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a  b  s  t  r  a  c  t

Understanding  how  and  why  affective  responses  change  with  age  is  central  to characterizing  typical  and
atypical  emotional  development.  Prior  work  has  emphasized  the  role  of the amygdala  and  prefrontal
cortex  (PFC),  which  show  age-related  changes  in function  and  connectivity.  However,  developmental
neuroimaging  research  has only  recently  begun  to  unpack  whether  age  effects  in  the  amygdala  and  PFC
are  specific  to affective  stimuli  or may  be  found  for neutral  stimuli  as well,  a possibility  that  would
support  a general,  rather  than  affect-specific,  account  of amygdala-PFC  development.  To  examine  this,
112  individuals  ranging  from  6 to  23  years  of age  viewed  aversive  and  neutral  images  while  undergoing
fMRI  scanning.  Across  age,  participants  reported  more  negative  affect  and  showed  greater  amygdala
responses  for  aversive  than  neutral  stimuli.  However,  children  were  generally  more  sensitive  to  both
mygdala
MRI

neutral and  aversive  stimuli,  as  indexed  by  affective  reports  and  amygdala  responses.  At  the  same  time,
the transition  from  childhood  to adolescence  was  marked  by  a  ventral-to-dorsal  shift  in  medial  prefrontal
responses  to aversive,  but  not  neutral,  stimuli.  Given  the  role  that  dmPFC  plays  in executive  control  and
higher-level  representations  of  emotion,  these  results  suggest  that  adolescence  is  characterized  by  a  shift
towards representing  emotional  events  in  increasingly  cognitive  terms.

©  2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
. Introduction

Current neurodevelopmental models posit that changes in
mygdala and prefrontal function – or in their connectivity (Casey,
015) – underlie changes in affective responding in childhood and
dolescence (Casey et al., 2008; Ernst et al., 2006). Such models are
olstered by a rich body of animal work demonstrating develop-
ental changes in prefrontal-amygdala dynamics (Bouwmeester
Please cite this article in press as: Silvers, J.A., et al., The transition f
in amygdala reactivity and an affect-specific ventral-to-dorsal shift 
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t al., 2002a,b; McCallum et al., 2010; Pattwell et al., 2012), as well
s extensive adult neuroimaging research linking the amygdala and
refrontal cortex to a host of emotional processes (Buhle et al.,
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2014; Costafreda et al., 2008; Kober et al., 2008). However, there
is also emerging evidence that the amygdala does not exclusively
respond to aversive, or even affective stimuli (Cunningham and
Brosch, 2012). As such, it is possible that developmental changes
in amygdala and prefrontal function are related not only to emo-
tional development, but also to a broader set of developmental
processes (e.g., salience processing, social appraisals) (Pfeifer and
Blakemore, 2012; van den Bulk et al., 2013). The present study
sought to examine two non-competing possibilities for how amyg-
dala and prefrontal function relate to general and affect-specific
changes in development.

The first possibility was that age would predict general changes
in the way  individuals respond to both negative affective and neu-
tral stimuli. Specifically, it was  hypothesized that age would be
rom childhood to adolescence is marked by a general decrease
in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

associated with diminished engagement of subcortical systems like
the amygdala which has been broadly implicated in responding
to motivationally salient (Cunningham and Brosch, 2012), intense
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Table 1
Age-independent effects of stimulus valence on brain recruitment.

MNI  Coordinates

Region Hemisphere # Voxels F x y z

Aversive > Neutral and Neutral > Aversive*
Aversive > Neutral:
Temporoparietal
junction, middle
occipital gyri

R 10401 280.64 51 −63 6

Inferior frontal
gyrus

R 199 45.56 42 24 −15

Inferior frontal
gyrus

R 217 66.33 45 3 30

Inferior frontal
gyrus

R 205 53.35 51 27 −3

Inferior and middle
frontal gyri

R 70 37.76 54 15 39

Inferior frontal
gyrus

R 199 53.58 54 33 6

Inferior frontal
gyrus

R 253 79.79 57 18 27

Middle frontal
gyrus

R 234 86.96 39 0 42

Superior temporal
gyrus

R 309 66.22 57 −45 15

Superior temporal
gyrus

R 103 56.30 45 −45 15

Temporoparietal
junction, middle
occipital gyri

L 1381 248.06 −48 −72 6

Superior parietal
lobule

R 142 40.20 27 −72 33

Fusiform gyrus R 285 268.15 45 −54 −15
Fusiform gyrus R 594 236.82 45 −66 −9
Fusiform gyrus L 265 106.82 −39 −51 −18
Cerebellum L 342 72.21 −15 −78 −30

Neutral > Aversive:
Anterior insula R 133 77.29 36 6 9
Mid insula R 75 29.97 42 3 −9
Posterior insula R 317 100.53 51 −3 3
Posterior insula R 273 56.96 39 −15 12
Posterior insula R 168 51.38 42 −33 21
Posterior insula R 99 32.68 36 −24 3
Hippocampus,
parahippocampal
gyrus

L  192 73.17 −30 −48 −3

Hippocampus,
parahippocampal
gyrus

R  62 49.88 33 −42 −6

Parahippocampal
gyrus

L  71 33.17 −21 −33 −21

Parahippocampal
gyrus

R  89 33.07 27 −36 −18

Parahippocampal
gyrus, fusiform
gyrus

R 195 59.87 27 −51 0

Precentral gyrus R 496 70.81 57 −9 12
Cuneus L 311 124.17 −12 −69 21
Cuneus R 323 112.79 12 −57 6
Cuneus R 421 106.26 12 −69 21
Cuneus L 316 105.78 −6 −78 27
Cuneus L 347 87.14 −9 −57 3
Cuneus R 192 81.41 9 −69 0
Cuneus L 229 72.57 −9 −81 3
Cuneus L 230 68.63 −6 −87 18
Cuneus, cerebellum L 149 103.93 −6 −72 −6
Cerebellum R 85 62.56 9 −69 −9
Cerebellum L 121 26.70 −21 −57 −18

