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Background: Human parental care relies heavily on the ability to monitor and respond to a child’s affective states.
The current study examined pupil diameter as a potential physiological index of mothers’affective response to infant

Methods: Pupillary time-series were measured from 86 mothers of young infants in response to an array of photo-
graphic infant faces falling into four emotive categories based on valence (positive vs. negative) and arousal (mild vs.

Results: Pupil dilation was highly sensitive to the valence of facial expressions, being larger for negative vs. posi-
tive facial expressions. A separate control experiment with luminance-matched non-face stimuli indicated that the
valence effect was specific to facial expressions and cannot be explained by luminance confounds. Pupil response

Conclusions: The results show the feasibility of using pupil diameter as a marker of mothers' affective responses to
ecologically valid infant stimuli and point to a particularly prompt maternal response to infant distress cues.
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Background

Parental care and parent-infant interaction relies heavily
on the ability to receive and express nonverbal emotional
signals through facial expressions [1]. There is increasing
interest in the neurocognitive bases of these capacities in
parents [2—4] and infants [5], and in the possibility that
subtle variations in emotional signaling may have impor-
tant influences on the quality of parent—child attach-
ment [6]. In the current study, we extend these studies
by examining whether mothers’ pupil dilation is sensitive
to children’s affective cues and could, in future, serve as
an accessible marker of interindividual variation in these
responses. If the pupil is sensitive to mothers’ affective
responses, such as heightened vigilance towards infant
signals of discomfort and distress [1], this index may
prove useful in studying and understanding the mecha-
nisms underlying maternal sensitivity or neglect.
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To begin examining whether pupil diameter is a sen-
sitive index of parents’ physiological responses to chil-
dren’s affective cues, the present study focused on
mothers’ responses to infant facial expressions. Despite
increasing involvement of fathers in childcare in many
societies and the need for research on biological bases of
paternal childcare, there are known intersex differences
in the neural and hormonal bases for caregiving behav-
iors [3]. For this reason, we limited our current investi-
gation on parental responsiveness to infant emotion to
mothers rather than sampling parents of both sexes. The
neural and physiological basis of mothering constitutes a
distinct domain of research [7], with potentially impor-
tant implications for maternal and infant mental health.
Previous studies show differential patterns of brain and
behavioral responses elicited by infant as opposed to
adult faces [8-11], especially in women [11]. Further,
mothers, compared to nulliparous women, show more
marked early frontal (~100 ms) event-related potentials
to infant facial expressions, as well as more pronounced
modulation of posterior visual responses to infant faces
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displaying negative emotions [2, 12]. The current study
extends the research on neurophysiological processes
of mothering by examining the pupillary correlates of
mothers’ responses to infants’ positive and negative facial
expressions [12, 13].

Pupil size is largely determined by reflexive control
over light entering the eye [14]. However, pupil diam-
eter is also influenced by the activity of the sympathetic
autonomic nervous system (ANS) during emotional
arousal [15, 16]. The pupillary response to a visual stim-
ulus can typically be characterized by two consecutive
phases. First, in response to increased brightness, there
is a constriction in pupil size around 600-1600 ms after
stimulus onset [15]. Following the constriction, the pupil
starts to dilate back to a baseline level over the course
of several seconds. For example, an initial constriction
of the pupil in response to visual stimuli is followed by
a slow dilation that is augmented for emotionally posi-
tive and negative scenes [15, 17]. Pupil constriction and
dilation per se are brought about by distinct branches of
the nervous system, parasympathetic and sympathetic,
innervating the constrictor and dilator muscles, respec-
tively [16]. Pupil size at any time reflects the tone of both
of these muscles. Therefore, both the constriction and
the dilation phase are susceptible to emotional effects
elicited by emotionally arousing scenes and facial expres-
sions [15, 17-19]. Pupil response to emotional factors is
thought to be mediated by the modulatory effects of the
brain’s noradrenergic system on neural circuitry control-
ling the muscles of the iris [20, 21]. Importantly, larger
pupil dilation to emotional stimuli cannot be suppressed
voluntarily [22], making it an accessible marker for stud-
ies examining human affective responses in a variety of
contexts.

Because the dominant source of variability in pupil size
comes simply from changes in stimulus luminance [20],
pupillometry studies have traditionally required stringent
control of luminance levels across experimental stimuli
or, at minimum, equalization of mean luminance across
different stimulus categories. While the luminance of
many types of visual stimuli can, in principle, be easily
adjusted to equal mean level, such equalization is not via-
ble for all studies and small deviations from the mean lev-
els will be unavoidable. This poses particular challenges
for studies examining pupillary responses to ecologi-
cally valid stimuli such as infant facial expressions. The
only available method to capture preverbal infants’ facial
expressions is to photograph them as they occur sponta-
neously in variable environments where strict control of
luminance is difficult or may result in unnatural quality
of the stimuli. Corresponding problems exists in other
contexts such as studies using facial stimuli presented
in live face-to-face or over-the-internet conditions, faces
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in variable background illumination, and faces of people
with variable ethnicity or hair color. For this reason, an
important challenge for pupillometric studies is to exam-
ine ways to disentangle unavoidable pupillary responses
to luminance changes from those involved in affective
processing.

