D

vs
H
C

8
Ey
es

cl
o
se
d

A
ll
m
ed

fr
ee

d
u
ri
n
g

2
w
ee

ks
b
ef
o
re

st
u
d
y

Ye
s

n
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

3

8
N
ic
h
o
ls
o
n

20
15

N
eu
ro
-

ps
yc
ho

ph
ar
m
ac
ol
og

y
PT

SD
−
D
S:

37
±
12

.9
PT

SD
+
D
S:

37
±
12

.7
H
C
:3

2.
3
±
11

.4

89
74

PT
SD

±
d
is
so
ci
at
iv
e

su
b
ty
p
e
(D
S)

vs
H
C

6
Ey
es

cl
o
se
d

N
o
cu

rr
en

t
p
sy
ch

o
tr
o
p
ic

u
se

N
o
t
sp
ec
ifi
ed

Ye
s—

o
u
tl
ie
r

vo
lu
m
es

re
g
re
ss
ed

o
u
t

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

8

9
R
o
h
r

20
15

N
eu
ro
im

ag
e

25
±
2.
37

43
53

N
eg

at
iv
e
af
fe
ct
iv
it
y

an
d

ta
sk

in
te
rf
er
en

ce
(a
b
ili
ty

to
in
h
ib
it
n
eg

at
iv
e

in
fo
rm

at
io
n
an

d
n
eg

at
iv
e

af
fe
ct
)i
n
h
ea
lt
h
y
ad

u
lt
s

7.
67

m
in

&
15

.3
3
m
in

(1
/2

o
f

sa
m
p
le
)

N
o
t

sp
ec
ifi
ed

N
o
t
sp
ec
ifi
ed

N
o

N
o

H
ar
va
rd
–
O
xf
o
rd

at
la
s

W
h
o
le

b
ra
in

2

10
St
o
d
d
ar
d

20
15

Ps
yc
hi
at
ry

Re
s

9–
18

.5
53

38
Yo

u
th

w
it
h
B
D

vs
vs

se
ve
re

m
o
o
d

d
ys
re
g
u
la
ti
o
n
(S
M
D
)
vs

H
C

6
N
o
t

sp
ec
ifi
ed

42
N
o

Ye
s—

o
u
tl
ie
r

vo
lu
m
es

re
g
re
ss
ed

o
u
t

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y

to
o
lb
o
x)

W
h
o
le

b
ra
in

1

11
W
an

g
20

15
Be
ha

v
Br
ai
n
Re
s

M
D
D
:

32
.1
1
±
11

.2
5

H
C
:3

3.
28

±
8.
83

60
45

M
D
D

vs
H
C

8
N
o
t

sp
ec
ifi
ed

N
o
t
sp
ec
ifi
ed

Ye
s

N
o

6
m
m

sp
h
er
e
ar
o
u
n
d

p
ea
k
at
ro
p
h
y
vo

xe
ls

(−
16

,−
6
an

d
−
16

)

W
h
o
le

b
ra
in

1

12
Th

o
m
as
o
n

20
15

So
c
Co

gn
A
ff
ec
t

N
eu
ro
sc
i

9–
15

42
69

Tr
au

m
a-
ex
p
o
se
d

yo
u
th

vs
co

n
tr
o
ls

6
Ey
es

cl
o
se
d

4
(3

tr
au

m
a,

1
co

m
p
ar
is
o
n
)

N
o

Ye
s—

sc
ru
b
b
in
g

in
se
co

n
d
ar
y

an
al
ys
is

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

an
d
R
O
I
in

vA
C
C

18

13
A
rn
o
ld

A
n
te
ra
p
er

20
14

Br
ai
n
Co

nn
ec
t

SA
D
:2

4.
7
±
6.
3

H
C
:2

5
±
7.
5

34
53

SA
D

vs
H
C

6.
4

Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

M
ed

ic
at
io
n
n
ai
ve

N
o

N
o

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

2

14
B
ae
ke
n

20
14

PL
oS

O
ne

21
.7
±
2.
5

56
10

0
H
ar
m

av
o
id
an

ce
(p
er
so
n
al
it
y

d
im

en
si
o
n
)
in

h
ea
lt
h
y

ad
u
lt
s

5
Ey
es

cl
o
se
d

N
o
n
e
u
se
d
m
ed

ic
at
io
n
s

N
o

N
o

−
20

,−
4,

-1
5
an

d
22

,−
2,
15

(C
is
le
r
et

al
.)

W
h
o
le

b
ra
in

10

15
B
ir
n

20
14

D
ep
re
ss

A
nx
ie
ty

22
–
31

27
0

C
h
ild

h
o
o
d
ad

ve
rs
it
y

an
d

PT
SD

sy
m
p
to
m
s
in

ve
te
ra
n
s

5.
5

N
o
t

sp
ec
ifi
ed

N
o
cu

rr
en

t
m
ed

u
se

N
o

Ye
s—

d
es
p
ik
in
g

4m
m

sp
h
er
es

ce
n
te
re
d

o
n
co

o
rd
in
at
e
ce
n
te
rs

p
ro
vi
d
ed

b
y
Ta
la
ra
ch

D
ae
m
o
n

W
h
o
le

b
ra
in

8

16
B
la
ck
fo
rd

20
14

Bi
ol

Ps
yc
ho

l
18

–
25

40
60

So
ci
al

in
h
ib
it
io
n
in

yo
u
n
g

ad
u
lt
s
(n
=
8
m
et

cr
it
er
ia

fo
r
1
o
r
m
o
re

A
D
)