Aversive > Neutral
Inferior frontal
gyrus

L 201 29.03 −54 15 24

Inferior frontal
gyrus

L 34 23.70 −54 15 33
ARTICLECN-384; No. of Pages 10
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Anderson et al., 2003), and emotion-eliciting – both positive and
egative (Breiter et al., 1996) – stimuli (Costafreda et al., 2008).

 sizeable body of neuroimaging work suggests that amygdala
esponses to aversive stimuli including fearful faces and emo-
ionally evocative scenes are elevated in childhood (Gee et al.,
013; Silvers et al., 2015) and adolescence (Guyer et al., 2008;
are et al., 2008; Monk et al., 2003; Passarotti et al., 2009) and
ecrease in adulthood. However, the evidence that age-related
hanges in amygdala responses are emotion-specific is more mixed
Helfinstein and Casey, 2014). Indeed, neuroimaging studies have
evealed age-related decreases in amygdala responding for neu-
ral (Forbes et al., 2011; Thomas et al., 2001), positive (Vasa et al.,
011), or a combination of different types of stimuli (Hare et al.,
008; Swartz et al., 2014; Vink et al., 2014). This suggest that per-
aps children interpret a broader variety of affective and neutral
timuli as being salient or personally relevant than do adults and
hus show elevated amygdala responses for both aversive and non-
versive stimuli. Among studies that have specifically examined
ge-related effects in the amygdala for aversive stimuli, most have
ocused on contrasts between aversive stimuli and fixation (Gee
t al., 2013), or, in the case of our own work, on the effects of differ-
nt regulatory conditions on responses to aversive stimuli (Silvers
t al., in press; Silvers et al., 2015). While such approaches are useful
or characterizing changes in amygdala function in affective con-
exts, they do not address whether or not such age-related changes
re unique to affective contexts. As such, this prior research leaves
pen the possibility that the amygdala shows general, rather than
egative affect-specific, age-related decreases in responding.

The second possibility we sought to explore was whether age is
ssociated with dynamic changes in how medial prefrontal cortex
mPFC) responds to negative affective stimuli. mPFC presents itself
s a strong candidate region for such age-related changes for two
easons. The first is that converging evidence from animal studies
nd neuroimaging work in adult humans has strongly implicated
PFC in the top-down generation and regulation of emotion, both

f which require relatively mature cognitive skills. Within mPFC,
orsal regions (dmPFC) appear to be preferentially involved in gen-
rating fear responses (Etkin et al., 2011; Mechias et al., 2010;
otres-Bayon and Quirk, 2010), though they are also implicated
n top-down cognitive regulation of emotion (Buhle et al., 2014)
s well as mentalizing processes more generally (Denny et al.,
012; Van Overwalle and Baetens, 2009). Together, this suggests
hat dmPFC supports abstract and conceptual representations of
ffective states (Ochsner and Gross, 2014; Satpute et al., 2013). Ven-
ral mPFC (vmPFC) recruitment, by contrast, scales with perceived
alue (Hare et al., 2009; Kable and Glimcher, 2007), decreases under
onditions of stress and threat (Mobbs et al., 2007; Wager et al.,
009), and is strongly implicated in fear extinction (Diekhof et al.,
011; Milad et al., 2006; Quirk et al., 2006), suggesting it may  play a
ey role in regulating the expression of affective responses based on
ontextual constraints (Ochsner and Gross, 2014; Roy et al., 2012).
s such, while dmPFC and vmPFC play complementary roles in
haping affective experiences in adults, each contributes to con-
eptual and contextual representations of emotion. This ability to
onsider emotional events in more cognitive terms is central to
ature emotion regulatory processes and is therefore likely to be

pecifically related to changes in affective development.
A second reason to suspect that mPFC underlies negative affect-

pecific changes in development comes from prior work showing
hat mPFC responses to aversive stimuli change in striking ways
cross development (Cohen et al., 2016). With regards to vmPFC,
rior neuroimaging studies have revealed that vmPFC responses to
Please cite this article in press as: Silvers, J.A., et al., The transition from childhood to adolescence is marked by a general decrease
in amygdala reactivity and an affect-specific ventral-to-dorsal shift in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),
http://dx.doi.org/10.1016/j.dcn.2016.06.005

versive stimuli decrease during adolescence (McRae et al., 2012),
nd that functional connectivity between vmPFC and the amyg-
ala in response to aversive stimuli is initially positive but becomes
egative during the transition from childhood to adolescence (Gee

Inferior frontal
gyrus

L 37 23.53 −48 3 33

dx.doi.org/10.1016/j.dcn.2016.06.005
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Table  1 (Continued)

MNI  Coordinates

Region Hemisphere # Voxels F x y z

Inferior frontal
gyrus

L 58 26.61 −45 12 21

Middle frontal
gyrus

L 113 40.52 −30 −3 45

dmPFC R 705 68.25 3 54 30
dmPFC R 38 30.87 6 18 57
dmPFC R 132 30.66 6 30 51
Anterior cingulate L 42 25.18 −9 18 45
Anterior insula L 274 41.12 −30 24 −3
Anterior insula L 43 33.92 −36 18 −21
Inferior frontal
gyrus

