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Abstract

Background: Numerous studies characterized how resting-state functional connectivities (rsFCs)
of the amygdala were disrupted in emotional disorders and varied with emotional traits, including
anxiety. With trait anxiety known to diminish with age, a critical issue concerns disambiguating
the effects of age and anxiety on amygdala rsFCs in studying the neural bases of individual
differences in anxiety.

Methods: Two-hundred adults (83 women) 19-85 years of age underwent fMRI and assessment
for trait anxiety. Amygdala rsFC correlates were identified using multiple regression with age and
anxiety in the same model for all and separately in men and women. The rsFC correlates were
examined for age-anxiety interaction.

Results: Anxiety was negatively correlated with amygdala-temporooccipital gyri rsFC in all and
in men alone. In women, amgydala rsFC with the thalamus/pallidum, angular/supramarginal gyri,
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inferior temporal gyrus, and posterior insula correlated positively and rsFC with calcarine cortex
and caudate correlated negatively with anxiety. We also observed sex differences in age correlation
of amgydala-posterior cingulate cortex/precuneus and -insula/temporoparietal rsFCs, with stronger
associations in women. In women alone, anxiety and age interacted to determine amygdala rsFC
with the thalamus/pallidum, calcarine cortex, and caudate, with older age associated with stronger
correlation between anxiety and the rsFCs.

Limitations: The findings need to be validated in an independent sample and further explored
using task-based data.

Conclusion: Highlighting anxiety- and age- specific as well as interacting correlates of
amygdala rsFCs and sex differences in the correlates, the findings may shed light on the neural
markers of anxiety.
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Introduction

Anxiety is an emotional state with complex neural mechanisms. In health, anxiety signals
a state of vigilance essential for survival (Craske and Stein, 2016). However, dysregulated
anxiety may lead to emotional disorders, which affect ~28% of adults during their lifetime
and almost twice as many women as men (Babaev et al., 2018). Reflecting dysregulated
emotion (Liu et al., 2018) and a dimension of neuroticism (Wiebe et al., 2018), trait anxiety
represents a relatively stable personality trait of individuals who tend to respond fearfully
and anxiously to a wide variety of situations and to experience anxiety-relevant thoughts/
feeling and/or exhibit anxiety-related behaviors (Elwood et al., 2012). High trait-anxiety
individuals appraise situations, including those that are non-threatening, with negative
valence and attend to negatively perceived stimuli (Elwood et al., 2012). Trait anxiety
increases the risk of developing anxiety disorders (Knowles and Olatunji, 2020; Weger and
Sandi, 2018). Hence, elucidation of the neural underpinnings of trait anxiety is essential to
understanding anxiety in health and illness.

The amygdala circuit plays a central role in the manifestation and regulation of emotion and
emotion-related behavior. The amygdala receives inputs from many subcortical structures,
including the thalamus, and cortical areas, including the prefrontal cortex (PFC), and
projects to the periaqueductal gray, bed nucleus of stria terminalis, hypothalamus, and dorsal
vagal complex to support autonomic and motor responses of avoidance, freezing, and other
anxiety-related behaviors (Babaev et al., 2018; Martin et al., 2009; Ressler, 2010). Both
structural and functional changes in the amygdala are noted in individuals with higher levels
of anxiety. For instance, high trait anxiety and anxiety disorders were associated with lower
amygdala connectivity with fronto-parietal networks and default mode networks (DMN)
and higher connectivity with ventral attention network, both during rest and task challenges
(Sylvester et al., 2012). Greater trait anxiety correlated positively with amygdala-anterior
cingulate cortex (ACC)/ventromedial PFC (vmPFC) resting-sate functional connectivity
(rsFC) during stress exposure in men (Nanni-Zepeda et al., 2022). Threat bias — a behavioral
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index of anxiety — as assessed by a dot-probe task, was positively correlated with amygdala-
thalamus rsFC (Jenks et al., 2020). Reduced amygdala-rostral ACC rsFC was correlated with
greater trait anxiety and illness severity in generalized anxiety disorder (GAD) (Du et al.,
2021). Amygdala-superior temporal gyrus/insula rsFCs were positively correlated with trait
anxiety in individuals with GAD and across those with GAD and healthy people (Wang et
al., 2021b). A meta-analysis of anxiety disorders showed hypo-connectivity of the amygdala
with executive control network (ECN) and DMN during rest (Xu et al., 2019). Another
meta-analysis noted hyperconnectivity of limbic-DMN, primary sensorimotor, and salience
network in anxiety disorders (Brandl et al., 2022). A systematic review reported reduced
amygdala rsFC with the dorso-lateral PFC and ACC in GAD (Kolesar et al., 2019). People
with social anxiety showed greater amygdala activation during emotion processing (Brihl

et al., 2014) and altered rsFC of the amygdala with frontal, parietal and temporal regions
(Briihl et al., 2014; Mizzi et al., 2022), relative to healthy people. Thus, higher levels of
anxiety are associated with reduced amygdala-frontoparietal/ECN and altered DMN and
amygdala-temporal/occipital cortical rsFCs.