7
Ey
es

cl
o
se
d

N
o
cu

rr
en

t
p
sy
ch

o
tr
o
p
ic

u
se

Ye
s

N
o

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

12

17
A
g
h
aj
an

i
20

14
Co

gn
A
ff
ec
t
Be
ha

v
N
eu
ro
sc
i

40
.5
1
±

9.
45

50
64

Tr
ai
t
n
eu

ro
ti
ci
sm

in
h
ea
lt
h
y

ad
u
lt
s

7.
67

Ey
es

cl
o
se
d

N
o
cu

rr
en

t
m
ed

u
se

Ye
s

N
o

H
ar
va
rd
–
O
xf
o
rd

at
la
s

W
h
o
le

b
ra
in

3

18
Q
in

20
14

Bi
ol
og

ic
al

Ps
yc
hi
at
ry

7–
9

76
50

A
n
xi
et
y
sc
o
re
s
in

ch
ild

re
n

8
Ey
es

cl
o
se
d

N
o
cu

rr
en

t
p
sy
ch

o
tr
o
p
ic

u
se

Ye
s

Ye
s—

sc
ru
b
b
in
g

in
se
co

n
d
ar
y

an
al
ys
is

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

6

Frontoamygdala connectivity and internalizing symptoms
HA Marusak et al

3

Translational Psychiatry (2016), 1 – 10



Ta
bl
e
1.

(C
o
n
ti
n
u
ed

)

#
Fi
rs
t
au

th
or

Ye
ar

Jo
ur
na

l
Pa

rt
ic
ip
an

t
ag

es
(y
ea
rs
)

To
ta
l

nu
m
be
r
of

pa
rt
ic
ip
an

ts

%
Fe
m
al
e

G
ro
up

s
or

va
ria

bl
e

of
in
te
re
st

Le
ng

th
of

sc
an

(m
in
)

Ey
es

cl
os
ed

or
ey
es

op
en

n
on

m
ed
ic
at
io
ns

G
SR

(g
lo
ba

l
si
gn

al
re
gr
es
si
on

)?

Sc
ru
bb

in
g
or

re
gr
es
si
ng

ou
t

af
fe
ct
ed

vo
lu
m
es
?

A
m
yg
da

la
se
ed

d
efi

n
it
io
n

W
ho

le
-b
ra
in

or
RO

I
an

al
ys
is

N
um

be
r

of fr
on

ta
l

pe
ak
s

19
B
ro
w
n

20
14

N
eu
ro
-

ps
yc
ho

ph
ar
m
ac
ol
og

y
PT

SD
:4

4.
1
±
11

Tr
au

m
a-

ex
p
o
se
d

co
n
tr
o
ls
:

40
±
8.
9

42
24

PT
SD

vs
tr
au

m
a-

ex
p
o
se
d

co
n
tr
o
ls
(r
ec
en

t
m
ili
ta
ry

ve
te
ra
n
s)

6.
3

Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

14
N
o

Ye
s—

sc
ru
b
b
in
g

in
se
co

n
d
ar
y

an
al
ys
is

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

2

20
C
o
o
m
b
s

20
14

PL
oS

O
ne

19
–
53

38
29

N
eg

at
iv
e
af
fe
ct

in
h
ea
lt
h
y

ad
u
lt
s

6.
2

Ey
es

o
p
en

,
b
la
n
k

sc
re
en

N
o
lif
et
im

e
m
ed

u
se

Ye
s

N
o

Je
u
lic
h
H
is
to
lo
g
ic
al

at
la
s

W
h
o
le

b
ra
in

1

21
Fa
n

20
14

H
um

Br
ai
n
M
ap

p
21

–
36

18
0

Ea
rl
y-
lif
e
st
re
ss

ex
p
o
su
re

in
ad

u
lt
s

8
Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

N
o
t
sp
ec
ifi
ed

N
o

N
o

A
A
L
at
la
s
an

d
b
as
ed

o
n
m
et
a-
an

al
ys
is
o
f

em
o
ti
o
n
p
ro
ce
ss
in
g

(W
ag

er
et

al
.,
20

12
)

W
h
o
le

b
ra
in

15

22
G
o
lk
ar

20
14

PL
oS

O
ne

19
–
46

93
57

W
o
rk
-r
el
at
ed

(p
er
ce
iv
ed

)
ch

ro
n
ic

st
re
ss

in
ad

u
lt
s

8
Ey
es

cl
o
se
d

A
ll
m
ed

fr
ee

d
u
ri
n
g

2
m
o
n
th
s
b
ef
o
re

st
u
d
y

(e
xc
ep

t
co

n
tr
ac
ep

ti
ve

s)

N
o

N
o

5
m
m

sp
h
er
es

ar
o
u
n
d

(−
22

,−
7,

−
18

an
d
22

,−
7,

−
19

)

W
h
o
le

b
ra
in

5

23
H
am

m
20

14
Bi
ol

M
oo

d
A
nx
ie
ty

D
is
or
d

A
D
:1

3.
9
±
3.
1

H
C
:1

4.
6
±
3.
9

55
64

Pe
d
ia
tr
ic

A
D

(G
A
D
,

so
ci
al

p
h
o
b
ia
an

d
SA

D
)v

s
H
C

8
Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

A
ll
m
ed

fr
ee

at
th
e

ti
m
e
o
f
sc
an

N
o

N
o

A
A
L
at
la
s
b
as
ed

o
n

Ta
la
ir
ac
h
D
ae
m
o
n

d
at
ab

as
e

Pa
rt
ia
l
b
ra
in

m
as
k
o
f

m
PF

C
,A

C
C
,P

C
C

an
d

in
su
la
(A
A
L
at
la
s)

5

24
Ja
co

b
s

20
14

PL
oS

O
ne

18
–
23

53
66

R
em

it
te
d
M
D
D

vs
H
C

8
Ey
es

o
p
en

A
ll
m
ed

fr
ee

d
u
ri
n
g

30
d
ay
s
p
ri
o
r
to

st
u
d
y

N
o

Ye
s—

sc
ru
b
b
in
g

in
se
co

n
d
ar
y

an
al
ys
is

±
23

,−
5,

−
19

(2
.9

m
m

ra
d
iu
s

sp
h
er
e)

