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A B S T R A C T

Post-traumatic stress disorder (PTSD) is characterised by alterations in the function of the autonomic nervous
system. However, it is unclear if this dysfunction is threat-related or related to arousing stimuli in general.
Pupillometry offers a simple non-invasive measure of ANS activity that can separate parasympathetic and
sympathetic arousal. Participants viewed images with emotional or neutral content: 20 met diagnostic criteria
for PTSD, 28 were trauma-exposed (but with no PTSD), and 17 were controls. Initial pupil constriction (a marker
of parasympathetic function) was reduced for the PTSD group, while dilation due to the emotional content of the
image (a marker of sympathetic activity) was greater in the PTSD group. Individuals with PTSD demonstrated
enhanced physiological arousal to both threat-related and positive images. The results suggest reduced para-
sympathetic arousal and increased sympathetic arousal in the autonomic nervous system, which has been linked
to a range of adverse health outcomes in PTSD.

1. Introduction

People who have experienced traumatic events often show pre-
dictable psychological harm. In a significant number of individuals, the
symptoms of this harm persist in the months after the event leading to a
diagnosis of post-traumatic stress disorder (PTSD). PTSD involves re-
experiencing, intrusive recollections, avoidance of trauma reminders,
and alterations in cognition, mood, and arousal (Diagnostic and
Statistical Manual of Mental Disorders, 5th ed.; DSM-V; American
Psychiatric Association, 2013). These symptoms are driven by a strong
sense of current threat, which persists long after danger has passed
(Ehlers & Clark, 2000). Hypervigilance to threat sets up a vicious cycle,
which is thought to play a key role in both the maintenance and pre-
disposition to PTSD (Dalgleish, Moradi, Taghavi, Neshat-Doost, & Yule,
2001).

There is clear evidence for hyperarousal responses to standardised
and ideographic trauma cues in PTSD (see Pole, 2007 for a meta-ana-
lysis) as well as persistently elevated levels of baseline arousal (Clancy,
Ding, Bernat, Schmidt, & Li, 2017). However, it is unclear whether
hyperarousal is specific to trauma and threat-based cues, or if trau-
matised individuals’ elevated baseline hyperarousal leads to an auto-
matic hyperarousal and preparation for threat in any emotional context,
including an enhanced response to positive emotional stimuli. To date,
no studies have investigated primary physiological responses to

emotional, but trauma-unrelated stimuli. In addition, alterations in
basic emotional processing in PTSD remain understudied (Litz, Orsillo,
Kaloupek, & Weathers, 2000). This paper presents a novel physiological
assessment paradigm to assess alterations in emotion processing in in-
dividuals with and without trauma-exposure and PTSD. Arousal to
different categories of emotive images (positive, negative-threat and
negative-distress) were assessed using pupillometry as measure of
emotional responsivity.

Psychophysiological symptoms have always been a key marker of
PTSD (Mott, 1919). They are unique in that they can be objectively
assessed in the laboratory and are not reliant upon subjective self-report
(which can be subject to levels of insight and introspection). The per-
sistent state of threat and fear associated with PTSD results in a shift in
the physiological functioning of the autonomic nervous system (ANS) to
promote fight and flight behaviours (Williamson, Porges, Lamb, &
Porges, 2015). Dysregulated arousal levels are a consequence of hy-
pearousal in the sympathetic branch (Sherin & Nemeroff, 2011), as well
as hypoactivity in the parasympathetic branch, of the ANS (Agorastos
et al., 2013; Streeter, Gerbarg, Saper, Ciraulo, & Brown, 2012). There is
emerging evidence that this altered ANS function is associated with
increased mortality rates through cardiovascular and metabolic disease
biomarkers (Dedert, Calhoun, Watkins, Sherwood, & Beckham, 2010).
Chronic hyperarousal occurs at the expense of an intervening state of
calm and, on this level, PTSD may be understood as a disorder of
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autonomic imbalance and dysregulation.
There is robust psychophysiological evidence for alterations in

arousal in individuals with PTSD at rest and in response to trauma
symptom provocation (tonic versus phasic arousal; for example,
Forneris, Butterfield, & Bosworth, 2004; Liberzon, Abelson, Flagel, Raz,
& Young, 1999; see Pole, 2007 for a metanalysis). A diverse range of
physiological assessment measures have been used to demonstrate
elevations in resting heart rate, skin conductance, blood pressure, and
eye blink in facial electromyography (EMG) (Pole, 2007). More recent
studies employ the use of heart-rate variability (HRV) to demonstrate
reductions in parasympathetic function as an index of an individual’s
ability to cope with stress (Meyer, Albrecht, Bornschein, Sachsse, &
Herrmann-Lingen, 2016; Tan, Dao, Farmer, Sutherland, & Gevirtz,
2011). We argue here that pupillometry should be added to the toolbox
of measures that are able to index the disorder of autonomic imbalance
and dysregulation in PTSD and that it has many strengths to support its
use.

