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Purpose: To compare if the kinetic pupillary changes differs between high

myopia (HM) and low/moderate myopia by Pentacam.

Setting: Chinese People’s Liberation Army (PLA) General

Hospital, Beijing, China.

Design: Comparative study.

Methods: In this cross-sectional retrospective study, 44 eyes of 44 patients

were recruited in the Refractive Surgery Center of Chinese PLA General

Hospital. Eyes were divided into two groups according to the refractive

error: low/moderate myopia (22 eyes; −2.99 ± 1.09 D) and HM (22 eyes,

−12.93 ± 3.44 D). At the beginning of the experiment, we made trials of

scanning one false pupil by Pentacam. All patients underwent the Pentacam

examination three times. Pupillary diameters (PD) during the scan process and

other parameters were measured using the Pentacam. Coefficient variations

of PD (CV) during the different scanning periods were analyzed comparatively

between the two groups.

Results: Pentacam once time output 25 Scheimpflug images, with 13 ones

during the period from 1st to 1.5th s and 12 ones during the period from

2.5th to 3rd s after the scanning onset. For the spatial order on all the 25

meridians, 13 Scheimpflug images came out when the Pentacam rotated from

60◦ to 153◦meridians and the remaining 12 Scheimpflug images from 161◦ to

245◦ meridians. Among pupillary parameters, no statistical significance existed

in PD25, PD13, and PD12 (pupil diameter’s mean from all, former 13 and

remaining 12 of 25 Scheimpflug images, respectively) (P > 0.05) between the

two groups. However, there were statistically significant differences in CV25

and CV13 (coefficient variation of the pupil diameters from all and former 13

of 25 images, respectively) (P < 0.001), with no statistical significance in CV12

(coefficient variation of the pupil diameters from remaining 12 of 25 images)

between both groups.

Conclusion: Twenty-five Scheimpflug images on Pentacam had the temporal

and the spatial orders. CV in eyes with HM was lower than that in eyes
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with low/moderate myopia in a certain period of the Pentacam scan.

Kinetic pupillary size in HM changed more slowly than that in low/moderate

myopia during some scanning period analogous to the phasic response of

the pupil reflex.

KEYWORDS

high myopia, myopia, pupil light reflex, autonomic nervous system, arousal,
Pentacam

Introduction

High myopia (HM) estimates from 2000 to 2050 suggest
significant increases in prevalence globally, with almost 1 billion
people with HM by 2050 (9.8% of the world population)
(Holden et al., 2016). A vast majority of myopia cases are
characterized by excessive axial elongation of the eye over time.
In some communities with a high prevalence of HM, myopic
macular degeneration has been found to be the most frequent
cause of irreversible blindness (Iwase et al., 2006; Xu et al., 2006).

A few studies alleged that an autonomic imbalance could be
a precursor to axial elongation and result in myopia (Gilmartin
et al., 2002; Chen et al., 2003). The size of the pupil at any
one time reflects the relation between the opposing sympathetic
(dilator) and parasympathetic (constrictor) influences (Smith,
1992; Prettyman et al., 1997). The sizes of the pupils change
continuously in response to variations in ambient light levels
to regulate the amount of light entering our eyes, and this
process is known as the pupillary light reflex (PLR) (Lowenstein
and Loewenfeld, 1950; Toates, 1972). The kinetic parameters of
the PLR favor us to dissect the relative contributions of both
influences.

The recently introduced anterior segment analysis system,
Pentacam (OCULUS, Wetzlar, Germany), is based on a high-
resolution rotating Scheimpflug camera (De Bernardo and
Rosa, 2018), which takes a maximum of two seconds to
generate a complete image of the anterior eye segment
(Oculus). This instrument is widely used in the daily clinical
practices of ophthalmology. It provides access to collecting and
storing personal digitized ocular anterior segment records in a
completely standardized and controlled manner. The data from
the Pentacam system allows for the integrated assessment of
pupillary size changes. In the dark environment, it uses a red
LED light to find the corneal apex automatically and a blue
slit light source with a wavelength of 475 nm to illuminate
the eye. Thus, it can be speculated that the Pentacam system
could imitate the process of PLR. One of the major strengths of
Pentacam is that it is a high-resolution system with a minimum
resolution of 5 µm on Scheimpflug images, which is more
accurate than known pupillometers (Bergamin and Kardon,
2002; Naber et al., 2013; Vartanian et al., 2015; Yuan et al., 2021).

