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PURPOSE. This study aims to examine the short-term peripheral choroidal thickness
(PChT) response to signed defocus blur, both with and without native peripheral
aberrations. This examination will provide insights into the role of peripheral
aberration in detecting signs of defocus.

METHODS. The peripheral retina (temporal 15°) of the right eye was exposed to a local-
ized video stimulus in 11 young adults. An adaptive optics system induced 2D myopic
or hyperopic defocus onto the stimulus, with or without correcting native periph-
eral ocular aberrations (adaptive optics [AO] or NoAO defocus conditions). Choroidal
scans were captured using Heidelberg Spectralis OCT at baseline, exposure (10, 20,
and 30 minutes), and recovery phases (4, 8, and 15 minutes). Neural network-based
automated MATLAB segmentation program measured PChT changes from OCT scans,
and statistical analysis evaluated the effects of different optical conditions over time.

RESULTS. During the exposure phase, NoAO myopic and hyperopic defocus conditions
exhibited distinct bidirectional PChT alterations, showing average thickening (10.0 ±
5.3 μm) and thinning (−9.1 ± 5.5 μm), respectively. In contrast, induced AO defocus
conditions did not demonstrate a significant change from baseline. PChT recovery to
baseline occurred for all conditions. The unexposed fovea did not show any significant
ChT change, indicating a localized ChT response to retinal blur.

CONCLUSIONS. We discovered that the PChT response serves as a marker for detecting
peripheral retinal myopic and hyperopic defocus blur, especially in the presence of
peripheral aberrations. These findings highlight the significant role of peripheral oriented
blur in cueing peripheral defocus sign detection.

Keywords: myopia, blur detection, peripheral choroidal response, choroidal thickness,
peripheral aberration, blur orientation

Myopia is a global concern, affecting more than 30%
of the world’s population and up to an alarming rate

of 92% of the youth population in South and East Asian
countries.1,2 In addition to its significant socioeconomic
burden, high myopia increases the risk of ocular patholo-
gies such as retinal disorders, glaucoma, and cataracts.3–8

Despite numerous efforts by the scientific community to
elucidate the underlying mechanisms and develop effective
myopia control strategies, a reliable diagnostic biomarker for
predicting the onset and progression of myopia has yet to
be established.

Recently, studies on both animal models and humans
found that the bidirectional subfoveal choroidal layer
response to signed defocus signals could be a promising
short-term biomarker to study myopia development and
control. The findings have indicated that optically induced
hyperopic and myopic defocus blur can produce tempo-
rary subfoveal choroidal thickness (SFChT) alteration with
thinning and thickening, respectively. This phenomenon of
defocus-induced choroidal response was first observed in
chicken eyes by Wallman et al.,9 resulting in up to 7 diopters

of refraction adjustment by shifting the retina toward the
best focal plane. Subsequent studies have also shown SFChT
alteration in response to induced retinal defocus.10–12 For
instance, in chick models, Wildsoet and Wallman10 showed
that optical defocus via spectacle lenses caused choroidal
and scleral changes, suggesting a mechanism for eye growth
regulation. Further investigations in pigmented guinea pigs
by Howlett and McFadden11 demonstrated a similar capac-
ity for spectacle lens compensation, indicating the pres-
ence of a conserved mechanism across species. A recent
review by Ostrin et al.12 has explored these dynamics in
the context of human myopia, focusing on the choroid’s role
and potential as a target for therapeutic interventions. Cross-
sectional human studies demonstrated similar but consid-
erably smaller magnitude (range 0.37 to 20 μm) of short-
term subfoveal choroidal response to induced signed defo-
cus.12–19 Nonetheless, the underlying mechanisms of the
choroidal response to blur and its relationship to long-term
myopia development remain unclear.

Along with central vision, peripheral visual feedback
plays a crucial role in guiding the regulation of eye growth
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during emmetropization and myopization.20,21 Peripheral
vision also influences contrast sensitivity22 and facilitates
daily activities like reading, driving, walking, and playing
sports.23,24 However, unlike the defocus-dominated central
retina, the peripheral ocular optics are primarily affected
by astigmatism and non-rotationally symmetric higher-order
aberrations (HOA) like coma. As a result, although blur in
the central retina at the fovea leads to rotationally symmet-
ric retinal blur, the intricate interplay of peripheral aberra-
tions produces an oriented or rotationally asymmetric opti-
cal blur. Such effects have been previously discussed in rela-
tion to optical and neural adaptation25 and in the context of
optical interventions using myopia control contact lenses.26

It is of growing interest to assess the potential influence
of peripheral blur orientation on the detection of defocus
and its effect on ocular growth mechanisms. Even though
the SFChT response is a well-accepted indicator in myopia
development research, little has been known about PChT
response to peripheral oriented optical blur.