Pupillometry is the assessment of changes in the size of the pupil.
These small fluctuations in size can be used to index changes in the
physiological functioning of the ANS that happen during processing of
psychological stimuli. The mechanism of control for the pupil is com-
prised of opposing contractions of two muscles within the iris: the
sphincter and dilator pupillae. Pupil dilation is caused by either an
increase of activity in the sympathetic nervous system, innervating the
dilator muscle, or by inhibition of parasympathetic innervation to the
sphincter muscle (Steinhauer, Siegle, Condray, & Pless, 2004). Hence,
the pupil can be used as a physiological indicator to assess alterations in
the function of the ANS. Alterations can be studied through measure-
ment of changes in pupil responses to changes in luminance, or by
looking at pupil responses which are modulated by a psychological or
cognitive process (such as attention, effort, and emotion). In cognitive
pupillometry paradigms, pupil dilation and constriction can be used as
an index of emotional processing (Bradley, Miccoli, Escrig, & Lang,
2008; Bradley, Sapigao, & Lang, 2017; Partala & Surakka, 2003;
Snowden et al., 2016) and to assess individual differences in traits and
symptoms associated with mental disorder (e.g., Burkhouse, Siegle,
Woody, Kudinova, & Gibb, 2015; Burley, Gray, & Snowden, 2017;
Burley, Gray, & Snowden, 2019). Given the proposed centrality of
persistent threat-induced alterations in ANS function in PTSD, pu-
pillometry could provide a useful, quick, and non-invasive, method by
which to explore the altered (or dysregulated) function of the ANS and
any improvements in this following effective treatment.

Pupillometry allows for exploration of rapid responses. The mod-
ulation of the pupil occurs within one to two seconds of the onset of an
emotional stimulus. The temporal resolution of this measure therefore
allows for the assessment of rapid, pre-cognitive, effects of emotional
processing, preventing consciously-mediated emotional regulation
strategies that may be adopted by the individual. This makes the index
of affective modulation of the pupil response resistant to attempts at
distortion or fabrication.

Pupillometry has been employed as a physiological measure in
PTSD in a small number of studies, but the methodology has been
variable, and has solely focussed on trauma cues and threat stimuli.
Kimble, Fleming, Bandy, Kim, and Zambetti (2010) compared veterans
assigned to high and low PTSD symptom groups. Participants viewed
either a trauma image (war scenes) or a negative image (e.g. vehicle
accident) on a split screen next to a neutral image. Participants in the
high-PTSD group had larger pupils to both trauma and negative images,
but also spent more time looking at these images in comparison to the
neutral images. Felmingham, Rennie, Manor, and Bryant (2011) used a
word viewing paradigm and assessed multiple indices of physiological
reactivity. Participants were exposed to an array of four words one of
which could be a trauma cue. Whilst individuals with PTSD had larger
pupils when viewing words, there was no difference when related to the
presence of the trauma cue words. The individuals with PTSD also spent
more time looking at trauma-related words. Cascardi, Armstrong,

Chung, and Paré (2015) presented single pictures containing either
threatening or neutral stimuli for 30 s duration. In comparison to
trauma-exposed controls, participants with PTSD had no overall dif-
ferences in pupil size or reactivity to the threatening images. However,
when pupil size was extracted during fixations to the “threat compo-
nents” of the images (e.g., a knife), pupil area was greater for the PTSD
group. Cascardi et al. conclude that pupil reactivity to threatening
images shows promise as a physiological marker for PTSD.

The current evidence for emotional hyperarousal using pupillo-
metry is therefore mixed and not without methodological limitations.
Furthermore, these studies so far have only compared fear or trauma
cue stimuli to neutral ones. Hence, it is not clear whether the proposed
hyperarousal in PTSD is: (1) specific to trauma-related stimuli: (2) re-
lates to physiological hyperarousal to any threatening/fear stimuli (ir-
respective to whether it is trauma-related); or (3) if higher baseline
physiological arousal leads to a more generalised hyperarousal to all
affective information (both positive and negative).

The present study assessed differences in pupillary response ac-
cording to PTSD diagnostic status, and the relationship between PTSD
symptom severity, and indices of pupillary function using a passive
image viewing paradigm. Furthermore, it examined differences in pu-
pillary response in individuals with PTSD at rest, during the pupil
constriction caused by the onset of a luminance change, and with
emotional modulation by affective content, including both positive and
negative affect.

Despite anecdotal accounts to suggest PTSD is associated with
visibly larger pupils, there is no supporting research evidence mea-
suring resting diameter of the pupil. However, there is some evidence
that state anxiety can alter initial pupil diameter. For example,
Hourdaki et al. (2005) found that participants under threat (of noise or
electric shock) showed large pupil dilations even before any stimulus
was presented. In line with the evidence for reduced parasympathetic
tone and hyperarousal of the sympathetic nervous system, it was hy-
pothesised that individuals with PTSD would show larger initial pupil
diameter compared to control groups (hypothesis one).

Emotional arousal has been shown to reduce the constriction of the
pupil that occurs in response to luminance changes (i.e. a flash of light).
There is a reduced constriction in individuals anticipating an electric
shock (Bitsios, Szabadi, & Bradshaw, 1996) and in individuals with
anxiety disorder relative to controls (Bakes, Bradshaw, & Szabadi,
1990). Reductions in the light reflex have also been used as indicators
of autonomic dysregulation in patients with schizophrenia (Bär et al.,
2008). Due to the evidence for hypoarousal of the parasympathetic
system, it was hypothesised that individuals with PTSD would show a
reduced initial constriction reflex compared to control groups (hy-
pothesis two).

It is unclear from previous literature as to whether the altered state
of arousal and hypervigilance produced by the persistent sense of cur-
rent threat in PTSD is specific to: a) trauma-related stimuli; b) threat/
fear stimuli; c) any negative stimuli; or d) all affective stimuli (in-
cluding positive). Due to the hyperarousal of the sympathetic system to
threatening stimuli in people with PTSD, it was hypothesised that in-
dividuals with PTSD would show the greatest level of arousal to threat
images during the pupil re-dilation phase (hypothesis three).