The current study consisted of two experiments where
pupil response was measured in response to infant facial
stimuli. In Experiment 1, a large sample of mothers of
young infants (N = 86) was recruited in order to exam-
ine whether pupil constriction and dilation are sensitive
physiological measures of mothers’ responses to mild and
strong instances of infant positive and negative affect.
Based on prior studies [15-20], we predicted relatively
larger pupil diameter in response to high-arousal facial
expressions (i.e., high intensity positive and negative
expressions) in both the constriction and dilation phases.
Our secondary aim was to disentangle affective pupil-
lary responses to facial expressions from the response
to unavoidable variations in stimulus luminance. To this
end, we carried out Experiment 2, a control experiment,
where participants were presented both with faces (face
condition) and luminance-matched non-face stimuli
(control condition). We hypothesized that an emotive
pupil response, a greater pupil diameter during pupil
dilation and constriction phases, would be manifested in
the face condition but not in the control condition.

Experiment 1

Methods

Participants

The participants were mothers of young infants par-
ticipating in an ongoing longitudinal study examin-
ing the mental health of mother-infant dyads in the
Cape Town metropolitan area, South Africa. The par-
ticipants had no mental health disorder as assessed
by a psychiatrist through clinical assessment and the
Mini International Neuropsychiatric Interview [23].
The eye-tracking assessment in mothers was conducted
as a part of a scheduled immunization visit to a private
well-baby clinic at the infant age of 6 weeks. All moth-
ers recruited to this study and tested by the eye-tracking
procedure by September 30th, 2015, were included in
the current analyses. The final sample consisted of 86
mothers (Age: M = 32.4 years, SD = 5.4 years) of Cau-
casian (N = 53) and Black (N = 33) ethnicity. The Cau-
casian participants had higher socioeconomic status
(SES) than the Black participants as indexed by monthly
income [X*(3) = 57.91, p < .001], level of education [X?
(2) = 66.32, p < .001] and employment [X? (3) = 66.89,
p < .001]. The number of pregnancies of the participants
ranged from 1 to 5 with 68.7% of participants having
more than one pregnancy.
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Stimuli

The infant face stimuli were obtained from an existing
stimulus set [13]. These 36 grayscale photographs were
close-ups of infants with black uniform backgrounds,
with infants producing four types of facial expressions
(Fig. 1): mild positive (MP), strong positive (SP), mild
negative (MN), and strong negative (SN). It is noteworthy
that this classification is based on previous work show-
ing that infants’ emotional expressions during the first
year of life are not readily categorized into discrete emo-
tion categories, but instead, to primary dimensions of
hedonic pleasure and arousal [13]. Nine instances of each
category were used in the experiment. The selection was
made to obtain sets of images that were matched for face-
background ratio, models’ head orientation, and models’
age as closely as possible. As the original pool of images
was taken from separate sources, some variations in
above characteristics remained in each stimulus category.
The infant’s eyes were open in all positively-valenced (MP
and SP) photographs but were closed in 67% of images
with strong (SN) and in 22% of images with mild negative
(MN) facial expressions. The infants had open eyes with
direct gaze in 33, 56, 11, and in 33% of pictures classified
as SP, MP, SN, and MN, respectively. All infants depicted
in the stimuli were Caucasian.

The current infant stimuli were selected from an
original pool of 208 images consistently rated (>75%) as
reflecting one of the four emotions (i.e., MP, SP, MN, or
SN) by human judges [12, 13]. However, the emotional
content of the current face stimuli has been previously
validated [12, 13] in a population which is geographically
(Italy vs. South Africa), ethnically, and socioeconomi-
cally different from the current participants. There-
fore, behavioral rating scores were obtained to ensure
that the participants agreed with the emotional valence
and arousal previously attributed to the stimuli. Partici-
pants were asked to judge the emotional valence of the
face stimuli on a scale from 1 to 3, where 1 = positive
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(happy), 2 = neutral, and 3 = negative (sad) emotion.
The rating scores varied according to the intended emo-
tional category (i.e., SP, MP, MN, SN) of the stimuli [F(1,
24) = 2405.73, p < .001, partial 5> = .99] in a subset of
randomly selected 25 participants. The rating scores
increased monotonically between SP, MP, and MN
(ps < .001) and reached a plateau at MN vs. SN (p = .37).
In effect, SP was rated as positive (M = 1.0, SD = .04),
MP close to neutral (M = 1.8, SD = .1), and both MN
and SN as negative (Ms > 2.9, SDs < .2).

In order to reduce the pupillary light reflex [15] elic-
ited by the face stimuli, a visual non-face pattern was
generated to be shown during the “pre-stimulus” interval
before each face stimulus. This visual stimulus was pro-
duced by randomly permuting and then averaging the
pixels derived from the entire set of face stimuli in order
to match its grayscale intensity to that of the faces.

Procedure

The participants sat in a dimly lit room with no external
light other than that laminating from the screen. Before
data acquisition, eye-tracking calibration was performed
for each participant by requiring the participant to fixate
on five targets. In instances where the gaze was not found
at these targets, the calibration-procedure was repeated.
The calibration results from a subgroup of participants
are shown in Additional file 1: Figure S2.

