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Functional connectivities of the amygdala support emotional and cognitive processing.
Life-span development of resting-state functional connectivities (rsFC) of the amygdala
may underlie age-related differences in emotion regulatory mechanisms. To date, age-
related changes in amygdala rsFC have been reported through adolescence but
not as thoroughly for adulthood. This study investigated age-related differences in
amygdala rsFC in 132 young and middle-aged adults (19–55 years). Data processing
followed published routines. Overall, amygdala showed positive rsFC with the temporal,
sensorimotor and ventromedial prefrontal cortex (vmPFC), insula and lentiform nucleus,
and negative rsFC with visual, frontoparietal, and posterior cingulate cortex and caudate
head. Amygdala rsFC with the cerebellum was positively correlated with age, and
rsFCs with the dorsal medial prefrontal cortex (dmPFC) and somatomotor cortex
were negatively correlated with age, at voxel p < 0.001 in combination with cluster
p < 0.05 FWE. These age-dependent changes in connectivity appeared to manifest to
a greater extent in men than in women, although the sex difference was only evident
for the cerebellum in a slope test of age regressions (p = 0.0053). Previous studies
showed amygdala interaction with the anterior cingulate cortex (ACC) and vmPFC
during emotion regulation. In region of interest analysis, amygdala rsFC with the ACC
and vmPFC did not show age-related changes. These findings suggest that intrinsic
connectivity of the amygdala evolved from young to middle adulthood in selective
brain regions, and may inform future studies of age-related emotion regulation and
maladaptive development of the amygdala circuits as an etiological marker of emotional
disorders.
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INTRODUCTION

A phylogenetically old nucleus nestled deep in the temporal lobe, the amygdala plays an important
role in processing negative emotions. The earliest fMRI studies reported bilateral amygdala
activation to affectively negative visual stimuli (Breiter et al., 1996; Irwin et al., 1996) as well as
during conditioned acquisition and extinction of fear elicited by electric shock, with a bias of right
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hemispheric response (LaBar et al., 1998). Other studies showed
that the amygdala is involved in reward-related learning in
a variety of behavioral tasks (Baxter and Murray, 2002). For
instance, the amygdala showed significantly higher activation to
receipt than omission of reward in a monetary reward task (Ernst
et al., 2005). The amygdala may thus respond broadly to salient
stimuli to support motivated behavior (Zorrilla and Koob, 2013).

In resting state fMRI the amygdala showed positive
connectivity with the ventromedial prefrontal cortex (vmPFC),
temporal cortex and subcortical regions, and negative
connectivity with the parietal and occipital cortex (Roy
et al., 2009; Veer et al., 2012). The interactions with limbic
circuit support a role of the amygdala in emotion perception
and memory (LeDoux, 1995). In particular, increased vmPFC
along with decreased amygdala activation may reflect regulation
of emotional responses to negative stimuli (Urry et al., 2006).
Our earlier work demonstrated that vmPFC activity not
only negatively correlated with but also Granger caused skin
conductance level, an index of physiological arousal, in support
of vmPFC regulation of amygdala response to saliency (Zhang
et al., 2012, 2013).

Numerous studies have demonstrated age-related changes
in emotion functions supported by the amygdala circuits.
For instance, whereas episodic memory typically deteriorated,
emotional memory appeared to be well preserved during aging
(Wright et al., 2006; Ritchey et al., 2011). Compared to
young people, older people remembered more positive than
negative information (Charles et al., 2003), reflecting a “positivity
effect,” and showed increased amygdala-mPFC/anterior cingulate
cortex (ACC) connectivity during both resting state and
emotion encoding (Sakaki et al., 2013). In addition, amygdala-
hippocampus connectivity reversed from negative to positive
during encoding of positive emotional information onward from
adulthood (Addis et al., 2010). In fMRI studies of emotional
memory, the effective connectivity of the amygdala was linearly
correlated with memory performance in older adults (Li X.
et al., 2015). Older as compared to younger adults showed
stronger positive amygdala/vmPFC-hippocampus connectivities
when encoding positive emotions (Addis et al., 2010). These
studies suggest age-related changes in amygdala connectivity as
potential neural markers of the positivity effect. On the other
hand, the findings of aging on negative emotion processing
appeared to be less than consistent. One study showed that
amygdala functional connectivity did not differ between young
and older adults in encoding negative emotional memory
(Addis et al., 2010), whereas others showed increased amygdala-
ventral ACC and decreased amygdala-hippocampus/posterior
cortical couplings with aging during evaluation of negatively
valenced pictures (Jacques et al., 2010) as well as encoding
and retrieval of aversive scenes (Murty et al., 2009). There
is a need to better evaluate age-related changes in amygdala
connectivity, including resting-state functional connectivity
(rsFC).

Age influences functional connectivity of the amygdala
in relation to cognitive development. In newborns, stronger
positive amygdala rsFC with the anterior insula and ventral
striatum predicted higher level of fearfulness at 6 months

(Graham et al., 2016). Stronger neonatal amygdala connectivity
with the ventral anterior cingulate/anterior medial prefrontal
cortex (mPFC) appeared to contribute to cognitive development,
particularly in the context of fear related learning (Graham
et al., 2016). From childhood to young adulthood in the
twenties, amygdala-cortical rsFC changed dramatically
(McRae et al., 2012; Gee et al., 2013), with no significant
mPFC-amygdala coupling in early childhood, and positive,
adult-like connectivity first emerging at around 10 years
and increasing with age afterward. Similarly, small children
showed no significant amygdala connectivity with the posterior
cingulate/parahippocampal gyrus/cerebellum, with negative
connectivity appearing only at around 10 years and becoming
increasingly negative with age afterward. Amygdala connectivity
with the insula/temporal/parietal regions decreased with age
and turned from positive to negative at around 10 years
(Gabard-Durnam et al., 2014; Alarcón et al., 2015). In contrast
with these changes, amygdala rsFC with the anterior insula
and ventral striatum largely remained unchanged from 4
to 23 years old (Gabard-Durnam et al., 2014). No studies
to our knowledge have examined age-related changes in
amygdala rsFC beyond young adulthood in neurotypical
populations.

Studies have also considered sex differences in amygdala
functional connectivity (Engman et al., 2016; Mareckova et al.,
2016; Colich et al., 2017; Monroe et al., 2017). An earlier fMRI
study reported sex by laterality interaction with higher rsFC of
the right and left amygdala in men and women, respectively,
with the sensorimotor cortex, striatum, and pulvinar displaying
greater rsFC with the right amygdala in men and subgenual
cortex, hypothalamus displaying greater rsFC with the left
amygdala in women (Kilpatrick et al., 2006). As the sensorimotor
cortex, striatum, and pulvinar respond to task challenges whereas
the subgenual cortex and hypothalamus process self-referential
information, the prevailing functional networks of the right and
left amygdala appeared to be more “outwardly” and “inwardly”
oriented each for men and women. These differences may
have implications for sex-related differences in medical and
psychiatric disorders, including irritable bowel syndrome, which
is more prevalent in women and associated with greater left
amygdala and subgenual cortical activation in women than in
men when exposed to a visceral stressor (Naliboff et al., 2003).
Together, earlier studies support the importance in examining sex
differences in amygdala rsFC.

The bulk of functional connectivity studies of the amygdala
employed task-based fMRI and some have examined age and sex
differences. Studies of age-related changes in rsFC have largely
focused on childhood and adolescence. How amygdala rsFC
varies with age remains largely unknown beyond adolescence
in healthy populations. Here, in a sample of 132 young and
middle-aged healthy adults we assessed whole-brain rsFC of
the amygdala as well as age-related changes and sex differences
in amygdala rsFC. Further, considering the role of the vmPFC
and ACC in emotion regulation, we employed region of
interest analysis to examine whether amygdala vmPFC/ACC
connectivity demonstrated age-related changes from young to
middle adulthood.
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MATERIALS AND METHODS

Data Set
The data set comprised resting-state fMRI scans of 132 healthy
participants (63 men, 19–55 years of age and 69 women, 20–55
years of age) obtained on a 3-Tesla Siemens Trio scanner, with
one 10-min scan obtained with participants awake but with eyes
closed. All participants were without major medical, neurological
(including concussion that resulted in loss of consciousness)
or Axis I psychiatric diagnoses and tested negative for illicit
substances on the day of MR scan. Candidates who were
on psychotropic medications were not invited to participate.
Women who were pregnant or lactating were also excluded.
All signed a written consent according to a research protocol
approved by the Yale Human Investigation Committee.