Moreover, to prevent accommodation-induced pupil alteration,
imaging was done during monocular fixation of an afocal,
illuminated pinhole-like target by a red light-emitting diode
(Demer, 2016).

Since myopia is multifactorial, we wanted to investigate the
relationship of the kinetic pupillary changes with the refractive
error using Pentacam. To the best of our knowledge, there is
hardly any study analyzing the possible effect of HM on pupil
kinetics. Therefore, this study aimed to (1) analyze the spatial
and the temporal orders of Pentacam’s 25 Scheimpflug images
of the pupil, and (2) tentatively explore the characteristics of the
pupillary alteration with in eyes with HM using the Pentacam.

Materials and methods

This retrospective, non-randomized consecutive case
comparison study adhered to the principles of the Declaration
of Helsinki. The institutional review board approved all
experimental procedures of the Chinese People’s Liberation
Army (PLA) General Hospital, Beijing, China. Written
informed consent was routinely obtained from each participant
before the refractive surgery to use their clinical data.

Patient selection

Medical records of patients undergoing ICL/TICL
implantation or corneal refractive surgery at Chinese PLA
General Hospital were reviewed between 1 August 2020
and 1 April 2022.

Exclusion criteria were: (1) a best-corrected visual acuity
(BCVA) of no more than 40/50 in either eye, (2) poor
quality of Pentacam scan, (3) angle kappa on the X- or the
Y-position >0.20 mm, (4) asymmetrical pupils, meaning the
difference between the horizontal diameter and the vertical
diameter centered on corneal apex or pupil center of the iris
image >0.1 mm, (5) systemic conditions with known ocular
involvement, systemic medication with known central nervous
system effects and neurologic and psychiatric illness. Finally,
44 eyes of 44 patients were available for analysis. Twenty-two
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individuals with low/moderate myopia were defined as ones
with spherical equivalent (SE) between −5.0 and −0.5 D (Group
A). As controls, 22 patients with bilateral HM with SE ≤−6.0
diopters (D) or an axial length >26.5 mm (Group B) were
evaluated in the same way.

All patients underwent complete ophthalmic examinations;
namely, visual acuity testings, slit-lamp examination,
intraocular pressure (IOP) measured using a tonometer (Canon
Full Auto Tonometer TX-F; Canon, Tokyo, Japan), corneal
topography (Pentacam, Oculus Inc., Wetzlar, Germany),
endothelial cell density (ECD) (SP. 2000P; Topcon, Tokyo,
Japan), biometry measurements (IOLMaster700, Carl Zeiss
AG, Oberkochen, Germany), fundoscopy, and ultrasound
biomicroscopy (UBM) (BME-300, MEDA, Tianjin, China) for
ICL/TICL implantation.

Pentacam examination

In a dark, sound-attenuated room, all subjects underwent
Scheimpflug imaging three trials for each eye by a trained
technician. Pupil sizes recorded in the first two trials were
removed from analysis to control for confounding effects
on pupil size due to transient onset responses and because
observers needed some time to become oriented after trial onset
(Naber et al., 2013). Therefore, the eye of the less angle kappa
or more round pupil with quality specifications showing “OK”
on the third test was used to analyze. Participants were dark-
adapted for 5 min before testing. After a random duration of
6–8 s central fixation, participants were required to maintain
steady fixation for a 4.0 s of Pentacam 3D Scan period. The
scanning interval was about 8–10 s.

As for one trial in detail, it took 4.0 s for the 3D Scan mode
to rotate two circles (4 × 180◦) and generate 25 Scheimpflug
images of the anterior eye segment. To determine the spatial
and temporal orders of these 25 images, we made seven trials
of scanning one false pupil with a stop time interval of 0.5 s. We
placed it at approximately the same position as the participants’
pupils during the Pentacam recording. The datasets of images
from the false pupil were used to transform 25 Scheimpflug
images recorded from real participants into actual pupil spatial
and temporal sequences.

