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Abstract

Background: The amygdala is an anatomically complex mediaip@ral brain structure
whose subregions are considered to serve distimgitibns. However, their precise role in

mediating human aversive experience remains iletstdod.

Methods: We used functional MRI in 39 healthy volunteerdhwwvarying levels of trait
anxiety to assess distinct contributions of theolzdsral (BLA) and centromedial amygdala
(CMA) to anticipation and experience of aversiveergg. Additionally, we examined the
relationship between any identified functional fudisalisation and measures of subjective

reported aversion and trait anxiety.

Results: Our results show that the CMA is responsive tasive outcomes, but insensitive
to predictive aversive cues. In contrast, the Blokazles an aversive prediction error that
guantifies whether cues and outcomes are worse g¢kpected. A neural representation
within the BLA for distinct threat levels was mireal in self-reported subjective anxiety
across individuals. Furthermore, trait-anxious wndtlials were characterised by
indiscriminately heightened BLA activity in respent® aversive cues, irrespective of actual

threat level.

Conclusions: Our results demonstrate that amygdala subregiomdiatinctly engaged in
processing of aversive experience, with elevated amdifferentiated BLA responses to

threat emerging as a potential neurobiological atediof vulnerability to anxiety disorders.



I ntroduction

Fear and anxiety are adaptive responses to demaihdveryday life, such as
environmental threat. When these aversive respoaisegxaggerated, they may lead to a
range of anxiety disorders (1). However, it remainslear why human subjects differ so
strikingly in their subjective response to objeetyw similar threats, and in turn in the
expression of anxiety traits (2).

The amygdala is a key structure for processing sax@rexperience and negative
emotional information (3, 4). Previous research haghlighted its relevance for threat
processing, ascribing to it a role in the genediglisorders that encompass the anxiety
spectrum (5, 6). The amygdala is anatomically loggemeous, with distinct subregions
assumed to serve different functional roles (7)le@ast two major functional subregions can
be identified, the basolateral (BLA) and centrommé(fCMA) amygdala (8, 9).

Despite substantial evidence derived from non-huar@mal experiments (10) and
human anatomical studies (11, 12), little is knawgarding a functional subspecialisation
within human amygdala nuclei (13). Recent neuroimgagtudies suggest that CMA and
BLA might have distinct functional roles in humamsimarily in the context of associative
learning (14, 15), threat prioritisation (16), asatial functioning (17, 18).

However, how human amygdala subregions processsiggerevents, and how
expectations about these events modulate thesgdnscremains unknown. Moreover, due
to the fact that subjective experience cannot Isesaed in non-human animal models, it
remains elusive how amygdala subregions mediatanaformation from objective threat to
subjective aversion. Thus, the goal of our studys wao-fold: Firstly, we combined
functional MRI with a novel Pavlovian conditionimgaradigm to probe the exact roles of

BLA and CMA in threat processing, i.e., aversivgp@station. Secondly, we assessed how



both interindividual and trial-by-trial variabilityn aversive signals in the amygdala relate to
both subjective and trait anxiety. Given its subB& sensory afferent information and
implication in threat processing in non-human angnae hypothesized BLA, but not CMA,
to encode threat expectations (19, 20). Moreovercanjectured such a neural signature of
threat within BLA to be related to interindividualifferences in anxiety traits (21).
Ultimately, due its role as the major amygdala atitpentre and in the generation of
responses to acute stressors such as pain (22@4ssumed CMA activity in response to

aversive events to be reflected in subjective fspafraversion.

Methods and Materials

Participants

42 healthy, right-handed volunteers (screened rfeurological and psychiatric
conditions, including anxiety disorders and phopiparticipated in this experiment and
received monetary compensation for their time (£30). Participants were recruited along
usual guidelines from an online subject pool atvdrsity College London (UCL), but not
through courses or lectures given by the authoasa B'om three subjects were excluded due
to equipment failure involving electrical stimulati during scanning, leaving 39 participants
for all subsequent behavioural and neural analysesn age: 25.0; range 18-39 years; 22
females). The experimental protocol was approved by UCL neteathics committee,

informed consent was obtained from all participants

Trait anxiety
To measure trait anxiety, subjects filled out thgiefberger State-Trait Anxiety

Inventory (STAI) trait subscale after the scan,eH-seport questionnaire of high internal



consistency (Cronbach's alpha in present sampi@.92) that is commonly used to measure
anxiety in clinical and non-clinical samples (2%).2The score ranges between 20 and 80,

with higher scores indicating greater trait anxiety

Experimental task

We aimed to characterise how participants antieigatd process aversive events
(painful electric shocks to the hand), and how aksignals in response to threat relate to
subjective experience and trait anxiety. To thid,eme designed a novel task consisting of
180 trials, divided into four blocks of 45 trialaah.

On each trial, subjects were presented with a abfian insect, either a mosquito or
a bug, shown next to the back of an image of a Hand000ms. Each insect signalled a
specific probability of receiving an electrical showith one insecthjgh probability cue, 90
trials) followed by a shock on 70% of trials (63sks) and by no shock 30% of trials, and
the other insectidw probability cue, 90 trials) followed by a shock 8d% (27 shocks), and
no shock on 70% of trials (insects were counterzad across subjects). Note that cues were
perfectly matched with respect to their uncertaifglpsolute deviation from probability of
shock equal to 50%), differing solely in objectpredictiveness of shock receipt.

To avoid any influence arising out of learning, jggbs were familiarised with shock
probability attributed to each stimulus in a pressung training and explicitly informed that
probabilities remained fixed throughout the enyiref training and experiment. Outcome
onset was indicated by appearance of a red doatjdar 1500ms), either displayed next to
the hand (indicating no shock) or superimposed lm hand (indicating shock, shock
duration: 100ms). If the red dot was displayedhantand, shocks were applied simultaneous

in time to its appearance.



After a jittered fixation cross (mean: 3000ms;farmly distributed between 1500-
4500ms), subjects were asked to rate their antmipanxiety using a slider (*How anxious
did you feel while the insect was present?”). Inb@otly, subjects were instructed and
previously trained to recall the subjective statelihgs elicited by predictive cue
presentation, ignoring the actual outcome of eaigh. tRatings were given without time
restrictions by moving a cursor (always startinghat midpoint) along a scale that spanned
“not anxious” on the extreme left through to “vempxious” on the extreme right. After
another jittered fixation (mean: 3000ms; range:eMO0mMSs), the appearance of hand and
insect indicated beginning of the next trial.