W
h
o
le

b
ra
in

1

25
K
ra
u
se
-U
tz

20
14

Ps
yc
ho

l
M
ed

18
–
45

37
10

0
B
o
rd
er
lin

e
p
er
so
n
al
it
y

d
is
o
rd
er

(w
it
h
th
e

h
is
to
ry

o
f
in
te
rp
er
so
n
al

tr
au

m
a)

vs
H
C

6.
25

Ey
es

cl
o
se
d

Fr
ee

o
f
m
ed

ic
at
io
n
w
it
h
in

th
e
p
as
t
14

d
ay
s

(2
8
o
n
fl
u
o
xe
ti
n
e)

Ye
s
(r
ep

ea
te
d

an
al
ys
es

w
it
h
o
u
t)

N
o

±
23

,−
4,

−
19

(V
ee

r
et

al
.,

20
11

;
4
m
m

ra
d
iu
s

sp
h
er
e)

W
h
o
le

b
ra
in

2

26
Li
u

20
14

Sc
hi
zo
ph

r
Bu

ll
B
D
:3

3
±
10

.0
H
C
:3

6.
6
±
12

36
61

B
D

(n
o
co

m
o
rb
id
it
ie
s)

vs
H
C

n
o
t

sp
ec
ifi
ed

Ey
es

cl
o
se
d

18
(b
ip
o
la
r
p
at
ie
n
ts
)

Ye
s

N
o

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

Pr
ef
ro
n
ta
l
m
as
k

(B
A
’s
9–

12
,2

4,
25

,3
2
an

d
44

–

47
)

8

27
Pa

n
n
ek
o
ek

20
14

J
Ch

ild
Ps
yc
ho

l
Ps
yc
hi
at
ry

M
D
D
:1

5.
4
±
1.
5

H
C
:1

4.
7
±
1.
5

52
88

Yo
u
th

w
it
h
M
D
D
vs

H
C

6
Ey
es

cl
o
se
d

N
o
n
e
u
se
d
m
ed

ic
at
io
n
s

Ye
s

N
o

H
ar
va
rd
–
O
xf
o
rd

Su
b
co

rt
ic
al

St
ru
ct
u
ra
l
Pr
o
b
ab

ili
ty

at
la
s

(in
FS

L;
±
22

,−
6,

−
16

)

W
h
o
le

b
ra
in

3

28
R
am

as
u
b
b
u

20
14

Fr
on

t
Ps
yc
hi
at
ry

M
D
D
:

36
.5

±
10

.4
1

H
C
:3

2.
89

±
9.
97

74
59

M
D
D

vs
H
C

7.
67

Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

A
ll
m
ed

fr
ee

at
th
e
ti
m
e

o
f
sc
an

n
in
g
.F

ift
y-
tw

o
M
D
D

p
at
ie
n
ts

h
ad

b
ee

n
p
re
vi
o
u
sl
y
ex
p
o
se
d
to

an
ti
d
ep

re
ss
an

ts

N
o

N
o

FS
LV
ie
w

an
d

re
g
is
te
re
d

to
p
ar
ti
ci
p
an

ts
n
at
iv
e

fM
R
I
im

ag
e

W
h
o
le

b
ra
in

9

29
R
o
y

20
14

Bi
ol
og

ic
al

Ps
yc
hi
at
ry

B
I:
19

.6
±
1

N
o
n
-B
I:

19
.5
±
0.
94

38
53

Yo
u
n
g
ad

u
lt
s
w
it
h

ch
ild

h
o
o
d
h
is
to
ry

o
f

b
eh

av
io
ra
l
in
h
ib
it
io
n

6
Ey
es

cl
o
se
d

N
o
cu

rr
en

t
p
sy
ch

o
tr
o
p
ic

u
se

Ye
s

Ye
s—

d
es
p
ik
in
g

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

4

30
Si
n
g
h

20
14

Bi
po

la
r
D
is
or
d

8–
17

49
63

Yo
u
th

w
it
h
lo
w

vs
h
ig
h

fa
m
ili
al

ri
sk

o
f
B
D

7
Ey
es

cl
o
se
d

N
o
n
e
u
se
d
m
ed

ic
at
io
n
s

N
o

Ye
s—

o
u
tl
ie
r

vo
lu
m
es

re
g
re
ss
ed

o
u
t

H
ar
va
rd
–
O
xf
o
rd

at
la
s

W
h
o
le

b
ra
in

1

31
Z
h
an

g
20

14
PL
oS

O
ne

18
–
24

67
52

Fi
rs
t-
ep

is
o
d
e
M
D
D

vs
H
C

5
Ey
es

cl
o
se
d

M
ed

ic
at
io
n
n
ai
ve

Ye
s

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

1

32
A
n
ti
ce
vi
c

20
13

Bi
ol
og

ic
al

Ps
yc
hi
at
ry

B
ip
o
la
r
1

p
sy
ch

o
si
s

h
x:

34
±
10

.8
B
ip
o
la
r
1
n
o

p
sy
ch

o
si
s
h
x:

29
.8
5
±
11

.9
H
C
:3

1.
14

±
10

.6

11
9

65
B
D

(1
/2

w
it
h
th
e

h
is
to
ry

o
f
p
sy
ch

o
si
s;
46

%
w
it
h

co
m
o
rb
id

A
D
,5

7%
al
co

h
o
l
u
se
,a

n
d
43

%
d
ru
g
u
se
)
vs

H
C

5.
25

Ey
es

o
p
en

57
Ye

s
N
o

Fr
ee

su
rf
er
-b
as
ed

se
g
m
en

ta
ti
o
n

W
h
o
le

b
ra
in

2

33
C
ar
ls
o
n

20
13

Co
rt
ex

19
–
23

15
60

A
tt
en

ti
o
n
al

b
ia
s
to

th
re
at

5
Ey
es

cl
o
se
d

N
o
t
sp
ec
ifi
ed

N
o

N
o

H
ar
va
rd
–
O
xf
o
rd

at
la
s

R
O
I:
6
m
m

sp
h
er
e

at
±
4,

46
,−

4
(A
C
C
)

8

34
H
er
ri
n
g
a

20
13

Pr
oc

N
at
lA

ca
d

Sc
iU

SA
18

.7
9
±
0.
19

64
47

Yo
u
n
g
ad

u
lt
s
w
it
h

m
al
tr
ea
tm

en
t
d
u
ri
n
g

ch
ild

h
o
o
d

7
Ey
es

cl
o
se
d

N
o
t
sp
ec
ifi
ed

Ye
s

Ye
s—

sc
ru
b
b
in
g

4
m
m

ra
d
sp
h
er
es

in
am

yg
d
al
a
d
efi

n
ed

b
y
Ta
la
ir
ac
h
D
ae
m
o
n

W
h
o
le

b
ra
in

3

Frontoamygdala connectivity and internalizing symptoms
HA Marusak et al

4

Translational Psychiatry (2016), 1 – 10



Ta
bl
e
1.