We used the right eye orientation for consistency. When the
left eye was selected, it was flipped about the vertical axis to its
mirror image right eye orientation. The pupil diameter (PD)
returned by 25 Scheimpflug images represented the distance
between two points on the diagonal line of the pupil on 25
meridians using the Pentacam customized software (Pentacam
Version 6.08r27, OCULUS1) (Figure 1; Oculus). In addition,
white-to-white (WTW), kappa-X and kappa-Y (the X- and the
Y-position of the pupil center relative to the cornea’s apex,

1 http://oculus.de

respectively), PDAH and PDAV (pupil diameter centered on
the corneal apex in the horizontal and vertical direction of
the iris image, respectively), PDCH and PDCV (pupil diameter
centered on the pupil center in the horizontal and vertical
directions of the iris image, respectively) were also measured and
recorded. Like other forms of ocular anterior segment imaging
and Scheimpflug photography, one concern was a distortion
of the structures by their optical qualities. Overcoming the
distortion needed the application of de-warping software, which
was performed automatically on the Pentacam.

Statistical analysis

All statistical analyses were performed using SPSS 26.0
software (IBM, Armonk, NY, USA). The normality of all
data was first checked using the Shapiro–Wilk-test. Coefficient
variation (CV) was calculated for all the 25, the former
13, and the latter 12 pupillary variables in both groups.
Unpaired t-tests or Wilcoxon signed-rank-tests were used to
compare data between both groups. P < 0.05 was considered
statistically significant.

Results

Forty-four eyes of 44 patients with low/moderate myopia
(Group A, 22 eyes) and HM (Group B, 22 eyes) were included.
The characteristics of the included eyes are displayed in Table 1
and Figure 2. The mean ages of the patients included in Group
A and Group B were 31.23 ± 6.13 years and 31.09 ± 7.87 years,
respectively. The mean axial length of Group A and Group B was
24.51 ± 0.59 and 28.72 ± 2.26 mm, respectively. The mean SE of
Group A and Group B was −2.99 ± 1.09 and −12.93 ± 3.44 D,
respectively. The mean PDAH of Group A and Group B was
3.94 ± 0.55 and 3.78 ± 0.67 mm, respectively. The mean PD25
of Group A and Group B was 3.04 ± 0.48 and 3.02 ± 0.60 mm,
respectively (Table 1).

Through trials of scanning one false pupil, the spatial and
temporal orders of collected images were clarified (Figure 3).
As for the temporal orders along the timeline of the scan
procedure, only three periods of the whole scan process output
images: (1) the very onset of the scanning (0 s) output the iris
image, (2) the period from 1st to 1.5th s after the onset: 13
Scheimpflug images, and (3) the period from 2.5th to 3rd s:
the remaining 12 Scheimpflug images. As to the spatial order
on all the 25 meridians centered on the apex of the cornea,
13 Scheimpflug images undergone from 60◦ to 153◦ meridians,
and the remaining 12 Scheimpflug images from 161◦ to 245◦

meridians.
Among ocular measurements from Scheimpflug images, no

statistical significance lay in PD25, PD13, and PD12 (P > 0.05;
Table 1) between Group A and Group B. There were statistically
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FIGURE 1

The data acquisition of Pentacam HR system (A,B), PD from one of 25 Scheimpflug images on the 99◦ meridian (C), and the iris image (D): The
cross indicating the center of the pupil and the red circle the apex of the cornea.

significant differences in CV25 and CV13 (P < 0.001; Table 1),
with no statistical significance in CV13 between both groups
(Figure 4). According to the parameters of pupil sizes on the
image of the iris, no significant differences were found for
PDAH, PDAV, PDCH, and PDCV between the two groups.
WTW, Kappa-X, and Kappa-Y showed no significant difference
between the two groups.

Discussion

The present study was the first consecutive case comparison
study designed to investigate the kinetic pupillary changes
of eyes with HM. In our research, the fixation red light of
the Pentacam system flickered at 3.0 Hz, which could induce
measurable pupillary oscillations (Miller and Thompson, 1978;
Naber et al., 2013; Yuan et al., 2021). Additionally, there was a
timespan of 6–8 s for redlight fixation preparation before the
scanning onset, which meant the switch on of the blue light
illumination. Hence, PD measured from the iris image at 0 s
could not be judged as the baseline value of the PLR. The
latency of the direct reflex of the normal eye ranged from 100
to 284 msec (Kase et al., 1984; Stamper et al., 2002), which was
followed by the initial contraction of the pupil with no more

