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Acceleration of inferred neural 
responses to oddball targets 
in an individual with bilateral 
amygdala lesion compared 
to healthy controls
Aslan Abivardi 1,2*, Christoph W. Korn 3,4, Ivan Rojkov 1,5, Samuel Gerster 1, 
Rene Hurlemann 6 & Dominik R. Bach 1,7*

Detecting unusual auditory stimuli is crucial for discovering potential threat. Locus coeruleus (LC), 
which coordinates attention, and amygdala, which is implicated in resource prioritization, both 
respond to deviant sounds. Evidence concerning their interaction, however, is sparse. Seeking to 
elucidate if human amygdala affects estimated LC activity during this process, we recorded pupillary 
responses during an auditory oddball and an illuminance change task, in a female with bilateral 
amygdala lesions (BG) and in n = 23 matched controls. Neural input in response to oddballs was 
estimated via pupil dilation, a reported proxy of LC activity, harnessing a linear-time invariant system 
and individual pupillary dilation response function (IRF) inferred from illuminance responses. While 
oddball recognition remained intact, estimated LC input for BG was compacted to an impulse rather 
than the prolonged waveform seen in healthy controls. This impulse had the earliest response mean 
and highest kurtosis in the sample. As a secondary finding, BG showed enhanced early pupillary 
constriction to darkness. These findings suggest that LC-amygdala communication is required 
to sustain LC activity in response to anomalous sounds. Our results provide further evidence for 
amygdala involvement in processing deviant sound targets, although it is not required for their 
behavioral recognition.

Unexpected and deviant sounds in natural environments can be a harbinger of imminent threat and request 
a specialized system for rapid detection, critical to survival across  species1,2. The mammal brain implements 
such a system in a hierarchical manner along the auditory pathway, i.e., from brainstem, subcortex and primary 
auditory cortex to higher-order cortical brain  regions3,4. Through wide-spread noradrenergic projections, locus 
coeruleus (LC) can modulate response patterns of cortical sensory regions to salient  stimuli5,6, while amygdala 
is thought to be involved in their  detection7.

LC is a bilateral, primarily noradrenergic (NA) nucleus located in the pons, dorsolaterally to the fourth ven-
tricle, and forms a main hub for the coordination of attentive and task-related cognitive  processes8,9. Pupil dila-
tion recordings provide an easily accessible route for indirect tracking of the nucleus’ activity across  species10,11. 
Chemogenic activation of the LC-NA system, for example, has been demonstrated to increase brain-wide com-
munication in rodents, in particular, in salience and amygdala networks, accompanied by pupil dilation and 
anxiety-like  behavior12. The interaction of LC-NA with auditory processing presents a complex and multifaceted 
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picture, as NA has been related to both suppression of neural activity in auditory cortices and enhanced percep-
tion of  sounds13,14 including synchronized neuroplastic effects in both LC and primary auditory  cortex15.

Parallel to the LC-NA system’s role in coordinating attention, the amygdala, a highly interconnected sub-
cortical structure, can modulate perception and attention by integrating information from salient or relevant 
 stimuli1,16–18. Accordingly, clinical lesion studies in humans have suggested weakened processing of negatively 
arousing stimuli such as aversive words (Anderson and  Phelps19; although see Bach et al.20) and angry  faces21. 
Furthermore, amygdala has been implicated in processing non-emotional novel and surprising sensory  inputs7,22.

Projections from LC to amygdala and vice-versa have been shown to alter each regions’ respective activity 
and their stimulation evokes anxiety-like behavior in  rodents23,24. LC-NA system and amygdala dysfunction are 
speculated to underly human stress-related and affective psychiatric  disorders25–28. Stronger functional coupling 
between LC and amygdala in an emotional conflict experiment has been associated with decreased real-life stress 
tolerability in  humans29. A recent LC and amygdala pharmacological inactivation study in mice, moreover, has 
implicated LC-amygdala circuit interaction in control of early olfactory sensory  gating30. How human LC and 
amygdala interact during basic behavioral processes such as the detection of potentially threatening auditory 
events remains unknown.