After calibration, participants were presented with a
series of trials each consisting of (1) a short 1000-ms fore-
period with a black screen, (2) a 2000-ms pre-stimulus
interval with a random visual pattern, (3) a 5000-ms face
stimulus, and (4) a white rectangular border surrounding
the face for 1000 ms to signal the end of the trial. A short
sound signal, a “notification beep’, was presented 2500 ms
before each face stimulus. Illustration of the stimulus
sequence is shown in Fig. 2. The face stimulus for a given
trial was selected randomly, without replacement, from
the set of 36 faces (9/category as explained above). The

Mild |

Strong

Strong Randomized

positive negative

positive negative
Fig. 1 Examples of infant face stimuli from each stimulus category defined by the intensity and valence of the facial expression of emotion. Rand-
omized pixels (on the right), derived from all face stimuli were used as a pre-stimulus display. In the control experiment (Experiment 2) randomized

face pixels, derived from each face stimulus individually, were used in place of the face stimuli in the “non-face” condition

face pixels
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Passive viewing experiment

=0 0-2 s*

*Events included in pupil analyses

Fig. 2 Trial structure in the experimental paradigm used to examine
pupillary responses to infant facial expressions. Trial events con-
sisted of (1) a black screen (duration = 1000 ms, a sound alarm was
presented 500 ms prior to the next visual stimulus), (2) pre-stimulus
display consisting of randomized pixels from the face images with
stimulus-matched luminance (duration = 2000 ms), (3) face stimulus
(duration = 5000 ms), and (4) a white border added to the face stimu-
lus to signal the end of the trial. Pupil data were analyzed from the
period starting from the pre-stimulus interval (displaying randomized
pixels) and ending 5 s after the onset of the face stimulus

stimuli were presented on a black background. The partic-
ipants were asked to simply view each stimulus presented
without a specific requirement for a response. To collect
subjective ratings, the experimenter presented the face
pictures to participants as paper print-outs and collected
verbal responses from participants onto separate sheets
after the entire sequence of pupil data acquisition.

Acquisition and analysis of pupil diameter data

Pupil size was measured with a Tobii X-60 or X2-60
eye-tracker camera which measures corneal reflection
of infrared light relative to the image of the pupil. The
acquisition was controlled by custom-written MATLAB
scripts, Psychtoolbox, and the Talk2Tobii toolbox, inter-
facing with a Tobii (Danderdyn, Sweden) eye-tracker.

Pupil size was measured from both eyes during the
presentation of the face stimuli as well as during the
pre-stimulus interval (with random visual pattern). The
pupil data was acquired in conjunction with synchronous
point-of-gaze (POG), eye-tracking validity (i.e., “valid”
or “invalid”), and stimulus timing data at a sampling rate
of 60 Hz. The data on pupil size was preprocessed using
gazeAnalysisLib [24] to complete the following steps:
averaging the diameter across the left and the right eye,
replacing “invalid” frames of pupil size by the means of
linear interpolation, median filtering, and baseline cor-
rection. The POG data was also combined across eyes
and median filtered. The window size of the median filter
was 7 frames (ca. 120 ms) for both POG and pupil data.
A typical pupil response from a single trial is shown in
Fig. 3.

Pupil response was baseline-corrected by subtract-
ing the pupil size from a 300-ms pre-face time window.
Based on visual inspection of the grand average pupil
response, the minimum and maximum pupil diameters

Pixel noise Face/Control stimulus
45 ,
— Baseline | | Constriction Dilation
E 40 1
£
8
5w 35
.!__3-
>
o 30
25 ‘ 7 ‘ ‘
0 1 2 3 4 5 6 7

Time (seconds), from trial onset

— Lefteye — Righteye — Eyes combined e Validity
Fig. 3 Single-trial pupil response. Pupil diameter as a function of
time is shown from both eyes separately (blue = left, green = right)
and from data combined across eyes (red). Valid data frames are
indicated by cyan points. Pupil size during invalid data frames were
replaced by interpolation in the pupil size combined across eyes (red).
The first 2 s of each trial displayed a random visual pattern followed
by a face stimulus (2-7 s). Pupil dilation was extracted as the mean
pupil size during the time-window ranging from 4000 to 5000 ms
after face onset (6000-7000 ms after trial onset, yellow background).
Pupil constriction was extracted as the minimum pupil size from time
window spanning 300-1200 ms after face onset (blue background).
A baseline for pupil size was calculated from —300 to 0 ms relative to
face onset (gray background)

were reached at 300—1200 and 4000-5000 ms after face
onset, respectively (Fig. 4). These time intervals were
thus selected for the extraction of pupil constriction
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Fig. 4 Grand average pupil response. Pupil time-series were base-
line-corrected to the 300-ms interval preceding the face stimulus. The
pupil response is shown for mild negative (MN) and positive (MP) as
well as for strong negative (SN) and positive (SP) stimulus conditions.
Face onset is indicated by the vertical line and the time-windows

for pupil constriction and dilation by blue and yellow background,
respectively. The shaded are around curves indicate standard error of
the mean
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and dilation, respectively. While pupil constriction
was determined as the minimum pupil size during the
300-1200 ms time window, pupil dilation was extracted
as the mean pupil size during the latter 4000—5000 ms
time-window.

Quality control (QC) of trial-by-trial pupil data was
based on the following factors: (1) participant maintain-
ing gaze within the face stimulus, (2) error-free pupil/
eye-tracking, and (3) absence of outlier values. Quantita-
tive indices of the participant gaze coordinates and error-
free pupil tracking were acquired on a frame-by-frame
basis together with pupil diameter. Using these metrics,
trials where participant’s gaze was directed at the loca-
tion of the face stimulus less than 10% of time, either in
the baseline or in the response interval, were rejected
from analysis. Similarly, trials with excess of eye/pupil-
tracking frames labeled as “invalid” by the acquisition
software were discarded from the analyses. These trials
were defined as those where the longest streaks of con-
secutive non-valid frames exceeded 250 ms within the
baseline period, or 900 ms within the time-window used
for extracting the pupil constriction or dilation response.
In addition to these basic QC measures, we identified
the first trial within each measurement as a systematic
source of outlier data, and rejected these trials from
further analyses as well (see Additional file 1 for further
details about the rejection criteria used in the study). On
the average 6.2 (SD = 6.1) trials were rejected (out of 35
available) from each participant (averaged across con-
striction and dilation). Two participants had less than 3
averaged trials available for the analysis of the effects of
Arousal and Valence on pupil response, and were thus
rejected from final statistical analyses.