than 2 s to peak constriction (phasic response) (Kardon, 1998;
Adhikari et al., 2015). Therefore, we alleged that the period of
13 Scheimpflug images belonged to the phasic response period.
However, as for the period of the remaining 12 Scheimpflug
images, possibly from one part of the phasic response, pupil
escape, or sustained period, it was complicated to figure out to
which component it belonged. Thus, the 13 pupillary parameters
from 13 Scheimpflug images were of analytical value. We
substituted CV25 of the PD25 from all 25 Scheimpflug images
for the velocity of pupil constriction calculated from only
2 Scheimpflug images with maximum and minimum pupil
diameters. The reasons were as follows: one referring to a fixed
time interval (40 ms) between two adjoining images instead
of video recordings of pupillary changes, another concerning
the pupil’s continuous oscillations known as hippus, taken into
consideration during measurement. Hippus was present except
at the extreme values of pupil constriction or dilation, where
the magnitude of responsiveness was attenuated by mechanical
constraints (Winn et al., 1994). In this study, the index of CV13
helped to control for the variability to parallel the pupil velocity
during the period of 0.5 s.

This study demonstrated that several parameters of the PLR
in HM were significantly different from those in low/moderate
myopia. In cases of eyes with HM, the waveform shape of the
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TABLE 1 Characteristics of ocular measurements in Group A and Group B.

Group A (N = 22) Group B (N = 22) P-value

Mean ± SD n/22−n Mean ± SD n/22−n

Sex (male/female) – 14/8 – 11/11 0.543

Age (years) 31.23 ± 6.13 – 31.09 ± 7.87 – 0.949

Eye laterality (left/right) – 7/15 – 9/13 0.531

PDAH (mm) 3.94 ± 0.55 – 3.78 ± 0.67 – 0.397

PDAV (mm) 3.98 ± 0.57 – 3.80 ± 0.67 – 0.332

PDCH (mm) 3.94 ± 0.55 – 3.79 ± 0.67 – 0.408

PDCV (mm) 3.99 ± 0.57 – 3.80 ± 0.66 – 0.333

SE (D) –2.99 ± 1.09 – –12.93 ± 3.44 – <0.001*

AL (mm) 24.51 ± 0.59 – 28.72 ± 2.26 – <0.001*

WTW (mm) 11.75 ± 0.40 – 11.68 ± 0.40 – 0.603

Kappa-X (mm) –0.02 ± 0.09 – 0.02 ± 0.09 – 0.155

Kappa-Y (mm) 0.04 ± 0.07 – 0.07 ± 0.08 – 0.232

PD25 (mm) 3.04 ± 0.48 – 3.02 ± 0.60 – 0.891

CV25 (%) 8.98 ± 1.89 – 4.77 ± 1.44 – <0.001*

PD12 (mm) 2.81 ± 0.43 – 2.90 ± 0.57 – 0.529

CV12 (%) 3.08 ± 1.53 – 2.38 ± 1.37 – 0.116

PD13 (mm) 3.28 ± 0.54 – 3.14 ± 0.64 – 0.195

CV13 (%) 4.78 ± 1.51 – 2.73 ± 1.37 – <0.001*

N, number; D, diopters; PDAH and PDAV, pupil diameter centered on the corneal apex in the horizontal and vertical direction of the iris image, respectively; PDCH and PDCV, pupil
diameter centered on the pupil center in the horizontal and vertical directions of the iris image, respectively; SE, spherical equivalence; AL, axial length; WTW, white-to-white; Kappa-X
and Kappa-Y, the X- and the Y-position of the pupil center relative to the cornea’s apex, respectively; PD25, PD13, and PD12, pupil diameter’s mean from all, former 13 and remaining
12 of 25 Scheimpflug images of the anterior eye segment, respectively; CV25, CV13, and CV12, coefficient variation of the pupil diameters from all, former 13 and remaining 12 of 25
images, respectively. *P < 0.05 were considered statistically significant.