On average, one block lasted 11min, with minoratem between subjects depending
on times for self-paced anxiety ratings. Betwearthkd, subjects were allowed a break, and
we repeated a short pain titration procedure (st@nbfor details). Overall, the task in the

scanner lasted on average 55min.

Electrical stimulation

Participants underwent an individually tailorednpitration procedure (27, 28) with a
Digitimer DS7a electric stimulator (Welwyn GardeityC UK) that can produce stimulator
output as high as 100mA. An electrode was placetherack of the subject’s left hand and
titration began with a low-current electric sho®kl(mA), where subjects were asked to rate
its painfulness on a visual 21-point scale (rangirgn O='not unpleasant’ to 5=‘quite
unpleasant’ to 10=‘extremely unpleasant and unldslla For each subsequent shock,
intensity was increased in small increments withjett’'s approval. This procedure was
repeated until subjective ratings of pain reachefiv@ry unpleasant but bearable’). This
intensity was used for the first block of the expent. To avoid excessive habituation to

stimulation, and excessive pain due to increasetksisensitivity over the course of the



experiment, a short titration procedure was repeat¢hin the scanner before each of the
four experimental blocks. Hence, perceived subjectexperience was kept constant
throughout the experiment. Mean shock intensitypsgrsubjects was 2.3mA £ 1.3 (range
0.5-6.7), and there was no relationship betweesamantensity and trait anxiety (r=-0.094,

p=0.569).

Pre-scanning training

Subjects performed two practice blocks (20 trieésh) outside the scanner. This
ensured they had learned the two levels of shoakatility and familiarized themselves with
the task structure. Importantly, subjects were rmied beforehand that one of the insects
would be associated with a high and the other witbw chance of predicting an upcoming
shock.

Whilst the first block familiarized subjects withtirauli and associated shock
probabilities, i.e., without provision of subjedivatings, the second block was the same as in
the scanner, including subjective ratings. Analydithe second training block indicated that
subjects had learned to dissociate the two threeduk before entering the scanner, as
indicated by a strong difference in anxiety ratinfgs high versus low threat stimuli

(Supplementary Fig. 1).

fMRI data acquisition and preprocessing

T2*-weighted echo-planar imaging (EPl) MRI dataswacquired using a Siemens
Trio 3T scanner, using a 32-channel head coil. Weded whole-brain data, 42 slices with
3mm isotropic voxels; repetition time (TR): 2.94x5ho time (TE): 30ms; slice tilt: —30°
(T>C) relative to scanner axis; Z-shim -0.4. Theggence is designed for optimal sensitivity

and reduced susceptibility-induced signal dropaartigularly in temporal regions such as



amygdala (29). To account for T1-saturation effetite first six volumes of each session
were discarded. Additionally, whole-brain field nsa@@mm isotropic, 10ms/12.46ms TE for
short/long respectively, 37ms total EPI readoutetimphase-encode blip polarity —1) were
acquired to correct EPIs for field strength inhomogity. All fMRI analyses were performed

using default settings within SPM12 (Wellcome Centior Human Neuroimaging;

www.fil.ion.ucl.ac.uk). EPIs were realigned and @mnped using the field maps, subsequently
co-registered to subject-specific anatomical imames normalised to MNI-space, using the
1.5mm MNI152 atlas implemented in SPM12. Finallgrmalized EPIs were smoothed with
a 6mm FWHM-kernel to satisfy smoothness assumptdrstatistical correction algorithms.
To ascertain these results were robust, we conduatiglitional analyses using reduced

smoothing kernels (4.5mm, 3mm), which yielded samikesults (Supplementary Table 1).

Structural MRI data acquisition

Structural images were acquired using quantitatiutiparameter maps (MPMs) in a
3D multi-echo fast-low angle shot (FLASH) sequemdth 1-mm isotropic resolution (30).
Three different FLASH datasets were acquired: prmadantly MT weighting (TRd =
23.7ms/6°; excitation preceded by an off-resonaBeessian MT pulse of 4ms duration,
220° nominal flip angle, 2 kHz frequency offset)iofpn density weighting (PD; =
23.7ms/6°), and T1 weighting (18.7ms/20°). To iasee signal-to-noise ratio, signals of six
equidistant bipolar gradient echoes (echo timel2a.Zms) were averaged. Semiquantitative
MT maps were calculated using mean signal amplitadeé T1 maps (31), additionally

eliminating influence of B1 inhomogeneity and relaan effects (32).

Behavioural analysis



To assess what influenced subjects’ anxiety rafimge ran an ANOVA with factors
‘expectation’ (high/low) and ‘outcome’ (shock/noosk).

Additionally, we fitted a trial-by-trial linear ggession model. To predict anxiety
ratings on current trial T, we used (i) probabilibygh vs. low), (ii) outcome type (shock vs.
no shock), and (iii) interaction term, (iv) elapsethe between outcome offset and rating
onset, (v) rating time (from ratings onset to affsehilst also testing for influence of (iv &
V) outcome type of previous trials, i.e., trial Tatd T-2.

Behavioural analyses were conducted in Matlabs{@ar2016, The MathWorks) and

SPSS (version 25, IBM).

fMRI analysis

The main goal of our fMRI analysis was to chamasée how different amygdala
subregions respond to aversive states, i.e., pation and experience of negative outcomes.
In a General Linear Model (GLM), we entered twofefiént regressors at time of cue, for
high and low probability of upcoming shock, respesty. At time of outcome, we entered
four regressors, separating high expectation shdogh expectation no shock, low
expectation shock, and low expectation no shocldithahally, we entered four equivalent
regressors at time of subjective rating period bnke order to examine how amygdala
responses at the actual time of rating relate tijestive anxiety ratings on a trial-by-trial
basis, we used parametric modulators containiadyltgi-trial ratings for each regressor, i.e.,
each condition separately. Hence, we assesseckld@nship between amygdala activity
and subjective reports irrespective of the conditlat subjects were in.

