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Abstract

Objective: Pupillometry is a noninvasive method which measures changes in the size of the pupil
intending to study cognitive processes and identify networks that are related to specific attentional
states such as attention, mental effort, working memory, and many others, through monitoring pupil
size. This study aimed to investigate hotspots and global research trends in the field of pupillometry
by bibliometric analysis. Methods: Publications from 1999 to 2025 in the Web of Science database
were extracted and analyzed using bibliometric methods. This study utilized the R Bibliometrix
package, along with the web platforms VOS Viewer and CiteSpace. Results: A total of 2,897 peer-
reviewed documents were obtained, and the annual research output from 1999 to 2025 has increased
significantly. The role of pupillometry in this research has been investigated by over 11,534 authors
coming from 3,019 institutions in 89 countries or regions. According to the report, the United States
had the highest number of publications, while Psychophysiology was the most productive journal.
Amongst the most active academic institutions, the University of Toronto stood out as the most
active, and among the most prolific authors, Olson Daiwai emerged as the most prolific. We found
that keywords from pupillometry related including locus-coeruleus (304 occurrences), attention (240
occurrences), pupil (239 occurrences), pupillary light reflex (237 occurrences), and retinal ganglion
cells (135 occurrences) had high frequency and among the strongest citation burst keywords,
“infrared pupillometer”, “in situ keratomileusis”, “retinal ganglion cells”, and “refractive surgery”
showed citation bursts from 1999 to 2025, corresponding with the increase in published documents.
Conclusions: It can be noted that this study was the first comprehensive bibliometric study to
summarize trends and developments in pupillometry research from a bibliometric perspective. By
analyzing bibliometric data on development trends in pupillometry development trends, developers
or researchers would be able to propose future research directions as well as pursue further
collaborations.

Keywords: pupillometry; pupillary light reflex (PLR); bibliometrics analysis; CiteSpace; VOSviewer

Introduction

Irene Loewenfeld, in her monumental two-volume monograph on pupillometry (1999), noted
that there is centuries-old anecdotal and semi-scientific observations have suggested that pupil
diameter varies not only in relation to the amount of light entering the eye but also — sometimes
visibly — to an individual’s internal states [1]. The pupil, an aperture within the iris, plays a critical
role in the ocular system by regulating the entry of light into the eye, thereby enabling vision through
its focused projection onto the retina. In humans and many animals, the pupil is typically circular in
shape, though exceptions exist, such as in domestic cats. The size of the pupil is controlled by two
sets of smooth muscles within the iris: the sphincter (or constrictor) muscles, which reduce its
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diameter, and the dilator muscles, which increase it. These dynamic changes in diameter serve to
regulate the amount of light reaching the retina, thereby optimizing visual perception [2,3]. In
relatively low-light conditions, the pupil dilates, while in brighter environments, it constricts. This
process, known as the pupillary light reflex (PLR), is clinically utilized to assess the functionality of
the visual system and diagnose optic nerve disorders [4]. A common clinical application of this reflex
is exemplified when medical personnel use a penlight to evaluate a patient’s pupillary response [5].
The PLR is mediated by afferent input from the retina via the optic nerve to the pretectal nucleus in
the midbrain and efferent parasympathetic fibers from the Edinger-Westphal nucleus to the sphincter
pupillae muscle via the oculomotor nerve. Dilation, conversely, is governed by sympathetic
pathways originating in the hypothalamus, descending to the spinal cord, and then traveling through
the superior cervical ganglion to innervate the dilator pupillae muscle. There are, however,
significant postgeniculate influences on the pupillary light reflex [6]. A large number of studies
reported that patients with post-geniculate lesions had reduced pupillary light reflex in the blind
hemifield [7-9]. Also, lesions of the visual cortex can produce pupillary hypokinesia, and
psychophysical studies indicate that cortical inputs can affect the pupillary light reflex possibly
through pretectal projections [10,11]. Disruption at any point in this reflex arc—from the retina and
optic nerve to the brainstem and iris—can alter pupillary dynamics [12]. Otto Lowenstein and Irene
Loewenfeld inaugurated a new era in pupillary research through the development of infrared video
pupillography (IVP) [13]. Building upon Loewenfeld’s seminal contributions and, more recently, the
discovery of melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs),
pupillography has gained renewed interest and broader application in ophthalmology, psychology,
and psychiatry [14]. Traditionally, infrared video pupillography was regarded as most effective for
detecting moderate to severe optic neuropathies due to variability in pupillary light reflex (PLR)
amplitudes. However, recent studies indicate that chromatic pupillometry and advanced analyses of
pupillary responses can sensitively detect early dysfunction of retinal ganglion cells and the optic
nerve [15-17]. Pupillometry, by quantifying these changes, becomes a non-invasive window into both
ophthalmic and neurological health.

Pupillometry, the study of changes in pupil diameter as influenced by cognitive processing, has
garnered significant attention in recent years. While the investigation of pupil behavior has long been
a focus of ophthalmology and optometry research, the field of pupillometry has undergone
considerable growth over the past two decades. Initially, assessments involved the use of a flashlight
aimed at the pupil to evaluate consciousness impairment [18, 19]. However, with advancements in
technology, it is now possible to precisely measure pupil diameter and perform more sophisticated
assessments. The development of infrared cameras has enabled more precise measurement of the
pupillary light reflex (PLR), leading to the emergence of various types of pupillometers, including
smartphone pupillometers, portable infrared pupillometers, pupillometers with goggles, eye tracker
pupillometers, and expensive desktop pupillometers [20-24]. Most studies employing pupillometry
have been conducted in laboratory environments, where participants are dark-adapted and
illumination is tightly controlled [25-27]. However, given the numerous potential applications of
pupillometry, it is desirable to develop instruments suitable for use in applied settings such as the
home, workplace, sports field, or roadside. Recently, more affordable and accessible devices have
been introduced for PLR measurement [20,21,28,29]. Notably, smartphone-based software
applications now utilize the iPhone’s camera to record pupil responses while using its flash to deliver
light stimuli. Contemporary studies indicate that the pupillary response to light can assist specialists
in diagnosing various conditions [30-32]. Abnormalities in pupil size and shape have been correlated
with changes in intracranial pressure (ICP) [33-35]. Under normal conditions, when the PLR is intact,
light exposure across the pupil leads to a reduction in its diameter [36]. The pupillary response is
regulated by the autonomic nervous system, with key metrics such as maximum constriction velocity
and relative constriction amplitude serving as reliable indicators for detecting parasympathetic
dysfunction [37-39]. The dynamics of the PLR exhibit a consistent sequence, which can be categorized
into four distinct phases based on temporal variations in pupil size: response latency, maximum
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constriction, pupillary escape, and recovery [40,41]. Automated pupillometry allows for the
quantification of three of these phases—Ilatency, constriction velocity (CV), and dilation velocity
(DV). The amplitude of contraction, CV, and DV are influenced by the intensity and duration of the
applied stimulus [42]. While traditional PLR assessments are dependent on clinician skill and the
properties of the light source (intensity and duration), modern pupillometry benefits from
technological advancements in high-speed cameras and computational technology, facilitating
precise and reproducible measurements [43]. The modern pupillometer, a handheld device, allows
for quantitative assessments with exceptional accuracy, and the following eight parameters were
automatically quantified: initial pupil diameter (mm), contraction amplitude (mm), contraction
latency (ms), contraction duration (ms), contraction velocity (mm/s), dilation latency (ms), dilation
duration (ms), and dilation velocity (mm/s) (Figure 1A) [44—46].
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Figure 1. (A) Key components of the pupillary light reflex. (B) A flowchart representing retrieval strategies for
pupillometry articles from the WOS SCI-Expanded database and the inclusion criteria for the study. (C) The
whole flow chart of bibliometric analysis for pupillometry in this study.
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Since 1999, a significant body of literature has emerged in the field of pupillometry. Bibliometric
analysis, which employs statistical and mathematical techniques to examine large volumes of
scientific documents, has become an essential tool for tracking the evolution of this field. Mapping
knowledge domains (MKD), a method that reveals emerging research areas and knowledge
structures, utilizes document analysis software such as VOSviewer and CiteSpace to generate visual
representations of scientific trends [47-49]. The aim of this bibliometric analysis is to systematically
evaluate academic output in the field of pupillometry, providing insights into publication trends
from 1999 to 2025. Metrics such as publication volume, source journals, author productivity, co-
authorship networks, co-citation patterns, and international collaborations will be analyzed.
Additionally, MKD will highlight underexplored domains within pupillometry, offering a
comprehensive overview of the field’s development.