(C
o
n
ti
n
u
ed

)

#
Fi
rs
t
au

th
or

Ye
ar

Jo
ur
na

l
Pa

rt
ic
ip
an

t
ag

es
(y
ea
rs
)

To
ta
l

nu
m
be
r
of

pa
rt
ic
ip
an

ts

%
Fe
m
al
e

G
ro
up

s
or

va
ria

bl
e

of
in
te
re
st

Le
ng

th
of

sc
an

(m
in
)

Ey
es

cl
os
ed

or
ey
es

op
en

n
on

m
ed
ic
at
io
ns

G
SR

(g
lo
ba

l
si
gn

al
re
gr
es
si
on

)?

Sc
ru
bb

in
g
or

re
gr
es
si
ng

ou
t

af
fe
ct
ed

vo
lu
m
es
?

A
m
yg
da

la
se
ed

d
efi

n
it
io
n

W
ho

le
-b
ra
in

or
RO

I
an

al
ys
is

N
um

be
r

of fr
on

ta
l

pe
ak
s

35
Pr
at
er

20
13

D
ep
re
ss

A
nx
ie
ty

g
SA

D
:

25
.9
5
±
5.
39

H
C
:2

5.
71

±
7.
15

37
57

g
SA

D
vs

H
C

5
Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

2
(g
SA

D
p
at
ie
n
ts
;S

SR
Is
)

Ye
s

N
o

A
ll
fa
ce
s4

sh
ap

es
lo
ca
liz
er

co
n
fi
n
ed

w
it
h
in

A
A
L-
d
efi

n
ed

an
at
o
m
ic
al

am
yg

d
al
a

Pa
rt
ia
l
b
ra
in

m
as
k
o
f

A
C
C
,m

PF
C
,

D
LP

FC
an

d
O
FC

(A
A
L

at
la
s)

2

36
R
o
y

20
13

J
A
m

A
ca
d
Ch

ild
A
do

le
sc

Ps
yc
hi
at
ry

12
–
17

35
66

Yo
u
th

w
it
h
G
A
D

vs
H
C

6
Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

N
o
cu

rr
en

t
o
r
p
as
t
u
se

o
f
p
sy
ch

o
tr
o
p
ic

m
ed

ic
at
io
n

Ye
s

N
o

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

3

37
Ta
h
m
as
ia
n

20
13

Fr
on

t
H
um

an
N
eu
ro
sc
i

M
D
D
:5

1
±
15

H
C
:4

9.
6
±
13

.9
41

54
M
D
D

vs
H
C

10
Ey
es

cl
o
se
d

40
(5

w
it
h
an

ti
d
ep

re
ss
an

t
m
o
n
o
-t
h
er
ap

y,
10

w
it
h

d
u
al

th
er
ap

y
an

d
5
w
it
h
tr
i-

th
er
ap

y)

Ye
s

N
o

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

4

38
Ta
n
g

20
13

Ps
yc
ho

l
M
ed

M
D
D
:2

9.
3
±
8.
7

H
C
:3

0.
1
±

8.
4

58
53

M
D
D

vs
H
C

6.
67

Ey
es

cl
o
se
d

Tr
ea
tm

en
t
n
ai
ve

Ye
s

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

2

39
To

rr
is
i

20
13

Bi
po

la
r
D
is
or
d

B
P1

:4
2.
1
±
11

.4
H
C
:3

9.
8
±
12

.6
40

50
B
D

(I)
vs

H
C

7
Ey
es

cl
o
se
d

17
(b
ip
o
la
r
p
at
ie
n
ts
)

N
o

N
o

Ta
la
ir
ac
h
D
ae
m
en

an
d

H
ar
va
rd
–
O
xf
o
rd

W
h
o
le

b
ra
in

3

40
va
n
d
er

W
er
ff

20
13

Ps
yc
ho

l
M
ed

C
EM

:3
9
±
10

.3
N
o
C
EM

:
37

.6
±
9.
7

88
52

A
d
u
lt
s
re
p
o
rt
in
g

ch
ild

h
o
o
d
em

o
ti
o
n
al

m
al
tr
ea
tm

en
t
(C
EM

;
b
ef
o
re

ag
e
16

;n
o

p
h
ys
ic
al

o
r
se
xu

al
ab

u
se
)
vs

n
o
n
-C
EM

7.
6

N
o
t

sp
ec
ifi
ed

N
o
t
sp
ec
ifi
ed

Ye
s

N
o

H
ar
va
rd
–
O
xf
o
rd

at
la
s

W
h
o
le

b
ra
in

5

41
Sr
ip
ad

a
20

12
J
Ps
yc
hi
at
ry

N
eu
ro
sc
i

21
–
37

29
0

PT
SD

vs
co

m
b
at
-

ex
p
o
se
d
co

n
tr
o
ls

10
Ey
es

o
p
en

,
fi
xa
ti
o
n

cr
o
ss

1
(t
ra
zo
d
o
n
e
as

sl
ee

p
ai
d
)

Ye
s

N
o

A
m
u
n
ts

20
05

(in
SP

M
A
n
at
o
m
y
to
o
lb
o
x)