Note that first-level regressors were modelledessnts, i.e., Osec duration, and
convolved with SPM’s canonical hemodynamic respohsegtion as in previous studies

assessing amygdala activity in event-related dss{gng., 15, 26, 33). We regressed out



movement-related variance using six head motioarpaters as assessed by the realignment
algorithm. Each run was modelled as separate sessi@account for offset differences in
signal intensity.

To assess activity in amygdala subregions we ugezhichitectonically demarcated
probabilistic maps, focusing specifically on centemlial (CMA; central and medial nuclei)
and basolateral (BLA; lateral, basolateral, basoatecdnd paralaminar nuclei) nuclear
groups (34). Masks were created via the SPM anatmolpox, i.e., cytoarchtectonically
defined by using maximum probability maps, représgnsummary maps of different
probabilistic cytoarchitectonic maps (34, 35). Quighe advantages of these maps is that
they allow the definition of a continuous volume # subregion without any overlap with
other subregions. Another advantage is that thegohare accords with existing fMRI studies
on human amygdala subspecialisation using simikthods (e.g., 15, 33, 36, 37). We refer
to this parcellation as CMA and BLA masks in thsules section (cf. Supplementary Fig. 2
for detailed visualisation of the masks).

To demonstrate the robustness of task-activatedgdaty responses without the
restrictions of a parcellation approach, we alsedus bilateral anatomical mask for the entire
amygdala from the WFU PickAtlas toolbox in SPM, idefl by using the Automated
Anatomical Labelling (AAL) atlas. We refer to thiedependent mask as ‘entire amygdala’ in
the results section. To correct for multiple congranrs, we used a family-wise error (FWE)
rate threshold of p<0.05, small volume correctedpi@defined bilateral regions of interest
(uncorrected height threshold p<0.001). Figurewluble-brain maps at the respective height
threshold are presented in Supplementary Fig. 6ditishally, we report activations
surviving at p<0.05 FWE-corrected for the wholeifréctivations are reported using X, y, z

coordinates in MNI-space.
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Results

Retrospective anxiety as function of actual threat and experienced outcomes

To assess how objective threat is transformed th& subjective experience of
anxiety, we asked subjects to report how anxioag télt during predictive cue presentation,
i.e., before outcomes were revealed. Importantly,pnobed subjects after outcome delivery
by specifically asking for a subjective judgemebhbuat feelings at cue presentation. As per
instruction, these self-reports should not be @ifited by actual outcomes. We ran an
ANOVA with factors ‘expectation’ (high/low) and ‘écome’ (shock/no shock). This
revealed significant main effects of ‘expectatiffi(1,38)=103.505, p<0.001] and ‘outcome’
[F(1,38)=24.430, p<0.001], with no interaction [38)=2.153, p=0.151]. An additional trial-
by-trial linear regression model confirmed thessuts whilst additionally showing no effect
of outcome history, elapsed time since outcome ipgceor time taken to report
(Supplementary Fig. 3). Importantly, a separatelyaig of the i and 29 half of the
experiment indicated that anxiety ratings were miadaly stable across halves
(Supplementary Fig. 1). Findings indicate anxiettings were strongly influenced by both
objective threat level, i.e., greater for high lesv expectation of upcoming shock, and biased
by experienced outcomes, i.e., greater for shockhesshock trials. Thus, subjects not only
dissociated between objectively different threakls at cue, but their subjective reports of

anxiety were distorted by a recent receipt of arsive outcome.
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Threat dissociation during aversive anticipation in BLA

To investigate how amygdala subregions respondedbjective threat we used a
voxel-based analysis, comparing cue-elicited respesignalling high vs. low probability of
upcoming shocks. The BLA showed a significant disstoon for threat levels, with a
significantly enhanced response to high compardovicshock probability cues (Fig. 2A; [29
3 -24], 1(38)=4.47, Rve=0.018 BLA, Rwe=0.028 entire amygdala). A control analysis using
a finite impulse response set showed a remarkatvijas result (Supplementary Figure 4),
confirming that BLA threat response was accuratetpdelled using a canonical
hemodynamic response function. We did not find ghobat level modulation in CMA (even
at an uncorrected height threshold of p<0.001)gesting a functional dissociation with only
BLA processing threat.

To formally assess a dissociation in responsivityoss subregions, we compared
mean activation at cue for both subregions. Fos #malysis, we extracted average beta
values across all voxels within bilateral anatormigasks. Arm-ANOVA, with factors
‘subregion’ (BLA/CMA), ‘expectation’ (high/low), stwed no effect of subregion
[F(1,38)=0.094, p=0.760], a statistical trend fapectation [F(1,38)=3.209, p=0.081], and a
trend-level interaction [F(1,38)=3.379, p=0.074pll6w-up t-tests showed BLA responses
were greater for high as compared to low probgbiif upcoming shock (t(38)=2.504,
p=0.017), whilst no such effect evident in CMA &)30.932, p=0.357; Fig. 2B). These
results suggest the BLA shows a modulation in respoacross threat levels during

anticipation of aversive outcomes.

Dissociableresponsein BLA and CMA to aver sive outcomes
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The amygdala represents aversive outcomes, and theponses are thought to be
modulated by expectation (15, 38). Thus, we askwd BLA and CMA respond to aversive
events and whether there was a modulation by eafi@ctrelated to these same events. We
first compared activity for shock versus no shoakcomes, irrespective of prior expectation.
A voxel-based analysis revealed significant actbratn the amygdala, with bilateral peaks
centred on CMA (Fig. 3A; [-20 -6 -12], t(38)=7.20 [6 -9 -12], 1(38)=7.07, f&e<0.001
CMA, Pwe<0.001 entire amygdala). Significant shock respsmgere also found in bilateral
BLA ([26 3 -21], t(38)=5.83, Rye<0.001 BLA; [-24 -2 -20], t(38)=4.79,R=0.007 BLA).
Extending this analysis to the whole brain, we tbameas encompassing a so-called ‘pain
matrix’ responding more to shocks than no shoclditmmms (Supplementary Fig. 5 & Table
3; including bilateral insula, adjacent somatosensortex, medial/anterior cingulate cortex,
periaqueductal gray, thalamus, and amygdala; p<®t@fe-brain FWE-corrected). To assess
whether head motion could account for neural shsignals, we assessed framewise
displacement (FD) during our task. Here, the comparof FD for shock vs. no shock period
showed no difference (1 volume post outcome onge0.581, 3 volumes: p=0.206, 5
volumes: p=0.400). Thus, head movements duringksbetvery did not account for these
findings.

