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Abstract
Background  Blue light activates melanopsin, a photopigment that is expressed in intrinsically photosensitive retinal 
ganglion cells (ipRGCs). The axons of ipRGCs converge on the optic disc, which corresponds to the physiological blind 
spot in the visual field. Thus, a blue light stimulus aligned with the blind spot captures the ipRGCs axons at the optic 
disc. This study examined the potential changes in choroidal thickness and axial length associated with blue light 
stimulation of melanopsin-expressing ipRGCs at the blind spot. It was hypothesized that blue light stimulation at the 
blind spot in adults increases choroidal thickness.

Methods  The blind spots of both eyes of 10 emmetropes and 10 myopes, with a mean age of 28 ± 6 years (SD), were 
stimulated locally for 1-minute with blue flickering light with a 460 nm peak wavelength. Measurements of choroidal 
thickness and axial length were collected from the left eye before stimulation and over a 60-minute poststimulation 
period. At a similar time of day, choroidal thickness and axial length were measured under sham control condition in 
all participants, while a subset of 3 emmetropes and 3 myopes were measured after 1-minute of red flickering light 
stimulation of the blind spot with a peak wavelength of 620 nm. Linear mixed model analyses were performed to 
examine the light-induced changes in choroidal thickness and axial length over time and between refractive groups.

Results  Compared with sham control (2 ± 1 μm, n = 20) and red light (−1 ± 2 μm, n = 6) stimulation, subfoveal 
choroidal thickness increased within 60 min after blue light stimulation of the blind spot (7 ± 1 μm, n = 20; main effect 
of light, p < 0.001). Significant choroidal thickening after blue light stimulation occurred in emmetropes (10 ± 2 μm, 
p < 0.001) but not in myopes (4 ± 2 μm, p > 0.05). Choroidal thickening after blue light stimulation was greater in the 
fovea, diminishing in the parafoveal and perifoveal regions. There was no significant main effect of light, or light by 
refractive error interaction on the axial length after blind spot stimulation.

Conclusions  These findings demonstrate that stimulating melanopsin-expressing axons of ipRGCs at the blind spot 
with blue light increases choroidal thickness in young adults. This has potential implications for regulating eye growth.
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Background
Among the modifiable risk factors associated with myo-
pia, increasing outdoor time and the associated high light 
levels have received significant attention to reduce the 
risk of developing myopia. Increasing evidence suggests 
that high ambient light has a protective effect against 
excessive eye growth and myopia development, poten-
tially through the retinal dopaminergic pathway (Norton 
and Siegwart 2013). Intrinsically photosensitive retinal 
ganglion cells (ipRGCs) are a small subset of retinal gan-
glion cells that express the photopigment melanopsin (Fu 
et al. 2005) and respond directly to blue light with a peak 
sensitivity of approximately 480  nm. These cells have 
slow response kinetics characterized by long latency and 
poststimulus persistence (Mure et al. 2009, 2019; Stone 
et al. 2013) and are implicated in light-mediated mecha-
nisms regulating eye growth and myopia development. 
Melanopsin signaling has been shown to contribute to 
refractive growth of the eye in mice (Liu et al. 2022). A 
lack of intrinsic melanopsin signaling was associated with 
a myopic shift in refraction (Chakraborty et al. 2022a), 
whereas selective chemogenetic activation of melanopsin 
led to a hyperopic shift (Liu et al. 2022). ipRGCs com-
municate with dopaminergic amacrine cells in the retina 
(Newkirk et al. 2013; Norton and Siegwart 2013; Schmidt 
et al. 2014; Stone et al. 2013), and their activation is sug-
gested to inhibit myopia development through a dopa-
minergic signaling cascade (Troilo et al. 2019; Witkovsky 
2004). However, there is currently a lack of strong evi-
dence supporting the role of ipRGCs in the light-depen-
dent processes of eye growth in humans.

ipRGCs in both animals (Esquiva et al. 2016; Fahren-
krug et al. 2004; Hattar et al. 2002) and humans (Hanni-
bal et al. 2017) express the photopigment melanopsin in 
their axons, as well as their cell bodies. The axons of the 
ipRGCs are bundled at the optic disc before projecting to 
the brain. Melanopsin-containing axons were observed 
in sections where the optic nerve exited the eye in rats 
(Esquiva et al. 2016). Axonal labeling was observed in 
the first 2 mm of the optic nerve in mice (Fahrenkrug et 
al. 2004). Recent studies support the ability to activate 
ipRGC-driven mechanisms via the blind spot by demon-
strating changes in the contrast sensitivity (Schilling et al. 
2023), the retinal electrical activity (Amorim-de-Sousa 
et al. 2021; Schilling et al. 2022), the pupillary light reflex 
(Miyamoto and Murakami 2015; Schilling et al. 2023), 
and the perception of brightness (Saito et al. 2018) in 
humans following blind spot stimulation with blue light. 
These findings suggest that selective stimulation of the 
blind spot with appropriate short wavelength stimuli can 
excite melanopsin, which is located on ipRGCs axons, 
and alter functional responses from the eye. The limita-
tion of blue light stimulation to the blind spot provides 
selective stimulation of melanopsin because of missing 

cones and rods at this anatomical site (Güler et al. 2008). 
This stimulation approach aims at increasing choroidal 
thickness and decreasing axial length, both biomarkers of 
ocular growth regulation (Troilo et al. 2019).

There is compelling evidence for a relationship between 
choroidal thickness and vision-dependent processes that 
regulate the refractive state of the eye, with choroidal 
thinning associated with myopia and choroidal thicken-
ing associated with emmetropia or hyperopia (Nickla and 
Wallman 2010; Read et al. 2019; Wildsoet and Wallman 
1995). Studies involving the current treatments for child-
hood myopia, including orthokeratology (Li et al. 2019; 
Wang et al. 2023), defocus incorporated multiple seg-
ments (DIMS) lenses (Chun et al. 2023), and atropine eye 
drops (Ye et al. 2020), suggest that short-term thickening 
of the choroid in response to these treatments predicts 
long-term slowing of eye growth and myopia progres-
sion. Recent studies on the human eye have also shown 
an increase in choroidal thickness in response to expo-
sure to increased light levels (Chakraborty et al. 2022b), 
with evidence from animals further suggesting that 
melanopsin signaling contributes to the light-mediated 
increase in choroidal thickness independent of the rod 
pathway (Berkowitz et al. 2016). The present study tested 
the hypothesis that stimulating the melanopsin-express-
ing axons of the ipRGCs at the blind spot with blue light 
increases choroidal thickness in young adults.

Methods
Participants
Twenty young adults aged 18 to 35 years were enrolled 
in this study. This sample size provides 80% power to 
detect a significant change of ∼ 6  μm in the mean cho-
roidal thickness, using a statistical significance level of 
0.05 (Hoseini-Yazdi et al. 2019, 2020). The eligibility of 
participants was examined at a screening visit to include 
only those individuals who were in good general health, 
had normal best corrected vision (logMAR 0.00 or bet-
ter in each eye), normal binocular vision, stable fixation 
by excluding nystagmus, and no history or evidence of 
amblyopia, strabismus, accommodation dysfunction, or 
any other significant ocular disease, ocular injury, or eye 
surgery. Smokers were not included. Participants using 
any administration of medication and those with a his-
tory of seizure, epilepsy, motion sickness, claustropho-
bia, adverse reactions to viewing flickering light, sleep 
disorders or poor sleep quality, determined via the Pitts-
burgh Sleep Quality Index questionnaire (Buysse et al. 
1989), were excluded. Participants were also excluded if 
they were using treatments to control the progression of 
myopia, such as orthokeratology lenses, myopia control 
spectacles, soft contact lenses, or atropine eye drops, if 
they were using treatments to improve sleep quality, 
or if they were using blue blocking spectacles. Of the 
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22 participants who attended the screening visits, two 
participants did not meet the eligibility criteria (due to 
excessive astigmatism and poor sleep quality), result-
ing in the enrollment of 20 participants in the study. The 
Queensland University of Technology human research 
ethics committee approved the study. Written informed 
consent was obtained from each participant, and the 
study adhered to the tenets of the Declaration of Helsinki.