2. Method

2.1. Participants

The study was approved by the Research Ethics Committee at
Cardiff University. All participants gave written informed consent to
take part in the study.

Participants were recruited from the community through staff
members within third sector military, addiction, homelessness, and
women’s shelter services across England and Wales. Eighty people vo-
lunteered to take part in the study, of whom fifteen violated exclusion
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criteria, providing a total sample of 65: 20 met diagnostic criteria for
PTSD, 28 were trauma-exposed (but did not achieve diagnostic criteria
for PTSD), and 17 control subjects did not report prior trauma exposure.
Exclusion criteria for the study included self-reported current illicit
substance use, history of dependent substance use, history of head in-
jury, uncorrected visual problems, eye disease, and current use of any
form of opiate drug (including codeine and heroin replacement pre-
scriptions). Current substance abuse was evaluated by both self-report
and report of staff members who knew the individual well. Individuals
were not excluded for use of psychotropic medication, but this in-
formation was requested and recorded: 21 individuals reported a cur-
rent prescription of psychotropic medication (primarily anti-de-
pressants and anxiolytic medication) and there were no differences in
the frequency of medication use across the three groups (p = .33). A
full account of these statistical analyses of medication and co-morbid
diagnoses, and their (lack of) effects on the results, are available in
McKinnon (2017).

2.2. Measures

2.2.1. The clinician administered PTSD scale for DSM-5 (CAPS-5)
The CAPS-5 (Weathers et al., 2013) is a 30-item structured inter-

view, considered to be the gold-standard in PTSD assessment. The CAPS
was used to assess participants for a current diagnosis of PTSD (symp-
toms within the last month). Within the current sample, the internal
consistency of CAPS-5 ratings was high (Cronbach’s alpha = .95). In-
terviews were transcribed for assessment of inter-rater reliability (IRR)
between the main rater (AM) and a co-author who is a consultant
clinical psychologist (NSG). Ten individuals were randomly selected for
inter-rater reliability assessment with severity scores ranging between
2–59 (M = 30, SD = 20). All ten individuals met criterion A, with
complete agreement between assessors (Cohen's κ = 1.0). Seven in-
dividuals met the criteria for a current diagnosis of PTSD, with com-
plete diagnostic status agreement between assessors (Cohen's κ = 1.0).
Reliability of symptom subscales was assessed through intra-class cor-
relation statistics (ICC; Shrout & Fleiss, 1979). Throughout the 10 in-
dividual interviews, ICC values were high (Scale B = .95, Scale C =
.97, Scale D = .96, Scale E = .97). There was complete agreement
between ratings of functional impairment (level of distress, social im-
pairment, and occupational impairment; Cohen's κ = 1.0).

2.2.2. The life events checklist with extended criterion A assessment for
DSM-5 (LEC-5)

The LEC-5 is a self-report measure designed to screen for potentially
traumatic events in a respondent's lifetime (Weathers et al., 2013). The
LEC-5 assesses exposure to 16 events known to potentially result in
PTSD and includes one additional item assessing any ‘other’ extra-
ordinarily stressful event not captured in the first 16 items. Previous
versions of the LEC have been shown to have adequate psychometric
properties in both clinical and non-clinical samples (Gray, Litz, Hsu, &
Lombardo, 2004), but there are no existing psychometric properties for
the LEC-5. The LEC-5 was used to establish the presence and form of a
Criterion A stressor.

2.2.3. The impact of event scale-revised (IES-R). The IES-R (Weiss &
Marmar, 1997) is a 22 item self-report questionnaire measuring
frequency of symptoms of posttraumatic intrusion (7 items),
avoidance (8 items) and hyperarousal (7 items) occurring over the
past seven days. Responses are measured on a 5-point Likert scale from
0 (‘Not at all’) to 4 (‘Extremely’), with scores ranging from 0−88.
Higher scores indicate higher symptom severity. Within the current
sample, the internal consistency based upon 64 valid assessments was
high (Cronbach’s a = .96). As expected, there was a strong relationship
between the CAPS-5 and the IES-R (r = .88, p< .001).

2.2.4. Wechsler abbreviated scale of intelligence
The Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler,

1999) two-subscale assessment was used to evaluate intelligence quo-
tient (IQ) of the participants. The two-subscale version takes around 20
min to administer and consists of verbal (oral word definitions to assess
verbal concept formation) and performance subscales (matrix reasoning
to assess perceptual organisation and broad visual intelligence). The
measure produces an estimate of Full-Scale IQ (FSIQ).

2.2.5. Pupillometry task
The experimental paradigm employed was developed by O’Farrell

(2016) and full details of task piloting and development are reported
within the thesis. The task consisted of 40 images selected from the
IAPS,1 divided into four emotive categories and presented in a pseudo-
random order. Negative-threat (‘fear’) images were selected from the
affected category identified by Barke, Stahl, and Kröner-Herwig (2012).
Negative-distress (‘sad’) images, positive-adrenaline (‘happy’) and
neutral images formed the remaining categories. Fear, sad and happy
images were matched on dimensions of arousal as well as on figural
components and complexity of image. Images were converted to grey-
scale and matched on dimensions of image contrast and luminance
using Adobe Photoshop Elements 12.0. Each test image was preceded
by a grey screen presented for 2000 ms. This blank screen included a
fixation mark for the first 1000 ms. The same blank screen was pre-
sented for 5000 ms following the stimulus to allow the pupil to return to
baseline. A short stimulus presentation (2000 ms) was chosen to avoid
problems due to boredom or lack of motivation and to assess the earlier,
more automatic, pupil reactions to the stimuli (within 2000 ms from
stimulus onset), rather than those that might be evoked by purposeful
emotion regulation strategies. Passive viewing of the stimuli was
chosen to be in line with most previous studies that have examined
these specific components of the pupillary response (Bradley et al.,
2008; Bradley et al., 2017; Snowden et al., 2016). There were three
main indices extracted from the data and used for the analysis: initial
pupil diameter, initial constriction response, and the emotional mod-
ulation of the pupil by affective images in comparison to neutral
images.