Women seem to experience more severe and longer-lasting symptoms of anxiety than men
(Albert, 2015; Domes et al., 2010; Farhane--Medina et al., 2022; Hallers-Haalboom et al.,
2020; Kelly et al., 2008; Kogler et al., 2015; Wu et al., 2016b), and many imaging studies
investigated the neural bases of sex differences (Li et al., 2020; Lungu et al., 2015; Mak

et al., 2009; Stevens and Hamann, 2012). For instance, a meta-analysis showed greater
activation of the amygdala, hypothalamus, thalamus, mammillary bodies, caudate and
medial frontal cortex in women than in men during negative emotion processing (Stevens
and Hamann, 2012). Another study reported significant effective amygdala connectivity
with dorsomedial PFC in men but not in women during negative emotion processing, with
men experiencing less negative emotion (Lungu et al., 2015). Women vs. men showed a
more significant positive correlation between amygdala-thalamus rsFC and threat bias in a
dot-probe task (Jenks et al., 2020). In young adults, women with more severe trait anxiety
demonstrated higher and lower left amygdala rsFC each with the supplementary motor area
and visual network; in contrast, higher trait anxiety was associated with reduced bilateral
amygdala rsFC with the salience network and ECN in men (Wang et al., 2021a). A study
of participants of a wider age range (18-84 years) showed weaker amygdala rsFC with the
ventral attention network in correlation with higher trait anxiety in women but not in men
(He et al., 2016). Thus, how amygdala connectivities are altered in link with anxiety may
depend on sex.

Age is known to influence amygdala connectivities, including rsFCs (Xiao et al., 2018) as
well as connectivities in response to negative emotion exposure (St. Jacques et al., 2010;

Wau et al., 2016a) and emotional memory (St Jacques et al., 2009). In fact, age may have
pervasive impacts on functional connectivities of the entire brain, likely concurrent with age-
related structural changes (Tomasi and Volkow, 2012). Importantly, age also significantly
impacts one’s emotional state. Elderly as compared to young people tend to experience more
positive and less negative affect (Carstensen et al., 2011; Charles et al., 2003; Mather, 2003;
Reed et al., 2014), and previous studies have specifically shown age-related reduction in trait
anxiety (Chaudhary et al., 2023; Kim and Kim, 2022; Machado et al., 2019) and prevalence
of anxiety disorders (Byers et al., 2010; Rutter et al., 2019). Further, age-associated changes
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in rsFCs seem to vary with sex (Alarcon et al., 2015; Xiao et al., 2018; Zonneveld et al.,
2019). Thus, studies of the connectivity correlates of anxiety would need to consider the
effects of age, and vice versa, and how sex influences the connectivity markers.

Here, we examined how sex influences anxiety- and age-related differences in amygdala
rsFC. We included both age and trait anxiety in the same regression model to characterize
age- and anxiety-specific differences in amygdala rsFCs and performed post-hoc analyses
to explore the interacting effects of age and anxiety. We examined the findings across men
and women as well as in men and women separately. To confirm sex differences, for the
findings revealed in men or in women only, we extracted the § estimates of rsFC and
performed a slope test of men vs. women. Based on the literature, we broadly hypothesized
reduction in amygdala-frontoparietal and altered temporo-occipital rsFC with higher levels
of anxiety, with women more sensitive to the changes. Further, men and women would
differ in the interactive effects of age and anxiety on amygdala rsFC. Elucidation of sex
differences in the effects of age and anxiety on amygdala rsFC may help clinical research of
the pathophysiology of anxiety disorders.

2. Materials and methods

2.1. Subjects and assessments

Recruited from the greater New Haven, Connecticut, area, 200 healthy adults (83 women)
19-85 years of age volunteered for the study. All participants were physically healthy

and cognitively intact (Mini Mental State Examination score =27) with no major medical
conditions. Those with current use of prescription medications or with a history of head
injury or neurological illness were excluded. Other exclusion criteria included current or
history of Axis I disorders according to the Structured Clinical Interview for DSM-1V (First
et al., 1996). Candidates who reported current use of illicit substances or tested positive for
cocaine, methamphetamine, opioids, marijuana, barbiturates, or benzodiazepines were not
invited to participate. All participants were assessed with the State-Trait Anxiety Inventory
(STAI). The trait anxiety scale (O scale or Form 2-M) contains 20 statements about how
one feels in general (Spielberger, 1989). The STAI trait score ranged from 20 to 64 with

a mean+SD of 35.5 £ 11.6 in the current sample. The Human Investigation Committee at
Yale School of Medicine approved the study procedures. All participants signed an informed
consent prior to the study.

2.2. MRI protocol and data analyses

Participants were scanned on a 3-Tesla Siemens Trio TIM with a 32-channel head coil.
Conventional T1-weighted spin echo sagittal anatomical images were collected for slice
localization. Anatomical images for functional slice localization were acquired using spin
echo imaging in the axial plane parallel to the AC-PC line with TR = 2530 ms, TE = 3.66
ms, bandwidth = 181 Hz/pixel, flip angle = 7°, field of view = 250 x 250 mm, matrix =
256 x 256, 176 slices with slice thickness = 1 mm in isotropic voxels and no gap. With
participants’ eyes closed, resting-state blood oxygen level-dependent (BOLD) signals were
acquired for 10 min with a single-shot gradient echo echoplanar imaging sequence in 51
axial slices parallel to the AC—PC line covering the whole brain using TR = 1000 ms, TE =
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30 ms, bandwidth = 2290 Hz/pixel, flip angle = 62°, field of view = 210 x 210 mm, matrix =
84 x 84, slice thickness = 2.5 mm without gap.

Data were analyzed with Statistical Parametric Mapping (SPM12). We followed and

applied a published preprocessing pipeline to functional images after first discarding

the images of the initial five TRs so only BOLD signals in steady state equilibrium

were included in the analyses (Chaudhary et al., 2022; Zhang et al., 2021). Next, the
functional images of each subject were slice-time corrected for the temporal offset and
motion corrected (realigned). Realignment produced a mean functional image which was co-
registered with high resolution structural image and segmented for normalization with affine
registration followed by nonlinear transformation. The estimated normalization parameters
were subsequently applied to the corresponding functional volumes for each subject. The
functional images were then normalized to Montreal Neurological Institute (MNI) space
with resampled voxel size of 2.5 x 2.5 x 2.5 mm?3 and smoothed with a Gaussian kernel of
6-mm FWHM.