Imaging Protocol
Conventional T1-weighted spin echo sagittal anatomical images
were acquired for slice localization using a 3T scanner
(Siemens Trio). Anatomical images of the functional slice
locations were next obtained with spin echo imaging in the
axial plane parallel to the AC–PC line with TR = 300 ms,
TE = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle = 60◦,
field of view = 220 × 220 mm, matrix = 256 × 256, 32
slices with slice thickness = 4 mm and no gap. Functional,
blood oxygenation level-dependent (BOLD) signals were then
acquired with a single-shot gradient echo echoplanar imaging
(EPI) sequence. Thirty-two axial slices parallel to the AC–PC
line covering the whole brain were acquired with TR = 2000 ms,
TE = 25 ms, bandwidth = 2004 Hz/pixel, flip angle = 85◦, field
of view = 220 × 220 mm, matrix = 64 × 64, 32 slices with slice
thickness = 4 mm and no gap. There were 300 volumes for each
participant. Individual subjects’ images were viewed one by one
to ensure that the whole brain was covered.

Imaging Data Processing
Brain imaging data were preprocessed using Statistical
Parametric Mapping (SPM 8, Wellcome Department of Imaging
Neuroscience, University College London, United Kingdom)
following previous work (Kann et al., 2016; Li et al., 2017;
Peterson et al., 2017; Zhang S. et al., 2017; Hu et al., 2018).
Images from the first five TRs at the beginning of each trial
were discarded to enable the signal to achieve steady-state
equilibrium between RF pulsing and relaxation. Standard image
preprocessing was performed. Images of each individual subject
were first realigned (motion corrected) and corrected for slice
timing. A mean functional image volume was constructed
for each subject per run from the realigned image volumes.
These mean images were co-registered with the high resolution
structural image and then segmented for normalization with
affine registration followed by non-linear transformation (Friston
et al., 1995; Ashburner and Friston, 1999). The normalization
parameters determined for the structure volume were then
applied to the corresponding functional image volumes for each
subject. Finally, the images were smoothed with a Gaussian
kernel of 8 mm at Full Width at Half Maximum.

Additional preprocessing was applied to reduce spurious
BOLD variances that were unlikely to reflect neuronal activity
(Rombouts et al., 2003; Fox et al., 2005; Fair et al., 2007;
Fox and Raichle, 2007). The sources of spurious variance were
removed through linear regression by including the signal from
the ventricular system, white matter, and whole brain, in addition
to the six parameters obtained by rigid body head motion
correction. First-order derivatives of the whole brain, ventricular
and white matter signals were also included in the regression.

Cordes and colleagues suggested that BOLD fluctuations
below a frequency of 0.1 Hz contribute to regionally specific
BOLD correlations (Cordes et al., 2001). Thus, we applied a
temporal band-pass filter (0.009 Hz < f < 0.08 Hz) to the
time course in order to obtain low-frequency fluctuations, as in
previous studies (Lowe et al., 1998; Fox et al., 2005; Fair et al.,
2007; Fox and Raichle, 2007).

Head Motion
As extensively investigated in Van Dijk et al. (2012), micro
head motion (>0.1 mm) is an important source of spurious
correlations in resting state functional connectivity analysis
(Van Dijk et al., 2012). Therefore, we applied a “scrubbing”
method proposed by Power and colleagues (Power et al.,
2012) and successfully applied in previous studies (Smyser
et al., 2010; Power et al., 2012; Tomasi and Volkow, 2014)
to remove time points affected by head motions. Briefly, for
every time point t, we computed the framewise displacement
given by FD(t) = |1dx(t)| + |1dy(t)| + |1dz(t)| + r|α(t)|+
r|β(t)| + r|γ(t)|, where (dx, dy, dz) and (α, β, γ) are the
translational and rotational movements, respectively, and r
( = 50 mm) is a constant that approximates the mean distance
between center of MNI space and the cortex and transform
rotations into displacements (Power et al., 2012). The second
head movement metric was the root mean square variance
(DVARS) of the differences in % BOLD intensity I(t) between
consecutive time points across brain voxels, computed as follows:
DVARS(t) =

√
〈|I(t)− I(t− 1)|2〉 where the brackets indicate

the mean across brain voxels. Finally, to compute each subject’s
correlation map, we removed every time point that exceeded the
head motion limit FD(t) > 0.5 mm or DVARS(t) > 0.5% (Power
et al., 2012; Tomasi and Volkow, 2014). On average, 1% of the
time points were removed across subjects.

Seed Based Correlation and Group
Analyses
The amygdala masks were obtained from the Automated
Anatomic Labeling (AAL) atlas with 116 anatomical masks
in MNI space (Tzourio-Mazoyer et al., 2002) and comprised
3,744 mm3 or approximately 138 voxels (Brabec et al., 2010). The
BOLD time courses were averaged spatially over all voxels each
for the left (L) and right (R) amygdala, and for L and R amygdala
combined (L+R). For individual subjects, we computed the
correlation coefficient between the averaged time course of each
seed region and the time courses of all other brain voxels. To
assess and compare the rsFC, we converted these image maps,
which were not normally distributed, to z score maps by Fisher’s
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z transform (Jenkins and Watts, 1968; Berry and Mielke, 2000):
z = 0.5loge[(1+ r)/(1− r)]. The Z maps were used in group
random effect analyses.

For group analyses, we first examined sex differences in whole-
brain connectivity with a two-sample t-test and in age-related
changes in connectivities by comparing the age regressions
between men and women. At p<0.001, uncorrected, there were
no significant clusters showing sex differences in either analysis,
with L, R, or L+R as the seed region (Figure 1A). Thus, we
performed a one-sample t test to show whole-brain rsFC for L+R
seeds, and regression analysis with age on the Z maps of L, R
as well as L+R seeds, for men and women combined as well
as for men and women separately. In addition to whole-brain
analysis, we also focused on the vmPFC and ACC with small
volume correction to examine the results. The vmPFC and ACC
masks comprised the rostral, perigenual, and subgenual ACC as
well as the most posterior ventral part of the medial orbitofrontal
cortex (Figure 1B). All results were evaluated at voxel p<0.001,
uncorrected in combination with a cluster p<0.05, corrected
for familywise error of multiple comparisons, following current
reporting standards. For the clusters showing an age effect in men
or women alone, we examined sex (men vs. women) differences
in the slope of regression of connectivity effect size (z value) vs.
age (Zar, 1999).

RESULTS

Whole-Brain Amygdala Connectivity
Men and women did not show differences in amygdala
connectivity of left-hemispheric (L), right-hemispheric (R), or
both seeds combined (L+R), at voxel p< 0.001, uncorrected.
Thus, a one-sample t-test of men and women combined was used
to evaluate whole brain connectivity of the amygdala. With L+R
seed, the amygdala showed positive connectivity with subcortical
areas including the lentiform nucleus and part of the thalamus,
insula, inferior temporal cortex, hippocampus, vmPFC, medial
orbitofrontal cortex (OFC), gyrus rectus, and frontopolar cortex,
and negative connectivity with the lateral/medial frontal and
posterior parietal areas, precuneus, part of the posterior cingulate
gyrus, as well as the occipital cortex, lateral OFC, and caudate
head (Figure 2) (Roy et al., 2009; Veer et al., 2012).

Age-Related Changes in Amygdala
Connectivity
Amygdala rsFC with the bilateral cerebellum and left temporal
gyrus increased with age and amygdala rsFC with the right
somatomotor cortex and left superior/inferior frontal gyrus
decreased with age in men and women combined (Figure 3

FIGURE 1 | (A) amygdala masks used in whole-brain analysis of resting state functional connectivity (rsFC) and (B) vmPFC and ACC masks used in region of
interest analysis of amygdala rsFC.
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FIGURE 2 | Whole-brain rsFC of the amygdala, with left- and right- hemispheric seeds combined. Voxel P < 0.05 corrected for family-wise error of multiple
comparisons. Clusters with positive and negative connectivity are shown in warm and cool color, respectively. Color bar shows T-value of voxels. Neurological
orientation: right = right.

and Table 1). We also examined age-related changes in
amygdala rsFC in men and women separately. Overall, men
as compared to women appeared to demonstrate more age-
related changes in rsFC and the patterns of changes were
similar to those observed for men and women combined
(Figures 4, 5 and Tables 2, 3). In slope tests, men and

women showed a trend-level difference in amygdala (L+R)
rsFC with the right cerebellum (t = 2.84, p = 0.0053), with
correction for multiple tests (p = 0.05/12 = 0.0042). In
Figures 3–5 and Tables 1–3 we showed the results for L+R,
L, and R amygdala seeds for women and men combined and
separately.
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FIGURE 3 | Brain regions showing positive (warm color) and negative (cool color) age correlation with (A) left + right, (B) left, and (C) right amygdala connectivity in
men and women combined. Threshold; p < 0.001 uncorrected. Clusters with p < 0.05 FWE-corrected are summarized in Table 1. Color bar shows T-value of
voxels. Neurological orientation: right = right.

In region of interest analysis, no clusters within the
vmPFC/ACC mask showed significant age-related changes in
amygdala rsFC at voxel p<0.001, uncorrected.