With this growing interest in understanding the impor-
tance of peripheral vision, studying the choroidal response
to peripheral optical blur is essential, because it is much
more complex than foveal blur. To examine the impact of
native peripheral aberrations on the PChT response to differ-
ent signs of defocus, the present study used an adaptive
optics (AO)-based visual simulator to induce defocus inde-
pendently, with and without peripheral ocular aberrations.
Our study aimed to address two fundamental questions:
(1) whether the peripheral choroid exhibits a bi-directional
response to signed defocus signals, and (2) whether the
response varies between induced rotationally symmetric and
oriented defocused retinal blur.

METHOD

Study Participants

Eleven young adults (five male and six female) aged between
26 to 40 years completed the study. Study participants did
not have any ocular pathology or undergo ocular surgery
and had no history of myopia control interventions. Subjects
showing distinctive anterior and posterior barriers in OCT
scans were included. They had the best corrected visual
acuity of 0.00 logMAR or better, with a mean spherical equiv-
alent of −0.94 ± 1.26D (range 0.46D to −3.53D). All subjects
signed the written consent form and willingly participated
in the study. The study protocol follows the declaration of
Helsinki and was approved by the University of Rochester
and the University of Houston’s Institutional Review Boards.

Experimental Setup

A custom-built binocular AO system was used to correct or
induce desired optical conditions precisely and to deliver
the visual stimulus to the peripheral retina. The detailed
descriptions of the system can be found elsewhere,27 while
the present system features an upgraded deformable mirror
(DM). Briefly, this binocular AO system was constructed with
two identical monocular AO channels for each eye. Each
monocular AO channel consists of a Shack-Hartmann wave-
front sensor (WS), a large-stroke DM (DM97-15, Alpao) and
a visual stimulus display or DMD (DLP4710; Texas Instru-
ments, Dallas, TX, USA). A super luminescent diode (SLD; λ

= 840 nm with �λ = 40 nm) was used as a light source.
In the present study, we used only the right arm of the

binocular AO setup because this was a monocular experi-
ment. Figure 1 shows a schematic diagram of the experi-
mental setup with the right arm of the AO system. Ocular
aberrations are controlled over a 6 mm pupil whereas the
visual stimuli were viewed through an artificial pupil set
to 5.8 mm. Optical aberrations were corrected and/or defo-
cus was induced continuously in real-time at 12 Hz during
the experiment so that optical quality can be reliably main-
tained. The green optical path in Figure 1 represents the
image projection path that merged with a red optical path
of the AO setup. To achieve desired visual stimulus delivery,
we precisely stimulated the temporal 15° retina while the eye
fixates on an external target placed overhead, at the labora-
tory ceiling. The external fixation was achieved by adding an
additional 2ʺ uncoated pellicle beam splitter in front of the
test eye (BS1 in Fig. 1). The fellow eye remained occluded
during the study. The peripheral retina was stimulated with
a full-color video stimulus, containing a wide range of time-
varying spatial frequencies, motion, and contrast, targeting a
±4° horizontal and ±3° vertical retinal area around the test
location with a pixel resolution of 0.276 arcminutes.

Defocus Conditions

We exposed the temporal 15° retina of the right eye to
four distinct defocus conditions (Fig. 2). These conditions
were designed to induce 2D myopic or hyperopic defocus,
with an optional correction for the subject’s native periph-
eral aberrations. The setup ensured the central vision’s
refractive correction wheras accommodation was controlled
with cycloplegia. To instigate the required peripheral optical
modifications, we used two separate optical approaches: AO
and NoAO defocus conditions. In AO defocus, we undertook
real-time corrections for all peripheral lower and higher-
order aberrations, allowing a pure defocus induction. On
the other hand, the NoAO defocus condition entailed no
modifications to peripheral aberrations, instead incorporat-
ing the ±2D defocus atop the subject’s native peripheral
aberrations, following the foveal refractive corrections.

We classified the defocus conditions as follows: (1) NoAO-
Myopia: Myopic defocus without peripheral aberration
correction, (2) NoAO-Hyperopia: Hyperopic defocus with-
out peripheral aberration correction, (3) AO-Myopia: Myopic
defocus with real-time AO correction, and (4) AO-Hyperopia:
Hyperopic defocus with real-time AO correction. Figure 2
provides a schematic representation of the induced optical
conditions for one of our study subjects, showcasing the
reconstructed wavefront maps and convolved letter E for a
6 mm pupil diameter. When observing the NoAO defocus
conditions (Figs. 2A, 2B), we noted rotationally asymmet-
ric or oriented retinal images. In contrast, the AO-corrected
Pure defocus conditions (Figs. 2C, 2D) produced rotationally
symmetric retinal images.

