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Visual and Pupillary Behavior in Neonatal Pain
Assessment using Eye-Tracking

Roberto Gongalves de Magalhdes Junior
Carvalho de Moraes Barros

Abstract—This paper introduces the application of novel
eye-tracking metrics to assess visual attention and cognitive
load in neonatal pain assessment. Qur goal is to evaluate
pediatrician experts, non-experts, and parents using the relative
Explore-Exploit Ratio and the Task-Evoked Pupillary Response
while analyzing the frontal faces of distinct newborns before
and after painful procedures. All experiments were based on
a benchmark image dataset, considering clinically relevant
areas of interest. The Tobii TX300 system was used to record
eye-tracking data in a closed room with controlled lighting.
Our results show that visual attention described by traditional
metrics does not correspond directly to the respective fixation
patterns and pupillary changes quantified for all the groups
of participants investigated, highlighting statistically significant
differences in visual behavior between participants with or
without clinical experience only when using the novel metrics
proposed instead.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9742

Index Terms—Eye-tracking, Neonatal Pain Assessment, Visual
Behavior.

I. INTRODUCTION

YE-TRACKING technology has allowed researchers to

analyze visual attention and pupillary response. Since
eye-tracking measures the natural visual activity of an indi-
vidual, it has provided a feasible but non-invasive opportunity
for the study of human visual cognition [1].

Traditional eye-tracking metrics used to study visual cogni-
tive load have primarily focused on analyzing fixation count
and duration [2]. However, there is no concrete and compre-
hensive guide to using eye-tracking movements to investigate
a cognitive process that can be modulated by human visual
behavior [3], especially when considering different areas of
interest in computer interface technology.
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In this work, we introduce a data processing methodology
designed to address the exploration-exploitation paradigm and
the pupillary response as relative metrics to evaluate different
areas of interest in the assessment of neonatal pain. Newborns
are frequently subjected to painful clinical procedures that, if
prolonged, may cause short- and long-term health complica-
tions, including increased mortality and morbidity. The ability
to quickly identify the presence or absence of pain is crucial
to preventing the consequences of inadequate treatment or the
unnecessary use of opioids' when pain has already subsided
(4], [5].

Although newborns cannot express themselves verbally,
bodily signals allow for an effective non-invasive pain assess-
ment [6], motivating several clinical scales to be developed.
Some methods are based primarily on the reactions of the
subject, using measures such as crying, motor activity, and
facial expressions [7]. These scales are clinically validated
and applied in real-world settings, but they are inherently
subjective, leading to results that may vary depending on the
characteristics of the patient, the evaluator’s experience and the
surrounding environment [8]. Consequently, the challenge of
accurately identifying and quantifying neonatal pain, coupled
with the subjectivity of these assessments, remains a signifi-
cant concern for the scientific community [9].

By analyzing the potential benefits of incorporating the met-
rics described in this work into existing eye-tracking protocols,
our goal is to promote insights into the underlying mechanisms
of visual cognitive processing and contribute to the develop-
ment of complementary measures to assess mental load and
performance in vital visual cognitive tasks like the assessment
of neonatal pain. In other words, we believe that this study
can contribute significantly to the field of health information
technology, especially neonatal care, because our aim is to
quantify the differences between experts and non-experts and
explore whether specific cognitive strategies could be inferred
from visual and pupillary metrics. This comparison allows for
the identification and recognition of distinctive patterns in the
expert behavior that can inform the design of training tools for
non-experts and create diagnostic support systems that might
help make the corresponding clinical decisions more accurate
and individualized.

II. RELATED WORKS

Visual attention is an important process through which
humans engage with the environment. We selectively focus

'Opioids are potent analgesic and sedative medications.
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on specific areas for detailed visual processing by directing
our gaze. Tracking these eye movements allows us to collect
valuable information that gives clues about our thoughts and
intentions [10]. Therefore, investigating human visual behavior
has aroused interest in research related to cognitive science in
particular [11] and computer interface technology in general
[12].