Next, we assessed whether expectation modulatiedroe processing. We found an
expectation effect on BLA responses to outcomeg. (BB; [-26 -2 -30], t(38)=4.44,
Prwe=0.020 BLA, Rwe=0.016 entire amygdala), with greater activationléav versus high
expectation trials. Such an expectation-induceecgfivas not evident in CMA. This suggests
while both subregions respond to shock, the BLAalencodes an expectation of shock
outcomes.

To assess this functional dissociation more forynalle examined mean activation

for all four outcome types within bilateral anateali masks (Fig. 3C&D). A rm-ANOVA
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with factors ‘subregion’ (BLA/CMA), ‘expectation’hfgh/low), ‘outcome’ (shock/no shock)
showed an effect of subregion [F(1,38)=5.614, p2B]0and outcome [F(1,38)=24.652,
p<0.001], but no effect of expectation [F(1,38)82,1p=0.148]. We identified a significant
interaction between subregion and expectation 38)£10.082, p=0.003], and between
subregion and outcome [F(1,38)=43.206, p<0.001ktHRoc t-tests confirmed that whilst
both subregions responded significantly to shock ABt(38)=3.167, p=0.003; CMA:
t(38)=5.965, p<0.001; Fig 3E), this response wagsificantly greater in CMA than BLA
(t(38)=6.573, p<0.001). In contrast, BLA alone ahed expectation (BLA: t(38)=3.169,
p=0.003; CMA: t(38)=-0.144 p=0.886; Fig. 3E), inalied by a significant interaction
between subregion and expectation, reflecting decefgreater for BLA than CMA
(t(38)=3.175, p=0.003). There was no significante¢hway interaction [F(1,38)=0.003,
p=0.956], indicative of the two-way interactionpmesenting two separate effects.

Overall, the profile of BLA response fulfilled neigements for a signed aversive
prediction error (39), with enhanced response des Icompared to highly predicted aversive
events (1(38)=2.343, p=0.024), and an attenuatsporese for less as compared to a highly

predicted aversive event omission (t(38)=2.232,.@3D; Fig. 3D).

Amygdala activity and subjective aver sive experience

As highlighted above, retrospective reports of-eligited anxiety were influenced by
both objective threat level at cue and by outcofkes. 4A). Consequently, we asked how
amygdala activity in response to threat and aversitcomes related to reports of aversive
experience. Firstly, we examined whether the nedisdociation between threat levels in
BLA at cue related to a corresponding effect ofextation on self-reported anxiety. We
found that threat-related modulation of BLA acty{high vs. low objective probability of

upcoming shock) correlated with an equivalent diegmn of threat levels in subjective

14



reports (high vs. low objective probability of skopeak voxel activity; Fig. 4B; r=0.373,
p=0.020). Notably, this relationship remained digant when controlling for CMA activity
(r=0.357, p=0.028). However, there was no suchtiogiship for CMA activity alone
(r=0.113, p=0.491). This indicates that greateedhrelated modulation of BLA activity is
mirrored in a behavioural dissociation of threattioed subjective anxiety across
participants.

Next, we assessed whether shock effects at outemmabserved in both BLA and
CMA related to corresponding distorting outcomeeetf§ on retrospective anxiety reports.
We found no significant relationship (shock vs. sleock, peak voxel activity: CMA:
r=0.076, p=0.645; BLA: r=0.101, p=0.542), indicgtino systematic impact of amygdala
shock responses and subjective reports acrossipartis.

Finally, we tested whether amygdala responsdseaadtual time of rating, i.e., when
aversive experience was retrospectively construakded to how anxious subjects reported
to have felt. Importantly, we here used a sepgratametric modulator for each of the four
conditions at rating period onset. Thus, we reg@ssit main effects of cues and outcomes
so as to control for the known impact of expectatamd shock, assessing the relationship
between amygdala activity and subjective reporsspective of the condition that subjects
were in. CMA activity positively correlated with Ijective anxiety reports (Fig. 4C; [-23 -6 -
12], 1(38)=4.14, Rye=0.011 CMA, RPwe=0.032 entire amygdala). There was no such effect
in BLA. A rm-ANOVA with factors ‘subregion’ (BLA/CM\), ‘expectation’ (high/low),
‘outcome’ (shock/no shock) to confirm a functiorsalbspecialisation showed an effect of
subregion [F(1,38)=6.700, p=0.014] and a significaubregion outcome interaction
[F(1,38)=8.068, p=0.007]. Follow-up t-tests confaun a significant effect in CMA

(t(38)=2.232, p=0.032), but not BLA (t(38)=0.512700611, Supplementary Fig. 7).
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Moreover, the effect was significantly greater iM& than BLA (1(38)=2.588, p=0.014),
particularly after shock as compared to no shotkares (1(38)=2.841, p=0.007).

This suggests post-shock CMA activity when makiaggaspective anxiety reports,
i.e., after outcomes were revealed, biased theleeted subjective experience of previous

anticipatory aversive states.

Threat signalsin BLA relateto trait anxiety

Previous research has reported amygdala hypatgativhighly anxious individuals
across a range of experimental paradigms (40-4@\eder, the exact relationship between
amygdala responses to threat and trait anxiety irmmanclear. One hypothesis proposes
anxious individuals do not regulate amygdala respsrto variable levels of threat, thus
exhibiting indiscriminately heightened amygdala\atton (43-45).

To specifically test this hypothesis, we correlaeedBLA response that encoded
objectively different threat levels with trait aeky scores. We found that a greater neural
dissociation between cue-elicited BLA responsegh(hts. low probability of upcoming
shock, peak voxel activity) was significantly asated with lower trait anxiety (Fig. 5B; r=-
0.322, p=0.045). Notably, this relationship remdisggnificant when controlling for CMA
activity (r=-0.383, p=0.018). However, there was such relationship for CMA activity
alone (r=0.112, p=0.492). This finding supports todion that trait-anxious individuals are
characterized by a reduced discriminatory resptmsdéferent threat levels in the BLA.