The quality of the trials accepted for further analyses
was then inspected by analyzing the average values of
frame-by-frame pupil/eye-tracking data within these tri-
als. The targeted metrics included the average percentage
of valid frames for both eyes (during the response time-
window), the duration of non-valid streaks during the
baseline and response time-windows, and the percent-
age of gaze directed at the location of the face (minimum
percentage across baseline and response time-windows).
These statistics are shown in Table 1. In summary, mean
valid eye-tracking reached 87-91%, and on the aver-
age, longest-non valid data streaks were shorter than
76-121 ms.

Statistical analyses

In order to determine whether significant pupil con-
striction and dilation were elicited by the current stim-
uli, baseline-corrected pupil diameter was contrasted
to the zero-level (i.e.,, no response) with one sample
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Table 1 Eye-tracking quality
Constriction Dilation
Mean SD Mean SD
Valid eye-tracking (%) 90.5 176 87.0 19.8
Longest non-valid streak
Baseline (ms) 285 61.0 279 60.5
Response (ms) 75.1 1417 120.3 176.9
Inside AOI, valid frames (%) 96.1 216 954 235

t-tests. The emotive pupil response, in turn, was defined
as a change in pupil size between conditions differing
in emotive valence or arousal of the stimuli. Emotion-
related differences in baseline-corrected pupil diameter
across stimulus conditions and response time-windows
were investigated with a Time-window (2) x Arousal
(2) x Valence (2) repeated-measures Analysis of Vari-
ance (ANOVA). The factors comprised constriction vs.
dilation phase (Time-window), strong vs. mild emotion
(Arousal), and negative vs. positive emotion (Valence),
respectively. Both main an interaction effects were ana-
lyzed. In case interaction effects were found in the initial
ANOVA, further comparisons within pupil constric-
tion and dilation data, separately, were conducted with
Arousal x Valence ANOVAs. Any subsequent pairwise
tests were conducted with pair-wise ¢-tests. Effect sizes
are reported using Cohen’s d for t-tests and partial y* for
ANOVA throughout the results.

Results

Following previous research [15-20], the presentation
of faces was expected to elicit a typical visually induced
pupil response consisting of an initial pupil constriction
(decrease in pupil diameter @) and a subsequent dilation
(increase in pupil diameter @J). Further, as an increase in
pupil size has been documented for pictures (not always
including faces) with strong vs. mild emotive arousal [15,
17, 18], the pupil size was hypothesized to be larger both
during the constriction and the dilation phase for strong
vs. mild expressions. The corresponding effects were
investigated also in response to negative vs. positive emo-
tional valence of the facial expressions.

An ample pupil constriction, that is, a decrease in
pupil diameter during 300-1200 ms after stimulus onset
(Fig. 4) against baseline level, was found in response to
all face stimuli [|AQ| > .11 mm, |ts| > 13.18, ps < .001,
|ds| > 1.43]. Pupil constriction was followed by a subse-
quent pupil dilation (Fig. 4) and the pupil size increased
significantly above the pre-stimulus baseline during the
latter 4000—5000 ms time window [.05 < AD < .19 mm,
ts > 3.96, ps < .001, .43 < |ds| < 1.44].
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Main effects of Time-window [constriction vs. dilation;
F(1, 83) = 532.40, p < .001, partial n* = .87], and Valence
[F(1, 83) = 157.03, p < .001, partial y* = .65] were found
on baseline-corrected pupil size. These effects were due
to greater pupil size during dilation (A0 = .12 mm) vs.
constriction (A@ = —.16 mm) and greater pupil size in
response to negatively-valenced vs. positively-valenced
stimuli. Interaction effects on pupil size were found
between Arousal and Valence [F(1, 83) = 7.76, p < .01],
Time-window and Valence [F(1, 83) = 15.03, p < .001],
as well as Time-window and Arousal [F(1, 83) = 13.33,
p < .001]. Therefore, the effects of Arousal and Valence
on pupil size were inspected separately for pupil constric-
tion and dilation.

Main effects of Valence [F(1, 84) = 83.60, p < .001, par-
tial n* = .50] and Arousal [F(1, 84) = 14.22, p < .001, par-
tial ? = .15) were found on pupil constriction. Contrary
to the hypothesis of increased pupil size in response to
stimulus arousal, strong stimulus arousal was related to
a decreased pupil size (i.e., increased constriction) within
this early time window [strong < mild; AQ = —.03 mm)].
Moreover, there was an interaction between Valence and
Arousal on pupil constriction [F(1, 84) = 11.64, p < .001],
reflecting a significant effect of arousal for the positively-
valenced stimuli [A@ = —.05 mm, #(84) = —4.77, p < .001,
d = —.52] but not for the negatively-valenced stimuli
[AQ = —.01 mm, £(84) = —.99, p = .33, d = —.11]. While
the hypothesized emotion-related increase in pupil
diameter during constriction was not found for stimu-
lus arousal, decreased pupil constriction (i.e., greater
pupil diameter), was found for faces with negative vs.
positive emotional valence across both levels of arousal
[ADs > .05 mm, £5(84) > 6.10, ps < .001, |d|s > .66].