Choroidal Thickness Measurement

The choroidal layer was imaged with enhanced depth imag-
ing OCT technique with Heidelberg Spectralis OCT (Heidel-
berg Engineering Co, Heidelberg, Germany). Subjects’
keratometry reading and refractive errors were incorpo-
rated into the system to minimize the image magnifica-
tion effect due to refraction. Two consecutive scan loca-
tions were imaged by using the in-built foveal and tempo-
ral fixation targets. Scans were repeated three times using
the 30° horizontal line scan with eye tracking (progression
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FIGURE 1. Experimental setup: The right eye fixates to an external fixation target placed at the ceiling, while the fellow eye remains occluded.
The custom-built AO device featured a deformable mirror (DM) coupled with a wavefront sensor (WS) for real-time aberration correction.
The DLP projector (DMD) displayed the video stimulus to the temporal 15° retina through DM to induce desired optical conditions.

FIGURE 2. Optical conditions induced in one of our study subjects, using a schematic representation of the eye, along with reconstructed
wavefront maps and convolved letter E images for a 6 mm pupil size (plots are not to be scaled). The optical conditions include the following:
(A) NoAO Myopia: inducing 2D myopic defocus without correcting native aberrations; (B) NoAO Hyperopia: inducing 2D hyperopic defocus
without correcting native aberrations; (C) AO Myopia: 2D pure myopic defocus with AO correction; (D) AO Hyperopia: 2D pure hyperopic
defocus with AO.

mode) enabled, which ensured scanning at the exact reti-
nal location every time. To obtain high-quality images, 100
frames were averaged with b scan quality maintained above
25 dB. The pixel resolution of each scanned image was 496
× 1536. The images were exported in raw format as .vol
files, which preserve all scan parameters, and imported into
MATLAB for image processing. The choroidal layer and total

retinal thicknesses were automatically segmented using a
neural network trained on a DeepLab v3+ network based
on ResNet-50.28,29 The network used was trained on 7676
manually segmented b-scans, from unrelated studies to an
accuracy of 99.1% and loss of 0.02. Figure 3 shows a sample
image with resultant output and analysis. For each b-scan,
boundaries for the inner limiting membrane, retinal pigment

Downloaded from hwmaint.iovs.org on 04/20/2024



Peripheral Choroidal Response IOVS | April 2024 | Vol. 65 | No. 4 | Article 14 | 4

FIGURE 3. Choroidal thickness assessment from peripheral 30° line scan. Custom-built Matlab program automatically segmented choroidal
thickness using a neural network trained on a DeepLab v3+ network based on ResNet-50. The steps are as follows: (A) importing raw OCT
image; (B) outer area mask constructed from the raw OCT image using the trained neural network; (C) Sobel filter was applied to construct
the final image segmentation using shortest-path graph search; (D) mean choroidal thickness was extracted from the exposed retinal region
(temporal 18° to 12°).

epithelium, and choroidal–scleral interface were extracted
from the semantic segmentation. The boundaries were eval-
uated for errors and corrected by a trained observer (DP),
prior to extracting the PChT. Our neural network segmenta-
tion displayed excellent repeatability as demonstrated from
repeated scans from a random subject (Supplementary Fig.
S2, n = 6, standard deviation = 4.69 μm). Similar delin-
eation approaches were reported before for retinal30–33 and
choroidal34–36 segmentation from OCT images. We have
measured the mean PChT from each pixel location across
the exposed horizontal choroidal area with over 240 axial
measurements. Though we exposed a horizontal ±4° retinal
area around temporal 15°, only ±3° central choroidal area
was analyzed (temporal 18° to 12°). This approach main-
tained a 0.5° margin along both horizontal borders, mitigat-
ing potential noise interference. The change from the base-
line has been calculated to represent the PChT change at
each time point during the exposure and recovery phase.
The mean SFChT was evaluated at baseline and during expo-
sure time points using identical OCT scans and segmentation
techniques while maintaining central fixation on the OCT
device.