To investigate if and how amygdala affects LC output during oddball target detection, we recorded pupil 
response data from a female subject with extensive lesions of bilateral amygdala, caused by calcifications due 
to a very rare genetic disorder (Urbach-Wiethe syndrome), and from 23 female age-matched healthy controls, 
while they performed an auditory oddball task. This paradigm, often used to evoke mismatch negativity and 
P300 potentials in  EEG31, contrasts rare acoustic events (i.e., oddballs) with common (repeated) sounds, thus 
providing a means to investigate mechanisms of anomalous sound detection. Both  LC32 and  amygdala33 are 
responsive to oddball over standard sounds in nonhuman primates. We estimated LC output with a previously 
established formal and quantitative forward model for pupil dilation, which describes pupil responses as the 
output of a linear time-invariant system that convolves a neural input with a pupillary response  function34,35. 
We estimated each participant’s individual pupillary response function from responses to a defined illuminance 
input. We used this function, together with the time-series of pupil responses to oddball sounds, to model LC 
output in response to these oddballs.

Materials and methods
Participants. The main participant for this study was a German-speaking 43-year-old female with bihemi-
spheric and selective amygdala lesions as part of congenital Urbach-Wiethe syndrome traceable to a de novo 
homozygous missense mutation in exon 7 of extracellular matrix protein 1  gene36.

The extensive tissue damage caused by symmetric calcifications throughout almost the entirety of the par-
ticipant’s amygdalae has been previously mapped using computer  tomography36,37 and evaluated by an expert 
neuroanatomist (Karl Zilles). Specifically, “complete destruction of the basolateral amygdala and minor sparing 
of anterior amygdaloid and ventral cortical amygdaloid parts at a rostral level, as well as lateral and medial parts 
of the central amygdaloid nucleus and the amygdalohippocampal area at more caudal levels” was reported. 
Importantly, there was no damage to hippocampus.

Here and in all cited previous studies the participant is referred to as BG with exception of Becker et al.36, 
where she has been referred to as patient 2.

Aged 12, BG suffered an epileptic grand-mal seizure, but had no further history of epilepsy since. BG has 
average intelligence and mostly intact performance in a neuropsychological test  battery38. This included normal 
immediate and delayed memory function, learning efficiency, attention skills, cognitive flexibility and verbal 
as well as performance IQ. Psychopathological symptoms such as anxiety or depression were absent across 
assessments. In contrast, BG demonstrates a number of circumscribed social and affective deficits. Specifically, 
she lacked antero- and retrograde modulatory effects of emotional perceptions on memory  encoding39, exhib-
ited increased risk-taking as well as limited impairments in phonemic fluency and a visual test of short-term 
 concentration38. Moreover, she had a reduced social network size, absent increase of the acoustic startle reflex 
in response to negative vs. neutral visual emotional stimuli, severe impairment of recognition of fearful  faces36 
and similarly, a lack of prioritization of angry over happy  faces21. A recent study from the same testing session 
suggested subtle changes in prosocial  motivation40. In contrast, she showed normal (facilitated) recall of aversive 
words in an attentional blink  task20, normal discrimination between fearful and neutral  prosody41, and normal 
recognition of facial expression of surprise, disgust or  happiness39.

For the current study, BG was tested at the University Hospital of Bonn in April 2017. Her monozygotic twin 
sister (AM) could not partake in this study due to a treatment-resistant episode of major  depression42.

For the control group, we recruited 23 age-matched female volunteers (mean age ± SD, 41.87 ± 3.90) from 
the general population with no reported history of neurological or psychiatric disease. Controls were tested at 
the University of Zurich from November 2017 until June 2018. All participants (including BG) had normal or 
corrected to normal eyesight.

BG and 22 of 23 control participants performed a continuous-illuminance task to derive their individual 
pupillary response function, and to rule out potential pupillary response impairments in BG. All participants 
then performed an auditory oddball task.

Participants provided written informed consent prior to the experiments. The study was conducted in accord 
with the Declaration of Helsinki and was approved by local ethics committees in Bonn (Ethikkommission der 
Medizinischen Fakultät Bonn) and Zurich (Kantonale Ethikkommission Zürich).

Experimental setup: continuous illuminance task. We used a previously established continuous illu-
minance  task34. The task consisted of five sessions with 24 trials in each session (6 presentations of 4 illuminance 
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levels). Each session began with a 45 s resting period, in which a medium gray screen was shown (46.10 cd/
m2, 7.30 lx, rgb(128, 128, 128)). In every trial, a circle appeared in the center of the screen and on the medium 
gray background for 5 s, then disappeared and was followed by 5 s of the background again (Fig. 1). Circles 
were either black (33.50 cd/m2, 5.30 lx, rgb(0, 0, 0)), dark gray (36.70 cd/m2, 5.80 lx, rgb(64, 64, 64)), light gray 
(60.70 cd/m2, 9.60 lx, rgb(191, 191, 191)) or white (84.10 cd/m2, 13.30 lx, rgb(255, 255, 255)). This leads to illu-
minance changes for both circle appearance and disappearance resulting in 24 changes from darker to brighter 
(e.g., appearance of white circle or disappearance of black circle) and 24 changes from brighter to darker (e.g., 
appearance of dark gray circle or disappearance of light gray circle). Participants were instructed to fixate a red 
cross during the entire task. No further actions were required during the task. Fixation cross brightness was 
accounted for when calculating the illuminance levels.