Based on non-cycloplegic subjective refraction of the 
left eye, participants were classified as emmetropes with 
a spherical equivalent refractive error (SER) ranging from 
− 0.25 Diopters (D) to + 0.75 D (n = 10) or as myopes with 
a SER ranging from − 0.50 D to −6.00 D (n = 10) (Flitcroft 
et al. 2019). Participants with astigmatic refractive errors 
greater than 1.50 D or anisometropia greater than 1.00 
D were excluded from the study to limit any potentially 
confounding effects of uncorrected astigmatic defocus 

(Hoseini-Yazdi et al. 2020) or anisometropia (Vincent et 
al. 2013).

Design
Eligible participants attended two experimental visits, 
during which the blind spot was stimulated with blue 
light or without any light stimulation as a sham control 
condition. A subset of participants, including 3 emme-
tropes and 3 myopes, was randomly selected from the 
original cohort and attended later an additional third 
experimental visit to stimulate with red instead of blue 
light as an active control (Fig. 1A). The experimental vis-
its were conducted in a randomized order on different 
days at approximately the same time of day (12:48 ± 2:11 
pm for the blue light condition, 12:16 ± 1:52 pm for the 
red light condition, and 12:44 ± 2:09 pm for the sham 
control condition) to control for potential diurnal effects 

Fig. 1  Overview of the experimental setup for stimulating the blind spot with blue light, sham control, and red light on separate days in a random 
order, indicated by visits Blue, Sham or Red respectively. Initially, blind spot mapping was performed in VR, followed by a 10 min washout in free space. A 
baseline OCT measurement was performed with 5 min of dark adaptation in free space before and after the procedure. After the 1-min stimulation of the 
blind spot in the VR headset, OCT measurements were performed after 0, 10, 20, 30, and 60 min. Optical biometry was performed at baseline and after 
60 min (A). The position of the blind spot was determined through a calibration process for mapping the blind spot of each eye. A red disc was presented 
on a smartphone screen through a VR headset with 2.25 D accommodation demand, while any refractive error was optimally corrected with spectacle 
lenses (B). OCT images of the left eye were collected while the participants were viewing an external fixation target via a cold mirror and a Badal system 
to correct any refractive errors in the left eye during imaging (C). The axial length of the left eye was measured using optical biometry with a similar Badal 
system attached to the optical biometer
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on ipRGCs activity and choroidal thickness (Chakraborty 
et al. 2018). Participants refrained from consuming coffee 
or alcohol at least four hours prior to the commencement 
of each experimental visit.

Procedure
Blind spot mapping
For mapping and light stimulation of the blind spot, a 
smartphone (Galaxy S7, Samsung, South Korea) viewed 
through a virtual reality (VR) headset (Merge VRG-
01MG, Merge Labs, USA) was used (Fig. 1A).

At the beginning of each study visit, the volunteer was 
asked to determine the position of the blind spot for each 
eye in the VR environment by adjusting a small red disc 
with an angular size of ∼ 4° (smaller than the blind spot) 
in the peripheral visual field until it became completely 
invisible while fixating on a small central fixation target 
(Fig. 1B). The movable red disc used for blind spot map-
ping was created using a custom-written Android pro-
gram (Dopavision GmbH, Germany). The position of the 
blind spot was saved by the program and used for subse-
quent stimulation. The accommodation demand was esti-
mated to be 2.25 D during the VR experience for an eye 
optimally corrected for distance. To control for any con-
founding effect of accommodation, similar accommoda-
tion demand was present during the sham control, active 
control, and the blue light condition.

Washout
Blind spot mapping was followed by a 15-minute wash-
out period in free space. This free space period involved 
viewing a grayscale movie for 10  min at distance with 
both eyes open and optimal sphero-cylindrical cor-
rection provided in a trial frame under ∼ 10  lx ambient 
lighting, followed by a 5-minute dark adaptation period 
with ambient lighting of < 1 lx. The initial washout period 
minimized any effects of prior near tasks (Hoseini-Yazdi 
et al. 2021) or light exposure (Lou and Ostrin 2020; Read 
et al. 2018) on the baseline choroidal thickness and axial 
length measurements. The 5-minute dark adaptation 
period before baseline optical coherence tomography 
(OCT) imaging also allowed for an adaptation response 
consistent with the dark adaptation before blind spot 
stimulation and subsequent OCT measurements, thus 
minimizing the potential confounding influence of dark-
ness on choroidal thickness (Lou and Ostrin 2020) and 
the choroidal response to stimulation.

Baseline
Subsequent to washout, baseline measurements of cho-
roidal thickness and axial length were carried out. During 
these measurements, optimal sphero-cylindrical correc-
tion of the left eye was provided using a Badal system 
attached to the OCT and optical biometer instruments 

(Hoseini-Yazdi et al. 2019, 2020), with a high-contrast 
bull’s eye plus cross-hair target (Thaler et al. 2013) used 
as the fixation target, consistent with the fixation target 
used in the VR headset (Fig.  1C). Participants viewed 
this external fixation target at optical infinity using a cold 
mirror, a + 15 D Badal lens and a corrective lens to correct 
for refractive error in the left eye while being imaged. The 
bright blue internal fixation target was switched off for 
the baseline and all subsequent OCT scans at both study 
visits to minimize any confounding effect of the Spectra-
lis OCT instrument’s blue fixation target on the choroidal 
response to ipRGC stimulation. This procedure of turn-
ing off the instrument’s internal fixation light and using 
an external fixation target has been performed in previ-
ous studies (Hoseini-Yazdi et al. 2019, 2020).

Stimulation
Following baseline OCT imaging and optical biometry, 
both eyes were dark-adapted for 5  min (ambient light-
ing < 1  lx). The participant subsequently wore the VR 
headset and confirmed that the red calibration disc was 
still not visible when fixating on the central fixation tar-
get. The blind spot was then stimulated for 1  min with 
12  Hz flickering blue light (peak wavelength 460  nm, 
luminance 22 cd/m2, angular size ∼ 4°), no light as a sham 
control, or flickering red light (peak 620 nm, luminance 
139 cd/m2, and angular size ∼ 4°) as an active control con-
dition, while the participant fixated on the central bull’s 
eye and cross-hair target.

The light stimulus was temporally modulated with a 
rectangular waveform at 12  Hz. Blue light stimulation 
at the blind spot with such flickering frequencies has 
been shown to reliably evoke pupil responses in a recent 
human experimental study (Adhikari et al. 2023). In deed, 
moderate flicker frequencies between 6 and 15 Hz tend 
to suppress experimentally induced myopia, increase 
dopamine synthesis in the retina (Kee et al. 2001; Rohrer 
et al. 1995; Schwahn and Schaeffel 1997), and lead to 
thickening of the choroid (Mathis et al. 2022).