A main effect of Valence [F(1, 83) = 129.31, p < .001, par-
tial y* = .61] was found on pupil dilation due to a .12-mm
increase in pupil size to negatively-valenced (40 = .17)
vs.  positively-valenced infant facial expressions
(A@ = .06). Contrary to the hypothesized arousal-related
pupil dilation, no effect of arousal on pupil dilation was
found [F(1, 83) = 1.41, p = .24]. No interaction between
Arousal and Valence [F(1, 83) = 2.54, p = .12] was found
on pupil dilation either.

Experiment 2

Methods

Participants

The participants in Experiment 2 consisted of
15 volunteers (9 female, Age: M = 289 vyears,
range = 24-50 years). None of the participants in Experi-
ment 2 participated in Experiment 1 and parenthood was
not required for the inclusion of participants into Experi-
ment 2. The study was ethically approved by the insti-
tutional review board of the University of Stellenbosch
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and written informed consent was obtained from all
participants.

Stimuli

The stimuli in the original pool of infant facial expres-
sions were matched for luminance [12], but as pupil
diameter is highly sensitive to stimulus luminance, a fur-
ther analysis of brightness was conducted for the pur-
poses of the present study. Optical luminance data were
unavailable (requires careful photometric measurements
with appropriate equipment), but the possible differ-
ences in luminance were inspected from mean grayscale
intensity (0-255) values of the bitmap files. A one-way
ANOVA showed that, overall, there were no statistically
significant differences between stimulus categories in
grayscale intensity values, [F(4,32) = 1.92, p = .13, partial
#* = .19], but inspection of the bitmap intensity for indi-
vidual images and direct pairwise comparisons showed
noticeable variation within and across stimulus catego-
ries in intensity (Fig. 5). Furthermore, while the random
visual pattern presented before each face stimulus had
grayscale intensity equal to the mean intensity across
all faces (horizontal line in Fig. 2), it differed somewhat
in intensity from each individual face stimulus. Because
such differences in stimulus luminance might bias the
emotional effects on pupil response, we generated an
array of control stimuli by randomly scrambling the
bitmap matrices of the face images. The resultant con-
trol stimuli, thus, had exactly the same mean grayscale
intensity as the face stimuli. These non-face stimuli were
presented to a group of new participants (N = 15) who
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Fig. 5 Grayscale (bitmap) intensity values of the stimuli. Pair-wise
comparisons between means of different stimulus categories indicate
higher intensity (and, hence, luminance) for face stimuli with “strong
positive”vs. ‘negative” emotional expressions. SN strong negative,
MN mild negative, SP strong positive, MP mild positive. Horizontal line
indicates the mean grayscale intensity across all stimuli
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also viewed the original face pictures used in Experi-
ment 1. The same visual pattern, consisting of randomly
permuted pixels, was presented during the pre-stimulus
interval as in Experiment 1.

Procedure

The stimulation paradigm was identical to that in Experi-
ment 1 (Fig. 2). In particular, the sequence and timing of
events within experimental trials was similar across the
experiments. However, an additional experimental condi-
tion was included where the face stimuli were replaced by
their pixel-scrambled counterparts. That is, in addition
to face stimuli, random non-face patterns were presented
in a separate experimental block preceding or follow-
ing the face sequence in a counterbalanced order across
participants.

Acquisition and analysis of pupil diameter data

The same equipment, software, and parameters were
used in the acquisition of the pupil data as in Experi-
ment 1. The pupil constriction and dilation were likewise
extracted from the same time-windows spanning 300-
1200 and 4000-5000 ms after face onset. An average of
6.0 (SD = 6.5) and 5.5 (SD = 7.6) trials were rejected per
participant in the face and the control (pixel-scrambled
face) condition, respectively. However, all participants
had a sufficient number of averaged trials (>3) for the
statistical analyses of the effects of Arousal and Valence.
Thus data from all participants were included in the final
statistical analyses from Experiment 2.

Statistical analyses

Pupil change from baseline (zero-level) in all stimulus
conditions separately was first analyzed with one-sample
t-tests. Then, emotion-related differences in baseline-
corrected pupil diameter across stimulus conditions
and response time-windows were compared with a
Pixel randomization (2) x Time-window (2) x Arousal
(2) x Valence (2) repeated-measures ANOVA. The
repeated-measures factors comprised intact faces vs.
scrambled non-faces (Pixel randomization), constric-
tion vs. dilation phase (Time-window), strong vs. mild
emotion (Arousal), and negative vs. positive emotion
(Valence), respectively. Both main an interaction effects
were analyzed. In case interaction effects were found in
the initial ANOVA, further comparisons within pupil
constriction and dilation data, separately, were con-
ducted with Pixel randomization x Arousal x Valence
ANOVAs. Finally, if an interaction was found between
emotional pupil response (i.e., Arousal or Valence) and
Pixel randomization, Arousal x Valence ANOVAs were
conducted separately for the face and the-noise condition
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to qualify the source of the interaction effect. Effect sizes
are reported as partial 1.

Results

Pupil constriction was elicited across all conditions
(|49| > .08 mm, [ts| > 4.19, ps < .001, |ds| > 1.08)
including both those with face stimuli and those with
the non-face stimuli (randomly permuted pixels).
However, significant pupil dilation above pre-stimu-
lus baseline was observed only in the face condition
(A0 > .10 mm, 2.24 < ts < 5.16, ps < .05, .58 < ds < 1.33).
Such pupil dilation was invariantly absent in the non-
face condition (A@ < .06 mm, —1.24 < ts < 2.01, ps > .06,
—.32 <ds <.52).