2.2.5.1. Initial pupil diameter. In a typical pupillometry paradigm (see
Snowden et al., 2016) a picture is presented to the participants for a
short period of time. Standard responses are shown in Fig. 1. The pupil
starts at its resting level, termed the initial pupil diameter. The size of
the pupil at rest reflects a balance in parasympathetic and sympathetic
activity and has been used to examine ANS function in many
psychological and neurological conditions (e.g., Bär et al., 2008;
Anderson & Colombo, 2009).

2.2.5.2. Initial constriction response
Around 300 ms after stimulus presentation the pupil begins a rapid

constriction that typically nadirs at around 800 ms (see Fig. 1). This
constriction response (also often termed the pupillary light reflex) is
thought to be due to the physical properties of the stimulus such as
brightness, contrast, and luminance (Barbur, 2004) and is mainly under
the control of the parasympathetic system (Giakoumaki, Hourdaki,
Grinakis, Theou, & Bitsios, 2005; Lowenstein & Loewenfeld, 1950).
Hence, this component of the pupil’s reactivity can be used as an index
of parasympathetic function.

1 IAPS reference numbers of stimuli used: Fear: 1220, 1300, 1301, 1321,
1930, 1932, 6250, 6300, 6370, 9405; Sad: 2800, 3230, 3350, 2730, 2710,
3180, 9040, 9410, 9250, 3266; Happy: 8501, 8161, 2216, 8034, 8200, 8350,
2208, 4599, 8470, 8490; Neutral: 7002, 7004, 7006, 7009, 7010, 7020, 7025,
7030, 7031, 7150.
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2.2.5.3. Emotional modulation of pupil response
Following the nadir of the constriction response, the pupil begins to

dilate (see Fig. 1). Typically, this dilation is greater when viewing an
affective image (Bradley et al., 2008; Snowden et al., 2016) and is
thought to reflect the activity of the sympathetic nervous system
(Bradley et al., 2008, 2017; Lowenstein & Loewenfeld, 1950). To index
this reaction to the affective component of the stimulus, and therefore
assess sympathetic activation, the size of the pupil to neutral stimuli can
be subtracted from the size of the pupil to the affective stimuli.

The data cleaning methods are identical to those of Snowden et al.
(2016). The diameters of the left and right pupils were recorded once
every 16.7 ms across trials for each condition. An average of the two
eyes is reported in millimetres, where data is missing for one eye the
monocular estimate is taken. Any pupil diameter change of± 0.38 mm
within a 20 ms interval was attributed to random fluctuation and re-
moved (Partala & Surakka, 2003). Data within 33.3 ms around these
points were also removed to avoid anomalous readings. Missing data
figures are reported after cleaning. A pre-stimulus onset ‘baseline’
period of 200 ms was calculated for each trial and subtracted from each
subsequent data recording to establish a change score metric. This 20
ms baseline was averaged across trials to produce an initial pupil dia-
meter. Graphs are displayed using a running median smoother for ease
of visual representation, but data used for the analysis did not use this
smoothing. The analysis was conducted using a script in Python using
NumPy and Pandas extensions, and is available from https://doi.org/
10.17605/OSF.IO/W2D67.

2.3. Procedure

The researcher held an information session for staff and volunteers
within each organisation to outline the purpose of the study and to
describe the methods, procedure, and exclusion criteria. Potential
participants were approached by a member of staff or volunteer team
within the organisation, who offered an information leaflet and the
opportunity to meet with the researcher to ask questions. Participants
deemed eligible to take part were reimbursed for their time, which was
either with cash or a voucher at the discretion of the participating or-
ganisation.

The study procedures took place in a private, artificially lit room.
Participants gave written informed consent to all procedures. The full
procedure took between one and a half to two and a half hours to
complete, depending on whether the CAPS-5 interview was indicated
(i.e. if the individual fulfilled Criterion A of the LEC-5).

For the pupillometry task, the participant was seated approximately
60 cm away from a laptop screen, underneath which a Tobii X2−60 eye
tracking device was secured. A calibration procedure was conducted for
each participant using a 5-point calibration screen. During calibration,
the participant was instructed to view a moving target (red dot) as it
moved sequentially between 5 points on the screen over the course of
10 s. The eye tracker then located the participant’s pupils within an
area of three-dimensional space, allowing for small head movements to
occur without interrupting measurement, and negating the need for a
head rest. Participants were told that a series of images would be dis-
played in greyscale in the centre of the screen. Participants were in-
formed that they were free to look at any aspect of the images, but
should not take their eyes away from the screen at any point.
Participants were informed that the task would take approximately five
minutes, asked to pay attention throughout, and advised that they could
blink during the task whenever needed.