During a typical visual task, the observer has to constantly
decide whether to remain in the currently fixated region
or change their gaze to another. The observer must choose
between further exploiting the information or continuing to
explore other patches within a given scene [13]. The number
and spatial distribution of eye movements’ activities repre-
sented by saccades and short fixations characterize the visual
exploration of a scene. Short fixations are often associated
with search processing because their duration is insufficient
for the observer to extract and interpret the associated in-
formation [14]. In contrast, long fixations indicate visual in-
depth processing and characterize exploitation. However, given
time constraints in observing and interpreting visual stimuli
like images in decision-making tasks, there are conflicting
demands between analyzing the entire scene and focusing on
specific local regions. Consequently, visual behavior involves a
continuous interaction between exploration and exploitation in
natural, decision-making, or free-viewing visuocognitive tasks
(31, 111, [15].

Another cognitive behavior phenomenon might occur when
the observer visually scans a scene: changes in pupil size.
These changes are associated with the Task-Evoked Pupillary
Response (TEPR), a concept generalized by Beatty [16].
TEPR refers to the mean of a stimulus-locked pupil response
observed relatively to a short pre-stimulus baseline and is
commonly used to estimate arousal by assuming that pupil size
is a linear transformation of task events. A substantial body
of psychophysiological works indicates that TEPR might serve
as a viable index of cognitive effort exertion [16]. In various
areas of study, the greater cognitive efforts needed to achieve
a correct response lead to larger TEPRs [17].

III. MATERIAL AND METHODS

To evaluate the exploration-exploitation paradigm and the
pupillary response, we followed an eye-tracking study and
used the same image dataset of newborn faces [17]. The objec-
tive of this previous study [17] was to experimentally monitor
the eye movements of experts, non-experts, and parents while
evaluating the presence or absence of neonatal pain.

A. Subjects and Apparatus

Volunteers (N = 102) were divided into 44 experts (4
pediatricians and 40 neonatologists, 33.48 + 7.01 years old),
29 non-experts (39.82 + 10.39 years old) with no professional
or personal experience in the evaluation of neonatal pain, and
29 parents (30.48 + 6.95 years old) of newborns interned in
a Neonatal Intensive Care Unit. Only experts had training or
clinical experience in pain assessment.

Eye-tracking data was recorded using the Tobii TX300
system (300Hz). Calibration was performed to ensure accurate

tracking of each participant’s eye position before the start of
the experiment. The study was carried out in a closed room
with controlled lighting outside the participant’s direct visual
field to minimize fluctuations in pupil size caused by ambient
luminosity changes. Data acquisition was performed using
an auxiliary computer with Tobii Studio software and eye-
tracking equipment installed and connected, respectively [17].

B. Stimuli and Experimental Procedure

Fig. 1 shows the procedure created and developed in which
volunteers evaluated pain in different images of the neonatal
face by assigning scores to each stimulus presented on a
numerical analog scale ranging from O (representing no pain)
to 10 (representing extreme pain) [17]. This rating scale was
used primarily to promote task engagement and help main-
taining participants’ attentional focus throughout the whole
experiment, and it was not used in the analysis. During each
exploratory session, the eye-tracking equipment recorded data
on how each volunteer visually assessed the stimuli, including
their gaze patterns, fixation points, saccades, and overall scan-
ning behavior. This eye movement evaluation strategy refers to
the specific ways in which participants directed their attention,
processed visual information, and prioritized different areas of
interest while observing the stimuli.

We used a database of facial images authorized with the
consent of family members or guardians not included as
volunteers in the current experimental assessment. The project
to construct and analyze these images was approved by the
Ethics Committee for Research of the Federal University
of Sao Paulo (UNIFESP), under the numbers 1299/09 and
3.116.146. All data were collected at the Hospital of Sao
Paulo, a university affiliated hospital of UNIFESP.