Nuisance signals unlikely to reflect neural activity were removed using linear regression by
including the six motion parameters from realignment, signals from whole brain, ventricular
system, white matter, and their first-order derivatives (Fair et al., 2007; Fox et al., 2005; Fox
and Raichle, 2007; Rombouts et al., 2003; Zhang et al., 2018). Next, functional images were
checked for micro-head motion (>0.1 mm) as this may lead to spurious correlations in rsFC
analysis, followed by “scrubbing” to remove time points affected by head motions, using
the thresholds of FD(t)>0.5 mm (Power et al., 2012; Zhang et al., 2018) or DVARS(t)>75
(Li etal., 2019a). Before computing the correlation maps to estimate rsFC, we applied a
temporal band-pass filter (0.009 Hz </<0.08 Hz) to the time course to obtain low-frequency
fluctuations (Cordes et al., 2001; Fair et al., 2007; Fox et al., 2005; Fox and Raichle, 2007).

We employed the amygdala mask from the WFU Pick-Atlas (Maldjian et al., 2003) as the
seed. The correlation coefficients r’s between the averaged time course of the seed and time
courses of all other brain voxels were computed for each participant. The correlation maps
were converted into z-score maps by Fisher’s Z transform: z= 0.5loge [1 + #/1—].

In group analyses we assessed the correlations between amygdala rsFC and anxiety and

age across all participants and separately in men and women, using multiple regression
with STAI score and age in the same model. We evaluated the results at cluster p < 0.05
family-wise error (FWE)-corrected with a cluster-forming voxel p < 0.001, uncorrected (Le
et al., 2020; Zhang et al., 2018) implemented in SPM. Clusters were identified in MNI
coordinates and mean amygdala-cluster rsFCs were extracted for post-hoc analyses. We used
slope test (Zar, 1999) to assess sex differences in the correlation of amygdala rsFCs and age
or anxiety for those clusters identified in men and women alone. Note that this analysis did
not represent “double-dipping” as we identified the clusters in whole-brain analysis with a
threshold and the clusters with rsFC showing a significant correlation in men, for instance,
may have just missed the threshold in women, and vice versa. Thus, slope tests were needed
to confirm sex differences.
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Of note, we also evaluated amygdala rsFC and age/anxiety correlates of the same

model using non-parametric method implemented in SnPM (SnPM13.1.09, http://nisox.org/
Software/SnPM13/) at voxel p < 0.05 FWE-corrected. We highlighted the significant
findings in Tables (significant clusters marked with “*”).

3. Results

3.1. Age and trait anxiety

Men and women did not differ in age (meanzSD: 51.1 + 15.1 vs. 47.3 + 18.6; = 1.60, p=
0.110). Women relative to men showed higher trait anxiety (STAIl-trait score) (37.8 + 10.9
vs. 33.9 +11.8; £=2.35, p=0.019). Trait anxiety and age were correlated significantly and
negatively in all (r=-0.32, p<0.001), men (r=-0.36, p< 0.001), and women (r=-0.25, p
= 0.028). Slope test showed no significant sex difference in age-anxiety correlation (¢= 1.5,
p=0.135).

3.2. Whole-brain amygdala connectivity

One sample #test in all participants showed positive rsFC of amygdala with subcortical
areas including the putamen, ventral caudate, pallidum, and insula, middle/inferior temporal
gyrus, anterior/mid-cingulate gyrus, pre-/post-central gyrus, medial and posterior lateral
orbitofrontal cortices (OFC), and negative rsFC with posterior parietal and occipital regions,
precuneus, posterior cingulate gyrus, superior frontal gyri, including the pre-supplementary
motor area, anterior lateral OFC, as well as a wide swath of the cerebellum (Fig. 1). In
Supplementary Figs. S1.1 and S1.2 we showed the results of R and L amygdala seeds for
men and women combined and separately. The connectivity patterns were consistent with
those of the R + L amygdala.

3.3. Trait anxiety and amygdala connectivity

Whole-brain anxiety correlates of amygdala rsFC were evaluated for men and women
together as well as separately, accounting for the effect of age (Fig. 2, Table 1). At

voxel p<0.001, uncorrected and cluster p < 0.05 FWE, trait anxiety correlated negatively
with amygdala-rsFC with the right MTG/occipital gyrus (OG) across all participants. The
analysis in men alone also showed a cluster in the right MTG. In women, trait anxiety
correlated positively with amygdala-rsFC with left inferior temporal gyrus (ITG), right
angular gyrus (AG)/SMG, right posterior insula and bilateral thalamus/caudate/pallidum and
negatively with left calcarine cortex and bilateral caudate.

We extracted the p estimates (rsFCs) of the clusters identified in men or in women alone
and performed a slope test to assess slope differences between the sexes. Men and women
differed significantly in all except the correlation of trait anxiety and amygdala-right MTG
rsFCs (Table 2).