Materials and Methods

Data Source

Although several databases can meet the needs of global-level analyses [50], we chose the
Science Citation Index Expanded (SCI- Expanded, 1999-present) of the WoS Core Collection (WoSCC)
database for our evaluation. The WoSCC database covers more than 12,000 international scientific
journals with great impact and quality and is the most applied database for bibliometric analysis
[51,52]. Apart from the general literature search, it also possesses an important function of citation
index searching, which helps assess the academic performance of literature in a specific field [53].

Search Strategy

The online SCI Expanded database was used as the data source. The search query was
designated as pupillometry (Topic) or pupillometer (Topic) or pupillography (Topic) or pupillogram
(Topic) or pupillometric (Topic) or pupillographic (Topic) or afferent pupillary defect (Topic) or
swinging flashlight test (Topic). The language criterion was restricted to "English," and only "articles
or reviews" published between 1999 and 2025 were included, as illustrated in Supplementary Table
S1. Scotland, England, Wales, and Northern Ireland were four distinct administrative entities, and
papers from these regions were evaluated independently rather than collectively as the United
Kingdom. Hong Kong was incorporated into the People's Republic of China (PRC). Our emphasis
encompassed publications from 1999 to 2025, with the search conducted on December 01, 2025. The
file was exported in "plain text" format, with the option for "full record and cited references" chosen.
Essential details of each document, including countries, organizations, authors, title, journal, abstract,
keywords, and references, were extracted. The comprehensive data retrieval procedures and
inclusion criteria for this investigation are encapsulated in Figure 1B.

Mapping Analysis

In this research, a visualized bibliometric analysis was generated using the VOSviewer software
(www.vosviewer.com) version 1.6.17 [49]. This software facilitates the creation of visual bibliometric
maps and node-link diagrams, encompassing research trend data, including countries, publications,
and researchers, as well as network information from co-cited reference and co-authorship analyses.
Keywords articulate the theme of scientific literature, and the clustering of analogous keywords
resulted in co-occurrence keyword clusters, which can be utilized to investigate the knowledge
structure and hotspots within this research domain.

Full records and cited references of all publications in TXT format were obtained and assembled
from WoSCC, subsequently imported into CiteSpace 6.3.3., 64 bits basic (Drexel University,
Philadelphia, PA, USA), VOSviewer 1.6.20 (Leiden University, The Netherlands), Microsoft Excel
2019, and one online platform (https://bibliometric.com), according to the software demanded for
visual analysis and data analysis.
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This study examined country scientific production, three field plots (co-cited references, authors,
keywords), author production over time, author impact (H-index), and thematic evolution utilizing
the R language-based Bibliometrix Package (version 5.1.0), which can display the publications of the
ten most prolific authors over the past 25 years and delineate the evolution of research topics.

In addition to the software referred to above, bibliometric analysis software
(https://bibliometric.com/) was applied to study collaboration relationships among countries. Figure
1C summarizes the entire process of bibliometric analysis.

Results

Publication Output and Development Trend

The WOS database comprises 2,897 publications pertaining to pupillometry from 1999 to 2025.
The papers were examined based on the year of publication (Table 1). The analysis indicated that
between 1999 and 2025, the total number of publications rose from 32 to 257. The number of papers
published in 2021 was the highest (9.49%). As shown in Figure 2A, publications and citations have
increased annually, indicating that citation changes are approximately in sync with the number of
published documents.

Table 1. The quantity of pupillometry research in terms of years.

Year Publications Citations
1999 32 6
2000 31 32
2001 27 60
2002 28 86
2003 36 147
2004 49 249
2005 38 331
2006 45 452
2007 50 501
2008 53 548
2009 61 704
2010 49 931
2011 55 1,049
2012 62 1,217
2013 77 1,434
2014 87 1,601
2015 107 2,020
2016 100 2,230
2017 128 2,629
2018 151 3,417
2019 202 4,453
2020 213 5,050
2021 275 6,686
2022 228 6,732
2023 218 7,093
2024 238 7,941
2025 257 7,923
Total 2,897 65,552
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Figure 2. Trends in the growth of publications and the number of cited articles worldwide from 1999 to 2025.

(A) The annual publication, and annual citation. (B) The annual publication in the top 10 countries.

Analysis of Leading Countries/Regions

The countries that made the greatest contributions are presented in Table 2. A distribution world
map and network map of pupillometry research are shown in Figure 2B, Figure 3A, and Figure 3B,
respectively. Among 89 countries and regions that have contributed to the publications in this field,
the United States contributed the largest number of publications (1,086 articles, 37.48% of all the
articles), followed by Germany (351, 12.11%), England (267, 9.21%), and Netherlands (168, 5.79%).
While the United States had the highest number of citations (29,243 citations), followed by those from
the Germany (8,482 citations), England (7,380 citations), and Netherlands (6,251 citations), and the
rest are all less than 4,000 citations. The USA had the highest centrality (38%), followed by England
(30%), Australia (23%), Italy (13%), Germany (12%), and Netherlands (10%). According to the country
co-authorship analysis, there was a high degree of communication among countries. Each node
represents the influence of a country, with larger nodes representing more influence. The links
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between nodes indicated the level of cooperation across countries; the distance and strength of links
reflect the proximity of collaboration in the field of pupillometry (Figure 3C).

Table 2. The top 10 countries contributed to publications in the pupillometry field.

Rank Country Documents Citations Citation/ Document (%) Centrality  Total link strength

1 USA 1,086 29,243 26.92 0.38 440
2 Germany 351 8,482 24.16 0.12 274
3 England 267 7,380 27.64 0.30 254
4 Nethzﬂand 168 6,251 37.20 0.10 211
5 Canada 146 3,332 2.82 0.01 127
6 Italy 145 3,435 23.68 0.13 192
7 France 136 3,483 25.61 0.07 132
8 Australia 135 3,784 28.02 0.23 124
9 Japan 122 1,703 13.95 0.04 56
10 China 106 1,003 9.46 0.05 47
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Figure 3. Countries and institutions related to pupillometry research published worldwide. (A) The distribution
world map of pupillometry. (B) Network map of the country distribution for pupillometry. (C) Distribution of
main countries from 1999 to 2025 in the pupillometry field. The minimum number of a country’s number was
set as 5. A total of 53 countries met the threshold of 89 countries. (D) Cooperation network of main research
organizations from 1999 to 2025 in the pupillometry field. The minimum number of documents of an

organization was set as 5. A total of 306 organizations of the 3,019 organizations met the threshold.
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Analysis of Leading Organizations

It has been reported that 3,019 institutions have published articles on using pupillometry in the
past 25 years and the top 10 organizations accounted for 13.60% (394 documents) (Table 3). Among
3,019 institutions that appeared at least 5 times, the remaining 306 meet the thresholds (Figure 3D).
Four of the top 10 most productive institutions are from the US. The University of Toronto (Canada,
46 articles) was the preeminent university in terms of publication, followed by the, the University of
Pennsylvania (USA, 43 articles), University of Tubingen (Germany, 43 articles), University of Oslo
(Norway, 41 articles), Johns Hopkins University (USA, 40 articles), the University of Pittsburgh (USA,
40 articles), Australian National University ( Australia, 37 articles), University of Copenhagen
(Demark, 36 articles), University of California San Francisco (USA, 35 articles), and Technical
University of Denmark (Demark, 33 articles). The distribution links of research organizations were
established using VOSviewer to map the network (Figure 3D). The node size indicated the quantity
of published documents, while the link strength reflected the degree of collaboration.

Table 3. Top ten productive organizations from 1999 to 2025 in the pupillometry field.