DISCUSSION

Whole Brain Functional Connectivity of
the Amygdala
Consistent with previous studies (Roy et al., 2009; Veer
et al., 2012), the present work showed that the amygdala is
positively connected with the vmPFC, inferior frontal cortex,
inferior temporal cortex, hippocampus, parahippocampal
gyrus, insula, rolandic fissure, postcentral gyrus, subcortical
areas, including the lentiform nucleus and part of the
thalamus, and negatively connected with the lateral/medial
frontal areas, parietal cortex, occipital cortex, posterior
cingulate cortex, precuneus, and cerebellum. We highlighted
age-related changes in amygdala rsFC in the discussion
below.

Amygdala rsFC With the Cerebellum
A recent study of independent component analysis of resting state
data identified a network that included deep cerebellar nuclei,
the cerebellar cortex, basolateral amygdala, insula, and claustrum
(Habas, 2018). The amygdala showed a negative rsFC with
the cerebellum in one sample t-test, and amygdala-cerebellum
rsFC was positively correlated with age, becoming less negative
from young to middle adulthood. A study of participants 4–
23 years old showed amygdala rsFC with the cerebellum in
negative correlation with age, with the rsFC becoming more
negative after around 10 years (Gabard-Durnam et al., 2014).
Together, these findings suggest that amygdala connectivity with
the cerebellum demonstrated age-related curvilinear changes
from early childhood to mid-adulthood.

Anatomically connected with the amygdala, the cerebellum
is involved in emotional experience and regulation (De Bellis
et al., 2002; Turner et al., 2007) and other cognitive processes
(Schmahmann, 1991; Timmann et al., 2010). For instance, the
cerebellum responded to moral judgment (Harada et al., 2009;
Leutgeb et al., 2016), empathy (Lang et al., 2011), and fear
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TABLE 1 | Regions showing age effect on the functional connectivity for amygdala (R+L, R, and L) in men and women combined.

Volume Peak voxel MNI coordinate Side Identified brain region

(mm3) (Z) x y z

Amygdala (positive correlation with Age)

10,854 5.37 −51 −52 −41 L Cerebellum

8,937 4.64 −48 −16 −35 L Superior/Middle/Inferior Temporal G

3,294 4.62 51 −25 −23 R Cerebellum

8,478 4.43 42 −61 −50 R Cerebellum

Amygdala (negative correlation with Age)

34,452 5.60 57 −22 52 R Precentral G/Inferior Precentral S

5.48 42 −10 64 R Superior Precentral/Postcentral G

5.33 −12 −1 70 L Superior Frontal G

3,456 4.03 −57 23 13 L Inferior Frontal G

Left Amygdala (positive correlation with Age)

15,984 5.84 −51 −52 −41 L Cerebellum

9,909 4.58 −51 −25 −20 L Cerebellum

3,213 4.57 51 −28 −20 R Cerebellum

9,261 4.24 36 −49 −38 R Cerebellum

Left Amygdala (negative correlation with Age)

43,146 5.56 −12 −1 73 L Superior Frontal G

5.12 45 −10 61 R Superior Precentral/Postcentral G

4.96 51 −7 55 R Inferior Precentral S

7,641 4.89 69 −13 7 R Superior Temporal G

5,724 4.39 −6 47 46 L/R Anterior Cingulate G

Right Amygdala (positive correlation with Age)

6,750 4.32 −51 −55 −38 L Cerebellum

Right Amygdala (negative correlation with Age)

19,251 5.68 39 −10 64 R Superior Precentral/Postcentral G

5.39 57 −22 52 R Inferior Precentral/Postcentral G

3,672 3.99 −42 −1 56 L Superior Precentral S

Voxel p < 0.001 uncorrected and cluster-level p < 0.05, FWE; R, right; L, left; G, gyrus; S, sulcus.

(Sacchetti et al., 2005; Hakamata et al., 2017). In adult rats,
pharmacologically blocking activity of the amygdala or cerebellar
vermis led to long-term fear memory loss (Sacchetti et al., 2007).
Pharmacological inactivation of the central amygdala reduced
stimulus-evoked and learning-related neuronal activity in the
cerebellar interpositus nuclei during acquisition and retention
of eyeblink conditioning in rats (Farley et al., 2016). Classical
conditioning is thought to proceed through two successive
stages: fast emotional conditioning followed by slower motor
conditioning, each supported by the amygdala and cerebellum,
respectively. That is, conditioned motor response depends on the
integrity of the cerebellar interpositus nucleus in promoting the
extinction of amygdala response (Mintz and Wang-Ninio, 2001).
Further, altered amygdala-cerebellum functional connectivity has
been implicated in emotional disorders (Liu et al., 2015). More
research is needed to investigate how age-related changes in
amygdala cerebellar connectivity relate to affective processing
and emotional well-being over the life span.

Amygdala rsFC With the Temporal Cortex
The amygdala, insula and temporal cortex are critical to
empathetic experience (Shdo et al., 2017), and the temporal pole

plays an instrumental role in supporting long-term social and
emotional memory (Olson et al., 2007). Age-related increase
in amygdala rsFC with the temporal cortex may be associated
with older adults’ reliance on general information rather than
perceptual details in emotion recognition (Kalpouzos et al., 2012).
Disruption of this circuit was related to late life depression (Li
W. et al., 2015), and neurofeedback training altered amygdala
temporal pole connectivity during positive autobiographical
recall in depression patients (Young et al., 2018). Along with
these earlier studies, the current results suggest the importance
of amygdala temporal pole circuit in emotional memory and
regulation during aging.

Amygdala rsFC With the Dorsal Medial
Prefrontal Cortex (dmPFC)
The dmPFC, including the ACC and supplementary motor area
(SMA), showed negative rsFC with the amygdala, and amygdala-
dmPFC connectivity become more negative from young to
middle adulthood, essentially reversing the trend from childhood
to young adulthood (Alarcón et al., 2015).

The dmPFC is involved in regulating emotion, and planning
and monitoring behavioral responses to affective stimuli
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FIGURE 4 | Brain regions showing positive (warm color) and negative (cool color) age correlation with (A) left + right, (B) left, and (C) right amygdala connectivity in
men only. Threshold; p<0.001 uncorrected. Clusters with p < 0.05 FWE-corrected are summarized in Table 2. Color bar shows T-value of voxels. Neurological
orientation: right = right.

(Morecraft et al., 2004; Nachev et al., 2008; Vrtička et al., 2011;
Dörfel et al., 2014; Picó-Pérez et al., 2017). As with viewing
happy faces, electrical stimulation of the SMA elicited merriment
(Krolak-Salmon et al., 2006). When exposed to visual images
of spiders, amygdala-SMA connectivity increased in association
with fear (Goossens et al., 2007). In an action selection task,
the amygdala responded to emotional salience, and lower SMA
activity was associated with motor action (Voon et al., 2010).
In a modified stop-signal task (Sagaspe et al., 2011), emotional
cues (fearful faces) during stop trials engaged the amygdala and
SMA, suggesting that amygdala SMA interaction in the context
of fearful emotion may lead to changes in the suppression of
ongoing actions.

The functional relationship between amygdala and dmPFC
can also be considered in the context of two emotion regulatory
mechanisms – cognitive reappraisal and expressive suppression.
Cognitive reappraisal supports better control prior to the
generation of emotion. In contrast, expressive suppression

reflects poor control of emotion and ongoing expression after
the onset of emotional behavior. A recent study reported
amygdala-SMA rsFC in negative and positive correlation
each with reappraisal and suppression score, suggesting its
distinct roles in emotional regulation strategies (Picó-Pérez
et al., 2017). As one ages, more negative amygdala-dmPFC
connectivity may reflect top-down prefrontal regulation of
amygdala response, a process critical to emotion appraisal and
regulation.

Notably, compared with healthy individuals, the functional
connectivity between the amygdala and SMA increased in
Parkinson’s disease (Yu et al., 2013), conversion disorder (Voon
et al., 2010), fibromyalgia (Kim et al., 2013), and non-suicidal self-
injurious behavior (Schreiner et al., 2017), all of which implicate
emotion regulation dysfunction. Age-related enhancement of
negative amygdala-dmPFC connectivity may support emotion
regulation and its dysfunction would likely lead to emotional
disorders.
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FIGURE 5 | Brain regions showing positive (warm color) and negative (cool color) age correlation with (A) left + right, (B) left, and (C) right amygdala connectivity in
women only. Threshold; p < 0.001 uncorrected. Clusters with p < 0.05 FWE-corrected are summarized in Table 3. Color bar shows T-value of voxels. Neurological
orientation: right = right.

Amygdala rsFC With the Somatomotor
Cortex
The amygdala is anatomically connected with motor and
premotor structures (Macchi et al., 1978; Amaral and Price,
1984; Jürgens, 1984; Sripanidkulchai et al., 1984). Diffusion
tensor imaging identified connections between the amygdala and
sensory-motor areas (Grezes et al., 2014). A recent rsFC study
employed independent component analysis and characterized
a network that comprised the amygdala and somatomotor
and premotor cortex (Toschi et al., 2017). Fear conditioning
elevated auditory startle response and motor evoked potentials
(Gökdemir et al., 2018). With transcranial magnetic stimulation,
Borgomaneri and colleagues demonstrated that behavioral
inhibition sensitivity was associated with enhanced motor
cortical suppression in response to fearful body expressions
(Borgomaneri et al., 2017). Together, these studies supported a
functional link of the motor cortex to emotional behavior.