None of the participants perceived the blue or red light 
stimulus in the periphery, although some perceived a 
marginal glow. This further confirmed the alignment of 
the light stimulus with the blind spot and stimulation of 
the blind spot. The ambient room light was maintained 
at 10 lx before and after the dark adaptation, and during 
blind spot stimulation throughout all the experimental 
sessions.

Measurements
Choroidal thickness was assessed at 0, 10, 20, 30, and 
60  min following blind spot stimulation or sham con-
trol, using the same protocol as that used for the base-
line measurements. Axial length was measured at 60 min 
poststimulation, immediately after the 60-minute OCT 
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imaging. Between the measurement time points, the par-
ticipants watched a grayscale movie, while the sphero-
cylindrical refractive error of both eyes was optimally 
corrected in a trial frame. Therefore, any effects of opti-
cal defocus (Chakraborty et al. 2012; Chiang et al. 2015; 
Hoseini-Yazdi et al. 2019, 2020; Read et al. 2010) or chro-
matic cues (Lou and Ostrin 2020) from the screen on 
measures of choroidal thickness and axial length were 
minimized (Ostrin et al. 2023).

Eligible participants also underwent wide-field scan-
ning laser ophthalmoscopy (SLO) fundus imaging that 
was captured in conjunction with wide-field volumetric 
horizontal OCT imaging during the screening visit using 
the Spectralis instrument to estimate the diameter of the 
blind spot corresponding to the optic disc. In this analy-
sis, the termination of Bruch’s membrane was identified 
manually on each horizontal B-scan image intersecting 
the optic nerve, aligning with the optic disc margin on 
the SLO image. A best-fitting circle was then applied to 
the marked optic disc margin utilizing the graphical tools 
of the Heidelberg Explorer software. The measured diam-
eter of the best-fitted circle was adjusted for the ocu-
lar magnification associated with ocular biometry and 
refraction to provide an estimate of the blind spot diam-
eter in degrees.

Instrumentation
Spectral domain optical coherence tomography (SD-
OCT; Spectralis, Heidelberg, Germany) was used for 
choroid measurements, and optical biometry (Len-
star LS 900, Haag-Streit AG, Switzerland) was used for 
axial length measurements. Foveal-centered enhanced 
depth imaging OCT images were collected three times 
at baseline along the vertical meridian using a 30° high-
resolution scan protocol, and 100 frames were averaged 
for each B-scan (Hoseini-Yazdi et al. 2018, 2019). The 
instrument’s follow-up mode was activated to ensure that 
all the B-scans collected at different measurement time 
points across the two visits were acquired from a loca-
tion identical to the baseline scan of the first visit. Base-
line optical biometry was always performed following the 
baseline OCT imaging, with five consecutive measure-
ments collected.

Data analysis
A custom-written program was used to automatically 
segment the anterior and posterior boundaries of the 
choroid (Kugelman et al. 2019), and segmentation inac-
curacies were corrected by an experienced masked 
observer (Fig.  2A). The transverse magnification of 
each B-scan was then adjusted to account for varia-
tions in ocular refraction and biometry using a previ-
ously described method (Hoseini-Yazdi et al. 2019). 
This adjustment revealed a mean ± SD scan length of 

9.05 ± 0.58  mm, ranging from 8.28 to 10.39  mm. Subse-
quently, the choroidal thickness was measured at the 
subfoveal point, which is defined as the deepest point of 
the foveal pit (Fig. 2B), and across the foveal, parafoveal, 
and perifoveal eccentricities over the macula, centered 
on the fovea (Fig.  2C). The fovea was the central 1  mm 
region, the parafovea was the 1–3 mm region next to the 
fovea, and the perifovea was the 3–5  mm region adja-
cent to parafovea. These regional measures of choroidal 
thickness were then averaged across the three repeated 
scans captured at each time point and used for analysis. 
The five repeated measurements of axial length were also 
averaged for measurements obtained at baseline and after 
60 min of stimulation of the blind spot and were used for 
analysis.

Statistical analysis
All the statistical analyses were conducted using IBM 
SPSS Statistics 26 (www.ibm.com/software/analytics/
spss). Given the different numbers of measurements 
collected across participants in the present study, a lin-
ear mixed model (LMM) analysis, which is capable of 
handling unbalanced data, was carried out (Cnaan et 
al. 1997). Separate LMM analyses were also conducted 
to examine the changes in subfoveal choroidal thick-
ness, mean macular choroidal thickness, and axial length 
associated with blind spot stimulation with light. For 
subfoveal and mean macular choroidal thickness analy-
ses, the main effects of light (three levels: sham, blue 
light, red light), time (five levels: 0, 10, 20, 30, 60  min) 
and refractive error (two levels: emmetropes, myopes) 
and the interactions between light, time, and refractive 
error were included as fixed factors. A repeated measure 
design was used in each LMM by including the slope and 
intercept of individual participants as random factors. A 
compound symmetry covariance structure was assumed 
for the repeated factors of light stimulation and time. For 
the axial length analysis, the main effects of light, refrac-
tive error, and the interaction of light by refractive error 
were included as fixed factors, and the slope and inter-
cept of all participants were included as random factors 
in the LMM.

A secondary LMM analysis was conducted to exam-
ine the influence of measurement eccentricity upon the 
choroidal thickness changes with blind spot stimulation, 
using the data from the blue light and sham conditions 
on the entire study population (n = 20). The main effects 
of light (two levels: sham and blue light), measurement 
eccentricity (foveal, parafoveal and perifoveal), time, 
and refractive error and the three-way interaction of 
light by eccentricity by time and the four-way interac-
tion of light by eccentricity by time by refractive error 
were included as fixed factors. The slope and intercept of 
individual participants were included as random factors. 

http://www.ibm.com/software/analytics/spss
http://www.ibm.com/software/analytics/spss
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Bonferroni-corrected posthoc pairwise comparison tests 
were also conducted for any significant main effects or 
interactions. Changes in choroidal thickness and axial 
length are presented as the arithmetic mean ± standard 
error of the mean (SEM).

Results
The demographic and ocular characteristics of the 
twenty participants enrolled in this study are displayed in 
Table 1.

Changes in subfoveal choroidal thickness
A statistically significant main effect of light was 
observed for changes in subfoveal choroidal thickness 
(F2,362=22.46, p < 0.001). An increase in subfoveal cho-
roidal thickness was observed 60 min after blind spot 
stimulation with blue light (7 ± 1  μm, n = 20), which 
was significantly greater than the change observed fol-
lowing the sham control condition (2 ± 1  μm, n = 20) 
and following red light stimulation of the blind spot 
(−1 ± 2 μm, n = 6) using posthoc pairwise comparisons 
(both p < 0.001) (Fig. 3).