Experimental setup: auditory oddball task. Sine tones (440 and 660 Hz), served as standard and odd-
ball tones, respectively (length: 50 ms; ramp: 10 ms; loudness: ~ 60 dB balanced across participants). Sounds 
were delivered via open, circumaural headphones (HD 518, Sennheiser, Wendemark-Wennebostel, Germany). 
Participants were instructed to fixate a red cross (height/width: 1.478) on a medium gray background (46.1 cd/
m2, rgb(128, 128, 128), 7.3 lx) for the duration of the task, and to press a key whenever they heard the oddball 
tone. If they failed to answer before the subsequent tone, the words “No answer” appeared on the screen. The 
total number of presented oddballs per subject was 30 vs. 120 standard tones. The inter stimulus interval (ISI) 
between any two tones was set at 2 s.

Task performance (% detected) was close to perfect as expected (mean ± SD, healthy controls (HC): 
98.70% ± 3.19%; HC combined with BG: 98.54% ± 3.21%; BG: 95.00%). Reaction times were similar for controls 
and BG (mean ± SD, HC: 432.53 ms ± 107.18 ms; HC combined with BG: 430.88 ms ± 105.13 ms; BG: 392.82 ms).

Equipment and recording parameters. Experiments were conducted in a dark, soundproof room. 
Monitor screen and camera provided background illumination of 3.4 lx. A chin rest was used for the partici-
pants and positioned 0.70 m in front of the display (Dell P2012H, viewable image size 20″, aspect ratio set to 5:4, 
refresh rate: 60 Hz). An EyeLink 1000 system (SR Research, Ottawa, Canada) was used to record pupil diameter 
and gaze direction. Data was sampled at a rate of 500 Hz; calibration of gaze direction was performed using a 
nine-point calibration algorithm as implemented in the EyeLink software. Levels of illuminance were measured 
independently with a luxmeter (Digital Luxmeter MS-1300, Voltcraft, Hirschau, Germany) fixed to the chin rest 
and positioned at the location of the participant’s eyes during the tasks. Importantly, the exact same equipment 
was used for all participants.

Data preprocessing. Visual fixation and saccadic eye movements were identified with the EyeLink 1000 
system’s online parsing algorithm, which detects apparent changes in pupil position due to blinking or partial 
pupil occlusion. All further analyses were performed in MATLAB (Version R2018b, MathWorks, Natick, MA) 
and using a customized pipeline from the PsychoPhysiological Modelling (PsPM) toolbox (Version 5.0.0, https:// 
bachl ab. github. io/ PsPM/). Time series were analyzed from the first event until 5 s after the final event. Data from 
left and right pupils were filtered and combined using the preprocessing pipeline from Kret and Sjak-Shie43 as 

Figure 1.  To estimate individual pupillary response functions, a continuous illuminance  task34 was used. 
Participants were exposed to a gray baseline screen for 45 s, and then circles with different illuminance levels 
appeared for 5 s per trial. Participants were instructed to fixate a red cross throughout the task.

https://bachlab.github.io/PsPM/
https://bachlab.github.io/PsPM/
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implemented in PsPM. Briefly, using the mean signal from both pupils, this algorithm first determines valid 
samples by rejecting pupil size values outside a predefined range, filtering out implausibly fast changes in pupil 
size, removing samples at the edges of temporal data gaps, computing a trendline in order to reject samples 
too far removed from it, and by excluding small, isolated sample islands. In a second step, the refined signal is 
smoothed by low-pass filtering (4 Hz), upsampled (from 500 to 1000 Hz) and linearly interpolated (maximum 
gap between valid samples: 250 ms) to deal with missing data points caused by blinking or head movement while 
concurrently enhancing temporal resolution and reducing noise.

In both tasks participants were instructed to fixate the screen center, as gaze deviation can distort video-based 
measurements of pupil size, which depend on gaze  angle44. We excluded data points when fixation was outside 
of a circle around the central fixation point with a predetermined visual angle of 4.74°, an approach modified 
from Korn and  Bach34, where a square had been used for exclusion. Resulting data were then interpolated and 
peak normalized for each session.