A total of 20 images (referenced here as tasks) was chosen,
representing 10 newborns. Each pair of images consists of one
photograph captured while the neonate is at rest and another
taken after a painful procedure, such as a clinically necessary
puncture procedure [17].

The experiment began with an eye-tracking calibration,
followed by standardized instructions displayed on the screen.
The participants first completed two preliminary trials for
familiarization, which were not included in the final analysis.
During the experimental procedure, as illustrated in Fig. 1,
facial images were displayed in a randomized order for 7
seconds each, followed by a 3-second response window during
which participants provided their pain ratings orally. Each task
began with a central fixation cross (2 seconds) to standardize
the initial gaze positioning, reducing the variability in the early
saccades [17].

C. Eye-Tracking Data Processing

We considered the Tobii I-VT filter in the pupil diameter
signal to fill in gaps where valid data are missing [18]. After
that, the remaining gaps were filled using linear interpolation
[17].

Orsi et al. [17] have shown that 2 seconds of exposure to a
facial expression is sufficient for a neonatal pain assessment.
Based on this finding, we analyzed eye movement activities
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by dividing the experimental timeline into two distinct phases.
This time splitting allows us to distinguish between initial and
later visual behavior processing, providing insights into the
temporal dynamics of neonatal pain assessment.

Thus, we computed the number of occurrences of eye
movement activities for each participant, considering the fol-
lowing experimental analysis: (1) time course, considering
the signal eye-tracking data from O to 2 seconds, and from
2 to 7 seconds; (2) participant groups, with experts, non-
experts, and parents. For all of them, we calculated the metrics
compared to the corresponding fixation durations and counts
as representative traditional metrics of visual attention, and
the respective pupillary response diameter as a cognitive load
indicator. We have also analyzed these metrics according to the
following areas of interest clinically considered for facial pain
assessment [19]: eyes, region between eyebrows, forehead,
mouth, nasolabial grooves, chin, eyebrows, nose, and cheeks,
as illustrated in Fig. 2. The gaze positions were analyzed based
on these semantic clustering areas, independently of their exact
spatial position in the scene, to ensure robust comparisons
between time courses and participants.

The reasoning about the exploration-exploitation paradigm
is to capture quantitatively the meaning that when participants
explore the whole visual stimulus of the computer interface
technology, the numbers of saccades and short fixations tend
to increase, thereby increasing the mathematical ratio between
exploration and exploitation eye movements. In contrast, when
participants exploit the same parts of the stimulus, long
fixations become predominant, causing a decrease in this ratio.
However, long fixations are not always present in the eye-
tracking signal, resulting in a division by zero, especially in the
context investigated here with areas of interest. For this reason,
we normalized this standard ratio, as mathematically defined
by [12], proposing the following relative explore-exploit ratio

Fig. 1. Experimental procedure involving newborn faces [17].
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(EER):

EER — (saccades + short fizations)

(long fizations) + (saccades + short fizations)’

where the parameter saccades represents the number of
saccades; and long fizations and short fizations are the
number of fixations longer than 200 milliseconds and shorter
than 100 milliseconds, respectively. We set these values in all
experiments as suggested by [15].

To measure changes in pupil size, we first applied a low-
pass Butterworth filter to the data, following the findings in
[20]. The filter was designed with a cutoff frequency (1.6
Hz), allowing only low-frequency components to pass while
reducing luminance-driven effects. The first value of the pupil
size was used as a baseline for each subject’s task. In other
words, the trials were segregated according to the neonatal
image case, resulting in a TEPR per face image per participant.
For each gaze point, the pupil diameter at that moment was
subtracted from the baseline. The absolute deviations were
then averaged over the time course to produce a single value,
representing the average absolute change in the relative pupil
response (RPR). The reasoning here is that higher values of
RPR describe quantitatively larger deviations from the baseline
and, consequently, greater changes in visual cognitive state.

IV. RESULTS

Fig. 3 shows the average of EER and Fig. 4 the average of
RPR calculated from each time course and sample group of
participants.

