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Abstract

The amygdala is important for human fear processing. However, recent research has
failed to reveal specificity, with evidence that the amygdala also responds to other
emotions. A more nuanced understanding of the amygdala's role in emotion proces-
sing, particularly relating to fear, is needed given the importance of effective emo-
tional functioning for everyday function and mental health. We studied 86 healthy
participants (44 females), aged 18-49 (mean 26.12 + 6.6) years, who underwent mul-
tiband functional magnetic resonance imaging. We specifically examined the reactiv-
ity of four amygdala subregions (using regions of interest analysis) and related brain
connectivity networks (using generalized psycho-physiological interaction) to fear,
angry, and happy facial stimuli using an emotional face-matching task. All amygdala
subregions responded to all stimuli (p-FDR < .05), with this reactivity strongly driven
by the superficial and centromedial amygdala (p-FDR < .001). Yet amygdala subre-
gions selectively showed strong functional connectivity with other occipitotemporal
and inferior frontal brain regions with particular sensitivity to fear recognition and
strongly driven by the basolateral amygdala (p-FDR < .05). These findings suggest
that amygdala specialization to fear may not be reflected in its local activity but in its

connectivity with other brain regions within a specific face-processing network.
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1 | INTRODUCTION

Animal and human studies have demonstrated that the amygdala
plays a prominent role in the rapid detection and recognition of infor-
mation in the environment that is critical for survival (Le Doux, 2012).
In particular, the amygdala has been shown in many human studies to
have a robust response to negative or threatening stimuli, such as
fearful faces (Adolphs, 2008; Le Doux, 2003). An association between
the amygdala and fear is also supported by findings showing that
many prevalent mental health disorders, including anxiety disorders,
autism, and severe substance use disorders, have been linked to dys-
functional amygdala responses, most notably relating to fear proces-
sing (Gilpin et al., 2015; Herrington et al., 2016).

However, the view that the amygdala specializes in fear proces-
sing has been challenged (Janak & Tye, 2015), with evidence suggest-
ing a role for the amygdala in the processing of a range of emotions in
addition to fear (Diano et al., 2017; Phelps & LeDoux, 2005; Sergerie
et al., 2008). This new perspective has potentially important implica-
tions for our understanding of the amygdala's role in emotional func-
tioning, which underpins everyday socio-emotional behaviors and
mental health. Therefore, a clearer and more nuanced understanding
of the intricacies of the amygdala circuitry response to emotional
stimuli is needed.

Consideration of the amygdala at the subregional level provides a
compelling way to address this question, first by investigating the
extent to which different subregions respond differently to emotional
stimuli, and second, through investigation of amygdala subregional
connectivity with wider brain networks. Human studies that have pre-
viously tested whether there are different subregional amygdala
responses to emotional stimuli appear to support the view that the
amygdala is less specialized for processing fearful stimuli than previ-
ously thought. For example, robust and significant activations specifi-
cally of the basolateral, centromedial, and superficial amygdala
subregions have been identified in response to socially relevant fear-
ful, happy, and neutral faces (relative to non-social stimuli such as
houses), with the superficial and centromedial amygdala showing par-
ticularly robust activations compared to the other subregions
(Goossens et al, 2009; Hrybouski et al., 2016; Hurlemann
et al., 2008). However, conclusions from these studies are limited
owing to their sample sizes (ranging from 14 to 25 participants) and
the fact that they mostly used standard-resolution functional mag-
netic resonance imaging (fMRI) acquisition parameters (e.g., echo pla-
nar imaging) that typically lack the resolution to clearly capture the
grey matter boundaries of the subregions, and thus highlighting
the need for more work to be done before drawing conclusions.

In addition, as previously noted, another important way of under-
standing the amygdala's role in emotion processing, particularly in
relation to its potentially heightened sensitivity to fear, is through
consideration of its links to wider brain networks. Research has dem-
onstrated that the whole amygdala is functionally connected to differ-
ent brain regions depending on the type of emotion being processed.
This is despite similarities in the activation patterns of the whole

amygdala in response to these same emotions (Diano et al., 2017).