Experiment Timeline and Procedure

After the subject’s right eye was administered 1% tropi-
camide and 2.5% phenylephrine for pupil dilation, they
waited for 30 minutes to attain cycloplegia. After this, base-
line peripheral choroidal scans were obtained. The subjects
were then positioned in front of the AO system, and a careful
alignment process was undertaken to align the subject’s right
eye pupil with the system’s optical axis. The left eye was
occluded during the entire session. Foveal refractive errors

were then corrected using the phoropter integrated within
the AO system. Next, they were asked to fixate at an external
laser point reflection with the right eye through a high trans-
mittance large 2-inch pellicle beam splitter. At this point, the
exposure phase was initiated with the implementation of
one of the four randomly selected optical conditions. The
subjects’ foveal fixation was continuously monitored with
a dedicated pupil camera while the AO systems ran in real-
time to project the video stimulus at the temporal 15° retinal
eccentricity. Supplementary Figure S1 shows the reliability
of the real-time AO correction in one of the study partici-
pants. OCT scans were repeated at 10, 20, and 30 minutes
within the exposure phase. To minimize the exposure inter-
val and ensure a swift transition between the instruments,
the OCT machine was strategically positioned adjacent to
the AO setup. The subjects were instructed to keep their eyes
closed while being navigated by the researcher (D.P.) to the
OCT machine from the AO system. Maintaining a dark room
condition, the OCT scans were efficiently completed within
a span of three to four minutes. The 15 minutes of recovery
phase was initiated immediately after the exposure phase,
where OCT scans were achieved at 4, 8, and 15 minutes.
At least 24 hours were allowed between two sessions, and
measurements were scheduled at the same time frame for
each session to avoid unwanted ChT fluctuation due to diur-
nal variation.

Statistical Analysis

To investigate the effects of different optical conditions
on choroidal thickness over time, a two-factor repeated
measures analysis of variance (ANOVA) was conducted.
The factors examined were “Optical Conditions” (with four
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levels: NoAO-Myopia, NoAO-Hyperopia, AO-Myopia, and
AO-Hyperopia) and “Time” (with seven levels: 0, 10, 20,
30, 34, 38, and 45 minutes). After conducting the repeated
measures ANOVA, we performed pairwise comparisons
using Tukey’s post hoc analysis. This analysis allowed us
to examine the specific differences in ChT at different time
points compared to the baseline for each optical condi-
tion (where time was treated as a fixed factor). Additionally,
we assessed the differences between optical conditions for
each time point during the exposure phase (treating opti-
cal conditions as a fixed factor). All statistical analyses were
conducted using SPSS version 26 (IBM Corp., Armonk, NY,
USA). The statistical significance level was set at P < 0.05 to
determine the presence of significant differences.

RESULTS

Ocular Aberrations

Aberration data from eleven subjects were collected using
the Shack-Hartmann sensor of the AO device for the 6
mm pupil diameter at both foveal and peripheral test loca-
tions. To present the aberration data in clinical terminology,
the lower-order Zernike terms were converted to dioptric
components. The Zernike defocus (Z0

2) value was converted
to dioptric power corresponding to spherical equivalent
(M) and J0 and J45 astigmatic components were converted
from vertical (Z2

2) and oblique (Z−2
2 ) astigmatic components,

respectively. At the fovea, the mean defocus was found to
be −0.94 ± 1.26D (range 0.46D to −3.53D), and the aver-
age peripheral defocus (at temp 15°) was −0.81D ± 1.29D
(range 0.21D to −3.94D). Our subjects showed a wide range
of astigmatism at the fovea as J0 = −0.48D ± 0.63D, J45
= −0.08D ± 0.20D. Upon foveal correction, the peripheral
relative J0 astigmatic component was ranging from 1.60D
to −0.73D and J45 from 0.29D to −0.16D. Table 1 provides
a summary of each subject’s foveal and relative peripheral
lower-order aberrations (LOA in diopters) after foveal refrac-
tive correction.

At the fovea, the root mean square (RMS) HOAs showed
a mean value of 0.51 ± 0.11 μm (range: 0.71 to 0.34 μm). In
contrast, when examining the periphery, we observed that
peripheral HOARMS exhibited a higher mean value of 0.57
± 0.34 μm (range: 1.46 to 0.07 μm). The dominant aberra-
tions of HOARMS were horizontal coma (Z1

3) and primary
spherical aberration (Z0

4). The specific values for peripheral
aberrations were as follows: mean Z1

3 of 0.07 ± 0.26 μm

TABLE 1. Lower Order Aberrations: Summary of Each Subject’s
Foveal and Peripheral (Temporal 15°) Dioptric Components

Foveal LOA (D)
Relative Peripheral

LOA (D)