W
h
o
le

b
ra
in

3

42
H
ah

n
20

11
N
eu
ro
im

ag
e

G
A
D
:2

7.
7
±
7.
2

H
C
:2

8.
6
±
4.
3

37
46

A
D

(S
A
D
,P

D
o
r
b
o
th
)

vs
H
C

6
Ey
es

o
p
en

,
lo
w
-le

ve
l

ill
u
m
in
at
io
n

A
ll
m
ed

fr
ee

d
u
ri
n
g

3
m
o
n
th
s
b
ef
o
re

st
u
d
y

Ye
s

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

3

43
K
im

20
11

Ce
re
b
Co

rt
ex

19
.±

−
0.
9

29
72

A
n
xi
et
y
sc
o
re
s
in

h
ea
lt
h
y
ad

u
lt
s

7
Ey
es

o
p
en

,
‘re

la
x’

o
n

sc
re
en

N
o
n
e
u
se
d
m
ed

ic
at
io
n
s

Ye
s

N
o

H
ar
va
rd
–

O
xf
o
rd

at
la
s

W
h
o
le

b
ra
in

2

44
Lu

i
20

11
A
m

J
Ps
yc
hi
at
ry

N
o
n
re
fr
ac
to
ry

M
D
D
:3

2
±
10

R
ef
ra
ct
o
ry

M
D
D
:

33
±
11

H
C
:3

5
±
12

10
8

35
M
D
D

(n
o
n
re
fr
ac
to
ry
)

vs
H
C

6.
7

Ey
es

cl
o
se
d

10
8

N
o

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

3

45
R
ab

in
ak

20
11

Fr
on

t
Ps
yc
hi
at
ry

PT
SD

:
30

.1
2
±
7.
70

C
o
m
b
at
-

ex
p
o
se
d

co
n
tr
o
ls
:

33
.7
1
±
9.
12

34
0

PT
SD

vs
co

m
b
at
-

ex
p
o
se
d
co

n
tr
o
ls

8
Ey
es

o
p
en

,
fi
xa
ti
o
n

A
ll
m
ed

fr
ee

at
ti
m
e
o
f

sc
an

.N
=
8
h
x
o
f

p
sy
ch

o
tr
o
p
ic

(n
=
8
SS

R
I
an

d
n
=
1
al
so

ta
ke
n
N
E-
D
A
re
u
p
ta
ke

in
h
ib
it
o
r,
n
=
1
tr
ic
yc
lic
,

n
=
2
5-
H
T
an

ta
g
o
n
is
t

re
u
p
ta
ke
)

Ye
s

N
o

W
al
te
r
20

03
(in

M
A
R
IN
A
so
ft
w
ar
e)

W
h
o
le

b
ra
in

1

46
Li
ao

20
10

PL
oS

O
ne

SA
D
:

22
.5
5
±
4.
05

H
C
:2

1.
71

±
3.
64

43
28

SA
D

vs
H
C

6.
83

Ey
es

cl
o
se
d

A
ll
m
ed

fr
ee

at
th
e

ti
m
e
o
f
sc
an

Ye
s

N
o

A
A
L
at
la
s

W
h
o
le

b
ra
in

15

A
b
b
re
vi
at
io
n
s:

A
A
L,

A
u
to
m
at
ed

A
n
at
o
m
ic
al

La
b
el
in
g
;
A
C
C
,
an

te
ri
o
r
ci
n
g
u
la
te

co
rt
ex
;
A
D
,
an

xi
et
y
d
is
o
rd
er
;
B
D
,
b
ip
o
la
r
d
is
o
rd
er
;
D
LP

FC
,
d
o
rs
o
la
te
ra
l
p
re
fr
o
n
ta
l
co

rt
ex
;
fM

R
I,
fu
n
ct
io
n
al

m
ag

n
et
ic

re
so
n
an

ce
im

ag
in
g
;G

A
D
,g

en
er
al
iz
ed

an
xi
et
y
d
is
o
rd
er
;g

SA
D
,g

en
er
al
iz
ed

so
ci
al
an

xi
et
y
d
is
o
rd
er
;H

C
,h

ea
lt
h
y
co

n
tr
o
ls
;m

ed
,m

ed
ic
at
io
n
;M

D
D
,m

aj
o
r
d
ep

re
ss
iv
e
d
is
o
rd
er
;m

PF
C
,m

ed
ia
lp

re
fr
o
n
ta
lc
o
rt
ex
;O

FC
,o

rb
it
o
fr
o
n
ta
l

co
rt
ex
;P

D
,p

an
ic

d
is
o
rd
er
;
PT

SD
,p

o
st
tr
au

m
at
ic

st
re
ss

d
is
o
rd
er
;
R
O
I,
re
g
io
n
o
f
in
te
re
st
;
SS

R
Is
,s
el
ec
ti
ve

se
ro
to
n
in

re
u
p
ta
ke

in
h
ib
it
o
rs
;
SA

D
,s
o
ci
al

an
xi
et
y
d
is
o
rd
er
.

Frontoamygdala connectivity and internalizing symptoms
HA Marusak et al

5

Translational Psychiatry (2016), 1 – 10



Significance of convergence was assessed by comparison of ALE scores
with a null distribution that includes the same number of peak foci
distributed randomly throughout the brain’s gray matter.23 Random-effects
inference was applied. Resulting statistical maps show clusters where
convergence between foci is greater than would be expected by chance.
Statistical maps were thresholded using cluster-level family-wise error
correction Po0.05 (cluster-forming threshold voxel-level Po0.001). When
available, probabilistic cytoarchitectonic maps available through the SPM
Anatomy toolbox25 were used to estimate spatial localization of results.

Functional characterization of meta-analytic peaks
To understand the functional significance of identified meta-analytic
peaks, and to test whether these represent separate frontoamygdala
subcircuits, we performed three complementary analyses in healthy adults
to extrapolate what differences in amygdala FC might mean in patient or
at-risk groups.