Baseline pupil diameter was calculated as the mean raw diameter during 500 ms prior to stimulus onset in 
the auditory task (excluding trials following the oddball tone).

Modeling individual pupillary dilation response function to illuminance changes. Individual 
response functions for pupil dilation (IRFs; Fig. 2) were derived from the continuous illuminance task. In line 
with previous  work34, we assumed that the neuromuscular transmission and biomechanics of the pupil response 
can be parsimoniously described as a combination of two linear time-invariant (LTI) systems. Furthermore, we 
assumed that illuminance changes engender an almost instantaneous neural input into the pupillary system. 
This allows deriving the system’s IRF from illuminance responses. In the context of oddball responses, we were 
only interested in pupil dilation. Hence, we only derived the IRF for pupil dilation, i.e., in response to decreases 
in illuminance.

For each trial, we subtracted the first data point as a baseline value. Next, we brought responses to differ-
ent illuminance decreases onto the same scale, by using a steady-state response model derived in our previous 
 work34. This model describes the steady-state relationship between pupil size and illuminance levels with an 
exponential function: d(Ev) = C + A*exp(BEv), where d is the peak normalized steady-state pupil diameter and 
 Ev is illuminance in lx; parameters were taken from our previous work: A = 32.56, B = − 0.48/lx-1, C = − 1.03. We 
divided each baseline-corrected segment by the difference of the predicted steady-state pupil response for the 
illuminance levels before and after change in illuminance. These corrected mean responses to sudden decreases 
in continuous illuminance were then averaged over all segments and low-pass filtered (cutoff: 4 Hz) to increase 
the signal-to-noise ratio for each participant. The IRF was finally obtained by fitting the time derivative of the 
mean response with a gamma probability density function (pdf), using ordinary least-squares minimization and 
a Nelder-Mead simplex search algorithm (d(t) = c(θkΓ(k))−1tk−1exp(−t/θ), where d is the peak normalized pupil 
diameter, t is time, Γ is the gamma function, and c, θ and k are free parameters; time window: 5 s). To avoid an 
impact of noise subsequent to the initial pupil dilation of interest, the time derivative was zeroed at the trough 
after the maximum peak inside the first 1.5 s of the trial. Function approximation was used to further reduce 
noise in the empirically derived IRF and to yield a low-dimensional parametrization for intersubject comparison. 
We note that parameters of this IRF are not meant to directly correspond to biophysical properties. Parameter 
estimation was not found to be dependent on starting values for the search algorithm.

Figure 2.  Estimation of individual pupil dilation response function (IRF, exemplified here for BG). The initial 
peak of the time derivative of the low-pass filtered mean pupil response to rapid darkening of continuous 
illuminance (black), which induces dilation, was approximated with a gamma probability distribution function 
(red). Data was zeroed after the initial pupil response of interest (trough after maximum peak inside 1.5 s) 
before function approximation to suppress noise. Pupil constriction, i.e., response to brightening, was not 
modeled, as LC activity mainly relates to dilation.
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Modeling LC activity. Building on our previous  approach34, we estimated LC activity underlying pupillary 
dilation in the auditory oddball paradigm. To derive the continuous pupil dilation response to oddball sounds, 
we averaged, for each participant, the pupil response after oddball sounds and subtracted the averaged response 
after standard sounds. Our previous work had revealed that with an intertrial interval of 2 s (Fig. 9E in Korn 
and  Bach34), the average response to oddballs can last longer than 2 s, requiring a longer time window. However, 
the response to the next stimulus begins after 2 s, and on a participant-by-participant level, this response is not 
always averaged out and can bias the estimation of the response to the initial sound. This motivated the following 
approach. We used the oddball response over 4 s after sound onset, detected the peak value inside the trial (2 s), 
and zeroed the data after the trough following this peak.

These data were then fitted with a pupillary response model that convolves a neural input with each partici-
pant’s estimated IRF. As in our previous  work34, we described the neural input with a gamma pdf with four free 
parameters (x-offset, shape, scale and amplitude). Importantly, using a gamma model allows for the extraction 
of shape-related information which may otherwise be lost; an approach which has been shown feasible in the 
analysis of event-related neural  potentials45. We fitted the model using ordinary least-squares minimization and a 
Nelder-Mead simplex search algorithm. Parameters were constrained such that the temporal mean of the gamma 
neural input was smaller than the time window over which the model was evaluated (4 s). Different from the IRF 
model, initial parameter values did affect parameter estimation. Thus, we used a random search with n = 1000 
sets of initial values per participant, and retained the best fit. Also different from IRF, we specified an x-offset 
as a fourth free parameter with an upper limit of 500 ms to allow for different latencies of the neural input. One 
healthy participant’s pupillary response could not be fitted satisfactorily by this approach (visibly large differ-
ence between convolved input and observed response as well as poor fit of IRF) and was excluded from further 
analysis. For a second participant, who did not partake in the illuminance task, we used the group-level response 
function parameters estimated in our previous  study34 with the same illuminance task in place of the IRF.