Subject ID M J0 J45 M J0 J45

Sub01 0.07 0.07 −0.03 0.08 0.22 0.29
Sub02 −1.17 −0.28 0.06 −0.32 −0.14 −0.13
Sub03 0.07 −0.34 −0.09 −0.03 −0.21 0.04
Sub04 −2.18 0.39 −0.59 1.57 −0.63 0.16
Sub05 −0.69 −0.15 0.00 0.10 −0.14 0.03
Sub06 −0.65 −1.01 −0.07 −1.60 −0.73 0.00
Sub07 −2.40 −1.65 −0.13 2.32 1.60 0.16
Sub08 −0.01 −0.03 0.03 −0.52 −0.39 −0.13
Sub09 0.46 −1.31 −0.22 −0.33 1.34 0.10
Sub10 −3.53 −0.82 −0.01 −0.41 −0.04 −0.11
Sub11 −0.32 −0.16 0.20 0.53 −0.06 −0.16

(range 0.36 to −0.41 μm) and mean Z0
4 of 0.11 ± 0.22 μm

(range 0.38 to −0.39 μm). These findings highlight a notable
increase in HOAs in the peripheral vision compared to the
foveal region. Table 2 provides a summary of each subject’s
foveal and peripheral HOAs, whereas Supplementary Table
S1 provides detailed peripheral LOA and HOA up to fourth-
order Zernike polynomial.

Peripheral Choroidal Response

The study aimed to evaluate the peripheral choroidal
response by measuring the change in PChT from the base-
line measurement (Fig. 4A). In the case of NoAO myopic
conditions, there was a significant increase in peripheral
choroidal thickening at 20 minutes (12.5 ± 4.9 μm, P <

0.001) and 30 minutes (10.3 ± 7.4 μm, P < 0.01). This
led to an overall average rise of 10.0 ± 5.3 μm during the
exposure phase, considering the mean peripheral choroidal
thickness over the 10-, 20-, and 30-minute intervals. On
the other hand, the NoAO hyperopic defocus exhibited
an opposite trend, showing an average choroidal thinning
of −9.1 ± 5.5 μm across the exposure phase. However,
only the 20-minute exposure phase displayed a statistically
significant difference from the baseline choroidal thickness
(−11.7 ± 3.9 μm, P = 0.05). Overall, the NoAO defocus
conditions demonstrated a clear bidirectional trend in PChT
alteration over the exposure phase. In contrast, both AO
myopic and hyperopic defocus conditions showed much

TABLE 2. HOAs: Summary of Each Subject’s Foveal and Peripheral (Temporal 15°) HOAs for 6 mm Pupil

Foveal HOA [μm] Peripheral HOA [μm]

Subject ID
Horizontal
Coma

(
Z1
3

) Spherical
Aberration

(
Z0
4

)
HOA RMS

Horizontal
Coma

(
Z1
3

) Spherical
Aberration

(
Z0
4

)
HOA RMS

Sub01 0.11 0.45 0.60 0.26 0.31 0.53
Sub02 −0.21 0.01 0.38 −0.41 0.06 0.62
Sub03 −0.09 0.30 0.45 0.01 0.38 0.60
Sub04 0.18 0.31 0.47 0.49 0.32 0.69
Sub05 −0.01 0.22 0.34 0.20 0.13 0.37
Sub06 −0.11 0.21 0.53 −0.08 −0.39 1.46
Sub07 −0.02 −0.03 0.48 −0.01 0.04 0.07
Sub08 0.39 0.10 0.67 0.13 0.10 0.68
Sub09 0.28 0.02 0.56 0.06 −0.08 0.35
Sub10 −0.33 −0.06 0.71 −0.21 0.05 0.39
Sub11 0.33 0.18 0.44 0.36 0.24 0.49
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FIGURE 4. Relative mean changes in choroidal thickness from the baseline value in the (A) peripheral test location (temporal 15°) and
(B) at the fovea. The gray-shaded area indicates the peripheral choroidal recovery phase that occurred during the 15-minute period imme-
diately after the exposure phase. The error bars represent the standard error of the mean, whereas statistically significant deviations are
denoted by asterisks (*P < 0.05, **P < 0.005). For detailed statistical analysis data, please refer to Supplementary Table S2.

lower PChT alteration with no statistically significant differ-
ence from the baseline. The AO myopic condition exhibited
a trend of choroidal thinning at both 10 and 20 minutes
during the exposure phase, while the AO hyperopic condi-
tion did not show a significant deviation from the base-
line PChT at any time point. For additional information and
statistical analysis, please refer to Supplementary Table S2,
which presents post hoc multivariate regression analysis
between all measurement time points for each optical test
condition.