The LEC-5 and Criterion A assessment were used to guide the as-
sessment of PTSD using the CAPS-5 and IES-R. The respondent was
asked to identify, at the end of the LEC-5, the single most stressful thing
which had ever happened to them. The criterion A inquiry then fol-
lowed. Individuals who did not satisfy the conditions of the criterion A
assessment were not asked to complete the CAPS-5 interview, but still
completed the IES-R. An example of a non-Criterion A trauma is a death
by natural causes, or an injury in which there was no threat to life
(perceived or actual).

3. Results

3.1. Demographic and clinical characteristics

From the sample of sixty-five individuals, forty-eight had been ex-
posed to a Criterion A traumatic event. Twenty met diagnostic criteria
for PTSD (termed PTSD group) and 28 did not (termed trauma group).
The seventeen remaining participants who did not meet Criterion A
formed the control group.

The groups were well matched on IQ and gender ratios (Table 1).
There was no significant difference concerning IQ between the groups.

Fig. 1. A visual representation of an experimental trial and the prototypical
response of the pupil.

Table 1
Group demographics and clinical characteristics.

PTSD
(n = 20)

Trauma
(n = 28)

Control
(n = 17)

Internal consistency

Age 38.3 (10.3) 45.2 (15.4) 50.3 (12.8)
Gender 50 % female 43 % female 47 % female
IQ 103.6 (20.3) 104.8 (16.6) 109.5 (22.8)
CAPS-5 41.9 (14.1) 8.5 (9.3) – .95
IES-R 55.6 (15.8) 18.1 (18.5) 9.9 (19.6) .97

Note. Mean (Standard deviation). Internal consistency is represented by
Cronbach’s Alpha.
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There was no significant difference (p = .14) in time since event in
months between the PTSD (median = 108) and trauma control group
(median = 234). However, there was a significant difference between
group and age, with the PTSD group being statistically significantly
younger than the control group (p = .008). Age is controlled for in
subsequent group analyses. As would be expected, the PTSD group had
significantly higher scores on all clinical psychometrics.

3.2. Pupillometry

Data averaged for all participants are presented in Fig. 2 (these data
were baseline corrected by subtracting the average pupil size in the
time window 200 ms prior to the test image). The data conformed to the
expected pattern (see Fig. 1), with a sharp decrease in pupil size com-
mencing around 300 ms and a nadir around 900 ms. The pupil then
increased in size during the remainder of the stimulus presentation.
After the stimulus was removed (at 200 ms) there was a second con-
striction (beginning 300 ms after the stimulus was removed), before the
pupil returned to baseline level over an approximate further 1500 ms.

To extract the indices of performance, time windows that were es-
tablished in previous research were used (Snowden et al., 2016). The
initial pupil diameter was calculated as the average pupil size in the
200 ms prior to stimulus presentation. The constriction response was
calculated by averaging the pupil size in the window 500–1000 ms post
stimulus presentation (where the nadir occurs) for the baseline cor-
rected data. Given the possible influence of the emotional content of the
images on the initial constriction response (Henderson, Bradley, &
Lang, 2014), this was only performed for the neutral stimuli. The
emotional modulation of the pupil response was taken by calculating
the average pupil size in the 1000–2000 ms post-target for the emo-
tional stimuli and subtracting the pupil size for the neutral stimuli in
the same time window. A positive modulation score means that the
pupil was larger while viewing emotional images relative to neutral
images.

3.2.1. Initial pupil diameter
Total missing data within this window, after data cleaning, was 14.2

%. Reliability was assessed through a split half measure. Correlational
reliability analysis (corrected by the Spearman-Brown equation)
showed excellent reliability (r = .99).

The analysis of zero-order correlations (Table 2) indicated that in-
itial pupil diameter was not significantly associated with any of the

clinical variables, but was negatively associated with age (see also
Winn, Whitaker, Elliott, & Phillips, 1994). Age has been used as a
covariate in later analyses. The finding that the initial pupil diameter
was not related to PTSD symptom severity as assessed by either the
CAPS-5 or the IES-R was important, as it suggested that individuals with
greater symptom severity did not demonstrate abnormality in initial
pupil diameter.

An ANCOVA was used to determine the effect of PTSD status on
initial pupil diameter, controlling for age. After adjustment for a sig-
nificant effect of age (p< .001), there was no significant difference in
initial pupil diameter across groups, F(2, 61) = 1.76, p= .18. (PTSD:M
= 3.88, 95 % CI [3.59, 4.18]; trauma M = 4.08, 95 % CI [3.66, 4.46];
control: M = 4.07, 95 % CI [3.50, 4.21]).

3.2.2. Constriction response
Total missing data within this window (500−1000 ms), after data

cleaning, was 8.8 %. Correlational reliability analysis (corrected by
Spearman-Brown) showed excellent reliability (r = .92). Pupil sizes
(with the initial pupil diameter subtracted) are illustrated in Fig. 3, with
the pupil size as a function of time depicted for the three groups (Fig. 3.
Left side), and the average pupil size in the constriction window
(500–1000 ms) in Fig. 3 (right side).

A one-way ANCOVA to determine the effect of PTSD status on the
constriction response was conducted, controlling for age. After adjust-
ment for the effect of age (p = .01), there was a significant effect of
PTSD status, F(2, 61) = 5.00, p = .01, η2 = .14. Follow-up t-tests
showed the PTSD group had a larger pupil size (and therefore a smaller
constriction response) than the trauma group (p = .006, d = 0.76), and
the control group (p = .008, d = 0.91), demonstrating that only the
individuals who had experienced a traumatic event and met criteria for
PTSD showed a reduction in the constriction response.