However at the subregional level, while evidence for differential
connectivity effects has been reported during resting-state fMRI para-
digms (Kerestes et al., 2017; Qin et al., 2014), to the best of our
knowledge, this has only been examined using task-based fMRI in
school-aged children to explore differences in connectivity patterns
in response to negative emotions specifically (Tian et al., 2021). Tian
et al. (2021) identified alterations in connectivity between the basolat-
eral/centromedial amygdala subregions and prefrontal regions
(i.e., medial, dorsolateral and ventromedial prefrontal cortex) when
processing negative emotional faces (compared to shapes) in a sample
of typically developing school-aged children. However, they did not
explore whether connectivity patterns differed based on the type of
emotional stimuli (e.g., fearful vs. happy OR negative vs. positive).

Additionally, consideration of the impacts of sex and laterality on
amygdala activation to emotional stimuli is important to gain a more
nuanced understanding of the amygdala's role in emotion processing.
Evidence from a meta-analysis demonstrates that females have
greater left amygdala activation in response to negative emotional
stimuli, and males have greater left amygdala activation in response to
positive emotional stimuli (Stevens & Hamann, 2012). Furthermore,
evidence from a separate meta-analysis identified greater left
(vs. right) amygdala activity during negative facial emotion processing
(Fusar-Poli et al., 2009). While there is preliminary evidence of differ-
ences in laterality in the centromedial and basolateral subregions (Tian
et al., 2021), there is limited research investigating the effects of sex
and laterality at the subregional level.

This exploratory study was designed to provide the most rigorous
test to date of (i) the extent to which different subregions respond dif-
ferently to emotional stimuli, and (ii) the first test of whether amyg-
dala subregional connectivity with broader brain networks differs
when processing fear relative to other emotions. Additionally, this
study aimed to explore whether amygdala subregional findings dif-
fered from whole amygdala finding and whether there was a signifi-
cant effect of sex and laterality on the local activation to emotional
expressions (vs. Shapes) of the amygdala and its subregions. To
achieve these aims, the increased spatial resolution and temporal sam-
pling of multiband brain imaging was used to not only tease apart dif-
ferences in the localized activity of the amygdala and its subregions,
but also to map the connectivity of the amygdala and its subregions
to the broader brain networks. To ensure sufficient power, a large
sample of 86 healthy adults (44 females) completed an emotional
face-matching task known to reliably activate the amygdala and
related brain networks during multiband magnetic resonance imaging
(MRI; Hariri et al., 2002).

2 | METHODS

21 | Participants
We recruited 100 right-handed participants with the following exclu-
sion criteria: left-handed, history of or current psychiatric/neurological

disorder, English as a second language, taking psychotropic
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medication, head trauma (unconscious for >5 min), substance abuse
including smoking, and usual MRI contraindications including the pres-
ence of metal objects in the body that cannot be removed or made
safe for MRI. Fourteen participants were excluded for various reasons.
Three participants withdrew from the study, three had incomplete
scans due to failing to complete the task, and two had failed acquisi-
tion of MRI data. Six participants were excluded due to excessive
motion during the scan. Among these, one was excluded following
visual quality control while the remaining five were excluded due to
exceeding the threshold of having any run with an average relative
root mean squared (RMS) displacement greater than 0.2 mm. Thus,
the final sample comprised a total of 86 participants. The study was
approved by the Human Research Ethics Committee at the Australian
Catholic University.

2.2 | Emotional face matching task

During fMRI acquisition, participants completed an emotional face-
matching task (EFMT; see Figure S1). This task elicited activation in
areas, including the amygdala (see Figure S2), consistent with previous
studies involving both clinical and healthy populations (Hariri
et al,, 2002; Labuschagne et al., 2010; Tessitore et al., 2002). There
were a total of 26 experimental blocks consisting of 12 emotional
face-matching blocks (four blocks for each target emotion) and
14 shape-matching blocks, counterbalanced across two experimental
runs. Each block contained four sequential matching trials presented
for 5 s. Participants used their right hand to press one of two buttons
on an MRI-compatible button box. Button-press responses were
recorded and analyzed for accuracy for each emotion condition. Pre-
sentation software (http://neurobs.com) was used to display the stim-

uli and record participant responses.