FIGURE 2

The scatter plots of PD25, PD13, and PD12 in all eyes of Group A (n = 22) and Group B (n = 22). The red part referred to the component from the
13th Scheimpflug image on the 153◦ meridian.

pupil movement dropped slowly and gently. To the best of our
knowledge, only one clinical study commented on the miosis
speed of PLR in eyes with HM, which concluded that miosis
speed was found to be correlated to the refractive error between
−7.5 and 0 D, being slower for myopia (Ghoushchi et al., 2021).
And the reasons for the discrepancy in miosis speed were not
discussed in that study.

Why, then, would the eyes with HM have the lower CV25
and CV13? In this regard, the phasic response period of the
PLR expressed an abruptly accelerated contraction of the pupils

caused by a series of synaptic activities among the ganglion cells,
their recipient neurons in the pretectal olivary nucleus in the
midbrain, and an efferent output to the iris. Primarily, the iris, as
the effector organ, receives a dual sympathetic/parasympathetic
innervation (Theofilopoulos et al., 1995). One drug and nerve
stimulation experiment on humans and animals demonstrated
that sympathetic innervation was inhibitory, relatively small,
slow, and augmented by concurrent levels of background
parasympathetic activity (Gilmartin et al., 2002). Several pieces
of the literature confirmed an autonomic imbalance that
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FIGURE 3

Diagram of the spatial and temporal orders of collected images using Pentacam. The upper plot showed the spatial order on the meridians
centered on the apex of the cornea; the lower one referred to the temporal order along the timeline of the scan procedure. The pink and the
blue parts meant the spatial and temporal sequences of the 13 Scheimpflug images and the remaining 12 ones, respectively.

30–40% of myopia individuals (not including HM ones) were
likely to have access to a sympathetic inhibitory facility, which
was lower than that of emmetropic ones (Strang et al., 1994;
Gilmartin and Winfield, 1995; Gilmartin et al., 2002; Chen et al.,
2003).

FIGURE 4

The comparison of CV25, CV13, and CV12 in Group A (n = 22)
and Group B (n = 22), **** meant P < 0.001.

Interestingly, the parasympathetic activity had a very short
onset latency to constrict the pupil [∼<270 ms with less
than ∼800 ms to reach its extreme (Clarke et al., 2003;
Wang and Munoz, 2014)]. By contrast, the pupil dilation
caused by sympathetic activation arose slowly with an onset
latency of ∼330 ms or more (often with a peak latency of
more than 1 s) (Chapman et al., 1999; Steiner and Barry,
2011; Liao et al., 2016). Future work may elucidate further
whether the difference between the sympathetic tone (the
dark pupil response) and the parasympathetic activity (PLR)
lies among low, moderate, and HM. Then, the PLR is not
purely reflexive. Instead, the PLR can be modulated by the
state of arousal (Loewenfeld, 1999), attention, high-level image
perception, working memory, and other cognitive factor (Joshi
and Gold, 2020). From these aspects of the related neural
substrate perspectives, the possible relationship between myopia
and PLR has not been investigated yet. HM was associated
with structural and functional changes in the visual cortical
area and non-visual cortices (i.e., altered neural substrate),
one of whose clinical manifestations was the attention
deficits (Zhai et al., 2016). Not surprisingly, the attention
deficits were associated with the state of arousal (Brown
and McMullen, 2001; Huang et al., 2019). It is prospective
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and hopeful that future studies involved in interdisciplinary
cooperation are planned to confirm, enrich and explain our
findings.

There are limitations in the current study. First, it utilized
a relatively small sample size for a few numbers of patients
satisfying strict enrollment criteria. Second, only two groups
of the refractive error were analyzed because of enrollment
criteria, especially for HM patients. We found that as the
degree of myopia increased, the value of Kappa-X or Kappa-
Y on Pentacam was often more than 0.2 mm when screening
clinical cases for this study. Third, the methods and results of
our research were controlled strictly and came out to record
the partial process of the phasic response period of PLR.
Future studies should be conducted with larger sample size and
experimental methodology refinements to present more robust
evidence of a link between myopia and PLR.

Conclusion

In conclusion, the study is the first literature reporting
the spatial and temporal orders of Pentacam’s 25 Scheimpflug
images. It is possible to record the changes of PD at consecutive
scanning time points using the Pentacam with high resolution.
CV25 and CV13 in eyes with HM were lower than those in eyes
with low/moderate myopia.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed
and approved by the Ethics Committee of Chinese PLA

General Hospital Review Board (Beijing, China). The
patients/participants provided their written informed consent
to participate in this study.