During the exposure phase, we analyzed the data using
repeated measure ANOVA, revealing two key findings. First,
there was a significant overall effect of the induced opti-
cal conditions on mean PChT measurements (F2.2,22.3 =
17.592, P = 0.000), indicating varying changes in periph-
eral choroidal thickness depending on the specific defocus
condition. Second, we observed a significant overall interac-
tion between time and induced optical conditions on mean
PChT measurements (F4.3,43.2 = 7.075, P = 0.000), suggest-
ing that the impact of induced defocus on PChT varied over
time during the exposure phases.

We performed further analysis to investigate the interac-
tion of PChT among each induced optical condition at indi-
vidual time points during the exposure phase. The mean
PChT data for the 10-, 20-, and 30-minute exposure peri-
ods are plotted in Figure 5, revealing statistically significant
differences among the induced optical conditions at these
specific exposure time points. Specifically, the NoAO myopic
and NoAO hyperopic conditions displayed significant differ-
ences at all exposure time points (P= 0.029, 0.000, and 0.000
for 10, 20, and 30 minutes, respectively), and similarly, the
NoAO and AO myopic defocus conditions showed signifi-
cant differences at all time points (P = 0.013, 0.000, and
0.045 for 10, 20, and 30 minutes, respectively). However, no
significant differences were observed between AO defocus
conditions at any time points. For more detailed information
on the multivariate regression analysis between optical test
conditions and each measurement time point for the periph-
eral test location, please refer to Supplementary Table S3.

FIGURE 5. The alterations in peripheral choroidal thickness rela-
tive to the baseline (same data as in Figure 4), focused on signif-
icant differences among the optical test conditions at 10, 20, and
30 minutes of exposure. The error bars represent the standard error
of the mean, with asterisks denoting statistically significant devia-
tions (*P < 0.05, **P < 0.005). For a more detailed statistical analysis,
please refer to Supplementary Table S3.

The recovery of PChT was measured at 4, 8, and
15 minutes immediately after the exposure phase for all
test conditions. Gradual recovery to the baseline data was
observed for all test conditions, and none of the recovery
points showed a statistically significant difference from the
baseline. The average PChT recovery at 15 minutes was
3.18 ± 8.20 μm, −0.19 ± 8.46 μm, −0.97 ± 11.97 μm, and
−0.77 ± 11.68 μm for NoAO myopia, NoAO hyperopia, AO
myopia, and AO hyperopia, respectively. Table 3 summarizes
the absolute PChT values throughout the study period for all
test conditions, and Figure 4 shows the PChT alteration rela-
tive to the baseline values during the exposure and recovery
phase for all test conditions.

In Figure 4B, the unexposed mean SFChT is shown rela-
tive to the baseline values, and did not exhibit any statisti-
cally significant alterations. However, during the exposure
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TABLE 3. Absolute Peripheral Choroidal Thickness: Measured Throughout the Study Period for All Test Conditions

NoAO-Myopia
(Mean ± SD)

NoAO-Hyperopia
(Mean ± SD)

AO-Myopia
(Mean ± SD)

AO-Hyperopia
(Mean ± SD)

Baseline 264.86 ± 65.88 277.37 ± 63.14 274.77 ± 64.40 276.86 ± 73.67
Exposure phase

10 min 271.85 ± 65.53 271.65 ± 62.62 267.65 ± 61.86 274.78 ± 76.81
20 min 277.38 ± 66.52 265.67 ± 63.03 269.06 ± 66.63 278.07 ± 72.16
30 min 275.18 ± 63.94 267.37 ± 62.67 275.66 ± 65.29 278.58 ± 76.58

Recovery phase
4 min 269.88 ± 65.68 272.18 ± 60.26 273.99 ± 65.36 277.80 ± 82.12
8 min 268.52 ± 69.12 273.86 ± 59.54 272.22 ± 65.79 278.86 ± 79.39
15 min 268.03 ± 65.63 275.45 ± 55.90 273.79 ± 60.77 276.08 ± 87.19

The standard deviation represents intra-subject variability at each time point. All values are in μm.