Main effects of Time-window [F(1, 14) = 80.57,
p < .001, partial > = .85), Pixel randomization [F(1,
14) = 13.05, p < .01, partial * = .48), and Valence [F(1,
14) = 51.22, p < .001, partial n* = .79] were found on
pupil size across all conditions within Experiment 2.
However, interaction effects on pupil size were found
between Time-window and Pixel randomization [F(1,
14) = 10.29, p < .01] and between Valence, Time-window,
and Pixel randomization [F(1, 14) = 7.26, p < .05]. There-
fore, the effects of Valence on pupil size were inspected
separately from the two different time-windows (con-
striction and dilation), and further, separately within the
face and the non-face condition. The purpose of these
further analyses was to determine whether the effect of
Valence on pupil size differed between the face condition,
with genuine emotional signals, and the non-face condi-
tion, without emotional content. No main or interaction
effects of Emotional arousal on pupil size were found.

A main effect of emotional Valence was found on pupil
constriction [F(1, 14) = 41.93, p < .001, partial n* = .75).
A trend for interaction between Valence and Pixel rand-
omization was further found on pupil constriction [F(1,
14) = 3.07, p < .11]. However, the effect of Valence was
found both within the face condition [F(1, 14) = 12.77,
p < .001, partial y* = 48] and within the non-face condi-
tion [F(1, 14) = 35.10, p < .001, partial * = .72] in subse-
quent tests. As the effect of Valence on pupil constriction
was found both in the face and in the non-face control
condition, it cannot be considered to indicate an emotive
pupil response (the non-face stimuli consisted of mean-
ingless random patterns).

A main effect of emotional Valence was also found
on pupil dilation [F(1, 14) = 17.85, p < .001, partial
#* = .56]. Furthermore, a trend level interaction [F(1,
14) = 3.80, p < .08] was found between Valence and Pixel
randomization on pupil dilation (Fig. 6). This interaction
was qualified by a significant effect of Valence on pupil
dilation in the face condition [F(1, 14) = 23.30, p < .001,
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Fig. 6 Pupil diameter during constriction (lower half) and dilation
phase (upper half) in response to negative and positive facial expres-
sion of emotion and to luminance-matched non-face stimuli (scram-
bled pixels). Greater pupil dilation was elicited by negatively-valenced
than by positively-valenced faces. No such difference in dilation was
found across non-face stimuli. While the effect of valence on pupil
size was found also during the constriction phase, this effect was not
unique to face stimuli. Data from the control experiment (Experiment
2,N =15). Error bars indicate standard errors of the mean. ***p < .001,
n.s. not significant

partial 5* = .63] but not in the non-face condition [F(1,
14) = 2.78, p < .12, partial 172 = .17]. In the face condi-
tion, greater pupil dilation was found for negatively-
valenced (A@ = .23 mm) than for positively-valenced
(A@ = .11 mm) infant face stimuli (difference = .12 mm).

As the non-face stimuli, consisting of random pixels,
may be less motivating for participants to attend to than
faces, it was necessary to ensure that the participants fix-
ated equally on both stimulus types. Equal participant
attentiveness and data quality in face and non-face con-
dition was indicted by invariable number of acceptable
trials across conditions [F(1, 14) = .14, p = .72, partial
#* = .01]. Therefore, the difference between face and
non-face condition reflect true effects of face and emo-
tion processing as verified against conceivable data qual-
ity issues.

Discussion

Pupillary response, in particular pupil dilation, has been
proposed as an indicator of variable psychophysiological
states [14, 15, 20]. In the current study, we investigated
whether the emotive pupil response could be used to
index mothers’ responsiveness to infant non-verbal com-
munication. To this end, in Experiment 1, we measured
pupillary responses in mothers while they viewed infant
facial expressions. Larger pupil dilation was evoked by
infant signals of distress or discomfort than by positively-
valenced facial expressions. Emotive pupil dilation was
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further replicated in comparison against a non-face con-
trol condition in Experiment 2, a separate control experi-
ment. The control experiment further showed that the
pupil dilation response triggered by infant distress was
dissociable from a response to the brightness of stimuli
in this category.

In child and adolescent participants, pupil dilation
has been previously reported in response to face stimuli
with direct as opposed to averted gaze, especially when
depicting happy facial expressions [18]. In contrast,
greater pupil dilation in response to angry vs. happy or
fearful facial expressions has been reported in adult par-
ticipants [31, 32]. Furthermore, the sensitivity of the pupil
response to direct vs. averted gaze found in typically
developing participants was absent in children diagnosed
with autism spectrum disorders [18]. Therefore, the sen-
sitivity of the pupil response to facial expressions of emo-
tion seems to depend on participant population, stimulus
material, or on their combination [18, 31, 32]. Conse-
quently, previous literature on emotive pupil response is
insufficient to describe the perception and physiological
responsiveness to infant facial expressions in mothers or
to describe how such processes are reflected in the pupil
response. The current study (Experiment 1) is the first
pupillometric study using specifically infant facial expres-
sions of emotion as stimuli and mothers of young infants
as participants. The current results characterize the pupil
response in this particular context and indicate increased
autonomic responsiveness in response to infant signals of
discomfort and distress.