Microsaccade detection and rate calculation. Gaze data recorded at 500 Hz for both eyes by the Eye-
Link 1000 system was first filtered using a LOWESS (Locally Weighted Scatterplot Smoothing) regression in 
Matlab with a span of 25 ms, optimal for microsaccade  detection46. Detection of microsaccades was next per-
formed using the Microsaccade Toolbox in R, which uses a velocity threshold algorithm to identify (micro)
saccades in the eye-tracking  data47. Microsaccades were further defined to have an amplitude between 0.08° 
and 1.5° and peak velocity between 8 and 150°/s, while microsaccade rate in Hz was calculated using a Gaussian 
window with a step size of 2 ms and sigma set to 50  ms48. Baseline-correction was performed trial-wise using 
the mean rate during the last 200 ms before the stimulus, i.e., before oddball or standard tone in the auditory 
paradigm and before darkening stimulus in the illuminance task.

To quantify microsaccadic inhibition in response to oddballs over standard tones, we measured peak inhi-
bition as well as inhibition averaged across a time window encompassing full inhibition. Peak inhibition was 
defined as the time bin starting 50 ms before until 50 ms after the minimum signal in the first 600 ms. The time 
window for the full response was defined as starting from stimulus onset and lasting until signal rebound for 
the mean signal, which was located at 660 ms.

Statistical analyses. Results were analyzed using descriptive quantitative measures adapted to the single-
case experimental design. Specifically, we focused on establishing the probability that BG was an outlier in our 
sample. Since the gamma parameters themselves have no biophysical or neural interpretation, we summarized 
them into two biologically meaningful statistics of the gamma pdf, response mean time (= shape × scale for IRF 
and shape × scale + x-offset for modeled LC activity) and response excess kurtosis (= 6/shape), as measures of its 
timing and shape. Excess kurtosis, a metric of ‘tailedness’ of a probability distribution compared to the normal 
distribution, is also related to how pronounced the peak of a gamma distribution is. The distributions of mean 
and excess kurtosis were shown to be compatible with normality within the healthy sample using the Kolmogo-
rov–Smirnov test. Comparisons between patient and healthy controls were made then using the Bayesian test 
for single case assessment developed by Crawford and  Garthwaite49 and computed with the R library ‘psycho’50.

Results
Pupillary responses to changes in illuminance. To rule out alterations in BG’s pupillary system, we 
first compared illuminance responses between BG and healthy controls. Averaged responses are shown in Fig. 3. 
To reduce dimensionality for statistical analysis, we compared measures of timing and shape of the estimated 
IRF. This revealed that BG’s IRF was not an outlier from the control sample. Mean ± SD of the IRF mean time for 
healthy controls was 596 ms ± 131 ms, and 672 ms for BG. Mean ± SD of IRF excess kurtosis for healthy controls 
was 0.565 ± 0.601 and (BG): 0.258. Bayesian test for single case assessment provided point estimates of BG’s 
IRF mean time and excess kurtosis percent rank within the controls sample, which were at 71.15% and 31.04%, 
respectively, and thus not statistically different from controls (p = 0.289; p = 0.310).

Inspection of BG’s direct illuminance responses revealed marked pupil constriction prior to dilation in the 
first 500 ms of her response to illuminance reduction. This initial constriction was more pronounced than in the 
other participants (Fig. 3B). As it was not captured by the gamma pdf fitted to the pupil dilation response time 
derivative, the constriction did not affect the response functions parameters.

