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1. Introduction

1. Introduction

1.1 Fear research and the RDoC initiative

Fear is an evolutionary adaptive mechanism: it enables an organism to react to threat by preparing the body
for ‘fight or flight’. However, the regulation of fear can be altered in a way that it is no longer in proportion
to environmental threats. As fear is an aversive state, its overexpression can imply subjective suffering and
avoidance behavior and can ultimately lead to impairment in everyday life. Fear-related symptoms are
therefore core features of different psychiatric disorders like post-traumatic stress disorder (PTSD), panic
disorder or different kinds of phobias (American Psychiatric Association, 2013). Specific symptoms can
consist of recurrent panic attacks, excessive fear expression towards stimuli or situations which are not
inherently dangerous, avoidance of phobic stimuli, intrusive memories of fearful events, nightmares or
sustained states of anxiety.

To determine the presence of a psychiatric disorder, the most commonly employed diagnostic classification
systems are the Diagnostic and Statistical Manual of Mental Disorders (American Psychiatric Association,
2013) or the International Statistical Manual of Diseases (World Health Organization (WHO), 1992). These
classification systems are based on clinical observations and comprise different diagnostic categories with
(partly overlapping) lists of symptoms. A diagnosis is given only if a specific amount of symptoms out of a
defined cluster is present for a minimum duration and if these symptoms are associated with subjective
suffering.

Such a classification of psychiatric disorders is potentially problematic for several reasons. First, the
diagnostic categories are not informed by their biological mechanisms, which may imply problems for the
correct grouping of patients. On one hand, individuals with overlapping symptom patterns may be assigned
the same diagnosis, even though diverging biological mechanisms may be causal for their symptoms
(heterogeneity). On the other hand, alterations in one common mechanism may display in different
phenotypes (pleitropy), but may be responsive to the same treatment. Such categorization problems might be
reflected in high levels of comorbidity, in particular between stress-related disorders such as PTSD, anxiety
disorders and major depressive disorder (Flory & Yehuda, 2015; Lang, McTeague, & Bradley, 2016;
Rytwinski, Scur, Feeny, & Youngstrom, 2013). Moreover, clinical interviews or self-reports can indicate
dysregulated fear, but they don’t constitute objective measures of fear processing. Interviews and self-reports
are restricted to observable or consciously accessible symptoms. Biological measures instead could capture
dysregulations independent of conscious awareness and are inherently more objective than verbal reports.
They could furthermore offer quantitative, continuous readouts, which seem more appropriate for describing

dysregulations than is given by categorial psychiatric diagnoses.
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In the recent years, efforts have been made to improve the mechanistic understanding of mental disorders, by
targeting their neurobiological underpinnings. The Research Domain Criteria (RDoC) initiative, started by
the National Institute of Mental Health (NIMH), offers a complementary approach for the classification of
mental disorders, which cuts across the established categories of current diagnostic systems (Cuthbert, 2014;
Insel et al., 2010; Morris & Cuthbert, 2012). This initiative provides a framework to characterize individuals
among five major domains on multiple observation levels (ranging from genetics, cell circuitry, and
physiology to observable behavior). Each of the major domains relates to a different psychological construct
and has been linked to specific neural circuitry (Kozak & Cuthbert, 2016). The five domains are: negative
valence, positive valence, cognitive processes, social processes and arousal or regulatory systems, each with
several sub-categories. “Fear” represents a sub-construct in the RDoC domain of “negative valence” and can

be targeted with a variety of tasks and measures.

1.2 Fear conditioning as experimental and etiological model in psychiatric research
Experimentally, fear is commonly modeled with fear conditioning and extinction tasks. These tasks are not
only highly translatable between human and animal models (Milad & Quirk, 2012), they also constitute
etiological models for the development and maintenance of fear-related psychiatric disorders. For this reason,
they are widely employed in fear research and their use is endorsed for the investigation of fear by the RDoC
initiative.

During fear acquisition, a neutral stimulus is repeatedly paired with an aversive event, a so-called
unconditioned stimulus (US). With proceeding learning of this association, the neutral stimulus becomes a
conditioned stimulus (CS+) which predicts the aversive outcome and can by itself elicit fear responses. In
differential fear conditioning, another neutral stimulus is presented but is never paired with the aversive US.
With proceeding learning, this stimulus becomes a cue for safety (CS-). During extinction, the former CS+ is
presented repetitively without the occurrence of the US. This should lead to the formation of a (context-
dependent) extinction memory, which can suppress fear responses to the former CS+ (Bouton & Moody,
2004). At a later time point, the retention of the extinction memory can be assessed by presenting the CS+
again, or it can for example be probed how readily fear is reinstated after the presentation of an unannounced
US (for an overview of various conditioning procedures see Lonsdorf et al., 2017). Theoretically, differential
fear conditioning leads to discrimination learning between CS+ and CS- and expresses in higher fear
responses to CS+ as opposed to CS-. With proceeding extinction, fear responses to CS+ decrease and

stimulus discrimination diminishes.

The interpretation of PTSD and anxiety disorders in the scope of fear memory formation and extinction

learning can enhance our understanding of their emergence, maintenance and biological foundations. For
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translating the experimental model of fear acquisition and extinction to pathological fear, PTSD can serve as
a useful example: during an aversive or traumatizing event (reflecting a US), the surrounding context or
present stimuli can form strong memory associations with the aversive event. Even though this context and
concurrently present stimuli may initially be neutral (CS), they can later serve as reminders or indicators of
the associated aversive event and elicit fear responses (i.e. serve as CS+). A strong CS-US association may
hinder extinction learning and the attenuation of fear, even if the US is no longer present during repetitive
exposure to the conditioned context or stimulus. This in turn can explain the persistence of pathological fear
and avoidance of the formerly neutral context in everyday life, as it elicits strong aversive fear responses.
Pittig, Treanor, LeBeau, and Craske (2018) offer a detailed description how fear acquisition, impaired
extinction learning, avoidance, generalization and the return of fear can contribute to the development and
persistence of pathological fear (for PTSD specifically see Briscione, Jovanovic, & Norrholm, 2014; Careaga,
Girardi, & Suchecki, 2016; VanElzakker, Dahlgren, Davis, Dubois, & Shin, 2014).

Delineating the learning mechanisms behind pathological fear can improve individualized treatment and
therapeutic success (Craske, Hermans, & Vervliet, 2018; Smith, Doran, Sippel, & Harpaz-Rotem, 2017). For
example the rationale behind the treatment of pathological fear with exposure therapy is based on extinction
learning (Craske et al., 2018; Pittig et al., 2018). During exposure therapy, the patient is repetitively
confronted with the avoided stimulus or context (without the US), with the aim of creating an extinction
memory. Particularly the impairment of such extinction learning or fear inhibition has been proposed as
important mechanism underlying PTSD (Jovanovic & Ressler, 2010; Milad & Quirk, 2012) and anxiety
disorders (Craske et al., 2018; Milad & Quirk, 2012). Vervliet, Craske, and Hermans (2013) argue that not
only the initial formation of an extinction memory, but especially its consolidation and lasting retention is
predictive for long-term therapy success, which makes recall of extinction of fear a particularly interesting

subject for psychiatric research.

Numerous studies have used fear acquisition and extinction to investigate differences between psychiatric
populations and healthy controls. These tasks have revealed patient-control differences for patients suffering
from PTSD (e.g. reviewed by Francati, Vermetten, & Bremner, 2007; Norrholm & Jovanovic, 2018), panic or
anxiety disorders (Duits, Cath, Heitland, & Baas, 2016) and yielded initial evidence for obsessive-compulsive
disorder (OCD; Geller et al., 2017; Milad et al., 2013). Patient-control differences are thereby not restricted to
fear acquisition and extinction, but have also revealed alterations in the recall of extinction memory for
PTSD, OCD and panic disorder (Michael, Blechert, Vriends, Margraf, & Wilhelm, 2007; Milad et al., 2013;
Milad et al., 2008; Milad et al., 2009).

There have been attempts to summarize the findings from clinical studies addressing different psychiatric
populations. Nees, Heinrich, and Flor (2015) have reviewed clinical studies employing fear conditioning and

summarize which fear learning processes have yielded patient-control differences for specific psychiatric
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disorders (see Figure 1). In a recent meta-analysis, Duits et al. (2015) analyzed data from fear conditioning
studies including patient-control comparisons across multiple disorders (PTSD, OCD and disorders of the
anxiety spectrum). They found that, on average, patients responded more strongly to CS- during fear
acquisition (possibly reflecting less fear suppression in response to safety cues) and showed prolonged

stimulus discrimination during extinction learning (i.e. by responding stronger to the extinguished CS+).

Discrimination] | Threat signal || Safety signal Extinction Extinction
learning learning learning learning recall

7 ,/7J£k/'

” o

Figure 1. Summary of clinical findings relating psychiatric disorders to alterations in specific mechanisms

relevant to fear learning. Arrows indicate which mechanisms were found to be altered in association with
different psychiatric diagnoses. The summarized findings stem from studies employing behavioral/subjective,
physiological, and/or neural readouts of fear learning.

‘Discrimination learning’ refers to increased responsiveness to CS+ compared to CS-; ‘Threat signal
learning’ denotes an increased responsiveness to CS+ during fear acquisition, specifically; ‘Safety signal
learning’ refers to an increased responsiveness to the non-paired CS- during fear acquisition; ‘Extinction
learning’ denotes increased responsiveness to CS+ than to CS- during extinction; ‘Extinction recall’ refers to
the occurrence of conditioned responses to previously extinguished CS+. SAD = social anxiety disorder;

BPD = bipolar disorder. From Nees et al. (2015), reproduced with kind permission from Elsevier.

1.3 Readouts of conditioned fear: state of the art

To date, most clinical studies define patient and control groups according to the above-mentioned diagnostic
systems. This might, as discussed above, hinder the detection of pathological fear which is not specific to
these categories. Moreover, fear conditioning studies employ a large variety of methods to assess fear
learning (see Lonsdorf et al., 2017 for an overview). Usually, studies assess subjective behavioral ratings of
US probability throughout or after fear learning. These inform about a subject’s declarative fear learning and

the explicit knowledge about CS-US contingencies. In addition, most studies quantify conditioned responses
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with objective, biological measures by applying neuroimaging techniques and /or psychophysiological
measures. With either of these measures, it is common to quantify and then contrast responses to CS+ and

CS-, with the expectation that CS+ elicits larger fear responses than CS- at the end of fear acquisition.

1.3.1 Fear in neuroimaging research

There are different neurophysiological measures that help inferring on the brain activity associated with fear
learning, including electroencephalography (EEG), positron-emission-tomography (PET) or functional
magnetic resonance imaging (fMRI). The neuronal circuitry underlying fear conditioning is well investigated
in the rodent brain (for a review see Tovote, Fadok, & Luthi, 2015). The amygdala is a bilateral nucleus
located in the limbic system, which is suggested to be of central importance for fear learning. This structure
can be divided into several sub-nuclei, which maintain different connections to the thalamus, cortical and
subcortical brain areas and differentially affect fear expression and inhibition. The basolateral amygdala
(BLA) is thought to be the region where information about the CS and the US converges, enabling the
formation of an associative fear memory. The dorsal part of the BLA receives inputs from sensory cortices
and the thalamus (potentially bearing information about threat cues) and projects to the central nucleus of the
amygdala (CEA). The CEA in turn has excitatory projections to the hypothalamus, the periaqueductal grey in
the midbrain and the locus coeruleus (LC) in the brainstem, and CEA output can promote autonomic fear
responses (for a recent review on the cellular amygdala circuity in associative fear learning see Krabbe,
Grundemann, & Luthi, 2017; Tovote et al., 2015).

In the rodent brain, two higher cortical regions are considered of high importance for modulating amygdala
output through descending projections: the prelimbic cortex (PL) targets the basal nucleus of the amygdala
and is suggested to enhance the expression of fear. The infralimbic cortex (IL) in turn targets inhibitory areas
in the amygdala, such as the intercalated (ITC) neurons and the lateral division of the CEA. Input to these
amygdala sub-regions inhibits the CEA output and therefore reduces fear expression. In addition, the ventral
hippocampus projects to both PL and IL as well as to the BLA and is suggested to be able to modulate fear
responses both in an excitatory as well as in an inhibitory way (reviewed by Milad & Quirk, 2012).

This fear circuitry is highly translatable from the rodent to the human brain: while the PL has been suggested
to be a homologous region to the human dorsal anterior cingulate cortex (dACC) in fear learning (Milad et
al., 2007), the IL is proposed to relate to the human ventromedial prefrontal cortex (vmPFC; reviewed by
Milad & Quirk, 2012). Accordingly, dACC and vmPFC appear to have opposing roles in fear enhancement
and fear suppression, which is evident in imaging studies of human fear conditioning. Such studies typically
contrast brain activation in response to CS+ versus CS-, which reflects brain activity patterns associated with
threat or safety signaling. The CS+ > CS- contrast is reliably associated with regions of the salience network
(in the context of fear learning also referred to as ‘fear network’), which includes the dACC and bilateral

insula, among others (Seeley et al., 2007). The reverse contrast of CS+ < CS- should refer to safety signaling
11
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or fear suppression and typically yields clusters in the vmPFC and the hippocampus (for a meta-analysis see
Fullana et al., 2015; for reviews see Greco & Liberzon, 2016; Mechias, Etkin, & Kalisch, 2010; Sehlmeyer et
al., 2009).

Even though the central role of the amygdala in fear learning has been studied extensively in animal research,
amygdala activity is reported inconsistently in human fear conditioning research. In a review by Sehlmeyer et
al. (2009), only 25 out of 44 human fear conditioning studies employing imaging have reported significant
amygdala activity in association with the CS+ > CS- contrast. Accordingly, in the recent meta-analysis across
27 imaging studies, amygdala activity did not reach significance for the overall CS+> CS- contrast (Fullana et

al., 2015), which is hard to reconcile with its proposed central role in fear learning.

1.3.2 Fear in psychophysiological research

Functional imaging studies typically report the average contrast between CS+ and CS- on the group level.
However, fear acquisition and extinction both constitute learning tasks. Averaging across multiple trials and
subjects may conceal decisive information about individual differences in the course of fear and safety
learning (Lonsdorf & Merz, 2017). In contrast to fMRI, psychophysiological measures allow tracking of the
fear learning process more closely by quantifying the magnitude of single physiological responses to CS+ and
CS- on the trial level. Instead of targeting brain activity, psychophysiological measures are used to infer
indirectly on cognitive processes by capturing changes in the state of the autonomous nervous system. In fear
conditioning, these measures are based on the principle that salient or threatening stimuli (such as threat cues)
elicit an activating response which gets distributed throughout the body by the autonomous nervous system

and is finally detectable in the peripheral physiology.

The brain structures mainly responsible for distributing such activating responses into the periphery are
suggested to be the hypothalamus and the LC (Habib, Gold, & Chrousos, 2001; Stratakis & Chrousos, 1995).
The hypothalamus regulates the activity of the hypothalamic-pituitary-adrenal (HPA) axis, while the LC is
located in the brainstem and its noradrenergic signaling has widespread activating effects throughout the
whole brain (Aston-Jones & Cohen, 2005; Samuels & Szabadi, 2008a) as well as on peripheral autonomous
arousal (Chrousos & Gold, 1992). Activity in either of these structures enhances sympathetic outflow, while
LC activity furthermore inhibits the parasympathetic branch of the autonomous nervous system (Chrousos &
Gold, 1992; Samuels & Szabadi, 2008a, 2008b). The resulting output affects several organs such as the heart,
the skin, the skeletal muscles or the pupil, enabling the body to respond adaptively to stressors and to orient
attention towards motivationally significant stimuli (Habib et al., 2001). Both the LC and the hypothalamus
are reciprocally connected with the amygdala (Samuels & Szabadi, 2008a; Tovote et al., 2015), which might

modulate their output in particular during fear learning. Hence, salient stimuli or threat cues do not only elicit

12
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specific brain activity patterns, but also cause a physiological response which can be observed in peripheral

organs.

Discrete physiological responses to conditioned stimuli can be detected with a variety of psychophysiological
methods (for an overview see Lonsdorf et al., 2017). One widely employed measure is the quantification of
skin conductance responses (SCR). An increase in autonomous nervous system activity, primarily of the
sympathetic branch (Wallin, 1981), is associated with a phasic increase in activity of eccrine sweat glands on
the skin of palms and feet (Boucsein et al., 2012). This leads to higher salt concentrations and hence higher
conductivity between electrodes placed on the palmar surface. Such phasic increases in skin conductance as a
result of stimulation can be quantified (for guidelines see Boucsein et al., 2012). A large body of evidence
shows that SCR can be used as a physiological measure of the conditioned response. In human fear
conditioning, SCR to CS+ are commonly more frequent and larger in magnitude than SCR to CS- (e.g.
Fredrikson & Ohman, 1979; Lipp, Siddle, & Dall, 1998; Luck & Lipp, 2016; see Pineles, Orr, & Orr, 2009

for a list of studies asessing SCR in fear conditioning).

Alternatively to assessing discrete responses to CS+ and CS-, it is also possible to probe physiological
responsiveness at different stages during fear learning. Such probes are typically applied during the stimulus
interval (i.e. during the presence of CS+ or CS-), as well as during neutral inter-trial intervals. The response
magnitude to such probes can then be used to infer on ongoing cognitive-affective processes at the time of
probing. Fear conditioning studies often employ sudden loud noises as an acoustic probe, which elicit a
defensive startle reflex. This reflex can be quantified with electromyography (EMG) recorded under the eye
on the orbicularis oculi muscle (for guidelines see Blumenthal et al., 2005). Startle responses are reliably
enhanced during the anticipation of aversive events (as for example during CS+ presentations in anticipation
of a US). For this reason, startle EMG is a widely employed physiological measure in fear conditioning
studies (e.g. Hamm, Greenwald, Bradley, Cuthbert, & Lang, 1991; Hamm, Greenwald, Bradley, & Lang,
1993; Lipp et al., 1998; Weike, Schupp, & Hamm, 2007) and has also proven useful for extinction and return
of fear paradigms (Norrholm et al., 2011; Norrholm et al., 2006).

1.4 Pupillometry as a measure of the conditioned response

1.4.1 Pupillometry as a young measure of conditioned fear

In recent years, pupillometric measures of the conditioned response have gained increasing interest. The
diameter of the pupil is determined by the dilator and constrictor muscles of the iris, which are sensitive to
sympathetic and parasympathetic input, respectively (Larsen & Waters, 2018; Samuels & Szabadi, 2008a,
2008b). Pupil constriction is elicited by the parasympathetic pathway: the Erdinger-Westphal nucleus in the

brainstem innervates peripheral neurons in the ganglion ciliare, which in turn induce pupil constriction
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mediated by cholinergic signaling. Input from the sympathetic pathway (arriving via the interomedial cell
column of the spinal cord to the superior cervical ganglion) activates the pupillary dilator muscle via
noradrenergic signaling. Pupil dilation can be caused by both increasing sympathetic activity as well as by an
inhibition of the parasympathetic pathway (and thereby inhibition of constrictor muscle activity). As the LC
contributes to sympathetic activity and inhibits parasympathetic outflow (with respective excitatory and
inhibitory projections to preganglionic neurons, see Samuels & Szabadi, 2008a, 2008b), LC activity has been
found to be closely associated with pupil dilation in the monkey (Joshi, Li, Kalwani, & Gold, 2016), as well
as in humans (Alnaes et al., 2014; Murphy, O'Connell, O'Sullivan, Robertson, & Balsters, 2014; Sterpenich et
al., 2006). Similarly, hypothalamic activity can affect the pupil size via its sympathetic output: hypothalamus
stimulation has been shown to lead to pupil dilation and to inhibit the parasympathetic pupillary light reflex

(Loewenfeld, 1958; Sillito & Zbrozyna, 1970).

Due to its sensitivity to autonomous arousal, the pupil responds with dilation to salient or threatening stimuli.
For this reason, pupil dilations have gained interest as a measure of the conditioned response, with the first
publication appearing 16 years ago (Reinhard & Lachnit, 2002). Most fear conditioning studies employing
pupillometry determine the increase in pupil diameter throughout the stimulus interval (Hopkins, Schultz,
Hannula, & Helmstetter, 2015; Reinhard & Lachnit, 2002; Reinhard, Lachnit, & Konig, 2006; Visser et al.,
2016; Visser, Kunze, Westhoff, Scholte, & Kindt, 2015; Visser, Scholte, Beemsterboer, & Kindt, 2013),
while others determine the average pupil diameter during stimulus presentations (De Voogd, Fernandez, &
Hermans, 2016). Quantified dilations can then be contrasted between CS+ and CS-. Pupil dilations are
usually larger in response to CS+ than to CS- (but see Morriss, Christakou, & van Reekum, 2015) and can
hence serve as readout of conditioned fear. Pupil dilations have previously been reported to be maximal in
direct US anticipation (Reinhard & Lachnit, 2002). The best CS+ > CS- discrimination may therefore be
found when assessing the entire increase in pupil diameter from CS onset to offset.

Another approach is to probe pupillary reflexes during CS presentations, comparable to the application of
startle probes. Several studies have shown that the pupillary constriction in response to light probes is less

pronounced during states of threat (Bitsios, Szabadi, & Bradshaw, 2002, 2004; Hourdaki et al., 2005).

1.4.2 Pupillometry in comparison to other readouts of conditioned fear

Various psychophysiological measures are thus available to approximate fear learning. When applying such
physiological measures with the goal to characterize individual differences in fear processing, it is essential to
understand which cognitive-affective and neural processes contribute to different physiological responses.
Even though various physiological measures yield the typical CS+ > CS- stimulus difference, they might

reflect different aspects of fear learning.
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The cognitive processes as well as the neural correlates behind the fear-potentiated of the startle reflex and
SCR in fear conditioning have been hypothesized to largely dissociate (Hamm & Vaitl, 1996; Hamm &
Weike, 2005; Soeter & Kindt, 2010). SCR are considered as valence-unspecific measure of emotional arousal
(Hamm et al., 1993; Lang, Bradley, & Cuthbert, 1990; Lipp, Sheridan, & Siddle, 1994). Contrarily, it has
been shown that the startle reflex is modulated by emotional valence, i.e. the reflex is enhanced during the
presence of negative, and inhibited during the presence of (equally arousing) positive picture stimuli
(Bradley, Cuthbert, & Lang, 1996; Cuthbert, Bradley, & Lang, 1996; Lang et al., 1990; Vrana, Spence, &
Lang, 1988). Furthermore, it has been proposed that awareness of CS-US contingencies is crucial for
stimulus discrimination measured by SCR (Sevenster, Beckers, & Kindt, 2014; Tabbert et al., 2011; Tabbert,
Stark, Kirsch, & Vaitl, 2006; Weike et al., 2007). SCR have previously been related to several higher-order
cognitive processes, such as outcome anticipation or conflict monitoring (e.g. Critchley, Mathias, & Dolan,
2001; Kobayashi, Yoshino, Takahashi, & Nomura, 2007; Zeng et al., 2015), which might contribute to SCR
magnitude during fear learning. By contrast, the fear-potentiation of the startle response has been proposed to
occur even without conscious contingency awareness (Hamm & Vaitl, 1996; Sevenster et al., 2014).
Accordingly, SCR and the startle responses as readouts of fear conditioning are proposed to rely on different
neuronal underpinnings. The fear-potentiation of the startle response likely results from a modulation of the
reflexive startle circuit via inputs from the amygdala (Davis, 2006; Hamm & Weike, 2005). SCR instead have
been suggested to reflect declarative learning and hippocampal activity (Hamm & Weike, 2005) and they
have been related to dACC activity and thickness in fear conditioning (Milad et al., 2007).

As pupillometry is a relatively new measure of conditioned fear, it is of interest to relate it to long-established
measures such as the fear-potentiated startle reflex or SCR, in order to explore communalities and differences
among these physiological measures. Whereas startle responses and SCR commonly habituate over time
(Bacigalupo & Luck, 2017; Bradley, Lang, & Cuthbert, 1993; Grillon & Baas, 2003; Pineles et al., 2009), this
is unclear for pupillary readouts. Pupil responses to repeated sounds have previously been reported to
habituate (Marois, Labonte, Parent, & Vachon, 2017), whereas Hopkins et al. (2015) reported an overall
increase of pupil responses during fear conditioning (while simultaneously recorded SCR decreased). Based
on such indications for different temporal response patterns, pupil responses may be affected by other

cognitive-affective processes than SCR or startle responses during fear learning.

Diverse cognitive processes with the potential to influence the pupil diameter are diverse and they have been
reviewed several times (Beatty & Lucero-Wagoner, 2000; Larsen & Waters, 2018; Sirois & Brisson, 2014;
van der Wel & van Steenbergen, 2018). The pupil responds for example to emotionally arousing material
(Bradley, Miccoli, Escrig, & Lang, 2008; Partala & Surakka, 2003; Snowden et al., 2016), but it is also
sensitive to higher order cognitive processes such as prediction and error monitoring processes (Jepma &

Nieuwenhuis, 2011; Koenig, Uengoer, & Lachnit, 2017; Preuschoff, Hart, & Einhauser, 2011), uncertainty
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(Lavin, San Martin, & Rosales Jubal, 2014) or cognitive effort (e.g. Alnaes et al., 2014; Wendt, Dau, &
Hjortkjeer, 2016). Such cognitive processes may contribute to pupil dilations during fear learning.

The first part of this work aims at a direct comparison of pupillometric measures of conditioned fear to SCR
and startle responses. This comparison is implemented via simultaneous recordings of the three measures
during fear learning. We expect all three measures to yield larger responses to CS+ than to CS- after fear
acquisition, as this has been demonstrated in previous fear conditioning studies. Apart from this
communality, the three measures might display different temporal response patterns throughout the learning
process. While we expect SCR and startle responses to habituate, we hypothesize that this is not the case for
pupil responses. Given that SCR and startle response have previously been related to different cognitive-
affective processes during fear acquisition, we expect to find only a partial overlap of their response patterns.
Pupil responses in turn may differ from both other measures. We hypothesize them to reflect rather conscious
processes like threat appraisal or US expectancy, for being sensitive to several higher-order cognitive
processes and for being maximal in temporal proximity to the US. Pupillary measures throughout fear

learning will be characterized in-depth and will be related to SCR and startle responses on a trial-level.