We showed that age was associated with decreased amygdala
somatomotor cortical rsFC, in accord with studies reporting
age-related changes in emotional motor activities. For instance,
pleasant compared to unpleasant visual stimulation facilitated

motor response in young but not older adults (Vernazza-Martin
et al., 2017; see Hälbig et al., 2011 for contrasting findings).
Aging was associated with decreased response to emotionally
arousing stimuli in the occipital and temporal visual cortices,
inferior parietal cortex, and supplementary motor area (Kehoe
et al., 2013). These findings may be considered along older adults’
ability to deploy cognitive resources, rather than rushing into a
response, when facing emotional situations (Mather, 2016).

Amygdala rsFC With the Anterior
Cingulate and Ventromedial Prefrontal
Cortex
Many studies have implicated functional interaction between the
amygdala and the ACC and vmPFC during emotion regulation.
VMPFC regulated amygdala responses during fear and anxiety
(Gee et al., 2013; Vink et al., 2014; Wu et al., 2016), whereas
GABAergic projection from the amygdala to vmPFC supported
reward processing (Seo et al., 2016). Amygdala vmPFC rsFC
predicted fear extinction following cue exposures (Feng et al.,
2016). In particular, older people demonstrated differences in
this regulatory mechanism. Older but not young people who
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TABLE 2 | Regions showing age effect of the functional connectivity for amygdala (R+L, R, and L) in Men.

Volume Peak voxel MNI coordinate Side Identified brain region

(mm3) (Z) x y z

Amygdala (positive correlation with Age)

5,022 4.36 −51 −55 −41 L Cerebellum

5,697 4.29 33 −49 −38 R Cerebellum

Amygdala (negative correlation with Age)

27,189 4.80 57 −22 52 R Precentral G

4.82 12 4 70 L Superior Frontal G/Anterior Cingulate G/SMA

3,564 3.90 54 2 37 L Inferior Precentral G

Left Amygdala (positive correlation with Age)

5,238 4.72 −51 −55 −44 L Cerebellum

5,130 4.28 33 −49 −38 R Cerebellum

3,051 4.12 −39 11 −32 L Superior Temporal G

Left Amygdala (negative correlation with Age)

27,270 4.90 −6 5 67 L Superior Frontal G/Anterior Cingulate G/SMA

4.65 −12 −1 70 L Superior Precentral S

4.63 57 −22 52 R Precentral G

6,642 4.32 −57 14 4 L Inferior Frontal G

Right Amygdala (positive correlation with Age)

none

Right Amygdala (negative correlation with Age)

10,962 4.46 27 −7 67 R Superior Frontal G/Superior Precentral S

4.05 9 −4 61 R SMA

4,185 4.31 57 −22 52 R Precentral G

Voxel p < 0.001 uncorrected and cluster-level p < 0.05, FWE; R, right; L, left; G, gyrus; S, sulcus; SMA, supplementary motor area.

TABLE 3 | Regions showing age effect of the functional connectivity for amygdala (R+L, R, and L) in Women.

Volume Peak voxel MNI coordinate Side Identified brain region

(mm3) (Z) x y z

Amygdala (positive correlation with Age)

None

Amygdala (negative correlation with Age)

None

Left Amygdala (positive correlation with Age)

None

Left Amygdala (negative correlation with Age)

3,699 4.41 66 −25 10 R Superior Temporal G

3.97 54 11 −5 R Superior Temporal G

Right Amygdala (positive correlation with Age)

None

Right Amygdala (negative correlation with Age)

None

Voxel p < 0.001 uncorrected and cluster-level p < 0.05, FWE; R, right; L, left; G, gyrus.

tended to remember more positive than negative information
showed increased amygdala-mPFC/ACC connectivity during
both resting state and emotion encoding (Sakaki et al., 2013). In
contrast to previous reports of increased amygdala rsFC with the
vmPFC from childhood to young adulthood (Gabard-Durnam
et al., 2014; Alarcón et al., 2015), the current findings showed that
amygdala rsFC with the ACC and vmPFC did not vary with age

from young and middle adulthood. It is possible that age impacts
this functional circuit only when individuals were engaged in a
cognitive task. Alternatively, the amygdala vmPFC/ACC circuit
may have “matured” through young adulthood. More research is
needed to resolve this issue as well as to investigate how amygdala
mPFC rsFC may change beyond middle adulthood and how these
age-related changes influence emotional experience. In particular,
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amygdala connectivity with the vmPFC in response to emotional
challenges shifted from positive in early childhood to negative
in adolescence at around 15 years, and became increasingly
negative through age 25 years (Gee et al., 2013; Vink et al.,
2014; Wu et al., 2016). In accord with a regulatory role of the
vmPFC, amygdala response to emotional faces decreased from
8 to 24 years (Swartz et al., 2014; Vink et al., 2014). Heart rate
variability was associated with stronger mPFC-amygdala rsFC
(Sakaki et al., 2016). These findings suggest that the vmPFC may
exert top-down control over amygdala in emotional processing,
which grows in strength from adolescence to young adulthood,
in accord with increasing structural connectivity through the
uncinate fasciculus, a major white-matter tract connecting the
amygdala and vmPFC (Ford and Kensinger, 2014; Swartz et al.,
2014). More studies are needed to address how resting state and
task-related amygdala vmPFC connectivities evolve throughout
the life span and whether these connectivity changes account for
differences in emotion regulation, such as the “positivity effect,”
as observed in older adults.

CONCLUSIONS AND LIMITATIONS

These findings suggest that intrinsic connectivity of the amygdala
evolved from young to middle adulthood in selective brain
regions, with amygdala rsFCs with the cerebellum and temporal
gyri positively correlated with age, and rsFCs with the dorsal
medial prefrontal cortex and somatomotor cortex negatively
correlated with age. Amygdala rsFC with the anterior cingulate
and vmPFC did not show age-related changes in adults from 19
to 55 years. The current findings extend the literature which has
thus far focused on adolescence and young adulthood and may
facilite future research of amygdala functional dysconnectivity
as etiological markers of psychiatric and neurological conditions
(Chen et al., 2017; Hafeman et al., 2017; Zhang J. et al., 2017; Hu
et al., 2018; Tang et al., 2018; Wheeler et al., 2018).

A few limitations should be considered. First, the study
did not include older individuals and thus the findings
should be considered as specific to young through middle
adulthood. Second, we used a kernel of 8 mm in smoothing.
Although our earlier work, including those of subcortical
structures smaller than the amygdala, suggested that kernel
size did not influence seed-based connectities characterized by
simple correlations (Kline et al., 2016; Zhang et al., 2016),

other studies have demonstrated the advantage of higher
resolution in revealing connectivity features, such as small-
world network properties (Hayasaka and Laurienti, 2010).
Third, the participants were not assessed for personality
traits or neuropsychological performance. Studies combining
imaging and these assessments would provide an opportunity
to evaluate the relationship of depression and anxiety trait as
well as emotion regulation and amygdala connectivity. Finally,
correlation analysis does not reflect directional interactions
between brain regions. Research combining behavioral tasks with
tools such as dynamic causal modeling and Granger causality
analysis may reveal directional functional connectivities of the
amygdala (Ide and Li, 2011; Hu et al., 2015; Zhang et al.,
2015; Sato et al., 2017; Zhang Y. et al., 2017; Velichkovsky
et al., 2018; Wang et al., 2018). This research may also benefit
from studies combining functional and spectroscopy imaging
of neurotransmitters (Delli Pizzi et al., 2017a,b) and animal
work that employs pharmacological manipulations to investigate
the neurochemical mechanisms underlying amygdala interaction
with other brain regions (Andolina et al., 2013; Chang and Ho,
2017; Chang and Grace, 2018).

ETHICS STATEMENT

This study was carried out in accordance with a protocol
approved by the Yale University Human Investigation
Committee. All subjects gave written informed consent in
accordance with the Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

TX, CvD, and C-SL contributed to the design of the study. SZ
performed data analyses. All authors contributed to literature
review, writing, and critical revision of the manuscript.

FUNDING

This study was supported by NIH Grants MH113134, AA021449,
DA040032, and DA023248 as well as VA grant CX001301. The
NIH and VA are otherwise not involved in data collection or
analysis, or in the decision to publish these findings.