Author contributions

KL and XL performed the initial clinical database search and
completed the statistical analysis. KL produced the first draft
of the manuscript and figures. YH supervised the study and
contributed to the final approval of the version sent for approval.
All authors contributed to the study revision and edited the
manuscript.

Funding

This work was supported by the Equipment
Comprehensive Scientific Research Project of China (Grant No.
LB20201A010024).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

Adhikari, P., Zele, A. J., and Feigl, B. (2015). The post-illumination pupil
response (PIPR). Invest. Ophthalmol. Vis. Sci. 56, 3838–3849. doi: 10.1167/iovs.
14-16233

Bergamin, O., and Kardon, R. H. (2002). Greater pupillary escape differentiates
central from peripheral visual field loss. Ophthalmology 109, 771–780. doi: 10.
1016/s0161-6420(01)01026-0

Brown, T. E., and McMullen, W. J. Jr. (2001). Attention deficit disorders and
sleep/arousal disturbance. Ann N Y. Acad. Sci. 931, 271–286. doi: 10.1111/j.1749-
6632.2001.tb05784.x

Chapman, C. R., Oka, S., Bradshaw, D. H., Jacobson, R. C., and Donaldson,
G. W. (1999). Phasic pupil dilation response to noxious stimulation in
normal volunteers: Relationship to brain evoked potentials and pain report.
Psychophysiology 36, 44–52. doi: 10.1017/s0048577299970373

Chen, J. C., Schmid, K. L., and Brown, B. (2003). The autonomic control
of accommodation and implications for human myopia development: a review.
Ophthalmic Physiol. Opti. J. Br. Coll. Ophthalmic Opticians (Optometrists) 23,
401–422. doi: 10.1046/j.1475-1313.2003.00135.x

Clarke, R. J., Zhang, H., and Gamlin, P. D. (2003). Characteristics of the
pupillary light reflex in the alert rhesus monkey. J. Neurophysiol. 89, 3179–3189.
doi: 10.1152/jn.01131.2002

De Bernardo, M., and Rosa, N. (2018). Repeatability and Agreement of Orbscan
II. Pentacam HR, and Galilei Tomography Systems in Corneas With Keratoconus.
Am. J. Ophthalmol. 186:166. doi: 10.1016/j.ajo.2017.10.036

Demer, J. L. (2016). Optic nerve sheath as a novel mechanical load on the globe
in ocular duction. Invest. Ophthalmol. Vis. Sci. 57, 1826–1838. doi: 10.1167/iovs.
15-18718

Frontiers in Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fnins.2022.981436
https://doi.org/10.1167/iovs.14-16233
https://doi.org/10.1167/iovs.14-16233
https://doi.org/10.1016/s0161-6420(01)01026-0
https://doi.org/10.1016/s0161-6420(01)01026-0
https://doi.org/10.1111/j.1749-6632.2001.tb05784.x
https://doi.org/10.1111/j.1749-6632.2001.tb05784.x
https://doi.org/10.1017/s0048577299970373
https://doi.org/10.1046/j.1475-1313.2003.00135.x
https://doi.org/10.1152/jn.01131.2002
https://doi.org/10.1016/j.ajo.2017.10.036
https://doi.org/10.1167/iovs.15-18718
https://doi.org/10.1167/iovs.15-18718
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-981436 November 21, 2022 Time: 18:11 # 8

Li et al. 10.3389/fnins.2022.981436

Ghoushchi, V. P., Mompeán, J., Prieto, P. M., and Artal, P. (2021). Binocular
dynamics of accommodation, convergence, and pupil size in myopes. Biomed. Opt.
Express 12, 3282–3295. doi: 10.1364/BOE.420334

Gilmartin, B., and Winfield, N. R. (1995). The effect of topical beta-adrenoceptor
antagonists on accommodation in emmetropia and myopia. Vis. Res. 35, 1305–
1312. doi: 10.1016/0042-6989(94)00229-f

Gilmartin, B., Mallen, E. A., and Wolffsohn, J. S. (2002). Sympathetic control
of accommodation: Evidence for inter-subject variation. Ophthalmic Physiol. Opt.
J. Br. Coll. Ophthalmic Opticians (Optometrists) 22, 366–371. doi: 10.1046/j.1475-
1313.2002.00054.x