1.4.3 The neural correlates of pupil dilations

Furthermore, the neuronal correlates of pupil dilations during fear learning are unknown. Corresponding to
various cognitive processes, different brain activation patterns have been associated with pupillary readouts
in concurrent pupillometry and fMRI. Depending on the task under investigation, phasic pupil dilations have
been associated with anterior cingulate cortex (ACC) and salience network activity during rest (Murphy et al.,
2014; Schneider et al., 2016), with superior temporal gyrus during a speech comprehension task (Zekveld,
Heslenfeld, Johnsrude, Versfeld, & Kramer, 2014) or with the dorsal attention network during an attention
task (Alnaes et al., 2014). Accordingly, different brain regions may contribute to pupil dilations during fear
acquisition and extinction.

As the pupil is responsive to different neuromodulatory circuits, (e.g. noradrenergic or cholinergic signaling,
see Larsen & Waters, 2018), it is difficult to directly infer on the cortical processes driving pupil dilations.
The LC is a structure that could potentially relay input from higher-order brain regions to the autonomous
nervous system, which would then lead to changes in pupil size. The LC receives direct inputs from the
anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC) in the monkey brain (Aston-Jones & Cohen,
2005), it projects to the thalamus and it maintains a two-way excitatory connection to the amygdala (Samuels
& Szabadi, 2008a). Due to such anatomical considerations, regions of the ‘fear’ or salience network like the
dACC, the vmPFC, thalamus or amygdala may therefore influence LC activity and indirectly affect pupil
diameter during fear learning. Simultaneous recordings of brain activity (for example measured with fMRI)

and recordings of pupil dilations can inform about this relationship during fear learning.
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The second part of this work therefore explores the neural correlates of pupil dilations during fear learning
with the help of simultaneous assessments of pupillometry and fMRI. Brain activity patterns associated with
conditioned pupil responses will be identified and the neural processes associated with changes in tonic pupil
diameter are further explored. We hypothesize to find the CS+ > CS- difference represented in pupil response
magnitude, as well as in activation of the fear or salience network, as these are commonly reported. We
furthermore expect the reverse contrast (CS+ < CS-) to yield activity in vmPFC. If pupil dilations are
enhanced in response to CS+, they should correlate positively with salience network activity and negatively
with vmPFC activity.

Furthermore, exploring the neural correlates of trial-wise pupil responses within stimulus categories (i.e. after
correcting for the general CS+ > CS- stimulus contrast) should reveal brain regions that have a more general,
maybe modulatory association with pupil dilations. Candidate regions for this are for example the dACC, the
thalamus or the LC, given their central role in the salience network and autonomous response regulation.
Furthermore, given that amygdala and regions like dACC and vmPFC are believed to mediate fear learning,

these regions could modulate the magnitude of pupil responses via their common associations to the LC.
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2. Measuring the conditioned response

2. Measuring the conditioned response: a comparison of pupillometry, skin

conductance and startle electromyography.

2.1 Summary

In the first study, pupillometry, skin conductance and startle EMG were acquired simultaneously during fear
learning (in a two-day fear acquisition, extinction and recall paradigm), in order to relate pupillometry to
frequently employed methods in human fear conditioning. As expected, all psychophysiological measures
discriminated between CS+ and CS- at the end of the fear acquisition phase, with larger responses to CS+
than to CS-, i.e. each of the measures showed sensitivity to fear learning. We also detected a fear-potentiation
of the auditory pupillary reflex to the acoustic startle probes, which constitutes a promising new readout of
the conditioned response.

Apart from reflecting the CS+ > CS- stimulus difference, our study results suggest that slow pupil dilations as
well as the auditory pupil reflex differ largely from SCR and startle responses during fear acquisition (see
Figure 2 B-E). Conditioned responses derived from the different measures correlated only weakly among
each other, despite stemming from the same fear learning process. This could be related to significant
differences in the temporal response patterns between SCR, startle responses and pupillometric measures
during the task. Across trials, pupillary measures increased in response to CS+, whereas SCR and startle
responses habituated strongly in response to either stimulus throughout all task phases. Based on these
diverging response patterns, we propose that pupillometric readouts reflect partly different cognitive-affective

processes than other psychophysiological readouts of the conditioned response.

2.2 Declaration of author contributions

The study was conceived and designed by Victor Spoormaker (VS) and Laura Leuchs (LL). The team of the
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recruited the participants. LL implemented and programmed the experiment. LL, VS, Max Schneider (MS),
Miriam Kraft, Florian Binder and Antonia Motes acquired the data. VS, LL and MS contributed to the
interpretation of the results. LL performed the data analysis and took the lead in writing the manuscript with
support from VS. All authors provided critical feedback to the manuscript. Dorothee Pohlchen and

Taechawidd Nantawisarakul helped with proofreading of the final manuscript version.
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Abstract

In human fear conditioning studies, different physiological readouts can be used to track conditioned
responding during fear learning. Commonly employed readouts like skin conductance responses (SCR) or
startle responses have in the recent years been complemented by pupillary readouts, but to date it is unknown
how pupillary readouts relate to other measures of the conditioned response.

To examine differences and communalities among pupil responses, SCR and startle responses, we
simultaneously recorded pupil diameter, skin conductance and startle electromyography (EMG) in 47 healthy
subjects during fear acquisition, extinction and a recall test on two consecutive days.

The different measures correlated only weakly, displaying most prominent differences in their response
patterns during fear acquisition. Whereas SCR and startle responses habituated, pupillary measures did not.
Instead, they increased in response to fear conditioned stimuli and most closely followed ratings of US
expectancy. Moreover, we observed that startle-induced pupil responses showed stimulus discrimination
during fear acquisition, suggesting a fear-potentiation of the auditory pupil reflex.

We conclude that different physiological outcome measures of the conditioned response inform about
different cognitive-affective processes during fear learning, with pupil responses being least affected by

physiological habituation and most closely following US expectancy.
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1. Introduction

In the face of threat, the autonomous nervous system responds with increased physiological arousal. Such
responses are commonly used to track the learning process in human fear conditioning and extinction
paradigms. Fear conditioned stimuli (CS+), which predict the occurrence of an aversive unconditioned
stimulus (US), typically elicit stronger physiological responses than cues indicating safety (CS-). During
extinction, the aversive US is omitted and responses to CS+ typically decline with safety learning. Such
conditioned responses can be measured with a variety of methods (i.e. with subjective, neurophysiological
and psychophysiological measures; see Lonsdorf et al., 2017 for an overview). Peripheral physiological
measures are relatively easy to assess and offer the possibility to track conditioned responses objectively on a
single trial level.

One of the most commonly employed psychophysiological measures in human fear conditioning is the
quantification of skin conductance responses (SCR). Skin conductance increases in response to emotionally
arousing stimuli, proposedly independent of their emotional valence (e.g. Bradley, Miccoli, Escrig, & Lang,
2008; Hamm & Stark, 1993). SCR are typically initiated 1 to 4 s after stimulation and peak between 0.5 and 5
s after initiation (Society for Psychophysiological Research, 2012). In fear conditioning studies, SCR usually
yield larger responses to CS+ than to CS- and are often reported to depend on CS-US contingency awareness
(Critchley, Mathias, & Dolan, 2002; Sevenster, Beckers, & Kindt, 2014; Tabbert et al., 2010).

Another commonly employed experimental method is to trigger reflexive responses during CS presentations.
This way, a startle reflex can be elicited, for example by short bursts of white noise, and its eyeblink
component can be recorded with electromyography (EMG) on the orbicularis occuli muscle under the eyes.
The muscle contraction in response to startle probes occurs quickly and can be assessed within 120 ms after
stimulation (for guidelines see Blumenthal et al., 2005). The magnitude of the startle reflex is reportedly
modulated by emotional valence: it is enhanced during negative emotional states and reduced during positive
emotional states (Bradley, Cuthbert, & Lang, 1990; for a review see Grillon & Baas, 2003; Lang, Bradley, &
Cuthbert, 1990). In fear conditioning studies, the startle response is increased when it is probed during the
presence of CS+ as opposed to CS- (Grillon & Ameli, 1998; Hamm, Greenwald, Bradley, Cuthbert, & Lang,
1991). The startle reflex can technically be triggered at any moment, however startle probes are usually
applied after several seconds of CS presentation and show strongest fear potentiation in close temporal
proximity to the US (Grillon, Ameli, Merikangas, Woods, & Davis, 1993). It is furthermore common to elicit
startle responses during neutral inter-trial intervals, to quantify the startle potentiation due to the presence of a
CS.

In the last decade, the quantification of pupil dilations as measure of the conditioned response has received
increasing interest (e.g. Koenig, Uengoer, & Lachnit, 2017b; Reinhard & Lachnit, 2002; Reinhard, Lachnit,
& Konig, 2006; Visser, Kunze, Westhoff, Scholte, & Kindt, 2015; Visser, Scholte, Beemsterboer, & Kindt,
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2013). The pupil response can start emerging as early as 200 ms after stimulus onset (Beatty & Lucero-
Wagoner, 2000; Sirois & Brisson, 2014) and is modulated by arousal: the pupil has been shown to dilate
more strongly to emotionally arousing picture stimuli (Bradley et al., 2008; Snowden et al., 2016) as well as
to arousing sounds (Partala & Surakka, 2003) in comparison to neutral stimuli. In fear conditioning studies,
the most pronounced CS+ to CS- discrimination has been found in close proximity to the US at stimulus
offset (Koenig, Uengoer, & Lachnit, 2017a; Leuchs, Schneider, Czisch, & Spoormaker, 2016; Reinhard &
Lachnit, 2002). The conditioned pupil response is often defined as the increase in diameter from stimulus
onset to offset, spanning several seconds (e.g. Leuchs et al., 2016; Reinhard & Lachnit, 2002; Visser et al.,
2013).

It is yet unknown how pupil responses relate to other physiological readouts of conditioned fear like SCR and
startle responses. Despite commonly discriminating between CS+ and CS-, these physiological measures
likely capture partly overlapping and partly differing processes throughout fear learning. For instance, it has
been hypothesized that startle responses and SCR rely on diverging neuronal circuitry and cognitive
processes (for a review see Hamm & Weike, 2005). Startle responses are proposed to relate to reflexive fear
circuitry involving the amygdala, while SCR are proposed to rely more on hippocampal activity (Hamm &
Weike, 2005) and higher cognitive processes like contingency awareness during fear conditioning (Sevenster
et al., 2014). Besides responding to arousal, the pupil has been shown to be sensitive to a variety of higher-
order processes like error monitoring (Koenig et al., 2017b; Murphy, van Moort, & Nieuwenhuis, 2016;
Preuschoff, Hart, & Einhauser, 2011), uncertainty (Lavin, San Martin, & Rosales Jubal, 2014) or cognitive
load (for reviews see Beatty & Lucero-Wagoner, 2000; Sirois & Brisson, 2014; van der Wel & van
Steenbergen, 2018). During fear learning it might therefore reflect cognitive processes such as threat
appraisal and explicit US expectancy, in addition to arousal.

Moreover, whereas startle responses and SCR are commonly subject to habituation (Bacigalupo & Luck,
2017; Bradley, Lang, & Cuthbert, 1993; Grillon & Baas, 2003; Pineles, Orr, & Orr, 2009), this is unclear for
pupillary readouts. We found no substantial habituation of conditioned pupil responses during fear
acquisition in a previous study in the MR-environment (Leuchs et al., 2016), whereas other studies have
reported habituation of pupil responses to repeated sounds (Marois, Labonte, Parent, & Vachon, 2017). In our
previous study, we instead observed robust habituation of the baseline pupil diameter (e.g., the pre-stimulus
baseline throughout fear learning), which was inversely correlated to superimposed phasic pupil dilations — in
line with previous reports (Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Jepma & Nieuwenhuis, 2011).
Tonic changes in pupil diameter may therefore reflect habituation, but may also impact the magnitude of
pupil responses to stimuli and thus appear to be relevant. To date, some studies have adjusted phasic

responses for tonic changes in pupil diameter (e.g. by division or multiplication, see De Voogd, Ferndndez, &
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Hermans, 2016; Marois et al., 2017), while others have subtracted the preceding diameter as a baseline
(Reinhard et al., 2006; Visser et al., 2015).

Physiological measures are therefore likely modulated by different cognitive-affective processes, which may
be reflected in different temporal response patterns during fear learning. The study aim was to directly
compare the properties and temporal dynamics of widely used measures of the conditioned response like SCR
and startle responses to pupillary readouts. We simultaneously assessed SCR, startle responses and pupil
dilations in healthy subjects during fear acquisition, extinction and a recall test on two consecutive test days.
This allowed us to compare different readouts of the conditioned response to the very same CS presentations
and in particular to characterize pupillary measures among other, more commonly employed readouts like
SCR and startle responses. For each measure, habituation and CS+ to CS- discrimination across task phases
were assessed. Furthermore, correlations and differences in the temporal dynamics of conditioned responses
were determined across measures. We hypothesized pupil dilations to be less subject to habituation than SCR

or startle responses.

2. Method
2.1 Participants

Subjects were recruited at the Max Planck Institute of Psychiatry in Munich in the scope of a large-scale
clinical study, which was approved by a local ethics committee. Prior to participation in the study, subjects
completed an online questionnaire based on the Composite International Diagnostic Interview Screening
Scales (see Kessler et al., 2013) as a short screening. Furthermore, the intake of psychoactive medication or
drugs and any former or current psychiatric, neurological or physical diseases were excluded in an interview
with a clinician. Fifty-one healthy subjects completed both test days. Four subjects had to be excluded after
artifact correction (see below), leaving 47 subjects for the final data analyses (@ age = 29.5, SD = 9.2, 23
female). All subjects had normal or corrected-to-normal vision, gave written informed consent and were

reimbursed for participation.

2.2 Materials
2.2.1 Conditioned stimuli

The conditioned stimuli consisted of a square, a circle and a thombus in three different colors of equal
brightness and surface area (for a specification of light conditions and stimulus color-codes see
Supplementary Information). One of the conditioned stimuli served as CS- and two served as CS+, while
assignment of the three stimuli as CS- or CS+ was counterbalanced across subjects. Stimuli were presented

on a black background in the center of a screen, lasted for 4.42 s (CS+) or 4.56 s (CS-; minor differences in
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timing were due to software communication delays) and were separated by the presentation of a white

fixation cross during the inter-trial interval (duration ranging from 10 to 16 s).

2.2.2 Unconditioned stimuli

The two CS+ were reinforced with two different US: the first US consisted of a 20 ms electrical stimulation
implemented with a Linear Isolated Stimulator (Stimsola, BIOPAC Systems, Inc., Goleta, USA). Electrical
stimulation was delivered to the right wrist via two Ag/AgCl electrodes filled with electrolyte gel. Shock
strength was calibrated individually for each subject by increasing stimulation from zero in 0.5 mA steps,
until the subject reported the shock to be very unpleasant and annoying, but not yet painful (@ = 8.4 mA, SD
= 4.7, range [2.5 mA; 24.5 mA]). The second US consisted of a 9 bar air blast of 250 ms duration (compare

Jovanovic et al., 2005) and was delivered to the larynx from a distance of approximately 1-2 cm.

2.2.3 Startle probe

The startle probe was delivered binaurally via headphones and consisted of a 40ms burst of white noise at
108 decibel with near-instantaneous rise-time (compare Jovanovic et al., 2005). Startle probes were
administered at 3.42 s during CS+ trials and at 3.56 s during CS- trials and occurred exactly 1s prior to
stimulus offset. Furthermore, startle probes were applied after two thirds of long inter-trial-intervals of 16 s

(i.e. at 10.66 s after the previous stimulus offset and 5.33 s before the next stimulus onset).

2.3 Experimental procedures

Subjects underwent uninstructed fear acquisition which was followed by immediate extinction and returned
on the next day for a recall task. Before the experiment, subjects were informed that they would be
confronted with three aversive stimuli: loud noises presented via headphones, airblasts to the throat and mild
electric stimuli to the right wrist. Upon arrival on the first test day (at 10 AM), electrodes were attached and
subjects placed their chin on a head-rest, which was located at a distance of 80 cm in front of the screen.
Subjects were informed that three geometric shapes would appear alternatingly on the screen and that each
could be followed by an airblast or an electric stimulus. They were instructed to view the screen and to find
out how the occurrence of the electric shock and the airblast was associated with each the three geometric
shapes. Subjects were told that the loud noises were not systematically associated with the stimuli and should
be ignored. Whenever a rating was presented on the screen between trials, subjects were asked to report their
US probability estimation: for each geometric shape, subjects could first indicate the probability of the
occurrence of an airblast with button presses (ranging from 0 to 100 % in 10 % steps). After 18 s, a second

rating referring to the shock would appear on the screen for another 18 s.
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2.3.1 Habituation

Prior to fear acquisition, subjects underwent an announced habituation phase during which four startle probes
were administered, but no US was applied. Each of the three geometric shapes was then presented twice and
the rating procedure could be practiced once. After the habituation phase, the experimenter left the room and

closed the door.

2.3.2 Fear acquisition

During fear acquisition, the CS- and both CS+ were presented 12 times each in a pseudo-randomized order,
with no more than two consecutive presentations of the same stimulus type. In 75 % of fear acquisition trials,
the two CS+ co-terminated with their specific US at stimulus offset: the mild electric shock to the wrist was
paired with one geometric shape (CS+) while the airblast to the larynx was paired with another shape
(CS+air). During fear acquisition, startle probes occurred in 75 % of trials (i.e. nine per stimulus type) as well
as during nine inter-trial intervals (see Supplementary Figure S1 for the stimulus order during fear

acquisition).

2.3.3 Extinction

Extinction followed fear acquisition immediately after one of the US probability ratings. The CS- and one
CS+ (the CS+ previously followed by shocks) were presented ten times each during this task phase, while no
US was applied anymore. Six startle probes were applied per stimulus type and another six during inter-trial
intervals. At the end of the first test session, subjects were asked to indicate their discomfort with the shock,

the airblast and the startle noise on a scale from zero (not at all unpleasant) to ten (extremely unpleasant).

2.3.4 Recall test

Subjects returned at 9 AM on the following day. At the beginning of the session, all electrodes were attached
and subjects were once again informed about the procedure. As on the previous day, subjects were instructed
to view the screen and to estimate the occurrence of shocks and airblasts in association with the geometric
shapes. During recall, the CS- and both CS+ were presented eight times each, while no US was applied. Six

startle probes were applied per stimulus type and another six were applied during inter-trial-intervals.

2.3.5 Ratings of US probability

On both test days, ratings of shock and airblast probability were assessed at the beginning, the end, and at
intermittent time points throughout the task. Ratings were presented on the screen every 12 trials during fear
acquisition and recall and every ten trials during extinction (resulting in a total of seven ratings on the first
day and three ratings on the second day). Blocks framed by ratings each contained a balanced amount of

stimulus presentations per condition (4 each during acquisition and recall, 5 each during extinction), startle
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probes per condition (3 per stimulus type and 3 during inter-trial intervals) and US applications (3 per CS+

during fear acquisition; see Supplementary Figure S1).

2.4 Data acquisition

Eytracking was performed with an EyeLink 1000 desktop system (SR Research Ltd., Ottawa, Canada), which
was placed underneath the screen (distance from camera to eye approximately 60cm, resulting in a visual
angle of ~7° for the conditioned stimuli). After a standard nine-point-calibration to determine the gaze
position on the screen, pupil diameter (in arbitrary units) and gaze coordinates of the right eye were recorded
at a sampling rate of 250 Hz. Light conditions were kept constant across all measurements (with bright
ceiling lights in a windowless laboratory, see Supplementary Information).

Both skin conductance and startle electromyography (EMG) were tracked with a wireless system
(Bionomadics amplifiers and receivers transmitting to a MP150 monitoring system, BIOPAC Systems, Inc.,
Goleta, USA) and recorded with AcqKnowledge (BIOPAC Systems, Inc., Goleta, USA) at a sampling rate of
1000Hz. Ag/AgCl electrodes with 5Smm diameter were filled with electrolyte gel and used for all
measurements. For skin conductance recordings, two electrodes were placed on the palm of the left hand,
which subjects rested on the desk throughout the experiment. Skin conductance was measured in
microsiemens (uS). For startle EMG, two electrodes were placed on the orbicularis oculi muscle underneath
the left eye and one electrode was placed behind the left ear for reference. EMG was recorded in microvolts
(mV) and the impedance of EMG electrodes was assured to be below 10 kQ before the recordings were

started.

2.5 Data processing

2.5.1 Pupillometry

Eyetracking data was processed and analyzed in Matlab (version 2015a, MathWorks, Natick, USA). First,
missing pupil diameter values (due to eye blinks) were replaced by linear interpolation. The last saccade
onset before each blink and the first saccade end after each blink marked the beginning and end of the
interpolation windows (markers provided by EyeLink software, SR Research Ltd., Ottawa, Canada). Raw
data was then smoothed with a 200 ms sliding window and segmented around trials (from 0.5 s before
stimulus onset to stimulus offset).

Trial segments were then automatically inspected for three different types of artifacts. First, segments with
over 50 % interpolated data points (caused by eye closure or excessive blinking) were excluded (2.1 % of all
trials, SD = 4.1 %). Two subjects were excluded due to excessive blinking (resulting in over 30% missing
trials on each test day). Second, trials in which the subjects’ gaze was not directed at the middle of the screen

for over 0.5 s were discarded (5.9 % of all trials, SD = 4.7 %). For this purpose, a cutoff window was defined
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around the subject’s median gaze position (median across all trials). The limits of the cutoff window were
informed by the mean gaze deviation during trials across all subjects (approximately 14 % of the visual
angle). Third, trials containing sudden shifts in pupil diameter, which are rather due to recording artifacts than
biological processes, were identified. For each subject, the standard deviation across all trials was determined
for five different time epochs: one epoch of a 0.5 s pre-stimulus baseline and following four epochs of each 1
s duration, covering the stimulus presentation. Trials deviating by more than 3.3 SD from all trials of that
subject in any of these epochs were excluded (4.0 % of all trials, SD = 1.9 %). Artifacts identified by these
three approaches partly overlapped, resulting in a total of 11.4 % excluded trials (SD = 6.3 %) and were
treated as missing values (corresponding to on average 9.1 out of 80 trials across both test days).

For the quantification of pupil response amplitudes, a window of interest in close US-proximity was chosen.
Slow pupil dilations in response to the conditioned stimuli were calculated by subtracting the pupil diameter
at pre-stimulus baseline (average across 0.5 s before stimulus onset) from the maximum pupil diameter in the
last second before stimulus offset (see Figure 1C). In an additional analysis, we assessed auditory pupil
responses to the startle probes. This was done to test whether the auditory pupil reflex discriminated between
CS+, CS- and inter-trial intervals. For each startle probe (during stimuli and inter-trial intervals), the change
in pupil diameter from startle onset to the maximum dilation within 1 s was quantified. For analyses of
overall changes in tonic pupil diameter, pre-stimulus baselines were used. All raw pupil responses were

separately z-transformed within subjects (across all trials of both test days).

2.5.2 Skin Conductance

Skin conductance data was low pass filtered at 1 Hz in AcqKnowledge (BIOPAC Systems, Inc., Goleta,
USA) and further processed in Matlab (version 2015a, MathWorks, Natick, USA). For each trial, the
maximum skin conductance between 2.5 and 4.5s after stimulus onset was identified. To determine the SCR
amplitude per trial, the segment preceding the maximum response was searched for a local minimum
(between 1s after stimulus onset and the time of the maximum response). If there was an identifiable trough,
the response amplitude was defined as the minimum to maximum difference (see Figure 1B), otherwise (i.e.,
if skin conductance only declined during the trial) the response amplitude was set to zero.

Furthermore, trials were automatically inspected for outliers by examining the standard deviation of each trial
segment in comparison to all other segments of the same subject. If the trial’s standard deviation exceeded
the mean standard deviation across all trials over 3.3 times, the respective trial was treated as missing value
(on average 8.8 % of all trials, SD = 1.6 %; corresponding to on average 7.0 out of 80 trials across both test
days). Two subjects were excluded as non-responders for having over two thirds (67 %) of zero responses on

each test day. All SCR to stimulus onsets were z-transformed across both test days within subjects.

26



2. Measuring the conditioned response

2.5.3 Startle EMG

Startle EMG data was band pass filtered between 28 and 400 Hz, then rectified and low pass filtered at 40 Hz
(see Blumenthal et al., 2005) in AcqKnowledge (BIOPAC Systems, Inc., Goleta, USA). All further data
processing was implemented in Matlab (version 2015a, MathWorks, Natick, USA). Startle responses were
calculated by subtracting the average baseline (50 ms before the startle probe) from the maximum amplitude
in the window of interest from 20 to 120 ms after the startle probe (see Figure 1A). Trials in which either the
standard deviation or the maximum amplitude during the baseline exceeded the standard deviation or
maximum during the window of interest were identified as invalid and treated as missing values. This
resulted in a total of 5.7 % excluded trials (SD = 5.6 %; corresponding to on average 4.7 out of 82 trials
across both test days). No subjects were excluded after artifact correction (none with more than 30 % invalid

trials). All raw startle amplitudes from both test days were z-transformed per subject.
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Figure 1. Physiological responses to CS+ (red) and CS- (green), averaged across subjects during the last
block of fear acquisition. Vertical lines indicate the standard error of the mean (SEM). Blue arrows indicate
the windows of interest for the different physiological readouts: A) Startle response amplitude: difference
from baseline (mean 50 ms before startle probe) to peak (maximum during 20 to 120 ms after the startle
probe). B) Skin conductance response (SCR) amplitude: difference from local minimum to peak (trough after
stimulus onset to maximum during 2.5 to 4.5 s after stimulus onset). C) Pupil responses 1) slow pupil
dilations: difference from baseline (mean 0.5 s before stimulus onset) to peak in the last second before
stimulus offset 2) auditory pupil reflex to the startle probe: increase in pupil diameter from probe onset to the
maximum within 1 s. Depicted segments were derived from z-transformed physiological data. Pre-stimulus

baselines were subtracted prior to averaging.
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2.6 Statistical Tests

For simplification, and because only this specific CS+ was presented during extinction, all further analyses
concerning the CS+ > CS- difference will focus only on the CS+ that was reinforced by electric shocks
during fear acquisition (results for the CS+ coupled with airblasts are presented in Supplementary Table S1;
comparisons between the different CS+ are presented in Supplementary Table S2). To compare the exact
same trials across measures, we furthermore only included trials with startle probes in the following analyses.
After artifact correction, 47 out of 51 subjects were included in the final data analyses. Statistical testing was
performed with SPSS (PASW Statistics for Windows, Version 18.0. Chicago, SPSS Inc.) and Matlab (version
2015a, MathWorks, Natick, USA).