A statistically significant light by time by refractive 
error interaction was found (F14,357=3.17, p < 0.001), sug-
gesting that the subfoveal choroidal response to blind 
spot stimulation with blue light varied with refrac-
tive error. In the emmetropes, a statistically significant 
increase in subfoveal choroidal thickness was found 
with blue light stimulation compared to the sham 

Table 1  Comparison of the demographic and ocular 
characteristics of the emmetropic and myopic participants

Emme-
tropes 
(N = 10)

Myopes 
(N = 10)

P 
value

Age (years) 28 ± 6 27 ± 6 0.64*
Gender (female, %) 30% 50% 0.65 †
Refractive error (D) + 0.02 ± 0.23 −3.01 ± 1.80 < 0.001 

‡
Axial length (mm) 23.90 ± 0.67 25.32 ± 1.25 0.005*
Subfoveal choroidal thickness 
(µm)

405 ± 98 304 ± 103 0.037*

Mean macular choroidal thick-
ness (µm)

411 ± 95 305 ± 100 0.025*

Blind spot diameter (degrees) 5.68 ± 0.46 5.22 ± 0.55 0.06*
* Independent samples t-test, † Chi square test, ‡ Independent samples Mann-
Whitney U test. Variations around the mean are indicated by standard deviation

Fig. 2  Illustration of the fundus en-face image and the position of the 30° OCT scan (green line in A) and the corresponding high-resolution enhanced 
depth imaging B-scan along the vertical meridian (B and C). Choroidal thickness was measured between the hyperreflective line corresponding to the 
outer surface of the retinal pigment epithelium and Bruch’s membrane complex (blue line in B and C) and the hyperreflective line corresponding to the 
inner surface of the choroidoscleral interface (red line in B and C) at the subfoveal point (i.e., the deepest point in the foveal pit shown with a yellow line 
in B) and across the fovea (central 1 mm region), parafovea (1–3 mm region adjacent to fovea), and perifovea (3–5 mm region adjacent to parafovea) in 
the same B-scan (C)
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control immediately after (3 ± 2 μm vs. −3 ± 2 μm at 0 min, 
p < 0.01) and throughout the 60-minute poststimulation 
period (3 ± 2 μm vs. −1 ± 2 μm at 10 min, p < 0.05; 6 ± 2 μm 
vs. −2 ± 2  μm at 20  min, p < 0.001; 8 ± 2  μm vs. 2 ± 2  μm 
at 30  min, p < 0.01; 10 ± 2  μm vs. 4 ± 2  μm at 60  min, 
p < 0.01). The increase in subfoveal choroidal thickness 
with blue light stimulation of the blind spot in emme-
tropes was also significantly greater than the change in 
choroidal thickness with red light stimulation at 30 min 
(8 ± 2 μm vs. −4 ± 3 μm, p < 0.001) and 60 min (10 ± 2 μm 
vs. −1 ± 3  μm, p < 0.001) poststimulation. The subfoveal 
choroidal response to red light stimulation was not sig-
nificantly different from the response to the sham con-
trol at any measurement time point (all p > 0.05). These 
findings suggest that the observed changes in choroidal 
thickness with blue light stimulation in emmetropes were 
associated with the wavelength of the stimulating light 
(Fig. 4A, C). In the myopic group, however, the changes 
in subfoveal choroidal thickness associated with blue 
light stimulation were not significantly different from the 
changes in choroidal thickness associated with the sham 
control or red light stimulation at any time point post-
stimulation (Fig. 4B, D).

When the time course of changes in subfoveal cho-
roidal thickness after blue light stimulation was com-
pared between emmetropes and myopes, significantly 

greater subfoveal choroidal changes were observed in 
the emmetropes at 30 and 60  min after stimulation 
(Fig. 5).

Changes in mean macular choroidal thickness
The analysis of changes in the mean macular choroidal 
thickness also revealed a statistically significant main 
effect of light (p < 0.001) and a statistically significant 
light by time by refractive error interaction (p < 0.05). 
However, the magnitude of change in the mean mac-
ular choroidal thickness with blind spot stimulation 
was generally less than the corresponding subfoveal 
change.

A statistically significant light by eccentricity by time 
by refractive error interaction was found (p < 0.001), sug-
gesting that the differences in the mean macular choroi-
dal thickness changes with blue light stimulation between 
emmetropes and myopes varied with eccentricity. In the 
emmetropes, the choroidal thickening observed with 
blue light stimulation was significantly greater than the 
corresponding changes in the sham control condition 
with no light across all the measured time points only in 
the foveal region. This refractive error-dependent choroi-
dal response was attenuated in the parafoveal and perifo-
veal eccentricities (Fig.  6). Furthermore, compared with 
myopic individuals, emmetropes exhibited significantly 

Fig. 3  Changes in subfoveal choroidal thickness after a 60-minute period following stimulation of the blind spot with blue light, red light, or sham control 
for 1 min compared to the baseline measurements. Error bars indicate the standard error of the mean (SEM). Individual changes in subfoveal choroidal 
thickness after 60 min following 1-minute stimulation of the blind spot are represented by circular symbols. p < 0.001 for significant pairwise comparisons 
with Bonferroni correction between blind spot stimulation with blue light and red light, and with blue light and sham control
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greater choroidal thickening at 30 and 60 min post blue 
light stimulation in the foveal region (both p < 0.01), but 
these differences were diminished in parafoveal and peri-
foveal eccentricities.

Changes in axial length of the eye
Relative to the baseline measurement, there was a trend 
for axial length to decrease by 6 ± 3  μm and 2 ± 3  μm at 
60 min following 1 min of stimulation with blue light and 
sham control, respectively, and increase by 2 ± 5  μm at 
60 min following 1 min of red light stimulation. However, 

these changes were not statistically significant with no 
significant main effect of light (F2,25=1.62, p = 0.21) or 
light by refractive error interaction (F2,25=1.56, p = 0.23) 
observed on axial length changes following blind spot 
stimulation.

Discussion
This study provides evidence regarding the response of 
the human choroid to blue light stimulation of the blind 
spot which is likely to be driven by ipRGCs. A statistically 
significant thickening of the subfoveal choroid was found 

Fig. 4  Time course of changes in subfoveal choroidal thickness over the 60-minute period following 1-minute stimulation of the blind spot with blue 
light compared to changes following sham control and red light stimulation in (A, C) emmetropes and (B, D) myopes. The error bars in (A) and (B) indicate 
the SEM. * p < 0.01, † p < 0.05 for significant pairwise comparisons with Bonferroni correction, indicated in black for choroidal thickness response to blue 
light stimulation of the blind spot versus sham control, and in red for choroidal thickness response to blue light stimulation of the blind spot versus red 
light stimulation
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within one hour after a 1-minute blue light stimulation. 
The observed choroidal thickening after stimulation 
with flickering blue light was greater than the changes 
observed following two control conditions, namely, sham 
without any light stimulation and red light stimulation 
of the optic disc, suggesting that the wavelength of the 
stimulating light was the primary driver of the observed 
choroidal thickness changes. Qualitatively similar but 
smaller magnitude changes were also measured in the 
mean macular choroidal thickness compared to the sub-
foveal choroidal thickness.