L 20 27.40 −51 36 −9

Inferior frontal
gyrus

L 61 21.98 −42 33 −6

Hippocampus R 260 71.03 30 −27 −3
Hippocampus R 29 31.65 30 −12 −15
Amygdala R 21 26.81 33 −3 −18
Midbrain L 43 37.57 −6 −33 −6
Midbrain L 22 20.49 −3 −21 −15
Midbrain R 44 34.16 6 −33 −6
Thalamus R 211 30.24 6 −9 3
Thalamus L 30 26.88 −9 −6 0
Thalamus R 37 26.56 6 −15 12
Caudate R 34 22.78 12 3 15
Caudate R 35 26.17 12 9 6
Ventral striatum L 24 24.25 −12 6 0
Temporoparietal
junction

L  41 25.91 −60 −39 30

Superior parietal
lobule

L  412 70.47 −27 −51 48

Inferior parietal
lobule

L 108 25.90 −42 −33 39

Superior parietal
lobule

R  362 109.43 27 −48 45

Superior parietal
lobule

R  208 89.85 27 −54 54

Cerebellum R 247 41.82 9 −78 −39
Cerebellum M 83 34.95 0 −54 −36
Cerebellum R 92 35.01 9 −75 −30

Neutral > Aversive
Middle frontal
gyrus

L 118 29.60 −24 18 51

Middle frontal
gyrus

L 43 26.68 −21 27 33

Middle frontal
gyrus

R 188 27.36 36 36 30

Middle frontal
gyrus

R 37 23.45 30 39 21

Middle frontal
gyrus

R 83 22.23 39 45 21

vmPFC L 229 34.56 −9 39 −9
vmPFC R 108 33.65 12 36 −9
Pregenual
cingulate

L  28 17.47 −3 30 3

Inferior temporal
gyrus

R 52 26.56 69 −27 −21

Superior temporal
gyrus

L  1886 71.51 −57 −6 3

Superior temporal
gyrus

L  220 66.60 −66 −24 6

Superior temporal
gyrus

L  167 56.36 −51 3 −6

Superior temporal
gyrus

L  283 54.76 −54 −15 12

Mid  insula L 133 59.73 −33 3 9
Posterior insula L 178 49.92 −36 −36 21
Posterior insula L 132 47.23 −30 −21 15
Posterior insula L 135 43.34 −36 −21 3
Posterior insula L 70 33.29 −42 −21 −6
Middle temporal
gyrus

L 61 26.91 −66 −45 −12

Precentral gyrus L 162 53.69 −48 −12 48
Precentral gyrus L 60 41.02 −33 −18 42
Inferior temporal
gyrus

L 23 17.02 −57 −36 −18

Table 1 (Continued)

MNI Coordinates

Region Hemisphere # Voxels F x y z

Posterior cingulate L 2056 70.99 −6 −36 36
Posterior cingulate R 133 68.02 12 −36 39
Anterior cingulate R 168 53.93 6 6 36
Mid  cingulate L 61 25.88 −6 0 42
Mid  cingulate R 37 21.77 12 −15 42
Pre  SMA  R 84 53.86 6 3 45
Supplementary
Motor Area

M 168 51.40 0 −3 60

Supplementary
Motor Area

R 130 46.64 9 −9 60

Paracentral lobule R 155 62.21 6 −30 48
Paracentral lobule R 45 18.71 9 −42 63
Postcentral gyrus R 142 46.14 51 −12 48
Postcentral gyrus R 231 37.30 21 −30 57
Postcentral gyrus L 106 36.33 −21 −30 57
Postcentral gyrus R 114 20.68 42 −24 60
Precentral gyrus R 93 35.16 36 −18 42
Precentral gyrus L 69 29.17 −18 −21 57
Precentral gyrus R 33 20.64 60 0 39
Superior parietal
lobule

L 93 39.21 −18 −39 63

Inferior parietal
lobule

L 396 45.32 −36 −75 39

Inferior parietal
lobule

L 136 38.57 −45 −66 45

Inferior parietal
lobule

L 97 34.09 −42 −57 45

Inferior parietal
lobule

L 24 25.60 −39 −84 36

Inferior parietal
lobule

R 278 34.89 51 −66 39

Inferior parietal
lobule

R 74 28.75 39 −66 42

Inferior parietal
lobule

R 114 32.15 51 −51 45

Brain regions identified by the main effect of stimulus valence. For hemisphere,
R  = right, L = left, M = medial. F = maximum F statistic for a given cluster. *A single
large cluster was  identified by the main effect of valence term but regions within

this cluster varied according to whether they responded more strongly to negative
and  neutral stimuli. Subclusters that contained 20 or more voxels are reported under
their supracluster.

et al., 2013; Silvers et al., in press). Such work suggests that vmPFC
responses to aversive stimuli generally decrease with age but also
that the way  in which vmPFC and the amygdala interact changes
as well. In contrast to vmPFC, dmPFC responses to aversive stim-
uli increase steadily from early adolescence to adulthood (Cohen
et al., 2016; Williams et al., 2006). As such, we hypothesized that
in the present study age would be associated with a simultaneous
decrease in vmPFC recruitment and increase in dmPFC recruitment
in response to aversive (but not neutral) stimuli.

By characterizing general and negative affect-specific effects of
age in the amygdala and, the present work sought to broaden and
clarify how prefrontal-amygdala systems give rise to emotional
changes during development. Two hypotheses about amygdala and
prefrontal development were tested in a large sample (n = 112) of
children, adolescents and young adults. The first hypothesis was
that the amygdala would show general age-related decreases in
activation to both aversive and neutral stimuli. The second hypoth-
esis was  that age would predict a ventral-to-dorsal shift in mPFC
responses to negative affective stimuli specifically.