2.6.1 Ratings of US probability

To assess explicit learning of CS-US contingencies, we performed a repeated measures analysis of variance
(rmANOVA) across ratings of shock probability for each test phase with the factors stimulus (CS- and CS+)
and time (four ratings until the end of fear acquisition, two ratings during extinction, three ratings during

recall).

2.6.2 Physiological responses

Z-transformed response amplitudes were used for testing discrimination between CS+ and CS- and for the
exploration of trial-wise dynamics, thereby disregarding inter-individual differences in absolute response
magnitude. To assess the temporal dynamics of physiological responses, we performed separate rmANOV As
for each measure and test phase. To overcome the problem of missing values (originating from artifact
correction) while yet preserving information about the temporal dynamics, trials between consecutive ratings
were averaged in a block-wise manner. For each subject, this procedure resulted in three values for fear
acquisition, two values for extinction and two values for the recall phase per stimulus (CS+ and CS- each;
every value consisted of an average of three physiological responses from trials including startle probes).
These values were entered into one rmANOVA per task phase, each with the factor stimulus (two) and time
(three values for acquisition and two values for extinction and recall, respectively). For each measure, the
main effects of stimulus, time, as well as stimulus x time interactions were determined. If the assumption of
sphericity was not met in a given rmANOVA, a Greenhouse Geisser correction was applied (uncorrected
degrees of freedom are reported).

Furthermore, for each measure and each task phase, paired t-tests were performed across averaged responses
to CS+ and CS-. In a similar vein, t-tests were performed between averaged responses to startle probes during

inter-trial-intervals versus CS- and CS+ presentations (for startle responses and auditory pupil responses). As
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an estimate of the overall effect size of the mean CS+ > CS- difference, Cohen’s d was calculated for each
task phase and each outcome measure (mean CS+ to CS- difference, divided by the average standard

deviation of all responses).

2.6.3 Pupil baseline analyses

Pre-stimulus pupil baselines were used to assess changes in tonic pupil diameter over time and to determine
their relationship with superimposed phasic dilations. For these analyses, baselines preceding all trials with
startle probes (also CS+ air) were included. We calculated one Pearson correlation per subject between pre-
stimulus baselines and respective pupil responses (from 57 trials including startle probes: 39 stemming from
the first and 18 from the second test day). Resulting r-values were tested for significance with a non-
parametric Wilcoxon signed rank test. To determine if there was a significant effect of time, baselines were
averaged block-wise between the ratings (irrespective of stimulus type) and entered into one rmANOVA per
test day. The rmANOV As accordingly comprised five values for the first test day (each an average of nine
baselines per fear acquisition block and of six baselines per extinction block) and two values for the second

test day (each an average of nine baselines per block).

2.6.4 Correlations and comparative analyses between physiological outcome measures

To compare the temporal dynamics of pupillary readouts with the other two measures in particular, we
performed two rmANOV As each containing startle responses, SCR and one pupillometric readout (i.e. slow
pupil dilations or auditory pupil responses to startle probes). These rmANOVAs were used to determine
interactions of measure x time and measure x stimulus x time and thereby test for statistical differences in the
temporal response patterns across measures.

To explore the association between SCR, startle probes, and pupillary readouts on a trial-level, Pearson
correlations were calculated for all pairs of the four measures. This was done across all trials, as well as for
fear acquisition and recall separately. To maximize the amount of available data points, we did not exclude
outlier values for these analyses. To control for the effect of outlier values, we additionally calculated
Spearman rank correlations. To test for significance, resulting r-values were tested for significance with
Wilcoxon signed rank tests. Furthermore, we computed Pearson correlations between the three measures
across averaged CS+ to CS- difference scores during fear acquisition, to test if CS+ to CS- discrimination

was correlated between measures.
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3. Results
3.1 Ratings of US probability

Ratings of US probability revealed significant stimulus discrimination for all task phases, with significantly
higher ratings of US probability for CS+ (see Table 1; see Supplementary Table S1 for the second US). At
the end of the fear acquisition phase (fourth rating), the mean shock probability was rated as 81% for CS+
(SD = 18%) and as 6% for CS- (SD = 19%). Ratings of discomfort revealed that subjects perceived the startle
probes to be equally aversive as the electric shocks, and more aversive than airblasts (ratings on a scale from
0 to 10; mean shock = 6.9, SD = 1.5, mean startle = 7.0, SD = 2.3, mean airblast = 5.2, SD = 2.8; see
Supplementary Figure S2 for ratings).

3.2 Physiological responses

The results of the rmANOVA, t-tests and effects sizes for all physiological measures are reported in Table 1.
During fear acquisition, SCR and startle responses showed a significant stimulus effect with larger responses
to CS+ than CS- (all p <.01) and stimulus x time interactions (startle responses at trend with p = .08). To
ensure that we did not capture the SCR to startle probes, which (with a minimum onset latency of 1 s, see
Boucsein et al., 2012) could theoretically start at 4.42 s, we additionally analyzed peaks with a more
conservative cut-off at 4.0 s. This yielded highly similar results: SCR values derived from both scoring
methods correlated very highly (mean r across subjects of .98, SD = .02), and the t-values for the CS+ > CS-
comparison of all acquisition trials were very similar (¢ (46) = 5.71 versus t (46) = 5.67).

SCR and startle responses revealed significant effects of time for all task phases (all p < .01, only SCR
during extinction did not reach significance). For both measures, post-hoc t-tests revealed a significant
decline in response to both CS+ and CS- from the first to the last block of fear acquisition (and also for recall,
all > 2.9, all p <.005; compare Figure 3). Slow pupil dilations did not yield a significant effect of stimulus
or time, but a significant stimulus x time interaction during fear acquisition. Post-hoc t-tests revealed a
significant CS+ > CS- difference for the last block of fear acquisition (¢ (46) = 3.03, p <.005), and that pupil
responses to CS+ stimuli increased at trend level from the first to the last block of fear acquisition (¢ (46) =
1.46, p = .06; compare Figure 3). The auditory pupil reflex to startle probes yielded a significant effect of
stimulus during fear acquisition, with on average larger responses to startle probes presented during CS+ than
during CS- (¢ (46) = 2.59, p < .01; see Figure 2). The effect of time and the stimulus x time interaction did
not reach significance, but post-hoc t-tests revealed a significant increase in response to CS+ startle probes
from the first to the last block of fear acquisition (¢ (46) = 2.83, p < .005). During extinction, none of the
physiological measures showed significant stimulus discrimination; during recall, only SCR and slow pupil

dilations yielded larger responses to CS+ than CS-.
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Table 1. Stimulus effect and temporal analysis for all outcome measures: results of paired t-tests (CS+ > CS-

), estimates of the stimulus effect (Cohen’s d) and results of rmANOV As for ratings of shock probability and

block-wise averages of physiological responses; rmANOVAs contained the factors stimulus (CS- & CS+)

and time (three values for fear acquisition, two values for extinction and two values for recall).

t-test CS+ > CS-

Cohen’s d

Stimulus

Time

Stimulus x Time

Ratings of shock probability

Fear acquisition 1(45)=14.80,p<.001 216  F(1,46)=240.17, p <. 001 F(3,138)=4.12,p< .05  F(3,138)=59.09, p <. 001
Extinction 1 (45)=2.27,p <.001 33 F (1,46) =5.16,p < .05 F(146)=1.55,p=.22 F(1,46)=155,p=.22
recall 1(45)=5.24,p <.001 .84 F (1,46) =32.92 p < .001 F(2,92)=199.34p<.001  F(2,92)=25.55, p <.001
SCR

Fear acquisition t(45)=5.27,p <.001 75 F (1,42)=23.21,p <.001 F (2,84) =20.46, p < .001 F(2,84)=4.35,p<.05
Extinction t(45)=0.81,p=.21 12 F(1,45)=122,p=.28 F(1,45)=2.00,p =.16 F(1,45)=238,p=.13
recall t(45)=3.39, p <.001 49 F(143)=7.21,p<.05 F (1,43) =30.69, p < .001 F (1,43)=0.00, p = .97
Startle response

Fear acquisition 1 (46) =2.78, p < .005 41 F(1,46) =173, p < .01 F (2,92)=58.01, p <.001 F(2,92)=2.55,p=.08
Extinction 1 (46)=0.56,p=.17 .08 F(1,46)=0.32,p = .58 F (1,46)=8.12,p < .01 F (1,46) = 0.06, p = .80
recall 1 (46)=1.53,p=.07 22 F(1,46)=0.95,p=.34 F (1,46) = 63.60, p < .001 F(1,46)=7.19,p<.05
Slow pupil dilations

Fear acquisition 1(46)=098,p=.17 .14 F(1,44)=045,p= .51 F(2,88)=0.01,p=.99 F(2,88)=3.21,p<.05
Extinction t(46)=0.44,p=.33 .06 F(1,43)=0.09, p=.77 F(143)=3.01,p=.09 F(143)=2.19,p=.15
recall 1 (46) =2.90, p < .005 42 F (1,44)=9.24, p <.005 F (1,44) =10.46, p < .005 F(1,44)=1.36,p=.25
Auditory pupil response to the startle probe

Fear acquisition 1(1,46) =2.59, p < .01 38 F (1,44)=6.86, p < .05 F(2,88)=2.33,p=.10 F(2,88)=2.15,p=.12
Extinction 1(1,46)=0.82, p = .21 A2 F(143)=037,p=.55 F(143)=7.01,p<.05 F(1,43)=.07,p=.80
recall 1 (1,46) =0.20, p = 42 .03 F (1,44)=0.02, p=.90 F(1,44)=7.88,p<.01 F (1,44) =0.00, p = .98
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2. Measuring the conditioned response
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Figure 2. Auditory pupil responses to startle probes applied during inter-trial intervals (blue), CS- (green)

and CS+ (red) during fear acquisition, extinction and recall. Probe onset occurred at O s. Vertical lines: SEM.

Depicted segments were derived from z-transformed physiological data. Pre-stimulus baselines were

subtracted prior to averaging.
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T-tests revealed significantly larger responses to startle probes applied during stimuli (CS+ as well as CS-)
than to probes applied during inter-trial intervals for both startle responses and auditory pupil responses
(except auditory pupil responses during extinction, see Table 2 and Figure 2). The screen luminance differed
between stimulus presentations and inter-trial-intervals, which could affect the baseline pupil size and,
relatedly, the pupil response. Therefore, a post-hoc t-test was performed between the respective average pupil
baselines at startle onset (inter-trial intervals vs. stimulus presentations), which was not significant (¢ (46) =

0.55, p=.59, Cohen’s d = .08).

Table 2. Difference in response magnitude to startle probes applied during inter-trial intervals (ITIs) and
stimuli: results of paired t-tests CS- > ITI and CS+ > ITI for startle responses and auditory pupil responses to

the startle probe for the task phases fear acquisition, extinction and recall.

t-test CS- > ITI t-test CS+ > ITI
Startle response
Fear acquisition t (46) =3.19, p <.005 t(46) =5.20, p <.001
Extinction 1 (46) =3.35, p <.005 t(46) =3.90, p <.001
recall t(46)=2.29, p <.05 1 (46) =2.99, p < .005

Auditory pupil response to the startle probe

Fear acquisition t(46)=1.69,p < .05 t(46) =3.67, p <.001
Extinction t(46)=0.58,p=.28 t(46)=1.38,p=.09
recall t(46)=1.63, p=.05 t(46)=1.99,p < .05

3.3 Pupil baseline analyses

Pre-stimulus pupil baselines yielded a significant effect of time on both test days (first test day: F(4,184) =
37.23, p < .001; second test day: F(1,46) = 24.51, p < .001). Post-hoc t-tests revealed a significant decline
in pupil baseline diameter from the first to the last block on each day (first test day: ¢ (46) = 7.74, p < .001,
second test day: ¢ (46) =4.95, p < .001). As in previous studies, we found a moderate negative correlation of
phasic pupil response magnitude with the preceding baseline diameter (slow pupil dilations: range of r = [-
.83; .24], mean r = -.42; p < .001, see also Supplementary Figure S3; auditory pupil responses: range of r =
[-.65; .22], mean r =-.22; p < .001).

34



2. Measuring the conditioned response

3.4 Correlations and comparative analyses between physiological outcome measures
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Figure 3. Physiological responses throughout fear acquisition. Responses to CS+ or startle probes applied

during CS+ are depicted in red, responses to CS- or startle probes applied during CS- in green, responses to

startle probes applied during inter-trial intervals (ITIs) in blue. Dashed lines: linear regression; vertical lines:

SEM (one-sided).

The differences in temporal dynamics between pupillary readouts and the other measures were evident in the

two rmANOV As containing SCR, startle responses and one pupillary measure, respectively (i.e. either slow

pupil dilations or auditory pupil responses). During fear acquisition, both rmANOVAs yielded a significant

measure x time interaction (for slow pupil dilations: F(4,160) = 8.32, p < .001; for auditory pupil responses:

F(4,152) = 13.36, p < .001), as well as a significant measure x stimulus x time interaction (for slow pupil

dilations: F(4,160) = 3.83, p < .01; for auditory pupil responses: F(4,152) =4.29, p < .005; for main effects

and interactions for all task phases see Supplementary Tables S3 and S4). To further disentangle the

significant measure X time interaction, we computed the decline in response magnitude from the beginning to
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the end of fear acquisition for each measure (by subtracting the average across stimuli of the last block from
the average across stimuli of the first block of fear acquisition). Post-hoc t-tests revealed that the decline in
SCR (mean = -.72, SD = .76) and startle responses (mean = -.90, SD = .55) did not differ significantly (z (46)
= 0.27, p > .10). Both SCR and startle responses declined more strongly than either of the pupillometric
measures (all 7 (46) > 4.50 and all p < .001; slow dilations: mean = -0.05, SD = 0.56; auditory pupil reflex:
mean = 0.12, SD = 0.52). There was only a trend for a difference in decline between the pupillometric
readouts (¢ (46) = 1.72, p = .08).

Pearson correlations on a trial-level between different measures were weak, but mostly significant
(significant correlations with p < .05 ranged from r = .08 to r = .27), with highest correlation values for
recall trials (see Table 3; Spearman correlations yielded highly similar results). Auditory pupil responses only
correlated significantly with (overlapping) slow pupil dilations. Average CS+ > CS- difference scores
(calculated for fear acquisition) yielded mixed results: interestingly, startle difference scores correlated higher
with slow pupil dilations (r = .41, p < .005) than with auditory pupil responses to the startle probe (r = .25, p
= .08). Difference scores from both pupillary measures were inter-correlated (r = .30, p < .05), whereas SCR
difference scores did not correlate significantly with any other measure (with slow pupil dilations at trend: r =

.28, p = .06; with the pupil reflex to startle probes: r = .06, p = .68; with startle responses: r = .19, p = .20).

Table 3. Trial-wise correlations across measures. Correlations were determined per person; reported are the
mean r-value and the significance level of a Wilcoxon signed rank tests across individual r-values.
Correlations between measures are provided for all trials (57 physiological responses across both test days)

and separately for fear acquisition and recall trials. *indicates p < .05, ** indicates p <.001.

SCR Startle response Slow pupil dilations
Startle response
All trials r=.18%*
Fear acquisition r=.16%*
Recall r=21%*
Slow pupil dilations
All trials r=.13%* r=.15%*%
Fear acquisition r=.11%* r=.08*
Recall r=.12% r=27%*

Auditory pupil response to the startle probe

All trials r=-.03 r=.04 r=20%*
Fear acquisition r=-.05 r=.03 r=.18%*
Recall r=-.01 r=.07 r=20%*
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4. Discussion

We conducted simultaneous measurements of skin conductance, startle EMG and pupil diameter during a
two-day fear acquisition, extinction and recall paradigm. The study aim was to provide a direct comparison of
the three measures’ properties and the temporal dynamics of conditioned responses throughout the tasks, with
an in-depth examination of pupillary readouts. US expectancy ratings indicated that subjects had learned
reinforcement rates. Furthermore, all physiological readouts yielded larger responses to CS+ than CS- during
fear acquisition, with comparatively late stimulus discrimination for slow pupil dilations. The main difference
between physiological readouts was apparent in their temporal dynamics throughout fear acquisition and was
reflected in significant interactions of measure by time. Whereas SCR and startle responses showed strong
habituation, pupillary readouts instead increased in response to CS+, thereby roughly following ratings of US

expectancy throughout fear learning.

4.1 Relating physiological outcome measures to cognitive-affective processes

4.1.1 Pupil responses

Slow pupil dilations discriminated between CS+ and CS- in late fear acquisition and during recall. They have
previously been found to approximate reinforcement rates by yielding stronger responses to fully than to
partially reinforced CS+ during initial fear learning (Koenig et al., 2017b; Leuchs et al., 2016; see
Supplementary Figure S4). Koenig et al. (2017b) found this pattern to reverse in later learning stages, with
stronger pupil responses to intermittently reinforced CS+ than fully reinforced CS+. They concluded that
pupil dilations reflect continuous updating of US prediction. Uncertainty about stimulus outcome may hence
contribute to pupil dilations in studies with partial reinforcement.

In a previous study, we found slow pupil dilations during fear learning to be associated with activity in
regions of the salience network (see Fullana et al., 2015 for a meta-analysis of brain activity associated with
fear conditioning; Leuchs et al., 2016). Pupil dilations robustly related to dorsal anterior cingulate cortex
activity on a trial-level during fear acquisition (Leuchs et al., 2016). However, we also observed similar
neural correlates of pupil dilation during a reward anticipation task (Schneider, Leuchs, Czisch, Samann, &
Spoormaker, 2018). This indicates that slow pupil dilations in fear learning may largely reflect valence-
independent outcome expectancy and its updating, thereby showing similarity with ratings of US probability.

In our study, we used a partial reinforcement schedule (75%) for two different CS+. The relatively high task
complexity (with two partially reinforced CS+), as well as the application of startle probes (Sjouwerman,
Niehaus, Kuhn, & Lonsdorf, 2016) may have prolonged the explicit learning of CS-US contingencies, and
may have increased overall uncertainty. This might explain why slow pupil dilations started discriminating
rather late between CS+ and CS- throughout fear acquisition, and may account for the prolonged stimulus

discrimination during recall.
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We furthermore observed a fear-potentiation of the auditory pupil reflex to startle probes during fear
acquisition. To our knowledge, this is the first report of this phenomenon in fear conditioning. Auditory pupil
responses have previously been found to be larger for arousing than neutral sound stimuli (Partala & Surakka,
2003; Widmann, Schroger, & Wetzel, 2018). Interestingly, Widmann et al. (2018) found that the initial
component of this auditory pupil response (within approximately 1 s after sound onset) was related solely to
stimulus novelty and not to the arousing intensity of the presented sound material. However, in our case, the
auditory pupil response was not elicited by emotionally arousing material, but was triggered during the
anticipation of a US (or safety for CS-). The magnitude of this triggered auditory pupil response may
therefore reflect the state of arousal at the time of probing, resulting in discrimination between CS+, CS- and
inter-trial interval probes.

Other pupillary reflexes, triggered during US anticipation, have previously served as measures of conditioned
fear: it has been demonstrated that the pupil constriction in response to light flashes is inhibited during threat
anticipation (Bitsios, Szabadi, & Bradshaw, 1996; Hourdaki et al., 2005). This inhibition of the pupillary light
reflex was also found to follow emotional arousal rather than valence (Bitsios, Szabadi, & Bradshaw, 2004;
Henderson, Bradley, & Lang, 2014) and to rely on different circuitry than the acoustic startle reflex (by being
susceptible to different pharmacological manipulations; see Bitsios, Philpott, Langley, Bradshaw, & Szabadi,
1999).

In our study, auditory pupil responses yielded only small trial-wise correlations with slow pupil dilations
(even though the analysis intervals were partially overlapping and therefore not entirely independent). The
auditory pupil responses may be less subject to higher cognitive processes (such as uncertainty or monitoring
of CS-US contingency) than slow pupil dilations, due to being triggered and of reflexive nature. However,
auditory pupil responses also did not display much similarity with other reflexive physiological readouts like
startle responses or SCR at CS onset by not correlating significantly with these measures on the trial-level
and by displaying no habituation. The auditory pupil response to startle probes may hence serve as a

complementary readout of fear learning which differs from other physiological measures.

4.1.2 Pupil baseline measurements

The lack of habituation in pupil responses might be specific for emotionally arousing states: whereas pupil
dilations showed no habituation in response to repeatedly presented emotional pictures in one study by
Snowden et al. (2016), they have been reported to habituate in response to neutral sounds (Marois et al.,
2017; see Nieuwenhuis, De Geus, & Aston-Jones, 2011 for a discussion of pupil dilations as orienting
response). We suggest that physiological habituation during fear learning is not reflected in phasic pupil
responses, but instead in the tonic decline of the pupil baseline diameter. This decline was clearly present on
both test days, as well as in another fear conditioning study in the MR environment (Leuchs et al., 2016).

Tonic changes in pupil diameter have previously been proposed to track wakefulness and general alertness
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(Gilzenrat et al., 2010; Lowenstein, Feinberg, & Loewenfeld, 1963; Wilhelm, Ludtke, & Wilhelm, 1998).
Accordingly, we have previously found that the reduction in baseline-weighted pupil dilations is associated
with declining thalamic activity (Leuchs et al., 2016).

In line with previous reports (Gilzenrat et al., 2010; Jepma & Nieuwenhuis, 2011; Leuchs et al., 2016), the
baseline pupil diameter furthermore correlated negatively with the magnitude of subsequent, superimposed
responses (r = -.42 for slow pupil dilations and r = -.22 for auditory pupil responses). The causality of this
relationship remains to be explored, for instance by clarifying whether simple floor and ceiling effects limit
additional constriction or dilation on top of a given pupil diameter. It is possible to correct or weight pupil
responses by their preceding baseline diameter, for instance by multiplication (Leuchs et al., 2016) or
division (Marois et al., 2017); however, to our knowledge, there is no established standard procedure. We
propose that changes in tonic baseline diameter should be reported together with pupil responses and that
different experimental conditions should be carefully balanced over time to avoid systematic differences in

baseline diameter (and therefore superimposed phasic responses).

4.1.3 SCR and startle responses

Several studies have compared startle responses and SCR in fear learning. As opposed to startle responses,
SCR are considered a valence-unspecific measure of emotional arousal (Hamm, Greenwald, Bradley, &
Lang, 1993; Lang et al., 1990; Lipp, Sheridan, & Siddle, 1994) and SCR-based CS+ to CS- discrimination
proposedly depends on CS-US contingency awareness (Tabbert et al., 2011; Tabbert, Stark, Kirsch, & Vaitl,
2006). By contrast, the fear-potentiation of the startle response has been proposed to depend less on
contingency awareness (Hamm & Vaitl, 1996; Sevenster et al., 2014), but to be modulated by emotional
valence (Lang et al., 1990). In a review, Hamm and Weike (2005) suggest that the startle reflex and SCR rely
on two dissociable processes during fear learning: one subcortical, amygdala-dependent system, which does
not depend on explicit contingency awareness and modulates reflexive fear responses (proposedly the startle
reflex), and one system which is responsible for declarative learning of CS-US contingencies and is
presumably hippocampus-dependent (manifest in SCR).

Such a clear distinction of processes underlying startle responses and SCR may however not apply to all
cases. It has been suggested that contingency awareness has an influence on successful fear inhibition as
measured by startle response magnitude (Jovanovic et al., 2006). Moreover, results from a study by Purkis
and Lipp (2001) indicate that startle potentiation does require awareness of CS-US contingencies when
contingency detection is made more difficult (see also Lipp & Purkis, 2005). Furthermore, the valence-
specificity of the startle response has primarily been demonstrated for emotional picture viewing (Bradley et
al., 1990; Vrana, Spence, & Lang, 1988). It has been suggested that, during US anticipation in conditioning
tasks, general arousal contributes to startle magnitude (Dichter, Tomarken, & Baucom, 2002; Sabatinelli,

Bradley, & Lang, 2001). This notion is supported by the finding that startle potentiation also occurs in
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anticipation of pleasant US in appetitive conditioning (Bradley, Zlatar, & Lang, 2018; Mallan & Lipp, 2007;
Mallan, Lipp, & Libera, 2008), whereas the startle reflex should be inhibited if it was valence-modulated (as
it is during positive affective picture viewing Bradley et al., 1990; Hamm et al., 1993). Hence, both arousal
during US anticipation as well as an acquired negative valence of the CS+ may contribute to the stimulus
discrimination captured by the startle reflex.

Similarly, SCR may not only reflect cognitive threat appraisal as they have also been associated with
reflexive fear circuitry involving the amygdala: Mangina and Beuzeron-Mangina (1996) demonstrated that
amygdala stimulation elicits SCR in humans and Wood, Ver Hoef, and Knight (2014) found that both
amygdala activity and SCR were similarly enhanced in response to noises presented during emotionally
arousing pictures. Furthermore, both startle responses and onset SCR decline robustly during fear acquisition,
which is often also reported for amygdala activity (Biichel, Morris, Dolan, & Friston, 1998; Leuchs et al.,
2016; Lindner et al., 2015).

Therefore, both reflexive, subcortical processes and arousal during conscious threat appraisal may contribute
to different physiological responses such as the startle reflex and SCR, but to a different extent. This may also
depend on the chosen window of interest for the conditioned response: in particular SCR at stimulus onset
may be more reflexive and amygdala-dependent, whereas SCR emerging at a later time point during stimulus
presentations may reflect more anticipatory arousal (Cheng, Richards, & Helmstetter, 2007; Ohman, 1971,

1974).

4.2 Methodological considerations and limitations

Physiological outcome measures can have different advantages in different experimental settings (for an
overview see Lonsdorf et al., 2017). In general, triggered responses like the startle reflex, the auditory pupil
reflex or the pupillary light reflex have the advantage that they can be probed at any time throughout fear
learning, also during neutral inter-trial intervals. Otherwise, continuous measures such as skin conductance or
slow pupil dilations potentially offer information on tonic changes in arousal.

Pupillometry specifically may be advantageous in the MR environment and for longer tasks, since
habituation, a comparatively low room temperature or constant background noise do not seem to affect phasic
pupil dilations. However, pupil measurements are strongly influenced by light conditions and stimulus and
background luminance have to be controlled. Moreover, data quality quickly deteriorates with strong gaze
shifts that can result from visual exploration, which is why cues need to be presented focally. Such
adaptations of the stimulus material can result in less naturalistic experimental conditions.