TABLE 4. Absolute Subfoveal Choroidal Thickness: Measured Throughout the Exposure Phase for All Test Conditions

NoAO-Myopia
(Mean ± SD)

NoAO-Hyperopia
(Mean ± SD)

AO-Myopia
(Mean ± SD)

AO-Hyperopia
(Mean ± SD)

Baseline 320.46 ± 41.84 318.50 ± 49.96 319.95 ± 40.02 310.87 ± 43.69
Exposure phase

10 min 319.33 ± 42.63 319.91 ± 48.01 321.85 ± 39.77 316.37 ± 41.96
20 min 312.91 ± 36.50 315.38 ± 48.91 318.30 ± 44.62 309.78 ± 39.91
30 min 317.82 ± 36.47 316.41 ± 44.69 324.76 ± 35.48 315.55 ± 44.01

The standard deviation represents intrasubject variability at each time point. All values are in μm.

phase, the mean SFChT changed by −3.77 ± 17.22 μm,
−1.27 ± 8.84 μm, 1.68 ± 6.20 μm, and 3.03 ± 14.00 μm
for NoAO myopia, NoAO hyperopia, AO myopia, and AO
hyperopia, respectively. Table 4 summarizes all the absolute
sub-foveal ChT values for each test condition throughout the
exposure phase.

DISCUSSION

Our study aimed to investigate the impact of locally induced
AO and NoAO defocus blur on peripheral choroidal thick-
ness in healthy young individuals. We found a bidirectional
response in PChT to short-term hyperopic and myopic blur
induction. Specifically, inducing hyperopic blur resulted in
a decrease in peripheral choroidal thickness, while induc-
ing myopic blur led to an increase (Fig. 4A). Interestingly,
the bidirectional response manifested distinctly when indi-
viduals retained their native peripheral aberrations (such as
astigmatism and coma) during defocus induction. However,
contrasting this, under AO defocus conditions (accompa-
nied by real-time aberration correction), the choroid exhib-
ited a tendency toward thinning with induced AO myopia,
accompanied by minimal change during hyperopic defo-
cus. As such, the AO defocus conditions showcased a lack
of substantial thickness alteration or bidirectional response.
This insight suggests that the peripheral visual system is
more adept at discerning between myopic and hyperopic
defocus signals in the presence of blur orientation cues.

Now the question arises: why is the peripheral visual
system sensitive to oriented blur? The potential answer lies
in two factors.

Factor 1: Role of Peripheral Ocular Optics

Because of the presence of peripheral astigmatism and radi-
ally asymmetric higher-order aberrations, such as coma,

the peripheral retina always experiences a specific blur
orientation pattern during emmetropization, which system-
atically changes with accommodation and disaccommoda-
tion. Therefore the peripheral visual system learns to detect
the sign of defocus in the presence of one’s own periph-
eral blur orientations. Previous studies have well established
that the brain adapts to individual retinal blur and learns
to process images accordingly.37–39 To thoroughly assess
the role of peripheral blur orientation cues, we used our
AO visual simulator to test the peripheral retina’s response
to defocus signs, both with and without this cue. Our
study used natural scene video stimuli adhering to the
1/f spectral characteristic, focusing predominantly on low
spatial frequencies.40–42 Our findings revealed a pronounced
decline in choroidal response when innate peripheral blur
orientation cues were absent, emphasizing their critical
role in defocus detection. Additionally, our experiments
showed that the AO correction (both LOA and HOA), target-
ing both lower- and higher-order aberrations, significantly
affected the lower spatial frequency range of the defocused
video stimulus, particularly below 10 cycles/degree. This
aligns with the findings of Swiatczak and Schaeffel,13 where
subfoveal choroidal thickness was shown to be influenced
by movies featuring spatial frequencies exclusively under 10
cyc/deg.

Factor 2: The Structural Configuration of the
Peripheral Retinal Layers

The peripheral retina is populated by ganglion cells with
radially elongated receptive fields that are orientation sensi-
tive. As a result, ganglion cells in the peripheral retina
tend to be more sensitive to stimuli that are aligned with
parallel or perpendicular to the retinal meridians and less
sensitive to stimuli that are oblique or diagonal to these
meridians.43–46
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Previous studies have reported bidirectional compen-
satory alterations in choroidal thickness in response to defo-
cused blur, mainly in the subfoveal choroidal layer. Human
studies have demonstrated choroidal thickness changes
ranging from 0.37 to 20 μm when the fovea is exposed
to 2D to 3D myopic and hyperopic defocus for up to
two hours.16–18 However, to the best of our knowledge no
previous literature reported the response of the peripheral
choroidal layer to localized blur signals. In our study, we
induced 2D myopic and hyperopic defocus and observed
a two-way PChT alteration with changes of up to 29.14 μm
during the exposure phase, adding new insights to the exist-
ing literature.