Citation/ Document

Rank Organization Country Documents Citations %) (%) Centrality
1 University of Toronto Canada 46 1,134 24.65 0.05
2 University of Pennsylvania USA 43 2,517 58.53 0.08
3 University of Tubingen Germany 43 980 22,79 0.03
4 University of Oslo Norway 41 1,047 25.53 0.03
5 Johns Hopkins University USA 40 770 19.25 0.11
6  University of Pittsburgh USA 40 1,099 27.47 0.05
7 Australian National University Australia 37 580 15.67 0.01
8 University of Copenhagen Denmark 36 377 10.47 0.02
9 Unive.rsity of California San USA 35 1162 33.20 0.06

Francisco
10 Technical University of Denmark Denmark 33 938 28.42 0.01

Distribution of Authors and Co-authors

Approximately 11,534 authors contributed to 2,897 documents. Olson Daiwai authored the most
publications (34 articles), followed by Meddess Ted (33), Laeng Bruno (29), Wilhelm Barbara (28),
Wihelm Helmut (27), Wendt Dorothea (26), Aiyagari Venkatesh (25), Peters Tobias (22), Stutzman
Sonja E (22), and Kramer Sophia E (21) (Table 4, Figure 4A). Author co-citations were analyzed to
ascertain the authors' comparative impact in the field of pupillometry. Analysis results show that
there are 50,103 co-cited authors, Beatty ] (527 co-citations), followed by Kahneman D (515 co-
citations) and Zekveld AA (494 co-citations) were the three top-ranked co-cited authors (Table 4).
Using VOSviewer to map the network, the links of co-authorships distribution research were
constructed (Figure 4B). Node size indicates the number of documents, and increased links indicate
greater cooperation between these authors. Moreover, Figure 4A shows the publication timelines for
the 10 most active authors. Wilhelm Barbara and Wihelm Helmut had the longest period in
publication on the pupillometry field. Besides, Wihelm Helmut had the highest number of impact
measures (18 H-index), followed by James Ac (16), Kardon Rh (16), Maddess T (16), Wilhelm Barbara
(16), Kramer Se (15), Aiyagari Venkatesh (14), Wendt D (14), Zekveld Aa (14), and Bradshaw Cm (13)
(Figure 4C).

Table 4. Top ten productive authors and co-cited authors from 1999 to 2025 in the pupillometry field.

Rank Author Documents Citations H-index i(::;fj Citations Total link strength
1 Olson Daiwai M 34 703 13 Beatty ] 527 14,690
2 Meddess Ted 33 554 16 Kahneman D 515 14,743
3 Laeng Bruno 29 956 13 Zekveld AA 494 16,363
4 Wilhelm Barbara 28 398 16 Larson MD 457 6,607
5 Wihelm Helmut 27 553 18 Aston-jones G~ 454 13,492
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Wendt Dorothea 26 788 14 Laeng B 414 10,003
Aiyagari Venkatesh 25 696 14 Joshi S 412 11,224
Peters Tobias 22 442 13 Murphy PR 374 11,651
Stutzman Sonja E 22 423 12 Unsworth N 366 12,517
10 Kramer Sophia E 21 1,735 15 Mathot S 340 8,967
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References Year Strength Begin End 1999 - 2025
Kardon R, 2009, OPHTHALMOLOGY, V116, P1564, DOI 10.1016/j.0phtha.2009.02.007, DOL 2009 16.65 2010 2014
Kankipati L, 2011, INVEST OPHTH VIS SCI, V52, P2287, DOI 10.1167/iovs.10-6023, DOL 2011 15.92 2011 2016
Kankipati L, 2010, INVEST OPHTH VIS SCI, V51, P2764, DOI 10.1167/i0vs.09-4717, DOL 2010 14.66 2011 2015 ii—r
Kardon R, 2011, OPHTHALMOLOGY, V118, P376, DOI 10.1016/j.0phtha.2010.06.033, DOL 2011 12.72 2011 2016
Park JC, 2011, INVEST OPHTH VIS SCI, V52, P6624, DOI 10.1167/iovs.11-7586, DOL 2011 19.71 2012 2016 .
Feigl B, 2011, INVEST OPHTH VIS SCI, V52, P4362, DOI 10.1167/iovs.10-7069, DOL 2011 12.56 2012 2016 A— a
Lacng B, 2012, PERSPECT PSYCHOL SCI, V7, P18, DOI 10.1177/1745691611427305, DOL 2012 20.97 2013 2017
Murphy PR, 2014, HUM BRAIN MAPP, V35, P4140, DOI 10.1002/hbm.22466, DOL 2014 28.36 2015 2019 - -
Alnaes D, 2014, J VISION, V14, PO, DOI 10.1167/14.4.1, DOL 2014 19.78 2016 2019 - —
Joshi S, 2016, NEURON, V89, P221, DOI 10.1016/j.neuron.2015.11.028, DOL 2016 3851 2017 2021
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Figure 4. Analysis of authors, keyword co-occurrence and references involved in pupillometry field. (A)
Timeline distribution of publications from the top 10 active authors. (B) Co-authorship network of productive
authors from 1999 to 2025 in the pupillometry field. The minimum number of documents of an author was set
as 5. A total of 174 authors met the threshold of the 11,534 authors that were involved in this study. (C) Author
local impact by H-index. (D) Top 25 references with the strongest citation bursts involved in the pupillometry

field. (E) Sources’ local impact by H-index.
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As the term implies, "bursts" denote a number of references emerging during a specific
timeframe, indicative of popular topics within that interval. Figure 4D displays the top 25 co-cited
references exhibiting the most significant citation bursts. In 2010, the first instance of a citation burst
was detected, and in 2023, the most recent instance of a citation burst was recorded. The highest burst
strength for pupillometry research was from Joshi S et al. [54] (2016, 38.51 strength), Joshi S et al. [55]
(2020, 34.43 strength), Murphy PR et al. [56] (2014, 28.36 strength), , Mathot S et al. [57] (2018, 26.01
strength), Pauline van der Wel et al. [58] (2018, 23.37 strength), Christoph Strauch et al. [41] (2022,
23.13 strength), and Laeng B et al. [59] (2012, 20.97 strength). Moreover, Charlotte A Hall et al. [60]
(2018), Mariska E Kret et al. [61] (2019), Joshi S et al. [55] (2020), and Christoph Strauch et al. [41]
(2022) received more attention in recent years (Figure 4D).

Distribution of Journals

A total of 2,897 academic documents originated from 682 journals. Table 5 enumerates the top
10 most prolific journals, accompanied by their impact factors, as well as the top 10 predominant
study domains within the leading journals. Of the 682 productive journals published at least five
times, the remaining 154 productive journals meet the thresholds. Table 5 presents the ten most
prolific journals and co-cited journals in pupillometry research, accounting for 19.22% of all
publications in these journals. The top 5 journals in terms of publication volume were
Psychophysiology (79 articles, 2.72%), Scientific Reports (74 articles, 2.55%), Plos One (74 articles,
2.55%), Investigative Ophthalmology & Visual Science (69 articles, 2.38%), and Journal of Cataract
and Refractive Surgery (53 articles, 1.82%). The H-index of the top 10 most prolific journals indicates
that Investigative Ophthalmology & Visual Science possesses the highest impact measures, each with
an H-index of 30, followed by Psychophysiology (27), International Journal of Psychophysiology (25),
Journal of Cataract and Refractive Surgery (25), Plos One (25), Ophthalmology (22), Graefes Archive
for Clinical and Experimental Ophthalmology (18), Frontiers in Neurology (16), Scientific Reports
(16), and American Journal of Ophthalmology (15) (Figure 4E).

Table 5. The top 10 journals and research areas in the study of pupillometry.

Rank Journal Country Documents Citation Total link IF (2024) ?o-ated Citations Total link

(%) s strength journal strength

1 Psychophysiology ~ USA 79(272) 3,106 913 29 10VS 3,008 150,007

2 ScientificReports England 74 (255) 897 636 29 PSyChogP;ysmlo 2,593 157,620

3 Plos One USA 74 (2.55) 1,993 621 3.8  Ophthalmology 2,045 84,424

4 10VS USA 69(238) 2,656 940 50 Journalof ) o 135,029

Neuroscience
Journal of Cataract
5 and Refractive USA 53 (1.82) 1,473 358 2.6 Plos One 1,760 108,990
Surgery

Graefes Archive for
6 Clinical and USA 48(1.65) 848 392 23 Science 1,629 96,516
Experimental
Ophthalmology

International Journal Netherlan

7 of Psychophysiology ds 46 (1.58) 1,714 422 2.7 Neuroimage 1,526 102,829
Frontiers in Switzerlan American
8 ontiers 1 e 42(1.44) 986 602 29 Journalof 1,426 97,259
Neurology d
Ophthalmology
Journal of Neuro- ;g 37(127) 721 152 2.6 Neuron 1,414 55,775
ophthalmology
Ophthalmic Plastic Ear and
10  and Reconstructive USA 35 (1.20) 330 599 1.3 Hearin. 1,346 75,559
Surgery 8

IOVS, Investigative Ophthalmology & Visual Science; PNAS, Proceedings of the National Academy of Sciences
of the United States of America.
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Distribution of Co-Cited References

A total of 75,461 cited references were retrieved in the co-citation analysis. The ten most co-cited
references pertinent to pupillometry study were identified and enumerated in Table 6. Among the
75,461 referenced citations, 80 co-cited references were quoted a minimum of 60 times in the field of
pupillometry (Supplementary Table 2). Aston-jones G et al. [62] (2005, 359 citations, 6,684 total link
strength), Joshi S et al. [54] (2016, 271 citations, 4,667 total link strength), Beatty ] et al. [63] (1982, 263
citations, 4,362 total link strength), and Kahneman D et al. [64] (1996, 260 citations, 4,642 total link
strength) were the most selected prolific co-cited references among all 75,461 cited references.