In our study, the fear acquisition phase contained a relatively high amount of stimulation (two different US as
well as startle probes), which is likely associated with overall higher physiological activity. We have assured

a stimulation-free period of (minimally) five seconds preceding each conditioned stimulus. However, slowly
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recovering measures like skin conductance may still show cumulative effects from preceding stimulations. In
similar vein, onset SCR cannot be disentangled from SCR in US-anticipation, given the relatively short
stimulus durations in our study. Pupil responses at stimulus onset and offset were furthermore dominated by
pupillary light reflexes, which future studies could prevent by using stimuli which are isoluminant to the
background during inter-trial intervals (see for example Schneider et al., 2018). Furthermore, startle probes
should have been adjusted to occur at the exact same time during CS+ and CS- stimulus presentations.

When combining different outcome measures, their interactions have to be considered. In particular startle
probes may have influenced the fear learning process itself (Sjouwerman et al., 2016) and can be perceived as
highly aversive: in our study, their aversiveness was comparable to the US, possibly due to their loudness.
Despite balancing startle probes throughout task phases, they have caused systematic differences between
conditions by eliciting fear-potentiated auditory pupil responses. Similarly, startle probes may have
influenced SCR in a stimulus-specific manner. Nonetheless, we could with high certainty exclude the effects
of the startle probes on onset SCR since an additional analysis, for which we defined a response window that
lasted only until 0.6 s after startle probes, yielded highly similar results.

Longer stimulus presentations and applications of startle probes late throughout trials might reduce the
interference of different processes (i.e. by temporally separating onset responses from anticipatory
responses). However, startle responses still share the same window of interest with anticipatory pupil
responses, as both are maximal in direct US anticipation (Grillon et al., 1993; Reinhard & Lachnit, 2002).
Furthermore, longer trials would prolong the duration of the task, presumably leading to increased
habituation in late task phases. Reducing the number of stimulus presentations could provide a solution to
keep the original task duration, however, both options involve a loss of information. As different
physiological readouts respond and recover on different temporal scales (in the range of milliseconds for the
startle reflex and several seconds for SCR; see Lonsdorf et al., 2017 for an overview), simultaneous
measurements demand a compromise for stimulus and inter-trial interval durations, the number of stimulus

presentations and probe applications.
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4.3 Conclusion

We simultaneously assessed skin conductance, startle EMG and pupil diameter during a two-day fear
acquisition, extinction and recall paradigm. This was performed to provide a comparison of the different
measures’ properties and temporal dynamics throughout fear learning, and to relate pupillometric measures to
other frequently used readouts of the conditioned response. Pupillometric measures, startle EMG and skin
conductance each discriminated between CS+ and CS-, but correlated only weakly among each other. We
found largest differences in response patterns during fear acquisition. Here, contrarily to pupillary measures,
SCR and startle responses were strongly affected by habituation.

Our data suggest that pupil dilations roughly mirrored US expectancy ratings and increased in response to
CS+ throughout fear acquisition. We found a fear-potentiation of the auditory pupil reflex to startle probes,
which may constitute an interesting new readout for conditioned responding. We furthermore replicated
findings of the negative association of pupil baseline diameter with superimposed phasic pupil dilations,
emphasizing the importance of reporting — or accounting for — temporal dynamics in tonic pupil diameter.
Physiological habituation was thereby not expressed in pupil responses, but rather in baseline pupil diameter.
Our data suggest that, despite showing some overlap, SCR, startle responses and pupillometric measures
diverge as measures of the conditioned response. Simultaneous assessments of multiple physiological
outcome measures of the conditioned response can hence offer complementary information about different

cognitive-affective processes throughout fear learning.
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Supplementary Material

Supplementary Information: light conditions and stimulus color-codes

The approximate luminance in the laboratory was 300 Lux when facing the screen from the headrest
(measured with a Luxmeter Testoterm 0500, Lenzkirch, Germany). The stimulus color-codes were [191, 119,
221], [120, 221, 189] and [220, 190, 120], each referring to a brightness of 160. Stimuli filled approximately
8.5 cm? on the screen (screen size: 30 x 37.5 cm) and the fixation cross had a line length of 1.5 cm with a
thickness of 0.3 cm on the screen. Stimuli and fixation cross were presented centrally on a black background,

resulting in an average screen luminance of 13.8 and 0.25, respectively.

1. Supplementary Figures
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Supplementary Figure S1. Stimulus order during fear acquisition. The three conditioned stimuli (one CS-
and two CS+) were presented in a pseudo-randomized order with intermittent ratings of US-probability.
During fear acquisition, 75% of CS+ trials were coupled with their respective US. Startle probes occurred
equally often during all stimulus types (in 75% of trials) and during inter-trial intervals. The amount of
stimulus presentations, startle probes and US applications were balanced between the ratings of US

probability.
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Supplementary Figure S2. Left: subjective ratings of shock probability during fear acquisition and recall on

the first and second test day, respectively. Right: subjective ratings of stimulus aversiveness. Vertical bars:

SEM.
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Supplementary Figure S3. Relationship of pre-stimulus baseline pupil diameter and succeeding slow pupil

dilations during fear acquisition (for all stimulus presentations of CS-, CS+ and CS+air, including startle

probes). For illustration purposes, the maximal baseline value was added to all response amplitudes (both

reflect z-scores across trials from both test days which are centered around zero). Dashed lines: linear

regression; vertical lines: SEM.
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Supplementary Figure S4. Ratings of US probability in relation to pupil responses. Left: sample of the
current study, N = 47; Right: sample of N = 28 subjects from Leuchs et al. (2016), pupil responses assessed
during functional magnetic resonsnce imaging (fMRI). Vertical lines: SEM; Diamonds: ratings in arbitrary

units.
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Supplementary Table S1. Stimulus effect and temporal analysis for all outcome measures: results of paired

t-tests (CS+air > CS-), estimates of the stimulus effect (Cohen’s d) and results of rmANOV As for ratings of

airblast probability and block-wise averages of physiological responses; rmANOVAs contained the factors

stimulus (CS- & CS+air) and time (three values for fear acquisition, two values for extinction and two values

for recall). Note that only the other CS+ (reinforced by shocks) underwent extinction.

t-test CS+ > CS- Cohen’s d Stimulus Time Stimulus x Time
Ratings of airblast probability
s t (45) = 19.06, F (1,46) =312.83, F(3,138)=2.12, F(3,138) = 11241,
Fear acquisition <001 2.78 p<.001 p<.05 p <.001
oo t(45)=3.91, F (1,46)=1545, F (3,138) = 0.00, F(3,138)=0.18,
Extinction p<.001 37 p<.001 p=.95 p=.67
recall 1 (45)=5.72, 33 F (1,46)=32.71, F (3,138) = 134.01, F(3,138) =25.81,
p=.29 ’ p <.001 p <.001 p<.001
SCR
s 1 (45) =0.59, F(1,42)=0.17, F (2,84)=12.90, F(2,84)=0.11,
Fear acquisition p=29 .07 p=.68 p <.001 p=.90
recall ! (45) =1.02, 18 F (1,46) =0.05, F (1,46) =22.08, F (1,46) =3.76,
p=.31 ’ p=.82 p <.001 p=.06
Startle response
L 1 (46) =4.63, F (1,46) =21.39, F(2,92)=67.37, F(292)=0.73,
Fear acquisition <001 .67 p<.001 p <.001 p=48
recall 1(46) = 4.90, 71 F (1,46) =23.97, F (1,46) = 131.09, F (1,46) = 0.74,
p <.001 ’ p <.001 p <.001 p=.39
Slow pupil dilations
o 1 (46) =0.14, F(1,42)=0.27, F(2,84) =2.60, F(2,84)=3.67,
Fear acquisition =89 .02 p= 61 =08 p< .05
recall 1 (46) =2.79, 41 F (1,46)=17.57, F (1,46)=13.78, F (1,46)=0.28,
p <.005 ’ p<.01 p <.005 p=.60
Auditory pupil reflex to the startle probe
L 1 (46) =2.22, F(1,42)=5.37, F(2,84)=1.90, F(2,84)=0.95,
Fear acquisition <05 32 p< .05 p=.16 p=39
. 1 (46) = 0.38, F (1,46) =0.10, F (1,46) =9.36, F (1,46)=0.01,
recall p=235 06 p=175 p < .005 p=091
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2. Measuring the conditioned response

Supplementary Table S2: Comparisons of physiological responses to the different CS+ (one followed by

shocks, one followed by airblasts). Results of paired t-tests for fear acquisition and recall. Note that only the

CS+ which was reinforced with shocks underwent extinction.

t-test CS+ versus CS+air

SCR: larger responses to CS+ followed by shocks

Fear acquisition

1 (46) = 2.4, p < .05

Recall t(46) =1.98,p =.05

Startle: larger responses to CS+ followed by airblasts

Fear acquisition

1 (46)=7.4,p <.001

Recall t (46) =4.85, p <.001

Slow pupil dilations: no difference

Fear acquisition

1(46)=0.92, p =36

Recall 1(46)=0.12,p = 91

Auditory pupil reflex to the startle probe: no difference

Fear acquisition

1(46)=0.20,p = .84

Recall 1 (46) =0.66, p = .51

Supplementary Table S3. Main effects of measure, stimulus and time from two rmANOVAs including

SCR, startle responses and one pupillary measure, respectively. Factors include measure (SCR, startle

responses and either slow pupil dilations or auditory pupil reflexes to the startle probe), stimulus (block-wise

averages of responses to CS- and CS+) and time (three values for fear acquisition, two values for extinction

and two values for recall).

Measure

Stimulus

Time

Slow pupil dilations
Fear acquisition F (2,80) =5.89, p <.005

Extinction F (2,84) =13.54, p <.001

recall F(2,82)=3.154,p < .05

F (1,40) = 17.82, p < .001
F(142)=0.65,p=.42

F (1,41) =10.84, p < .005

F (2,80) = 43.49, p <. 001
F(1,42)=5.72,p < .05

F (1,41)=70.03, p < .001

Auditory pupil reflex to the startle probe
Fear acquisition F (2,76) =3.09, p < .05
Extinction F (2,80)=27.37,p <.001

recall F(2,78)=.80,p=.45

F (1,38)=26.17, p < .001
F(1,40)=143,p=.24

F(1,39)=3.92,p=.06

F (2,76) =33.79, p < . 001
F (1,40) = 18.42, p < .001

F (1,39) = 65.00, p <.001
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2. Measuring the conditioned response

Supplementary Table S4. Interactions of measure, stimulus and time from two rmANOV As including SCR,

startle responses and one pupillary measure, respectively. Factors include measure (SCR, startle responses

and either slow pupil dilations or auditory pupil reflexes to the startle probe), stimulus (block-wise averages

of responses to CS- and CS+) and time (three values for fear acquisition, two values for extinction and two

values for recall).

Measure x Stimulus

Measure x Time

Stimulus x Time

Measure x Stimulus x Time

Slow pupil dilations
Fear acquisition F(2,80) = 8.32, p < .001
Extinction F(2,84)=0.25,p=.78

recall F(2,82)=223,p=.12

F(4,160) = 8.32, p < .001
F(2,84)=0.94,p = .40

F(2,82)=2.38,p=.10

F(2,80)=1.82,p=.17
F(1,42) =0.26, p = .61

F(1,41)=2.03,p=.16

F(4,160) =3.83, p < .01
F(2,84)=2.58 p=.08

F(2,84) = 0.44, p = .65

Auditory pupil reflex to the startle probe
Fear acquisition F(2,76) =4.56,p < .05
Extinction F(2,80)=0.02, p=.99

recall F(2,78)=4.24,p < .05

F(4,152) =13.36, p < .001
F(2,80)=0.70,p = .50

F(2,78) = 6.50, p <.005

F(2,76) =0.44,p = .65
F(1,40)=0.30,p=.59

F(1,39)=091,p=.34

F(4,152) =4.29, p < .005
F(2,80)=1.12 p = .308

F(2,78)=1.17,p=.32
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3. Pupil dilation during fear learning in fMRI

3. Neural correlates of pupil dilation during human fear learning

3.1 Summary

In the second study, pupillometry was simultaneously acquired with fMRI measurements during a fear
acquisition and extinction task. Pupil dilations were larger in response to CS+ than CS-, with strongest
stimulus discrimination shortly before US onset. Pupil dilations furthermore discriminated between two CS+
with different reinforcement rates: responses to a fully reinforced CS+ initially increased more strongly than
responses to an intermittently reinforced CS+ (60% reinforcement rate), but declined later throughout fear
acquisition (see Figure 2 A). Responses to the intermittently reinforced CS+ remained elevated during late
fear learning. Based on these observations, we propose that both threat appraisal and uncertainty about
reinforcement contingencies contributed to the magnitude of pupil responses during fear learning. The
discrimination between CS+ and CS- was detectable until the end of extinction, which suggests that
pupillometry is a highly sensitive readout of conditioned fear that does not seem to be affected by
physiological habituation. During fear acquisition, we found the expected brain regions of the ‘fear’ or
salience network (as reported by Fullana et al., 2015) to be associated with the CS+ > CS- contrast, while the
reverse contrast yielded activity in the vmPFC, among others. We correlated the magnitude of slow pupil
dilations in response to CS+ and CS- to concurrent brain activation (approximated by the blood-oxygen level
dependent [BOLD] signal measured with fMRI). The magnitude of pupil dilations was positively correlated
with clusters largely overlapping with the salience network, including dACC, bilateral insula and thalamus.
Pupil response magnitude was negatively correlated with activity in vmPFC. When controlling these
correlations for the CS+ > CS- stimulus contrast (i.e. searching for activity associated with pupil dilations
within instead of across stimulus types), we still found a significant association of dACC activity with pupil
response magnitude at the trial-level. These results show that slow pupil dilations during fear learning reflect
activity in brain regions commonly involved in threat (salience network) and safety signaling (vmPFC). Our
data therefore suggests a stimulus-unspecific association of phasic pupil responses with dACC activity,

specifically.

3.2 Declaration of author contributions

The study was conceived and designed by Victor Spoormaker (VS) and Laura Leuchs (LL). LL programmed
the experiment. VS, LL and Max Schneider (MS) implemented the experiment in the MR environment with
help from Brice Fernandez (BF). LL recruited the participants with help from Ines Eidner (IE). LL and IE
carried out the experiments with help from MS and VS. VS, LL, MS and Michael Czisch (MC) contributed to
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in writing the manuscript with support from VS. All authors provided critical feedback to the manuscript.
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ARTICLE INFO ABSTRACT

Background: Fear conditioning and extinction are prevailing experimental and etiological models for normal
and pathological anxiety. Pupil dilations in response to conditioned stimuli are increasingly used as a robust
psychophysiological readout of fear learning, but their neural correlates remain unknown. We aimed at
identifying the neural correlates of pupil responses to threat and safety cues during a fear learning task.
Methods: Thirty-four healthy subjects underwent a fear conditioning and extinction paradigm with simulta-
neous functional magnetic resonance imaging (fMRI) and pupillometry. After a stringent preprocessing and
artifact rejection procedure, trial-wise pupil responses to threat and safety cues were entered as parametric
modulations to the fMRI general linear models.

Results: Trial-wise magnitude of pupil responses to both conditioned and safety stimuli correlated positively
with activity in dorsal anterior cingulate cortex (dACC), thalamus, supramarginal gyrus and insula for the entire
fear learning task, and with activity in the dACC during the fear conditioning phase in particular. Phasic pupil
responses did not show habituation, but were negatively correlated with tonic baseline pupil diameter, which
decreased during the task. Correcting phasic pupil responses for the tonic baseline pupil diameter revealed
thalamic activity, which was also observed in an analysis employing a linear (declining) time modulation.
Conclusion: Pupil dilations during fear conditioning and extinction provide useful readouts to track fear
learning on a trial-by-trial level, particularly with simultaneous fMRI. Whereas phasic pupil responses reflect
activity in brain regions involved in fear learning and threat appraisal, most prominently in dACC, tonic changes
in pupil diameter may reflect changes in general arousal.

Keywords:

Pupillometry

Fear conditioning

Fear extinction

fMRI

Dorsal anterior cingulate cortex
Salience network

1. Introduction

Fear conditioning and extinction paradigms can be used to assess
individual differences in fear learning and provide useful etiological
models for anxiety disorders. Previous studies have revealed different
response patterns during fear conditioning and extinction in healthy
controls and psychiatric patients suffering from post-traumatic stress
disorder (PTSD; Blechert et al., 2007; Glover et al., 2011; Grillon et al.,
2009; Pole, 2007), panic disorder (Grillon et al., 2008; Lissek et al.,
2010), social anxiety disorder (Lissek et al., 2008b) and others. A meta-
analysis by Lissek et al. (2005b) and a recent update by Duits et al.
(2015) reported increased physiological responding to safety cues (CS-)
during fear acquisition and increased responses to fear conditioned
stimuli (CS+) during extinction in patients suffering from anxiety
disorders and PTSD.

To objectively assess fear learning, autonomous arousal in response
to CS- as compared to CS+ is measured. This can be done by
contrasting skin conductance responses (SCR), which are mainly
determined by changes in sympathetic activation (Dawson et al.,

2007). Another commonly applied method is startle electromyography
(EMG), during which the startle reflex to sudden loud noises is
quantified (for a review of startle responsivity in clinical populations
see Vaidyanathan et al., 2009). The startle reflex is modulated by
emotional valence (Grillon and Baas, 2003) and yields stronger
responses to noises applied during CS+ presentations as compared to
CS- presentations (Lindner et al., 2015; Lipp et al., 1994; Van Well
et al., 2012).

However, both SCR and startle EMG have some disadvantages.
SCRs can occur spontaneously and show a considerable amount of
inter- and intra-subject variability (Bach et al., 2009; Benedek and
Kaernbach, 2010), leading to rather high levels of noise. Furthermore,
SCR shows quick habituation, leading to a high amount of zero
responses (e.g., defined as responses below 0.01 mS, Dawson et al.,
2007) and generally to weak-to-moderate effect sizes for the discrimi-
nation of CS- and CS+ (Pineles et al., 2009). The fear potentiated
startle has been shown to yield strong effects sizes (Lissek et al.,
2008a), but this measure also shows strong habituation effects (Grillon
and Baas, 2003) and is more difficult to apply during fMRI measure-
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ments due to the high acoustic background noise (but see Lindner
et al., 2015 for an example of combined startle EMG and fMRI).
Moreover, the startle sounds themselves can elicit SCRs and can be
perceived to be aversive (Lissek et al., 2005a), potentially interfering
with cognitive processes of interest.

Pupillometry offers a promising, complementary method for the
quantification of the conditioned response. It is non-aversive, not
interfering with other measurements and can be combined with
functional magnetic resonance imaging (fMRI). The pupil diameter is
determined by the sympathetically innervated dilator muscle and the
parasympathetically innervated sphincter muscle (Beatty and Lucero-
Wagoner, 2000). It is primarily influenced by optical reflexes for light
and distance, however, tonic fluctuations and phasic dilations of the
pupil associated with mental processes can be detected (Beatty and
Lucero-Wagoner, 2000). While tonic changes in pupil diameter have
mainly been related to general alertness (Aston-Jones and Cohen,
2005; Gilzenrat et al., 2010) and wakefulness (Lowenstein et al., 1963;
Wilhelm et al., 1998), phasic pupil dilations are sensitive to various
cognitive and affective manipulations (for a review see Sirois and
Brisson, 2014). The pupil dilates in response to aversive (Wiemer et al.,
2014) and emotionally arousing stimuli (Bradley et al., 2008; Partala
and Surakka, 2003) and can hence be used as a readout of fear-related
processes.

Reinhard and Lachnit (2002) were the first to use pupil dilation
during CS presentation as a physiological readout of human fear
conditioning and reported stronger pupil dilations in response to CS
+ than to CS- (Reinhard and Lachnit, 2002; Reinhard et al., 2006). In
the following years, pupil dilations have been used as readout of fear
conditioning in several studies (De Voogd et al., 2016a; De Voogd et al.,
2016b; Morriss et al., 2015; Visser et al., 2016; Visser et al., 2015;
Visser et al., 2013). Furthermore, there is evidence for pupillary
constriction during presentations of CS- (Pollak et al., 2010), suggest-
ing that the pupil size may also reflect processes of fear inhibition.

The method for quantifying the pupillary response varies across
studies: while a subtraction of the pre-stimulus baseline pupil diameter
is common (Reinhard and Lachnit, 2002; Reinhard et al., 2006; Visser
et al., 2016, 2015, 2013), the response has been defined as the mean
pupil diameter spanning the whole CS presentation window (Morriss
et al., 2015; Pollak et al., 2010) or as the peak change in pupil diameter
occurring during CS presentation (Visser et al., 2016; Visser et al.,
2013). Reinhard and Lachnit (2002) demonstrated that pupil dilations
discriminate most strongly between CS- and CS+ in a time window
immediately preceding the unconditioned stimulus (US). Visser et al.
(2015) found that the baseline-to-peak difference during CS presenta-
tion yielded identical results as the change from baseline to the second
preceding US onset, indicating that the peak pupil response occurs
shortly before US onset.

Besides dilating to threat stimuli, the reflexive constriction of the
pupil in response to light flashes is partly attenuated during the
anticipation of aversive stimuli (Bitsios et al., 1996, 2004; Hourdaki
et al., 2005). Comparable to the fear potentiated startle, this ‘fear
inhibited light reflex’ to light flashes may be modulated by emotional
valence (Bitsios et al., 2004). Reinhard et al. (2006) observed such an
initial inhibition of the light reflex to CS+, albeit with smaller effect
sizes than pupil dilation.

Pupillary responses to CS- and CS+ have been assessed with
simultaneous fMRI, mainly as indicator of conditioned responding and
fear recall (De Voogd et al., 2016a, 2016b; Morriss et al., 2015; Visser
et al., 2016, 2015, 2013). To our knowledge, the neural correlates of
pupil dilations during fear learning have not yet been reported. In this
study, we aim to identify activity associated with pupil responses to CS-
and CS+ during a fear learning task comprising fear conditioning and
extinction. If the magnitude of trial-wise pupil dilations correlates with
brain regions involved in fear expression or threat appraisal, this would
provide support for the notion that pupil dilations are a meaningful trial-
by-trial readout of the conditioned response.
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In fMRI experiments, the comparison CS+ > CS- typically yields a
characteristic pattern of activation, referred to as the fear network
(Etkin and Wager, 2007; Fullana et al., 2015). This network comprises
the dorsal anterior cingulate cortex (dACC), bilateral anterior insula,
thalamus and parts of the striatum, among others; amygdala activation
has been specifically associated with early phases of fear conditioning
in some studies (for a meta-analysis and a review see Fullana et al.,
2015; Sehlmeyer et al., 2009). The reverse contrast CS- > CS+ has been
associated with activity in ventromedial prefrontal cortex (vinPFC;
Milad and Quirk, 2012), lateral orbitofrontal cortex (OFC), hippocam-
pus and posterior cingulate cortex (PCC; Fullana et al., 2015).

As there are no direct cortical inputs to the pupillary dilator or
constrictor muscles (Beatty and Lucero-Wagoner, 2000), cognitive
influences on pupil diameter must be conveyed in an indirect way.
Activity of the locus coeruleus (LC) in the brainstem has been found to
strongly correlate with pupil diameter in the monkey (Aston-Jones and
Cohen, 2005; Joshi et al., 2016) and also in the human brain (Gilzenrat
et al., 2010; Murphy et al., 2014; Sterpenich et al., 2006). As LC
receives direct inputs from anterior cingulate cortex (ACC) and OFC in
the monkey brain (Aston-Jones and Cohen, 2005), it may relay activity
from these cortical regions into autonomous arousal and related pupil
dilations. There is also a two-way excitatory connection between LC
and amygdala (Samuels and Szabadi, 2008), which have been found to
co-activate in fear-related processes (Liddell et al., 2005; Sears et al.,
2013). Given these anatomical connections, we may expect ACC,
orbitofrontal cortex and amygdala activity to be associated with the
magnitude of pupil dilations during fear learning.

In addition to these anatomical considerations, we would expect
pupil dilations in a fear learning task to be associated with regions of
the fear network (especially dACC and amygdala). As the pupil is
known to dilate more strongly in response to CS+ than to CS-, the
neural correlates of pupil dilations should resemble the CS+ > CS-
contrast. Reversely, smaller pupil responses may reflect fear inhibition
and the activity pattern associated with the CS-> CS+ contrast (e.g.,
medial prefrontal cortex).

Previous work has shown that most robust differences in pupil
responses to CS- and CS+ are found in temporal proximity to the US
(Reinhard et al., 2006). We therefore focused on the change in pupil
diameter from CS onset until shortly before US administration as a
trial-wise readout of the conditioned response, but we also aimed to
evaluate the initial light reflex at stimulus onset. Furthermore we
explored the dynamics of tonic changes in pupil diameter during the
fear learning task and investigated its relationship to phasic pupil
responses. To further assess potential effects of uncertainty and
expectancy on pupil dilations during fear learning, we used two CS+
with different reinforcement rates: higher reinforcement rates may
provoke larger pupil dilations during fear conditioning due to higher
threat appraisal, yet partial reinforcement may provoke larger pupil
dilations due to uncertainty. Finally, we evaluated whether pupil size
dynamics also reflect the so-called partial reinforcement extinction
effect (PREE), which has been demonstrated for SCR (Grady et al.,
2016). In this context, we would expect stronger pupillary — and
behavioral responses — to a partially reinforced CS+ during extinction.

2. Material and methods
2.1. Participants

Thirty-four healthy subjects (mean [M] age=25.6, standard devia-
tion [SD]=3.0, 18 male) participated in a fear learning task with
simultaneous fMRI and pupillometry recordings. All subjects were
right-handed, non-smokers and had normal or (contact lens) corrected
vision. Prior to participation, subjects underwent an interview and a
clinical MRI screening to exclude participants with present or past
psychiatric or neurological disorders, or current use of psychotropic
medication. The study protocol was in accordance with the Declaration
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of Helsinki and was approved by a local ethics committee. After
explanation of the study protocol, subjects gave written and informed
consent and were reimbursed for participation.