The choroidal response to visual stimuli such 
as defocus (Delshad et al. 2020), accommodation 
(Hoseini-Yazdi et al. 2021; Woodman et al. 2011), and 
increased levels of non-flickering light (Chakraborty et 
al. 2022b; Thakur et al. 2021) is transient and decays 
within ∼ 20 to 30  min of stimulus offset. In the pres-
ent study, the choroidal response to light stimula-
tion of the blind spot was similar in magnitude to the 
responses to other visual stimuli applied in previous 
studies (Chakraborty et al. 2012, 2022b; Delshad et al. 
2020; Hoseini-Yazdi et al. 2019, 2020, 2021; Lou and 
Ostrin 2020; Read et al. 2010, 2018; Thakur et al. 2021; 

Woodman et al. 2011). The change in choroidal thick-
ness may be linked to an ipRGC dopamine signaling 
and its potential effects on choroidal vessels. There 
is evidence suggesting retrograde signaling in the 
ipRGCs in addition to forward signaling to the central 
nervous system, in which the axon collaterals of the 
ipRGCs influence the outer retinal layers through sus-
tained firing of the dopaminergic amacrine cell (Joo et 
al. 2013; Prigge et al. 2016; Zhang et al. 2008) whereas 
a study on knock-out mice suggested that light regula-
tion of retinal dopamine is independent of melanopsin 
phototransduction and originates primarily from rods 
and cones (Cameron et al. 2009). Recent studies have 
also provided further support for retrograde signaling 
of the ipRGCs in humans by demonstrating that the 
ipRGC-driven pathway in the retina is stimulated, and 
leads to activation of the retinal dopaminergic pathway 
following brief blind spot stimulation with blue light 
(Amorim-de-Sousa et al. 2021; Schilling et al. 2022). 
Therefore, it seems reasonable to assume that the 
observed choroidal response to blind spot stimulation 
with blue light is driven by retrograde signaling of the 
ipRGCs.

Fig. 5  Time course of changes in subfoveal choroidal thickness over the 60-minute period following 1 min of stimulation of the blind spot with blue light 
compared to the baseline measurements in emmetropes (triangle symbols, n = 10) and myopes (square symbols, n = 10). Error bars indicate the standard 
error of the mean (SEM). * p < 0.01, † p < 0.05 with Bonferroni correction for comparison between the choroidal response to blue light stimulation of the 
blind spot in emmetropes and myopes

 



Page 10 of 13Hoseini-Yazdi et al. Bioelectronic Medicine           (2024) 10:13 

A recent study reported a decrease in choroidal thick-
ness after 60  min of continuous full-field ocular expo-
sure to red light (peak wavelength 630  nm, mean ± SD 
before 350.57 ± 89.68  μm and after 344.66 ± 88.77  μm) 
but not of continuous exposure to blue light (peak 
wavelength 456  nm, before 346.92 ± 86.68  μm and after 
346.13 ± 88.23 μm). This difference in choroidal response 
was attributed to either an ipRGC-mediated retinal 
mechanism or a response to chromatic cues provided 
by the wavelength of light (Lou and Ostrin 2020). Short-
term exposure to full-field blue light, but not red or green 
light, has also been found to negate the increase in axial 
length and decrease in choroidal thickness associated 
with exposure to hyperopic defocus in the human eye and 
leads to a relative shortening of axial length and thicken-
ing of the choroid (Thakur et al. 2021). This finding sug-
gests that the regulation of axial length and choroidal 
thickness by full-field blue light may be driven by mech-
anisms that are not dependent on longitudinal chro-
matic aberrations, such as the S-cone excitatory input 
to the dopaminergic amacrine cells and/or the S-cone 
inhibitory input to the ipRGCs (Dacey and Packer 2003; 
Spitschan et al. 2014). The increase in choroidal thickness 
observed with blue light stimulation of the blind spot in 
the present study suggests that the choroid responds to 

intrinsic ipRGC-mediated retinal signaling mediated by 
melanopsin-expressing ipRGCs, which are sensitive to 
blue light (Hattar et al. 2002). This occurs in isolation 
from optical cues provided by blue light or S-cone driven 
signals due to the absence of conventional rod and cone 
photoreceptors at the optic disc.

One limitation of the study was that no continuous 
light was used. In a study using a flicker frequency of 
10 Hz, it was shown that blue light stimulation of the 
blind spot elicited a stronger pupil response associ-
ated with melanopsin activation compared to red light 
(Adhikari et al. 2023). Therefore, it is likely that the 
12  Hz blue light stimulus used in this study has also 
triggered the ipRGC-mediated signals at the blind 
spot.

Choroidal thickening to blind spot stimulation with 
blue light has been proven statistically only in emme-
tropic, but not myopic adults in this study. Recent 
studies have also revealed that the axial length of 
myopes do not respond to optical defocus as strongly 
as emmetropes (Swiatczak and Schaeffel 2021, 2022), 
although earlier studies do not support these findings 
(Chiang et al. 2015; Hoseini-Yazdi et al. 2020). Previous 
studies in both animals and humans have established a 
strong link between choroidal thickness and refractive 

Fig. 6  Time course of changes in choroidal thickness in the fovea (left graphs), parafovea (middle graphs), and perifovea (right graphs) over the 60-min-
ute period following 1-minute stimulation of the blind spot with blue light or no light (sham control) compared to the baseline measurement in emme-
tropes (n = 10, top graphs) and myopes (n = 10, bottom graphs). Error bars indicate the standard error of the mean (SEM). * indicates paired comparisons 
p < 0.01 and † p < 0.05 with Bonferroni correction between the response to blue light stimulation of the blind spot and the sham control at the indicated 
time points
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development (Read et al. 2019; Troilo et al. 2019), with 
increases in choroidal thickness linked to mechanisms 
leading to emmetropia and decreases in choroidal 
thickness associated with mechanisms leading to myo-
pia. Therefore, the differential change in choroidal 
thickness with blue light stimulation of the blind spot 
observed in emmetropes compared to myopes sug-
gests the possibility that ipRGC-mediated signaling is 
involved in vision-dependent processes regulating the 
refractive state of the eye. Stronger ipRGC-mediated 
retinal signals might be associated with processes lead-
ing to emmetropia, and weaker signals might be asso-
ciated with processes leading to myopia. A stronger 
ipRGC-mediated pupillary response in emmetropes 
than in myopes has also been demonstrated, with a 
greater post illumination pupillary response following 
repeated exposure of the pupil to blue light found in 
non-myopic young adults than in myopic young adults 
(Mutti et al. 2020).

In contrast, a recent study revealed a significant 
increase in retinal electrophysiological responses from 
the inner plexiform layer (amacrine and bipolar cells) 
and from the retinal ganglion cells of myopic, but not 
emmetropic, eyes 20 min after 1 min stimulation of the 
blind spot with blue light (Amorim-de-Sousa et al. 2021). 
However, these retinal changes were examined under 
photopic illumination, unlike the mesopic conditions in 
the present study, suggesting that a possible interaction 
between intrinsic and extrinsic cone-mediated ipRGC 
signaling pathways may influence the responses to blue 
light stimulation of the blind spot in different refractive 
groups. Alternatively, ipRGC-mediated retinal signal-
ing may remain intact in both myopes and emmetropes, 
with the differences in choroidal thickness changes in 
response to ipRGC signaling observed in the present 
study explained by differences in downstream signal-
ing in the dopaminergic pathway of myopic eyes, such 
as in the retinal pigment epithelium (Dearry et al. 1991; 
Rymer and Wildsoet 2005; Zhang et al. 2009) and/or the 
choroid (Hoseini-Yazdi et al. 2021; Nickla et al. 2010; 
Nickla and Wallman 2010; Reitsamer et al. 2004). Given 
that myopia typically develops during childhood and that 
only young adults with established myopia were included 
in this study, it has yet to be determined whether the 
smaller ipRGC-mediated changes in choroidal thickness 
observed in myopes contribute to the cause or are a con-
sequence of myopic eye growth.