Table 6. Top ten co-cited references in pupillometry research from 1999 to 2025 in the pupillometry field.

Total link

Rank Cited reference Title Citations
strength

aston-jones g, 2005, annu rev

. . An integrative theory of locus coeruleus-
neurosci, v28, p403, doi & Y

1 10.1146/annurev.neuro.28.06 nor.epinephrine function: adaptive gain and 359 6,684
1604.135709 optimal performance
joshi s, 2016, neuron, v89,  Relationships between Pupil Diameter and

2 p221, doi Neuronal Activity in the Locus Coeruleus, 271 4,667
10.1016/j.neuron.2015.11.028 Colliculi, and Cingulate Cortex
beatty j, 1982, psychol bull, Task-evoked pupillary responses, processing

3 v91, p276, doi 10.1037/0033- load, and the structure of processing 263 4,362
2909.91.2.276 resources
kahneman d, 1966, science,

4 ‘1/35141’21255222211 54.3756.158 Pupil diameter and load on memory 260 4,642
3
bradley mm, 2008,

5 psychophysiology, v45, The pupil as a measure of emotional arousal 220 3081
p602, doi 10.1111/j.1469- and autonomic activation !
8986.2008.00654.x

laeng b, 2012, perspect Pupillometry: A Window to the

6  psychol sci, v7, p18, doi Preconscious? 214 3,010
10.1177/1745691611427305 oo
hy pr, 2014, hum brai o . . -
- EZ;I;’ i,/ 3[»)51: p4140, ;(T ram ;uﬁﬂ r:;inlls?rsc;\;irllees x;v1th BOLD activity 193 3,765
10.1002/hbm.22466 " e coeried
hess eh, 1964, science, v143,
3 p1190, doi Pupil Size in Relation to Mental Activity 179 3302
10.1126/science.143.3611.119 during Simple Problem-Solving !
0
gilzenrat ms, 2010, cogn Pupil diameter tracks changes in control state
9  affectbehav ne, v10, p252, predicted by the adaptive gain theory of locus 169 3,530
doi 10.3758/cabn.10.2.252 coeruleus function
Sebastiaan, Mathot.(2018).
Pupillometry: Psychology, . .
Pupillometry: Psychol Physiology, and
10  Physiology, and Function. J vptrometry: Feychology, Thystology, an 157 2,267

Cogn, 1(1), 16. Function

doi:10.5334/joc.18

Distribution of Key Words: Hotspots of Pupillometry Study

It is especially important to note that we identified a number of potentially distinctive
characteristics of the pupillometry field. We selected significant keywords from the relationships
among the top 20 co-cited references, authors, and the evolution of keywords in pupillometry
research (Figure 5A). They are almost associated with the top 10 authors and co-cited references
(Tables 4 and 6).
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Figure 5B displayed word clouds containing author keywords. The keywords provided by the
author gave us additional valuable information. The present writers concentrate on the utilization of
the pupillometry techniques (Pupillometry, pupillography, eye tracking, pupillary light reflex,
responses, dilation) in potential mechanisms or clinical applications of neuro-ophthalmological
diseases, as well as topics in neuropsychology, neuropsychiatry, anesthesiology, and other related
fields (Glaucoma, myopia, traumatic brain injury, locus-coeruleus, Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, depression, schizophrenia, pain assessment, and postoperative pain, etc.)

The co-occurrence analysis of high-frequency keywords revealed the research hotspots in
pupillometry. The minimum co-occurrence frequency of a keyword was set as 20. Out of the 9,433
retrieved keywords related to pupillometry, 230 keywords satisfied the criteria. Keywords having
similarities were clustered based on the network. Table 7 enumerates the top 10 keywords for each
cluster. Figure 5C illustrates that 1,000 keywords can be categorized into five research clusters by color.
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cloudword for top 50 keyword co-occurrences. (C) Network visualization map of keyword co-occurrence
analysis using VOS viewer. All keywords are labeled. The size of the node reflects the occurrence frequency of
a certain keyword. The larger the size of the node is, the more frequently the keyword co-occurs. VOS viewer
marks keywords with different colors, and the color of the nodes and labels indicates the cluster in which they
belong to. Closely related keywords are grouped into one cluster with the same color. The higher the quantity

of co-occurrences of two keywords, the closer will they be located in the network.

Table 7. Co-occurrence analysis of keywords. Top 10 keywords in the 5 clusters.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
. . - Heart rate
Pupillometry (1069) Pupil (239) Locus-coeruleus (304) Cognition (60) variability (99)
Pupillary light reflex Retinal ganglion cells . Speech perception .
(237) (135) Attention (240) (49) Pain (66)
Eye tracking (112) Eye (113) Brain (97) COgmtl(Zg)CoerI Analgesia (51)
Infrared pupillometry . Autonomic nervous  Autism spectrum
87) Melanopsin (111) system (96) disorder (46) Heart rate (46)
Pupillography (83) Glaucoma (83) Working-memory (96) Anxiety (45) Cardiac arrest (41)
Quantitative Afferent pupillary Traumatic brain injury . .
D 41 A h
pupillometry (70) defect (73) (85) epression (41) nesthesia (36)
Pupillometer (68) Cone (51) Imracraf}?;)pressure Stress (31) Morphine (27)
A.utomated Rod (42) Alzheimer’s disease  Sustained attention Pain assessment (18)
pupillometry (61) (53) (28)
Dynamic gil)jlllometry Optic neuritis (35)  Multiple sclerosis (53) Schizophrenia (24) Postope(r1a5t)1 Ve pam
Chromatic . Parkinson's disease . .
pupillometry (22) Myopia (35) 36) Dementia (18) Diazepam (9)

The numbers in brackets represent the frequency of keywords according to the co-occurrence.

Co-Evolutionary Pathway in the Study of Pupillometry

The keywords' evolution over time is illustrated in Figures 6A and B. Citespace is utilized to
generate co-evolutionary pathways and numerous significant keywords, including “Locus
coeruleus”, “Melanopsin”, “Traumatic brain injury”, “Listening effort”, “Autonomic nervous
system”, “Refractive surgery”, “Intracranial pressure”, “Ocular trauma”, “Pupillographic sleepiness
test”, and “Covert attention”. The top 25 co-occurrence keywords are shown in Supplementary Table
3. Moreover, the top 25 strongest citation burst keywords were identified, and among these
keywords, “infrared pupillometer”, “in situ keratomileusis”, “retinal ganglion cells”, and “refractive
surgery” showed the most citation bursts from 1999 to 2025, corresponding with the increase in

published documents (Figure 6C).
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Figure 6. | Keyword strongest citation burst and evolution in studies of the pupillometry. (A) Major keywords
evolution of pupillometry research. (B) Evolutionary pathway in the study of pupillometry: The position of each
node represents when it first appeared, and the lines between nodes represent relationships between keywords.
The node colors represent different years, from cold to warm means period from 1999 to 2025. Bluish purple
indicates the previous keyword, and red indicates the latest keyword. Longer colored segments indicate a larger
reference time span. The flow of knowledge between clusters from cool to warm colors can also be observed
over time. (C) The top 25 burst keywords from 1999 to 2025 in the pupillometry field.