Whole-brain anxiety correlates of right and left amygdala-rsFC, evaluated separately in all,
men, and women and adjusted for the effects of age are shown in Supplementary Fig. S2.
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3.4. Age and amygdala connectivity

Whole-brain age correlates of amygdala rsFC were evaluated separately in all, men and
women, correcting for the effect of trait anxiety (Fig. 3, Table 3). Evaluated at voxel p<
0.001, uncorrected and cluster p < 0.05 FWE-corrected, in all participants, age correlated
positively with bilateral posterior cingulate cortex (PCC)/precuneus and left middle frontal
gyrus rsFC, and negatively with clusters in bilateral temporoparietal regions including

the posterior insula (pINS)/ temporoparietal junction (TPJ)/supramarginal gyrus (SMG)/
sensorimotor cortex (SMC)/superior temporal gyrus (STG), bilateral middle cingulate cortex
(MCC) and left amygdala/hippocampus. Age correlates in women followed the pattern of
the whole sample with positive associations in bilateral PCC/precuneus, left MFG and left
angular gyrus/SMG and negative associations in bilateral pINS/TPJ/SMG/SMC/STG. In
men, we observed significant negative age correlates in bilateral middle temporal gyrus
(MTG)/superior temporal gyrus (STG) but no positive age correlates.

We extracted the p estimates (rsFCs) of the clusters identified in men or women alone
and examined sex differences in the correlation of regional connectivity and age. Men
and women significantly differed in all correlations except for amygdala- left MTG/STG
connectivity (Table 4).

Whole-brain age correlates of right and left amygdala-rsFC evaluated separately in all, men
and women and adjusted for the effects of trait anxiety are shown in Supplementary Fig. S3.

3.5. Amygdala connectivity — interaction of age and trait anxiety

For clusters identified from whole brain regression on age and on trait anxiety, we performed
post-hoc regressions on the B’s to examine whether the interactions between age and anxiety
were significant, using p = b; X age + b, X anxiety + b3 x age x anxiety, for all, men,

and women. The results are shown in Supplementary Table S1 with significant interactions
(b2 highlighted in bold. The clusters showing significant interactions included amygdala-
bilateral thalamus/pallidum, left lingual gyrus/calcarine cortex, and bilateral caudate in
women. None of the clusters identified in all and in men showed a significant interaction.

We visualized the interaction effects of age and anxiety on amygdala rsFCs in two ways.
First, we showed the scatter plots and regression lines for three age groups: 18-33 (n=
26), 34-55 (n=27), and 56-88 (1= 30) years in women. As shown in Fig. 4, the slope

of positive association between trait anxiety and amygdala rsFC with bilateral thalamus/
pallidum increased with each group of increasing age with coefficients (&°s) of right
thalamus: b;7g.33=0.003, b3455= 0.004, bs5_gg= 0.007; and of the left thalamus b5 33=
0.004, b3455=0.005, bs5_gg= 0.009. Likewise, the slope of negative association between
trait anxiety and amygdala rsFCs with left lingual gyrus/calcarine cortex (f1g_33 = —0.004,
baa_55 = —0.004, b56_gg = —0.010) and with bilateral caudate (6g_33 = —0.003, f34_55 =
-0.006, b56-gg = —0.010) increased with each group of increasing age. Second, we showed
the interactions by computing the predicted regression in amygdala rsFC vs. anxiety for
each unit increase in age (Fig. 5). Thus, for the R/L thalamus cluster identified in women,
for 1 unit increase in age, the positive slope of amygdala- R/L thalamus rsFC vs. anxiety
increased by 0.00011 and 0.00012, respectively. Likewise, for 1 unit increase in age, the
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negative slope of amygdala-L lingual gyrus/calcarine cortex rsFC vs. anxiety increased by
0.00012 and the slope of amygdala-bilateral caudate rsFC vs. anxiety increased by 0.00014.
The regression plots for all clusters are shown in Supplementary Fig. S4.

4. Discussion

Women compared to men reported higher levels of anxiety, consistent with the literature
(Albert, 2015; Domes et al., 2010; Farhane-Medina et al., 2022; Hallers-Haalboom et al.,
2020; Kelly et al., 2008; Kogler et al., 2015; Wu et al., 2016b). Also consistent with previous
reports of age-related positivity in affect (Carstensen et al., 2011; Charles et al., 2003;
Mather, 2003; Reed et al., 2014) and reduction in anxiety (Machado et al., 2019; Rutter

et al., 2019), age was correlated negatively with anxiety, both in men and women equally.
The latter findings add to literature by showing that, although women tend to be more
anxious than men, age-related decline in anxiety is consistent across sexes. In the below, we
highlighted anxiety- and age-related changes in amygdala rsFC and sex differences in these
changes. As anxiety represents the primary symptom (Knowles and Olatunji, 2020) and
increases the risk of anxiety disorders (Weger and Sandi, 2018), we discussed our findings
with reference to anxiety disorders, wherever appropriate.

4.1. Validation of amygdala rsFC

In accord with earlier studies (Roy et al., 2009; Xiao et al., 2018), we showed that, at

rest, the amygdala showed positive connectivities with the mid-cingulate cortex, medial
orbitofrontal cortex (OFC), inferior frontal cortex, middle/inferior temporal cortex, insula,
pre-/post-central gyri, as well as subcortical areas, including the lentiform nucleus and
thalamus, and negative connectivities with middle/lateral frontal cortical regions, lateral
OFC, posterior parietal areas, posterior cingulate cortex, precuneus, and occipital cortex.

4.2. Anxiety and amygdala rsFC

Adjusting for age, we showed significant negative associations of anxiety and amygdala
rsFC with the middle temporal/occipital gyri in all participants and in men. In women,
amygdala rsFC with thalamus/pallidum, angular/supramarginal gyri (AG/SMG), inferior
temporal gyrus (ITG), and posterior insula correlated positively and rsFC with calcarine
cortex/lingual gyrus and caudate correlated negatively with anxiety. Further, the latter
correlations significantly differed between men and women in slope tests. Thus, women
with higher anxiety showed amygdala hyperconnectivity with the subregions of the DMN
and salience network (SN) and altered connectivity with subcortical and temporo-occipital
regions.

