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Abstract

Physical activity has been shown to influence ocular health, yet the acute effects of exercise
on retinal and choroidal structures remain underexplored. This prospective pre-post study
evaluated 30 low-fit adults without diagnosed cardiovascular disease who underwent
comprehensive ophthalmologic assessments, including OCT and OCTA imaging, before
and after a submaximal aerobic capacity test. Statistically significant thinning was observed
in specific retinal sectors, affecting both inner and outer layers, including the retinal pigment
epithelium (RPE). Vascular analysis using the OCTAVA toolbox revealed a significant post-
exercise reduction in vessel length density, total vessel length, branchpoint density and
fractal dimension in the peripapillary plexus; and mean tortuosity in the macular superficial
vascular complex (SVC). Choroidal thickness also showed a significant reduction in several
regions. No significant changes were found in the foveal avascular zone (FAZ). These
findings suggest that acute submaximal physical activity induces transient yet measurable
changes in retinal and choroidal microvasculature. The results have potential implications
for understanding ocular vascular dynamics and for evaluating ocular health in clinical
and sports medicine contexts.

Keywords: optical coherence tomography (OCT); optical coherence tomography angiog-
raphy (OCTA); retinal thickness; choroidal thickness; retinal vascular density; physical
exercise; submaximal aerobic test; low-fit adults; ocular microcirculation; OCTAVA toolbox

1. Introduction

Physical activity (PA) is defined as bodily movement that is produced by the con-
traction of skeletal muscles and increases energy expenditure. This movement is usually
planned, structured and repetitive to improve or maintain one or more components of
physical fitness. The benefits of PA are provided by an increase in cardiac output [1],
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improvement of adipose tissue distribution [2], insulin sensitivity [3], cognitive function
and numerous psychosocial factors [2]. Systematic training can also increase high-density
lipoprotein (HDL) concentrations, thus helping to protect the cardiovascular system from
atherosclerosis [4]. In addition, PA plays an important role in the treatment of numerous
systemic diseases and recent studies have shown that regular PA can be beneficial even in
retinal diseases, such as age-related macular degeneration (AMD) and diabetic retinopathy
(DR) [5-7]. Although the benefits of physical activity on systemic health are well estab-
lished, its acute effects on ocular microcirculation, particularly in sedentary adults, remain
underexplored. Understanding these responses is essential for identifying early vascular
dysregulation and for informing exercise recommendations in clinical populations.

Due to these benefits, there has been an increase in individuals of all ages striving
to maintain good health through regular PA [8]. However, without proper medical mon-
itoring to understand the baseline health of each individual, amateur PA can result in
various injuries.

Maximal exercise testing is considered the gold standard for determining the maximal
aerobic exercise capacity of subjects; however, the effectiveness of such tests is often reduced
due to musculoskeletal impairments or pain/fatigue rather than cardiac strain [9].

One of the fundamental standard measures of aerobic fitness is maximal oxygen
capacity (VO, max), or the maximum amount of oxygen the body can absorb during
high-intensity aerobic exercise [10]. VO, max. tests are used to assess an individual’s work
capacity over a specific period and to determine how efficiently the body absorbs and
utilizes oxygen [11]. Because of the reduced cardiovascular demands in untrained or aging
populations compared to a maximal test, exercise physiologists often use submaximal
aerobic capacity testing. This assessment can be very useful in non-clinical populations to
make initial fitness assessments, cases where it is necessary to quickly and reliably test a
group of subjects [11,12] and rule out any cardiac abnormalities.

Acute and chronic systemic vascular changes occur during exercise: acute changes
in the cardiovascular system include an increase in heart rate (HR) and stroke volume
to stabilize metabolic demand. Non-vital organ blood vessels undergo vasoconstriction
allowing increased flow to skeletal muscles [4]. All these changes are mediated by the
sympathetic nervous system [13]. Chronic changes include a decrease in heart rate both
at rest and during exercise and an increase in the heart’s pumping volume or systolic
volume [4,14]. Recent publications have shown a decrease in blood flow in the internal
carotid artery (ICA), due to a decrease in blood viscosity and activation of the sympathetic
nervous system [15,16]. These changes in ICA may induce changes in retinal and choroidal
vascularization. Numerous scientific studies are currently investigating the effects of
physical exercises on eye and their impact on various aspects, such as intraocular pressure
(IOP), myopia, ocular blood flow (OBF), ocular perfusion pressure (OPP) and retinal
electrical function [17].