2. Methods
rom childhood to adolescence is marked by a general decrease
in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

2.1. Participants

One hundred and twelve healthy individuals ranging in age
from 6 to 23 years participated in the experiment (65 female;

dx.doi.org/10.1016/j.dcn.2016.06.005
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Table  2
Brain regions showing a general age effect (main effect of age).

MNI  Coordinates

Region Hemisphere # Voxels F x y z

Age predicts less activation
vmPFC L 395 31.23 −3 45 −9
Subgenual ACC L 38 20.62 −9 36 −9
Subgenual ACC M 53 21.22 0 30 −6
Pregenual ACC R 56 28.40 3 30 3
Dorsal  ACC M 36 18.49 0 33 18
Caudate L 41 29.23 −12 15 3
Caudate L 24 24.21 −6 6 −3
Caudate R 39 21.23 9 9 −6
Putamen L 33 26.84 −18 12 −9
Amygdala L 118 37.70 −27 −9 −15
Hippocampus L 24 25.16 −21 −9 −27
Anterior insula L 29 19.41 −42 6 −18
Amygdala R 41 24.94 30 −3 −24
Superior temporal gyrus L 33 20.26 −60 −24 0
Superior temporal gyrus L 20 20.23 −51 −18 −3
Cerebellum R 114 21.86 3 −57 −21
Cerebellum R 32 21.82 9 −48 −18
Cerebellum R 37 21.82 9 −48 −18

Age  predicts more activation
Inferior and middle frontal gyri L 31 23.57 −51 12 30
Inferior parietal lobule L 52 28.78 −36 −39 33
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rain regions identified by the main effect of age (i.e., aversive and neutral stimuli co
or  a given cluster. Subclusters that contained 20 or more voxels are reported unde

ean age = 15.73 years, S.D.=4.36). In addition to the final sample of
12 participants, 17 participants (9 female; mean age = 9.20 years,
.D. = 2.40) were scanned but excluded from analyses due to exces-
ive head motion and one participant (female, 6.34 years) was
xcluded due to failure to comply with the task (i.e., not making
utton responses). Participants were screened prior to scanning to
nsure that they could read and write in English, had normal or cor-
ected vision, had never been diagnosed with a developmental or
sychiatric disorder, had never been prescribed psychotropic medi-
ation, and had no medical conditions contraindicated for scanning.
articipants were of normal intelligence, as indexed by the
echsler Abbreviated Scale of Intelligence (mean score = 114.35,

.D. = 15.42), and parents of children under 18 reported lower than
verage problem behaviors (three parents did not complete the
hecklist; Mean t-score = 41.67, S.D. = 9.13, t(68) = 7.59, p < 0.001)
n the Child Behavioral Checklist (Achenbach, 2001). Participants
nder 18 provided informed written assent and their parent or
uardian provided informed consent while participants 18 and
lder provided informed written consent. Participants were com-
ensated for their participation. Study procedures were approved
y the Institutional Review Boards at Columbia University and
eill Cornell Medical College.

.2. Experimental procedures

Participants completed a computerized emotional task (pro-
rammed in E-prime) while undergoing neuroimaging. The task
as projected onto a flat screen mounted in the scanner bore and

ubjects viewed the screen using a mirror mounted on a 12-channel
ead coil. Participants made their responses using a five-finger-
utton response pad. On each trial, participants were presented
ith a cue (lasting 2 s) instructing them on how to respond to a

ubsequent photographic image. Participants next viewed either an
versive or neutral social image (i.e., a scene depicting people) for
ight seconds and following a jittered interstimulus interval (last-
Please cite this article in press as: Silvers, J.A., et al., The transition f
in amygdala reactivity and an affect-specific ventral-to-dorsal shift
http://dx.doi.org/10.1016/j.dcn.2016.06.005

ng for an average of 3 s) rated their current negative affect (1 = not
t all bad, 5 = very bad). Each trial ended with another jittered inter-
timulus interval (which lasted on average for 3 s). Stimuli were
ulled from three sources: (1) the International Affective Picture
ed to fixation). R = right, L = left, M = medial. For hemisphere, F = maximum F statistic
 supracluster.

System (Lang et al., 2001) (IAPS image numbers: 2102, 2104, 2210,
2214, 2235, 2270, 2305, 2372, 2383, 2393, 2394, 2495, 2514, 2515,
2560, 2575, 2579, 2593, 2594, 4621, 6312, 6350, 6838), (2) from a
set of similar pictures that had been previously used with adoles-
cents (Silvers et al., 2012), and (3) from online image searches. The
aversive images all depicted people and common themes included
violence, bullying, rejection, and implied threat (for an example
image, see Fig. 1). The neutral images all depicted people engaging
in unemotional activities such as walking down the street, working,
or sitting in a classroom (for an example image, see Fig. 1). Consis-
tent with prior work (Silvers et al., 2012), parents of participants
under the age of 18 prescreened sixty negative photographic stim-
uli prior to participation and were permitted to exclude up to 10
stimuli (excluded stimuli were replaced with a valence-matched
task substitute image).