23 | fMRI methods

Structural and functional data were acquired on a Siemens MAGNE-
TOM Tim Trio 3.0 T Scanner with a Siemens 12-channel Head Matrix
Coil (Erlangen, Germany) at Swinburne University, Australia. A multi-
band echo-planar imaging sequence was used to acquire functional
images (repetition time [TR] = 1.02 s; echo time [TE] = 30 ms; flip
angle [FA] = 65°; multiband acceleration factor [MB] = 5; 65 transver-
sal slices with 96 x 96 voxels at 2 mm in-plane resolution; 294 vol-
umes per each of two runs). To correct geometric distortions
commonly present in functional images, echo-planar imaging data
were also collected with reversed phase-encode blips, resulting in
pairs of images with distortions going in opposite directions. A T;-
weighted sagittal MP-RAGE structural image was also obtained for
anatomical reference (TR =1.9's, TE = 2.52 ms, FA = 9°, 176 slices
with 1 mm*1 mm*1 mm voxels). Five participants had cropping at the
top of the brain or the temporal lobes. These participants were
included in the analysis as the data of interest were not located in

these areas.

24 | fMRI data pre-processing

The imaging data were pre-processed and analyzed using FSL
(Jenkinson et al., 2012) and SPM12 software (Welcome Trust Centre
for Neuroimaging, London, UK). The bottom slices for each functional
image and the field-maps were dropped to change the dimensions of
the images from 96 x 96 x 65 voxels to 96 x 96 x 64 voxels using
MRtrix. SPM12 (running on MATLAB R2019b, The Mathworks, Inc.)
was used to perform slice-timing correction and realignment of func-
tional time series to correct for motion. FSL's TOP-UP was then used
to create a combined distortion field-map from the phase-
encode-reversed image pair (Andersson et al., 2003) with the result
applied to the functional images with FSL's FUGUE to correct geo-
metric distortion (Jenkinson et al., 2004). Co-registration of anatomi-
cal and functional images, and segmentation of the Ti-weighted
images were then performed through SPM12's VBM to produce grey/
white matter maps for normalization via DARTEL warping
(Ashburner, 2007), which was then applied to the functional images.
After normalization, images were re-sliced to 2 x 2 x 2 dimension
voxels, Gaussian smoothed with a 6 mm kernel, and high-pass filtered
(0.008 Hz). No differences in the findings were observed when re-
analyzing data after applying a 3 mm smoothing kernel (see
Figure S3). The anatomically defined amygdala and its subregions
were generated for each hemisphere using the Anatomy Toolbox
(Version 2.1) A manual visual inspection was carried out to ensure that
the transformation to template space and alignment of the amygdala

and its subregions were correct.

2.5 | Statistical analysis

2.5.1 | Emotional face-matching task analysis

A mixed effects model was used to investigate a main effect of condi-
tion (differences between Fear, Angry, Happy, and Shapes) on the
accuracy of responses to the EFMT. Post-hoc tests were then used to
ascertain specific differences between all conditions. Sex and Age
were included as covariates of no interest. Results were corrected for
multiple comparisons using the false discovery rate (FDR) at p-
FDR < .05. As we found evidence of departures from normality, and
the presence of a limited number of outliers, we implemented boot-
strapping (with 2000 repetitions) in our analyses. These analyses were
performed with Stata 16SE (StataCorp, 2019).

2.5.2 | ROl activation analysis

A general linear model was used to estimate the effects of each condi-
tion (fearful faces-Fear; angry faces-Anger; happy faces-Happy; and
shapes-Shapes) at each voxel. To account for motion-related effects
in activity, the six movement parameters obtained during realignment
were included in the model as regressors, along with their derivatives

and the quadratic terms of both the motion and motion derivatives.
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Outlier volumes were also identified (using frame displacement and
DVARS metrics as estimated with fs1_motion_outliers) and included
as regressors in the model. The mean activation within each ROI for
the contrasts Fear > Shapes, Anger > Shapes, and Happy > Shapes,
was then extracted for each participant using the MarsBaR toolbox
for SPM (Brett et al., 2006).