Analysis of zero-order correlations (Table 2) indicated that all the
clinical variables were positively related to pupil size (i. e., greater le-
vels of symptoms were associated with larger pupils and therefore a
smaller constriction response). The correlations suggest that all sub-
scales of the CAPS-5 gave similar results.

3.2.3. Emotional modulation of the pupil response
Total missing data within this 1000–2000 ms window, after data

cleaning, was 10.2 %. Correlational reliability analysis (corrected by
Spearman-Brown) suggested good reliability for neutral (r = .88);
happy (r = .89); sad (r = .83); and fear (r = .91) images within this
window.

A mixed 4 × 3 ANOVA was conducted on pupil size (corrected for
initial pupil size) to determine the effect of the within groups factor
(emotion: neutral, fear, happy, and sad) and the between groups factor
(PTSD status: PTSD, trauma-exposed, and control) on the pupil re-
sponse in this time window. There was a significant main effect of
emotion, F(3, 186) = 38.34, p< .001, ηp2 = .38, and a significant main
effect of PTSD status, F(2, 62) = 5.29, p = .008, ηp2 = .15, and a
significant interaction between emotion and PTSD status, F(6, 186) =
2.50, p = .03, ηp2 = .08. Inclusion of age as a covariate did not alter
this pattern of results.

In order to understand this interaction, we performed a series of
planned comparisons. For each emotional category we computed an
emotional index by calculating the difference between each affective
stimulus type and the neutral stimuli. These are displayed stratified by
PTSD group in Fig. 4.

3.2.3.1. Fear images
A univariate ANOVA found a significant effect of PTSD status on the

emotional modulation of the pupil response by fear images, F(2, 61) =
4.62, p = .01, η2 = .13. Planned comparisons showed that the PTSD
group had a greater emotional modulation than both the trauma-ex-
posed participants (p = .003, d = 0.87), and the control group (p =
.007, d = 0.85).

Fig. 2. Mean change in pupil diameter from stimulus onset to 4000 ms for N =
65 participants. The shaded areas represent the two analysis windows of in-
terest. a = 500−1000 ms: the constriction response, and b = 1000−2000 ms:
the re-dilation response.
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3.2.3.2. Happy images
A univariate ANOVA showed a significant effect of group for happy

images F(2, 61) = 3.32, p =.04, η2 = .10. Planned comparisons
showed the PTSD group had a greater emotional modulation than both
the trauma-exposed group (p = .008, d = 0.73) and the control group
(p = .003, d = 0.97).

3.2.3.3. Sad images
A univariate ANOVA showed no significant effect of group for sad

images F(2, 61) = .24, p = .78.
The zero-order correlations (see Table 2) of the emotional mod-

ulation of the pupil response and the clinical variables show positive
correlations for most of the clinical scales for the fear and happy stimuli
(indicating greater responses to these stimuli for people with greater
severity of PTSD symptoms). No significant results were found for the
sad images.

4. Discussion

This study assessed alterations in emotional responsivity in in-
dividuals with PTSD thus contributing to the developing body of evi-
dence for the use of pupillometry in this population. Given the persis-
tent sense of current threat posed within the PTSD model (Ehlers &
Clark, 2000), this study explored whether enhanced emotional re-
sponsivity was specific to negative and threatening images, or whether
this leads to an automatic preparation for threat when faced with any
affective stimuli. The experimental stimuli produced the expected pat-
tern of results, with a robust early constriction response of the pupil on
presentation of an image, followed by a recovery that was strongly
influenced by the emotional content of the image (Bradley et al., 2008;
Snowden et al., 2016). Contrary to hypothesis one, individuals with
PTSD did not show a larger initial pupil diameter. However, there was
support for hypothesis two: individuals with PTSD showed a reduced
initial constriction response to light, compared to trauma-exposed in-
dividuals (without PTSD) and controls (not trauma-exposed). There was
partial support for hypothesis 3: individuals with PTSD had greater
emotional modulation of the pupil response for both the emotional
categories of threat and happy images (but not sad images), indicating

Table 2
Zero-order Correlations between PTSD severity and pupil responses within the sample (N = 65 for measures not using the CAPS-5, n = 48 for CAPS-5 measures).

CAPS-5 CAPS-B
Intrusion

CAPS-C
Avoidance

CAPS-D
Negative Cognition

CAPS-E
Hyperarousal

IES-R Age

Initial pupil diameter .03 .06 .06 .01 .00 −.15 −.47*
Constriction response .35** .29* .26* .36** .31* .26* .19
EMPR-fear .29* .28* .18 .29* .21 .15 −.11
EMPR-sad .00 −.12 .01 .01 .00 .02 −.12
EMPR - Happy .29* .29* .21 .28* .18 .08 −.22

Note. EMPR = Emotional Modulation of the Pupil Response.
* p< .05.
** p< .01.

Fig. 3. Left side. Response over time to the neutral stimuli stratified by group. Light gray bars indicate 95 % confidence intervals. Right side. Mean pupil size to the
neutral images by group within the 500 – 1000 ms window. Error bars represent +/- 1 standard error.

Fig. 4. Group differences in the emotionally modulated pupil response to fear,
happy and sad images. Error bars represent +/- 1 standard error.
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that sensitivity to emotional stimuli in PTSD was not limited to fear or
threat stimuli.