As mentioned above, each trial began with an instructional cue.
Because the present manuscript is focused on uninstructed emo-
tional responding, only results related to “Look” trials, wherein
participants were instructed to “look at the picture like your nor-
mally would” are presented here. A separate manuscript reported
on results comparing the other two  trial types (“Close” and “Far”),
wherein participants were instructed to either adopt a more emo-
tionally immersed or distant mindset (Silvers et al., in press), but did
not characterize results associated with Look trials. Close and Far
trials constrain participant responding so that it is either pushed
to be reactive or regulated whereas when individuals are left to
their own devices (i.e., on Look trials), they may  spontaneously
adopt a mindset that is elsewhere on the reactive-regulated contin-
uum. While examining Close and Far trials are useful for unpacking
the degree to which reactivity and regulation underlie age-related
changes in emotional responding, Look trials grant insight into nat-
uralistic responding that may  more closely reflect what happens in
everyday life. Put another way, Close and Far trials may  be more
helpful when examining an individual’s capacity for responding to
aversive stimuli in more reactive or regulated ways whereas Look
rom childhood to adolescence is marked by a general decrease
 in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

trials may  more accurately reflect their natural response tenden-
cies. While both are of clear significance for developmental affective
neuroscience, given that results associated with Close and Far trials
are described extensively elsewhere (Silvers et al., in press), they

dx.doi.org/10.1016/j.dcn.2016.06.005
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Fig. 1. (A) Trial structure for the task. (B) Self-reported af

ill not be discussed further here. The instruction (Look, Close or
ar) paired with a given stimulus was counterbalanced across par-
icipants and thus, not all participants saw the same stimuli paired
ith the Look instruction. All participants completed 90 experi-
ental trials, 45 of which contained aversive stimuli and 45 of
hich contained neutral stimuli. The trials were evenly distributed

mong the three different instructional conditions. The current
anuscript is focused on the 30 Look trials, 15 of which involved

versive stimuli and 15 of which involve neutral stimuli. A diagram
f the trial structure used is shown in Fig. 1a.

.3. Behavioral data analysis

Effects of stimulus valence (negative versus neutral) and mean-
entered age were analyzed using a repeated-measures GLM, as
mplemented in SPSS 19.0. When necessary, follow-up t-tests and
orrelations were performed, to disambiguate significant F statis-
ics. General age effects were identified using the main effect of age
erm and emotion-specific effects were identified using the age x
alence interaction term.

.4. fMRI acquisition

All whole-brain fMRI data were collected on a 3 T Siemens
agnetom Trio scanner. A high-resolution, T1-weighted MPRAGE
Please cite this article in press as: Silvers, J.A., et al., The transition f
in amygdala reactivity and an affect-specific ventral-to-dorsal shift 
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equence (TR = 2170 ms,  TE = 4.33 ms,  120 1.5 mm slices) was used
o acquire structural images. Functional images were acquired
ith a T2*-sensitive EPI BOLD sequence. The functional scans
ere comprised of thirty-four axial slices, collected with a TR of
n negative and neutral trials is plotted as function of age.

2000 ms  (TE of 34 ms,  flip angle of 90◦, field of view of 22.4 cm and
3.5 × 3.5 × 4 mm voxels).

2.5. fMRI analysis

2.5.1. Preprocessing
All preprocessing steps were performed using SPM8 prepro-

cessing tools (Wellcome Department of Cognitive Neurology, UCL)
as implemented in NeuroElf (http://neuroelf.net). Preprocessing
steps for the functional images included motion correction, slice-
time correction and coregistration to the first functional image for
each subject. Structural images were normalized (spatially warped
using unified segmentation) to a standard template brain (the MNI
avg15T1.img) and warping parameters were applied to functional
images for each subject. Normalized functional images were inter-
polated to 3 × 3 × 3 mm voxels and spatially smoothed with a 6-mm
Gaussian filter. Volumes with more than 1.5 mm of framewise head
motion were removed from the timecourse. Runs were removed if
more than 10% of volumes were removed, and participants were
removed if more than two  out of the five runs were removed. These
standards for head motion have been used in prior work in similar
age ranges (Somerville et al., 2013).

2.5.2. First-level analyses
First-level GLM analyses were implemented in NeuroElf (http://

neuroelf.net). Separate regressors were made for the cue, stimulus-
rom childhood to adolescence is marked by a general decrease
in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

viewing and response portions of each trial and were modeled
as boxcar regressors convolved with a canonical hemodynamic
response function. Separate regressors were made for the six dif-
ferent trial types so that neural responses associated with strategy

dx.doi.org/10.1016/j.dcn.2016.06.005
http://neuroelf.net
http://neuroelf.net
http://neuroelf.net
http://neuroelf.net
http://neuroelf.net
http://neuroelf.net
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Fig. 2. Bilateral amygdala responses decreased with age. Average betas from the left and right amygdala clusters (defined by the main effect of age term) are plotted against
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ge.  F values are displayed and thus map  intensity values correspond to overall sign
y  change-point analyses (effect was evident at youngest ages).

Close, Look, Far) and valence (negative, neutral) could be differen-
iated. For each subject, a robust regression analysis was  performed
n the conditions of interest and estimates of global signal in gray
atter, white matter, and the ventricles as well as six standard
otion parameters and high-pass filters were included as addi-

ional regressors of no interest.

.5.3. Group-level analyses
Group-level analyses were conducted in NeuroElf. A mixed-

ffects model was performed to examine the effects of mean-
entered age, strategy (Close, Look, Far), and stimulus valence
Negative, Neutral) on neural responses. Maps were first thresh-
lded at p < 0.0005 (uncorrected) and significant clusters were
ubsequently identified using an extent threshold that corre-
ponded to a family wise error corrected p < 0.05, as determined
y AlphaSim as implemented in NeuroElf (smoothness estimate:
0.6 mm,  extent threshold: 30 voxels). Despite this stringent
hresholding, some clusters were still very large and thus subclus-
ers containing 20 or more voxels are also reported. Subclusters
ere identified using NeuroElf’s “splitclustercoords” function
hich identifies activation peaks within a cluster that are not

onnected to the cluster’s central mass in a higher-values-first
atershed searching algorithm.