Holden, B. A., Fricke, T. R., Wilson, D. A., Jong, M., Naidoo, K. S., Sankaridurg,
P., et al. (2016). Global prevalence of myopia and high myopia and temporal trends
from 2000 through 2050. Ophthalmology 123, 1036–1042. doi: 10.1016/j.ophtha.
2016.01.006

Huang, J., Ulke, C., and Strauss, M. (2019). Brain arousal regulation and
depressive symptomatology in adults with attention-deficit/hyperactivity disorder
(ADHD). BMC Neurosci. 20:43. doi: 10.1186/s12868-019-0526-4

Iwase, A., Araie, M., Tomidokoro, A., Yamamoto, T., Shimizu, H., and Kitazawa,
Y. (2006). Prevalence and causes of low vision and blindness in a Japanese
adult population: the Tajimi Study. Ophthalmology 113, 1354–1362. doi: 10.1016/
j.ophtha.2006.04.022

Joshi, S., and Gold, J. I. (2020). Pupil size as a window on neural
substrates of cognition. Trends Cogn. Sci. 24, 466–480. doi: 10.1016/j.tics.2020.0
3.005

Kardon, R. (1998). “Anatomy and physiology of the pupil,” in Walsh & hoyt’s
clinical neuro-ophthalmology, 5th Edn, Vol. 1, eds N. R. Miller and N. J. Newman
(Baltimore, MD: Williams & Wilkins), 20.

Kase, M., Nagata, R., Yoshida, A., and Hanada, I. (1984). Pupillary light reflex in
amblyopia. Invest. Ophthalmol. Vis. Sci. 25, 467–471.

Liao, H. I., Yoneya, M., Kidani, S., Kashino, M., and Furukawa, S. (2016).
Human pupillary dilation response to deviant auditory stimuli: Effects of stimulus
properties and voluntary attention. Front. Neurosci. 10:43. doi: 10.3389/fnins.2016.
00043

Loewenfeld, I. (1999). “chap. 3,” in The pupil: Anatomy, physiology, and clinical
applications (Boston, MA: Butterworth-Heinemann), 10. doi: 10.1021/acsomega.
8b01691

Lowenstein, O., and Loewenfeld, I. E. (1950). Role of sympathetic and
parasympathetic systems in reflex dilation of the pupil; pupillographic
studies. Arch. Neurol. Psychiatry 64, 313–340. doi: 10.1001/archneurpsyc.1950.
02310270002001

Miller, S. D., and Thompson, H. S. (1978). Pupil cycle time in optic neuritis. Am.
J. Ophthalmol. 85(5 Pt 1), 635–642. doi: 10.1016/S0002-9394(14)77096-5

Naber, M., Alvarez, G. A., and Nakayama, K. (2013). Tracking the allocation of
attention using human pupillary oscillations. Front. Psychol. 4:919.

Oculus. (2016). Interpretation Guide, 3rd Edn Irvine, CA: Oculus.

Prettyman, R., Bitsios, P., and Szabadi, E. (1997). Altered pupillary size and
darkness and light reflexes in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry
62, 665–668. doi: 10.1136/jnnp.62.6.665

Smith, S. (1992). “Pupil function: Tests and disorders,” in Autonomic failure,
3rd Edn, eds R. Bannister and C. J. Mathias (Oxford: Oxford University Press),
393–412.

Stamper, D. A., Lund, D. J., Molchany, J. W., and Stuck, B. E. (2002). Human
pupil and eyelid response to intense laser light: Implications for protection.
Percept. Mot. Skills 95(3 Pt 1), 775–782. doi: 10.2466/pms.2002.95.3.775

Steiner, G. Z., and Barry, R. J. (2011). Pupillary responses and event-related
potentials as indices of the orienting reflex. Psychophysiology 48, 1648–1655. doi:
10.1111/j.1469-8986.2011.01271.x

Strang, N. C., Winn, B., and Gilmartin, B. (1994). Repeatability of post-task
regression of accommodation in emmetropia and late-onset myopia. Ophthalmic
Physiol. Optics J. Br. Coll. Ophthalmic Opticians (Optometrists) 14, 88–91. doi:
10.1111/j.1475-1313.1994.tb00565.x

