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Background

> The locus coeruleus-noradrenergic (LC-NA) system plays a crucial role in fear learning by
mobilizing physiological responses to potential threats >".

> Pupil dilation serves as a non-invasive proxy for LC-NA activity 34°°.

> While fear learning also involves multi-phasic cardiac changes, the LC’s influence on these
dynamics remains elusive %8,

> This study characterizes changes in pupil dilation and heart rate and their temporal coupling

to unveil the neuromodulatory foundations of the fear-induced cardiac response.
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Experimental Design

> Participants (N = 77, Mage = 47.63, NMaIe = 77) underwent 40 trials of visual fear conditioning
(20 CS+, 20 CS-) using luminance-matched Gabor patches (horizontal/vertical) as stimuli.

> 0On CS+ trials, a calibrated electric shock (US) was delivered at an 80% reinforcement rate,

with orientation and electrode placement counterbalanced.

Trials consisted of a 1-s fixation, 2-s CS, 0.5-s US, and 6-s ITI

Concurrent pupillometry (EyeLink 1000) and ECG (Lead Il) signals were recorded.
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Pupil Dilation Couples with Cardiac Deceleration
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Sample-wise Pearson’s correlations were computed between each trial's average pupil
dilation response and the continuous event-related heart period.

R-maps were Fisher’'s z transformed and tested against zero using non-parametric
cluster-based permutation tests (N = 7000, p < 0.05).

Grand Average Sample-Wise Correlation (All Trials, N =73)

> Trial-level correlation analyses revealed
a positive coupling between the two
modalities.
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greater cardiac deceleration between
2.27 s and 4.98 s post-cue (average r =
.06, T = 373539 p = .015)

> While these findings demonstrate a
significant coupling, they do not yet test

whether this association differs between
conditions.
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Linear Mixed Effects: Disentangling Threat from Physiology
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Mean pupil and HP values were extracted from a 2 s window centered around the peak

t-value identified from the group-level within-modality analysis.

An LME framework was applied to partial out the variance attributed to trial condition and

isolate pupil-linked arousal.

Partial Model: hp _z ~ pupil _z + trial centered + (0 + pupil | subject)

o Without accounting for experimental condition, pupil size significantly predicted cardiac
deceleration.

Full Model: hp_z ~ pupil _z * condition + trial _centered + (0 + Pupil | Subject)

o Accounting for experimental condition significantly improved model fit and the significant
effect of pupil disappeared.
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Fear Conditioning Evokes Pupil Dilation and Cardiac Deceleration

> Sample-wise independent t-tests contrasted CS+ vs. CS- pupil and HP time series for each
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? 1 Pupil Size (z-score) Pupil Size (z-score)
Predictor Partial Model () Full Model (B) t-value p-value
Pupil Dilation 0.059** -0.010 -0.365 715
Condition (CS+) - 0.403*** 10.089 <.001
Trial (Habituation) -0.006*** -0.006*** -3.553 <.001
Pupil * Condition — -0.040 -0.986 324
Model Fit (LRT) - X?(2) = 99.92 — <.001

> While a simple correlation showed positive pupil-heart coupling, the LMM revealed that
this variance was better explained by the experimental condition.
> The condition*pupil interaction showed a negative effect, but did not reach significance.

Conclusion

®  CS+ trials elicited robust pupil dilation, indexing phasic neuromodulation and reinforcing
the LC-NA system established role in processing threat-predicting stimuli +>.

participant, with first-level
non-parametric cluster-based permutation tests (N = 1000, p < 0.05)

Pupil Response: Grand Average (N=73)

— Heart Period: Grand Average (N=73)

t-maps subsequently tested against zero via group-level
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> Note: Increased heart period (HP) denotes cardiac deceleration.
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post-cue (T_ = 18,206.4, p =.001).

> Fear conditioning also evoked a significant cardiac deceleration (d = 0.26, p =.027) from

1.78 s to 5.38 s post-cue (TSUm = 6,332, p =.002).

m This was accompanied by fear bradycardia- a sustained cardiac deceleration in
Sy

anticipation of threat- consistent with a parasympathetically driven state of attentive
immobility *°.

Trial-level correlation analyses reveal that trials with higher pupil dilation are linked to
higher cardiac deceleration in response to threat.

II“l“II However, LME analyses reveal that this shared variance is better explained by the

experimental condition, independently driving both autonomic signals.

Next Steps
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Fear Conditioning (Niias = 40)

Incorporate five subsequent reconditioning
blocks (100 trials total), to re-evaluate
Pupil x Condition interaction

Dichotic Listening
Integrate concurrently recorded EEG data R
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to map central drivers of the LC-NA threat
] Recondi’fioning Reconditioning Reconditioning Reconditioning Reconditioning
response and fear bradycardia Moo =20 Nows =20 Nows =20 Nows =20 e 20

Fear conditioning evoked a significant pupil dilation (d = 1.28, p =.007) from 0.96sto 7 s
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