REFERENCES
Addis, D. R., Leclerc, C. M., Muscatell, K. A., and Kensinger, E. A. (2010). There

are age-related changes in neural connectivity during the encoding of positive,
but not negative, information. Cortex 46, 425–433. doi: 10.1016/j.cortex.2009.
04.011

Alarcón, G., Cservenka, A., Rudolph, M. D., Fair, D. A., and Nagel, B. J.
(2015). Developmental sex differences in resting state functional connectivity
of amygdala sub-regions. Neuroimage 115, 235–244. doi: 10.1016/j.neuroimage.
2015.04.013

Andolina, D., Maran, D., Valzania, A., Conversi, D., and Puglisi-Allegra, S. (2013).
Prefrontal/amygdalar system determines stress coping behavior through 5-
HT/GABA connection. Neuropsychopharmacology 38, 2057–2067. doi: 10.1038/
npp.2013.107

Amaral, D. G., and Price, J. L. (1984). Amygdalo-cortical projections in the
monkey (Macaca fascicularis). J. Comp. Neurol. 230, 465–496. doi: 10.1002/cne.
902300402

Ashburner, J., and Friston, K. J. (1999). Nonlinear spatial normalization using basis
functions. Hum. Brain Mapp. 7, 254–266.

Baxter, M. G., and Murray, E. A. (2002). The amygdala and reward. Nat. Rev.
Neurosci. 3, 563–573. doi: 10.1038/nrn875

Berry, K. J., and Mielke, P. W. Jr. (2000). A Monte Carlo investigation of the Fisher
Z transformation for normal and nonnormal distributions. Psychol. Rep. 87,
1101–1114. doi: 10.2466/pr0.2000.87.3f.1101

Borgomaneri, S., Vitale, F., and Avenanti, A. (2017). Behavioral inhibition system
sensitivity enhances motor cortex suppression when watching fearful body
expressions. Brain Struct. Funct. 222, 3267–3282. doi: 10.1007/s00429-017-
1403-5

Frontiers in Aging Neuroscience | www.frontiersin.org 11 July 2018 | Volume 10 | Article 209

https://doi.org/10.1016/j.cortex.2009.04.011
https://doi.org/10.1016/j.cortex.2009.04.011
https://doi.org/10.1016/j.neuroimage.2015.04.013
https://doi.org/10.1016/j.neuroimage.2015.04.013
https://doi.org/10.1038/npp.2013.107
https://doi.org/10.1038/npp.2013.107
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1002/cne.902300402
https://doi.org/10.1038/nrn875
https://doi.org/10.2466/pr0.2000.87.3f.1101
https://doi.org/10.1007/s00429-017-1403-5
https://doi.org/10.1007/s00429-017-1403-5
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00209 July 13, 2018 Time: 17:25 # 12

Xiao et al. Amygdala rsFC and Aging

Brabec, J., Rulseh, A., Hoyt, B., Vizek, M, Horinek, D., Hort, J., et al. (2010).
Volumetry of the human amygdala - an anatomical study. Psychiatry Res. 182,
67–72.

Breiter, H. C., Etcoff, N. L., Whalen, P. J., Kennedy, W. A., Rauch, S. L., Buckner,
R. L., et al. (1996). Response and habituation of the human amygdala during
visual processing of facial expression. Neuron 17, 875–887. doi: 10.1016/S0896-
6273(00)80219-6

Chang, C. H., and Grace, A. A. (2018). Inhibitory modulation of orbitofrontal
cortex on medial prefrontal cortex-amygdala information flow. Cereb. Cortex
28, 1–8. doi: 10.1093/cercor/bhw342

Chang, C. H., and Ho, T. W. (2017). Inhibitory modulation of medial prefrontal
cortical activation on lateral orbitofrontal cortex-amygdala information flow.
J. Physiol. 595, 6065–6076. doi: 10.1113/JP274568

Charles, S. T., Mather, M., and Carstensen, L. L. (2003). Aging and emotional
memory: the forgettable nature of negative images for older adults. J. Exp.
Psychol. Gen. 132, 310–324. doi: 10.1037/0096-3445.132.2.310

Chen, Y. C., Xia, W., Chen, H., Feng, Y., Xu, J. J., Gu, J. P., et al. (2017). Tinnitus
distress is linked to enhanced resting-state functional connectivity from the
limbic system to the auditory cortex. Hum. Brain Mapp. 38, 2384–2397.

Colich, N. L., Williams, E. S., Ho, T. C., King, L. S., Humphreys, K. L., Price,
A. N., et al. (2017). The association between early life stress and prefrontal
cortex activation during implicit emotion regulation is moderated by sex in
early adolescence. Dev. Psychopathol. 29, 1851–1864.

Cordes, D., Haughton, V. M., Arfanakis, K., Carew, J. D., Turski, P. A.,
Moritz, C. H. (2001). Frequencies contributing to functional connectivity
in the cerebral cortex in “resting-state” data. AJNR Am. J. Neuroradiol. 22,
1326–1333.

De Bellis, M. D., Keshavan, M. S., Shifflett, H., Iyengar, S., Dahl, R. E., Birmaher, B.,
et al. (2002). Superior temporal gyrus volumes in pediatric generalized anxiety
disorder. Biol. Psychiatry 51, 553–562. doi: 10.1016/S0006-3223(01)01375-0

Delli Pizzi, S., Chiacchiaretta, P., Mantini, D., Bubbico, G., Edden, R. A., Onofrj, M.,
et al. (2017a). GABA content within medial prefrontal cortex predicts the
variability of fronto-limbic effective connectivity. Brain Struct. Funct. 222,
3217–3229. doi: 10.1007/s00429-017-1399-x

Delli Pizzi, S., Chiacchiaretta, P., Mantini, D., Bubbico, G., Ferretti, A., Edden,
R. A., et al. (2017b). Functional and neurochemical interactions within the
amygdala-medial prefrontal cortex circuit and their relevance to emotional
processing. Brain Struct. Funct. 222, 1267–1279. doi: 10.1007/s00429-016-
1276-z

Dörfel, D., Lamke, J. P., Hummel, F., Wagner, U., Erk, S., and Walter, H.
(2014). Common and differential neural networks of emotion regulation
by detachment, reinterpretation, distraction, and expressive suppression: a
comparative fMRI investigation. Neuroimage 101, 298–309. doi: 10.1016/j.
neuroimage.2014.06.051

Engman, J., Linnman, C., Van Dijk, K. R., and Milad, M. R. (2016). Amygdala
subnuclei resting-state functional connectivity sex and estrogen differences.
Psychoneuroendocrinology 63, 34–42.

Ernst, M., Nelson, E. E., Jazbec, S., McClure, E. B., Monk, C. S., Leibenluft, E.,
et al. (2005). Amygdala and nucleus accumbens in responses to receipt and
omission of gains in adults and adolescents. Neuroimage, 25, 1279–1291.
doi: 10.1016/j.neuroimage.2004.12.038

Fair, D. A., Schlaggar, B. L., Cohen, A. L., Miezin, F. M., Dosenbach, N. U.,
Wenger, K. K. (2007). A method for using blocked and event-related fMRI
data to study “resting state” functional connectivity. Neuroimage 35, 396–405.
doi: 10.1016/j.neuroimage.2006.11.051

Farley, S. J., Radley, J. J., and Freeman, J. H. (2016). Amygdala modulation of
cerebellar learning. J. Neurosci. 36, 2190–2201. doi: 10.1523/JNEUROSCI.3361-
15.2016

Feng, P., Zheng, Y., and Feng, T. (2016). Resting-state functional connectivity
between amygdala and the ventromedial prefrontal cortex following fear
reminder predicts fear extinction. Soc. Cogn. Affect. Neurosci. 11, 991–1001.
doi: 10.1093/scan/nsw031

Ford, J. H., and Kensinger, E. A. (2014). The relation between structural and
functional connectivity depends on age and on task goals. Front. Hum. Neurosci.
8:307. doi: 10.3389/fnhum.2014.00307

Fox, M. D., and Raichle, M. E. (2007). Spontaneous fluctuations in brain activity
observed with functional magnetic resonance imaging. Nat. Rev. Neurosci. 8,
700–711. doi: 10.1038/nrn2201

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., and
Raichle, M. E. (2005). The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc. Natl. Acad. Sci. U.S.A. 102, 9673–9678.
doi: 10.1073/pnas.0504136102

Friston, K. J., Frith, C. D., Frackowiak, R. S., and Turner, R. (1995). Characterizing
dynamic brain responses with fMRI: a multivariate approach. Neuroimage 2,
166–172. doi: 10.1006/nimg.1995.1019

Gabard-Durnam, L. J., Flannery, J., Goff, B., Gee, D. G., Humphreys, K. L.,
Telzer, E., et al. (2014). The development of human amygdala functional
connectivity at rest from 4 to 23 years: a cross-sectional study. Neuroimage 95,
193–207. doi: 10.1016/j.neuroimage.2014.03.038

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

Gökdemir, S., Gündüz, A., Özkara, Ç., and Kızı ltan, M. E. (2018). Fear-conditioned
alterations of motor cortex excitability: the role of amygdala. Neurosci. Lett. 662,
346–350. doi: 10.1016/j.neulet.2017.10.059