The thalamus integrates inputs from the cortex, hypothalamus, and brain stem, and projects
to the amygdala, nucleus accumbens, and bed nucleus stria terminalis, to support emotional
behaviors, such as defensive responses (Kirouac, 2021), fear formation and learning (Lee
and Shin, 2016). The pallidum controls both approach and avoidance behaviors (Ipser

et al., 2013). Animal studies implicated the amygdala-pallidum circuit in fear learning
(Giovanniello et al., 2020). In humans, individuals with high trait anxiety frequently
appraised situations as threatening (Elwood et al., 2012) and demonstrated faster fear
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acquisition (Wong and Lovibond, 2018) and impaired extinction (Soeter and Kindt, 2013).
In people with social anxiety disorder (SAD), the thalamus showed higher rsFC with the
temporal lobe, including the amygdala, relative to healthy controls (Zhang et al., 2022).
People with SAD showed hyperactivated globus pallidus, amygdala, and parahippocampus
during facial emotion processing (Binelli et al., 2014). In response to fear-eliciting stimuli,
individuals with phobic disorders showed higher activations in the thalamus, globus pallidus,
amygdala, and insula (Ipser et al., 2013).

Here, we not only demonstrated higher amygdala-thalamus/pallidum rsFC in link with
anxiety, broadly consistent with the literature, but also highlighted sex differences, with
women but not men showing a positive correlation of the rsFCs with anxiety. Another
subcortical cluster with anxiety-associated hypoconnectivity with amygdala in women, but
not in men, was identified in the caudate. The caudate nucleus receives inputs from frontal
lobe and projects to amygdala, hippocampus, thalamus, and pallidum (Driscoll et al., 2023;
Robinson et al., 2012), and caudate connectivity with amygdala supports emotion/reward
processing and motivated behaviors (Liu et al., 2011; Robinson et al., 2012). Anxiety is
often observed in patients with caudate lesions (Caplan et al., 1990; Mendez et al., 1989).
Thus, amygdala-caudate hypoconnectivity may suggest impaired emotion processing and
regulation in highly anxious individuals, particularly women. In support, men and women
showed differences in caudate recruitment during emotional tasks as well as during rest.

In a meta-analysis women exhibited greater caudate activations than men during negative
emotion processing (Stevens and Hamann, 2012). On the other hand, caudate responses

to emotional pictures correlated with subjective arousal rating more strongly in men than
in women (Moriguchi et al., 2014). Caudate responses to emotional scenes correlated

with recognition memory in men but not in women (Canli et al., 2002). During rest,
amygdala-caudate rsFC correlated positively with cortisol levels in men but negatively

in women (Kogler et al., 2016). Thus, anxiety in women appears be characterized by
opposing subcortical amygdala connectivities, with caudate hypoconnectivity in link with
reduced emotion regulation and thalamus/pallidum hyperconnectivity with heightened threat
response. The pathophysiological pathways of the sex differences remain to be clarified.

Altered amygdala-DMN/SN connectivity are noted in individuals with higher levels of
anxiety and anxiety disorders (Brandl et al., 2022; Du et al., 2021; Nanni-Zepeda et

al., 2022; Wang et al., 2021b; Xu et al., 2019). We observed that amygdala rsFC with

the AG/SMG correlated positively with trait anxiety in women but not in men, broadly
consistent with a recent meta-analysis that noted limbic network hyperconnectivity with the
AG/SMG in anxiety disorders (Brandl et al., 2022). As part of the DMN, AG/SMG supports
self-referential thoughts (lonta et al., 2011; Seghier, 2013) and the hyperconnectivity with
amygdala may indicate emotionally, possibly negatively biased, self-referential processes,

a trait often noted along with anxiety (Tracy et al., 2021). Further, women vs. men
demonstrated stronger activations of the right AG during exposure to stress (Kogler et al.,
2015), broadly consistent with the present observation of women being more sensitive to
amygdala-AG/SMG rsFC changes in anxiety. Within the SN, we observed greater amygdala-
insula rsFC in correlation with higher anxiety score, as reported in patients with generalized
anxiety disorders (Kolesar et al., 2019). A meta-analysis of task-based studies of affective,
cognitive, social processing noted hypoactive insula across anxiety disorders (Janiri et al.,

J Affect Disord Rep. Author manuscript; available in PMC 2023 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhary et al.

Page 10

2020). Earlier studies associated insula response with exposure to emotional scenes and
with recognition memory in women only (Canli et al., 2002) and higher insula activity
during autobiographical memory recall in women, relative to men (Young et al., 2013).
The current results are broadly consistent with these findings and others of higher stress
responses in the insula in women vs. men (Goldfarb et al., 2019; Whittle et al., 2011). Of
note, investigators reported a shift in activity from the DMN to SN, with DMN intra-/inter-
network connectivity decreasing and SN connectivity increasing, during stress exposure,
implying a reduction in self-related processing and augmented attention to stress (Zhang et
al., 2019). Here, we observed heightened anxiety-linked amygdala connectivity both with
DMN and SN regions during rest, likely suggesting a more entrenched state of stress (Lanius
etal., 2020).