There was also eccentricity-dependent variation in 
the choroidal response to ipRGC-mediated signaling in 
emmetropes compared to myopes, with greater changes 
observed in the foveal region than in the parafoveal and 
perifoveal regions (Fig.  6). This greater foveal choroidal 
thickness in response to ipRGC-mediated signals from 
outside the fovea may be explained by the greater density 

of the ipRGC in the central 2 mm region of the inner ret-
ina (Nasir-Ahmad et al. 2019). In the central region of the 
retina, the choroidal thickening may be more responsive 
to ipRGC-mediated signaling via the retrograde dopami-
nergic pathway as shown in rodents and primates (Prigge 
et al. 2016; Joo et al. 2013).

Short-term changes in choroidal thickness are typi-
cally inversely associated with changes in axial length. 
An increase in choroidal thickness causes forward 
movement of the retinal pigment epithelium (RPE) 
and shortening of the axial length since axial length 
is measured from the anterior corneal surface to the 
RPE. Consistent with the ipRGC-mediated increase in 
choroidal thickness, the results also showed a trend 
for axial length to decrease with blue light stimulation 
compared to that of the sham control and red light 
stimulation of the blind spot. Although these changes 
were similar in magnitude to the changes in choroi-
dal thickness, these changes in axial length were not 
statistically significant. The spatial resolution of the 
Lenstar optical biometer is ∼ 10  μm (https://haag-
streit.com/2Products/Specialitydiagnostics/Biometry/
Lenstar900/Instructionsforuse/1500_7220055_04150_
IFU_Lenstar_LS_900_01_en_web.pdf ), whereas the 
spatial resolution of the Spectralis OCT is 3.9  μm 
(https ://www.heidelbergengineering .com/down-
load.php?https://media.heidelbergengineering.com/
uploads/Products-Downloads/200279-002-IN T-
AE18_SPECTRALIS-Technical-Data-Sheet_EN.pdf ). 
Although state of the art was used for the measure-
ment of choroidal thickness and axial length of the 
eye, these technical shortcomings of the study allow 
clear conclusions on a physiological response for val-
ues above these spatial resolutions, whereas low values 
could only be a statistical effect. Especially the lower 
precision and greater short-term variability in axial 
length compared to choroidal thickness measurements 
may underlie the greater variability in the axial length 
response to blind spot stimulation with light and the 
non-significant differences. Since the sample size of 
the study was only calculated for choroidal thickness, 
it is possible to find statistically significant effects with 
a more appropriate sample size optimized for axial 
length.

Conclusions
In summary, a significant thickening of the human 
choroid was observed within one hour after stimula-
tion of the blind spot with blue light for one minute. 
The magnitude of choroidal thickening 60  min after 
blue light stimulation was statistically significant and 
above the spatial resolution of OCT assessment in 
individuals with emmetropia. This effect was more 

https://haag-streit.com/2Products/Specialitydiagnostics/Biometry/Lenstar900/Instructionsforuse/1500_7220055_04150_IFU_Lenstar_LS_900_01_en_web.pdf
https://haag-streit.com/2Products/Specialitydiagnostics/Biometry/Lenstar900/Instructionsforuse/1500_7220055_04150_IFU_Lenstar_LS_900_01_en_web.pdf
https://haag-streit.com/2Products/Specialitydiagnostics/Biometry/Lenstar900/Instructionsforuse/1500_7220055_04150_IFU_Lenstar_LS_900_01_en_web.pdf
https://haag-streit.com/2Products/Specialitydiagnostics/Biometry/Lenstar900/Instructionsforuse/1500_7220055_04150_IFU_Lenstar_LS_900_01_en_web.pdf
https://www.heidelbergengineering.com/download.php?https://media.heidelbergengineering.com/uploads/Products-Downloads/200279-002-INT-AE18_SPECTRALIS-Technical-Data-Sheet_EN.pdf
https://www.heidelbergengineering.com/download.php?https://media.heidelbergengineering.com/uploads/Products-Downloads/200279-002-INT-AE18_SPECTRALIS-Technical-Data-Sheet_EN.pdf
https://www.heidelbergengineering.com/download.php?https://media.heidelbergengineering.com/uploads/Products-Downloads/200279-002-INT-AE18_SPECTRALIS-Technical-Data-Sheet_EN.pdf
https://www.heidelbergengineering.com/download.php?https://media.heidelbergengineering.com/uploads/Products-Downloads/200279-002-INT-AE18_SPECTRALIS-Technical-Data-Sheet_EN.pdf
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prominent in the foveal region than in the extra-foveal 
areas of the macula.

This response is likely related to the ipRGC-medi-
ated retinal signaling pathway, as rods or cones are not 
present in the optic disc. Thus, choroidal thickness 
could serve as a short-term, noninvasive, objective sur-
rogate marker of the intrinsic activity of the ipRGCs 
in the human eye. Given that the short-term increase 
in choroidal thickness is known to be a biomarker of 
longer-term ocular mechanisms that lead to emmetro-
pia, the observed choroidal thickening after blue light 
stimulation in this study may have implications for the 
control of eye growth.

Abbreviations
AxL	� Axial length
ipRGC	� Intrinsically photosensitive retinal ganglion cell
OCT	� Optical coherence tomography
SD	� Standard deviation
VR	� Virtual reality

Acknowledgements
We would like to express our gratitude to Yeshwanth Seshadri for developing 
the software application.

Author contributions
HHY performed the data collection and analysis. HHY, SR, MJC, HB, and TS 
designed and conceptualized the study. HHY, SR, MJC, JE, and TS interpreted 
the data and drafted and revised the manuscript. All the authors have 
approved the final version of the submitted manuscript and have agreed to 
be accountable for all the aspects of the work.

Funding
This study was funded by Dopavision GmbH, Germany, and by the Federal 
Ministry of Education and Research, Industrie-in-Klinik- Plattform Program 
BMBF, Germany (FKZ: 13GW0256).

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Ethics approval to conduct this study was granted by the Queensland 
University of Technology Human Research Ethics Committee (Approval 
number 2000000863). Participants provided informed written consent prior to 
participation in the study.

Consent for publication
Not applicable.

Competing interests
HHY, SR, and MJC received research funding from Dopavision GmbH. TS, HB, 
and JE are employees of Dopavision GmbH.

Received: 29 February 2024 / Accepted: 1 May 2024

References
Adhikari P, Schilling T, Feigl B, Bahmani H, Zele A, Ellrich J. Regional blue light stimu-

lation of the blind spot gains access to pupillomotor control in the human 
brainstem. Neuroscience. 2023, Washington D.C., USA. 2023.

Amorim-de-Sousa A, Schilling T, Fernandes P, Seshadri Y, Bahmani H, González-Méi-
jome JM. Blue light blind-spot stimulation upregulates b-wave and pattern 
ERG activity in myopes. Sci Rep. 2021;11(1):9273.

Berkowitz BA, Schmidt T, Podolsky RH, Roberts R. Melanopsin phototransduction 
contributes to light-evoked choroidal expansion and rod L-type calcium 
channel function in vivo. Invest Ophthalmol Vis Sci. 2016;57(13):5314–9.

Buysse DJ, Reynolds CF 3rd, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep 
Quality Index: a new instrument for psychiatric practice and research. Psy-
chiatry Res. 1989;28(2):193–213.

Cameron MA, Pozdeyev N, Vugler AA, Cooper H, Iuvone PM, Lucas RJ. Light regula-
tion of retinal dopamine that is independent of melanopsin phototransduc-
tion. Eur J Neurosci. 2009;29(4):761–767.

Chakraborty R, Read SA, Collins MJ. Monocular myopic defocus and daily 
changes in axial length and choroidal thickness of human eyes. Exp Eye Res. 
2012;103:47–54.