Inferred LC activity in response to auditory oddball stimuli. Next, we compared pupil responses 
to oddball sounds. To reduce dimensionality and to provide an interpretable summary of the individual pupil 
responses, we estimated LC neural output from the data and compared parameters of this neural function. The 
estimated neural input exhibited a premature, abbreviated, impulse-shaped form exclusively for BG and not for the 
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healthy controls (Fig. 4), whose inputs uniformly assumed a wave pulse-like form. This visual difference between 
the inputs was confirmed by an analysis of their mean and excess kurtosis. BG’s neural response mean time was 
markedly lower than for any control participant (43 ms; mean ± SD for healthy controls: 657 ms ± 337 ms) and 
her neural response excess kurtosis was increased (37.482; mean ± SD for healthy controls: 2.513 ± 1.122). Bayes-
ian test for single case assessment gave a point estimate of the mean lower than 95.55% of the control population 
and excess kurtosis higher than 100.00% of the control population. Both mean time (p = 0.045) and excess kur-
tosis were (p < 0.001) were significantly different from controls after Holm-Bonferroni correction.

An abbreviated response to oddballs could also be seen in the raw pupil responses for BG compared to 
controls (Fig. 5), while her baseline pupil diameter was close to the control mean (BG: 2.89 mm; mean ± SD for 
healthy controls: 2.82 mm ± 0.45 mm).

To exclude the possibility that the predilatory pupil constriction that was not captured by our model (see 
Fig. 3B) would explain this pattern, we modeled the neural input one more time, using the time derivative of the 
illuminance response (zeroed after the first trough) directly instead of the fitted gamma pdf for the response func-
tion (Supplementary Figure 1). This approach did not alter the impulse-like shape nor the speed of the estimated 
neural input but rather accentuated it with an excess kurtosis of 70.175 and a mean of 27 ms.

In an exploratory analysis, we also investigated the time offset for LC activity. This proved to be minimal and 
similar for all participants (BG: 0.41 ms; mean ± SD for healthy controls: 0.46 ms ± 0.10 ms).

Microsaccade rate and inhibition in response to darkening and auditory stimuli. To narrow 
down potential sources of the observed difference in pupil response to oddballs, a secondary microsaccade 
analysis was performed (Fig. 6). This analysis revealed no significant deviation from the norm for BG in terms 
of microsaccadic inhibition within the oddball paradigm. Specifically, controls as well as BG exhibited stronger 
inhibition in response to oddballs than standard tones. Accordingly, neither peak inhibition (BG: −2.00 Hz, 
mean ± SD for controls: −1.12 Hz ± 0.53 Hz) nor inhibition averaged over time of the oddball—standard response 
from stimulus onset until mean rebound time (BG: −1.09 Hz, mean ± SD for controls: −0.38 Hz ± 0.65 Hz) were 
different for BG.

The response to the darkness stimulus in the illuminance task as seen in Fig. 6 was also within bounds of 
the sample norm.

Discussion
Numerous studies have examined the separate roles of LC and amygdala in auditory surprise and novelty pro-
cessing, yet research on their interaction, particularly in humans, remains sparse. Here, we used pupil dilation, 
which is directly influenced by LC output, to measure responses to auditory oddball targets in both healthy 
controls and a female subject (BG) with non-functioning amygdalae due to Urbach-Wiethe (UW) syndrome. 
To reduce dimensionality and provide interpretable indices, we estimated LC neural output from the data and 
analyzed its temporal and shape characteristics.

Two key findings emerged: First, estimated phasic LC response to oddballs was compacted to an impulse-
shaped form in the patient with bilateral amygdala lesions, while extending over time in all other participants. 
Second, BG exhibited an increased predilatory pupillary constriction in response to rapid decrease in continu-
ous illuminance in comparison with healthy controls. Importantly, the different oddball responses could not be 
satisfactorily explained by the latter discrepancy in pupil reactivity.

Figure 3.  (A) Distributions of excess kurtosis and mean with standard deviational ellipses (± 1 SD and ± 2 SD) 
for individual pupillary dilation response functions for BG and healthy controls (n = 21). (B) Mean normalized 
pupil dilation response to decreases in illuminance for entire sample. ± 1 SD and ± 2 SD are shaded in darker and 
lighter blue, respectively. Pupil dilation timeseries for BG, overlaid in red, exhibits an initial constriction lower 
than -2 SD.
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We were able to show that the impulse-shaped form of the estimated neural response to auditory oddballs 
was a clear and secluded outlier in our sample by quantifying its kurtosis, which proved significantly different 
from controls in a Bayesian test. This also held true for the mean of the estimated neural input, which was located 
markedly earlier in time for BG than for the healthy participants. Differences in onset time were not seen for 
the estimated neural responses.