Theofilopoulos, N., McDade, G., Szabadi, E., and Bradshaw, C. M. (1995). Effects
of reboxetine and desipramine on the kinetics of the pupillary light reflex. Br. J.
clin. Pharmacol. 39, 251–255. doi: 10.1111/j.1365-2125.1995.tb04444.x

Toates, F. M. (1972). Accommodation function of the human eye. Physiol. Rev.
52, 828–863. doi: 10.1152/physrev.1972.52.4.828

Vartanian, G. V., Zhao, X., and Wong, K. Y. (2015). Using flickering light to
enhance nonimage-forming visual stimulation in humans. Invest. Ophthalmol. Vis.
Sci. 56, 4680–4688. doi: 10.1167/iovs.15-16468

Wang, C. A., and Munoz, D. P. (2014). Modulation of stimulus contrast on the
human pupil orienting response. Eur. J Neurosci. 40, 2822–2832. doi: 10.1111/ejn.
12641

Winn, B., Whitaker, D., Elliott, D. B., and Phillips, N. J. (1994). Factors affecting
light-adapted pupil size in normal human subjects. Invest. Ophthalmol. Vis. Sci. 35,
1132–1137.

Xu, L., Wang, Y., Li, Y., Wang, Y., Cui, T., Li, J., et al. (2006). Causes of blindness
and visual impairment in urban and rural areas in Beijing: The Beijing eye study.
Ophthalmology 113, 1134.e1-11. doi: 10.1016/j.ophtha.2006.01.035

Yuan, X., Cheng, Y., and Jiang, Y. (2021). Multisensory signals inhibit pupillary
light reflex: Evidence from pupil oscillation. Psychophysiology 58:e13848. doi: 10.
1111/psyp.13848

Zhai, L., Li, Q., Wang, T., Dong, H., Peng, Y., Guo, M., et al. (2016). Altered
functional connectivity density in high myopia. Behav. Brain Res. 303, 85–92.
doi: 10.1016/j.bbr.2016.01.046

Frontiers in Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2022.981436
https://doi.org/10.1364/BOE.420334
https://doi.org/10.1016/0042-6989(94)00229-f
https://doi.org/10.1046/j.1475-1313.2002.00054.x
https://doi.org/10.1046/j.1475-1313.2002.00054.x
https://doi.org/10.1016/j.ophtha.2016.01.006
https://doi.org/10.1016/j.ophtha.2016.01.006
https://doi.org/10.1186/s12868-019-0526-4
https://doi.org/10.1016/j.ophtha.2006.04.022
https://doi.org/10.1016/j.ophtha.2006.04.022
https://doi.org/10.1016/j.tics.2020.03.005
https://doi.org/10.1016/j.tics.2020.03.005
https://doi.org/10.3389/fnins.2016.00043
https://doi.org/10.3389/fnins.2016.00043
https://doi.org/10.1021/acsomega.8b01691
https://doi.org/10.1021/acsomega.8b01691
https://doi.org/10.1001/archneurpsyc.1950.02310270002001
https://doi.org/10.1001/archneurpsyc.1950.02310270002001
https://doi.org/10.1016/S0002-9394(14)77096-5
https://doi.org/10.1136/jnnp.62.6.665
https://doi.org/10.2466/pms.2002.95.3.775
https://doi.org/10.1111/j.1469-8986.2011.01271.x
https://doi.org/10.1111/j.1469-8986.2011.01271.x
https://doi.org/10.1111/j.1475-1313.1994.tb00565.x
https://doi.org/10.1111/j.1475-1313.1994.tb00565.x
https://doi.org/10.1111/j.1365-2125.1995.tb04444.x
https://doi.org/10.1152/physrev.1972.52.4.828
https://doi.org/10.1167/iovs.15-16468
https://doi.org/10.1111/ejn.12641
https://doi.org/10.1111/ejn.12641
https://doi.org/10.1016/j.ophtha.2006.01.035
https://doi.org/10.1111/psyp.13848
https://doi.org/10.1111/psyp.13848
https://doi.org/10.1016/j.bbr.2016.01.046
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Kinetic pupillary size using Pentacam in myopia
	Introduction
	Materials and methods
	Patient selection
	Pentacam examination
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