We first used repeated measures mixed effects models to investi-
gate the effect of Emotion (differences in the BOLD response
between Fear, Angry and Happy) separately on the amygdala and
each subregion (i.e.,, the amygdalostriatal, basolateral, centromedial,
and superficial subregions), together with sex, laterality, and interac-
tion effects. A separate series of repeated measures mixed effects
models were then used to evaluate the effect of region (differences
between amygdala subregions responses), for each emotion sepa-
rately, again, with sex, laterality and interaction effects. Planned con-
trasts were also implemented to evaluate if the BOLD response in the
amygdala and its subregions were significantly different from O (i.-
e., different from Shapes) across Fear, Anger and Happy conditions.
Age was included as covariate of no interest in all analyses. Results
were corrected for multiple comparisons at p-FDR < .05. As we found
evidence of departures from normality (with distributions of residuals
generally leptokurtic), heteroskedasticity, and a limited number of out-
liers, we implemented bootstrapping (with 2000 repetitions) in our
analyses. These analyses were performed with Stata 16SE
(StataCorp, 2019).

2.5.3 | gPPIconnectivity analysis

The CONN toolbox (Version 18b; Whitfield-Gabrieli & Nieto-
Castanon, 2012) was used to perform generalized psycho-
physiological interaction (gPPI) connectivity analysis. Task conditions
(Fear, Anger, Happy, and Shapes) and movement parameters were
imported into the CONN-Toolbox, together with pre-processed func-
tional and anatomical images for each participant. Noise correction
was performed using the anatomical component-based noise correc-
tion (@CompCor) method as implemented in the CONN Toolbox
(Behzadi et al., 2007). aCompCor uses white-matter and cerebrospinal
fluid masks (generated via segmentation of anatomical images) to
extract principal components from the respective time series for each
participant. These components, together with motion parameters and
outlier volumes derived during SPM pre-processing, were added as
confounds in the denoising step of the CONN toolbox.

The gPPl analysis evaluates, for each participant, the task-
modulated connectivity between a seed region (the amygdala and its
subregions) and the whole brain or other ROIs using a multiple regres-
sion model incorporating task effects, the timeseries from the amyg-
dala and its subregions, and an interaction term (PPl term) between
these two components. In this way, in the present study, the effects
of the Fear, Anger, and Happy conditions on effective connectivity
(relative to Shapes) were estimated and compared, and subsequently
submitted for analysis at the group level, where we modeled the Emo-

tion and Regions effects, as well as the effects of sex and laterality,

with Age included as a covariate of no interest. Primary results for
functional connectivity analyses are reported irrespective of hemi-
sphere (i.e., averaging across hemispheres). In addition, we also report
the effect of laterality.

First, we estimated the whole-brain, voxel-wise amygdala connec-
tivity averaged across emotions to identify the amygdala network
common to emotional face processing. Results for this analysis were
cluster-corrected at a family-wise error rate (FWER) of p-FWE < .05,
after applying a cluster-forming threshold of p = .001. Then, using the
REX toolbox (as integrated into CONN; Duff et al., 2007) we
extracted the mean connectivity value within the clusters of this
amygdala connectivity network during Fear, Anger, and Happy, and
compared differences between these conditions. For all clusters that
showed a significant difference between the emotion conditions
(Emotion effects), we subsequently investigated connectivity differ-
ences between amygdala subregions, separately for Fear, Anger, and
Happy (Regions effects). Results were corrected for multiple compari-
sons at p-FDR < .05.

3 | RESULTS

3.1 | Participants

Participants (44 females and 42 males) were between 18 and 49 years
of age (Median = 24.32; Mean = 26.12, SD = 6.59). There was no
significant (Z = —1.65, p =.10) age difference between males
(Median = 26.26; Mean = 27.29, SD=6.54) and
(Median = 23.62; Mean = 25.00, SD = 6.53), as revealed by non-
parametric (bootstrapped, 2000 repetitions) regression analysis

females

(implemented due to the age variable and residuals from the regres-
sion model not being normally distributed). The sample's mean NART
IQ score was 114.84 (SD = 6.22), with no difference between males
and females identified (t(84) = 0.81, p = .42; a NART IQ score was

missing for one participant).

3.2 | Enhanced localized activation of superficial
and centromedial amygdala to all emotions

We first investigated whether the whole amygdala and its subregions
were significantly activated in response to emotional faces, and evalu-
ated the differential responses across the four amygdala subregions
(basolateral, centromedial, superficial, and amygdalostriatal transition
area; Figure 1a) to emotional stimuli (fearful, angry, and happy facial
expressions). The results show that the whole amygdala and each of
its subregions were significantly activated to all emotional stimuli (rel-
ative to Shapes; all p-FDR <.05; Figure 1b and Supplementary
Tables 1.1 to 1.5). Importantly, however, we found no statistically sig-
nificant differences between the emotions in the level of activation in
the whole amygdala, or any of its subregions.