An impaired threat modulation of BLA activity cousdise for two reasons. Anxious
individuals might fail to activate BLA in respongehighly threatening stimuli, or they might
display elevated BLA responses to any threatentimgutus, irrespective of its objective
threat level. To arbitrate between these explangtiave correlated a BLA response to

aversive cues irrespective of threat level (cokabacross higland low probability trials,
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peak voxel activity) with individual trait anxietgcores. We found a significant positive
correlation, i.e., a greater overall cue-elicitddABresponse was associated with greater trait
anxiety (Fig. 5A; r=0.328, p=0.041). Indeed, theras a positive relationship when testing
for low and high threat cues separately (Suppleargritig. 8). This is in keeping with the
idea that highly anxious individuals show heightenBLA activity for aversive cues
irrespective of their objective predictability. Bhsuggests trait anxiety is associated with an

elevated and undifferentiated threat response iA.BL

Sex differences

The human amygdala is thought to be a sexuallyogic area (46), and anxiety
disorders are more prevalent in women than men. (ffilis, we assessed potential sex
differences across our sample of female (n=22)maal@ (n=17) participants.

Importantly, our sample was matched with regar@égde (female: mean 24.5 + 5.3,
male: mean 25.6 + 5.4; p=0.532) and trait anxit#ynéle: mean 35.9 + 7.1, male: mean 34.6
+ 10.7; p=0.647). However, additional analyses (#ementary Fig. 9) showed that the
discrimination for high and low levels of threatBh A was significantly stronger in females
as compared to male participants (t(38)=2.696, @i®). Strikingly, this neural dissociation
between threat levels showed a highly significaetatronship to both subjective anxiety
reports during the task (r=0.552, p=0.008) and txakiety (r=-0.503, p=0.017) in females,
but not male participants (r=-0.082, p=0.753 & 29D, p=0.259). We found no such gender
differences for outcome processing or any otherpaymon of our main results.

This suggest that BLA responsivity to varying levelf threat was particularly

pronounced in female individuals, where greatesalig@ation between high and low levels of
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threat in BLA was related to greater threat-relades$ociation of cues in subjective ratings

and lower levels of trait anxiety.

Discussion

We show amygdala subregions, BLA and CMA, arertiliy engaged in processing
of aversive experience. Specifically, BLA is engadey aversive expectations, where a
dissociation across threat levels is mirrored Iporeed subjective anxiety. Importantly, BLA
activity relates to trait anxiety, with more anxsowsubjects showing elevated and
undifferentiated responses to threat, an effediquéarly pronounced in female individuals.
Conversely, CMA responds to aversive outcomesjsinsensitive to aversive cues or their
associated expectations.

In many human neuroimaging studies participantscardgronted with cues that vary
not only in predictability (probability of shockut also uncertainty (absolute deviation from
probability of shock equal to 50%) about upcomingraive events. For example, previous
studies often compared a partially reinforced averschedule to stimuli predicting complete
safety (e.g., 47-51). This type of design rendergifficult to disentangle effects of
predictiveness and uncertainty. Our task allowetbusontrol for uncertainty and in doing so
shows that amygdala subregions play distinct roleesponse to predictive stimuli. Most
striking here is the observation that BLA activstgales with increasing levels of threat.

The BLA is anatomically well-placed for processimgyironmental information about
potential threat as it receives dense connectimr the thalamus and sensory association
cortices (37, 52-54). Our findings complement poesi accounts of the role of the BLA in
learning about threat, demonstrating the BLA is am@nt in detecting variable threat and

predicting the occurrence of negative outcomes 12520).
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Activation in the amygdala to shock was primarilymalled in CMA, highlighting its
role in processing acutely imminent threat and {a&-24). However, in contrast to the
CMA, responses to aversive outcomes in the BLA wazlulated by expectation, with
enhanced activation for less predicted aversivatsvdhis accords with prior neuroimaging
studies showing unconditioned response diminutian, reduced responses for expected
versus unexpected aversive unconditioned stimuli,the human amygdala (55,56).
Importantly, the BLA also displayed a greater aigion in responsiveness for less predicted
shock omission. Thus, responses at outcome to dalsive events and omission of such
events in the BLA have the characteristics of aeigaversive prediction error (39). Such
aversive predictions errors are known to play aciefurole in learning from aversive
reinforcers such as pain (15, 57, 58). This find&xgends on previous studies which have
shown the expression of amygdala prediction erf@rs 59) by demonstrating an anatomical
specificity to this effect, an observation thainsccord with a similar finding in rodents (60,
61).

Consistent with prior evidence that the amygdalppsus interoceptive emotional
awareness (21, 62, 63), we found distinct relatioh8LA and CMA with subjective
experience. A greater neural dissociation withia BLA for threat levels was linked to a
threat-related dissociation in reported subjectiety across individuals. Intriguingly,
fluctuations in CMA activity at time of reportingese linked to subjective experience about
previous anxiety states on a trial-by-trial basisis indicates that retrospective reports about
past aversive states are subject to an influera@a fturrent representation of outcomes in
CMA. This finding aligns with the role of the CMAsathe major output centre of the
amygdala, in generating behavioural responsesuie atressors (22-24).

An elevated BLA response to aversive cues in highiyious individuals is consistent

with prior neuroimaging findings that suggest atiehship between anxiety and amygdala
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hyperactivity (64-68). Importantly, anxious subgahowed a lack of discrimination for
variable threat levels in BLA, despite aversive sieing highly predictive. Interestingly,
additional analyses showed that the associatiowdsst greater trait anxiety and blunted
threat discrimination in BLA was particularly pramtced in female individuals.

This finding demonstrates that trait-anxious indials display a failure to regulate
BLA activity adequately in response to objectivelyferent threat levels, supporting the
notion that anxiety is associated with elevated amndifferentiated amygdala activity,
potentially due to a failure to adequately moduitgeesponses to objective features of the
environment (43-45).

This link between a lack of discrimination of BLASponses and trait anxiety also
concurs with previous work suggesting trait-anxiondividuals do not accurately adjust
expectations to reflect changes in environmentatiogencies during aversive learning (69,
70). Such a failure to regulate BLA responses mighturn lead to an internal state of
uncertainty about threat despite objectively predile conditions, and to increases in anxiety
symptomatology (45, 71). Overall, our findings cdempent previous studies indicating
aberrant threat processing in amygdala putativigyipg a role in the onset, or maintenance

of anxiety-related disorders (67, 68, 72).