Within the temporo-occipital network, we observed hyper- (ITG) and hypo- (occipital lobe)
connectivity with amygdala, mainly in women. The ITG represents an end node of the
ventral visual pathway processing objects, faces, and scenes (Conway, 2018). Reciprocally
connected with the amygdala and OFC (lidaka et al., 2001), the ITG responds to processing,
including regulation and memory, of negative emotional stimuli (Lin et al., 2020; Min et
al., 2022). A study associated the severity of anxiety with higher spontaneous activity, as
reflected in the amplitude of low-frequency fluctuations, of the ITG (Li et al., 2019b).
Considering sex differences, earlier studies have noted higher ITG activation in women

than men during various emotion tasks (Whittle et al., 2011). In contrast, ITG activation
during emotional scene processing correlated with recognition performance in men but

not in women (Canli et al., 2002). Another study noted higher ITG activation in men

vs. women during negative emotion regulation (Domes et al., 2010). Thus, as a higher-
order visual area, the roles of the ITG in processing emotional stimuli appear to vary

with both sex and behavioral task. Studies on emotion processing and trait anxiety have
implicated the occipital cortex in anticipatory anxiety, face recognition, sensitivity to fearful
stimuli, and self-regulation (Lai, 2019). A core symptom of anticipatory anxiety, worry was
associated with lower regional blood flow (Hoehn-Saric et al., 2005) and with activity of
the occipital cortex in individuals high on neuroticism, perhaps as a coping mechanism to
reduce negative emational imagery during worry (Servaas et al., 2014). Thus, resting-state
amygdala-occipital cortical hypoconnectivity may reflect a mechanism to avoid negative
emotions in individuals with high anxiety. Previous studies also noted sex differences in
visual cortical activities both during task challenges and rest, including higher lingual gyrus
activation in men vs. women during negative emotion regulation (Domes et al., 2010).

Men relative to women showed higher and lower occipital cortical activations, respectively,
each during exposure to positive and negative emotional stimuli that were equally arousing
(Whittle et al., 2011). Further, during rest, women vs. men showed weaker occipital cortical
connectivity (Weis et al., 2020). In dynamic resting connectivity, females mainly engaged
the occipital/sensory-motor and dorsal attention networks, while males engaged the salience
network (Murray et al., 2021). Although not directly comparable with these previous reports,
the current findings highlight sex differences of neural markers of trait anxiety.
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4.3. Age and amygdala rsFC

Men and women differed in age-related changes in amygdala rsFC. Most importantly,
stronger amygdala-PCC/precuneus and weaker amygdala-pINS/STG/TPJ/SMC rsFCs were
associated with older age, and these age-related differences were more prominent in women
than in men. PCC/precuneus is part of the default mode network (DMN) and negatively
connected with the amygdala (note that other DMN regions, e.g., medial OFC, are positively
connected with the amygdala, suggesting heterogeneity of DMN regional connectivities
with the amygdala; see Fig. 1). Thus, age is associated with less negative amygdala PCC/
precuneus connectivity. Previous studies noted age-related decline in DMN connectivity
(Jockwitz and Caspers, 2021), with some highlighting a more complex pattern of changes
(Ferreira et al., 2016; Staffaroni et al., 2018). For instance, Staffaroni et al. reported DMN
connectivity increasing from age 50, plateauing at 70, and unergoinog a rapid decline
afterwards (Staffaroni et al., 2018). Another work emphasized ubiquitous elevation in
positive inter-network correlations and losses of focal inter-network (inlcuding the DMN)
anti-correlations during aging (Ferreira et al., 2016). Other studies noted age-related decline
in the connectivities of the salience network, involving the amygdala, insula, and TPJ (He
et al., 2014; Onoda et al., 2012). In accord, we observed that the positive rsFC of the
amygdala with pINS/STG/TPJ/SMC diminished with age. Thus, the age-related changes
observed for amygdala intrinsic connectivity are largely consistent with these literure, with
sex differences highlighted here for the changes.

4.4. The interacting effects of age and anxiety on amygdala rsFC

We observed significant interacting effects of age and anxiety on amygdala connectivity in
women but not in men or in the full sample. We noted a positive interaction between age
and trait anxiety in the effects on amaygdala rsFC with the thalamus/pallidum and negative
interaction in the effects on rsFC with the lingual gyrus/calcarine cortex and caudate nuleus.
Trait anxiety is positively correlated with higher amygdala rsFC with the thalamus and
pallidum; thus, older age renders the correlation even more positive. Conversely, anxiety

is negatively correlated with amygdala rsFC with the lingual gyrus/calcarine cortex and
caudate nuleus, and older age renders the negative correlation even more negative. To our
knowedge, these are the first findings to show the interacting effects of age and anxiety

on amygdala rsFCs. Of note, extant literature did show age- and anxiety-related differences
in amygdala rsFC, though most examined selected regions of interest and none directly
characterized their interacting effects. For instance, in adults 18 to 83 years of age, amygdala
rsFC with the dorsal attention network correlated positively and negatively with age and
anxiety, respectively, whereas amygdala rsFC with the ventral attention network increased
with both age and anxiety (He et al., 2016). In older vs. younger adults, greater heart

rate variability — a physiological marker of efficient emotion regulation — was associated
with reduced amygdala-ventrolateral PFC connectivity (Sakaki et al., 2016). During threat
appraisal, amygdala-ventromedial PFC showed more negative and positive coupling each in
anxious youth and adults (Gold et al., 2016).

Here, we showed how age may affect the inter-relationship between anxiety and amygdala
connectivity over a life span from 18 to 88 years. Importantly, these interacting effects
were observed only for women, suggesting sex-specific mechanisms of the neural processes
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of anxiety as one ages. Age is known to affect emotional states, including anxiety and
depression, differently between women and men (Moulinet et al., 2022; Shi et al., 2021).