Goossens, L., Schruers, K., Peeters, R., Griez, E., and Sunaert, S. (2007). Visual
presentation of phobic stimuli: amygdala activation via an extrageniculostriate
pathway? Psychiatry Res. 155, 113–120. doi: 10.1016/j.pscychresns.2006.12.005

Graham, A. M., Buss, C., Rasmussen, J. M., Rudolph, M. D., Demeter, D. V.,
Gilmore, J. H. (2016). Implications of newborn amygdala connectivity for fear
and cognitive development at 6-months-of-age. Dev. Cogn. Neurosci. 18, 12–25.
doi: 10.1016/j.dcn.2015.09.006

Grezes, J., Valabregue, R., Gholipour, B., and Chevallier, C. (2014). A direct
amygdala-motor pathway for emotional displays to influence action: A
diffusion tensor imaging study. Hum. Brain Mapp. 35, 5974–5983. doi: 10.1002/
hbm.22598

Habas, C. (2018). Research note: a resting-state, cerebello-amygdaloid intrinsically
connected network. Cerebellum Ataxias 5:4. doi: 10.1186/s40673-018-0083-80

Hafeman, D., Bebko, G., Bertocci, M. A., Fournier, J. C., Chase, H. W., Bonar, L.,
et al. (2017). Amygdala-prefrontal cortical functional connectivity during
implicit emotion processing differentiates youth with bipolar spectrum from
youth with externalizing disorders. J. Affect. Disord. 208, 94–100.

Hakamata, Y., Komi, S., Moriguchi, Y., Izawa, S., Motomura, Y., Sato, E.,
et al. (2017). Amygdala-centred functional connectivity affects daily cortisol
concentrations: a putative link with anxiety. Sci. Rep. 7:8313. doi: 10.1038/
s41598-017-08918-7

Hälbig, T. D., Creighton, J., Assuras, S., Borod, J. C., Tse, W., Gracies, J. M.,
et al. (2011). Preserved emotional modulation of motor response time despite
psychomotor slowing in young-old adults. Int. J. Neurosci. 121, 430–436.
doi: 10.3109/00207454.2011.568656

Harada, T., Itakura, S., Xu, F., Lee, K., Nakashita, S., Saito, D. N. (2009). Neural
correlates of the judgment of lying: a functional magnetic resonance imaging
study. Neurosci. Res. 63, 24–34. doi: 10.1016/j.neures.2008.09.010

Hayasaka, S., and Laurienti, P. J. (2010). Comparison of characteristics
between region-and voxel-based network analyses in resting-state fMRI data.
Neuroimage 50, 499–508.

Hu, S., Ide, J. S., Chao, H. H., Zhornitsky, S., Fischer, K. A., Wang, W., et al. (2018).
Resting state functional connectivity of the amygdala and problem drinking
in non-dependent alcohol drinkers. Drug Alcohol Depend. 185, 173–180. doi:
10.1016/j.drugalcdep.2017.11.026

Hu, S., Ide, J. S., Zhang, S., and Li, C. S. (2015). Anticipating conflict: neural
correlates of a Bayesian belief and its motor consequence. Neuroimage 119,
286–95. doi: 10.1016/j.neuroimage.2015.06.032.

Ide, J. S., and Li, C. S. (2011). Error-related functional connectivity of the habenula
in humans. Front. Hum. Neurosci. 5:25. doi: 10.3389/fnhum.2011.00025

Irwin, W., Davidson, R. J., Lowe, M. J., Mock, B. J., Sorenson, J. A., and
Turski, P. A. (1996). Human amygdala activation detected with echo-
planar functional magnetic resonance imaging. Neuroreport 7, 1765–1769.
doi: 10.1097/00001756-199607290-00014

Jacques, P. S., Dolcos, F., and Cabeza, R. (2010). Effects of aging on functional
connectivity of the amygdala during negative evaluation: a network analysis of
fMRI data. Neurobiol. Aging 31, 315–327. doi: 10.1016/j.neurobiolaging.2008.
03.012

Jenkins, G. M., and Watts, D. G. (1968). Spectral Analysis. San Francisco, CA:
Holden-Day Open Library.

Frontiers in Aging Neuroscience | www.frontiersin.org 12 July 2018 | Volume 10 | Article 209

https://doi.org/10.1016/S0896-6273(00)80219-6
https://doi.org/10.1016/S0896-6273(00)80219-6
https://doi.org/10.1093/cercor/bhw342
https://doi.org/10.1113/JP274568
https://doi.org/10.1037/0096-3445.132.2.310
https://doi.org/10.1016/S0006-3223(01)01375-0
https://doi.org/10.1007/s00429-017-1399-x
https://doi.org/10.1007/s00429-016-1276-z
https://doi.org/10.1007/s00429-016-1276-z
https://doi.org/10.1016/j.neuroimage.2014.06.051
https://doi.org/10.1016/j.neuroimage.2014.06.051
https://doi.org/10.1016/j.neuroimage.2004.12.038
https://doi.org/10.1016/j.neuroimage.2006.11.051
https://doi.org/10.1523/JNEUROSCI.3361-15.2016
https://doi.org/10.1523/JNEUROSCI.3361-15.2016
https://doi.org/10.1093/scan/nsw031
https://doi.org/10.3389/fnhum.2014.00307
https://doi.org/10.1038/nrn2201
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1006/nimg.1995.1019
https://doi.org/10.1016/j.neuroimage.2014.03.038
https://doi.org/10.1523/JNEUROSCI.3446-12.2013
https://doi.org/10.1523/JNEUROSCI.3446-12.2013
https://doi.org/10.1016/j.neulet.2017.10.059
https://doi.org/10.1016/j.pscychresns.2006.12.005
https://doi.org/10.1016/j.dcn.2015.09.006
https://doi.org/10.1002/hbm.22598
https://doi.org/10.1002/hbm.22598
https://doi.org/10.1186/s40673-018-0083-80
https://doi.org/10.1038/s41598-017-08918-7
https://doi.org/10.1038/s41598-017-08918-7
https://doi.org/10.3109/00207454.2011.568656
https://doi.org/10.1016/j.neures.2008.09.010
https://doi.org/10.1016/j.drugalcdep.2017.11.026
https://doi.org/10.1016/j.drugalcdep.2017.11.026
https://doi.org/10.1016/j.neuroimage.2015.06.032.
https://doi.org/10.3389/fnhum.2011.00025
https://doi.org/10.1097/00001756-199607290-00014
https://doi.org/10.1016/j.neurobiolaging.2008.03.012
https://doi.org/10.1016/j.neurobiolaging.2008.03.012
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00209 July 13, 2018 Time: 17:25 # 13

Xiao et al. Amygdala rsFC and Aging

Jürgens, U. (1984). The efferent and afferent connections of the supplementary
motor area. Brain Res. 300, 63–81. doi: 10.1016/0006-8993(84)91341-6

Kalpouzos, G., Fischer, H., Rieckmann, A., MacDonald, S. W., and Bäckman, L.
(2012). Impact of negative emotion on the neural correlates of long-term
recognition in younger and older adults. Front. Integr. Neurosci. 6:74.
doi: 10.3389/fnint.2012.00074

Kann, S., Zhang, S., Manza, P., Leung, H. C., and Li, C. R. (2016). Hemispheric
lateralization of resting state functional connectivity of the anterior insula:
association with age, gender, and a novelty seeking trait. Brain Connect. 6,
724–734. doi: 10.1089/brain.2016.0443

Kehoe, E. G., Toomey, J. M., Balsters, J. H., and Bokde, A. L. (2013). Healthy aging
is associated with increased neural processing of positive valence but attenuated
processing of emotional arousal: an fMRI study. Neurobiol. Aging 34, 809–821.
doi: 10.1016/j.neurobiolaging.2012.07.006

Kilpatrick, L. A., Zald, D. H., Pardo, J. V., and Cahill, L. F. (2006). Sex-related
differences in amygdala functional connectivity during resting conditions.
Neuroimage 30, 452–461. doi: 10.1016/j.neuroimage.2005.09.065

Kim, J. Y., Kim, S. H., Seo, J., Kim, S. H., Han, S. W., Nam, E. J., et al. (2013).
Increased power spectral density in resting-state pain-related brain networks in
fibromyalgia. Pain 154, 1792–1797. doi: 10.1016/j.pain.2013.05.040

Kline, R. L., Zhang, S., Farr, O. M., Hu, S., Zaborszky, L., Samanez-Larkin,
G. R., et al. (2016). The effects of methylphenidate on resting-state functional
connectivity of the basal nucleus of meynert, locus coeruleus, and ventral
tegmental area in healthy adults. Front. Hum. Neurosci. 10:149. doi: 10.3389/
fnhum.2016.00149

Krolak-Salmon, P., Hénaff, M. A., Vighetto, A., Bauchet, F., Bertrand, O.,
Mauguière, F., et al. (2006). Experiencing and detecting happiness in humans:
the role of the supplementary motor area. Ann. Neurol. 59, 196–199.
doi: 10.1002/ana.20706