Chakraborty R, Ostrin LA, Nickla DL, Iuvone PM, Pardue MT, Stone RA. Circadian 
rhythms, refractive development, and myopia. Ophthalmic Physiol Opt. 
2018;38(3):217–45.

Chakraborty R, Landis EG, Mazade R, Yang V, Strickland R, Hattar S, et al. 
Melanopsin modulates refractive development and myopia. Exp Eye Res. 
2022a;214:108866.

Chakraborty R, Baranton K, Spiegel D, Lacan P, Guillon M, Barrau C, et al. Effects 
of mild- and moderate-intensity illumination on short-term axial length 
and choroidal thickness changes in young adults. Ophthalmic Physiol Opt. 
2022b;42(4):762–72.

Chiang ST, Phillips JR, Backhouse S. Effect of retinal image defocus on the thickness 
of the human choroid. Ophthalmic Physiol Opt. 2015;35(4):405–13.

Chun RKM, Zhang H, Liu Z, Tse DYY, Zhou Y, Lam CSY, et al. Defocus incorporated 
multiple segments (DIMS) spectacle lenses increase the choroidal thickness: 
a two-year randomized clinical trial. Eye Vis. 2023;10(1):39.

Cnaan A, Laird NM, Slasor P. Using the general linear mixed model to anal-
yse unbalanced repeated measures and longitudinal data. Stat Med. 
1997;16(20):2349–80.

Dacey DM, Packer OS. Colour coding in the primate retina: diverse cell types and 
cone-specific circuitry. Curr Opin Neurobiol. 2003;13(4):421–7.

Dearry A, Falardeau P, Shores C, Caron MG. D2 dopamine receptors in the human 
retina: cloning of cDNA and localization of mRNA. Cell Mol Neurobiol. 
1991;11(5):437–53.

Delshad S, Collins MJ, Read SA, Vincent SJ. The time course of the onset and 
recovery of axial length changes in response to imposed defocus. Sci Rep. 
2020;10(1):8322.

Esquiva G, Avivi A, Hannibal J. Non-image forming light detection by Melanopsin, 
rhodopsin, and Long-Middlewave (L/W) Cone Opsin in the Subterranean 
Blind Mole Rat, Spalax Ehrenbergi: immunohistochemical characterization, 
distribution, and Connectivity. Front Neuroanat. 2016;10:61.

Fahrenkrug J, Nielsen HS, Hannibal J. Expression of melanopsin during develop-
ment of the rat retina. Neuroreport. 2004;15(5):781–4.

Flitcroft DI, He M, Jonas JB, Jong M, Naidoo K, Ohno-Matsui K, et al. IMI - defining 
and classifying myopia: a proposed set of standards for clinical and epide-
miologic studies. Invest Ophthalmol Vis Sci. 2019;60(3):M20–30.

Fu Y, Zhong H, Wang MH, Luo DG, Liao HW, Maeda H, et al. Intrinsically photosensi-
tive retinal ganglion cells detect light with a vitamin A-based photopigment, 
melanopsin. Proc Natl Acad Sci U S A. 2005;102(29):10339–44.

Güler AD, Ecker JL, Lall GS, Haq S, Altimus CM, Liao HW, et al. Melanopsin cells 
are the principal conduits for rod-cone input to non-image-forming vision. 
Nature. 2008;453(7191):102–5.

Hannibal J, Christiansen AT, Heegaard S, Fahrenkrug J, Kiilgaard JF. Melanopsin 
expressing human retinal ganglion cells: subtypes, distribution, and intrareti-
nal connectivity. J Comp Neurol. 2017;525(8):1934–61.

Hattar S, Liao HW, Takao M, Berson DM, Yau KW. Melanopsin-containing retinal 
ganglion cells: architecture, projections, and intrinsic photosensitivity. Sci-
ence. 2002;295(5557):1065–70.

Hoseini-Yazdi H, Vincent SJ, Collins MJ, Read SA, Alonso-Caneiro D. Impact of 
image averaging on wide-field choroidal thickness measurements using 
enhanced-depth imaging optical coherence tomography. Clin Exp Optom. 
2018;102(3):320–6.

Hoseini-Yazdi H, Vincent SJ, Collins MJ, Read SA. Regional alterations in human 
choroidal thickness in response to short-term monocular hemifield myopic 
defocus. Ophthalmic Physiol Opt. 2019;39(3):172–82.

Hoseini-Yazdi H, Vincent SJ, Read SA, Collins MJ. Astigmatic defocus leads to 
short-term changes in human choroidal thickness. Invest Ophthalmol Vis Sci. 
2020;61(8):48.



Page 13 of 13Hoseini-Yazdi et al. Bioelectronic Medicine           (2024) 10:13 

Hoseini-Yazdi H, Read SA, Alonso-Caneiro D, Collins MJ. Retinal OFF pathway over-
stimulation leads to greater accommodation-induced choroidal thinning. 
Invest Ophthalmol Vis Sci. 2021;62(13):5.

Joo HR, Peterson BB, Dacey DM, Hattar S, Chen SK. Recurrent axon collater-
als of intrinsically photosensitive retinal ganglion cells. Vis Neurosci. 
2013;30(4):175–82.

Kee CS, Marzani D, Wallman J. Differences in time course and visual require-
ments of ocular responses to lenses and diffusers. Invest Ophthalmol Vis Sci. 
2001;42(3):575–83.

Kugelman J, Alonso-Caneiro D, Read SA, Hamwood J, Vincent SJ, Chen FK, et al. 
Automatic choroidal segmentation in OCT images using supervised deep 
learning methods. Sci Rep. 2019;9(1):13298.

Li Z, Hu Y, Cui D, Long W, He M, Yang X. Change in subfoveal choroidal thickness 
secondary to orthokeratology and its cessation: a predictor for the change in 
axial length. Acta Ophthalmol. 2019;97(3):e454–9.

Liu AL, Liu YF, Wang G, Shao YQ, Yu CX, Yang Z, et al. The role of ipRGCs in ocular 
growth and myopia development. Sci Adv. 2022;8(23):eabm9027.

Lou L, Ostrin LA. Effects of narrowband light on choroidal thickness and the pupil. 
Invest Ophthalmol Vis Sci. 2020;61(10):40.

Mathis U, Feldkaemper M, Liu H, Schaeffel F. Studies on the interactions of retinal 
dopamine with choroidal thickness in the chicken. Graefes Arch Clin Exp 
Ophthalmol. 2022:409–25.

Miyamoto K, Murakami I. Pupillary light reflex to light inside the natural blind spot. 
Sci Rep. 2015;5:11862.

Mure LS, Cornut PL, Rieux C, Drouyer E, Denis P, Gronfier C, et al. Melanopsin bista-
bility: a fly’s eye technology in the human retina. PLoS ONE. 2009;4(6):e5991.

Mure LS, Vinberg F, Hanneken A, Panda S. Functional diversity of human intrinsi-
cally photosensitive retinal ganglion cells. Science. 2019;366(6470):1251–5.

Mutti DO, Mulvihill SP, Orr DJ, Shorter PD, Hartwick ATE. The effect of refractive 
error on melanopsin-driven pupillary responses. Invest Ophthalmol Vis Sci. 
2020;61(12):22.

Nasir-Ahmad S, Lee SCS, Martin PR, Grünert U. Melanopsin-expressing ganglion 
cells in human retina: morphology, distribution, and synaptic connections. J 
Comp Neurol. 2019;527(1):312–27.