2.2. Fear learning task and experimental procedure

The entire fear learning task comprised fear conditioning and
immediate (unannounced) extinction. The three conditioned stimuli
(one CS- and two CS+) consisted of three squares in different colors of
equal size and brightness (colors were counter-balanced across sub-
jects). All stimuli were presented using Presentation Software
(Neurobehavioral Systems Inc., Berkeley, California, USA) and were
displayed in the middle of a monitor, which was located at the end of
the scanner bore. The full screen could be seen by the subjects through
a first surface mirror, which was attached to the scanner head coil.
Stimuli occupied 2.3°x2.3° of the visual angle and were presented on a
black background.

The US consisted of a mild electric shock, which was administered to
the back of the right wrist through gold electrodes (Digitimer Stimulator,
Digitimer Ltd., Hertfordshire, UK). Shock strength was calibrated for
each subject individually by starting at 2 mA stimulation and increasing
the stimulus intensity in 1 mA steps until the shock was perceived as
uncomfortable, but not yet painful (M=15.8 mA, SD=9.1 mA).

Stimuli were presented in a pseudo-randomized order for 4 s each,
with no more than two subsequent trials of the same stimulus type. The
two CS+ were associated with the US, one of them being reinforced in
60% (CS60+), and the other in 100% (CS100+) of the trials during the
fear conditioning phase. In reinforced trials, shocks were administered
3.5 s after stimulus onset. The third stimulus was never followed by a
US and hence served as CS-. Fear conditioning comprised 10 pre-
sentations of CS-, CS60+ and CS100+, respectively. For subsequent
extinction, participants were randomized into two groups: 8 trials of
either CS60+ (19 subjects) or CS100+ (15 subjects) were presented
interspersed with 8 trials of CS-. Shocks were no longer applied during
these trials, resulting in extinction of one of the previously conditioned
stimuli (from this point on referred to as CSext). All trials were
separated by inter-trial intervals of varying length (average duration
of 12 + 2 s), during which a white fixation cross was presented in the
middle of the screen. The entire fear learning task (conditioning and
extinction) comprised 46 trials and lasted 16 min and 24 s.

Subjective ratings of shock expectancy were assessed before and
after the task, as well as at intermediate time points: halfway through
the fear conditioning phase (after 5 trials of each stimulus, 15 trials in
total), at the end of fear conditioning (after 10 trials of each stimulus,
30 trials in total) and halfway through the extinction phase (after 4
additional trials of CS- and CSext, 38 trials in total). Participants were
asked to rate their shock expectancy within 10 s for each stimulus
separately on a scale from 0% to 100% (in steps of 10%) by pressing a
left and right button on a response device. Prior to the fear learning
task, subjects were familiarized with the fMRI sequence and the stimuli
in a brief habituation phase, with 6 non-reinforced stimulus presenta-
tions and one rating per stimulus to practice the procedure. After
habituation, subjects were not explicitly informed about CS-US con-
tingencies, but were told that the visual stimuli might be followed by
electric shocks. They were asked to give an estimation of the shock
probability for each stimulus separately, whenever the subjective rating
appeared on the screen. Instructions were not repeated after the fear
learning task had started and conditioning trials were immediately
followed by extinction trials without interruption or any change of
context.

2.3. Pupillometry
2.3.1. Data acquisition and preprocessing

The eye tracking system (Eyelink 1000 Plus, SR Research, Osgoode,
ON, Canada) was located at the end of the scanner bore and tracked
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pupil diameter and gaze of the right eye via a mirror attached to the
head coil (sampling rate: 250 Hz). A standard nine-point calibration
procedure was conducted to locate the gaze position on the screen.
Pupil data processing was performed in Matlab (version 2015a,
MathWorks, Natick, USA). First, eye blinks were replaced by linear
interpolation over the missing data points (Beatty and Lucero-
Wagoner, 2000). Eye-blink related artifacts, consisting of pupil loss
and re-detection, differed slightly across individuals. To remove
artifacts while keeping data loss at a minimum, we semi-automatically
adapted the interpolation window from shortly before (M=56 ms,
range=20—60 ms, SD=8 ms) to shortly after eye blinks (M=128 ms,
range=40—180 ms, SD=28 ms). Second, to control for variability across
subjects, the entire pupil data per subject (recorded in arbitrary units)
were z-transformed and all further analyses were carried out with the
pupil diameter expressed in z-scores. Pupil data were then smoothed
with a 200 ms sliding window and segmented per trial, spanning 0.5 s
pre-stimulus (used as baseline) and the subsequent 4 s of stimulus
presentation. Finally, invalid trials were identified by inspecting all
segments for three exclusion criteria: first, trials containing more than
50% of interpolated data points were discarded (M=0.9% of trials per
subject, SD=1.4%; see also Siegle et al., 2003; Visser et al., 2016, 2013).
Second, we excluded trials with unnaturally sudden and large jumps in
pupil diameter, which are typically caused by undetected blink artifacts
or sudden changes in gaze direction. Because the pupillary light reflex
to the stimulus caused a steep initial decrease in pupil diameter at each
trial, we first split the trial segments into epochs: a 0.5 s epoch for the
baseline and 4 epochs of each 1s for the subsequent stimulus
presentation. Then the first order derivatives were examined for every
single epoch. If the derivative of an epoch differed by more than 3.3
standard deviations from the mean derivative of the same epoch of all
other trials in this subject, the whole corresponding trial was discarded
as an outlier (see Kafkas and Montaldi, 2011). In this way, only trials
with exceptionally steep and sudden increases or decreases in pupil
diameter (which could not be explained by light accommodation) were
excluded (M=2.5% of trials per subject, SD=0.9%). Third, as strong
shifts in gaze can impair pupil detection, we excluded trials in which
subjects did not focus on the center of the screen for over 0.5 s during
the trial. For this purpose, the average gaze shift during trials was
determined across all subjects (1.81°x1.84° of visual angle), and a
window of 3.3 standard deviations of the average gaze shift was defined
around the center of the screen (corresponding to a visual angle of
6.0°x6.1°). Trials in which the subjects’ gaze dwelled outside this
window for longer than 0.5 s (i.e., trials containing artifacts affecting
more than 0.5 s, comparable to procedures applied by Reinhard et al.,
2006; Visser et al., 2013) were discarded from further analysis
(M=8.9% trials per subject, SD=5.4%).

These three exclusion criteria partly classified the same segments as
invalid, resulting in an average of 5 invalid trials out of 46 per subject
(corresponding to 11% on average, SD=5.7%). There was no difference
in the amount of missing trials across the three stimulus types
(F2,50)=1.70, p=.194). Invalid trials were treated as missing data for
further analysis. To assure that only attentive subjects with good data
quality were included, subjects with over 20% of invalid trials were
excluded from further analysis. This left 28 data sets for separate
analyses of fear conditioning and extinction phases (partly different
subjects) and a total of 26 data sets for analyses of the entire fear
learning task.

As we anticipated that the discrimination in response to CS- and CS
+ would be maximal in close temporal proximity to US onset, we
defined the last 0.5 s before shock administration as the time window
of interest. The pupil response was calculated for each trial by
subtracting the pre-stimulus baseline (average over the 0.5 s before
stimulus onset) from the maximum pupil dilation between 3 and 3.5 s
after stimulus onset (just before US application). The procedure of
determining the pupil responses is also illustrated in Fig. 1A and is
based on the method of calculating the peak pupil dilation as proposed
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Fig. 1. A) Average change in pupil diameter in response to CS-, CS60+ and CS100+ across trials of the fear conditioning phase with 95% confidence intervals (N=28). The stimulus was
presented from O to 4 seconds, shock administration occurred at 3.5 s in all CS100+ trials and in 60% of CS60+ trials. For assessing the pupil response per trial, pre-stimulus baseline
(marked as ‘baseline’, average across 0.5 s pre-stimulus) was subtracted from the maximum pupil diameter between 3 and 3.5 s after stimulus onset (marked as ‘readout’). B) Mean
pupil responses during fear conditioning and extinction are depicted as boxes with standard error of the mean ( + SEM) as vertical lines (N=28). The extinguished stimuli were collapsed
as CSext, comprising both extinction groups (extinction of CS60+ and CS100+), as they did not differ significantly.

by Beatty and Lucero-Wagoner (2000). Another readout of interest
concerned the reflexive pupil constriction at CS onset, as Reinhard
et al. (2006) found significantly stronger inhibition of the initial light
reflex at the onset of CS+ than of CS-. We assessed the initial light
reflex by subtracting the respective baseline diameter value from the
pupil diameter trough in the first second after stimulus onset.

To furthermore consider task-unrelated tonic drifts in pupil dia-
meter, we determined the 46 pre-stimulus pupil baselines of all trials,
again treating values from invalid trials as missing data.

2.4. Statistical analysis of behavioral data and pupil responses

Statistical analyses of behavioral data and pupil responses were
carried out in SPSS (PASW Statistics for Windows, Version 18.0.
Chicago: SPSS Inc.). Subjective ratings were analyzed by conducting a
stimulus (CS-, CS60+, CS100+)xtime (5 ratings) repeated measures
analysis of variance (rmANOVA). To assess the effects of partial reinforce-
ment on extinction, a separate stimulus (CS-, CSext)xtime (rating 3, 4 and
5)xgroup (extinction of CS60+ vs. CS100+) rmANOVA was conducted.

Pupil responses were analyzed for the fear conditioning (trial 1-30)
and extinction (trial 31-46) phases of the task separately. For fear
conditioning, we conducted an rmANOVA on the mean pupil responses
to CS-, CS60+ and CS100+, as well as post-hoc t-tests for directed
comparisons of the three stimulus types. To investigate the effect of full
versus partial reinforcement more closely, post-hoc t-tests between the
mean pupil response magnitude to CS60+ and CS100+ were performed
for the first and second half of fear conditioning separately. Moreover,
dynamics of pupil responses to CS100+ were explored with a separate
rmANOVA over the 10 trials of the fear conditioning phase for this
stimulus.

For the extinction phase, we conducted a stimulus x group
(extinction of CS60+ vs. CS100+) rmANOVA on the mean pupil
responses to CS- and CSext, in a similar manner as the behavioral
rmANOVA for the extinction phase. A post-hoc t-test over the mean
response to CS- and CSext was performed, as well as post-hoc t-tests to
compare the mean response to CS- and CSext between extinction
groups. In addition we performed paired t-tests on the initial light
reflexes to CS-, CS60+ and CS100+.

To investigate effects of habituation, an rmANOVA was performed
over all 46 pupil responses of the entire fear learning task (irrespective of
stimulus type), as well as over all 46 pre-stimulus baselines. Moreover,
we examined the correlation of pre-stimulus baselines with subsequent
pupil responses, as a negative correlation between these two has been
reported (Eldar et al., 2013). We calculated Pearson correlations for each
subject individually and, to assess if these correlations were significant

189

on the group level, we performed a non-parametric Sign test.

To account for this anticipated correlation of pre-stimulus baselines
with the following pupil responses, we furthermore calculated baseline-
weighted pupil responses for an additional fMRI analysis. We linearly
transformed all pupil responses and all baselines to values from 0.01 to
0.99 (to avoid zero values). We then multiplied pupil responses with
the respective baseline values, resulting in 46 baseline-weighted pupil
responses per subject. These were again split into the three stimulus
types for further analyses.

2.5. fMRI

2.5.1. Image acquisition and preprocessing

Scanning was performed on a 3 T MR scanner (Discovery MR750,
GE Healthcare, Waukesha, WI, USA) using a 32-channel head coil. For
the acquisition of functional data, the whole brain was covered with 36
axial slices in AC-PC orientation (TR=2.56 s, acceleration factor of 2,
FOV=22 cm, 64x64 matrix, slice thickness 3 mm and 0.4 mm gap
leading to a voxel size of 3.4x3.4x3.4 mm®). A multi-echo planar
imaging sequence (MEPI) with three echo pulses was used, however,
only images resulting from the second echo (TE=29 ms) were analyzed
for this study.

Preprocessing was performed with SPM8 (Statistical Parametric
Mapping Software, www.fil.ion.ucl.ac.uk/spm). Data were slice time
corrected, realigned to the mean volume (rigid-body transformation),
normalized to the Montreal Neurological Institute (MNI) EPI template,
spatially smoothed (full width at half maximum Gaussian kernel of
6x6x6 mm?®), and high pass filtered at 0.004 Hz. The entire fear learning
task comprised a total of 384 volumes (236 volumes corresponding to
fear conditioning, 148 to extinction), of which the first four volumes (i.e.
10.24 s) were excluded from further analysis to avoid non steady-state
effects. To account for signal fluctuations of non-neural origin, nuisance
regressors reflecting fluctuations in cerebrospinal fluid (CSF) and white
matter (WM) compartments were calculated using the CompCor method
(Behzadi et al., 2007). For this purpose, realigned fMRI data were
normalized to a resolution of 4x4x4 mm? and the first three principal
components were extracted from thresholded SPM probability maps for
CSF and WM compartments. These six time series, as well as six
regressors for head motion (extracted during the realignment process)
were incorporated into all further fMRI analyses, along with the absolute
values of their first order derivatives. These nuisance regressors were
complemented by one regressor including all shock onsets and one
regressor for the subjective ratings, resulting in a total of 26 nuisance
regressors.
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2.5.2. Statistical analysis of fMRI data

For analyzing activity related to stimulus presentations, prepro-
cessed volumes were entered into a general linear model (GLM) that
contained three regressors of interest corresponding to the presenta-
tions of CS—, CS60+ and CS100+. Each stimulus presentation was
modeled as an event of 3.4 seconds duration. On the group level, we
contrasted activity relating to CS- and CS+ (both CS60+ and CS100+)
with post-hoc t-tests in a full-factorial ANOVA (contrasts [-2 +1 +1]
and [+2 —1 —1]). These analyses were performed for the entire fear
learning task, as well as for the fear conditioning phase separately. Note
that this stimulus contrast is affected by US administration, as stimulus
durations were relatively short and convolvement with the hemody-
namic response function (HRF) will result in overlap with US-
associated activity.

For examining brain activity related to pupil responses across the
three stimulus types, a second GLM was set up with one regressor
containing all 46 stimulus presentations (irrespective of stimulus type)
and its parametric modulation comprising all corresponding 46 pupil
responses per subject. We refer to this as ‘correlates of trial-by-trial
pupil responses between stimulus types’, because this analysis contains
actual differences in response magnitude among the three stimuli. On
the group level, we identified brain activity which correlated positively
and negatively with this parametric modulation in a simple t-test
(contrasts [+1] and [-1]).

In order to determine the neural correlates of pupil responses
within each stimulus type separately, the responses were entered into a
third GLM as separate parametric modulations to the corresponding
three stimulus regressors (CS-, CS60+ and CS100+). We later refer to
this as ‘correlates of trial-by-trial pupil responses within stimulus
types’, as it identifies activation associated with pupil response
magnitude within consecutive trials of each condition separately (for
example activation related to pupil responses to CS100+ trials). In a
full-factorial ANOVA on the group level, brain activity positively and
negatively correlated with the three parametric modulations was
identified with post-hoc t-tests (contrasts [+1 +1 +1] and [-1 -1
—1]). Furthermore, post-hoc t-tests to compare statistical maps were
performed (contrasting CS- versus CS+, [-2 +1 +1] and [+2 -1 -1]).
The same procedure was performed for the baseline-weighted pupil
responses in a fourth GLM. This analysis addressed the effect of slow
tonic changes in baseline pupil diameter on the magnitude of pupil
responses. These within-stimulus analyses of pupil responses and
baseline-weighted pupil responses were performed for the entire fear
learning task, as well as for the fear conditioning phase separately. For
all GLMs examining the correlates of pupil responses, invalid trials
were removed from the stimulus regressors and were entered into the
GLMs as additional nuisance regressors (one regressor per stimulus
type with no parametric modulation).

Finally, to compare tonic changes in pupil diameter to general
changes in brain activity, a GLM with one regressor per stimulus type
(CS-, CS60+ and CS100+) and their respective linear time modulation
was performed over trials of the fear conditioning phase. On the group
level, a post-hoc t-test on a full-factorial ANOVA was employed to
detect activity that was linearly declining throughout the fear con-
ditioning phase (contrast [-1 -1 -1]).

For all fMRI analyses, clusters were sampled at p=.001 (uncor-
rected) and significance was defined as cluster p-values < .05 after
whole-brain family-wise error (FWE) correction.

3. Results
3.1. Subjective ratings

Subjective ratings averaged over all 34 subjects are displayed in
Fig. 2A. The two-way rmANOVA of all 5 ratings yielded significant

main effects of stimulus type (F(2,66)=264.25, p<.001), of time
(F4,132)=34.79, p <.001) and a significant stimulusxtime interaction
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(F(8,264y=32.88, p <.001). The three-way rmANOVA of ratings during
extinction (ratings 3-5) yielded significant main effects of stimulus
type (F(1,32)=218.31, p< 001), time (F(2’64)=192.30, p< 001) and
group (F(1,32=7.42, p<.05), as well as significant interactions of
stimulusxgroup (F(1,32)=6.31, p <.05), timexgroup (F(264=14.22, p
<.001), stimulusxtime (F264)=188.70, p<.001) and a three-way
interaction of stimulusxtimexgroup (F2,64=13.72, p<.001).
However, as can be seen in Fig. 2A, these differences were not in the
expected direction of the PREE (ratings 3-5 reflect group values of
N=19 for CS60+ and N=15 for CS100+; ratings of CS- are collapsed
across both groups).

3.2. Phasic pupil responses

For the analysis of the entire fear learning task, a total of 26
subjects fulfilled the inclusion criteria. For separate analyses of the fear
conditioning and extinction phases, 28 subjects each could be included
(the rest having over 20% discarded trials; partly differing subjects for
the fear conditioning and extinction phases).

The rmANOVA of mean pupil responses during fear conditioning
yielded a significant effect of stimulus (F 54)=8.75, p < .005). Post-hoc
t-tests revealed stronger pupil responses to both CS+ than to CS-

A) Fear conditioning Extinction
B cs-
g W00p B CS60+
g L
E 80 | B CS100+
P § B CSext
60 |
g
g L
8 40
2
8 L
5
a 200
B
2 L
w 0f
1 2 3 4 5 rating

B

~

204 b

08 |

Pupil response (z-scores)

w
»
-
©

trials per condition

Extinction

C

~

04

03

02

Pupil response * baseline

17 trials per condition

Fig. 2. A) Average subjective ratings of shock probability for each stimulus type (CS-,
CS60+ and CS100+) with respective SEMs. Ratings occurred before fear conditioning,
halfway through fear conditioning (after 5 trials of each stimulus type), before extinction
(after 10 trials of each stimulus type), halfway through extinction (after 4 additional trials
per stimulus type) as well as after extinction. Ratings 1 and 2 comprise all subjects
(N=34); ratings 3, 4 and 5 reflect scores of all 34 subjects for CS- and group scores of
N=19 for CS60+ and N=15 for CS100+. B) Trial-wise pupil responses to CS-, CS60+ and
CS100+ with SEMs during fear conditioning and extinction phases (average across
subjects, N=26). C) Trial-wise pupil responses, weighted by respective pre-stimulus
baselines to CS-, CS60+ and CS100+ with SEMs (average across subjects, N=26). In B)
and C), the extinguished CS60+ and CS100+ were collapsed as CSext, because there were
no significant differences in response to those stimuli between groups.
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(CS60+ > CS-: t27)=2.51, p <.01; CS100+ > CS-: t27)=4.15, p <.001;
also see Fig. 1B). Pupil responses to CS100+ and to CS60+ diverged
during the fear conditioning phase (all trials: to7=1.64, p=.056; first
half: t(,7)=1.23, p=.22, second half: t,7)=1.80, p < .05). Pupil responses
to CS100+ showed a significant quadratic within-subject contrast for
these trials (F(;,13)=8.37, p <.05), reflecting an initial increase and a
later decrease in response magnitude to this stimulus during fear
conditioning (Fig. 2B).

For extinction, the rmANOVA of mean pupil responses to CS- and
CSext with the factor group yielded a significant main effect of stimulus
type (F(1,26)=12,63, p <.005), but no significant effect of group (F(,
23)=0.49, p=.491) and only a trend for a stimulusxgroup interaction
(Fa, 26)=2.94, p=.098). Post-hoc t-tests revealed significantly higher
responses to CSext than to CS- (t27=3.32, p <.005), but no significant
differences between groups in the response to CSext (t(26)-0.14,
p=.444), which is why CS60+ and CS100+ are collapsed as CSext in
Fig. 2B and C. There was a trend for stronger pupil responses to CS- in
the group in which CS60+ was extinguished (t(2)=1.41, p=.084). The
initial light reflex to CS-, CS60+ and CS100+ did not yield any
significant differences between stimuli (p >.05, d<.20). Averaged
trial-by-trial pupil responses during fear conditioning and extinction
phases are illustrated in Fig. 2B (mean across 26 subjects).

3.3. Tonic changes in pupil diameter

Although there was no significant effect of time for the 46 pupil
responses (Fs5,135=1.32, p=.115), there was a significant effect of time
for the 46 pre-stimulus baseline values (F(4s, 135= 1.96, p <.005, see
Supplementary Fig. S1). Pupil responses to the stimuli were negatively
correlated with the size of pre-stimulus baseline diameter (Sign test, p
<.001, Pearson's R averaged across 26 subjects=—.33). To control for
this negative correlation, we multiplied pupil responses by their
respective pre-stimulus baselines (both linearly transformed to values
between 0.01 and 0.99), and the resulting baseline-weighted pupil
responses (see Fig. 2C) were used for further fMRI analysis.

3.4. fMRI results

For fear conditioning, the contrast CS-<[CS60+ and CS100+]
revealed significant clusters of activation in left and right insula,
extending bilaterally into rolandic operculum and supramarginal gyrus,
a large cluster extending from dACC to the supplementary motor area
(SMA) and into the paracentral lobule, a cluster covering left and right
thalamus and a bilateral cluster in calcarine gyrus and lingual gyrus
(see Fig. 3 and Supplementary Table 1). To disentangle contributions
of different regions within the bilateral clusters around insula, the
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collection threshold was increased to p=.0001, which revealed a
separate cluster comprising right amygdala, caudate and hippocampus
(p=.014, t = 4.68, cluster size k=117, peak at [20, -2, 16]).

The reverse contrast of CS- > [CS60+ and CS100+] revealed activity
in left middle temporal gyrus, as well as two clusters in the medial
prefrontal cortex (mPFC): one in vmPFC comprising orbitofrontal
cortex and gyrus rectus, and another in superior mPFC (see Fig. 3
and Supplementary Table 2). Note that this stimulus contrast is
affected by US-associated activity. It is presented for illustration
purposes and for visual comparison with the statistical maps of pupil
related activity (see Fig. 4), as well as with previous work.

3.5. Neural correlates of pupil responses

3.5.1. Correlates of trial-by-trial pupil responses between stimulus
types

The parametric modulation with trial-wise pupil response magni-
tudes during the entire fear learning task revealed significant activity in
dACC extending to SMA, bilateral insula, thalamus, rolandic opercu-
lum extending to supramarginal gyri and a cluster in left precentral
gyrus. The same parametric modulation revealed deactivation in
bilateral occipital cortex and vimPFC (see Fig. 4A and Tables 1 and
2). Note that this contrast contains differences between the three
stimulus types (e.g., generally larger pupil responses to CS+ than to
CS-, as shown in Fig. 1B).

3.5.2. Correlates of trial-by-trial pupil responses within stimulus
types

Therefore, we next entered trial-wise pupil responses as parametric
modulations to each of the three stimulus regressors separately, such
that mean differences in response magnitude between the stimulus
types were removed. For the entire fear learning task, these three
parametric modulations (contrast [+1 +1 +1]) revealed activation in
dACC (two clusters, one of which extended to SMA), in right thalamus,
as well as activity in right rolandic operculum and supramarginal gyrus
(see Fig. 4B and Table 3). A cluster in right insula showed a trend for
significance (p=.087, t=4.95, cluster size k=107, peak at [36, 18, —-8]).
Direct overlap between this statistical map and the stimulus contrast
(CS+ > CS-) throughout the entire fear learning task was observed in
dACC and right supramarginal gyrus, see Supplementary Fig. S2 for a
visual comparison. The same parametric modulation yielded deactiva-
tion in bilateral middle occipital gyrus (contrast [-1 -1 —-1], see Fig. 4B
and Table 4). The analysis for the fear conditioning phase alone still
revealed activation in dACC (contrast [+1 +1 +1], see Supplementary
Fig. S3A, p=.011, t=4.10, k=176, peak at [2, 20, 38]). Contrasting the
neural correlates of the pupil responses to CS- and CS+ in post-hoc t-

t-value

Fig. 3. Activity associated with the stimulus contrast CS- < [CS60+ and CS100+] during the fear conditioning phase (red), and the reverse contrast in blue. Post-hoc t-contrasts were
derived from a full-factorial ANOVA with the factor stimulus with the levels CS-, CS60+ and CS100+ (contrasts: [-2 +1 +1] and [+2 -1 -1], N=34). Coordinates [mm] refer to MNI

space.
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Fig. 4. A) Activity positively (yellow) and negatively (green) correlated with the magnitude of trial-by-trial pupil responses containing differences between stimulus types (parametric
modulation to all stimulus presentations of CS-, CS60+ and CS100+ in one regressor; contrasts [+1] and [-1], N=26). B) Activity positively (yellow) and negatively (green) correlated
with the magnitude of trial-wise pupil responses within the three stimulus types. Contrasts were derived from a full-factorial ANOVA of the parametric modulations to CS-, CS60+ and
CS100+ in separate regressors; (contrasts [+1 +1 +1] and [-1 —1 —1], N=26). Coordinates [mm] refer to MNI space.

tests (e.g., contrast [-2 +1 +1] and [+2 -1 —1]) revealed no significant
differences.

3.5.3. Correlates of trial-by-trial baseline-weighted pupil responses
and time modulations

The parametric modulation with baseline-weighted pupil responses
(showing decreasing slopes for all stimuli, see Fig. 2C) to the three
corresponding stimulus regressors separately revealed no significant
clusters for the entire fear learning task. However, for the fear
conditioning phase, this parametric modulation yielded activity in
right thalamus (see Supplementary Fig. S3B and S3C, p=.006,
t=4.91, cluster size k=200, peak at [14, 6, 0]).

The same thalamic cluster was negatively correlated with a linear
time modulation over trials of the fear conditioning phase (contrast
[-1], reflecting decreasing activity during the fear conditioning phase).
This declining time modulation further revealed activity in bilateral
amygdala and hippocampus, among other regions (see Supplementary
Fig. S3C and Supplementary Table S3).