We first tested the normality of the data using the
Kolmogorov-Smirnov test [21]. As the normality assumption
was not met, we applied the Wilcoxon signed-rank tests [22]
to determine the performance of the metrics and calculate
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Fig. 2. Areas of interest clinically associated with the assessment
of facial pain. 1) left eye (1L) and right eye (1R); 2) between
the eyebrows; 3) forehead; 4) mouth; 5) left (SL) and right (5SR)
nasolabial grooves; 6) chin; 7) left (7L) and right (7R) eyebrows; 8)
nose; 9) left (9L) and right (9R) cheeks; and 10) other regions of the
face [19].

Time Course
— ()-25
| —2-7s

e
n
r:]

Relative Explore-Exploit Ratio

0.58 4

0.57

0.56

T
experts non-experts parents

Fig. 3. Relative explore-exploit ratio calculated as the average of EER
considering all tasks per time course and participant group.

the corresponding statistical differences. Specifically, for the
expert group, a significant difference (p < 0.05) was observed
between the initial (0 - 2 s) and later (2 - 7 s) intervals of
their EER results (Fig. 3), with p = 0.0056. Non-experts
and parents did not reach such statistical significance, with
p = 0.0664 and p = 0.0862, respectively. Moreover, it is
important to note in Fig. 3 that the experts had the lowest
EER, implying that they spent more time focusing on specific
areas of interest than scanning or exploring new regions.
Analogously, as illustrated in Fig. 4, the group of expert
samples had a greater relative pupil response, implying a
greater change in cognitive state. This result suggests that this
behavior occurred because experts were in an important pro-
fessional decision-making situation that could influence their
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Fig. 4. Relative pupil response (RPR) calculated as the average of
the absolute diameter variation from a baseline value, considering all
tasks per time course and participant group.

choice to perform correctly. In contrast, for the group of non-
expert samples, composed of participants with no professional
or personal experience on this matter, it is reasonable that they
achieved the lowest result regarding the change in cognitive
state, as shown in Fig. 4. Statistical analyses confirmed these
observations. For experts, the difference between the early (0
— 2 s) and later (2 — 7 s) intervals was highly significant
(p < 0.001). Similarly, significant differences were observed
for non-experts (p < 0.001) and parents (p < 0.001).

It is worth noting the inverse relationship between the
EER and RPR metrics, particularly within the 0-2 s time
course. During this initial period, experts exhibited lower
EER values, indicating more focused visual attention, suggest-
ing less exploratory behavior and more targeted information
processing. Simultaneously, their higher RPR values reflect
increased cognitive engagement. This inverse pattern suggests
that, early in the task, experts not only directed their gaze more
efficiently but also experienced greater cognitive effort during
the decision-making process.

Fig. 5 provides a visual mapping of the proposed (EER and
RPR) and traditional eye-tracking metrics (fixation count and
fixation duration) in all the groups of participants (experts,
non-experts, and parents) and time intervals (0-2 seconds and
2-7 seconds) considered. Each facial colored map represents
the normalized metric values distributed among the specific
areas of interest, highlighting variations in visual patterns. For
instance, in the first 2 seconds, the chin, cheeks, and nasolabial
grooves were the most dominant areas of interest in cognitive
load, according to our metrics. However, the traditional eye-
tracking measures - fixation count and fixation duration -
indicate that the nose was the dominant area of interest in all
groups. This result is consistent with previous research [23],
suggesting that the nose serves as a central spatial position
within facial images, facilitating a holistic analysis of neonatal
pain expressions.
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Fig. 5. Mapping of all areas of interest. Each color represents the average metric value for each area of interest, calculated for all tasks, time

courses, and participant groups.

V. DISCUSSION

This work focused on studying the visual behavior and
pupillary response of experts, non-experts, and parents while
analyzing frontal face images of distinct newborns before and
after painful procedures.