Discussion

General Information

In this analysis, we identified 2,897 publications related to pupillometry in the Web of Science
(WOS) database from 1999 to 2025. The number of academic documents serves as a key research
indicator, offering valuable insights into the development and emerging trends within a field. The
steady increase in the number of articles published over the past 25 years reflects the rapid growth of
pupillometry research within the medical domain. The University of Toronto (Canada), the
University of Pennsylvania (USA), and the University of Tubingen (Germany) were the most prolific
institutions and played significant roles in international collaborations. An analysis of co-authorship
patterns and author co-citations can provide a deeper understanding of individual researchers’
contributions and influence, highlighting the importance of collaborative efforts within the
pupillometry research community. The United States, Germany, and England were the leading
countries and made a great contribution to the publication in pupillometry (Table 2, Figure 3A, B, C)
[56,59,62-68]. The United States is the principal collaborator with Germany, England, the
Netherlands, and other nations. In addition, the United States ranks first in both the number of
citations and total link strengths within this domain. Furthermore, the centrality and citations of the
United States were 0.38 and 29,243, while that of the rest of the countries were less than 0.2 and 8,500
respectively, except for the centrality of England was 0.30 and Australia was 0.23. Geographical
distance may not significantly impact international cooperation. The results regarding publication
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and citation numbers indicate that the pupillometry field is undergoing rapid evolution, generating
considerable interest for future research.

The co-citation analysis identified pertinent subjects inside high-quality academic publications.
The ten most co-cited references primarily relate to novel methodologies considered pivotal in the
evolution of pupillometry. The Psychophysiology has the most publications related to pupillometry
(79 publications), yet the journal with the highest impact factor is Investigative Ophthalmology &
Visual Science (IF 2024 = 5.0), the only journal in the top 10 with an IF score > 5. The analysis of
research hotspots indicated that the domain of pupillometry extends beyond neurology,
ophthalmology, suggesting advancements in psychology, anesthesiology, psychiatry, critical care
medicine, experimental research medicine, and further fields, as illustrated in Table 5.

From the analysis of authors (Table 4, Figure 4A), Olson Daiwai (Corresponding author) from
the Department of Neurology and Neurotherapeutics, University of Texas Southwestern Medical
Center was the most prolific author and the longest period in publication. In addition, he and his
colleagues (Aiyagari Venkatesh, top 7; Stutzman Sonja E, top 9) contributed to the pupillometry
research. In addition, the member of this team was ranked seventh in the top ten of impact measures
(Figure 4C). Overall, pupillometry research serves as an advantageous conduit for author
collaboration. Additionally, the research team is the primary focus of collaboration, as the most
academicians are from different countries. Cooperation among researchers from different countries
should be strengthened, and beneficial terraces should be established, substantial advancements can
be realized by optimizing the clinical translation of research and facilitating the exchange of
technological innovations among scientists investigating disparities within the field of pupillometry.

Clinical Applications of Pupillometry

Ocular Accommodation and Convergence Eye Movements

When transitioning from viewing a distant to a near object, the near reflex is activated, involving
ocular accommodation, convergence, and pupil miosis, to ensure clear and single binocular vision.
Conversely, when focus shifts back to a distant target, ocular disaccommodation, divergence, and
pupil mydriasis occur [69]. It is well established that pupil diameter is influenced by the amount of
light reaching the retina. Therefore, controlling light conditions is crucial in pupillometry research.
Another potential confounder in pupil response is accommodation, as the pupil constricts during the
near reflex when focusing on a nearby object [70].

Ocular accommodation is the process by which the crystalline lens increases its dioptric power
to focus on an object of interest, ensuring a high-resolution foveal retinal image. Focusing on a nearby
object not only induces accommodation but also neurologically triggers convergence and pupillary
constriction, collectively known as the ‘near-triad’ [71]. Recent studies have discussed
accommodative infacility in concussion, a condition that reflects impaired accommodation.
Accommodative facility indirectly assesses the efficiency of the dynamic accommodative mechanism,
including the critical parameter of peak response velocity. Therefore, individuals with slower
accommodative responses to positive or negative flipper lenses would exhibit reduced facility [72,73].

In pupillometry research, two accommodation mechanisms are typically considered. First,
during mentally demanding tasks, participants may shift their accommodation level. For instance,
individuals may struggle to maintain focus on a visually presented problem and inadvertently gaze
into the distance. Second, when viewing pictorial stimuli with apparent depth cues, participants may
adjust their accommodation level in response to these cues. However, most studies investigating the
effect of mental demands on pupil size do not measure accommodation, while those examining the
effect of depth cues on accommodation or vergence often omit pupil size measurements [74,75].
Consequently, there is limited understanding of how accommodation functions as a potential
confounder in pupillometry research.

The vergence eye movement mechanism is unique in that it is the only visual response that
causes the eyes to move arbitrarily. It is crucial for depth perception and eye movement refixation.
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Both eyes can adapt and quickly alter fixation symmetrically, engaging with the saccadic system.
Bifoveal fixation and stereopsis require precise alignment of the visual axes to shift focus between
distances, thereby enhancing depth perception and spatial localization [76]. Vergence angle— the
inward rotation of the eyes driven by retinal disparity— is another important variable in
pupillometry, as vergence is part of the pupillary near reflex. Many studies have shown that pupil
constriction is synchronized with vergence, likely occurring via midbrain neurons that project to the
Edinger-Westphal nucleus and the oculomotor nucleus [77]. According to the dual interaction model,
the pupillary near reflex is not driven solely by accommodation or convergence, but rather as an
interactive result of the neural pathways that control both mechanisms [78].

Relative Afferent Pupillary Defect (RAPD)

The swinging flashlight test remains the primary method for assessing relative afferent pupillary
defect (RAPD) in patients with unilateral neuro-ophthalmic pathology [79,80]. The RAPD is a
hallmark sign of unilateral or asymmetric optic nerve disease, including optic neuritis, glaucoma,
ischemic optic neuropathy, and compressive lesions [23,81-83]. Traditionally detected by the
swinging flashlight test, RAPDs can now be quantified via automated pupillometry with high
accuracy. Studies show that automated RAPD detection correlates strongly with visual field defects,
retinal nerve fiber layer (RNFL) thinning on OCT, and visual evoked potentials [84,85]. Automating
the swinging flashlight test offers several advantages. To obtain a reliable assessment of an afferent
pupil defect, it is necessary to simultaneously measure both eyes to account for natural differences in
the midbrain decussations of the afferent pathway, asymmetric supranuclear influences on the
Edinger-Westphal nucleus, and potential efferent differences in pupil innervation [86-88]. A
binocular pupillographic device is ideally suited for this purpose. Moreover, the severity of RAPD
can be more accurately measured by comparing the pupillary light responses (PLRs) at different light
intensities. Studies have shown that the pupil responds not only to changes in light flux but also to
variations in pattern, color, and motion, even when light intensity remains constant [89,90]. Objective
RAPD measurement aids in early diagnosis and progression monitoring. Optic neuritis, a common
manifestation of multiple sclerosis (MS), often results in a relative afferent pupillary defect.
Pupillometry is valuable in detecting subclinical optic neuritis in MS [85,91]. Delayed constriction
latency and reduced constriction amplitude are frequently observed. Quantitative pupillometry may
help identify patients with subclinical visual pathway involvement before symptom onset [92].
Besides, Glaucoma is a leading cause of irreversible blindness and often presents without early
symptoms. Functional loss precedes structural changes in some patients. Pupillometry can detect
glaucomatous damage by measuring asymmetric pupillary responses. Reduced pupil constriction
amplitude and velocity in response to light stimuli have been reported in glaucoma patients,
especially with advanced damage [93]. The correlation between pupillometric indices and visual field
loss has been established, offering a potential supplementary tool for early detection. Advanced
applications include chromatic pupillometry, which uses wavelength-specific stimuli to differentiate
rod-, cone-, and melanopsin-mediated responses, thereby enhancing sensitivity to early
glaucomatous changes.