Adaptive infant-caregiver interaction rests on the abil-
ity of the interactants to receive and express emotional
signals through facial expressions [1]. Mutually positive,
optimally arousing social interaction involves the regula-
tion of the activity of the autonomic nervous system as
a component of emotion regulation [25] and correlates
of maternal sensitivity have been found in both sympa-
thetic and parasympathetic activity. Activation of the
sympathetic nervous system is associated with emo-
tional arousal and has been previously indicated in moth-
ers’ response to infant cry as indexed by electrodermal
measures [26, 27]. Despite wide psychophysiological
application [20, 28-30], relatively few studies have used
pupillometry to investigate emotional processes evoked
by the perception of facial expressions [18, 31, 32]. Such
recent studies, using adult faces as stimuli, have indicated
greater pupil dilation in response to angry vs. happy or
fearful facial expressions in adult participants [31, 32].
In the current study, we investigated specifically whether
the emotional responsiveness in mothers to infant facial
expressions might be indexed with pupillometry. Our
results were consistent with the previous studies on
pupillary responses to facial expressions of emotion by
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indicating an increase in baseline-corrected pupil size
in response to emotional face stimuli. Importantly, this
effect was now replicated in the special case of infant
stimuli viewed by mothers.

While autonomic responsiveness may be a prerequisite
for adequate mother-infant interaction, overactive sym-
pathetic arousal to infant or child cues has been linked
with harsh parenting [26], lower maternal sensitivity
[27], negative appraisal of children [33], and child abuse
[34]. Also parasympathetic activity reflected in the res-
piratory sinus arrhythmia, in both baseline level [35] and
in the regulation of the vagal tone [36], has been linked
to maternal sensitivity. Moreover, the sympathetic and
parasympathetic systems may act in concert in determin-
ing emotional response in mothers to infant crying and
distress [27]. In the current study, emotive response to
infant faces was established in pupil dilation which has
been associated with sympathetic activity [16]. In this
light, the current emotive pupil response is analogous
to the increased skin conductance in mothers elicited by
sounds of infant cry, which is also attributed to sympa-
thetic arousal [26, 27]. This interpretation is further sup-
ported by covariance between emotive pupil dilation and
skin conductance in response to affective pictures [15].
However, the pupil size during dilation may reflect the
level of parasympathetic activity as well [16]. Based on
findings from autonomic responses to infant cry [26, 27],
the pupil response might index either sufficient or exces-
sive autonomic arousal to infant negative affect for the
maintenance of adaptive maternal sensitivity. In future
studies, mapping the maternal pupil response to favora-
ble level of autonomic responsiveness to infant cues
might be achieved by relating the response to indices of
caregiver behaviors and maternal sensitivity.

The norepinephrine attentional system of the brain
originating in the locus coeruleus (i.e., the LC-NE sys-
tem) has been suggested to underlie emotional pupil
dilation [20, 37, 38]. Therefore, maternal pupil dilation in
response to infant negative facial expressions is likely to
share some common mechanisms with emotional pupil
dilation in general which is elicited by a wide range of
stimuli and conditions [20, 28—30]. Yet, there is evidence
that effects of social signals of emotion on pupil size
may reflect distinct social-cognitive processes. Firstly,
interpersonal mimicry of gestures including mimicry of
the pupil size [39] may specifically modulate the pupil
response to faces. Secondly, previous studies suggest
that there may be a dissociable neurocognitive system
involved in monitoring infants’ emotional cues which is
important for supporting parental caregiving [2, 12, 13].
Thus, while probably mediated by the attentional LC-NE
system, the current results may be viewed as indexing a
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specific subcategory of social cognition related to face-
to-face interaction and caregiving behaviors.

Given inter-individual variability in the accuracy to
interpret infant facial expressions [13], we used a behav-
ioral rating task to assess recognition of infant emotional
signals in the current participants. The results from the
rating task indicated high accuracy in the recognition
of infant facial expressions. In our pupillary analyses, a
distinction between stimuli rated as indicating negative
emotion produced a pupil dilation which was larger than
that elicited by stimuli rated as positive or neutral. Thus,
the pupil response was associated with the subjective
identification of negative vs. positive affect in the infant
pictures. In future studies, a comparable approach com-
bining pupillometry and behavioral performance could
be used in studies involving specific participant groups
with variable social cognitive abilities especially related
to infant signals of emotion (e.g., from families at-risk for
maladaptive infant-caregiver interaction).

Previous research has demonstrated an effect of emo-
tional arousal rather than that of valence on pupil dila-
tion [15]. In contrast, in the current study we found an
effect of emotional valence on pupil dilation but no effect
of stimulus arousal. The difference between the findings
may be related to the type of stimuli (face vs. IAPS, not
limited to faces), the type of people depicted (infants vs.
IAPS, not limited to infants), and the scale used in stimu-
lus classification. Perceptual scaling of any stimulus is
inherently arbitrary and heavily influenced by the refer-
ence stimulus or stimuli [40, 41]. In scaling emotional
valence and arousal different sets of stimuli, and hence
different reference(s), may have been used in the current
stimulus set in comparison to IAPS pictures [42]. Thus,
the arousal and valence categories used here may be dif-
ferent from those used in the IAPS. It further seems pos-
sible that the negatively-valenced stimuli in the current
study depicting infant distress or discomfort may signal
(and elicit) stronger emotional arousal than the posi-
tively-valenced faces used in the current study. That is,
the dimensions of arousal and valence are not orthogonal
as difference in valence between stimuli requires a suffi-
cient level of arousal to emerge [42].

In principle, the onset and the time course of pupil dila-
tion following an emotional stimulus could be estimated
from the latencies of the LC-NE subsystems and their
influence on pupil size [20]. To our knowledge, such esti-
mates of the time course of the pupil response have not
been established. In practice, the emotive pupil response
has been investigated from different time-windows
spanning 500-1300 ms [17], 600-1600 ms [18], 1000—
1300 ms [43], 2—4 s [31, 32], or 2—-6 s [15, 17] after stimu-
lus onset. The early and late time-windows have been
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typically selected to cover the constriction and the dila-
tion phase, respectively. In the current study, a relatively
late time-window spanning 4-5 s after stimulus onset
was chosen for the extraction of pupil dilation in order to
minimize the contribution of the pupillary light response
on the estimate. The current results indicate that the
pupil dilation within this time-window was both sensitive
to the emotive content of the stimuli and independent
of stimulus brightness. In future studies using constant
light conditions, a more detailed, frame-by-frame, analy-
sis of the pupil response together with known latencies
of the LC-NE system [20] might provide insight into the
time course of LC activation in the context of emotional
perception.