Phasic activity in LC is frequently comprised of short bursts of a few action potentials succeeded by a continu-
ous period of suppressed neural activity, reported at 200–500  ms51. This suppression is, at least in part, mediated 
by auto-inhibition of LC via activation of α2-adrenergic autoreceptors through local NA  release52. One potential 
explanation for the abbreviated neural response seen in the present study is that reciprocal connections between 
LC and amygdala are required to sustain LC activity, for instance, by rescuing neural activity from rapid autoin-
hibition after its initial ignition by the oddball detection. Central amygdala, in particular, could be involved as 
it has strong inhibitory as well as corticotropin releasing factor (CRF) delivering excitatory projections to LC, 
which are triggered by environmental stress in  rodents53,54. Strikingly, and in a reversal of the pattern seen here, 
CRF release in LC has been reported to shift the mode of LC activity from phasic to a high tonic  state55. Con-
versely, the loss of inhibitory projections from amygdala to LC may account for an earlier mean of the response.

We note that minor sparing from calcification has been reported for medial and lateral parts of central amyg-
dala, five years prior to the experiment. While calcification of amygdala is thought to be slowly progressive in 
 UW56, the possibility of some viable tissue in these areas cannot be fully excluded. Interestingly, patients with 
basolateral amygdala (BLA) lesions but wholly intact central amygdala in a South African UW cohort (n = 5) 
exhibited enhanced recognition of fearful faces, likely due to disrupted BLA inhibition of central  amygdala57. 
This finding, nevertheless, contrasts reports in BG, where fearful face recognition is severely  impaired36.

In a previous study, we observed an analogous impulse-shaped estimated neural input in response to a visual 
target detection task (infrequent red crosses vs. distractor stream of white digits) in a healthy sample at the group-
level  analysis34, whereas the group-level response to auditory oddballs then was similar to our individual-level 
healthy participant responses here. Based on the shorter latency of the estimated neural input, we had previ-
ously hypothesized that the neural response to visual targets originated predominantly locally, while responses 

Figure 4.  Pre-processed pupillary responses to oddball minus responses to standard tone (black) and fitted 
convolution (blue) of inferred neural input (red) with individual pupillary response function (not shown) for 
subject with Urbach-Wiethe syndrome (BG), three healthy controls and control average (n = 22). Fitting the 
convolution to the truncated pupillary response (after first peak, gray) avoids variability after the initial dilation. 
Distributions of excess kurtosis and mean process times with standard deviational ellipses for estimated neural 
input gamma pdfs for BG and controls are displayed on the last panel (lower right).
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to auditory oddballs may be modulated by cortical influences. Our current study implicates the amygdala-LC 
circuit in such a process.

On a behavioral level, BG was still able to detect oddballs at a similarly high rate to the other participants. 
While this strongly suggests that amygdala (and putatively sustained LC activity) is not a sine qua non for oddball 
appraisal, targets in our task were easily distinguished from standard tones by design, which may not hold true 
for less distinctive situational features.

Phasic activity of LC was estimated by fitting the convolution of a gamma function and a pupillary response 
function to the pupil response data, in an approach developed in our previous  study34. Here, we advanced this 
method by modelling the pupillary dilation function (i.e., in response to rapid darkening of continuous illumi-
nance), on an individual- as opposed to group-level, using prior low-pass filtering to increase the signal-to-noise 
ratio.

To exclude task-independent differences in pupil reactivity in BG, we compared her individual pupil dilation 
response function to that of healthy controls and found it to be in relative proximity to the population mean. We 
did, however, observe a predilatory pupillary constriction, which was also present in a subset of healthy controls, 
but was more pronounced for BG and more than two standard deviations removed from the mean. As this early 
constriction was not modeled by the pupil dilation response function, altering or extending influence on the 
inferred neural input is unlikely. A follow-up analysis using the unfitted temporal derivative of the pupil response 
to illuminance (which included the constriction) directly as the response function did not change the impulse-
like form of the estimated input (Supplementary Figure 1). Also, considering timing, the pupil constriction seen 
in response to darkening had reversed completely before the begin time of the pupil dilation seen in response to 
the auditory oddball. Un- and preprocessed pupil response to oddballs showed no initial constriction. Despite 
these findings, we note that we cannot completely rule out a relationship between the atypical response in the 
illuminance task and the oddball task in our current data.