Despite its advantages, pupillography has been challenging to incorporate into clinical practice
due to its limited availability and lack of portability. Previous work by Nicholas ]. Volpe and
colleagues demonstrated that a portable monocular pupillometer could record the swinging
flashlight test (SFT) and identify RAPDs of 0.9 log units with 80% sensitivity and 92% specificity.
However, this device’s sensitivity and specificity were deemed insufficient for clinical use [94]. To
address this limitation, Volpe et al. developed a portable pupillometer capable of binocular
recordings for up to 20 seconds, which improved sensitivity and specificity. This binocular
pupillometer, when used with neutral density filters (NDFs), has shown promise for detecting
RAPD:s in clinical practice. Their study found that the device could detect RAPDs of 20.6 log units
with 100% sensitivity and 91% and 95% specificity, respectively, for contraction amplitude (CA) and
contraction velocity (CV). Additionally, the use of NDFs in front of the healthy eye allowed for the
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grading of RAPDs by eliminating baseline measurement differences. Subtle RAPDs can be confirmed
by placing 0.3 log unit filters over each eye to accentuate or neutralize any observed differences [95].
However, Dominik Bruegger and colleagues [96] reported higher sensitivity (90.2%) and specificity
(82.2%) than those found by Wilhelm [86] who correctly identified only 85% of relative afferent
pupillary defects (RAPDs) greater than 0.3 log units. This improvement may be attributed to
methodological differences; specifically, Bruegger’s analysis compared device results with the
presence of optic neuropathy confirmed by multiple clinical findings, rather than using the clinically
measured RAPD as the sole reference standard.

Retinal and Macular Diseases

Principally, Pupillary responses also reflect retinal function, particularly of the photoreceptors
and intrinsically photosensitive retinal ganglion cells (ipRGCs). Pupillometry has been used in age-
related macular degeneration (AMD), showed as altered constriction amplitude and increased
latency; in diabetic retinopathy is reduced PLR amplitude, even in early stages [97]. Additionally,
retinitis pigmentosa was found as reduced scotopic response and minimal rod-mediated PLR and
central serous chorioretinopathy showed that asymmetric responses with central retinal involvement
[98]. Chromatic pupillometry has enabled the assessment of cone- and rod-specific pathways, helping
to localize dysfunction in inherited retinal diseases and quantify residual function. Minoru
Nakayama and co-workers demonstrated that the error rates for healthy and age-related macular
degeneration (AMD)-affected pupils were low when the coefficient combining PLR amplitude and
waveform features was optimized at 1.5. However, error rates remained high in patients with age-
related ocular changes. Because aging affects the pupil through multiple mechanisms, distinguishing
healthy from AMD-affected eyes may be challenging in some cases [99].

Refractive and Cataract Surgery

Procedures such as LASIK and PRK alter corneal optics and can influence visual quality,
especially under scotopic conditions. Preoperative assessment of pupil size is crucial for predicting
postoperative night vision complaints. Patients with large mesopic pupils may experience increased
glare and halos. Pupillometry is used to match ablation zones with pupil diameter and to customize
surgical plans. Postoperative changes in pupil dynamics can reflect neural adaptation or altered
sensory input. Pupillary responses can help evaluate visual quality after cataract surgery. Differences
in PLR dynamics have been observed between multifocal, monofocal, and extended depth of focus
(EDOF) intraocular lenses (IOLs) [100]. In patients with posterior capsular opacification or
suboptimal outcomes, altered pupillary dynamics may suggest light scatter or neural inefficiency.
Furthermore, iris behavior during surgery (intraoperative floppy iris syndrome) can be anticipated
by preoperative dynamic pupillometry.

Pediatric and Pharmacologic Ophthalmology

In children, especially those with developmental delays or non-verbal limitations, pupillometry
offers objective metrics for visual pathway function. The affected eyes of amblyopic patients often
show delayed PLR and reduced amplitude [101]. The affected eyes of patients with congenital
glaucoma show abnormal baseline diameters and reduced constriction [102]. The pupillary response
of patients with neurodevelopmental disorders to light and cognitive stimuli can reflect abnormal
sensory processing. Because children may not cooperate with subjective visual testing, pupillometry
becomes especially useful in diagnosis and monitoring.

Furthermore, Pupil responses to pharmacologic agents such as pilocarpine, tropicamide, or
apraclonidine aid in diagnosing; Adie’s tonic pupil: Denervation hypersensitivity demonstrated by
low-dose pilocarpine; Horner’s syndrome: Dilation lag and apraclonidine-induced reversal;, Argyll
Robertson pupil: Normal near response but absent light reflex [30,103]. Pharmacological studies of
the pupil are extensive in both human and non-human species. The use of pharmacological agents
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helps elucidate the central neural networks that control pupillary function and provides valuable
insights into the drugs themselves by characterizing their effects within a well-defined physiological
and pharmacological framework. Drugs can be administered to the ocular surface in various
formulations, commonly as aqueous or oily solutions [104]. The specific formulation must be clearly
indicated, including whether the compound is used in its base or salt form. The vehicle should also
be specified, as corneal penetration is generally superior with oily solutions. Although continuous
superfusion of drugs onto the ocular surface has been explored, the application of “blobs” in the form
of eye drops remains the standard method [105]. Pupillometry enhances diagnostic confidence by
quantifying subtle drug effects that may be difficult to detect visually. Pupil dynamics provide insight
into autonomic neuropathies, including those due to diabetes, Parkinson’s disease, and post-viral
syndromes. Reduced dark adaptation velocity and smaller scotopic diameters indicate sympathetic
dysfunction. These metrics are increasingly used in evaluating systemic disease impacts on ocular
health.

Neurological Disorder

Neurological assessments traditionally rely on a combination of clinical examination,
neuroimaging, and electrophysiological testing. Among the simplest yet most informative clinical
observations is the pupillary response, particularly in assessing consciousness, cranial nerve function,
and brainstem activity. The pupil is controlled by a balance between parasympathetic and
sympathetic input to two muscles: the sphincter pupillae and the dilator pupillae. The
parasympathetic pathway originates in the Edinger-Westphal nucleus, travels with cranial nerve III,
and constricts the pupil via acetylcholine release. The sympathetic pathway originates in the
hypothalamus, synapses in the cervical ganglion, and mediates dilation via norepinephrine.
Neurological damage affecting any part of this complex pathway—from the brainstem to the
peripheral ganglia—can manifest as characteristic changes in pupillary reactivity. Importantly, the
pupils serve as a proxy for deeper brain function, particularly brainstem integrity and cortical
modulation via the locus coeruleus-norepinephrine (LC-NE) system [106]. Manual pupil exams suffer
from inter-observer variability and limited precision. In contrast, automated pupillometry offers
reproducible, objective data that can detect subtle changes not visible to the naked eye— particularly
important in critical care and neurosurgical settings.

The Neurological Pupil index (NPi), a composite score generated by proprietary algorithms (e.g.,
by Neuroptics), standardizes pupillary reactivity on a scale from 0 to 5, helping clinicians quickly
interpret trends and detect abnormalities. Traumatic brain injury (TBI) remains one of the most
studied applications of pupillometry in neurology. Brain trauma often causes increased intracranial
pressure (ICP), which can compress cranial nerves or the brainstem, leading to pupillary dilation or
non-reactivity [107]. Quantitative pupillometry can detect early signs of herniation and guide
interventions such as decompressive craniectomy. Studies have shown that declining NPi scores can
precede clinical signs of deterioration [68]. In addition, in ischemic stroke or subarachnoid
hemorrhage, pupillary changes can signal increased ICP, brainstem involvement, or impending
herniation. Pupillometry is useful in serial monitoring of patients to detect secondary neurological
decline. In a study of Larson et al. show that abnormal pupillary responses predicted poor
neurological outcomes and were independently associated with higher mortality [20]. In the neuro-
ICU, continuous or repeated pupillometric assessments allow real-time tracking of neurological
status. Non-reactive pupils, especially if bilateral, are a poor prognostic sign, while improvement in
NPi scores can indicate recovery of brainstem function.

Alzheimer’s disease (AD) is associated with early degeneration of the LC-NE system. Pupil
dilation in response to cognitive tasks (pupillary cognitive response) is reduced in AD patients,
reflecting impaired noradrenergic modulation. Romagnoli M et al. [108] demonstrated that pupillary
responses during memory tasks can differentiate between healthy controls, patients with mild
cognitive impairment (MCI), and those with AD. Autonomic dysfunction in Parkinson’s disease (PD)
affects both sympathetic and parasympathetic pathways, often resulting in abnormal pupillary
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dynamics. Delayed light reflex, reduced amplitude of constriction, and asymmetric dilation velocities
are frequently observed [109,110]. Erding Bozkurt and colleagues identified statistically significant
reductions in contrast sensitivity across all tested spatial frequencies in the Parkinson’s group
compared to healthy controls [111]. This result is consistent with previous literature and reinforces
the view that contrast sensitivity loss in Parkinson’s disease follows a generalized rather than
frequency-specific pattern [112]. Pupillometry can also help distinguish PD from atypical
parkinsonian syndromes, such as multiple system atrophy (MSA), which may present with more
profound dysautonomia [113]. In patients with Graves’ orbitopathy, static pupillographic parameters
remained within normal limits, whereas dynamic measurements revealed delayed constriction and
reduced redilation velocity [114,115]. These findings suggest that pupillometry reflects not only the
integrity of the afferent visual pathway but also autonomic nervous system function, indicating
potential diagnostic value across a range of neuro-ophthalmologic disorders.