The initial pupil diameter was not significantly related to any
measure of PTSD or trauma. Bakes et al. (1990) found no significant
difference in resting pupil size after dark adaptation in individuals with
anxiety versus controls, and Felmingham et al. (2011) found no dif-
ferences between individuals with and without PTSD assessed in a lit
room. Hence, there are no existing published studies reporting altera-
tions in initial pupil sizes at rest or at baseline in PTSD, despite anec-
dotal reporting of larger pupils. A study by Bitsios et al. (1996) found
increased resting pupil diameter during fear-conditioning, suggesting
larger initial pupil diameter can be linked to phasic task-related fear,
and that initial pupil diameter is associated with state measures of af-
fective response, rather than more stable trait or chronic symptoms.

In the PTSD group the amplitude of the pupil constriction response
was significantly reduced, with a large effect size. The reduction in the
constriction response was also related to greater symptom severity in
dimensional analyses, but there is no specific symptom subscale that
was associated with this. While we believe this is the first study to
demonstrate reduced pupil constriction response in people with PTSD,
previous studies have found changes in constriction response during
anxious states (Bitsios et al., 1996) and in individuals with high trait
anxiety (Bakes et al., 1990). However, these latter studies assessed
pupil activity using the pupillary light reflex paradigm, which is typi-
cally done under conditions of dark adaptation to maximise the initial
size of the pupil (see Bitsios et al., 1996). This kind of dark adaptation
paradigm is more powerful in assessing a reduction in constriction
amplitude, as the resting pupil is larger in darkness, and the assessment
presents only a brief flash of light. However, such an assessment re-
quires the participant to dark adapt which can take tens of minutes of
the participant sitting in a completely dark room. This is also prone to
causing the participant anxiety and therefore leading to a potentially
important confound between anxiety response and sensitivity to sitting
in darkness and an increased stress response in certain individuals.

Assessment in conditions of moderate light can be done without this
period of adaptation and is a more appropriate paradigm for the as-
sessment of pupil dilation due to the influence of affective stimuli
(Steinhauer et al., 2004). That is, if the pupil is already maximally di-
lated, as in conditions of darkness, this leads to a ceiling effect for the
emotional modulation parameter. We also argue that assessment of the
pupil constriction response in moderate light conditions is less anxiety-
provoking and more tolerable for individuals with PTSD and those who
are anxious or hypervigilant. Anxious individuals would be likely not to
feel comfortable sitting silently within a dark room for many minutes
waiting to dark adapt.

The reduction of the constriction response in PTSD is suggestive of a
reduction in parasympathetic activity. Parasympathetic dysfunction
appears in several psychiatric disorders and physical diseases. For in-
stance, Wang et al. (2016) found 30 out of 36 studies reviewed reported
parasympathetic dysfunction based on pupillary light reflex measure-
ments in a diverse range of patient groups (including Parkinson’s Dis-
ease, schizophrenia, diabetes, heart failure etc.) versus healthy controls.

Previous studies that provide evidence for reduced parasympathetic
activity in PTSD have relied mainly on studies of heart rate and heart
rate variability (Sahar, Shalev, & Porges, 2001; Hopper, Spinazzola,
Simpson, & van der Kolk, 2006; Tan et al., 2011). However, dissociating
low parasympathetic activity from high sympathetic activity is not easy
in these paradigms, and the use of pupillometry may prove to be a
useful addition with which to examine nervous system functioning in
PTSD due to titration of the parasympathetic response.

Autonomic hyperarousal during symptom provocation (i.e. emo-
tional responsivity secondary to trauma reminders) has been well
documented in PTSD (Pole, 2007). The result of increased pupil re-
activity to threatening stimuli in PTSD appears in line with the findings
of Cascardi et al. (2015), but the two paradigms differ in several im-
portant ways. First, the stimuli in Cascardi et al. (2015) were presented

for a long time (30 s) and the pupil dilation response was not isolated by
a standardised analysis window, but was measured during fixations on
specific threat elements of these images. Such a paradigm is prone to
possible differences in fixation patterns between the groups. Thus, if the
PTSD group is vigilant to threat and focus more on threat stimuli
contained within an image then this may lead to differences in pupil
response. Second, the study of Cascardi et al. (2015) differed from the
current study in that the majority of participants were women who had
been subject to violent trauma. Fifty-five percent of the current sample
were men, and experiences of trauma-type varied widely due to the
sampling technique. These differences between the studies, yet the
common finding of a categorical difference in pupil response between
PTSD and controls, add to the robustness of the finding and strengthens
the argument for the potential of the use of pupillometry in the as-
sessment of PTSD.

The finding of increased emotional modulation of the pupil response
in PTSD across positive and negative affective categories, rather than
that of a specific threat response, was unexpected. This suggests that the
emotional hyperarousal found in PTSD is not confined to just threat-
related stimuli, nor indeed to just negatively-valenced stimuli.
However, other studies of trauma-unrelated emotional processing using
indices of autonomic activity are rare. A study by Litz et al. (2000)
assessed heart rate and skin conductance to positive, neutral, and ne-
gatively arousing images from the International Affective Picture Set
(IAPS) in veterans with PTSD and well-adjusted veteran controls. They
found that the PTSD group showed higher heart rate reactivity to all
images. Litz et al. suggested that this was indicative of automatic pre-
paration for threat during uncertain emotional contexts, a conclusion
supported by the present findings. Further, White, Costanzo, Blair, and
Roy (2015) found that greater PTSD symptom levels (although all were
sub-threshold to a diagnosis of PTSD) in veterans were associated with
increased amygdala activation to both positive and negative emotional
stimuli.