Comparing the time courses across all sample groups of
participants, we showed (Fig. 4) that the RPR within the first
two seconds was significantly larger than those observed in the
remaining signal, indicating an immediate cognitive response
at the beginning of the visual stimuli for all participants.
Furthermore, we found (Fig. 3) that the EER was lower in
the same initial time interval considered. However, this effect
reached a statistically significant difference only within the
expert sample group. These results, when considered along-
side the findings of Orsi et al. [17], highlight that pupillary
responses and associated visual behaviors play a critical role in
this decision-making process, particularly within the first two
seconds of exposure to the visual stimuli under investigation.
Consequently, it reinforces and emphasizes the rapid and
decisive nature of the visual cognitive process in neonatal pain
assessment, particularly to the experts.

Tamanaka et al. [19] quantified that the nose area is con-
sistently a focal visual point during the pain assessment of
newborns for the same groups, regardless of the number of
fixations and the time spent looking at the same areas of
interest considered here. We extended this finding incorpo-
rating additional measures. As a result, we identified that the
areas of interest to which participants direct their gaze do not
necessarily reveal the cognitive meaning of what they look at.
For example, while the nose may capture most of the visual
attention (Fig. 5, third and fourth rows), the corresponding
relative pupil response and explore-exploit ratio (Fig.5, first
and second rows, respectively) indicate that this area may not
contribute to the decision-making process as the other regions
of the face. This outcome reveals an important difference
between the face regions participants look at and the way in
which they process the visual information they gather during
the cognitive process of assessing neonatal pain.

A common issue related to the explore-exploit paradigm
is how to precisely determine the numerical boundaries be-
tween short and long fixations in a specific visual-cognitive
experimental context and whether long fixations always reflect
cognitive efforts related to the corresponding fixation areas.
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For instance, the participant may be in a visually stationary
state just because of the experimental setup, in which the
participant is normally asked not to look away from the screen.
For this reason, we also used the RPR metric in conjunction
with the EER to better explain visual behavior in cognitive
decision-making tasks. We combined as well fixation count
and duration as a reference for comparison. These results are
presented in Fig. 6, which shows the main areas highlighted
by each combination of metrics, confirming the distinctive
importance of the decision making of the nasolabial grooves
for experts in both time intervals considered.

VI. CONCLUSION

This work approached the cognitive task of assessing neona-
tal pain, investigating visual and pupillary behavior in such a
vital decision-making process. Intuitively, it is natural to think
that the regions of visual stimuli with the greatest number
and duration of fixations are the ones of greatest interest to
the participants and consequently where they promote the
greatest cognitive load. However, we show here that these
traditional metrics may not be the main gaze results to properly
discriminate the most dominant cognitive areas of interest, nor
the expected differences between the groups of participants
with or without clinical experience.

By introducing and applying the EER and RPR metrics,
we provide new insights into how professionals and non-
professionals visually engage with newborn facial expressions
to assess pain. These findings underscore the potential for
improving clinical pain assessment in neonatology, supporting
the development of more objective, nuanced tools and training
protocols that go beyond standard fixation-based analysis.

The central contribution of this study lies in the advance-
ment of methods for understanding how visual and cognitive
mechanisms are specifically related to the detection and evalu-
ation of pain in infants - a task that has significant implications
for early intervention, patient outcomes, and clinical decision-
making in neonatal care. Nevertheless, we believe that our
methodology can be used in a broader context involving other
cognitive tasks.

Although the sample size of the tasks is limited, the ex-
ploratory data set was selected due to the availability of high-
quality experimental data with ethical approval. In particular,
other studies using the same dataset have reported significant
results, as in [17], [23]. In future work, we suggest incorporat-
ing a larger and more diverse dataset to generalize and extend
current findings. Additionally, we will consider including short
and long saccade distances in the EER metric. Analogously
to how short and long fixation durations are understood, we
hypothesize that a longer saccade amplitude corresponds to
greater visual exploration. By analyzing these saccade patterns
as well, we aim to gain further insight into the strategies
individuals use to engage visually with their environment for
decision making.
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