We next examined the pattern of responses across the subre-

gions to the different emotions. Our findings suggested a substantially
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FIGURE 1 Amygdala and subregions responses during the @) (Fear), 3 (Anger), and (Happy) conditions (as indicated by the relevant
emojis) relative to Shapes. The Emotional Face Matching Task (EFMT) involved pictures of real faces from the Radboud Faces Database. (a) Four
anatomically-defined amygdala subregions were generated for each hemisphere using Anatomy Toolbox (Version 2.1); these were considered
together when reporting on whole amygdala activation. (b) Amygdala and all subregions were significantly activated by all emotions (relative to
Shapes; p-FDR < .05). However, there were no differences between emotions. The superficial amygdala exhibited significantly higher response to
all emotions, compared to all other subregions, and the centromedial amygdala was significantly more highly activated than amygdalostriatal and
basolateral subregions (— BOLD, blood oxygen level dependent). (c) Greater activation in males (3, n = 42) versus females (¢, n = 44) in
amygdala and subregions responses during the EFMT across emotions. Statistically significant differences between conditions are indicated (—).
(d) Greater activation in right (R) versus left (L) in amygdala and subregions responses during EFMT across emotions. Statistically significant
differences between conditions are indicated (—). Error bars represent the 95% confidence interval of the mean. Results are significant at ***p-
FDR < .001; *p-FDR < .05; *p-FDR < .06.
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greater level of activation in the superficial amygdala relative to the
other subregions. We also found that the centromedial amygdala was
more strongly activated than the amygdalostriatal and basolateral sub-
regions across all emotions (p-FDR < .001; Figure 1b and Supplemen-
tary Table 1.6) extending earlier findings (Goossens et al., 2009;
Hurlemann et al., 2008). This indicates that when viewing faces of
negative and positive emotions (fear, anger, and happiness), superficial
and centromedial amygdala activation is significantly greater than that
of the amygdalostriatal or basolateral amygdala subregions.

Compared to females, males exhibited significantly greater
activation to emotions combined (vs. shapes) for the whole amygdala
(p-FDR = 0.01), the centromedial (p-FDR = 0.008), basolateral
(p-FDR =0.035) and superficial subregions (p-FDR = 0.021;
Figure 1c; Supplementary Tables 1.1 to 1.5). However, when investi-
gating sex effects across each emotion separately, it was statistically
significant only for the centromedial subregion during the Fear and
Happy conditions (p-FDR < .03). These findings highlight the impor-
tance of considering subregional amygdala responses during emotion
processing and related sex differences.

A laterality effect was observed in the whole amygdala
(p-FDR < .001) and across all subregions (amygdalostriatal, p-FDR =
0.001, centromedial, p-FDR = 0.003, basolateral, p-FDR = 0.001 and
superficial, p-FDR = 0.002), with greater activation in the right
(vs. left) hemisphere (Figure 1d; Supplementary Tables 1.1 to 1.5).
This difference was present for every individual emotion for the
whole amygdala (p-FDR = 0.001) and in the basolateral amygdala
(p-FDR <0.015), in the Fear and Happy conditions for the
amygdalostriatal subregion (p-FDR <0.012) and superficial amygdala
(p-FDR <0.035), and in the Fear condition for the centromedial sub-
region (p-FDR = 0.034).

3.3 | Enhanced connectivity of the basolateral
amygdala to wider brain networks in response to fear

We next focused on whether amygdala subregions differ in their
intrinsic connectivity with the rest of the brain (Seeley et al., 2007).
To determine subregional connectivity alterations in healthy adults
during an emotion-processing task and to examine differences in con-
nectivity patterns in response to specific emotions, we used gPPI con-
nectivity analyses for the whole amygdala, and then for the individual
amygdala subregions, separately.