LaBar, K. S., Gatenby, J. C., Gore, J. C., Ledoux, J. E., and Phelps, E. A.
(1998). Human amygdala activation during conditioned fear acquisition and
extinction: a mixed-trial fMRI study. Neuron 20, 937–945. doi: 10.1016/S0896-
6273(00)80475-4

Lang, S., Yu, T., Markl, A., Müller, F., and Kotchoubey, B. (2011). Hearing others’
pain: neural activity related to empathy. Cogn. Affect. Behav. Neurosci. 11,
386–395. doi: 10.3758/s13415-011-0035-0

LeDoux, J. E. (1995). Emotion: clues from the brain. Annu. Rev. Psychol. 46,
209–235. doi: 10.1146/annurev.ps.46.020195.001233

Leutgeb, V., Wabnegger, A., Leitner, M., Zussner, T., Scharmüller, W., and Klug, D.
(2016). Altered cerebellar-amygdala connectivity in violent offenders: a resting-
state fMRI study. Neurosci. Lett. 610, 160–164. doi: 10.1016/j.neulet.2015.10.063

Li, C. R., Zhang, S., Hung, C. C., Chen, C. M., Duann, J. R., Lin, C. P., et al.
(2017). Depression in chronic ketamine users: Sex differences and neural bases.
Psychiatry Res. Neuroimaging 269, 1–8. doi: 10.1016/j.pscychresns.2017.09.001

Li, W., Ward, B. D., Xie, C., Jones, J. L., Antuono, P. G., Li, S. J., et al. (2015).
Amygdala network dysfunction in late-life depression phenotypes: relationships
with symptom dimensions. J. Psychiatr. Res. 70, 121–129. doi: 10.1016/j.
jpsychires.2015.09.002

Li, X., Kehoe, E. G., McGinnity, T. M., Coyle, D., and Bokde, A. L. (2015).
Modulation of effective connectivity in the default mode network at rest
and during a memory task. Brain connect. 5, 60–67. doi: 10.1089/brain.2014.
0249

Liu, W., Yin, D., Cheng, W., Fan, M., You, M., Wei-wei, M., et al. (2015). Abnormal
functional connectivity of the amygdala-based network in resting-state fmri in
adolescents with generalized anxiety disorder. Med. Sci. Monit. 21, 459–467.
doi: 10.12659/MSM.893373

Lowe, M. J., Mock, B. J., and Sorenson, J. A. (1998). Functional connectivity
in single and multislice echoplanar imaging using resting-state fluctuations.
Neuroimage 7, 119–132. doi: 10.1006/nimg.1997.0315

Macchi, G., Bentivoglio, M., Rossini, P., and Tempesta, E. (1978). The basolateral
amygdaloid projections to the neocortex in the cat. Neurosci. Lett. 9, 347–351.
doi: 10.1016/0304-3940(78)90207-0

Mareckova, K., Holsen, L. M., Admon, R., Makris, N., Seidman, L., Buka, S., et al.
(2016). Brain activity and connectivity in response to negative affective stimuli:
impact of dysphoric mood and sex across diagnoses. Hum. Brain Mapp. 37,
3733–3744.

Mather, M. (2016). The affective neuroscience of aging. Annu. Rev. Psychol. 67,
213–238. doi: 10.1146/annurev-psych-122414-033540

McRae, K., Gross, J. J., Weber, J., Robertson, E. R., Sokolhessner, P., Ray, R. D.,
et al. (2012). The development of emotion regulation: an FMRI study of
cognitive reappraisal in children, adolescents and young adults. Soc. Cogn.
Affect. Neurosci. 7, 11–12. doi: 10.1093/scan/nsr093

Mintz, M., and Wang-Ninio, Y. (2001). Two-stage theory of conditioning:
involvement of the cerebellum and the amygdala. Brain Res. 897, 150–156.
doi: 10.1016/S0006-8993(01)02111-4

Monroe, T. B., Fillingim, R. B., Bruehl, S. P., Rogers, B. P., Dietrich, M. S., Gore,
J. C., et al. (2017) Sex differences in brain regions modulating pain among older
adults: a Cross-Sectional resting state functional connectivity study. Pain Med.
doi: 10.1093/pm/pnx084 [Epub ahead of print].

Morecraft, R. J., Stilwell–Morecraft, K. S., and Rossing, W. R. (2004). The motor
cortex and facial expression: new insights from neuroscience. Neurologist 10,
235–249. doi: 10.1097/01.nrl.0000138734.45742.8d

Murty, V. P., Sambataro, F., Das, S., Tan, H. Y., Callicott, J. H., Goldberg, T. E., et al.
(2009). Age-related alterations in simple declarative memory and the effect of
negative stimulus valence. J. Cogn. Neurosci. 21, 1920–1933. doi: 10.1162/jocn.
2009.21130

Nachev, P., Kennard, C., and Husain, M. (2008). Functional role of the
supplementary and pre-supplementary motor areas. Nat. Rev. Neurosci. 9,
856–869. doi: 10.1038/nrn2478

Naliboff, B. D., Berman, S., Chang, L., Derbyshire, S. W., Suyenobu, B., Vogt, B. A.,
et al. (2003). Sex-related differences in ibs patients: central processing of visceral
stimuli. Gastroenterology 124, 1738–1747. doi: 10.1016/S0016-5085(03)00400-1

Olson, I. R., Plotzker, A., and Ezzyat, Y. (2007). The enigmatic temporal pole: a
review of findings on social and emotional processing. Brain 130, 1718–1731.
doi: 10.1093/brain/awm052

Peterson, A. C., Zhang, S., Hu, S., Chao, H. H., and Li, C. R. (2017). The Effects of
Age, from Young to Middle Adulthood, and Gender on Resting State Functional
Connectivity of the Dopaminergic Midbrain. Front. Hum. Neurosci. 11:52. doi:
10.3389/fnhum.2017.00052

Picó-Pérez, M., Alonso, P., Contreras-Rodríguez, O., Martínez-Zalacaín, I.,
López-Solà, C., and Jiménez-Murcia, S. (2017). Dispositional use of emotion
regulation strategies and resting-state cortico-limbic functional connectivity.
Brain Imaging Behav. 9, 1–10. doi: 10.1007/s11682-017-9762-3

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., and Petersen, S. E.
(2012). Spurious but systematic correlations in functional connectivity MRI
networks arise from subject motion. Neuroimage 59, 2142–2154. doi: 10.1016/j.
neuroimage.2011.10.018

Ritchey, M., Bessette-Symons, B., Hayes, S. M., and Cabeza, R. (2011).
Emotion processing in the aging brain is modulated by semantic elaboration.
Neuropsychologia 49, 640–650. doi: 10.1016/j.neuropsychologia.2010.09.009

Rombouts, S. A. R. B., Stam, C. J., Kuijer, J. P. A., Scheltens, P., and Barkhof, F.
(2003). Identifying confounds to increase specificity during a “no task
condition”: evidence for hippocampal connectivity using fMRI. Neuroimage 20,
1236–1245. doi: 10.1016/S1053-8119(03)00386-0

Roy, A. K., Shehzad, Z., Margulies, D. S., Kelly, A. M., Uddin, L. Q., Gotimer, K.,
et al. (2009). Functional connectivity of the human amygdala using resting state
fMRI. Neuroimage 45, 614–626. doi: 10.1016/j.neuroimage.2008.11.030

Sacchetti, B., Sacco, T., and Strata, P. (2007). Reversible inactivation of
amygdala and cerebellum but not perirhinal cortex impairs reactivated fear
memories. Eur. J. Neurosci. 25, 2875–2884. doi: 10.1111/j.1460-9568.2007.
05508.x

Sacchetti, B., Scelfo, B., and Strata, P. (2005). The cerebellum: synaptic changes and
fear conditioning. Neuroscientist 11, 217–227. doi: 10.1177/1073858405276428

Sagaspe, P., Schwartz, S., and Vuilleumier, P. (2011). Fear and stop: a role for the
amygdala in motor inhibition by emotional signals. Neuroimage 55, 1825–1835.
doi: 10.1016/j.neuroimage.2011.01.027

Sakaki, M., Nga, L., and Mather, M. (2013). Amygdala functional connectivity with
medial prefrontal cortex at rest predicts the positivity effect in older adults’
memory. J. Cogn. Neurosci. 25, 1206–1224. doi: 10.1162/jocn_a_00392

Sakaki, M., Yoo, H. J., Nga, L., Lee, T. H., Thayer, J. F., and Mather, M. (2016).
Heart rate variability is associated with amygdala functional connectivity with
MPFC across younger and older adults. Neuroimage 139, 44–52. doi: 10.1016/j.
neuroimage.2016.05.076

Sato, W., Kochiyama, T., Uono, S., Matsuda, K., Usui, K., Usui, N., et al. (2017).
Bidirectional electric communication between the inferior occipital gyrus and
the amygdala during face processing. Hum. Brain Mapp. 38, 4511–4524.