Autonomic neuropathies, such as those found in diabetes or autoimmune disorders, can impair
both sympathetic and parasympathetic pupillary control. Pupillometric abnormalities in diabetics
include smaller baseline diameter, slower dilation velocity, and reduced constriction amplitude.
These markers may appear before overt cardiovascular autonomic dysfunction, offering an early
diagnostic window [116]. In disorders like pure autonomic failure or postural orthostatic tachycardia
syndrome (POTS), pupillometry may be used to assess autonomic integrity. Recent studies suggest
potential use in screening for autonomic involvement in long COVID as well. Besides, pupillometry
has been used alongside fMRI, EEG, and MEG to study functional brain networks. Because pupil size
correlates with LC-NE activity, it serves as a proxy for arousal, attention, and vigilance. For example,
simultaneous fMRI-pupillometry studies have shown that pupil dilation precedes increased activity
in the salience network, linking peripheral autonomic signals to central attentional systems [56].

The pupil plays a critical role in controlling the amount of light entering the eye, adapting to
various luminance levels and focal requirements. Its response to light and near stimuli is governed
by a complex interplay of neurological and ocular mechanisms, making it an insightful marker for
ocular and systemic health. Historically, clinicians relied on subjective evaluation of pupillary
responses. However, modern pupillometry provides high-resolution, quantitative assessments that
have transformed the accuracy and consistency of pupil evaluation in ophthalmology. Infrared
video-based pupillometers allow real-time tracking of pupil diameter and dynamic reactivity,
including constriction latency, velocity, and redilation metrics [57]. These measurements provide
vital information about the status of the optic nerve, retina, iris musculature, and autonomic
pathways. The integration of pupillometry into ophthalmic evaluations enhances diagnostic
sensitivity for detecting afferent pupillary defects (APDs), glaucoma progression, retinal dysfunction,
and postoperative complications.

Psychological and Psychiatric Disorders

Pupil dilation correlates with mental effort and decision uncertainty. Pupillary responses are
also sensitive to emotional arousal. Emotionally salient stimuli—such as fearful faces or affective
sounds—typically elicit greater pupil dilations, even when presented subliminally, implying that
pupillometry can reveal unconscious emotional processing [117]. Research by lain Jackson and
colleagues has extended this approach to developmental studies, showing that infants exhibit
increased pupil dilation in response to unexpected or novel stimuli, providing insight into early
cognitive and predictive mechanisms [118]. Kahneman and Beatty demonstrated that pupil size
increases with task difficulty, establishing pupillometry as a proxy for cognitive load. This has since
been applied to explore executive function, working memory, and attentional processes in both
healthy and clinical populations. Accurate pupillometry requires high-resolution eye-tracking and
controlled lighting. Key methodological variables include Baseline correction: Adjusting for
individual differences in resting pupil size; Stimulus timing and duration: Standardization is crucial
to ensure response validity; Artifact removal: Eye blinks and saccades can distort readings;
Psychotropic medication effects: Many psychiatric drugs influence pupil size independently of
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mental states. Despite these challenges, standardized protocols are emerging, allowing for more
reliable cross-study comparisons [64].

Depression is associated with dysregulation in arousal and affective processing. Studies show
blunted pupil dilation in response to emotional stimuli, suggesting reduced emotional reactivity [119].
Pupillary responses to negative stimuli have been proposed as predictors of treatment response to
cognitive behavioral therapy (CBT) and selective serotonin seuptake inhibitors (SSRIs). In bipolar
disorder, pupillometric abnormalities are seen during both manic and depressive episodes, though
patterns vary. Some evidence suggests hypersensitivity to reward-related stimuli in mania, reflected
in greater pupil dilation [120]. Anxiety involves heightened arousal and threat sensitivity, often
reflected in increased tonic pupil dilation and exaggerated responses to threat-related stimuli.
Individuals with generalized anxiety disorder (GAD) and post-traumatic stress disorder (PTSD)
exhibit larger and prolonged pupillary responses to aversive cues, indicating sustained
hypervigilance. Pupillometry has also been used to assess attentional bias in social anxiety disorder,
particularly in response to facial expressions [121]. The time course of pupil dilation provides insights
into the temporal dynamics of threat processing. In depression, for instance, early changes in pupil
responses to emotional stimuli have been proposed as predictors of antidepressant efficacy [122].
Similarly, pupillometry may be useful in studying the cognitive effects of ketamine, antipsychotics,
and psychedelics. Emerging studies are exploring the use of pupillometry in brain stimulation
contexts such as transcranial magnetic stimulation (TMS) and transcranial direct current stimulation
(tDCS). Real-time pupillary feedback may help optimize stimulation parameters for individualized
treatment. Cognitive training interventions in disorders like Attention-Deficit/Hyperactivity
Disorder (ADHD) and anxiety have also used pupillary metrics to assess engagement and cognitive
load, providing a physiological validation of task efficacy. More recently, the post-illumination pupil
response (PIPR) has been evaluated in individuals with seasonal affective disorder (SAD). Roecklein
et al. [123] initially reported a reduced PIPR in participants with SAD compared to nondepressed,
nonseasonal controls. Subsequently, Laurenzo et al. [124] observed an attenuation of the PIPR in
individuals with nonseasonal major depressive disorder (MDD) relative to nondepressed controls,
though this difference was evident only under low-intensity red and blue stimuli, not under higher-
intensity chromatic conditions.

Patients with schizophrenia show abnormal pupillary responses to cognitive and emotional
stimuli, potentially reflecting disruptions in attentional control and arousal regulation. Reduced task-
evoked pupil dilation has been observed during working memory tasks, implicating deficits in
executive function [125]. Some findings also suggest that pupillary measures correlate with negative
symptoms such as blunted affect and cognitive anhedonia. Early-stage psychosis studies have
explored whether pupillometry could serve as a marker for risk or prodromal states. In ADHD,
altered pupil dynamics have been linked to attentional dysregulation and arousal abnormalities.
Children with ADHD often exhibit lower baseline pupil diameter and reduced dilation during tasks
requiring sustained attention [126]. Pupillometry also provides a non-invasive way to monitor
medication effects. For example, methylphenidate has been shown to normalize pupil responses in
children with ADHD, correlating with improved performance.

Pupillometry has gained traction in autism research, given its potential to reflect sensory
sensitivity, emotional reactivity, and social processing deficits. Children with Autism Spectrum
Disorder (ASD) often show atypical pupil responses to social stimuli such as faces or eye contact.
Reduced or delayed pupillary responses to emotional expressions are interpreted as evidence of
reduced social salience. Such findings may aid in early diagnosis or in evaluating intervention
outcomes [127]. Pupillometry is sensitive to pharmacological modulation, especially drugs affecting
the cholinergic and noradrenergic systems. SSRIs, benzodiazepines, and stimulants all impact pupil
size, offering an avenue to monitor treatment effects objectively.

Sleepiness
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Changes in pupillary diameter under complete darkness can result only from accommodation
or from innervational variations within the central and peripheral sympathetic systems that
determine the baseline pupil size. Oscillations in pupil diameter occurring in darkness and associated
with sleepiness were first described by Loewenstein etal. [128], who termed them “fatigue waves.”
In contemporary sleep research and sleep medicine, however, a distinction is made between
sleepiness and fatigue. Consequently, the terms “sleepiness waves” or “sleepiness-related
oscillations” are now preferred, as fatigue does not induce oscillatory changes in pupil diameter. The
Pupillographic Sleepiness Test (PST) offers a less time-consuming and less labor-intensive alternative
to other objective assessments, such as the Multiple Sleep Latency Test (MSLT). Classical
psychometric properties of the PST have been systematically evaluated and found to be adequate.
The PST is now well established and widely applied in sleep research, sleep medicine, and
psychology [129,130].