We found that, in response to emotional faces combined
(vs. Shapes), the whole amygdala displayed greater functional connec-
tivity with a network comprising bilateral occipitotemporal and parie-
tal cortices, right lateral prefrontal cortex, and left cerebellum
(Figure 2a). The occipitotemporal and parietal areas spread ventrally
from the inferior lateral occipital cortex, through to the occipitotem-
poral fusiform gyrus and the inferior temporal cortex, bilaterally. The
implicated areas also spread dorsally, into the middle occipital gyrus,
bilaterally, and further into the angular gyrus of the parietal cortex, in
the right hemisphere only. Importantly, the area with peak connectiv-

ity with the amygdala in this posterior component of the network

(in fact, the peak connectivity across all network components) was the
right fusiform face area (FFA). The lateral prefrontal region exhibiting
connectivity with the whole amygdala comprised pars opercularis and
pars triangularis of the inferior frontal cortex (IFC, with peak connec-
tivity over pars triangularis); see Supplementary Table 2.1.

We next sought to test whether amygdala connectivity with
these networks was differentially modulated by any of the emotions.
For this, we generated spherical regions of interest (ROls) of 10 mm
radius at selected locations within the network. We chose the peak
voxels in the right FFA and IFC, and the left cerebellum. For the loca-
tion of the ROI in the left occipitotemporal cluster, we selected a site
contralateral to the right FFA ROI (at MNI -48 -56 -16), given the
importance of the FFA, bilaterally, in face processing in general, and
emotional face processing in particular (Chan & Downing, 2011; Zhen
et al., 2013) and studies using the same emotional task as here (Borod
et al., 1998; Bzdok et al., 2013; Davidson & Hugdahl, 1996). We
observed a pattern of greater amygdala connectivity during Fear com-
pared to other emotions across ROIls, which was statistically signifi-
cant for amygdala-right FFA connectivity compared to Happy, and for
amygdala-right IFC connectivity compared to Anger (p-FDR < .05;
Figure 2b; Supplementary Table 2.1). No Sex or Laterality effects were
observed. Thus, while the whole amygdala appears to show a similar
connectivity profile with posterior (occipitotemporal area) and ante-
rior (IFC) brain regions, the connectivity between these regions is
greatest in response to fearful faces compared with angry and happy
faces.

Next, we sought to investigate if amygdala connectivity with the
right FFA and IFC differed for each of the amygdala subregions across
the three emotions. During Fear, all subregions exhibited significant
connectivity to both right FFA and IFC (except for the amygdalostria-
tal subregion, which did not exhibit significant connectivity with right
IFC) (p-FDR < .05; Figure 3; Supplementary Table 2.2). During the
Anger condition, all amygdala subregions displayed connectivity to
the right FFA only. During Happy, except for the amygdalostriatal
subregion, all subregions exhibited functional connectivity to both the
right FFA and IFC.

Examination of the level of connectivity in each subregion sug-
gested a pattern of greater connectivity of the basolateral amygdala
compared to other subregions, so we explicitly tested for this differ-
ence. During the Fear condition, we found basolateral amygdala con-
nectivity with right FFA was significantly greater than all other
subregions (p-FDR < .05; Figure 3; Supplementary Table 2.3). In addi-
tion, significantly increased connectivity of the basolateral subregion
with right IFC was observed during the Fear condition relative to the
other subregions, but only the differences with amygdalostriatal and
superficial subregions survived correction for multiple comparisons
(p-FDR < .05). During Anger, basolateral connectivity with right FFA
(but not right IFC) was increased relative to the other regions (p-
FDR < .05). During Happy, basolateral connectivity with right FFA
(but not right IFC) was increased relative to the amygdalostriatal
region only (p-FDR < .05). Together, this pattern of findings suggests
that of the amygdala subregions, the basolateral amygdala appears to

have the greatest functional connectivity with anterior and posterior
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FIGURE 2 Whole amygdala
connectivity during emotional face
recognition (vs. Shapes) as revealed by (a)
generalized psycho-physiological

interaction (gPPI) analyses. (a) Whole-

brain voxelwise analysis: amygdala

connectivity network in response to

emotional faces (cluster forming

threshold, p < .001; cluster-corrected

threshold, p-FEW < .05). The color bar

represents the T-score. (b) Region of

interest (ROI) analysis: Bar graphs depict

level of connectivity of the amygdala with

a selected ROI by Emotion (statistically (b)
significant at p-FDR < .05, unless the
error bar is the same color as the bar
graph). Emotion-related connectivity
differences in amygdala connectivity with
selected ROls are indicated by * and —
over the relevant emotions. FFA, fusiform
face area; IFC, inferior frontal cortex;
OTC, occipitotemporal cortex; R, right;
@), Fear; @, Anger; (©), Happy; *,
statistically significant differences
between emotions at p-FDR < .05.
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brain regions during the processing of emotional faces and that this

network is particularly sensitive to fearful faces.