4. Discussion
4.1. Phasic pupil responses during fear conditioning and extinction

Our results confirm previous findings that pupil dilations can serve
as a physiological readout of the conditioned response (Reinhard et al.,
2006; Visser et al., 2013). We found that CS+ elicited stronger pupil
responses than CS- during the fear conditioning as well as during the
extinction phase, largely in line with subjective ratings of shock
probability. The stimulus contrast CS+ > CS- was, as expected, asso-
ciated with an activation pattern resembling the fear network as
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reported by Etkin and Wager (2007) and Fullana et al. (2015), with
contributions of bilateral insula, dACC (extending to SMA), supramar-
ginal gyrus, thalamus and right amygdala.

The activity pattern associated with pupil response magnitude
across the entire fear learning task showed substantial overlap with
this network, revealing a generally stronger association of fear network
activity with pupil responses to CS+ than to CS-. This finding was
expected, as the analysis comprising between-stimulus differences in
pupil response magnitude should resemble the CS+ > CS- contrast. We
controlled for this by analyzing activity related to trial-wise pupil
responses for each stimulus type separately. This analysis also revealed
activity in parts of the fear network, with significant clusters of activity
in dACC, right thalamus and supramarginal gyrus. This activation
pattern was found across stimulus types, indicating that variability in
pupil response magnitude is generally associated with activity in dACC
in a fear learning context. The same analysis for the conditioning phase
alone still revealed dACC activity, so we can exclude that these results
were merely caused by differences in responding between the fear
conditioning and extinction phases of the task.

4.1.1. Fear conditioning

Phasic pupil responses during fear conditioning were larger to CS+
than to CS- and were — irrespective of stimulus type — most robustly
associated with dACC activity. Spontaneous pupil dilations during rest
have already been linked to ACC activity in the macaque monkey
(Aston-Jones and Cohen, 2005; Ebitz and Platt, 2015; Joshi et al.,
2016) and also to activity in dACC in humans (Murphy et al., 2014;
Schneider et al., 2016). Moreover, other autonomous responses to fear
stimuli have previously been related to dACC activity: the difference in
SCR to CS+ and CS- in fear conditioning (Milad et al., 2007), as well as
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Table 1

Activity positively correlated with pupil response magnitude during the entire fear
learning task, containing differences between stimulus types. The contrast was derived
from a GLM containing one parametric modulation to all stimulus onsets of CS-, CS60+
and CS100+ (contrast [+1]; N=26).
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Table 3

Activity positively correlated with pupil response magnitude within stimulus types during
the entire fear learning task. The contrast was derived from a full-factorial ANOVA of
parametric modulations to the corresponding stimulus types CS-, CS60+ and CS100+
separately (contrast [+1 +1 +1], N=26).

Cluster Voxel Cluster Voxel
Region name Peorr Kk Tpeak MNIpeak Region name Peorr k Tpeak MNI eax
x y z x y z
Middle cingulate cortex (L+R) <.001* 1305 8.10 -4 -6 50 Middle cingulate cortex (L+R) <.001* 502 5.24 -6 12 36
Supplementary motor area (L+R) Anterior cingulate cortex (L+R)
Anterior cingulate cortex (L+R) Thalamus (R) .024 150 4.77 8 -6 2
Insula (R) <.001* 595  6.93 34 6 -12 Supramarginal gyrus (R) .002 245  4.69 50 -24 24
Inferior frontal gyrus (R) Rolandic operculum (R)
Inferior frontal gyrus, pars
opercularis & triangularis (R) Middle cingulate cortex (L+R) <.001 388 4.53 -2 -6 46
Supplementary motor area (L+R)
Insula (L) .004* 184 6.90 -36 -4 -10
Superior temporal gyrus (L) Note: Table 3 refers to Fig. 4B (yellow clusters). Only brain regions contributing over 5%
to respective clusters are listed. R=right; L=left; P, stands for whole-brain corrected
Supramarginal gyrus (L) <.001 491 6.28 -50 -22 20 cluster p-values, k for the cluster size, tye for the t-value of the peak-voxel, [x y z]
Postcentral gyrus (L) coordinates are in MNI-space. Asterisks mark clusters which are significant after voxel-
Superior temporal gyrus (L) wise inference.
Rolandic operculum (L)
Supramarginal gyrus (R) <001 368 578 48 -26 18 Table 4
Rolandic operculum (R) Activity negatively correlated with pupil response magnitude within stimulus types
Thalamus (R+L) <.001 583 5.64 8 4 2 during the entire fear learning task. The contrast was derived from a full-factorial
ANOVA of parametric modulations to the corresponding stimulus types CS-, CS60+ and
Rolandic operculum (L) .020 131 5.24 -50 0 14 CS100+ separately (contrast [-1 -1 1], N=26).
Precentral gyrus (L)
Superior temporal pole (L) Region name Cluster Voxel
Inferior frontal gyrus, pars
opercularis (L) Peorr k Tpeax MNIpeak
Precentral gyrus (L) .019 133 5.16 -18 -4 72 x y z
Superior frontal gyrus (L) . .
Paracentral lobule (L) Mldd.le 0cc1P1Fal gyrus (R) .001 261 4.74 44 -82 -6
Inferior occipital cortex (R)
Middle occipital gyrus (L) .013 173 4.73 -32 -88 10

Note: Table 1 refers to Fig. 4A (yellow clusters). Only brain regions contributing over 5%
to respective clusters are listed. R=right; L=left; P, stands for whole-brain corrected
cluster p-values, k for the cluster size, tyea for the t-value of the peak-voxel, [x y z]
coordinates are in MNI-space. Asterisks mark clusters which are significant after voxel-
wise inference.

Table 2

Activity negatively correlated with pupil response magnitude during the entire fear
learning task, containing differences between stimulus types. The contrast was derived
from a GLM containing one parametric modulation to all stimulus onsets of CS-, CS60+
and CS100+ (contrast [-1]; N=26).

Cluster Voxel

Region name Peorr Kk Tpeak MNIeak
X y z

Middle occipital gyrus (L) <.001* 1058 6.98 -24 -80 18
Inferior occipital cortex (L)
Fusiform gyrus (L)
Middle occipital gyrus (R) <.001 821 5.70 36 -80 10
Inferior occipital cortex (L)
Superior occipital gyrus (R)
Cuneus (R)
Medial orbitofrontal cortex (L+R) .029 121 5.22 -2 52 -6

Note: Table 2 refers to Fig. 4A (green clusters). Only brain regions contributing over 5%
to respective clusters are listed. R=right; L=left; P, stands for whole-brain corrected
cluster p-values, k for the cluster size, tyea for the t-value of the peak-voxel, [x y z]
coordinates are in MNI-space. Asterisks mark clusters which are significant after voxel-
wise inference.
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Note: Table 4 refers to Fig. 4B (green clusters). Only brain regions contributing over 5%
to respective clusters are listed. R=right; L=left; P.,,, stands for whole-brain corrected
cluster p-values, k for the cluster size, tycax for the t-value of the peak-voxel, [x y z]
coordinates are in MNI-space. Asterisks mark clusters which are significant after voxel-
wise inference.

the magnitude of SCR in the anticipation of pain (Seifert et al., 2013)
were found to positively correlate with dACC activity. Prior evidence for
a relationship between task-related pupil dilations and dACC activity
was also provided by Critchley et al. (2005), who found activity in
rostral ACC and dACC to correlate with the magnitude of pupil
responses in a numerical stroop task. However, in other studies, pupil
responses have been associated with different circuity as well: they
have been associated with activation of superior temporal gyrus in a
speech comprehension task (Zekveld et al., 2014), with activity in
middle frontal gyrus in a digit sorting working memory task (Siegle
et al., 2003) and indirectly with the dorsal attention network (together
with LC, superior colliculus and right thalamus) in an attention task
(Alnaes et al., 2014). Our study provides evidence for a task-specific
association of pupil responses with dACC in a fear learning task.
Recent findings from the macaque brain revealed that ACC activity
can follow pupil dilations, but can also temporally precede them (Joshi
et al., 2016), hence both directions could account for this association.
Although our data cannot provide evidence for a causal influence of
dACC on pupil responses, we propose that at least part of this
association could be explained by threat appraisal, which has been
related to dACC activity in previous work (Etkin et al., 2011; Maier
et al., 2012; Mechias et al., 2010). In line with this, we found that pupil
dilations in response to CS+ appear most robustly seconds after
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stimulus onset, just before US administration. This rather late onset
argues against a reflexive, non-conscious fear response to CS+, and
supports the notion of conscious US expectancy or threat appraisal
influencing pupil diameter. The discrimination of responses to the fully
and partially reinforced CS+ during fear conditioning provide further
support for the proposed relationship between threat appraisal and
pupil dilation.

However, responses to CS100+ declined significantly during the
second half of fear conditioning, unlike the responses to CS60+ and
unlike subjective ratings of shock expectancy. We therefore suggest
that pupil response magnitude in our task is also influenced by
uncertainty or unpredictability, which have previously been found to
correlate with pupil diameter (Lavin et al., 2014; Morriss et al., 2015;
Nassar et al., 2012; Preuschoff et al., 2011). In our task, subjects may
become increasingly confident on the outcome of CS100+ trials during
the fear conditioning phase (resulting in less uncertainty), while they
need to constantly update their expectations for CS60+ trials.
Therefore, dACC activity, related to the magnitude of trial-by-trial
pupil responses, may be interpreted as representing threat appraisal
but also uncertainty.

Given the general association of pupil response magnitude (irre-
spective of stimulus type) with dACC activity and with parts of the fear
network, pupil responses during fear learning may also more generally
reflect saliency. Both the fear network, but also a more general ‘salience
network’ (sometimes referred to as the ‘cingulo-opercular network’)
comprise dACC, insula and thalamus (Coste and Kleinschmidt, 2016;
Sadaghiani and D'Esposito, 2015). The salience network has been
proposed to respond, independently of task requirements, to personally
salient stimuli (Seeley et al., 2007) and to relate to states of alertness
(Coste and Kleinschmidt, 2016; Sadaghiani and D'Esposito, 2015).
Hence, pupil responses may track the general saliency of stimuli across
different phases of fear learning on a trial-by trial basis.

4.1.2. Extinction

During extinction, pupil responses remained higher for CSext than
for CS-. This suggests that autonomous arousal is maintained towards
the previously reinforced stimulus, and that pupil responses may be a
more sensitive readout than other measures like SCR. The increased
pupil responses towards CSext may reflect elevated shock expectancy,
although pupil responses during extinction did not match the sub-
jective ratings exactly. Ratings differed significantly for the fully and
partially reinforced stimulus between groups whereas pupil responses
did not, although this may be due to less precision of the latter. Another
explanation would be that increased uncertainty contributes to pupil
responses to both CSext, irrespective of their previous reinforcement
rate, since neither was followed by the anticipated shocks anymore. In
line with this notion, both pupil responses to CS- and baseline diameter
appeared to increase in early extinction trials. Uncertainty may be
particularly increased in early extinction, when subjects notice a
change in reinforcement rules and may expect a reversal of CS-US
contingencies. Contrary to our expectations, we did not observe a PREE
(partial reinforcement extinction effect) as described by Grady et al.
(2016), neither in pupil responses nor in subjective ratings.

4.2. Tonic pupil diameter

While phasic pupil responses to the stimuli did not show habitua-
tion over time, tonic pupil diameter (as measured by the pre-stimulus
baseline) decreased significantly during the entire fear learning task.
Furthermore, pre-stimulus baseline pupil diameter correlated nega-
tively with the magnitude of phasic pupil responses to the stimuli. This
inverse relationship has been described before (Eldar et al., 2013; Joshi
et al.,, 2016) and may be due to a larger margin for dilation given a
small initial pupil size. We controlled for this association by weighting
(i.e. multiplying) pupil responses with their respective baseline dia-
meter. These baseline-weighted pupil responses, corrected for the tonic
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pupil diameter, showed a declining slope and were correlated with
thalamic activity during fear conditioning. A linearly decreasing time
modulation to trials of the fear conditioning phase revealed the same
thalamic cluster, which suggests that both tonic pupil diameter and
thalamic activity decreased in the conditioning phase.

Even though thalamus activity was associated with phasic pupil
responses (together with dACC), we propose that both the decrease in
tonic pupil diameter and the associated decreasing thalamic activity
may reflect habituation or a decrease in general alertness. Anatomical
considerations support this notion: the thalamus is located within the
ascending reticular activating system (ARAS), which originates in the
brainstem and has extensive wakefulness-promoting projections
throughout the brain (Aston-Jones and Cohen, 2005). A decrease in
thalamic activity has previously been demonstrated to occur during the
transition from wakefulness to sleep (Kaufmann et al., 2006).
Moreover, spontaneous tonic fluctuations in pupil diameter have
previously been used as an indicator of wakefulness and have been
referred to as ‘pupillary unrest’ (Lowenstein et al., 1963; Wilhelm et al.,
1998). Such changes in tonic pupil diameter during rest have been
linked to the thalamus before (Schneider et al., 2016), with increasing
thalamic activity at the onset of spontaneous pupil dilations. The LC
can possibly serve as a mediating structure with the potential to cause
both changes in thalamic activity - via dense norepinephrinergic
projections (Samuels and Szabadi, 2008) - and wakefulness-related
changes in pupil size (Aston-Jones and Cohen, 2005; Gilzenrat et al.,
2010; Joshi et al., 2016; Murphy et al., 2014).

To summarize, tonic and phasic components of the pupil diameter
may contain complementary information. The tonic component can be
used for assessing habituation or controlling for wakefulness and states
of alertness, which is a major advantage of pupillometry during
simultaneous fMRI. Meanwhile, phasic pupil responses did not show
significant habituation throughout the task, and continued to discri-
minate between CS- and CSext even in late extinction trials. This
constitutes another advantage in comparison to other physiological
measures of arousal, like SCR or startle responses. If the tonic pupil
size is thought to differently affect pupil responses to different stimuli
or during different phases of a task, weighting pupil responses by their
respective baseline values could control for this. Furthermore, the
neural correlates of tonic pupil diameter and phasic pupil responses
can be partly disentangled. It therefore seems useful to take both
components into account when interpreting pupil dilations as a readout
of cognitive processes.

4.3. Limitations

Future research could further disentangle sympathetic versus
parasympathetic influences on pupil responses to CS+ and CS-. We
assume that pupil dilations in fear conditioning are largely driven by an
increase in sympathetic activation (and possibly inhibition of para-
sympathetic input). However, from our data we cannot conclude if the
smaller pupil responses to CS- are due to the absence of sympathetic
arousal, or to active fear inhibition and autonomous downregulation in
response to CS-. Pollak et al. (2010) found pupillary constriction during
learned safety, however in our data such effects would have been
masked by the strong initial pupillary light reflex. We found pupil
responses to be negatively associated with activity in vimPFC, a region
that has previously been associated with safety signaling and extinction
(Milad and Quirk, 2012). A lesion study in humans indicated an
influence of ventromedial prefrontal cortex on pupil dilation during
reward processing (Manohar and Husain, 2016), supporting the notion
that vmPFC activity may in fact be responsible for active pupillary
constriction during safety signaling. Yet in our analyses, the cluster in
vmPFC did not reach significance when examining the correlates of
pupil constrictions for each stimulus separately. This indicates that the
relationship between vmPFC and pupil responses in our data may
mostly reflect the CS- to CS+ difference. In future work, active
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parasympathetic pupil constriction to CS- could be detected by using
stimuli which are isoluminant to the background and do not cause an
initial light reflex.

We did not find significant differences in the initial light reflex to
the CS+ and CS-, even though this had previously been reported in fear
conditioning (Reinhard et al., 2006) and for neutral versus emotionally
arousing scenes (Bradley et al., 2008). Both studies have been
conducted outside the MR environment, which might offer a better
context for detecting potentially small differences in pupil dilation.
Another limitation of this study is the lack of SCR recordings as a
commonly used readout of fear conditioning. A comparison of pupil
responses and SCR could relate pupillometry to other readouts of
conditioned fear, although the MR environment may not be optimal to
study these differences. Moreover, displaying a fixation cross in the
middle of CS stimuli may reduce artifacts caused by gaze shift.

Due to the low temporal resolution of fMRI, it is difficult to
determine the exact temporal alignment — and hence causality —
between activity in higher-order cortical areas, arousal-regulating
brainstem nuclei and pupil dilations. Beyond that, our whole-brain
coverage fMRI recordings were not suitable to detect the proposed
association between brain stem activity and pupil dilations. Despite
many previous associations of pupil diameter and LC activity (Aston-
Jones and Cohen, 2005; Gilzenrat et al., 2010; Joshi et al., 2016;
Murphy et al., 2014), we find no evidence for LC-driven pupil dilations
in our fear learning task. Alternative accounts have proposed the
superior colliculus (Wang and Munoz, 2015) or the paragigantocellu-
laris nucleus (Joshi et al., 2016; Nieuwenhuis et al., 2011) to be other
suitable structures for relaying cortical signals to both the pupil as well
as to LC, which may be investigated by targeting brain stem regions
more closely.

4.4. Temporal dissection of the conditioned response

It is worth noting that we did not find evidence for a direct
association between pupil dilation responses and amygdala activity;
we only observed amygdala activity in our analysis with linearly
declining time modulations to the three stimuli during the fear
conditioning phase. The amygdala has been shown to quickly habituate
during fear conditioning (Biichel et al., 1998; Lindner et al., 2015) and
may be primarily involved in early phases of conditioning. Akin to
amygdala activity, both SCR and fear potentiated startle also show
strong habituation (Bradley et al., 1993; Pineles et al., 2009). This
supports the notion that these psychophysiological conditioned re-
sponses may partly be driven by the amygdala. Further support for
such a relationship comes from Van Well et al. (2012), who reported
that subjects with strong startle potentiation towards CS+ revealed
stronger amygdala activity to CS+ than subjects who displayed reduced
startle potentiation.

Regarding SCR, such quick habituation seems to apply specifically
to the so-called “first interval response’ at stimulus onset, as opposed to
later SCR (Pineles et al., 2009). Cheng et al. (2007) reported that early
rather than late components of SCR are associated with amygdala
activity. However, the early SCR component has also been proposed to
partly reflect an orienting response (Ohman, 1971; Pineles et al.,
2009). Although no work has yet specifically addressed the neural
correlates of late SCR components during human fear learning, a few
studies have examined the SCR at CS+ offset in non-reinforced trials.
These studies revealed activity in dACC, among other regions
(Linnman et al., 2011; Spoormaker et al., 2011; for an overview of
various temporal components of the SCR see Spoormaker et al., 2012).
Such findings suggest that early and late components of the condi-
tioned response may be associated with different neuronal circuity,
with a shift from immediate amygdala activity representing automated
threat detection to activity in dACC, which may reflect more conscious
threat appraisal (Ohman, 2005).

Pupillometry may capture both the early components of the
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conditioned response (e.g., with inhibition of the initial light reflex as
demonstrated by Reinhard et al., 2006) and late components of the
conditioned response, comparable to early and late SCR. In our study,
slow pupil dilations during fear learning showed large differences
between CS- and CS+, and trial-by-trial magnitudes were robustly
correlated with dACC activity and key nodes of the salience or fear
network. However, we did not detect significant inhibition of the light
reflex at CS+ onset. This might be due to the MR environment, but light
probes administered later during CS presentation might also yield
stronger conditioned responses, similar to startle probes: Grillon et al.
(1993) demonstrated that the fear potentiated startle reflex increases
with temporal proximity to US onset.

5. Conclusions

Pupillometry offers a non-invasive and sensitive measure to track
individual fear learning on a trial-by-trial level. Pupil dilations in
response to CS+ and CS- showed the largest differences in close
proximity to the expected US onset, and this difference was detectable
until the end of the extinction phase. Phasic pupil responses were
associated with activity in parts of the salience network, in particular
with dACC. Our data suggest an influence of different cognitive-
affective processes like threat appraisal and uncertainty on phasic
pupil responses, and effects of habituation and general alertness on
tonic pupil size. Pupillometry offers a promising method to examine
and model conditioned responses and to approximate activity in the
salience network.
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6. Supplementary Material
6.1 Supplementary Figures
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Supplementary Figure S1. Baseline pupil diameter (average over 0.5 s pre-stimulus) for all 46 trials

throughout the fear learning task (N = 26).

t-value

Supplementary Figure S2. Activity associated with the stimulus contrast CS- < [CS60+ and CS100+]
throughout the whole fear learning task in red (cluster extension threshold set to k = 79), derived from a full-
factorial ANOVA with the levels CS-, CS60+ and CS100+; (contrast [-2 +1 +1], N = 34). Overlay in yellow:
activity positively correlated with the magnitude of per-trial pupil responses within stimulus types throughout
the whole fear learning task (cluster extension threshold set to k = 108), derived from a full-factorial ANOVA

of the parametric modulations to CS-, CS60+ and CS100+ in separate regressors; (contrast [+1 +1 +1], N =
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26). Maps were sampled at p < .001 (uncorrected) with a whole-brain corrected cluster threshold of pgwg <

| 4
5

t-value

.05. Coordinates [mm] refer to MNI space.

x=2 x=13 y

Supplementary Figure S3. A) Activity positively correlated with pupil response magnitude during fear
conditioning (cluster extension threshold set to k = 18, N = 28). B) Activity positively correlated with
baseline-weighted pupil responses during fear conditioning (cluster extension threshold set to k = 68, N =
28). Both A) and B) were derived from a full-factorial ANOVA containing parametric modulations to CS-,
CS60+ and CS100+ in separate regressors; (contrasts [+1 +1 +1]). C) Negative effect of a linear time
modulation to the three stimuli throughout fear conditioning trials in red (cluster extension threshold set to k
= 90). The post-hoc t-contrast was derived from a full-factorial ANOVA with the parametric modulations to
CS-, CS60+ and CS100 in separate regressors (contrast [-1 -1 -1], N = 34). Overlay with the thalamic cluster
from B) in yellow. Maps were sampled at p < .001 (uncorrected) with a whole-brain corrected cluster

threshold of prwg < .05. Coordinates [mm] refer to MNI space.
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6.2 Supplementary Tables

Supplementary Table S1. Activity associated with the stimulus contrast CS- < [CS60+ and CS100+]
during fear conditioning (N = 34). The post-hoc t-contrast [-2 +1 +1] was derived from a full-factorial
ANOVA with the levels CS-, CS60+ and CS100+. Maps were sampled at p < .001 (uncorrected) with a

whole-brain corrected cluster threshold of pgwg < .05.

Cluster Voxel

MNI,,eax

Region name Pcorr k Tpeak

Insula (L)

Superior Temporal gyrus (L)

Rolandic operculum (L) <.001* 5388 7.50 -44 -26 16
Supramarginal gyrus (L)

Postcentral gyrus (L)

Calcarine sulcus (L+R)
Lingual gyrus (L+R)
Cuneus (L+R)

Vermis (lobule 6)

<.001* 2189 6.71 -12 -70 8

Insula (R)
Rolandic operculum (R)

<.001%* 3637 6.36 38 0 10
Superior temporal gyrus (R)

Supramarginal gyrus (R)

Supplementary motor area (L+R)

Precentral gyrus (L)

Middle cingulate cortex (L+R) <.001* 5456 6.09 -8 16 38
Postcentral gyrus (L)

Paracentral lobule (L)

Thalamus (L+R)
Amygdala (R, 3.4% of cluster)

<.001* 1293 5.84 -4 -24 -20

Precentral gyrus (R)
Middle frontal gyrus (R)

.013 190 4.44 50 -4 50
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Supplementary Table S2. Activity associated with the stimulus contrast CS- > [CS60+ and CS100+]
during fear conditioning (N = 34). The post-hoc t-contrast [+2 -1 -1] was derived from a full-factorial
ANOVA with the levels CS-, CS60+ and CS100+. Maps were sampled at p < .001 (uncorrected) with a

whole-brain corrected cluster threshold of pgwg < .05.

Cluster Voxel
MNI,,cax
Region name Peorr k Tpeak
X y z

Middle temporal gyrus (L) .046%* 141 5.20 -60 -14 -16
Superior medial frontal gyrus (L+R)

.002 281 4.49 8 60 32
Superior frontal gyrus (L+R)
Medial orbitofrontal cortex (L+R)
Gyrus rectus (L) .027 161 4.15 -2 48 -18

Superior medial frontal gyrus (L)

Note: Supplementary Tables S1 and S2 refer to Figure 3. Maps were sampled at p < .001 (uncorrected)
with a whole-brain corrected cluster threshold of prwg < .05. Only brain regions contributing over 5%
to respective clusters are listed. R = right; L = left; P, stands for whole brain corrected cluster p-
values, k for the cluster size, t,.. for the t-value of the peak-voxel, [x y z] coordinates are in MNI-

space.

72



3. Pupil dilation during fear learning in fMRI

Supplementary Table S3. Activity negatively associated with the (increasing) linear time modulation

to all three stimuli during fear conditioning trials. The post-hoc t-contrast was derived from a full-

factorial ANOVA with the linear time modulations to CS-, CS60+ and CS100+ in separate regressors

(contrast [-1 -1 -1], N = 34). Maps were sampled at p < .001 (uncorrected) with a whole-brain

corrected cluster threshold of pgwg < .05.

Cluster

Region name Pcorr

k

Tpeak

Inferior and middle Temporal gyrus (R) .013*

168

6.31

Superior and middle frontal gyrus (R) <.001*

339

5.71

60

Precentral gyrus (L)
Postcentral gyrus (L) <.001*
Middle frontal gyrus (L)

956

5.64

-22

58

Parahippocampal gyrus (R)
Hippocampus (R) .002*
Lingual gyrus (R)

249

5.45

24

-16

-20

Calcarine sulcus (L+R)
Lingual gyrus (L)
Lobule 4 &5 of vermis (L)

<.001*

Precuneus (L)

621

5.43

-52

Hippocampus (L)

Fusiform gyrus (L)

Parahippocampal gyrus (L) <.001*
Lobule 4 & 5 of cerebelum (L)

Amygdala (4.71% of cluster, L)

1104

5.24

-20

-10

Superior temporal gyrus (L)
P pora &y <.001*
Postcentral gyrus (L)

838

5.20

10

Superior and inferior parietal lobule (R)
Postcentral gyrus (R) <.001
Supramarginal gyrus (R)

445

5.17

38

50

Lobule 4, 5 & 6 of cerebelum (R)
Lingual gyrus (R) <.001
Fusiform gyrus (R)

594

4.96

20

-32

Amygdala (R)
Parahippocampal gyrus (R)

pp pal gy 005
Hippocampus (R)

Fusiform gyrus (R)

206

4.95

20

-18

Thalamus (L+R) 011

173

4.90

Precuneus (L) <.001

388

4.78

14

64
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3. Pupil dilation during fear learning in fMRI

Paracentral lobule (L+R)

Postcentral gyrus (R)

Superior temporal gyrus (R)
Rolandic operculum (R) <.001 384 4.77 64 -10 6

Transverse temporal gyrus (R)

Inferior and middle temporal gyrus (L)

<.001 324 4.72 -44 =70 -26
Crus 1 of celebelum (L)
Postcentral gyrus (L)

.026 144 4.59 -36 -36 66
Superior and inferior parietal lobule (L)
Middle occipital gyrus (R) .031 138 4.45 38 =72 26
Middle and superior occipital gyrus (L) .008 187 4.26 -24 -80 40

Note: Supplementary Table S3 refers to Supplementary Figure S3C. Maps were sampled at p < .001
(uncorrected) with a whole-brain corrected cluster threshold of pgwg < .05. Only brain regions
contributing over 5% to respective clusters are listed. R = right; L = left; P, stands for whole brain
corrected cluster p-values, k for the cluster size, ty. for the t-value of the peak-voxel, [x y z]

coordinates are in MNI-space.