Three sets of analyses were examined in the group results.
irst, age-independent effects of stimulus valence were examined
o identify brain regions that showed differential recruitment for
versive and neutral stimuli irrespective of participant age. Sec-
nd, the main effect of age term was examined to identify brain
egions showing general age-related effects (i.e., age effects irre-
pective of stimulus type relative to fixation). Changepoint analyses
ere used to identify specific ages at which activation changed

ignificantly. Specifically, regression analyses were computed with
ean-centered age for each year of age and its associated mean-

entered age2̂ as predictors and amygdala activation as an outcome
easure. In this analysis, the beta coefficient for each mean-

entered linear age term reflects the instantaneous effect of age
n amygdala activation. Third, the age × valence term was exam-

ned to identify brain regions with different age effects for aversive
Please cite this article in press as: Silvers, J.A., et al., The transition f
in amygdala reactivity and an affect-specific ventral-to-dorsal shift
http://dx.doi.org/10.1016/j.dcn.2016.06.005

nd neutral stimuli. Beta values from clusters identified by the
ge × valence term were extracted and further analyzed in SPSS’s
rocess Toolbox (Hayes, 2013). Specifically, age was  tested as mod-
rator of the relationship between valence and medial prefrontal
ce and not directionality of effects. Arrow indicates end of age effect, as determined

recruitment (from ROIs defined by the age × valence term) using
the Johnson-Neyman technique (Johnson and Fay, 1950).

3. Results

3.1. Behavioral results

3.1.1. Effects of valence and age on self-reported negative affect
As expected, participants reported significantly more negative

affect when responding naturally to aversive than neutral stim-
uli (Mean difference = 2.073, F(1, 110) = 732.403, p < 0.001). A main
effect of age was  observed (F(1, 110) = 4.506, p < 0.05), suggesting
that age is associated with decreased emotional responses to stim-
uli in general (Fig. 1b). Age and stimulus valence did not interact
with one another (F(1, 110) = 0.501, p = 0.481), suggesting that age
effects on emotional experience were not specific to aversive or
neutral stimuli.

3.2. Imaging results

3.2.1. Main effects of stimulus valence
Aversive and neutral stimuli elicited significantly different pat-

terns of brain activation across the sample. While controlling for
age, aversive relative to neutral stimuli elicited greater activation in
the amygdala, dmPFC, anterior insula, ventrolateral PFC, thalamus,
and midbrain (Table 1). Relative to aversive stimuli, neutral stimuli
elicited greater recruitment of vmPFC, dorsal anterior cingulate cor-
tex, sensorimotor cortex, posterior cingulate and cuneus. Given that
participants reported significantly more negative affect for aversive
than neutral trials, a whole-brain correlational analysis was con-
ducted correlating the difference between self-reported affect for
aversive and neutral trials and the aversive > neutral contrast. No
brain regions survived correction in this correlational analysis.

3.2.2. Main effects of age
The main effect of age term revealed age-related decreases

in activation for vmPFC, bilateral amygdala, temporal cortex, and
cerebellum for aversive and neutral stimuli relative to fixation
rom childhood to adolescence is marked by a general decrease
 in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

(Table 2; Fig. 2). A change-point analysis revealed that age was asso-
ciated with significant decreases in amygdala activation starting at
the lower bound of our age range (instantaneous slope at 6 years:
−0.023, t(109) = 2.41, p < 0.05). Age continued to predict significant

dx.doi.org/10.1016/j.dcn.2016.06.005
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Table  3
Brain regions showing differential recruitment as a function of age and stimulus valence.

Avers Neut MNI  Coordinates

Region Hemisphere # Voxels F r r x y z

Age predicts less activation for aversive stimuli
vmPFC R 121 25.32 −0.52*** −0.15 6 36 −12
vmPFC R 22 17.89 −0.48*** −0.20* 3 48 −3

Age  predicts more activation for aversive stimuli
dmPFC M 81 21.18 0.39*** −0.03 0 33 39
dmPFC L 34 18.96 0.32*** −0.04 −3 21 42

Brain regions identified by the interaction term between age and stimulus valence. For hemisphere, R = right, L = left, M = medial. F = maximum F statistic for a given cluster.
T lumns
* nder 
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he  correlation between age and each stimulus category is reported under the co
*p  < 0.01, ***p < 0.001). Subclusters that contained 20 or more voxels are reported u

ecreases for each year of life (p’s < 0.05) until age 20 (instantaneous
lope: −0.01, t(109) = 1.52, p = 0.13), after which age no longer pre-
icted significant changes in the amygdala response (p’s > 0.26). Put
nother way, the amygdala response decreased significantly across
hildhood and continued to decline until the end of adolescence.
ge was associated with general increases in recruitment in dor-
olateral prefrontal cortex and posterior parietal cortex. Given that
ge exerted a main effect on self-reported negative affect, a whole-
rain correlational analysis was conducted correlating average
elf-reported affect (i.e., the mean of self-reported negative affect
or aversive and neutral trials) and the aversive + neutral > fixation
ontrast. No brain regions survived correction in this correlational
nalysis, both before and after controlling for age.