While these results suggest that PTSD may be related to a hy-
persensitivity to all categories of emotional stimuli, we did not find
evidence for this thesis when using sad images. It is notable (see Figs. 2
and 4) that these sad images produce the greatest pupil response in all
of the groups and that the control group produced much greater pupil
responses to these sad images than to the fear or happy images. There is
also a trend in the data for the PTSD group to show the greatest pupil
response to sad images. Therefore, it may be that the strong pupillo-
metry responses produced by these sad images might lead to a “ceiling
effect” whereby the pupil’s ability to grow larger in individuals with
PTSD begins to saturate as the baseline responses grow larger and hence
the clinical groups appear more similar than for lower levels of emo-
tional modulation. Future studies are needed to examine these hy-
potheses more closely, but we predict that the PTSD group will show
greater responses than the control groups for sad images that are “less
sad” than the images used in the present experiment.

There are a number of limitations to the present study. First, the
sample sizes used were modest, but in line with most previous com-
parable research. However, the sample size was not well powered to
detect small effect sizes such as possible differences in the correlations
between the different symptom types of PTSD.

Second, the study design was cross sectional, sampling individuals
at one point in time post-traumatic event. Hence, it is not clear whether
the presence of PTSD caused affective sensitivity, or whether this sen-
sitivity represented a pre-existing trait vulnerability to the disorder in
certain individuals. Further study would be required to see if these
atypical pupil responses are due to significant trauma leading to PTSD
or whether they are present before exposure to traumatic events,
leading to vulnerability to acquire PTSD in the face of trauma.

Third, the samples were not matched on age due to quasi-experi-
mental, opportunistic sampling. This confound was considered and
statistically controlled for within all statistical analyses. Comorbidity in
mental disorder is high, but use of a diagnostic measure to obtain a

A.I. Mckinnon, et al. Biological Psychology 154 (2020) 107922

7



clinical sample (as opposed to looking at symptoms alone), as well as
two control-comparison groups (trauma-exposed but no PTSD, and no
trauma) were employed to partly address this limitation. Thus, the
pattern of significant results in PTSD can be compared to both trauma-
exposed groups and control groups, with slightly different demo-
graphics and symptom levels in each. To reduce sampling bias, we re-
cruited our entire sample from charitable and third sector organisa-
tions, rather than recruiting a ‘typical’ healthy control sample with no
symptoms. Future studies could employ the use of an anxiety disorder
control group, such as a group of individuals with generalised anxiety
disorder, to assess whether these emotional processing differences are
unique to PTSD.

Finally, the sample was formed of individuals who had experienced
a heterogenous array of potentially traumatic events. This is not ne-
cessarily a limitation, as it demonstrates that the construct of PTSD was
associated with alterations in pupil response and arousal in a diverse
clinical sample. However, it is an atypical group as most studies employ
samples of individuals who have been exposed to similar types of
trauma, such as with military samples.

In future studies, the use of a pre-test and post-test design measuring
pupil activity before and after a treatment intervention for PTSD would
provide a further powerful test of changes in autonomic function in
PTSD alongside symptom reduction and improvements in clinical pre-
sentation. Overall, this study demonstrates that the use of pupillometry
is sensitive to alterations in arousal that are hypothesised to occur due
to mental disorder and demonstrates the utility of examining the full
waveform of pupil activity, from resting baseline, to constriction, to re-
dilation.

Overall, the pattern of results reported (i.e., no alteration in initial
pupil diameter, reduced reactivity to visual stimulation, and greater
responsivity to emotional stimuli) suggest that people with PTSD have
altered autonomic function. The approach herein fits with strategies
that encourage the exploration of underlying pathophysiological me-
chanisms in mental health and mental disorder, such as the Research
Doman Criteria (RDoC; Insel et al., 2010) in development by the US
National Institute of Mental Health. RDoC aims to form a biologically
valid framework for the understanding of mental disorders (e.g., via
genetic analysis and neuroscience) as distinct from a focus upon
symptomatology and clinical presentation. The implications of hy-
poarousal in the parasympathetic system are similar to those of hyper-
arousal in the sympathetic system, resulting in a chronic hyperarousal
and sensitivity to emotional stimuli. Heightened emotional processing
is coupled with a corresponding failure to regulate arousal. Such a
system may be valuable in the short-term (e.g. for maintaining vigi-
lance, detecting danger, and responding quickly). However, in the long-
term, these characteristics can be biologically costly and are associated
with a large range of poor health outcomes, including increased mor-
tality (Williamson et al., 2015), in a manner similar to those under
constant stress (McEwen, 2007). The emotional vigilance demonstrated
here via pupillometry suggests PTSD could be maintained by rapid, pre-
cognitive, autonomic hyperarousal to both positive and negative cate-
gories of affective stimuli. It is possible that individuals misattribute
this heightened arousal (Schachter & Singer, 1962; Cotton, 1981), such
that even benign positive stimuli contribute to the vicious cycle of
hypervigilance and threat sensitivity. Individuals with PTSD are so
prepared to encounter threat in their day-to-day lives that any emo-
tional stimulation (either positive or negative) can feel over-whelming,
requiring additional emotional regulation resources on an already over-
burdened system (Seligowski, Lee, Bardeen, & Orcutt, 2015).
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