74



4. Discussion

4. Discussion

4.1 Cognitive-affective processes influencing physiological measures during fear

learning

Psychophysiological measures allow only indirect inferences about ongoing cognitive processes and related
brain activity patterns. Neither the pupillary muscles nor the orbicularis oculi (startle EMG) or eccrine sweat
glands (SCR) receive direct projections from higher-order brain areas. Therefore, cognitive processes need to
be mediated via the autonomous nervous system to result in physiological changes. Given this indirect and
rather unspecific association of the physiological periphery with cortical activity, the experimental contexts,
as well as the properties of specific physiological readouts are decisive for the interpretation of physiological

responses.

4.1.1 Slow pupil dilations

Presentations of conditioned stimuli elicited changes in pupil diameter. We observed large, reflexive changes
at CS onset and offset. These were common to all stimulus presentations and were due to the differing screen
brightness between stimuli and inter-trial intervals. By contrast, slow pupil dilations throughout the stimulus
interval differed between stimuli: in both studies, they displayed larger dilations in response to CS+ than CS-
at the end of fear acquisition. These differences should be attributable to the influence of ongoing cognitive-
affective processes. As stated in the introduction, the pupil has previously been shown to respond to
emotional material (Bradley et al., 2008; Partala & Surakka, 2003; Snowden et al., 2016). In our studies, we
used emotionally neutral cues as conditioned stimuli. However, CS+ and CS- may acquire a negative or
positive emotional valence throughout the fear learning process due to their association with the aversive US
or safety, respectively. Besides the acquired emotional valence of the conditioned stimuli, declarative
learning of the CS-US contingencies and US expectancy might involve other cognitive processes. For
example, it has been shown that the pupil is sensitive to outcome prediction, error monitoring and surprise,
cognitive effort or uncertainty (Alnaes et al., 2014; Jepma & Nieuwenhuis, 2011; Lavin et al., 2014;
Preuschoff et al., 2011; Wendt et al., 2016), which may additionally contribute to pupil dilation during fear

learning.

US expectancy

Our results indicate that slow pupil dilations in large parts relate to threat appraisal and explicit US
expectancy for several reasons. First, pupil dilations roughly followed US expectancy ratings in both studies.
US expectancy ratings reflected on average the actual reinforcement rates, indicating that subjects have

explicitly learned the CS-US contingencies and likely expected the US at CS+ offset with rather accurate
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probabilities. Pupil dilations mirrored these ratings: they initially increased in response to CS+ in both
studies, and pupil dilations were initially stronger in response to a fully reinforced CS+ than to a partially
reinforced CS+ in the first half of fear conditioning (in the MR study). Second, pupil dilations discriminated
maximally between CS+ and CS- in the time window immediately preceding the US (demonstrated in the
MR study as well as by Reinhard & Lachnit, 2002). The difference in pupil dilations to CS+ and CS-
therefore increases throughout the stimulus interval and is maximal in direct outcome anticipation. This
suggests that explicit US expectancy drives a large part of the stimulus difference in pupil dilations. A third
indicator for this is the detected close association of pupil dilations with dACC activity. This region has
previously been hypothesized to reflect conscious threat appraisal during fear conditioning (Etkin, Egner, &
Kalisch, 2011; Maier et al., 2012; Mechias et al., 2010). The association of pupil dilations and dACC will be

discussed in further detail below.

Uncertainty

Our results suggest that pupil dilations do not only reflect US expectancy, but other processes involved in
declarative fear learning. These involve uncertainty or prediction error signaling, which have previously been
found to affect pupil dilations (Lavin et al., 2014; Morriss et al., 2015; Nassar et al., 2012; Preuschoff et al.,
2011). These processes may influence pupil dilations in particular if intermittent reinforcement schedules are
employed, i.e. when the occurrence of a US at CS offset is uncertain and difficult to predict. Another
circumstance which may trigger this process is a change of reinforcement rules, for example at the beginning
of extinction learning (i.e. when an expected US does not occur). Both our fear learning tasks comprised
intermittent reinforcement as well as extinction learning, therefore updating of US expectancy and
uncertainty about the CS outcome may have contributed to pupil dilations.

Koenig et al. (2017) provided data suggesting that anticipatory pupil dilations specifically reflected
prediction-error driven outcome expectancy in their conditioning tasks. They found a consistent pattern
during both aversive and appetitive conditioning: during early learning stages fully reinforced cues elicited
greater pupil dilation than intermittently reinforced cues. This pattern reversed in later learning stages, in
which cues with an uncertain outcome elicited stronger pupil dilations. Our observations were very similar
for the MR study, where we employed two CS+ with different reinforcement rates (60% and 100%
reinforcement). In early stages of fear acquisition, the fully reinforced CS+ elicited stronger pupil dilations
than the partially reinforced CS+ (see Figure 2 A). In this task stage, pupil responses matched US expectancy
ratings and thereby seemed to roughly track US expectancy. In later task stages, pupil dilations diverged from
US expectancy ratings. They declined in response to the fully reinforced CS+ and later converged with pupil
responses to the partially reinforced CS+, which roughly remained at the same level throughout fear
acquisition. Similarly, slow pupil dilations stayed elevated in response to CS+ during extinction (in the MR

experiment) as well as during recall (in the laboratory experiment), whereas US expectancy ratings
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decreased. In later task stages, pupil dilations might hence primarily reflect prolonged uncertainty about the
outcome of the previously reinforced CS, which is why they diverge from US expectancy ratings. Our results
therefore support the notion that expectancy updating and uncertainty about the CS outcome contribute to
slow pupil dilations in response to conditioned stimuli (Koenig et al., 2017).

We found no evidence for a partial reinforcement extinction effect (PREE) in our MR study, i.e. pupil
responses during extinction were not larger to partially reinforced CS+ than to fully reinforced CS+. In line
with models on reinforcement learning (e.g. Rescorla & Wagner, 1972), it was to be anticipated that
extinction would occur more quickly for a previously fully reinforced stimulus (with larger prediction errors
and a higher learning rate). Given the demonstrated sensitivity of pupil dilations to US expectancy and
uncertainty during fear learning, the lack of a PREE might have been due to the rather small sample size
(N~14 per group) and the between-subjects design, or due to a generally small PREE effect. Overall, our
results indicate that reinforcement rates as well as the learning stage are decisive for the interpretation of
pupil dilations in terms of threat appraisal and explicit US expectancy (early stages) or in terms of CS
outcome uncertainty (pointing towards cumulative, error-driven responses for partial reinforcement in later

learning stages, Koenig et al., 2017; Pearce & Hall, 1980).

4.1.2 Reflexive pupil responses
Reflexive pupillary readouts, such as auditory pupil responses or the pupillary light reflex, may differ from

slow pupil dilations. The major difference of triggered responses is that they are provoked by a probe during
the presence of a CS and not elicited by the CS itself. Furthermore, the temporal scale of such reflexive
responses is much shorter (1 s in our case as opposed to 4 s), which likely prevents a strong influence of
higher cognitive processes on the response magnitude. The auditory pupil reflex to startle probes yielded
significant stimulus discrimination during fear acquisition, with larger responses to startle probes when a CS+
was present (as opposed to during CS- or inter-trial intervals).

To date, pupil responses to startle probes have not been published as a measure of the conditioned response,
but pupillary reflexes to sound material have been investigated before (e.g. Marois et al., 2017; Wetzel,
Buttelmann, Schieler, & Widmann, 2016; Widmann, Schroger, & Wetzel, 2018). It has previously been
suggested that the initial pupil reflex to sounds may display properties of an orienting response, which is
modulated by the novelty and saliency of the stimulus material (MacDonald & Barry, 2017; Sokolov, 1963,
1990). Some studies argue for the notion that pupil dilations in fact reflect orienting by showing increased
reflexive responses to deviant sounds and visual contrast, i.e. to stimulus novelty and saliency (Marois et al.,
2017; Wang, Boehnke, Itti, & Munoz, 2014). Steiner and Barry (2011) argue against this account, showing
that initial pupil responses were only modulated by stimulus novelty, but not by stimulus ‘significance’ for
the task. This conflict might be resolved by differentiating between ‘saliency’ in terms of inherent stimulus

properties (e.g. visual contrast, loudness or pitch) or in terms of task-relevance and emotional meaning, which
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requires an interpretation of the stimulus material. In this context, it is also crucial to take into account which
temporal window of the pupillary response is considered. The very initial pupil dilation response (within
approximately 1 s) has been demonstrated to solely relate to stimulus novelty (Geva, Zivan, Warsha, &
Olchik, 2013; Steiner & Barry, 2011; Widmann et al., 2018) and to inherent stimulus properties (Marois et
al., 2017; Wang et al., 2014), but not to stimulus saliency in terms of its emotional relevance (Steiner &
Barry, 2011; Widmann et al., 2018). Widmann et al. (2018) proposed that the pupil response can be split into
two temporal components which reflect parasympathetic inhibition and sympathetic activation, respectively.
Both processes can result in pupil dilation, however the prior disappears in darkness: in this state the
parasympathetic constrictor muscles are maximally relaxed and parasympathetic inhibition does not affect the
pupil diameter. This way, Widmann et al. (2018) demonstrated that the initial pupil response is driven by
parasympathetic inhibition and is only sensitive to the novelty but not the emotional content (i.e. saliency) of
the stimulus material. A later component (initiated after approximately 1 s) was enhanced by emotionally
arousing sounds, i.e. sensitive to the saliency of the stimulus material and was suggested to reflect
sympathetic activation. An emotional evaluation of stimulus saliency therefore seems to be restricted to later
pupil dilations and appears precluded from initial, reflexive pupil responses. In line with this, the initial light
reflex in response to CS onset was not modulated by fear as observed in our MR study, whereas slow pupil
dilations later throughout the stimulus interval were.

Another question is whether the detected auditory pupil reflex to the startle probes can be explained in terms
of an orienting response in our study, but we argue against that. First, the auditory pupil reflex did not
habituate with declining stimulus (i.e. startle probe) novelty. Second, despite displaying differences between
CS+ and CS-, this difference cannot be related to startle probe saliency: the response-eliciting stimulus was
always the same startle probe for both CS+ and CS-. Here, we propose that elicited pupillary reflexes during
fear conditioning are not modulated by differential orienting to the probe, but by the underlying state of
physiological arousal at the time of probing. This interpretation can also be extrapolated to the fear-inhibited
light reflex, which is elicited by neutral light probes during the stimulus interval (Bitsios, Szabadi, &
Bradshaw, 1996; Bitsios et al., 2004). We triggered auditory pupil responses during states that potentially
differ in their arousal level, i.e. during late stages of the CS+ and CS- stimulus intervals and during inter-trial
intervals. Physiological arousal itself can in turn be determined by different factors: first, US expectancy and
threat appraisal are likely to contribute to physiological arousal, as auditory pupil responses were enhanced
during CS+ presentations and increased throughout fear learning (CS+ > CS- difference, similar to slow pupil
dilations). Second, attentional processes might contribute to physiological arousal and response magnitude,
resulting in enhanced responses to startle probes during stimulus intervals as opposed to inter-trial intervals

(CS- > inter-trial interval).
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4.1.3 Tonic pupil diameter: overall arousal / wakefulness:
We found slow pupil dilations as well as auditory pupil responses to be unaffected by physiological

habituation, which stands in contrast to SCR and startle responses. Contrarily, the baseline pupil diameter
declined in all datasets (in the MR and laboratory environment) and throughout all task phases (during fear
acquisition, extinction as well as recall). It has previously been suggested that tonic changes in pupil diameter
inform about changes in wakefulness and overall arousal (Aston-Jones & Cohen, 2005; Lowenstein,
Feinberg, & Loewenfeld, 1963; Wilhelm, Ludtke, & Wilhelm, 1998).

In each dataset, we reliably found a moderate, negative association of the pupil baseline diameter with the
superimposed phasic pupil dilations. This was apparent for slow pupil dilations and, to a smaller extent, for
auditory pupil responses. This negative relationship has been reported before in macaque monkeys (Joshi et
al., 2016) and in humans (Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010). The reason for this phenomenon
is not yet known: it could be explained by simple ceiling or floor effects, i.e. there may be less margin for
phasic dilations if the pupil is already strongly dilated. Similarly, the pupil is limited in its constriction. This
interdependence suggests that the lack of habituation in phasic pupil responses has to be considered with
caution: pupil responses might actually habituate over time. This might however not become apparent due to
the constant decrease in tonic baseline diameter, which may in turn be causal for simultaneously increasing
phasic response magnitude.

Our findings demonstrate that the tonic pupil diameter may convey complementary information to phasic
responses throughout fear learning and that it cannot necessarily be considered as independent of phasic
responses. To date, some studies have adjusted phasic responses for tonic changes in pupil diameter by
division or multiplication (De Voogd, Fernindez, & Hermans, 2016; Marois et al., 2017), while most fear
conditioning studies have subtracted the preceding baseline diameter from phasic responses (e.g. Reinhard &
Lachnit, 2002; Reinhard et al., 2006; Visser et al., 2016; Visser et al., 2015; Visser et al., 2013). Here we
suggest that the tonic pupil diameter should always be taken into account, or at least be reported upon

interpreting phasic pupil dilations.
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Figure 2. Physiological responses throughout fear acquisition from the MR study (A) and the laboratory

study (B-E). In the MR environment, two CS+ were reinforced in 60% and 100% of all trials, respectively. In

the laboratory, CS+ was reinforced in 80% of all trials. Responses to different stimuli (CS or startle probes)

are marked in color: responses to CS- (or startle probes applied during CS- in B and D) in green; responses to

CS+ (or startle probes applied during CS+ in B and D) in red (80% and 100% reinforcement) and orange

(60% reinforcement); responses to inter-trials interval startle probes in blue (in B and D). Ratings of US

probability are marked by grey triangles. Vertical bars reflect the standard error of the mean (SEM).
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4.1.4 Relating pupil responses to SCR and startle responses

Habituation

In our laboratory study, we found that the major difference between pupillometric and other measures
consisted in their response patterns over time: both SCR and startle responses were strongly affected by
habituation and declined in response to both CS- and CS+ (see Figure 2 D & E). Groves and Thompson
(1970) define habituation as a “decremental process” in the stimulus-response pathway, which is inversely
related to stimulus intensity and directly related to stimulus frequency (i.e. habituation increases with the
amount of stimulus repetitions). SCR and startle responses therefore likely decline due to habituation, caused
by repetitive presentations to the conditioned stimuli or startle probes (at a constant stimulus intensity).
Physiological habituation is hence a major factor contributing to the magnitude of SCR and startle response,

but not to pupil dilations.

Valence
Whereas habituation affected SCR and startle responses throughout all task phases, other cognitive affective
processes are likely responsible for the detected CS+ > CS- stimulus difference during fear acquisition. One
such factor might be an acquired negative valence of the CS+. As stated above, the CS+ likely acquires
negative emotional valence with progressing fear acquisition, due to its repetitive association with the
aversive shock. We cannot draw direct conclusions on the valence-specificity of either physiological measure
from our studies, because we did not explicitly contrast stimuli of positive and negative valence (or the
anticipation of a positive and negative US). Slow pupil dilations have previously been shown to respond to
emotionally arousing stimuli, but in a valence-unspecific manner (Bradley et al., 2008), similarly as SCR
(Hamm et al., 1993; Lang et al., 1990; Lipp et al., 1994). Henderson, Bradley, and Lang (2014) found that the
the pupillary light reflex was inhibited during the viewing of both negative and positive (compared to neutral)
emotional pictures, and hence valence-unspecific. The same might be the case for the auditory pupil reflex.
The startle reflex seems to hold a distinct position in comparison to other physiological measures, as it is
traditionally reported to be modulated by emotional valence (Bradley et al., 1996; Cuthbert et al., 1996; Lang
et al., 1990; Vrana et al., 1988). The valence modulation consists of an enhancement of the startle reflex
during motivational states of negative valence and an inhibition of the reflex (expressing in decreased
response magnitude) during motivational states of positive valence. This reflex may differ from other
physiological responses, as it is suggested to be a defensive response to threat (e.g. it causes a protective eye
closure reflex in response to loud noises). Bradley and Lang (2007) suggest that the startle reflex during the
presence of a CS+ might reflect enhanced ‘defense mobilization’ in the proximity of threat (the US).
However, the question is whether the fear-potentiation of the startle reflex in conditioning studies relates to
the negative valence of CS+, or whether it rather reflects enhanced arousal during US anticipation. Whereas
valence refers to the degree of stimulus pleasantness, arousal refers to the degree of excitation (both positive
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or negative) elicited by a stimulus (Bradley & Lang, 2007). Both are interconnected in a way that stimuli of
high negative or positive valence are judged as more arousing than stimuli of neutral valence. Arousal and
valence have therefore shown interactive and additive effects on the startle reflex: the valence modulation of
the startle response is strongest for arousing stimuli (Cuthbert et al., 1996) and the valence of picture stimuli
seems to contribute additionally to startle response magnitude during concurrent threat of shock (Bublatzky,
Guerra, Pastor, Schupp, & Vila, 2013). Lang et al. (1990) accordingly state that arousal can be considered as
‘intensity factor’ of the startle response.

The valence-modulation of the startle reflex was initially established for probing it during the presence of
emotional material (Bradley, Cuthbert, & Lang, 1990). However, in fear conditioning the startle reflex is
elicited during the presence of cues which can indicate a following US of negative valence, whereas the cues
themselves are often neutral before conditioning. This anticipation (instead of perception) of a US might
rather be associated with anticipatory arousal than with actual negative affect. In fact, Sabatinelli, Bradley,
and Lang (2001) as well as Dichter, Tomarken, and Baucom (2002) have shown that startle modulation
during the anticipation (as opposed to the actual viewing) of emotional pictures was not valence-specific, but
modulated by arousal. Correspondingly, several studies have reported a startle potentiation for pleasant CS+
as opposed to neutral cues during conditioning (Mallan & Lipp, 2007; Mallan, Lipp, & Libera, 2008) and
even for CS+ which cued a neutral reaction-time task (Lipp, Siddle, & Dall, 2003). If the startle response
during outcome anticipation was modulated by valence instead of arousal, it should be inhibited and not
increased in anticipation of a positively valenced CS+. Supporting the notion that anticipatory arousal
enhances the startle reflex, it has been demonstrated that startle response magnitude increases with temporal
proximity to an expected aversive US, i.e. with increasing anticipatory arousal (Grillon, Ameli, Merikangas,
Woods, & Davis, 1993).

Apart from arousal, attentional processes have been shown to influence startle magnitude, with enhanced
startle responses if conditioned stimuli are attended, irrespective of their valence (Adam, Mallan, & Lipp,
2009; Lipp, Siddle, & Dall, 1997; Mallan et al., 2008). This is also consistent with our finding that startle
responses were enhanced during CS- as opposed to inter-trial intervals, just like auditory pupil responses. The
traditional view that startle responses, as opposed to other readouts of the conditioned response, are valence-
specific is therefore questionable. Instead, habituation and anticipatory arousal are suggested to processes

with the largest influence on to startle response magnitude.

Contingency awareness

In our studies, subjective ratings of US expectancy indicated that subjects were aware of reinforcement
contingencies, but we did not manipulate or test for contingency awareness, specifically. It has previously
been suggested that stimulus discrimination in SCR is dependent on explicit awareness of the CS-US

reinforcement contingencies (Sevenster et al., 2014; Tabbert et al., 2011; Tabbert et al., 2006; Weike et al.,
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2007). By contrast, startle fear-potentiation can supposedly occur prior to conscious contingency awareness
(Hamm & Vaitl, 1996; Sevenster et al., 2014). These findings have fostered the theory that conditioned SCR
and startle responses rely on dissociating systems: one for declarative and one for rather reflexive/ procedural
fear learning (Hamm & Vaitl, 1996; Hamm & Weike, 2005; Soeter & Kindt, 2010). Following this theory,
SCR should theoretically display more similarity with pupil responses, which we suggest to reflect explicit
US expectancy. Still, SCR displayed major differences to pupillary measures by habituating throughout fear
acquisition. A more differentiated view will be discussed in further detail in context of the neural correlates
of conditioned responses below.

Tovote et al. (2015) state that conditioning-induced plasticity in the lateral amygdala temporally precedes
cortical plasticity in fear learning. This is possible due to a rapid pathway which reaches the amygdala from
the sensory cortices via the thalamus, thereby bypassing a conscious evaluation of the sensory input by higher
cortical areas. The amygdala may therefore drive conditioned fear behaviour prior to contingency awareness.
Accordingly, the amygdala has been found to activate in response to threat even when conditioned stimuli
were presented outside of conscious awareness in human fMRI studies (Critchley, Mathias, & Dolan, 2002;
Knight, Waters, & Bandettini, 2009). Physiological measures that are modulated by amygdala activity can
therefore potentially differentiate between danger and safety cues even prior to explicit contingency

awareness.

4.2 Neuronal circuitry affecting psychophysiological measures during fear learning

4.2.1 Pupillometry

As stated above, the pupillary dilator and sphincter muscles do not receive direct input from higher cortical
regions such as the vimPFC or the dACC. The observed correlation of pupil response magnitude with these
regions must therefore be mediated indirectly. This is likely given via projections from higher cortical areas
to the brainstem and sympathetic or parasympathetic centers, which then target the pupillary muscles. It was
mentioned in the introduction that structures like the hypothalamus or the LC receive input from cortical
areas and can in turn elicit a number of changes in the physiological periphery by targeting the autonomous

nervous system (Habib et al., 2001; Stratakis & Chrousos, 1995).

The locus coeruleus

The pupil has previously been linked closely to activity of the LC (Alnaes et al., 2014; Murphy et al., 2014;
Sterpenich et al., 2006), which may be the major relay station from cortical activity to pupil dilations. While
the noradrenergic output of the LC has widespread activating effects on brain activity (Aston-Jones & Cohen,
2005), the LC receives input from a large number of brain regions (111 regions of the Allen Brain Atlas in
the rodent brain discovered in a tracing study, Schwarz et al., 2015). Many of those regions are associated

with fear learning: the LC maintains reciprocal connections to the amygdala and projects to the thalamus
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(Samuels & Szabadi, 2008b). Furthermore, there is evidence from animal studies for reciprocal connections
between LC and medial prefrontal regions, like the ACC and orbitofrontal cortex (reviewed by Aston-Jones
& Cohen, 2005; Del Cid-Pellitero & Garzon, 2011; Marzo, Totah, Neves, Logothetis, & Eschenko, 2014).
These interconnections with regions involved in fear learning make the LC a potential hub for fear-related
processes and autonomic responses. Giustino and Maren (2018) review the central role of the LC’s
noradrenergic signaling for fear acquisition and extinction learning. They suggest that the LC can enhance
amygdala output (via increased noradrenergic signaling in BLA, specifically) while simultaneously down-
regulating prefrontal function during states of fear (where increased levels of noradrenalin are proposed to
impair al- and B-adrenoceptor dependent mechanisms). During low arousal levels instead, the LC is
suggested to promote medial prefrontal activity, which can inhibit amygdala output and fear expression.
Giustino and Maren (2018) also state that long-term potentiation in the hippocampus can be regulated by
noradrenergic signaling, underlining the role of the LC in promoting fear and extinction memory formation.
Tanaka, Yoshida, Emoto, and Ishii (2000) manipulated brainstem noradrenergic signaling in a series of
pharmacological manipulations in the rat brain. They indeed found that increased noradrenaline in the
hypothalamus, amygdala and locus coeruleus provoked stronger fear expression during stress exposure.

Its central position in fear-related processes and its close link to pupil size suggest the LC as a structure which
could mediate between cortical activity and pupil dilations. However, the association of LC activity and pupil
dilations is not entirely understood. It is discussed as controversial whether there is a direct connection from
the LC to the Erdinger-Westphal nucleus, which in turn projects to the pupil (Nieuwenhuis, De Geus, &
Aston-Jones, 2011). Alternative accounts suggest that both the LC and the Erdinger-Westphal nucleus receive
common inputs from the nucleus paragigantocellularis, or that the superior colliculus relays the signal
between LC and Erdinger-Westphal nucleus (Joshi et al., 2016; Nieuwenhuis et al., 2011; Wang & Munoz,
2015). We did not find a significant association of pupil dilations and LC activity in our MR study. However,
our fMRI sequence involved whole-brain coverage, a voxel size of 3.4 x 3.4 x 3.4 mm’ and subsequent
spatial smoothing. These settings were not optimized for discovering LC activity, which is itself a small
brainstem structure (the human LC has an average size of 12-17 mm x 2.5 mm, Fernandes, Regala, Correia,
& Goncalves-Ferreira, 2012). For reproducing the association of LC activity and pupil diameter, other
analysis techniques would have been necessary: for example Murphy et al. (2014) related whole-brain fMRI

to a specific LC volume of interest, which was informed by high-resolution structural imaging.