Resting-state FC profiles. First, we derived the pattern of whole-brain
resting-state FC for each meta-analytic peak. This analysis was conducted
in a sample of 1000 healthy adults via www.Neurosynth.org.26 Results are
displayed at a false discovery rate-adjusted threshold of Po0.01.

Patterns of task-related co-activation. Next, we evaluated the pattern of
task-based co-activation for each peak, using meta-analytic connectivity
modeling.27 Spherical (6 mm radii) regions of interest (ROIs) were created
for each meta-analytic frontal peak, and the BrainMap database (www.
brainmap.org)28 was searched for all functional magnetic resonance
imaging (fMRI) and positron emission tomographic (PET) experiments that
activated each ROI. We only considered experiments reporting stereotaxic
coordinates from normal mapping studies in healthy individuals. Thus,
pharmacological interventions and group comparisons were excluded.
First, three-dimensional peak coordinates from peak areas that co-activate
with each ROI were pooled from retrieved studies. Then, ALE meta-analysis
was used to test for spatial convergence in these co-activation peaks, using
similar methods as described above. ALE statistical maps were again
thresholded using cluster-level family-wise error correction, Po0.05
(cluster-forming threshold voxel-level Po0.001).

Behavioral domains associated with activation. To further characterize
observed meta-analytic peaks, we tested the distribution of tasks spanning
various behavioral domains within peak regions, also known as ‘functional
fingerprints’.20 For each ROI, we evaluated the ‘behavioral domain’ meta-
data from the retrieved experiments in the BrainMap database that elicited
activation in that ROI (above). Behavioral domains include cognition,
action, perception, emotion and interception, as well as their related
subcategories (see http://brainmap.org/scribe for more information on the
BrainMap taxonomy). For each domain/subcategory, the number of
experiments that reported activation in each ROI was calculated.
Domains/subcategories with o25 corresponding experiments are
not shown.

RESULTS
Meta-analysis of frontoamygdala resting-state FC across
internalizing conditions and risk factors
The coordinate-based meta-analysis revealed two frontal regions,
or ‘clusters’, where amygdala resting-state FC was reliably altered
across studies (Figure 2; Supplementary Table S2). Notably, both
clusters were centered in the ACC, with limited extension into
mPFC. The largest cluster was centered in bilateral pregenual ACC
(pgACC), and extended into both anterior dorsal and subgenual
ACC (sgACC; 8% probability in s24; see Supplementary Table S2).
Hereafter, we refer to this cluster as pgACC. The second
cluster was more ventral and centered in right sgACC (72%
probability in s24; Supplementary Table S2).
Next, we examined the studies contributing to each cluster

(Supplementary Table S2) to look for commonalities across
studies. We found that studies contributing to the sgACC cluster
consisted predominantly of young people ages 20 and under, with
varied environmental (for example, early stress exposure) and
temperamental (for example, negative affect and behavioral

inhibition) risk factors. χ2 analysis suggests that studies on youth
and risk factors were over-represented in the sgACC peak relative
to all studies included in the meta-analysis, χ2(1) = 19.92, Po0.001.
Further, re-running the meta-analysis with the 16 studies that
consisted of young people ages 20 and under yielded significant
convergence in the same sgACC area (x= 4, y= 18, z=− 8,
ALE = 0.024). The pgACC cluster, in contrast, was observed broadly
across studies of anxiety disorders, affective disorders and risk
factors (for example, familial risk, social inhibition and childhood
adversity). Notably, although ~ 20% of all studies included in the
meta-analysis evaluated individuals with MDD, coordinates from
those studies did not show significant spatial convergence.
Across all included foci, the pattern of change was inconsistent:

amygdala–frontal FC was increased in patient or at-risk groups in
50% of reported foci and decreased in 45%. Directionality was not
reported for 5% of foci. We also did not find consistent patterns of
change within each meta-analytic cluster. One dimension that
may contribute to inconsistent findings is the application of global
signal regression (GSR; Table 1). GSR is a processing step used to
reduce motion-related artifact and correct the global signal in fMRI
time-series data, but may result in distortions within networks and
across groups.29,30 When only studies that did not apply GSR were
considered, we found that FC was increased in 56% of reported
foci and decreased in 37%. Directionality was not specified in 7%
of foci. The pattern of FC change for foci contributing to each
meta-analytic peak was not more consistent when considering
only studies that did not apply GSR. In addition, because FC values
are typically normalized within-study, it is unclear, for example,
whether increased FC reflects increased positive vs reduced
negative connectivity. Specific directionality of effects (for
example, increased positive FC) was reported for only 38% of
included peaks.
Medication use in the study sample was also considered

(Table 1). For each peak, two to three of the contributing studies
reported psychotropic use in a small number of study participants
(one to four). There were one to two studies that contributed to
each meta-analytic peak with substantial past and/or current
medication use in the patient group. Thus, observed peaks are not
likely driven by medication use. We also evaluated the use of
a priori target ROIs, which may bias results.31 We re-ran the meta-
analysis excluding the five studies utilizing these a priori target
ROIs (Table 1). Results were consistent with findings reported here.

Figure 2. Converging evidence of disrupted amygdala functional
connectivity with two separate ACC subregions across 46 internaliz-
ing, genetic and environmental risk studies. Results of coordinate-
based meta-analysis that included 2401 individuals. ACC, anterior
cingulate cortex; ALE, activation likelihood estimation; pgACC,
pregenual ACC; RSFC, resting-state functional connectivity; sgACC,
subgenual ACC.
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Laterality of the amygdala seed region was split across study
foci, with 42% reporting effects with right amygdala, 38% with left
amygdala and 19% with bilateral amygdala. Laterality was also
split under each meta-analytic cluster: 6 of the 12 foci contributing
to the pgACC peak reported effects with left amygdala, 5 with
bilateral and one with right amygdala. Three of the five foci
contributing to the sgACC peak reported effects with bilateral
amygdala, one with right and one with left amygdala.