4 | DISCUSSION

A growing body of evidence suggests that a departure from the tradi-
tional view that the amygdala exclusively specializes in the processing
of fearful stimuli may be warranted. Yet the current findings suggest a
more complex picture exists, as we found that the specificity of the
amygdala's subregional response to fear is reflected not in its localized
activity, but in its connectivity with posterior (bilateral occipitotem-
poral/FFA) and anterior (right IFC) brain regions that are involved in
the processing of facial information (Chan & Downing, 2011; Zhen
et al.,, 2013). With regards to fMRI activity, we show that there is seg-
regation between amygdala subregions. Specifically, we localized the
most robust activation to the superficial subregion across all emotions,
relative to other amygdala subregions, in line with previous evidence
(Bzdok et al., 2013; Goossens et al., 2009; Hurlemann et al., 2008).
We also found the centromedial amygdala to be significantly more
activated across all emotions compared to the amygdalostriatal and
basolateral subregions. However, it was significantly less activated
compared to the superficial subregion. With regards to connectivity,
we show that it is the basolateral amygdala (more so than the other
subregions) that oversees long-distance communication with

extended components of a brain network for face processing, a link

that is particularly sensitive to the recognition of fear. The predomi-
nant activation of the superficial subregion and heightened connectiv-
ity of the basolateral subregion underscore their distinct contributions
to emotion processing. This aligns with established literature that
shows that the basolateral subregion is primarily involved in receiving
external inputs and connectivity with the visual cortex, particularly in
the perception of facial expressions (Bzdok et al.,, 2013). Simulta-
neously, the heightened responsiveness of the superficial subregion
aligns with its established function as an area involved in being
attuned to and processing visual displays of facial emotional expres-
sions (Goossens et al., 2009; Hurlemann et al., 2008). Exploratory ana-
lyses provide further evidence of specific sex differences in the
superficial amygdala response (males > females to happy faces), along
with greater right (vs. left) hemisphere response across all amygdala
subregions (to all emotions) that was only evident during the localized
responses and not in the communication with the identified large-
scale brain networks.

We found that all amygdala subregions significantly responded to
all emotional stimuli with no differences in activation between the
emotions (Fear, Anger, and Happiness), supporting the view that
the amygdala is less specialized to fear. However, our findings of a sig-
nificantly greater superficial amygdala response, compared to the
other subregions, to all emotions support the role of the superficial
amygdala as a hub that is highly tuned to evaluate the social relevance
and reward of incoming emotional stimuli in healthy humans (Bzdok
et al,, 2013; Goossens et al., 2009; Hurlemann et al., 2008). We also
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found that the centromedial amygdala was significantly more acti-
vated than the amygdalostriatal and basolateral amygdala, but signifi-
cantly less activated than the superficial amygdala. This finding
suggests that the centromedial amygdala constitutes the main output
center for the appropriate behavioral response (Derntl et al., 2008).
Taken together, these findings provide novel evidence of differential
amygdala subregion responses to emotional face stimuli, with the
results suggesting subregions important for social relevance proces-
sing (superficial) and for sending signals out to initiate appropriate
behavioral responses (centromedial) are more highly activated, com-
pared to subregions that are important for stimulating fear response
(basolateral) and for processing positive valence (amygdalostriatal).
Evidence of subregion-specific and emotion-specific sex differ-

ences also shed new light on the inconsistencies in prior reports on

FIGURE 3 Amygdala subregions
connectivity during emotional face
recognition (vs. shapes) as revealed by
generalized psycho-physiological
interaction (gPPI) analysis. Bar graphs
depict level of connectivity of each
subregion with a selected region of
interest (ROI) by Emotion (statistically
significant at p-FDR < .05, unless the
error bar is the same color as the bar
graph). Connectivity differences between
amygdala subregions is indicated by *
and — over the relevant regions. FFA,
fusiform face area; IFC, inferior frontal
cortex; R, right; @), Fear; (%), Anger; ,
Happy; ***p-FDR < .001, **p-FDR < .01,
*p-FDR < .05.