The diverse optics and structural integrity of the fovea
and peripheral retina can lead to differential responses to
oriented or astigmatic defocus blur. A study by Yazdi et
al.18 examined induced short-term astigmatic myopic defo-
cus at the subfoveal choroidal layer and found that myopic
defocus blur induces a higher choroidal response (thicken-
ing) compared to induced astigmatic blur. In contrast, our
study’s peripheral choroidal response exhibited an opposite
trend to the subfoveal choroid, suggesting greater sensitiv-
ity to blur orientation cues in the periphery. Thus this might
suggest that the mechanism for detecting defocus blur sign
in the peripheral retina when exposed to oriented blur may
differ from that in the foveal region. Prior research has also
explored the orientation of peripheral image blur’s potential
significance in peripheral defocus detection.47

The unexposed sub-foveal choroid in our subjects did
not deviate significantly from baseline during the exposure
phase (Fig. 4B), indicating a regional choroidal response to
the induced visual signals. Hoseini-Yazdi et al.48 conducted a
study that reported an alteration in regional choroidal thick-
ness, which supports this finding. We still do not fully under-
stand how visual blur causes changes in choroidal thick-
ness, which makes it difficult to determine the role of neural
adaptation to native peripheral aberrations in guiding these
changes. It is more sensible to speculate that the peripheral
retina’s dominance of radially elongated receptive fields may
make it locally more sensitive to oriented blur than to radi-
ally symmetric blur.

The rapid alteration of choroidal layer thickness after
exposure to defocus blur poses an intriguing question.
Comprising primarily of blood vessels, the human choroidal
layer accounts for approximately 80% to 85% of its total
volume, making variations in choroidal thickness a poten-
tial marker for changes in choroidal blood flow.14,49 Specu-
lations on the potential mechanism of choroidal response
to defocus blur signals have been based on molecular
biology genomics and choroidal perfusion studies.50–52 To
better understand the relationship between retinal blur and
choroidal blood flow, it’s essential to consider the local
molecular reactions in response to blurred images. This
process starts with the reception of blurred images by the
retina, decoding the sign of defocus and extends to the rapid
change in choroidal blood circulation, significantly influ-
encing choroidal thickness. However, the specific impact of
different retinal blur conditions on metabolic demands and
choroidal blood supply, and consequently choroidal thick-
ness alteration, remains unclear.

Followed by the exposure phase, we also looked at the
PChT recovery, and we observed a rapid and substantial 94%
to 98% recovery of PChT within 15 minutes, across various
induced optical conditions in our study participants. The
lack of existing peripheral choroidal thickness recovery data

in the literature adds significance to our findings. To contex-
tualize this phenomenon, we plan to compare it with avail-
able subfoveal choroidal thickness recovery data. Notably,
Delshad et al.53 reported a similar trend of SFChT recovery,
with complete recovery observed within 21 and 35 minutes
after removing hyperopic and myopic defocus, respectively.
However, studies also found variable results when investi-
gating complete recovery over up to two hours.16

Our study was limited by sample size because of the
need for a relatively long time commitment for each subject
to make over multiple measurement sessions. Although we
noticed bidirectional PChT alteration with NoAO defocus
conditions, increasing the sample size is not just increas-
ing a significance level of the finding but also, nonsignif-
icant findings in both NoAO and AO defocus conditions
could become significant. Additionally, the limited sample
size may have affected our ability to discern the differ-
ences in defocus-induced choroidal thickness responses
between myopic and non-myopic subjects. Prior research
has shown divergent subfoveal choroidal responses in
emmetropic and myopic individuals, suggesting a poten-
tial area of discrepancy that our study might not have
adequately captured.13 We excluded participants with ocular
or systemic illness and conducted measurements at the same
time of day to control for diurnal variation. However, there
could still be differences in ocular and choroidal metabolic
activities between subjects that could cause intersubject
variability.

CONCLUSIONS

In conclusion, our study found that the choroidal layer
in the periphery exhibited thickness changes in response
to both myopic and hyperopic defocus. Specifically, when
retinal blur was oriented, induced myopic defocus caused
choroidal thickening, whereas hyperopic defocus caused
thinning. We hypothesize that the orientated peripheral reti-
nal blur caused by peripheral asymmetric aberrations plays
an important role in signaling choroidal thickness changes in
response to signed defocus blur. Future research is needed
to further test this hypothesis, to investigate the choroidal
signaling pathways that are selectively triggered by differ-
ent orientations of blur signals at different peripheral reti-
nal locations, and to improve our understanding of the
potential contribution of the peripheral blur to central eye
growth.
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