Functional characterization of ACC meta-analytic peaks
Next, we performed functional characterizations of the resulting
ACC peaks in healthy individuals to infer what connectivity
between amygdala and ACC may mean in patient or at-risk
groups. Results may also inform whether the observed ACC peaks
represent separate or overlapping brain circuits.

Resting-state FC profiles. We first examined patterns of resting-
state FC of each ACC peak in a sample of 1000 healthy individuals.
As shown in Figure 3a, whole-brain FC patterns were unique for
each peak. In brief, the activity in pgACC was correlated with the
activity in precuneus and posterior cingulate cortex, resembling
the canonical default mode network (DMN),32 as well as amygdala,
insula and inferior frontal gyrus, involved in the salience
network.33 sgACC correlations were observed in local ACC regions,
extending into caudate, amygdala and hippocampus, and also
in precuneus and posterior cingulate cortex (Supplementary
Table S3).

Patterns of task-related neural co-activation. We quantitatively
mapped task-based co-activations for each peak using the
BrainMap database. Fifty-four and 29 experiments in the BrainMap
database reported activations within pgACC and sgACC ROIs,
respectively. These studies consisted of 971 and 493 healthy
individuals, respectively (see Supplementary Table S5 for meta-
data from retrieved experiments). Using meta-analytic connectiv-
ity modeling, we found distinct patterns of co-activation clusters
for each ACC peak (Figure 3b; Supplementary Table S4). In brief,
pgACC was associated with co-activation clusters in caudate,

posterior cingulate/precuneus, amygdala and parahippocampal
gyrus. sgACC was co-activated with caudate and orbitofrontal
cortex.

Behavioral domains associated with activation. To outline the
functional profiles of observed peaks, we performed a functional
decoding analysis based on the BrainMap meta-data. We found
that activation in both pgACC and sgACC was associated with the
emotion domain and, to a lesser extent, cognition (Figure 4).
Relative to sgACC, pgACC activation was more likely to be
associated with perception, and language and memory subcate-
gories of cognition.

DISCUSSION
Altered connectivity between amygdala and frontal regions is
commonly reported across a range of internalizing, genetic and
environmental risk studies. Here we conducted a coordinate-
based meta-analysis to test whether findings across studies
localize to the same frontal subarea(s). Results converged on
two focal subareas of the ACC, centered in pgACC and sgACC.
Using FC analyses and publicly available databases of healthy
individuals, we discovered that each peak has unique resting-state
FC, functional co-activation profiles and ‘functional fingerprints’.
These results suggest that observed peaks represent separate
frontoamygdala subcircuits. Based on functional characterizations
and the studies contributing to each peak, we assert that observed
subcircuits reflect distinct transdiagnostic neural signatures. In
particular, amygdala–pgACC disruptions were observed broadly in
individuals across the internalizing spectrum and may thus reflect
general emotional disturbance or specific symptoms that are
shared across the internalizing conditions (for example, negative
affect34). Altered amygdala–sgACC FC, in contrast, was observed
almost exclusively in at-risk youth, implying a potential brain
substrate of developmental vulnerability.
The largest meta-analytic cluster was centered in the pgACC,

which is involved in automatic forms of emotion regulation,
performing a generic negative emotion inhibitory function

Figure 3. ACC meta-analytic peaks show unique patterns resting-state functional connectivity (FC) (a) and task-related co-activation (b),
suggesting unique subcircuits. (a) Resting-state FC data in 1000 healthy individuals generated via www.Neurosynth.org, Po0.01 FDR
corrected. (b) Coordinate-based meta-analysis of areas that co-activate with ACC meta-analytic peaks. A total of 971 healthy individuals
contributed to pgACC and 493 to sgACC. Thresholded with cluster-level FWE correction Po0.05 and voxel-level, Po0.001. ACC, anterior
cingulate cortex; FDR, false discovery rate; FWE, family-wise error; pgACC, pregenual ACC; sgACC, subgenual ACC.
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whenever there is a need for suppression of limbic reactivity.35

Explicit forms of emotion regulation occur by engaging this core
circuitry (see Etkin et al.16), which is consistent with this peak’s
functional characterization under both cognition and emotion
behavioral domains (Figure 4). Here we found that studies across
the internalizing spectrum reported abnormalities in amygdala–
pgACC circuitry. This raises the possibility that amygdala–pgACC
circuitry is broadly involved in emotional psychopathology, or a
construct that is shared across the internalizing conditions. For
example, prominent models of core affect34,36 emphasize that
‘loss’ symptomology, or a general sense of negative affect or
dysphoria (for example, feelings of sadness/withdrawal) is shared
across internalizing disorders. Threat symptomology (for example,
avoidance and hypervigilance), in contrast, is more specific to the
anxiety disorders, and disruptions in positive affect (for example,
reward deficits and anhedonia) are more specific to the mood
disorders.34 In line with a general role of amygdala–pgACC
circuitry in emotional psychopathology, reduced pgACC gray
matter volume is consistently reported in meta-analyses of
anxiety37 as well as affective disorders.38 Notably, FC and co-
activation mapping in Figures 3 and 4 revealed strong con-
nectivity and co-activation of the pgACC with core nodes of the
DMN, including precuneus and posterior cingulate cortex. The
tight coupling between pgACC and DMN may allow affective
disruptions in amygdala–pgACC circuitry to integrate into self-
referential processes supported by the DMN, thus propagating
negative affect (see Hamilton et al.39). Connectivity was also
observed between pgACC and fronto-insular regions, implicated
in the salience network. Increased salience network response to
negatively valenced stimuli is a consistently reported finding in
MDD,40 suggesting a potential role for pgACC in negative emotion
processing. Taken together, abnormalities in core emotion
regulation amygdala–pgACC circuitry may underlie the generic
negative affect dysregulation observed across internalizing
conditions.
Studies contributing to the sgACC cluster consisted of environ-