Pupillary response elicited by emotive face stimuli
already around 600-1600 ms after stimulus onset in
child participants [18], have been observed in previous
studies. This latency overlaps with the pupil constriction
reflex extracted in the current study. Furthermore, while
a study [15] using pictures from the International Affec-
tive Picture System (IAPS), found no evidence for emo-
tional effects in pupil constriction, a more recent study
from the same authors indicated emotional suppression
of this initial light reflex [17]. In the current study, modu-
lations of pupil constriction in response to stimulus cat-
egory were found across both experiments. However,
the control experiment (Experiment 2) indicated that
these effects were not specific to emotional content or to
faces as they were found for the random non-face stimuli
as well. The difference between the current results from
those obtained with IAPS [17] may be related to the type
of emotionally salient stimuli used to evoke the auto-
nomic pupil response: in the IAPS study, the largest emo-
tional suppression of pupil constriction was found for
erotic and violent scenes which were not used in the cur-
rent study but may elicit CNS [44] and ANS [45] activity
distinct from other emotionally equally arousing stimuli.
Further, the pupil constriction in the current study may
have been partially suppressed by the presentation of the
pre-stimulus visual pattern, which might also have sup-
pressed emotional effects on this initial light reflex. Thus,
further studies may be needed to clarify the modulations
of pupil constriction by affective face processing, espe-
cially in the context of maternal responses to infant emo-
tive cues.

Pupillary responses to emotional cues are relatively
small and intermixed with the larger effects of stimulus
or ambient luminance. In the current study, stimuli in
different emotion categories were not significantly differ-
ent with respect to their mean (bitmap) intensity values,
but there was a clear trend for both within- and between-
category variability. An ideal solution for avoiding these
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confounds in emotion research would be to use stimuli
with invariable luminance levels as well as matched con-
trast and spatial frequency profile [46]. However, in many
cases perfect matching between stimulus luminance
and other low-level features may be difficult or result in
unnatural stimulus qualities. In the current study, con-
founding effects of stimulus luminance (i.e., variable face
luminance and the luminance variability between the
stimulus and the pre-stimulus intervals) were controlled
by contrasting pupil responses elicited by face stimuli to
those elicited by pixel-scrambled version of the same face
stimuli. In this control experiment (Experiment 2), the
stimulus light intensity was exactly matched to the face
condition while all facial and emotive cues were removed
from the stimuli. If the difference in pupil size across
stimulus conditions were to persist in the control con-
dition, such effects could simply be attributed to differ-
ences in stimulus luminance. Conversely, if the effects are
unique to the face condition, they most likely stem from
genuine emotive processes related to face perception.
While pupil constriction was affected by stimulus cat-
egory in both face and control condition, pupil dilation
and it’s modulation by emotive stimulus category were
confined to the face condition only. Thus, we may con-
fidently interpret the current results as indicating emo-
tive pupil dilation elicited by infant faces which is further
intensified by negative emotional expressions.

Limitations of the study

(1) The participants were not perfectly matched across
the main and the control experiment. For example, unlike
in the main experiment, the participants in the control
experiment were both male and female, and parenthood
was not required as an inclusion criterion. However, par-
ticipants in both experiments were healthy adults and
manifested very similar pupil dilation in response to
stimuli depicting infant distress or discomfort. (2) The
infants depicted in face stimuli were Caucasian while
the participants viewing the stimuli where both Black
and Caucasian, with low and high SES, respectively.
Therefore, own-race biases in face processing [47] and
SES [48, 49] might have affected the emotive responses
elicited by the stimuli. (3) The current study focused in
testing intra-individual variation in pupil response across
variable infant facial expressions. Therefore, measures of
inter-individual variations in potentially related variables
such as maternal sensitivity to infant cues were not pre-
sented. As such, positive effect of increased pupil size in
response to pictures of infant negative affect was found
within the current sample consisting of healthy mothers
(main experiment) and adult controls (control experi-
ment). Future studies are needed to indicate whether the
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pupil response to infant faces is sensitive to inter-individ-
ual variations in general and in relation to motherhood in
particular.

Conclusions

Our current results indicate that pupil diameter is a sen-
sitive marker of emotional processes elicited by infant
facial expressions in the targeted participant group of
mothers of infant children. While the perception of infant
signals of distress may constitute a specific case of face
processing [2, 12, 13], the current approach may be appli-
cable to other domains of social perception as well due
to a common psychophysiological pathway, the LC-NE
system. Consequently, it remains possible that compara-
ble pupil response may be elicited by non-infant stimuli
as well or in non-mother viewers exposed to affective
facial stimuli. In order to address the specificity of the
current emotive pupil response to infant cues, further
studies with both adult and infant face stimuli as well as
participants with sufficient inter-individual variability in
responsiveness to facial expressions of emotion in both
categories are needed. Nevertheless, the principle contri-
bution of the current study is in indicating the feasibility
of pupil diameter as an index of mothers’ perception and
responsiveness to infant non-verbal communication. As
such, pupil diameter may provide a useful and accessible
measure for studies of individual variations in mother-
infant interaction [1].
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