In a population study of 2500 participants (mean age = 49.9 + 18.5 years, 54.6% women),
women were twice as likely to have anxiety disorders than men; however, the incidence of
anxiety disorders between 14 and 19 years as well as after menopause (and corresponding
age in men) did not differ between men and women, suggesting the importance of age and
potentially age-related hormonal changes on affective functioning (Faravelli et al., 2013).
Along with this literature, the current findings suggest potentially sex-specific age effects on
emotional function and dysfunction that may manifest in link with amygdala connectivities.
These findings may help research of therapeutics, e.g., brain stimulation, to target the
sex-specific cirucits in the management of anxiety and of animal models to examine the
sex-specific neurobiology of anxiety.

4.5. Limitations and conclusion

A few limitations should be considered. First, we did not examine the connectivity

of amygdala sub-regions that may involve distinct connectivities. Second, rsFCs reflect
functional organization of the amygdala; however, task-based studies, particularly those
with exposure to emotional stimuli and reguation of emotions, are needed to fully reveal

the inter-relationship between age, anxiety, and amygdala connectivities. Third, anxiety is
comorbid with many other psychiatric symptoms, including depression. More studies are
needed to distigunish the effects of age on amygdala and limbic circuit connectivities in
anxiety vs. depression and sex differences in these effects. Finally, although obtained of a
relatively large sample with roughly equal numbers of men and women, the current findings
need to be validated in an independent sample. Further, it remains to be seen whether or how
the current findings can be extended to clinical populations with anxiety disorders.

To conclude, the study demonstrates sex differences in trait anxiety and age correlates

of intrinsic amygdala connectivity, including those with the thalamus/pallidum, angular/
supramarginal gyri, inferior temporal gyrus, posterior insula, calcarine cortex/lingual gyrus
and caudate in association with anxiety, and posterior cingulate cortex/precuneus and insula/
temporo-parietal cortex in association with age. The associations were stronger in women
than in men and may represent neural markers of sex differences in emotional reactivity

and regulation and potentially in the pathophysiological processes of anxiety disorders.

Age moderated the association of amygdala rsFC with anxiety in women but not in men,
suggesting sex-specific neural processes that may be altered in the development of anxiety
disorders across the lifespan.
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Fig. 1.
Whole-brain rsFC of bilateral amygdala in (A) all, (B) men, and (C) women — one-sample

ttest evaluated at 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.
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(A) Trait regression in all
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(B) Trait regression in men

Fig. 2.
Whole-brain STAI-trait correlates of bilateral amygdala resting state functional connectivity

in (A) all, (B) men, and (C) women, at voxel p< 0.001 uncorrected and with ‘age’ as a
covariate. Clusters with positive and negative correlation are shown in warm and cool color,
respectively. Color bar shows T-value of voxels. Neurological orientation: right=right.
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(A) Age regression in all

(C) Age regression in women
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Fig. 3.
Whole-brain age correlates of bilateral amygdala resting state functional connectivity in (A)

All, (B) Men and (C) Women at p < 0.001 uncorrected voxel threshold with “trait’ as a
covariate. Clusters with positive and negative correlation are shown in warm and cool color,
respectively. Color bar shows T-value of voxels. Neurological orientation: right=right.
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(B) AMG- ITh/Pal rsFC

Age
56-88
34-55
18-33

20 30 40 50 60

Trait anxiety score

(D) AMG - r/ICd rsFC

70

20 30 40 50 60

Trait anxiety score

Scatterplot of amygdala (AMG) resting state functional connectivity (rsFC) vs. anxiety score
in women for age groups 18-33 years (1= 26), 34-55 years (= 27) and 56-88 years
(n=30). The clusters showing significant age x anxiety interaction in amygdala rsFC
included (A) right thalamus (rTh), (B) left thalamus/pallidum (ITh/Pal), (C) left lingual
gyrus/calcarine cortex (ILG/Cal), and (D) bilateral caudate (r/ICd). The slope of positive (A
& B) and negative (C & D) correlations between amygdala rsFCs and trait anxiety were

steeper with increasing age.
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(B) AMG- ITh/Pal rsFC
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(D) AMG - r/ICd rsFC
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Regression of predicted amygdala rsFCs against trait anxiety score with 10 unit increases

in years of age, depicting significant interactive effects of age and trait anxiety score on
amygdala rsFC with the (A) right thalamus (rTh), (B) left thalamus/pallidum (ITh/Pal), (C)
left lingual gyrus/calcarine cortex (ILG/Cal), and (D) bilateral caudate (r/ICd) in women. For
each 10 years increase in age, the positive regression slope of amygdala rsFC on trait anxiety
increased by 0.0011 and 0.0012 for the rTh and ITh/Pal, respectively; and the negative slope
became more negative by 0.0012 and 0.0014 in ILG/Cal and r/ICd, respectively. The linear
predictions of amygdala rsFCs were calculated using the regression equation: p (amygdala
rsFC) = by x age + b x anxiety + b3 x age x anxiety.
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Whole-brain STAI-trait correlates of bilateral amygdala rsFC in all, men and women.