The dACC and the salience network

We found an association of pupil response magnitude with salience network activity and, most robustly, with
dACC activity during fear learning. The dACC has been linked to a variety of cognitive functions (reviewed
by Devinsky, Morrell, & Vogt, 1995), which is why Heilbronner and Hayden (2016) suggest that the dACC

generally integrates task-relevant information (such as error monitoring, conflict or outcome values) for
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behavioral adjustment. Consistent with this theory, the dACC is a core region of the salience network
(together with bilateral insula, thalamus and limbic regions), which is generally associated with states of
alertness and responses to motivationally significant stimuli (Coste & Kleinschmidt, 2016; Sadaghiani &
D'Esposito, 2015; Seeley et al., 2007). Correspondingly, several studies have suggested an involvement of the
dACC as well as the insular cortex in regulating autonomic responses such as fingertip temperature
(Yoshihara et al., 2016), the sympathetic component of heart rate variability (Critchley et al., 2003) or SCR
during reward feedback anticipation (Critchley et al., 2001). Critchley (2002) suggests that the anterior
cingulate cortex in particular might translate higher cognitive processes (for example related to risk or
expectancy) into physiological arousal.

Pupil dilations have previously been linked to ACC activity during resting state measurements in the
macaque monkey (Aston-Jones & Cohen, 2005; Ebitz & Platt, 2015; Joshi et al., 2016) as well as in humans
(Murphy et al., 2014; Schneider et al., 2016). Furthermore, Critchley, Tang, Glaser, Butterworth, and Dolan
(2005) reported that activity in rostral ACC and dACC correlated with the magnitude of pupil responses in a
numerical STROOP task. Our group recently found further evidence that pupil dilations are related to dACC
and salience network activity during reward anticipation (Schneider, Leuchs, Czisch, Samann, &
Spoormaker, 2018). It therefore seems that the association of pupil dilations (or other physiological
responses) and dACC activity is not task-specific, but found in various cognitive states. In fear conditioning
specifically, the dACC has been suggested to be involved in cognitive threat appraisal (Etkin et al., 2011;
Maier et al., 2012; Mechias et al., 2010). This is consistent with our findings that pupil dilations were closely
related to both dACC activity and subjective ratings of US expectancy.

Findings from the macaque brain indicate that ACC activity can temporally precede, but also follow pupil
dilations (Joshi et al., 2016) and the directionality of this association cannot be determined from our analyses.
However, it seems plausible that a cognitive evaluation of CS+ and CS- (involving the dACC) temporally

precedes a transfer (for example via the LC) to autonomous arousal and pupil dilations.

The thalamus

We found a decline of tonic pupil diameter in both studies and throughout all task phases. When weighting
phasic pupil responses by their tonically declining baseline diameter, we found them to correlate with
declining thalamus activity in our MR study. This decline in thalamic activity was also revealed by a linearly
declining time modulation to all stimuli. Both the decline in thalamic activity and in tonic pupil diameter
might therefore be rather unrelated to the fear learning process and might reflect a general decline in
vigilance or arousal throughout the task. The thalamus is located within the ascending reticular activating
system (ARAS), which originates in the brainstem and has a wakefulness-promoting function (Aston-Jones &
Cohen, 2005). Central medial thalamic regions have previously been found to be at the origin of sleep

initiation in the rodent brain (Baker et al., 2014). In line with this, Kaufmann et al. (2006) found that thalamic
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and hypothalamic activity decreased during the transition from wakefulness to sleep in humans. Whereas
phasic pupil responses were related to salience network activity, the tonic pupil diameter might hence inform
about slow changes in tonic thalamic activity during fear learning.

Again, we did not find significant clusters in LC in association with declining pupil diameter or proceeding
time. Yet, theoretical considerations suggest that the LC - and its connections to the thalamus and pupil —
might contribute to tonic changes in pupil diameter. Whereas discrete, phasic pupil responses have previously
been related to phasic bursts of LC activity, tonic LC firing is thought to inform about the overall state of
wakefulness or arousal. Accordingly, tonic LC firing has previously been related to slow, tonic changes in
pupil diameter (Aston-Jones & Cohen, 2005; Aston-Jones, Rajkowski, & Cohen, 1999). Furthermore, a
negative association of phasic and tonic firing states of the LC has previously been reported (Aston-Jones &
Cohen, 2005; Aston-Jones et al., 1999). This is similar to the inverse relationship of phasic and tonic pupil
dilations and further supports the notion that the LC may modulate phasic as well as tonic changes in pupil
diameter. Simultaneous pupillometry /fMRI measurements with parameters optimized to detect LC activity

can help clarifying this question.

The amygdala

Even though we found activity in right amygdala to be associated with the CS+ > CS- stimulus contrast, pupil
responses were not significantly correlated with amygdala activity. As stated in the introduction, animal
studies have shown that the amygdala is a structure which is central to the fear learning circuitry (Tovote et
al., 2015). However, its activity is inconsistently found in human fear conditioning studies employing
functional brain imaging. In our MR study, a linearly declining time modulation to conditioned stimuli
revealed that bilateral amygdala activity declined significantly throughout fear acquisition. This has
previously been reported in rodent (Brydges et al., 2013; Quirk, Armony, & LeDoux, 1997), as well as in
human fear conditioning studies (Biichel, Morris, Dolan, & Friston, 1998; LaBar, Gatenby, Gore, LeDoux, &
Phelps, 1998; Lindner et al., 2015; Schneider et al., 1999). This robust decline in amygdala activity
throughout fear acquisition might best explain why human imaging studies do not always detect amygdala
activity in the average CS+ > CS- contrast. Whereas the amygdala seems to be involved in initial stages of
fear learning, its involvement might decline once a fear memory has been formed. Therefore, the amount of
averaged trials (spanning only early fear acquisition or also later task phases) likely determines whether
amygdala activity reaches significance in the average CS+ > CS- contrast or not not. Another factor which
might hinder the detection of amygdala activity is the low signal to noise ratio in fMRI, meaning that a few
initial trials might not suffice for a significant result. These considerations also emphasize the importance of
viewing fear conditioning as a dynamic learning process and suggest that average contrasts are not
appropriate for capturing ongoing cognitive processes. Similarly, the involvement of rather small cell

assemblies, such as the amygdala or the LC, is hard to detect with whole brain coverage. Amygdala activity
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might hence be better approximated by amygdala-modulated physiological responses throughout fear
learning.

Whereas slow pupil dilations do not seem to primarily reflect amygdala activity, this might be different for
other physiological readouts. It is unknown whether the more reflexive pupillary responses to startle or light
probes relate more strongly to amygdala activity than slow pupil dilations. However, our findings show that
auditory pupil responses do not habituate during fear acquisition, which is also the case for amygdala activity
and for other physiological measures. This argues against a strong dependency of auditory pupil responses on

amygdala activity.

4.2.2 Neural correlates of other physiological readouts of the conditioned response

Similarly as for pupil dilations, the final relay station between cortical activity and physiological responses is
likely the brainstem and structures addressing the sympathetic and parasympathetic branches of the
autonomous nervous system. Still, physiological response modulation can be associated with different
pathways and brain structures.

The neural circuitry underlying the startle reflex is well explained in the rodent brain (see Davis, 1989, 2006)
and this reflex is suggested to be mainly amygdala-modulated. The primary reflexive pathway of the startle
response receives input from the central amygdala (Davis, 1989; Rosen, Hitchcock, Sananes, Miserendino, &
Davis, 1991), which is proposedly why the startle reflex is enhanced during states of fear (Davis, 2006). This
is further supported by studies in the macaque monkey, which have shown that the acquisition (however, not
retention) of the fear-potentiated startle reflex is abolished with amygdala lesioning (Antoniadis, Winslow,
Davis, & Amaral, 2009; Nagai, Critchley, Featherstone, Trimble, & Dolan, 2004).

While the circuitry of the startle reflex is well-described in animal research, there are currently only few
published studies that assessed the acoustic startle reflex with simultaneous fMRI during human fear
conditioning (Lindner et al., 2015; Van Well, Visser, Scholte, & Kindt, 2012). This is mostly due to technical
difficulties like loud background noise as well as electromagnetic inferences on EMG recordings caused by
the fMRI acquisition. Lindner et al. (2015) found that startle responses during CS+ (as opposed to CS- and
the inter-trial interval) were associated with activity in anterior insula, ACC, thalamus and periaqueductal
grey during early extinction. However, this contrast still contained the between stimulus differences in startle
responses (which are generally larger to CS+ than to CS-). The reported activity pattern is therefore
inevitably confounded by the CS+ > CS- stimulus contrast. Accordingly, it shows large overlap with the
salience network, which is typically associated with the CS+ > CS- contrast. Van Well et al. (2012)
demonstrated that the CS+ > CS- difference, determined by startle responses, was also reflected in differences
in amygdala activity by splitting subjects into a discriminating and non-discriminating group. Neither study

reported trial-wise correlations of BOLD signal with startle response magnitude. Therefore, direct evidence
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for the association of startle response magnitude and amygdala activity is still missing in human imaging

studies.

Similarly, the neural correlates of SCR during fear learning are not fully explored. Even though numerous
studies have simultaneously assessed fMRI and SCR during fear conditioning (e.g. Cacciaglia, Pohlack, Flor,
& Nees, 2015; Milad et al., 2007; Spoormaker et al., 2011; Tabbert et al., 2011), few studies have addressed
the direct neural correlates of SCR. In a review on the neural basis of SCR, Dawson, Schell, and Filion
(2007) suggest that SCR can be influenced by brain activity on different levels, i.e. on the highest level by the
cortex (such as premotor and frontal regions), on a lower level by the hypothalamus (in association with
indirect inputs from the amygdala) or on the lowest level from brainstem regions such as the reticular
formation. The final pathway for the initiation of SCR is suggested to pass via the hypothalamus and the
brainstem, which then signal to preganglionic sympathetic neurons that ultimately influence the activity of
eccrine sweat glands.

In a review, Critchley (2002) concludes that a number of brain regions have the potential to elicit SCR. These
comprise the vmPFC, ACC, insular cortex, amygdala, dorsolateral prefrontal and parietal regions. For fear
conditioning studies, there is indirect evidence for an association of SCR and the dACC: Linnman, Zeidan,
Pitman, and Milad (2013) found that the resting metabolism in dACC predicted differential SCR (CS+ > CS-
discrimination) in a subsequent fear conditioning task. Milad et al. (2007) found that differential SCR were
related to dACC activity and thickness in fear conditioning. Further evidence points towards an association of
ACC activity and skin conductance in the context of emotional or anticipatory arousal: SCR in response to
emotionally arousing pictures and electric stimulation were associated with cingulate and motor cortex
activity in a PET study (Critchley et al., 2001; Fredrikson et al., 1998). Additionally, SCR during reward
feedback anticipation were related to ACC activity in an fMRI study (Critchley et al., 2001). Despite missing
evidence from trial-wise associations of SCR magnitude and dACC activity, these results suggest that, in fear
conditioning, SCR relate to threat evaluation occurring in dACC, similar to slow pupil dilations.

Phasic SCR and the tonic skin conductance level (SCL) may furthermore relate to different activity patterns:
Nagai et al. (2004) found that activity in ACC, insula, thalamus and hypothalamus (among others) was
associated with transient SCR, whereas activity in vmPFC and orbitofrontal cortex was related to tonic SCL,
irrespective of the employed task (during biofeedback, arousal and relaxation tasks). Tonic and phasic skin
conductance may therefore inform about different neuronal processes during fear learning, similar to pupil

dilations.

4.2.3 Differentiated view on the neural correlates of startle responses and SCR
The potentially pre-conscious startle reflex modulation and the association of SCR with contingency
awareness have led to the assumption that the neural correlates of these two measures dissociate (Hamm &

Vaitl, 1996; Hamm & Weike, 2005; Soeter & Kindt, 2010). The findings discussed above indeed indicate that
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startle responses are predominantly amygdala-modulated, whereas SCR have primarily been related to dACC
activity during fear conditioning. However, an account of entirely dissociating neural underpinning seems to
be oversimplified for several reasons.

First, both measures habituate strongly during fear acquisition. SCR thereby display more similarity with
startle responses than with pupil dilations, which suggests that they share at least some common underlying
mechanisms. Second (and in line with the previous argument), SCR are often associated with the dACC, but
they have also been related to amygdala activity: several imaging studies have shown an association of threat-
related SCR with amygdala activity (Williams et al., 2006; Williams et al., 2001; Wood, Ver Hoef, & Knight,
2014) and Cacciaglia et al. (2015) reported that left amygdala volume predicted the magnitude of differential
SCR during fear acquisition. Accordingly, it has previously been shown that differential SCR also occur to
masked conditioned stimuli (Esteves, Parra, Dimberg, & Ohman, 1994; Lipp, Kempnich, Jee, & Arnold,
2014; Ohman & Soares, 1993) or subliminal threat cues (Williams et al., 2006). This indicates that SCR do
not necessarily require conscious awareness of the reinforcement contingencies but that they can also relate to
a more reflexive, amygdala-dependent fear circuitry. Whereas amygdala activity does not seem necessary for
SCR initiation (as they can still occur after amygdala damage, see Tranel & Damasio, 1989), amygdala
activity might still contribute to SCR, maybe particularly in response to emotionally salient stimuli
(Critchley, 2002). Third, the amygdala is interconnected with various cortical regions like insular cortex or
thalamus (Davis, 2007). Startle response magnitude might thereby not solely relate to amygdala activity but,
as suggested above, also to general arousal at the time of probing. This physiological arousal might be
determined by regions of the salience network like the dACC, which can in turn interact with the amygdala.
For example Yoshihara et al. (2016) demonstrated that the functional connectivity from amygdala to dACC
and insula increased during the perception of horror movies and that this association was partly modulated by
subjective fear.

It can therefore be concluded that higher cortical areas like the dACC have the potential to modulate
amygdala activity (and in turn startle response magnitude), while the amygdala can also influence skin
conductance. A complete dissociation of the circuitry underlying startle responses and SCR is hence not

given.

4.3 Methodological considerations for readouts of the conditioned response

After the discussion of several cognitive-affective and neural processes influencing pupillometric measures,
SCR and startle responses, additional consideration should be given to methodological aspects, such as the
scoring of physiological responses. The compared measures differ fundamentally in their response latencies:

while startle responses occur commonly within 120 ms after the startle probe (Blumenthal et al., 2005), pupil
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responses can be initiated after approximately 200 ms (Sirois & Brisson, 2014), as opposed to SCR, which
are initiated earliest 1 s after stimulation (Society for Psychophysiological Research, 2012).

Another important differentiation should be made between continuous and triggered responses. Triggered,
reflexive responses (e.g. startle, auditory pupil reflex or pupillary light reflex) occur in a rather stereotypical
manner and their scoring is rather unambiguous. By contrast, SCR and slow pupil dilations can be scored in a
variety of ways as they can be defined to span a rather arbitrary amount of seconds throughout the stimulus
interval. While different phases of fear learning may be dominated by different cognitive processes, the same
is likely the case for different temporal windows throughout single stimulus intervals. In the course of a CS
presentation, early automatic orienting to the CS might shift to a more cognitive evaluation and finally to
anticipatory processes (such as US anticipation) towards the end of the trial. Relatedly, the neural activation
likely changes throughout single stimulus intervals. As a consequence, the choice of the outcome window for
scoring SCR or slow pupil dilations is decisive for the question which cognitive-affective processes and
corresponding neural activity patterns are captured (see Figure 3). The considerable heterogeneity in
employed scoring methods of physiological responses can contribute substantially to replicability problems

(Lonsdorf et al., 2017) and should be considered with care.
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Figure 3. Conditioned response, measured with pupillometry, skin conductance and startle EMG. Responses
to CS+ and CS- were averaged across the last block (4 trials per condition) of fear acquisition (N=47).
Different measures display largely different response latencies, which is visible in the temporal scales. It is
suggested that initial orienting and later threat anticipation affect the physiological measures at different time
points throughout (or after) the stimulus interval. The magnitude of triggered responses (caused by the startle

probe) is suggested to depend on the ongoing state of autonomous arousal at the time of probing (modulated
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4.3.1 The timing of pupil responses

As stated above, the pupil is influenced by both the parasympathetic and the sympathetic branch of the
autonomous nervous system. Rather than acting entirely antagonistic, both branches have been suggested to
act in concert, resulting in the observable peripheral changes (Berntson, Cacioppo, Quigley, & Fabro, 1994;
Quigley & Berntson, 1990). However, both branches act on different time scales: while parasympathetic
(mostly cholinergic) influences have relatively specific target organs and dissipate quickly, the sympathetic
(mostly adrenergic) response is widespread and dissipates relatively slowly (Bradley & Lang, 2007).
Accordingly, as described above, the pupil response can be split into an early and a later component (Geva et
al., 2013; Widmann et al., 2018), which are suggested to be determined by early parasympathetic inhibition
and later sympathetic activation, respectively (Widmann et al., 2018). Depending on the temporal definition
of the pupillary readout, sympathetic or parasympathetic components will have a stronger influence on the
quantified response magnitude. Resulting from the discussion in 4.1.2, later responses (> 1s after stimulus
onset, close to US proximity) may have the best chance to capture differences in CS saliency and anticipatory
arousal. This is supported by the fact that pupil responses did not differentiate at stimulus onset but showed
strongest CS+> CS- differences in close US proximity in our MR study (see also Reinhard & Lachnit, 2002).

A special case is given for pupil responses that are elicited during the stimulus interval. As discussed
previously, the magnitude of reflexive pupil dilations is suggested to depend on the ongoing state of
physiological arousal at the time of probing. The presence of emotionally significant stimuli is likely to be
associated with increased sympathetic activation and thereby enhanced dilator muscle activity. This may
increase auditory pupil responses to acoustic probes or, in the case of light probes, antagonize constrictor
muscle activity and thereby inhibit the pupillary light reflex during the presence of CS+. We therefore
propose that pupillary reflexes mostly depend on the time window during the stimulus interval, at which they
are elicited. The later during the stimulus interval, the more likely they reflect anticipatory arousal due to US
expectancy, and the more they may resemble slow pupil dilations (which had a similar readout window in our

study).

4.3.2 The timing of SCR

SCR mainly relate to sympathetic activity (Dawson et al., 2007) and display the largest latency of the
compared measures. Comparable to pupil dilations, SCR at stimulus onset likely reflect different processes
from SCR captured in later phases of the stimulus interval. Again we propose that a later response window
should reflect US anticipation rather than a reflexive response to CS onset. Pineles et al. (2009) compared the
properties of SCR that were scored for different intervals of the conditioned response. They found that onset
SCR (0-4 s after CS onset), as well as later SCR (4-9.5 s after CS onset) both discriminated between CS+ and
CS-. However, the magnitude of early and late responses correlated only weakly, which suggests that they

indeed reflect different cognitive processes. In another study, Luck and Lipp (2016) compared onset, late and
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entire stimulus interval SCR and confirmed that these different scoring methods indeed yield different results,
suggesting that onset SCR reflect orienting while later SCR reflect anticipation.

This temporal account can also help explaining conflicting opinions whether SCR require contingency
awareness and how much they diverge from startle responses in terms of their underlying neuronal circuitry.
Here, we propose that in particular onset SCR should be more dependent on amygdala activity and therefore
also potentially show a CS+ > CS- difference prior to explicit awareness of reinforcement contingencies. By
contrast, later SCR may depend more strongly on contingency awareness and display more similarities with
slow pupil dilations by reflecting cognitive stimulus evaluation and threat anticipation.

There are some indications studies supporting this notion: Pineles et al. (2009) reported that early, but not late
SCR habituated during fear acquisition, similarly as amygdala activity habituates throughout fear learning (as
reported in our MR study and described above). Another indication comes from a fear conditioning study by
Spoormaker et al. (2011), employing simultaneous skin conductance and fMRI measurements. In this study,
the neural correlates of SCR during fear learning were approximated by a trial-wise parametric modulation
with the (overall declining) group mean SCR to individual BOLD time courses. These analyses revealed that
onset SCR (0.5-4.5 s after stimulus onset) were correlated with activity in amygdala and thalamus, whereas
SCR at stimulus offset (0.5-3.5 s after stimulus offset) yielded ACC activity. Another study by Cheng,
Richards, and Helmstetter (2007) found that SCR during the first, but not the second half of the CS interval
were associated with amygdala activity. However, stimulus presentations were unusually long in this study
(20 s), and early responses comprised all SCR within the first 10 s of CS presentations.

Given their association with amygdala activity and their habituation, onset SCR might display some
similarity with reflexive startle responses. By contrast, later SCR may reflect conscious CS evaluation and
US anticipation and accordingly relate more strongly to dACC activity and show more similarity to pupil
dilations. This is consistent with an account by Ohman (2005) that the automatic detection of threat is
reflected in amygdala activity, whereas the later evaluation and sustained threat signaling takes place in
higher cognitive areas like the ACC. However, our stimulus presentations were too short to investigate late
SCR and we did not acquire skin conductance in our MR study, which is why we could not test this

hypothesis.

4.3.2 The timing of startle responses

Finally, the startle response is highly reflexive and short, which is why responses are usually scored in the
same temporal range and differences in response latencies are mostly ignored. Grillon, Ameli, Woods,
Merikangas, and Davis (1991) found slightly shorter response latencies (in the range of 10-20 ms) during the
anticipation of threat as opposed to safety. Concerning stimulus timing, the proximity of the startle probe to
the US is likely most decisive for startle response magnitude in fear conditioning. Findings by Grillon et al.

(1993) found largest responses in the direct anticipation of threat. As described above, we suggest that startle
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response magnitude is mostly dependent on the underlying state of arousal at the time of probing. Differences
in probe timing would accordingly lead to more or less influence of anticipatory arousal on startle response

magnitude.

5. Conclusions

Pupillometry appears well-suited for fear research due to its non-invasive nature, its sensitivity to emotional
content, its rather short response latencies and its high compatibility with imaging techniques. We found that
pupil responses can be used as a reliable readout of the conditioned response that can inform about ongoing
cognitive-affective processes on a single trial level. Pupil responses most closely related to subjective ratings
of US probability: they increased in response to CS+ throughout fear acquisition and reflected reinforcement
contingencies during early fear acquisition in our MR study. Later in the task, pupil dilations to a fully
reinforced CS+ decreased whereas pupil dilation to the partially reinforced CS+ remained at the same level.
This suggests that pupil dilation may capture uncertainty (or a cumulative prediction error over time, as
suggested by Koenig et al., 2017) in addition to outcome prediction and threat appraisal.

In both studies, phasic pupil dilations were unaffected by habituation. This stands in opposition to other
readouts of the conditioned response like onset SCR or startle responses, which habituated significantly
during fear acquisition. Statistical analyses confirmed that pupillary readouts differ substantially from startle
responses and SCR, revealing significant differences in their temporal dynamics and only weak correlations
on a trial level.

We furthermore found that phasic auditory pupil responses, triggered by acoustic startle probes during CS
presentations, can serve as an additional readout of the conditioned response: they differentiated between
CS+ and CS- during fear acquisition, yielding larger responses to CS+. As these relatively fast responses can
be probed at any time during the fear learning process while being unaffected by habituation, auditory pupil
responses constitute a promising readout of conditioned fear which complements slow pupil dilations, startle

responses and SCR.

Our imaging study revealed that the magnitude of slow pupil dilations was associated with salience network
activity and in particular with activity in dACC on a trial level. We found no significant relationship of pupil
dilations with amygdala activity, which is central to the reflexive fear circuitry. This is consistent with the
account that phasic pupil responses mainly reflect threat anticipation, US expectancy or uncertainty about the
stimulus outcome, which are rather declarative aspects of fear learning.

We furthermore found a significant decline of tonic pupil diameter, which appeared consistently across both
studies and all task phases. We propose that the tonic pupil diameter, but not phasic pupil responses, reflects
habituation and tracks changes in overall wakefulness. When weighting phasic pupil dilations by their

declining baseline diameter, they related to thalamic activity in our imaging study. Given that the thalamus is
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a wakefulness promoting structure, this finding supports the account that tonic pupil diameter tracks changes

in overall vigilance.

The main focus of this work lies on pupillometry as a measure of fear and on the cognitive-affective
processes that can be inferred from changes in pupil diameter during fear learning. Cacioppo, Tassinary, and
Berntson (2007, page 12) state: “In its idealized form, a psychophysiological marker is defined as a one-to-
one, situation-specific (i.e. context-dependent) relationship [...]. The psychophysiological marker
relationship assumes only that the occurrence of one (physiological response, parameter of a response, or
profile of responses) predicts the occurrence of the other (usually a psychological event) within a given
context”. Various psychophysiological measures can be employed as markers for fear-related processes. The
correct mapping of physiological markers to specific cognitive processes is an important part of advancing
psychophysiological research. Our comparison of pupillary measures to established readouts contributes to
the understanding of communalities and differences between different readouts of conditioned fear. Our
results suggest that, as opposed to slow pupil dilations, onset SCR and startle responses are markers of rather
reflexive fear, likely depending on amygdala circuitry. By contrast, it is speculated that later SCR in US
anticipation might display more similarity with slow pupil dilations, which we found to be correlated with
salience network activity.

As this discussion emphasizes, it is important to consider the temporal dynamics of specific measures, the
employed scoring methods and the progress of fear learning upon interpreting physiological responses of
conditioned fear. A closer inspection of methodological details in existing fear research may also help
consolidating seemingly contradictory findings (for example concerning the awareness dependency of SCR,
which seems to count for anticipatory, but not onset responses). Even if such methodological factors are
taken into account, a more differentiated view than a one-to-one mapping of readouts and psychological
processes seems appropriate. Physiological readouts are likely indicative of multiple cognitive-affective
processes, but to different extents: startle responses may for example be preferable for the study of reflexive
fear and amygdala circuitry, but they may partly still reflect anticipatory arousal, affected by conscious threat

appraisal and dACC activity.

A better linkage of specific psychophysiological markers to psychological processes with discrete neural
underpinnings can benefit psychiatric research on fear and anxiety. It can be helpful for tailoring outcome
measures to a targeted psychological process and its underlying neuronal circuitry. Specific markers may
thereby be indicative of a given psychiatric symptom, whereas others may be less suitable (for example
Glover et al., 2011 found PTSD to be associated with startle responses but not SCR). The identification and
application of objective physiological markers for psychological processes is in line with the approach
promoted by the RDoC initiative. Characterizing individuals with physiological markers (relating to

identified neuronal circuitry) can advance psychiatric research to a more objective and biological level. In
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fear research, circumscribed biological processes contributing to specific fear-related problems can be
identified across the boundaries of existing psychiatric diagnosis categories. This can improve the
mechanistic understanding of mental disorders and eventually, help us on the way towards individualized
treatment. The well-informed use of psychophysiological markers of fear thereby offers an ideal tool to

investigate the biological foundations of fear-related disorders.
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