H Frohnhofen and colleagues conducted a study comparing scores on the Essener Questionnaire
of Age and Sleepiness (EQAS) with pupillometry-derived physiological measures of sleepiness [131].
They selected the Pupillary Unrest Index (PUI) as the primary measurement parameter, given that it
is a validated and widely accepted indicator of sleepiness. The study found that an EQAS score above
3 effectively differentiated sleepy from non-sleepy participants according to PUl-based sleepiness
criteria. The high negative predictive value (90%) and positive predictive value (75%) of this cut-off
suggest that the EQAS may serve as an adequate substitute for pupillometry in assessing sleepiness
among older adults. These results demonstrate a significant correlation between EQAS scores and
the PUI, supporting the physiological validity of the sleepiness. Furthermore, the observed dose—
response relationship highlights a close association between the two measures. In addition, sleep
deprivation studies have shown that PUI values increase following sleep loss [132] and correlate well
with other physiological indicators of sleepiness across time-of-day variations [133].

Anesthesiology

Anesthesiology demands accurate and real-time monitoring of a patient’s physiological and
neurological status. Traditional methods include heart rate, blood pressure, oxygen saturation, and
EEG-based systems (e.g., BIS monitoring). However, these do not always reflect the nuanced activity
of the central nervous system. Pupillometry has gained attention as a complementary method,
providing dynamic information about analgesia, sedation levels, and brainstem integrity [134]. Pupil
size is controlled by the autonomic nervous system—sympathetic stimulation causes dilation
(mydriasis), while parasympathetic activation causes constriction (miosis). Anesthetic agents such as
opioids, sedatives, and inhaled anesthetics affect this balance. Opioids like remifentanil induce miosis
due to parasympathetic dominance. Propofol, remifentanil and volatile agents (e.g., sevoflurane)
reduce light reflex amplitude and can cause variable pupil changes depending on dose and patient
physiology [135,136]. Monitoring these changes provides an indirect but responsive measure of drug
effect and autonomic activity during surgery.

Pupillary reflex dilation (PRD) in response to nociceptive stimuli during general anesthesia is a
key marker for insufficient analgesia. A PRD >13% is considered a reliable indicator of pain-related
sympathetic activation [137]. Studies show opioid titration guided by pupillometry reduces
intraoperative consumption and improves hemodynamic stability [138]. Pupil diameter and PLR
decrease with increasing levels of sedation; Under deep anesthesia, both the PLR amplitude and
baseline size diminish. Pupillometric data can supplement Bispectral Index (BIS) to avoid over-
sedation or intraoperative awareness. Besides, in pediatric patients, especially neonates, traditional
pain scales are unreliable. Pupillometry has been explored for measuring opioid efficacy in neonates
undergoing painful procedures and reducing opioid use by guiding dosing with PRD thresholds.
Pupillometry has demonstrated an useful method to assess the spinal effects of epidural opioids
[139,140].

Critical Care and Emergency Medicine

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1764.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2026 d0i:10.20944/preprints202602.1764.v1

22 of 31

Pupillary responses can persist even when cortical activity is severely impaired, making
pupillometry a vital tool in assessing consciousness in comatose or vegetative patients. The presence
of reactive pupils in the first 24 hours post-cardiac arrest is associated with a favorable prognosis.
Quantitative measures such as NPi have demonstrated greater prognostic accuracy than traditional
manual assessments. A study by Saliman NH et al. [141] found that NPi scores below 3 were
significantly associated with poor neurological outcomes and non-survival in ICU patients.
Moreover, some researchers have used pupillary response to detect covert consciousness in patients
with locked-in syndrome or minimally conscious states. Pupil dilation in response to mental
arithmetic or imagery tasks may indicate preserved awareness even in the absence of motor function
[142].

In critical care, monitoring a patient’s neurological status is essential for identifying life-
threatening conditions early. Pupillometry provides a quantitative, objective assessment of the
pupil’s reactivity, which can help detect changes in cerebral perfusion, brain injury, and the effects of
drugs or anesthesia. Its ability to track fluctuations in pupil size and reactivity makes it particularly
useful in the ICU, where patients may be sedated or unconscious, and traditional methods of
neurological assessment may be unreliable. Critical care conditions such as traumatic brain injury
(TBI), stroke, sepsis, and cardiac arrest often affect brain function, and pupillometry offers a non-
invasive method for assessing these changes in real time. Its ability to detect subtle shifts in pupil
dynamics makes it an ideal tool for managing and treating critically ill patients [68,143]. In critical
care, where patients often suffer from life-threatening conditions such as traumatic brain injury,
stroke, sepsis, or drug overdose, timely and accurate neurological assessment is essential. The ability
of pupillometry to offer objective data in these scenarios has made it an increasingly valuable tool in
intensive care units (ICUs) worldwide [144]. Moreover, as the push for standardized, data-driven
approaches to patient monitoring continues, pupillometry aligns with the broader movement toward
precision medicine.

Keyword Analysis of Pupillometry Study

In this field, keyword co-occurrence analysis and the identification of burst keywords effectively
illustrate the evolution of research hotspots, reflecting the thematic development of the field.
Keyword co-occurrence cluster analysis revealed that the frontier disciplines and internal structure
of the pupillometry literature are predominantly organized into five distinct clusters (Table 7), each
centered around a specific theme. Cluster 1 is associated with advancements in imaging technologies,
such as eye tracking, pupillography, infrared pupillometry, quantitative pupillometry, dynamic
pupillometry, chromatic pupillometry, and automated pupillometry [98,145-156]. Cluster 2 is linked
to ophthalmopathies, including glaucoma and refractive error diseases, with key terms such as
glaucoma, retinal nerve fiber layer, photorefractive keratectomy, refractive surgery, and myopia
[157-162]. Cluster 3 focuses on neuropathological conditions, encompassing terms like locus
coeruleus, autonomic nervous system, traumatic brain injury, intracranial pressure, Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis [163-169]. Cluster 4 is connected with
psychological and mental health research, addressing keywords such as cognitive control, depression,
stress, schizophrenia, and mind-wandering [170-174]. Finally, Cluster 5 pertains to anesthesiology
and critical care, with relevant terms including heart rate variability, analgesia, cardiac arrest,
anesthesia, pain assessment, and postoperative pain [175-184]. These research hotspots primarily
center on the mechanisms, pathology, biological assessment, diagnosis, and therapeutic guidance of
neuro-ophthalmological diseases, as well as topics in neuropsychology, neuropsychiatry,
anesthesiology, and other related fields.
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Limitations

It is important to acknowledge certain limitations inherent in this bibliometric analysis. First, a
significant constraint of this study is the predominance of English-language publications, which
represents a limitation in capturing the full scope of pupillometry research. Many valuable
contributions may be published in journals written in other languages, which were not fully
represented in this analysis. Second, it is essential to recognize the inherent differences between
bibliometric data and real-world research findings. For instance, older articles typically accumulate
a greater number of citations, while newer, high-quality articles may not receive the same attention
due to their relatively lower citation frequency. Third, while the SCI Expanded database is adequate
for conducting bibliometric analyses, the document retrieval counts are only marginally different
between SCI Expanded and WoSCC. Since different databases have distinct properties, such as
variations in citation frequency counts, document classification, and export formats, combining
multiple databases may not always yield optimal results [185]. Finally, some bibliometric experts
recommend using the “front page” filter to refine the analysis and exclude unrelated documents, thus
improving the relevance and quality of the bibliometric assessment [186].

Conclusions

A total of 2,897 articles on pupillometry research published between 1999 and 2025 were
retrieved from the Web of Science Core Collection (WoSCC) SCI-Expanded database. The research in
this field has been conducted by over 11,534 authors from 3,019 institutions across 89 countries or
regions. Hybrid analysis and visualization tools, namely CiteSpace and VOSviewer, were utilized to
systematically analyze key aspects of the literature, including the volume of publications, prominent
institutions, countries, journals, leading authors, and collaboration networks. These tools also
facilitate the identification of potential collaboration opportunities by analyzing co-occurrence
networks. This study provides a comprehensive overview of the current state of pupillometry
research, offering valuable insights into the field’s development. The findings and recommendations
presented in this study are of particular significance to ophthalmologists, neurologists,
neurosurgeons, psychiatrists, psychologists, anesthesiologists, pupillometry technology engineers,
and researchers in related disciplines, guiding them in identifying future research directions and
fostering collaborative efforts in the field of pupillometry.
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