.3. Negative affect-specific effects of age

Significant interactions between age and stimulus valence were
bserved in vmPFC and dmPFC (Table 3; Fig. 3). Brain activation
or aversive stimuli decreased with age in vmPFC, but increased
Please cite this article in press as: Silvers, J.A., et al., The transition f
in amygdala reactivity and an affect-specific ventral-to-dorsal shift 
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ith age in dmPFC. An investigation of the regression equations for
ach cluster revealed that brain responses to aversive and neutral
timuli were equivalent at 12.61 years for vmPFC and 12.47 years
or dmPFC. To further examine whether valence is represented dif-

ig. 3. Age is associated with a ventral-to-dorsal shift in mPFC responses to aversive st
ignificance and not directionality of effects. Top: Age predicted increased dmPFC recruitm
ecruitment for aversive, but not neutral, stimuli.
 labeled “Avers r” and “Neut r” along with their statistical significance (*p < 0.05,
their supracluster.

ferently in medial PFC across age, moderation analyses using the
Johnson-Neyman technique were performed with valence as a pre-
dictor, age as a moderator and prefrontal responses as an outcome
variable. Moderation analyses using age as a predictor and stimulus
valence as a moderator revealed identical results, however using
age as a moderator allowed us to identify specific ages at which
stimulus valence predicted differential recruitment in vmPFC and
dmPFC (which the converse analysis would not have allowed).
Johnson-Neyman results revealed that in vmPFC aversive stimuli
elicited significantly greater recruitment than neutral stimuli at
7.72 years and younger ages (beta coefficient for effect of negative
valence on vmPFC at 7.98 years = 0.06, t = 1.97, p = 0.05), whereas
aversive stimuli elicited less recruitment than neutral stimuli at
14.96 years and older ages (beta coefficient for effect of negative
valence on vmPFC at 15.09 years = −0.03, t = 1.97, p = 0.05). By con-
trast, neutral and aversive stimuli did elicit statistically significant
differences in dmPFC before the age of 14, although neutral stimuli
elicited marginally greater recruitment than aversive stimuli in the
youngest participants in the sample (beta coefficient for effect of
rom childhood to adolescence is marked by a general decrease
in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

negative valence on dmPFC at 6.84 years = −0.05, t = 1.85, p = 0.06).
Starting at 15 years, aversive stimuli elicited significantly greater
dmPFC recruitment than neutral stimuli (beta coefficient for effect
of negative valence on dmPFC at 15 years = 0.02, t = 1.97, p = 0.05).

imuli. F values are displayed and thus map  intensity values correspond to overall
ent for aversive, but not neutral, stimuli. Bottom: Age predicted decreased vmPFC

dx.doi.org/10.1016/j.dcn.2016.06.005
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his trend persisted for each subsequent year of age and older ages
p’s < 0.05).

. Discussion

An individual’s social and emotional landscape changes dra-
atically during childhood and adolescence. The results of the

resent study suggest that child and adolescent development are
haracterized by general decreases in amygdala reactivity and a
entral-to-dorsal shift in medial prefrontal responses to aversive
timuli. Together, these results suggest that maturing affective pro-
esses are jointly supported by a reduced tendency to recruit brain
egions involved in emotion generation, and an increased tendency
o engage brain regions associated with top-down representations
f emotion (Ochsner et al., 2009).

.1. General age-related changes in responding

In looking across age, we found evidence that children, adoles-
ents and adults bore striking similarities as well as differences in
ow they responded to aversive and neutral stimuli. On the one
and, a main effect of age was observed such that children experi-
nced more negative affect and greater recruitment of the bilateral
mygdala, which have been consistently implicated in detecting
nd responding to motivationally relevant stimuli such as threats
Cunningham and Brosch, 2012), for both aversive and neutral stim-
li relative to adolescents and adults. The amygdala develops prior
o prefrontal regions that are thought to be important for regulat-
ng the amygdala and as such, the amygdala may  exert a stronger
nfluence on affective processing during development than dur-
ng adulthood (Casey et al., 2008). This may  lead children to view
oth affective and non-affective stimuli through a valenced lens.
onsistent with this, children tend to interpret ambiguous facial
xpressions more negatively than do adults (Tottenham et al.,
013), and show robust amygdala recruitment when adults do
ot (Swartz et al., 2014; Thomas et al., 2001; Todd et al., 2010).
t the same time, it should be noted that children’s heightened

eactivity ought not to be conflated with indiscernibility. Like their
lder counterparts, children reported greater negative affect and
howed greater amygdala recruitment for aversive than neutral
timuli. This suggests that while children on average report more
egative affect for both aversive and neutral stimuli, they are
lso capable of distinguishing between aversive and neutral stim-
li.

Another interpretation of the present findings is that the age-
elated changes in amygdala responding observed in the present
tudy do not reflect changes in affective processing but rather
evelopmental differences in another domain. For example, both
nimal and human lesion work suggests that the amygdala plays a
ritical role in coordinating social processes during development
Prather et al., 2001; Shaw et al., 2004). Given that the present
tudy utilized social (i.e., images containing people) affective and
eutral stimuli, it is possible that elevated amygdala responses dur-

ng childhood reflect heightened attention and orientation towards
ocial cues. Indeed, much prior work has suggested that children
nd adolescents respond to social stimuli, and in particular, facial
xpressions (Somerville et al., 2011), in different ways than do
dults. While the present study did not utilize facial stimuli, which
as been the modal approach in prior studies examining amygdala

unction across wide age ranges (Gee et al., 2013; Hare et al., 2008;
Please cite this article in press as: Silvers, J.A., et al., The transition f
in amygdala reactivity and an affect-specific ventral-to-dorsal shift
http://dx.doi.org/10.1016/j.dcn.2016.06.005

wartz et al., 2014), it is still possible that different findings would
e obtained with non-social stimuli. To further test this possibility,
uture work might seek to disentangle valence and social content

hen examining age-related effects in the amygdala as well as in
 PRESS
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other brain regions involved in evaluating the affective significance
of stimuli (e.g., ventral striatum).