Newkirk GS, Hoon M, Wong RO, Detwiler PB. Inhibitory inputs tune the light 
response properties of dopaminergic amacrine cells in mouse retina. J Neu-
rophysiol. 2013;110(2):536–52.

Nickla DL, Wallman J. The multifunctional choroid. Prog Retin Eye Res. 
2010;29(2):144–68.

Nickla DL, Totonelly K, Dhillon B. Dopaminergic agonists that result in ocular 
growth inhibition also elicit transient increases in choroidal thickness in 
chicks. Exp Eye Res. 2010;91(5):715–20.

Norton TT, Siegwart JT Jr. Light levels, refractive development, and myopia-a 
speculative review. Exp Eye Res. 2013;114:48–57.

Ostrin LA, Harb E, Nickla DL, Read SA, Alonso-Caneiro D, Schroedl F, et al. IMI-the 
dynamic choroid: new insights, challenges, and potential significance for 
human myopia. Invest Ophthalmol Vis Sci. 2023;64(6):4.

Prigge CL, Yeh PT, Liou NF, Lee CC, You SF, Liu LL, et al. M1 ipRGCs influence 
visual function through retrograde signaling in the retina. J Neurosci. 
2016;36(27):7184–97.

Read SA, Collins MJ, Sander BP. Human optical axial length and defocus. Invest 
Ophthalmol Vis Sci. 2010;51(12):6262–9.

Read SA, Fuss JA, Vincent SJ, Collins MJ, Alonso-Caneiro D. Choroidal changes in 
human myopia: insights from optical coherence tomography imaging. Clin 
Exp Optom. 2019;102(3):270–85.

Read SA, Pieterse EC, Alonso-Caneiro D, Bormann R, Hong S, Lo CH, et al. Daily 
morning light therapy is associated with an increase in choroidal thickness in 
healthy young adults. Sci Rep. 2018;8(1):8200.

Reitsamer HA, Zawinka C, Branka M. Dopaminergic vasodilation in the choroi-
dal circulation by d1/d5 receptor activation. Invest Ophthalmol Vis Sci. 
2004;45(3):900–5.

Rohrer B, Iuvone PM, Stell WK. Stimulation of dopaminergic amacrine cells by 
stroboscopic illumination or fibroblast growth factor (bFGF, FGF-2) injections: 

possible roles in prevention of form-deprivation myopia in the chick. Brain 
Res. 1995;686(2):169–81.

Rymer J, Wildsoet CF. The role of the retinal pigment epithelium in eye growth 
regulation and myopia: a review. Vis Neurosci. 2005;22(3):251–61.

Saito M, Miyamoto K, Uchiyama Y, Murakami I. Invisible light inside the natural 
blind spot alters brightness at a remote location. Sci Rep. 2018;8(1):7540.

Schilling T, Amorim-de-Sousa A, N AW, Bahmani H, González-Méijome JM, 
Fernandes P. Increase in b-wave amplitude after light stimulation of the blind 
spot is positively correlated with the axial length of myopic individuals. Sci 
Rep. 2022;12(1):4785.

Schilling T, Soltanlou M, Nuerk HC, Bahmani H. Blue-light stimulation of the 
blind-spot constricts the pupil and enhances contrast sensitivity. PLoS ONE. 
2023;18(5):e0286503.

Schmidt TM, Alam NM, Chen S, Kofuji P, Li W, Prusky GT, et al. A role for mela-
nopsin in alpha retinal ganglion cells and contrast detection. Neuron. 
2014;82(4):781–8.

Schwahn HN, Schaeffel F. Flicker parameters are different for suppression of myo-
pia and hyperopia. Vis Res. 1997;37(19):2661–73.

Spitschan M, Jain S, Brainard DH, Aguirre GK. Opponent melanopsin and S-cone 
signals in the human pupillary light response. Proc Natl Acad Sci U S A. 
2014;111(43):15568–72.

Stone RA, Pardue MT, Iuvone PM, Khurana TS. Pharmacology of myopia and poten-
tial role for intrinsic retinal circadian rhythms. Exp Eye Res. 2013;114:35–47.

Swiatczak B, Schaeffel F. Emmetropic, but not myopic human eyes distinguish 
positive defocus from calculated defocus in monochromatic red light. Vis Res. 
2022;192:107974.

Swiatczak B, Schaeffel F. Emmetropic, but not myopic human eyes distinguish pos-
itive defocus from calculated blur. Invest Ophthalmol Vis Sci. 2021;62(3):14.

Thakur S, Dhakal R, Verkicharla PK. Short-term exposure to blue light shows an 
inhibitory effect on axial elongation in human eyes independent of defocus. 
Invest Ophthalmol Vis Sci. 2021;62(15):22.

Thaler L, Schütz AC, Goodale MA, Gegenfurtner KR. What is the best fixation 
target? The effect of target shape on stability of fixational eye movements. Vis 
Res. 2013;76:31–42.

Troilo D, Smith EL 3rd, Nickla DL, Ashby R, Tkatchenko AV, Ostrin LA, et al. IMI - 
Report on experimental models of emmetropization and myopia. Invest 
Ophthalmol Vis Sci. 2019;60(3):M31–88.

Vincent SJ, Collins MJ, Read SA, Carney LG. Retinal and choroidal thickness in myo-
pic anisometropia. Invest Ophthalmol Vis Sci. 2013;54(4):2445–56.

Wang Z, Chen J, Kang J, Niu T, Guo L, Fan L. Axial length control is associated with 
a choroidal thickness increase in myopic adolescents after orthokeratology. 
Eye Contact Lens. 2023;49(12):512–20.

Wildsoet C, Wallman J. Choroidal and scleral mechanisms of compensation for 
spectacle lenses in chicks. Vis Res. 1995;35(9):1175–94.

Witkovsky P. Dopamine and retinal function. Doc Ophthalmol. 2004;108(1):17–40.
Woodman EC, Read SA, Collins MJ, Hegarty KJ, Priddle SB, Smith JM, et al. Axial 

elongation following prolonged near work in myopes and emmetropes. Br J 
Ophthalmol. 2011;95(5):652–6.

Ye L, Shi Y, Yin Y, Li S, He J, Zhu J, et al. Effects of atropine treatment on choroidal 
thickness in myopic children. Invest Ophthalmol Vis Sci. 2020;61(14):15.

Zhang DQ, Wong KY, Sollars PJ, Berson DM, Pickard GE, McMahon DG. Intraretinal 
signaling by ganglion cell photoreceptors to dopaminergic amacrine neu-
rons. Proc Natl Acad Sci U S A. 2008;105(37):14181–6.

Zhang Y, Maminishkis A, Zhi C, Li R, Agarwal R, Miller S, et al. Apomorphine regu-
lates TGF-β1 and TGF-β2 expression in human fetal retinal pigment epithelial 
cells. Invest Ophthalmol Vis Sci. 2009;50(13):3845.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Increase in choroidal thickness after blue light stimulation of the blind spot in young adults
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Design
	﻿Procedure
	﻿Blind spot mapping
	﻿Washout
	﻿Baseline
	﻿Stimulation
	﻿Measurements


	﻿Instrumentation
	﻿Data analysis
	﻿Statistical analysis

	﻿Results
	﻿Changes in subfoveal choroidal thickness
	﻿Changes in mean macular choroidal thickness
	﻿Changes in axial length of the eye

	﻿Discussion
	﻿Conclusions
	﻿References