It has been shown that the PA produces structural and functional changes in the
optic nerve [18,19], retina [13,19-22] and choroid [16,23]. This study focuses on the acute
physiological response to a submaximal aerobic test, which is characterized by transient
hemodynamic and autonomic changes. These acute responses, unlike chronic adaptations,
may induce short-term modifications in retinal and choroidal microvasculature, which can
be captured using Optical Coherence Tomography (OCT) and angiography by OCT (OCTA).
Unlike previous studies that focused on young athletes or high-intensity protocols, our
study investigates the acute vascular response to a submaximal aerobic test in a sedentary
middle-aged population. This approach provides novel insights into the physiological
dynamics of the retina and choroid under moderate cardiovascular stress. The purpose
of this work is to analyze in low-fit adults without diagnosed cardiovascular disease the
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vascular changes that occur in the retina and choroid by OCT and OCTA after performing
a submaximal aerobic capacity test.

2. Materials and Methods

This study is a prospective pre-post design, where participants undergo comprehen-
sive ophthalmologic evaluations both before and after a submaximal aerobic capacity test.
This approach allows for the assessment of changes in ocular health parameters as a direct
result of the exercise intervention.

2.1. Participants

Study participants were middle-aged, cognitively healthy individuals without any
serious systemic or general diseases. Prior to inclusion, all participants gave written
informed consent and were ready and able to undergo the different procedures.

A total of 30 subjects were analyzed in the present study. These subjects were sched-
uled for the same day to undergo ophthalmologic tests at the Ramén Castroviejo Institute
of Ophthalmological Research clinic and a stress test at the School of Medicine for Physical
Education and Sport, both in the Complutense University of Madrid.

Although some participants exhibited relatively elevated blood pressure readings,
all values remained within the clinically accepted normotensive range. These individuals
undergo annual health evaluations, including blood pressure monitoring, and none have
been diagnosed with hypertension or are receiving antihypertensive treatment. Therefore,
they have been considered clinically normotensive for the purposes of this study.

This work complied with the Declaration of Helsinki and the studies were approved
by the Clinical Research Ethics Committee of the Hospital Clinico San Carlos with internal
no. 15/382-E_BS and internal no. 18/422-E_BS.

2.2. Ophthalmological Tests

In our study, none of the subjects have any ophthalmologic pathology that could affect
OCT measurements. Therefore, we conducted a telephone screening with all patients to
evaluate their ophthalmologic history. Screening questions are summarized in Table 1.

Table 1. Telephone screening questions.

Do you wear glasses? Yes/No

Do you know if you have myopia, hypermetropy or astigmatism?
Do you know how many diopters?

Do you have any ocular pathology? Yes/No

Do you have any type of ocular treatment? Yes/No

Do you have any types of ocular surgery performed? Yes/No

Participants who successfully completed the telephone screening were then scheduled
for an ophthalmologic examination.

The visual examination included visual acuity (Snellen), slit lamp examination, appla-
nation tonometry (Perkins MKII tonometer, Clement Clarke International, Essex, England),
and OCT-OCTA examination (Heidelberg Engineering, Heidelberg, Germany). The OCT
and OCTA were performed before and after the submaximal aerobic capacity test. All
participants followed the same imaging protocol and timing post-exercise to ensure con-
sistency across measurements. All participants were required to meet the ophthalmologic
inclusion criteria outlined in Table 2.
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Table 2. Ophthalmological inclusion criteria.

Being free of ocular disease or retinal pathology
No evidence or suspicion of glaucoma

Without any congenital malformations

Best corrected visual acuity greater than 0.5
Spherocylindrical refractive error less than 5D
Intraocular pressure less than 20 mmHg

2.2.1. Retinal Thickness Analysis by OCT

The Spectralis 2 OCT device from Heidelberg Engineering (Heidelberg, Germany) was
used to capture the OCT images. OCT and OCTA images were acquired approximately
5 min after the cessation of pedaling, following the completion of active recovery and the
3-min passive recovery phase of the exercise protocol. The acquisition order was identical
for all participants: macular, followed by peripapillary/ONH. The premium edition of the
Spectralis glaucoma module, which incorporates an anatomical positioning system (APS)
based on two fixed points, the center of the fovea and the center of the Bruch’s membrane
opening (BMO), was employed. High-resolution scans of the optic nerve head (ONH)
were performed, including four radial lines and three circles, all centered on the opening
Bruch’s Membrane (BMO), to obtain highly reproducible thickness measurements of the
retinal nerve fiber layer (RNFL). The macular exam was performed with the posterior pole
scan, considering the fovea and the BMO alignment. A total of 121 B-scans per eye were
conducted. Heidelberg segmentation software (version 1.10.4.0) was utilized to measure
the total retinal thickness and the thickness of each retinal layer in the macular area. These
measurements were manually verified and adjusted by the same optometrist (IL-C) in cases
where automatic segmentation was incorrect. The thicknesses of the following retinal layers
were analyzed: RNFL, ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear
layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and retinal pigment
epithelium (RPE). The standard ETDRS macular grid was employed to analyze the inner
and outer macular rings and named as appears in Figure 1A. Thickness measurements
were taken in a foveal area with a diameter of 1 mm, 1-3 mm around the fovea for the
inner ring, and 3—-6 mm for the outer ring. Peripapillary retinal nerve fiber layer (pRNFL)
thickness was measured in six different sectors, and a global average was also calculated.