B = Amygdalostriatal
I = Centromedial

= Basolateral

B = Superfical

sex differences in amygdala response to emotional stimuli (Killgore &
Yurgelun-Todd, 2001; Sergerie et al., 2008). The finding that across all
subregions both hemispheres significantly activate to all emotional
stimuli, but that this is more robust in the right (vs. left) hemisphere,
provides evidence to challenge traditional theories of asymmetry in
the brain during the processing of emotional stimuli, such as the right
hemisphere hypothesis and valence hypothesis (Borod et al., 1998;
Davidson & Hugdahl, 1996; Demaree et al, 2005). Interestingly
though, the localized differences in hemispheric activity and evidence
of sex differences did not play out in the subsequent large-scale
network-based (connectivity) analyses.

Our connectivity data showed convergent processing between
the centromedial, basolateral, and superficial amygdala subregions and

the bilateral occipitotemporal area and right IFC (pars opercularis, BA
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44). Connectivity between the amygdala subregions and the identified
large-scale network regions is consistent with prior task and resting-
state fMRI paradigms (Bach et al., 2011; Faria et al., 2012; Ghashghaei
et al, 2007; Kerestes et al, 2017; Seeley et al, 2007; Truitt
et al, 2007). However, none of the studies were able to examine
emotion-specific effects (Kerestes et al., 2017). We were able to dif-
ferentiate possible emotion-specific effects in amygdala subregions.
We showed that the basolateral amygdala plays an important role in
the higher-order integration of emotional face stimuli via interactions
with multiple cortical and subcortical brain structures, which was
more pronounced during the processing of fear. This flow of emo-
tional information between the amygdala and cortical areas is sup-
ported by anatomical connections of the amygdala subregions shown
in previous tractography-based parcellations of the human and animal
amygdala (Bach et al., 2011; Bracht et al, 2009; Ghashghaei
et al., 2007). The greater connectivity of the basolateral amygdala to
fear aligns with the view that the amygdala is sensitive to emotions
(Borod et al., 1998). However, we add that this sensitivity to different
emotions is only evident during the communication with distant corti-
cal regions. This is crucially important for our understanding of the
mechanisms underlying our appropriate and adaptive behavioral
responses to environmental cues, a function driving human evolution
(Janak & Tye, 2015).

There are several limitations of this study. First, our use of the
Anatomy Toolbox to segment the amygdala and its subregions may
lead to differences in findings compared to studies that used other
atlases (Saygin et al., 2017; Tzourio-Mazoyer et al., 2002). Future
studies should interpret findings with this consideration in mind. Our
analysis was restricted to the amygdala and its subregions, however
future studies should also explore the bed nucleus of the stria termi-
nalis (part of the central extended amygdala) given preliminary evi-
dence of its role in emotion processing (Fox & Shackman, 2019;
Sladky et al., 2018).

To conclude, we provide a detailed study of emotion processing
in the human amygdala. The functionally heterogeneous findings of
the amygdala subregions in healthy humans from this study now high-
light the value of future investigations of amygdala subregion function
and their connectivity in a range of neurologic and psychiatric disor-
ders. In many of the clinical groups known to be associated with
amygdala dysfunction, this approach could assist with the refinement
of targets for anxiolytic treatments (Faria et al., 2012). For instance,
the basolateral and basomedial amygdala have been shown to have
decreased activation following antidepressant treatment in patients
with social anxiety disorder (Demaree et al., 2005). Here we provide a
foundation of the functional underpinnings of these findings in
healthy humans. It will be critical to advance the understanding of
habituation effects (Plichta et al., 2014) at the amygdala subregional
level as the superficial amygdala appears to drive most of the localized
activity during the processing of emotional faces. Critically, the cur-
rent findings open up a new and exciting dimension to the role of
amygdala in emotion processing (Le Doux, 2012), ranging from models
of validated amygdala connectivity networks (Stein et al., 2007) to the
impact of genetic variants (e.g., serotonin transporter, and vasopressin

receptor) and personality traits (Meyer-Lindenberg et al, 2009;
Pezawas et al., 2005) on amygdala function. These future directions
will be relevant to the understanding of common mental health disor-

ders such as social anxiety, autism, and depression.
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