Limitations

Firstly, our study provides multiple layers of @snce for the involvement of BLA
but not CMA in responding to threat. However, imast to a strong dissociation between
subregions for outcome processing, the comparisgiwden subregions for aversive cues
only showed a statistical trend. Thus, an involvehogé CMA in processing of varying levels
of threat cannot be fully ruled out. A second latibn of our study is the limited size and

scope of the present sample. Although the obserlations between amygdala activity and

20



trait anxiety are consistent with prior work (43)4future studies are needed to assess the
reproducibility of these discoveries in larger sées(73, 74). Likewise, it will be fruitful to
examine whether these relations extend to indivgdwath more extreme levels of trait

anxiety and to patients meeting diagnostic critaraanxiety disorder (2).

Conclusion

In conclusion, we show a functional dissociatioithim the human amygdala in
relation to aversive processing. The CMA respomdsversive outcomes, while the BLA
represents aversive events and expectations ahose tevents. Moreover, BLA activity
scales with increasing levels of threat, with mamxious individuals showing poorer
discrimination across distinct threat levels. Oundiings provide insight into how human
amygdala subregions contribute to subjective apxhere an encoding of threat within

BLA emerges as a potential neurobiological mediatoamulnerability to anxiety disorders.
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Figurelegends

Figure 1. Experimental task.

At cue presentation, one of two insects (mosquiiag) appeared next to a hand indexed an
objective probability, learned before the scanrsegsion, of an upcoming electrical shock.
One insect indicated a high probability, and onseat indicated a low probability of
receiving a shock. At outcome, an appearance ofdadot superimposed on the hand
indicated receipt of concurrent shock. By contrasted dot next to the hand indicated no
shock. Following a jittered fixation, subjects weasked to report how anxious they
remembered feeling during cue presentations,whilst the insect had been present. After
another jittered fixation, one of the two insecpp@ared again to indicate the beginning of

the next trial.

Figure 2. Amygdala responses to different levels of threat at cue presentation
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(A) Greater BLA activity at time of cue presentatiwas associated with enhanced objective
threat levels, i.e., high vs. low probability ofagming shock.

(B) Trend-level interaction between ‘subregion’ aedpectation’ at cue, with significant
threat modulation (high vs. low probability of upemg shock) in BLA, and no effect in
CMA. Mean betas for bilateral BLA and CMA masksp¥0.05, (*) p=0.074, n.s. = not
significant, a.u. = arbitrary units, error barsicade SEM. Neural results are presented as

SPM activation maps overlaid on a default strudtirain in MRIcron (75).

Figure 3. Dissociation between BLA and CMA in response to aversive events

(A) Shock vs. no shock outcomes are associated inttieased outcome-related activity in
the CMA.

(B) Low vs. high expectation cue are associatedh witreased activity in the BLA at the
time of outcomes, contrasting with expectationteglamodulation at the time of cue
presentation.

(C) Response to all four outcome types in CMA: @ityiin CMA represents aversive events,
which are not modulated by expectations. Mean Hetalilateral CMA mask. High & Low
= high and low probability of shock.

(D) Response to all four outcome types in BLA. &itji in BLA represents an aversive
prediction error that depends on both aversive tsvand expectations about those events.
Stronger activation for less predicted (low prohigbiof shock) as compared to highly

predicted (high probability of shock) aversive egerstronger attenuation of responses for
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less predicted (high probability of shock) as coradao highly predicted (low probability of
shock) omission of aversive events. Mean betabifateral BLA mask. High & Low = high
and low probability of shock.

(E) Significant interaction between subregion amdcome as indicated by greater shock
responses in CMA than BLA. Significant interactibatween subregion and expectation as
indicated by significant effect of expectation ibA and no effect in CMA. Mean betas for
bilateral BLA and CMA masks. *** p<0.001, ** p<0.0%* p<0.05, n.s. = not significant, a.u.

= arbitrary units, error bars indicate SEM.

Figure 4. Amygdala activity and subjective aversive experience

(A) Subjective reports of remembered anticipatonxiety at cue presentation. Anxiety
ratings were influenced by both objective threatlen the cue period, i.e., greater for high
vs. low expectation of upcoming shock, and were &liased by experienced outcomes, i.e.,
greater for shock vs. no shock trials, error badgscate SEM.

(B) A greater neural difference between cue-elicBe A responses (high vs. low probability
of upcoming shock) was linked to a greater dissmmabetween threat levels in anxiety
ratings (high vs. low probability of shock). * p€®, a.u. = arbitrary units.

(C) Positive correlation between trial-by-trial Mdoility in CMA activity at time of reporting

on a visual analogue scale and retrospective epbdgubjective anxiety at cue presentation.
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Figure5. Threat signalsin BLA and trait anxiety

(A) A greater overall cue-related BLA response lhand low probability of upcoming
shock) was associated with greater trait anxiety.

(B) A greater neural difference between cue-rel&EA responses (high vs. low probability

of upcoming shock) was associated with lower aiiety. * p<0.05, a.u. = arbitrary units.
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Supplementary Figure S1. Anxiety ratings for pre-fMRI training and 1%t and 2" half of the fMRI experiment.
Subjective reports of remembered anticipatory anxiety at cue presentation. Anxiety ratings were influenced
by both objective threat level in the cue period, i.e., greater for high vs. low expectation of upcoming shock,
and were also biased by experienced outcomes, i.e., greater for shock vs. no shock trials. Error bars indicate
SEM.

(A) Subjects had already learned to dissociate between two threat levels during training, as indicated by strong
main effect of ‘expectation’ (high vs. low probability) [F(1,38)=74.730, p<0.001]. Similar to the main
experiment, we also found a significant main effect of ‘outcome’ (shock vs. no shock) [F(1,38)=23.621,
p<0.001], with no interaction [F(1,38)=0.064, p=0.802].

(B) & (C) Similar results were found when splitting the fMRI experiment in two separate halves:

1%t half: ‘expectation’ (high vs. low probability): [F(1,38)=109.074, p<0.001], ‘outcome’ (shock vs. no shock):
[F(1,38)=23.828, p<0.001], interaction: [F(1,38)=2.499, p=0.122].