Figure 5.  (A) Raw pupil response data for BG vs. mean control response (± 1 and 2 SD) in auditory oddball 
task. Panels depict response to standard tone, oddball tone, and oddball—standard tone from left to right. (B) 
Pupil responses for three example controls vs. mean response (± 2 SD).
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Trivially, this early constriction in BG and other participants can be explained by accommodation and fixation 
dynamics initiated by appearance or disappearance of the contrasting disc during the  task58. As pupil constriction 
is believed to be mainly mediated by a parasympathetic pathway, while pupil dilation is driven by sympathetic 
fibers (both ending in two antagonistic neuromuscular systems)59,60, the amplified undershoot in BG may point 
to a relative reduction in sympathetic tone, plausibly related to the amygdala damage, as amygdala is known to 
activate the autonomous nervous system via brainstem and  hypothalamus61,62. It is worth noting that inhibition 
of the parasympathetic pathway has also been shown to contribute to pupil dilation, in particular, during task 
 processing63. Intriguingly, pupil constriction in the context of the pupillary light response has been related to 
covert attentional orienting responses to relatively brighter peripheral  regions64.

In a secondary analysis, we measured changes in microsaccade rate during both tasks. Notably, BG showed 
increased microsaccadic inhibition in response to auditory oddballs, in line with the pattern seen here in healthy 
controls and in previous  studies48,65. Given that microsaccades are thought to be generated in the superior 

Figure 6.  Microsaccade analysis: Microsaccade rate in response to oddball and standard tones. Increased 
microsaccadic inhibition in response to auditory oddballs can be observed in both healthy controls and BG. 
Her responses do not differ significantly from the control sample in any condition. While less pronounced, the 
microsaccadic response to darkness in the illuminance paradigm lies within the sample norm for BG.
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 colliculus66, the combination of an atypical pupil response with intact microsaccadic reactivity strengthens the 
case for a specific dysfunction in  LC67.

An evident limitation of the current paper is the reliance on a single participant with UW syndrome. Never-
theless, the fact that BG has been studied extensively in previous studies from our and other groups and that she 
exhibits near total bilateral amygdala destruction with no involvement of adjacent brain structures is a substantial 
advantage. Furthermore, the correspondence of the inferred LC response to auditory oddballs in BG to a group-
level response in healthy individuals to visual oddballs in a previous study using analogous methods, serves as 
circumstantial evidence for the credibility of the single-subject behavior of the estimated response. We note, 
however, that while pupil measurements are correlated with LC activity in  humans68, we cannot exclude causal 
influence of other brain areas (in combination with amygdala) on the altered pupil reactivity. Inferior and supe-
rior colliculi as well as cingulate cortex can influence LC through direct connections and do also relate to pupil 
dilation, albeit with some time delay as shown in nonhuman  primates11. A superior colliculi-centered network, 
in particular, has been implicated in pupil responses in relation to orienting behavior, while responses in relation 
to arousal are thought to pertain to the LC-centered  circuit69. In a study in mice, moreover, rapid pupil dilations 
were shown to be tightly linked to phasic NA release, while longer-lasting pupil dilations were associated with 
acetylcholine  activity10; a neurotransmitter which is produced in the basal forebrain, which in turn receives input 
from amygdala in both  rodents70 and non-human  primates71. Recently, it has been further argued that coupling 
of LC and pupil size may vary across brain states in  mice72. However, it is important to note that pupil response 
to evoked LC activation exhibit considerable differences in latency in rodents when compared to nonhuman 
 primates11,73, warranting caution when directly applying findings from rodents to humans.

Lastly, we note that motor responses or go-trials in general have been shown to contribute to pupil dilation, 
which has rarely been accounted for in oddball  tasks74,75. Under the assumption of a causal effect on pupil diam-
eter independent of LC activity, controlling for such a variable may, in theory, increase precision of the estimated 
relationship between the other two  variables76. Interestingly, a recent study has highlighted dynamical differences 
in pupil response between active and passive detection of temporal regularity of sounds, which were unrelated to 
motor  response77. Specifically, pupil dilation responses were seen at the beginning and end of random stimulus 
patterns when these patterns were also targets but only at beginning when not. We note that opting for an active 
paradigm here precludes disentangling these processes.

In summary, phasic LC response to auditory oddball targets estimated from pupil dilation recordings was 
revealed to be shortened in a female subject with non-functioning amygdalae compared to healthy controls, while 
behavioral detection of these targets remained intact. Our paper suggests that communication with amygdala 
modulates and sustains LC activity over time and during the detection of anomalous acoustic events. It also 
provides further evidence for the involvement of amygdala in deviant sound detection and processing, while 
indicating that it is not essentially required for it.

Data availability
Anonymized data for healthy controls is available on Zenodo (https:// doi. org/ 10. 5281/ zenodo. 82394 65)78. Data 
for the patient participant can be provided to academic entities upon request to D.R.B. under a data protection 
agreement.
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