4.2. Negative affect-specific age-related changes in emotion
responding

The present results suggest that while subcortical structures
like the amygdala exhibit general age-related changes in function,
medial prefrontal recruitment shows age dissociable age effects for
vmPFC and dmPFC that were unique to negative affective stimuli.
vmPFC and dmPFC follow dissociable structural developmental tra-
jectories (Markham et al., 2007; Shaw et al., 2008), and are thought
to play functionally dissociable but complementary roles in social
and emotional processing (Etkin et al., 2011). As such, the signifi-
cance behind age effects observed in each region is considered in
greater depth below.

Consistent with prior work in adults (Lindquist et al., 2015),
in the present study, vmPFC showed less activation for aversive
versus neutral stimuli in adolescents and adults. By contrast, chil-
dren’s vmPFC responses were greater for aversive than neutral
stimuli. vmPFC is known to support the integration of prior experi-
ences, semantic representations, and the present context in order
to update the affective value of stimuli (Roy et al., 2012). In adults,
amygdala and vmPFC responses to ambiguous or aversive stim-
uli are often inversely associated with one another, such that
vmPFC responses increase as amygdala responses decrease and
vice versa (Kim et al., 2003; Shin et al., 2005; Urry et al., 2006),
and with affective experience (Heller et al., 2014). However, recent
developmental neuroimaging work suggests that the amygdala
and vmPFC are positively associated in childhood when amygdala
activation is elevated as well, but negatively associated in ado-
lescence and adulthood when amygdala activation declines (Gee
et al., 2013; Silvers et al., in press). When contextualized within
broader hierarchical theories of development (Thelen, 2005), these
prior results as well as the present findings suggest that height-
ened amygdala activation in childhood instigates the development
of initially immature (i.e., positive) amygdala-vmPFC connections
that develop and change during adolescence, and ultimately scaf-
fold the development of connections between vmPFC and other
dorsal and lateral portions of PFC (Casey et al., 2016). Such changes
in prefrontal development may  be related to the profound shifts
in social and self-regulatory behavior commonly observed during
the transition from childhood to adolescence (Blakemore, 2008;
Somerville et al., 2013).

In contrast to the age-related decreases in activation observed
in vmPFC for aversive stimuli, we  observed striking increases in
dmPFC recruitment for aversive stimuli across age. dmPFC supports
a variety of domain-general cognitive control processes including
inhibition and flexibility (Niendam et al., 2012). In the context of
emotional processing dmPFC has been linked to a host of processes
that involve appraising emotional stimuli and reflecting on mental
states, including learning fear (Mechias et al., 2010), mentalizing
(Denny et al., 2012), and cognitively regulating emotion (Buhle
et al., 2014). Moreover, while the amygdala supports both bottom-
up and top-down generation of emotion, dmPFC is uniquely
important for using conceptual and contextual knowledge to gener-
ate affective responses (Ochsner et al., 2009). Recent neuroimaging
work has revealed that dmPFC activation and dmPFC-vmPFC func-
tional connectivity in response to aversive stimuli strengthens
during the transition from adolescence to adulthood at the same
time that cognitive performance improves (Cohen et al., 2016). As
rom childhood to adolescence is marked by a general decrease
 in medial prefrontal recruitment. Dev. Cogn. Neurosci. (2016),

such, age-related increases in dmPFC engagement may  reflect an
increased propensity to automatically form higher-level affective
appraisals or to engage self-control mechanisms when responding
to aversive stimuli.

dx.doi.org/10.1016/j.dcn.2016.06.005
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.3. Limitations

The present study has several limitations worth nothing when
nterpreting its results. First, the age-related effects observed were
btained exclusively in the context of uninstructed viewing of
versive and neutral stimuli. In contrast to studies that explicitly
nstruct participants about how to respond to stimuli (Silvers et al.,
n press; Silvers et al., 2012, 2015), this leaves open the possibility
hat participants interpreted and responded to the stimuli in more
aried ways. At the same time, this unconstrained approach may  be
ore ecologically valid when drawing inferences about what indi-

iduals do when left to their own devices (i.e., in their everyday
ives). Second, the present study speaks to differences in overall
ctivation of the amygdala and prefrontal cortex but not to their
onnectivity. Finally, while not a limitation in the strictest sense, it
s worth noting that individual differences in self-reported negative
ffect were not significantly correlated with amygdala or medial
refrontal recruitment. One interpretation of this finding is that age
redicted more variance in these regions than did between-subject
ariability in affective experience.

. Conclusions

By examining age effects across a 17-year range, the present
tudy sought to characterize how development of prefrontal-
mygdala circuitry gives rise to general and negative affect-specific
hanges in responding. While participants of all ages discrimi-
ated between aversive and neutral stimuli, children demonstrated
enerally greater reactivity in terms of self-reported affect and
mygdala responses to both aversive and neutral stimuli relative to
dolescents and adults. At the same time, age was associated with

 ventral-to-dorsal shift in medial prefrontal responses to affec-
ive stimuli specifically, suggesting that aversive affective cues are
nterpreted in increasingly specialized and cognitive ways across
evelopment. Together, these results suggest that the transition

rom childhood to adolescence marks a shift from bottom-up,
mygdala-based processing to a tendency to integrate bottom-up
nd top-down affective cues in adolescence and adulthood.
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