2nd half: ‘expectation’ (high vs. low probability): [F(1,38)=73.052, p<0.001], ‘outcome’ (shock vs. no shock):
[F(1,38)=15.149, p<0.001], interaction: [F(1,38)=0.311, p=0.588].
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Entire BLA CMA BLA
Amygdala vs CMA
voxel voxel mask voxel mask mask
[xyz] T= | Prwe= [xyz] T= | Prwe= | beta=| P= [xyz] T= P= beta= P= =
Cue
Expectation
6mm 292-23 | 417 | 0.028 | 293-24 | 447 | 0.018 | 0.986 | 0.017 - - - 0.416 | 0.357 0.074
4.5mm 292-21 | 430 | 0.024 | 293-24 | 438 | 0.027 | 1.000 | 0.019 - - - 0.384 | 0.426 0.088
3mm 272-20 | 454 | 0.019 | 272-21 | 4.09 | 0.080 | 0.939 | 0.029 - - - 0.370 | 0.456 0.156
Outcome
Shock
6mm 26-9-12 | 8.28 | <0.001 | 263-21 | 5.83 | <0.001 | 3.441 | 0.003 | 26-9-12 | 7.07 | <0.001 | 8.662 | <0.001 <0.001
-20-6-12 | 7.20 | <0.001 | -24-2-20 | 4.79 | 0.007 -20-6-12 | 7.20 | <0.001
4.5mm 26-9-12 | 8.38|<0.001 | 263-20 | 5.32 | 0.002 | 3.044 | 0.009 | 26-8-12 | 6.87 | <0.001 | 9.222 | <0.001 <0.001
-24-8-12 | 6.80 | <0.001 | -24-2-20 | 4.69 | 0.011 -24 -8 -12 | 6.80 | <0.001
3mm 26-9-12 | 7.80 | <0.001 | 243-18 | 482 | 0.012 | 2.902 | 0.011 | 26-6-12 | 5.98 | <0.001 | 9.790 | <0.001 <0.001
-26-8-12 | 7.15 | <0.001 | -24-2-20 | 4.52 | 0.026 -26-9-12 | 6.33 | <0.001
Expectation
6mm -27-2-26 | 441 | 0.016 | -26-2-30 | 4.44 | 0.020 | 2.402 | 0.003 - - - -0.138 | 0.886 0.003
4.5mm -26-3-29 | 3.78 | 0.086 | -260-32 | 4.06 | 0.060 | 2.475 | 0.002 - - - -0.276 | 0.796 0.005
3mm 30-2-24 | 386 | 0102 |-27-5-26 | 409 | 0.081 | 2.593 | 0.001 - - - -0.335 | 0.779 0.009
VAS
Self-reports
6mm -23-6-12 | 4.14 | 0.032 - - - 0.918 | 0.611 | -23-6-12 | 4.14 | 0.011 | 4.125 | 0.032 0.014
4.5mm -24-5-12 | 4.03 | 0.050 - - - 0.854 | 0.642 | -24-5-14 | 3.94 | 0.021 | 4.237 | 0.047 0.021
3mm -24-5-12 | 3.95 | 0.088 - - - 0.821 | 0.660 | -24-5-14 | 3.86 | 0.034 | 4.223 | 0.078 0.045

Supplementary Table S1. Main results for different smoothing kernels
The main results reported in the manuscript (6mm smoothing kernel), as assessed with 4.5mm and 3mm smoothing kernels, respectively. Results are shown at
the voxel-level (x, y, z coordinates in MNI-space), FWE-corrected for the respective bilateral mask, and for mean activation across the bilateral masks.
Cue Expectation: Activity at time of cue presentation for high vs. low probability of upcoming shock., Outcome Shock: Activity at time of outcome presentation
for shock vs. no shock., Outcome Expectation: Activity at time of outcome presentation for low vs. high probability of shock., VAS Self-reports: Positive
correlation between trial-by-trial activity at time of reporting and retrospective reports of subjective anxiety at cue presentation.
Entire amygdala = Independent bilateral amygdala mask from WFU PickAtlas toolbox, defined using the Automated Anatomical Labelling (AAL), CMA =
Bilateral centromedial amygdala mask, BLA = Bilateral basolateral amygdala mask.
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Entire BLA CMA
Amygdala
[xyZz] T= | Prwe= | % BLA % CMA [xyZ] T= | Prwe= | % BLA [xyZ] T= | Prwe= | %0 CMA
Cue
Expectation | 292-23 | 4.17 | 0.028 | 37 [21-58] 0 293-24 | 447 | 0.018 | 37[18-57] - - - -
Outcome
Shock 26-9-12 | 8.28 | <0.001 0 19[5-33] | 263-21 | 5.83 | <0.001 | 40 [30-51] | 26-9-12 | 7.07 | <0.001 | 19 [5-33]
-20-6-12 | 7.20 | <0.001 0 36 [14-42] | -24-2-20 | 4.79 | 0.007 | 33[23-55] | -20-6-12 | 7.20 | <0.001 | 36 [14-42]
Expectation | -27 -2-26 | 4.41 | 0.016 | 91 [58-94] 0 -26-2-30 | 4.44 | 0.020 | 85 [64-90] - - - -
VAS
Self-reports | -23-6-12 | 4.14 | 0.032 0 31 [12-39] - - - - -23-6-12 | 4.14 | 0.011 | 31[12-39]

Supplementary Table S2. Peak voxel statistics and cytoarchitectonic probabilities
Results are shown at the voxel-level (x, y, z coordinates in MNI-space), p-values represent FWE-corrected statistics for the respective bilateral mask. Probabilities
are computed from maximum probability maps, i.e., summary maps of different probabilistic cytoarchitectonic maps as implemented in the SPM anatomy

toolbox.

Cue Expectation: Activity at time of cue presentation for high vs. low probability of upcoming shock., Outcome Shock: Activity at time of outcome presentation
for shock vs. no shock., Outcome Expectation: Activity at time of outcome presentation for low vs. high probability of shock., VAS Self-reports: Positive

correlation between trial-by-trial activity at time of reporting and retrospective reports of subjective anxiety at cue presentation.