mental and temperamental risk studies (for example, childhood
adversity, negative affect and behavioral inhibition) conducted
predominantly in young people (ages 20 and under). Thus,
disruptions in amygdala–sgACC circuitry might reflect a state of
premorbid risk—a notion supported by prior research. For
instance, longitudinal studies demonstrate that dysfunctional

response in amygdala corresponds with genetic (that is, family
history of depression) and environmental risk (that is, childhood
emotional neglect41), and that response in sgACC predicts
subsequent increases in depressive symptomology during
adolescence.42 Broadly, sgACC is thought to subserve behavioral
withdrawal and the promotion of safety behaviors.43,44 Thus, early
alterations in amygdala–sgACC circuitry may underlie early
withdrawal behaviors that could lead to further development of
internalizing symptomology. For instance, emergence of emo-
tional psychopathology may depend on later changes in
amygdala–pgACC circuitry.
Although the ALE meta-analysis identified significant spatial

convergence in two areas of the cingulate cortex, a large portion
(~70%) of studies did not contribute to observed meta-analytic
peaks. Notably, there was particularly low spatial convergence in
MDD. This is consistent with prior ALE meta-analyses in MDD and
other psychiatric disorders. For example, one ALE meta-analysis in
MDD45 reported consistent gray matter reductions (relative to
healthy controls) in a similar bilateral pgACC region, with 40% of
included studies contributing to this peak. In that study, and other
ALE studies in psychiatric populations (for example, Chen et al.46),
as low as 4% of included studies contribute to a single meta-
analytic peak. Taken together, these findings suggest significant
variability across studies, and particularly within MDD. Conver-
gence within frontoamygdala circuitry might be achieved with the
addition of more studies with specific patient subgroups (for
example, early age of onset and recurrent). Signal dropout may
also contribute to low convergence across studies, as amygdala
and ventral frontal regions are highly susceptible to signal loss.47

Another possibility is that this variability reflects significant
heterogeneity in network topology among patients. Balsters
et al.48 suggest that conventional methods for generating seed
regions may contribute to variable connectivity findings, as these
methods do not account for heterogeneous network topology in
patient groups.
Our meta-analytic results demonstrate the importance of

improved anatomic specificity in reported findings. This point is
not unique to the study of internalizing conditions, and there are
several examples in the literature illustrating this.16,49,50 There are
various means available for improving specificity in reported
findings. One resource is cytoarchitectonic maps, including the
widely used Brodmann areas and more recent three-dimensional
multimodal brain atlases that allow registration of fMRI data into
cyto-, myelo- and chemo-architectonic maps. For example, the
Eickhoff–Zilles atlas distributed with SPM Anatomy toolbox25 and
the Harvard–Oxford atlas51 distributed with the FSL software
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/)are increasingly used for fMRI
processing and interpretation. As demonstrated here, publicly
available tools and databases (for example, BrainMap and
Neurosynth) can allow for better understanding of the functional
profiles and circuitries in which resulting peak areas are
embedded. It is encouraging that results derived from large
databases (for example, coordinate-based meta-analysis and
meta-analytic connectivity modeling) appear to recapitulate
known cytoarchitectonic borders (see Fox et al.52).
Limitations of this work warrant mention. We focused on

resting-state FC studies to circumvent variation in behavioral
performance and differences in task parameters/paradigms across
studies. However, there are still various experimental (for example,
eyes open vs eyes closed) and analytic (for example, GSR and
motion scrubbing) strategies that differ across FC studies that may
have an impact on meta-analytic findings. Indeed, the field still
lacks consensus on the best practices for collecting and
processing resting-state FC data and, moreover, how these various
approaches have an impact on observed findings. We attempted
to address this by evaluating studies separately based on the use
of GSR, which is known to alter resting-state FC correlations. We
also provide key factors that vary between studies (Table 1), and

Figure 4. ACC meta-analytic peaks show unique functional finger-
prints. Behavioral domains (number of studies) associated with
activity in each ACC peak, according to studies in the www.
BrainMap.org database (accessed on 2 May 2016). Behavioral
domains with o25 corresponding studies are not included. A total
of 971 healthy individuals contributed to pgACC and 493 to sgACC.
ACC, anterior cingulate cortex; pgACC, pregenual ACC; sgACC,
subgenual ACC.
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suggest that there may be other factors contributing to variability
across studies (for example, experimental or analytic methods,
differences in sample characteristics, disease course and psycho-
logical state). Another consideration is that eight additional
studies met criteria for inclusion, but did not report significant
effects in frontal regions (Supplementary Table S1). Our goal was
to examine spatial overlap in studies that do report findings in
frontal regions. Future research should test the robustness of
these effects using similar methodology. In addition, functional
characterizations of observed meta-analytic peaks were con-
ducted in healthy individuals, which allowed us to (1) evaluate
whether peaks reflect unique brain areas that are embedded in
unique circuitries, and (2) infer what behavioral consequences of
altered connectivity in these areas might be. A comprehensive
developmental and clinical characterization of these circuitries
across ages and patient populations is warranted. Next, although
we focus here on identifying focal subareas of frontal regions,
there are also important subregions of the amygdala.53,54

Seventeen percent of the experimental foci included in the
meta-analysis reported effects of amygdala subregion(s): 17 in
basolateral amygdala, 9 in centromedial and 8 in superficial.
Further research is needed to understand contributions of
amygdala subregion(s) to these findings, and advances in
multiband and multiecho neuroimaging will make this all the
more accessible.

CONCLUSIONS
The present meta-analysis indicates that findings across inter-
nalizing, genetic and environmental risk studies converge on two
focal subareas of ACC. We demonstrate that these ACC subregions
have unique patterns of resting-state FC, task-related co-activation
and ‘functional fingerprints’, suggesting that they represent
distinct frontoamygdala subcircuitries. Based on these functional
characterizations and the studies contributing to each meta-
analytic peak, disruptions in frontoamygdala subcircuits might
reflect separate transdiagnostic neural signatures involved in
developmental risk (sgACC) or the broad expression of emotional
psychopathology (pgACC).
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