Frontiers in Aging Neuroscience | www.frontiersin.org 13 July 2018 | Volume 10 | Article 209

https://doi.org/10.1016/0006-8993(84)91341-6
https://doi.org/10.3389/fnint.2012.00074
https://doi.org/10.1089/brain.2016.0443
https://doi.org/10.1016/j.neurobiolaging.2012.07.006
https://doi.org/10.1016/j.neuroimage.2005.09.065
https://doi.org/10.1016/j.pain.2013.05.040
https://doi.org/10.3389/fnhum.2016.00149
https://doi.org/10.3389/fnhum.2016.00149
https://doi.org/10.1002/ana.20706
https://doi.org/10.1016/S0896-6273(00)80475-4
https://doi.org/10.1016/S0896-6273(00)80475-4
https://doi.org/10.3758/s13415-011-0035-0
https://doi.org/10.1146/annurev.ps.46.020195.001233
https://doi.org/10.1016/j.neulet.2015.10.063
https://doi.org/10.1016/j.pscychresns.2017.09.001
https://doi.org/10.1016/j.jpsychires.2015.09.002
https://doi.org/10.1016/j.jpsychires.2015.09.002
https://doi.org/10.1089/brain.2014.0249
https://doi.org/10.1089/brain.2014.0249
https://doi.org/10.12659/MSM.893373
https://doi.org/10.1006/nimg.1997.0315
https://doi.org/10.1016/0304-3940(78)90207-0
https://doi.org/10.1146/annurev-psych-122414-033540
https://doi.org/10.1093/scan/nsr093
https://doi.org/10.1016/S0006-8993(01)02111-4
https://doi.org/10.1093/pm/pnx084
https://doi.org/10.1097/01.nrl.0000138734.45742.8d
https://doi.org/10.1162/jocn.2009.21130
https://doi.org/10.1162/jocn.2009.21130
https://doi.org/10.1038/nrn2478
https://doi.org/10.1016/S0016-5085(03)00400-1
https://doi.org/10.1093/brain/awm052
https://doi.org/10.3389/fnhum.2017.00052
https://doi.org/10.3389/fnhum.2017.00052
https://doi.org/10.1007/s11682-017-9762-3
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuropsychologia.2010.09.009
https://doi.org/10.1016/S1053-8119(03)00386-0
https://doi.org/10.1016/j.neuroimage.2008.11.030
https://doi.org/10.1111/j.1460-9568.2007.05508.x
https://doi.org/10.1111/j.1460-9568.2007.05508.x
https://doi.org/10.1177/1073858405276428
https://doi.org/10.1016/j.neuroimage.2011.01.027
https://doi.org/10.1162/jocn_a_00392
https://doi.org/10.1016/j.neuroimage.2016.05.076
https://doi.org/10.1016/j.neuroimage.2016.05.076
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00209 July 13, 2018 Time: 17:25 # 14

Xiao et al. Amygdala rsFC and Aging

Schmahmann, J. D. (1991). An emerging concept: the cerebellar contribution
to higher function. Arch. Neurol. 48, 1178–1187. doi: 10.1001/archneur.1991.
00530230086029

Schreiner, M. W., Klimes-Dougan, B., Mueller, B. A., Eberly, L. E., Reigstad, K. M.,
Carstedt, P. A., et al. (2017). Multi-modal neuroimaging of adolescents with
non-suicidal self-injury: Amygdala functional connectivity. J. Affect. Disord.
221, 47–55. doi: 10.1016/j.jad.2017.06.004

Seo, D., Funderburk, S. C., Bhatti, D. L., Motard, L. E., Newbold, D., Girven,
K. S., et al. (2016). A GABAergic projection from the centromedial nuclei of
the amygdala to ventromedial prefrontal cortex modulates reward behavior.
J. Neurosci. 36, 10831–10842. doi: 10.1523/JNEUROSCI.1164-16.2016

Shdo, S. M., Ranasinghe, K. G., Gola, K. A., Mielke, C. J., Sukhanov, P. V., Girven,
K. S., et al. (2017). Deconstructing empathy: neuroanatomical dissociations
between affect sharing and prosocial motivation using a patient lesion model.
Neuropsychologia doi: 10.1016/j.neuropsychologia.2017.02.010 [Epub ahead of
print].

Smyser, C. D., Inder, T. E., Shimony, J. S., Hill, J. E., Degnan, A. J., Snyder, A. Z.,
et al. (2010). Longitudinal analysis of neural network development in preterm
infants. Cereb. Cortex 20, 2852–2862. doi: 10.1093/cercor/bhq035

Sripanidkulchai, K., Sripanidkulchai, B., and Wyss, J. M. (1984). The cortical
projection of the basolateral amygdaloid nucleus in the rat: a retrograde
fluorescent dye study. J. Comp. Neurol. 229, 419–431. doi: 10.1002/cne.
902290310

Swartz, J. R., Carrasco, M., Wiggins, J. L., Thomason, M. E., and Monk,
C. S. (2014). Age-related changes in the structure and function of prefrontal
cortex–amygdala circuitry in children and adolescents: a multi-modal
imaging approach. Neuroimage 86, 212–220. doi: 10.1016/j.neuroimage.2013.
08.018

Tang, Y., Ma, Y., Chen, X., Fan, X., Jiang, X., Zhou, Y., et al. (2018). Age-
specific effects of structural and functional connectivity in prefrontal-amygdala
circuitry in women with bipolar disorder. BMC Psychiatry 18:177. doi: 10.1186/
s12888-018-1732-9

Timmann, D., Drepper, J., Frings, M., Maschke, M., Richter, S., Gerwig, M., et al.
(2010). The human cerebellum contributes to motor, emotional and cognitive
associative learning. A review. Cortex 46, 845–857. doi: 10.1016/j.cortex.2009.
06.009

Tomasi, D., and Volkow, N. D. (2014). Functional connectivity of substantia
nigra and ventral tegmental area: maturation during adolescence and effects of
ADHD. Cereb. Cortex 24, 935–944. doi: 10.1093/cercor/bhs382

Toschi, N., Duggento, A., and Passamonti, L. (2017). Functional connectivity
in amygdalar-sensory/(pre) motor networks at rest: new evidence from the
Human Connectome Project. Eur. J. Neurosci. 45, 1224–1229. doi: 10.1111/ejn.
13544

Turner, B., Paradiso, S. C., Pierson, R., Boles-Ponto, L., Hichwa, R.,
and Robinson, R. (2007). The cerebellum and emotional experience.
Neuropsychologia 45, 1331–1341. doi: 10.1016/j.neuropsychologia.2006.09.023

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.2001.0978

Urry, H. L., Van Reekum, C. M., Johnstone, T., Kalin, N. H., Thurow, M. E.,
Schaefer, H. S., et al. (2006). Amygdala and ventromedial prefrontal cortex are
inversely coupled during regulation of negative affect and predict the diurnal
pattern of cortisol secretion among older adults. J. Neurosci. 26, 4415–4425.
doi: 10.1523/JNEUROSCI.3215-05.2006

Van Dijk, K. R., Sabuncu, M. R., and Buckner, R. L. (2012). The influence of head
motion on intrinsic functional connectivity MRI. Neuroimage 59, 431–438.
doi: 10.1016/j.neuroimage.2011.07.044

Veer, I. M., Oei, N. Y. L., Spinhoven, P., Buchem, M. A. V., Elzinga, B. M.,
and Rombouts, S. A. R. B. (2012). Endogenous cortisol is associated with
functional connectivity between the amygdala and medial prefrontal cortex.
Psychoneuroendocrinology 37, 1039–1047. doi: 10.1016/j.psyneuen.2011.12.001

Velichkovsky, B. M., Krotkova, O. A., Kotov, A. A., Orlov, V. A., Verkhlyutov,
V. M., Ushakov, V. L., et al. (2018). Consciousness in a multilevel architecture:
Evidence from the right side of the brain. Conscious. Cogn. doi: 10.1016/j.
concog.2018.06.004 [Epub ahead of print].

Vernazza-Martin, S., Fautrelle, L., Vieillard, S., Longuet, S., and Dru, V. (2017).
Age-related differences in processes organizing goal-directed locomotion
toward emotional pictures. Neuroscience 340, 455–463. doi: 10.1016/j.
neuroscience.2016.11.008

Vink, M., Derks, J. M., Hoogendam, J. M., Hillegers, M., and Kahn, R. S. (2014).
Functional differences in emotion processing during adolescence and early
adulthood. Neuroimage 91, 70–76. doi: 10.1016/j.neuroimage.2014.01.035

Voon, V., Brezing, C., Gallea, C., Ameli, R., Roelofs, K., LaFrance, W. C. Jr.,
et al. (2010). Emotional stimuli and motor conversion disorder. Brain 133,
1526–1536. doi: 10.1093/brain/awq054
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