Entire amygdala = Independent bilateral amygdala mask from WFU PickAtlas toolbox, defined using the Automated Anatomical Labelling (AAL), CMA =
Bilateral centromedial amygdala mask, BLA = Bilateral basolateral amygdala mask.
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AAL

(entire amygdala)

Supplementary Figure S2. Visualisation of the ROIs superimposed on the mean normalized structural image.
CMA: Centromedial amygdala & BLA: Basolateral amygdala as derived from the SPM anatomy toolbox.
AAL: Independent entire amygdala mask from WFU PickAtlas toolbox, defined using the Automated
Anatomical Labelling (AAL) atlas. x, y, z coordinates in MNI-space.
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Supplementary Figure S3. Trial-by-trial regression model of subjective anxiety ratings.

To predict anxiety ratings on current trial T, we used (i) probability (high vs. low), (ii) outcome type (shock
vs. no shock), and (iii) interaction term of the current trial T, whilst also testing for influence of (iv) elapsed
time since outcome receipt (Time US-VAS), (v) time taken to report (Time VAS rating) and outcome type of
previous trials, i.e., (vi) Trial T-1 and (vii) T-2.

Results confirmed the average effects reported in the manuscript:

Effect of probability (i): p<0.001; Effect of outcome (ii): p<0.001: Interaction n.s.: p=0.131, whilst
additionally showing no effects of (iv): p=0.720, (v): p=0.331; (vi): p=0.074; (vii): p=0.091.
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Supplementary Figure S4. Finite impulse response analysis.

BOLD response to aversive cues was modelled with a finite impulse response set consisting of a number of
successive post-stimulus time bins (“mini-boxcars”, 1.5s). Here, time represents post-stimulus onset time in
seconds. This analysis revealed that BOLD response to threat, i.e., high vs. low probability at cue, showed a
response pattern remarkably similar to a canonical HRF, with peak activity around 5-6s post-stimulus onset
(as predicted by a canonical HRF). Note that this was true for both BLA peak voxel (informed from our
conventional analysis, p<0.05) and mean activity averaged across the entire bilateral BLA mask.
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p<0.05, FWE-corrected Y = - I 2

Supplementary Figure S5. Whole-brain shock signals
Contrast shock vs. no shock at outcome, Prwe<0.05, whole-brain, corrected at voxel level.
X, ¥, z coordinates in MNI-space.

Correlation with [5.0

anxiety reports
(At time of rating)

Threat modulation Expectation signal
(High vs. low probability at cue) (Low vs. high probability at outcome)

p<0.001,uncorrected

Supplementary Figure S6. Whole-brain results at uncorrected height threshold, p<0.001.

(A) Contrast high vs. low probability at cue.

(B) Contrast low vs. high probability at outcome.

(C) Positive correlation between trial-by-trial variability in activity at time of reporting on a visual analogue
scale and retrospective reports of subjective anxiety at cue presentation.

Note that these slices correspond to the respective masked amygdala results presented in the main manuscript.
X, Y, z coordinates in MNI-space.
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Supplementary Table S3. Whole-brain shock signals (corresponding to Supplementary Fig. 4)

Region [xyz] T= | Prae=

Primary Sensory Cortex (SI) — Right 38-1518 | 12.72 | <0.001
Insula — Left -36-18 17 | 12.46 | <0.001

Insula — Right 38-2-8 | 11.64 | <0.001

Secondary Sensory Cortex (SIl) — Right | 56 -17 14 | 10.43 | <0.001
Secondary Sensory Cortex (SIl) — Left | -59-2624 | 9.11 | <0.001
Precuneus — Left -6-6933 | 8.94 | <0.001
Periaqueductal Gray (PAG) — Left -8-27-8 | 8.83 | <0.001
Periaqueductal Gray (PAG) — Right 6-30-15 | 8.45 | <0.001
Primary Sensory Cortex (SI) — Left -47-2123 | 8.42 | <0.001
Posterior Cingulate Cortex (PCC) — Left | -6-2130 | 8.32 | <0.001
Thalamus — Right 8-58 8.31 | <0.001

Inferior Frontal Gyrus (IFG) — Left -2735-14 | 7.83 | 0.001
Visual Cortex — Right 15-7211 | 7.83 | 0.001
Cerebellum — Right 6-56-35 | 7.73 | 0.001

Insula — Right -352312 | 7.64 | 0.002

Cerebellum — Right 2-74-15 | 7.62 | 0.002
Thalamus — Left -14-175 | 7.38 | 0.004

Middle Cingulate Cortex (MCC) —Right | 518 35 7.28 | 0.006
Posterior Cingulate Cortex (PCC) — Left | -5-4141 | 7.25 | 0.006
Cerebellum — Left -39-54-30 | 7.22 | 0.007
Centromedial Amygdala (CMA) — Left | -20-6-12 | 7.20 | 0.007
Visual Cortex — Left -3-836 7.17 | 0.008
Centromedial Amygdala (CMA) — Right | 26-9-12 | 7.07 | 0.012
Anterior Cingulate Cortex (ACC) — Left | -518 30 7.05 | 0.012
Inferior Frontal Gyrus (IFG) — Right 33325 6.53 | 0.048

Local maxima derived from the contrast shock vs. no shock at outcome.
Prwe<0.05, whole-brain, corrected at voxel level.
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Supplementary Figure S7. Relationship between activity at time of reporting and subjective anxiety.
Mean betas for bilateral BLA and CMA masks for positive correlation between trial-by-trial-variability in
activity and retrospective anxiety reports. * p<0.05, n.s. = not significant, a.u. = arbitrary units, error bars

indicate SEM.
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Supplementary Figure S8. Threat signals in BLA and trait anxiety
A greater cue-related BLA response to low (A) and (B) high levels of threat was associated with greater trait

anxiety.
* p<0.05, (*) p=0.064; a.u. = arbitrary units.
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Supplementary Figure S9. Sex differences in BLA threat modulation.

(A) BLA activity at time of cue presentation scaling with enhanced objective threat levels, i.e., high vs. low
probability of upcoming shock was significantly greater in female than male participants.

A greater neural difference between cue-elicited BLA responses (high vs. low probability of upcoming shock)
was linked to a greater dissociation between threat levels in anxiety ratings (high vs. low probability of shock)
in female (|B) but not in male participants (C). A greater neural difference between cue-related BLA responses
(high vs. low probability of upcoming shock) was associated with lower trait anxiety in female (|D) but not in
male participants (E). ** p<0.01, * p<0.05, n.s. = not significant, a.u. = arbitrary units, error bars indicate
SEM.
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