Table 1

Cluster size(k) x y z Z value Region
All
Trait positive
Ns
Trait negative
336 60 —54 8 4.89 R MTG/Occipital gyrus *
43 -74 8 4.02
50 -46 23 3.80
Men
Trait positive
ns
Trait negative
179 58 -49 6 490 RMTG*
55 -64 11 3.77
Women
Trait positive
71 -48 -11 -25 459 LITG
-43 -11 -17 3.73
-45 -4 -32 351
89 40 -56 56 437 R AG/SMG
50 -49 56 3.97
131 8 -4 6 4.34 R Thalamus
18 -16 -15 4.15
15 -11 -5 3.37
97 33 -26 3 4.34 R pIC
28 -16 16  4.00
15 -16 26 3.41
182 -10 -9 6 4.31 L Thalamus/pallidum
-33 -6 -15 4.03
-25 -9 -10 4.01
Trait negative
195 -5 -79 1 4.83 L Lingual gyrus/calcarine
-8 -69 -5 4.46 cortex
-20 -64 6 3.67
185 3 19 8 4.65 L/R Caudate ™
3 17 1 4.56
13 27 3 425

Note: cluster p < 0.05 FWE-corrected and with age as a covariate;
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*
voxel non-parametric p < 0.05 FWE-corrected; R: right, L: left, MTG: middle temporal gyrus, ITG: inferior temporal gyrus, AG: angular gyrus,
SMG: supramarginal gyrus, pIC: posterior insular cortex.
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Slope tests of STAI trait correlates in men vs. women with age as a covariate.

Table 2

Trait correlated clusters  Correlationinmen  Correlation in women  Slopetest

(r, p-value) (r, p-value) (t-, p-value)
RMTG -0.46, <0.001 -0.22, 0.044 1.08, 0.283
LITG -0.14,0.131 0.52, <0.001 4.99, <0.001%
R AG/ISMG -0.08, 0.409 0.60, <0.001 4.78,<0.001*
R Thalamus -0.15, 0.101 0.55, <0.001 5.02, <0.001 ™
RpIC -0.12, 0.215 0.62, <0.001 5.35, <0.001*
L Thalamus/pallidum 0.02,0.794 -0.51, <0.001 -3.87,<0.001~
L Lingual G/CAL -0.004, 0.952 -0.56, <0.001 —4.23, <0.001%
L/R Caudate 0.02, 0.819 -0.47,<0.001 -3.65, <0.001*

Note:

*
0<0.001;
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R: right, L: left, MTG: middle temporal gyrus, ITG: inferior temporal gyrus, AG: angular gyrus, SMG: supramarginal gyrus, pIC: posterior insular

cortex, CAL: calcarine cortex.
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Table 3

Whole-brain age correlates of amygdala rsFC in all, men, and women.

Cluster (k) X y z Z-value Region
All
Age positive
713 0 —44 43 5.35 R/L PCC/Precuneus ™
3 -41 36 511
-5 -36 28 4.35
133 -45 24 38 4.58 L MFG
-35 12 36 3.90
-43 14 38 3.34
Age negative
1063 45 -9 8 5.64 R pINS/SMC/STG/TPJ/
60 9 3 55 sMG*
63 -21 18 510
1501 -58 -39 26  5.62 L pINS/SMC/STG/TPJ/
-58 7 -5 554 SMG*
-63 -21 13 533
130 20 -4 -15 553 L AMG/Hippocampus *
-8 -1 -7 3.52
-20 -24 -15 351
179 0 -6 43 486 RIL MCC*
-3 7 36 399
0 14 31 3.95
Men
Age positive
Ns
Age negative
281 58 -64 11 512 R MTG/STG*
63 -46 13 476
60 -56 8 4.74
171 -58 -59 11 424 L MTG/STG
-48 -41 11 3.82
-60 -49 18 3.73
Women
Age positive
395 3 -4 33 538 R/L PCC/Precuneus ™
-5 -44 28 4.95
3 -34 23 4.64
104 -48 -56 36 421 L AG/SMG
-43 -61 41 3.88
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Cluster (k) X y z Z-value Region
105 -20 27 58 4.06 L MFG/SFG
-30 19 58 4.06
-15 17 58 3.29
Age negative
553 48 -9 8 516 R pINS/SMC/STG/TPI ™
70 -29 16 4.99
58 12 8 457
975 -48 -9 6 5.03 L pINS/SMC/STG/TPJ/
-58 4 3 493 sme*
-58 -36 23 484

Note: cluster p< 0.05 FWE-corrected and with STAI-trait as a covariate;

*
voxel non-parametric p < 0.05 FWE-corrected; PCC: posterior cingulate cortex, MFG: middle frontal gyrus, pINS: posterior insula, SMC:
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sensorimotor cortex, STG: superior temporal gyrus, TPJ: temporoparietal junction, SMG: supramarginal gyrus, AMG: amygdala, vCN: ventral

caudate nucleus, MCC: middle cingulate cortex, MTG: middle temporal gyrus, SFG: superior frontal gyrus.
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Slope tests of age correlates in men vs. women with trait anxiety as a covariate.

Table 4

Agecorrelates Men Women Slopetest
(r, p-value) (r, p-value) (t-, p-value)
R MTG/STG -0.51,<0.001 -0.05,0632 571 (028"
L MTG/STG -0.44,<0.001 -0.06, 0.586 1.66, 0.098
R/L PCC/Precuneus 0.19,0.042  057,<0.001  3gg <0.001**
L AGISMG 0.06,0484  043,<0.001 300 0.003*
L MFG/SFG 012,0211  047,<0.001  33g 0001*
R pINS/SMC/STG/TPJ -0.28,0.002  -0.62,<0.001 _411 <g.001™*
L pINS/SMC/STG/TPYSMG ~ -0.29,0.002  -0.64,<0.001  _g 05 <0.001**

*
p<0.05,

Hk
p<0.001;
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PCC: posterior cingulate cortex, MFG: middle frontal gyrus, pINS: posterior insula, SMC: sensorimotor cortex, STG: superior temporal gyrus,
TPJ: temporoparietal junction, SMG: supramarginal gyrus, AMG: amygdala, vVCN: ventral caudate nucleus, MCC: middle cingulate cortex, MTG:
middle temporal gyrus, SFG: superior frontal gyrus.
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