Scans were considered of high quality when the signal-to-noise ratio was at least 25,
and an average of 16 3-scans was performed. All measurements were presented in microns,
based on the calibration provided by the manufacturers. Both eyes of each participant were
scanned. However, to avoid potential bias due to inter-eye correlation, only one eye per
subject was included in the final analysis. Eye selection was performed using a simple
randomization procedure: prior to data processing, a random number generator was used
to assign either the left or right eye for analysis. This approach ensured unbiased selection
and minimized lateralization effects. No specific comparisons between left and right eyes
were conducted, as the randomization was intended to control for such variability.

The colorimetric representation of the changes in the macular thickness between the
baseline and post stress test was done with the Excel software (Version 16.101.1) and the
colour scale function. The values are normalized for this scale were 1, in white, where there
was no difference, 0.90 in blue tone, for thinning of layers, and 1.10 with red tone, when the
layers were thicker after the stress test. The colour tone is provided directly by the software
based on the thickness variation.
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Figure 1. Ophthalmologic Analysis Using OCT and OCTA Techniques. (A) ETDRS segmentation
scheme with the nomenclature used in the OCT analysis of the retinal layers. (B) Manual analysis of
choroidal thickness using OCT and its corresponding anatomical points analyzed. (C) OCTA analysis
of the foveal avascular zone (FAZ) in the superficial and deep plexus. (D) OCTA image processing
using the OCTAVA program for the analysis of various retinal vascular parameters.

2.2.2. Choroidal Thickness Analysis

The thickness of the choroid was manually delineated using the measurement tool
provided by the Heidelberg software (Heidelberg, Germany, version 1.10.4.0). The choroidal
thickness was measured from the outer hyperreflective line of the RPE to the inner surface
of the sclera, perpendicular to the retina. A subfoveal measurement was taken, and three
additional measurements were performed at 500-micron intervals in the superior, inferior,
nasal, and temporal sectors. This resulted in a grid of 13 measurements at 500, 1000, and
1500 pm intervals. The measurements were conducted following the instructions depicted
in Salobrar et al. 2020 [24] (Figure 1B).

2.2.3. Retinal Vascular Analysis by OCTA

The images were acquired using the Spectralis 2 OCT Angiography module by Hei-
delberg Engineering (Heidelberg, Germany), following the protocol previously described
by Lopez-Cuenca et al. [25]. We performed macular area analysis using a viewing angle of
15° x 15° and a lateral resolution of 5.7 um/pixel. To examine the peripapillary area, the
stimulus was shifted to a flexible external fixation lamp and centered on the subject’s optic
nerve. For image acquisition in the peripapillary area (ONH), an angle of 10° x 10° and a
resolution of 5.7 um/pixel were employed.

The foveal avascular zone (FAZ) was manually measured using the measurement tool
provided by the Heidelberg software (Figure 1C).

A thorough review and analysis of all images was conducted by the same optometrist
(ESG), excluding those with artifacts such as center displacement, defocus, shadows, eye
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movements, blinking, or poor segmentation. High-quality images were exported in JPG
format for subsequent analysis using an open-source toolbox, OCTAVA (OCTA Vascular
Analyser), a tool that enables quantitative analysis and characterization of OCTA images
(Figure 1D). OCTAVA performs the processing, segmentation, and quantitative analysis
of maximum projection OCTA images, and analysis in both individual and batch modes,
with magnification error correction by inputting the size of each image. Additionally,
it includes filters to enhance image quality and segmentation techniques to distinguish
between vessels and non-vessels [26,27].

The parameters analyzed in this study include vessel area density (%), vessel length
density (%), total vessel length (mm), mean diameter (um), median diameter (um), branch-
point density (1/mm), fractal dimension, and mean tortuosity. These parameters were
analyzed in the superficial vascular complex (SVC), the deep capillary plexus (DCP), and
the optic nerve area (ON) before and after the stress test.

2.2.4. Physical Working Capacity Test

All participants underwent a submaximal indirect ergometry test (interrupted when
the patient reached a minimum of 85% of their theoretical maximum heart rate) and
supervised by the same expert (FMT). The theoretical maximum heart rate (HRmax),
expressed in beats per minute (bpm), was calculated using the widely accepted formula:
HRmax = 220—age [14]. The Physical Working Capacity (PWC) refers to the maximum
amount of physical work an individual can perform over a given period. It is often used as
a measure of aerobic fitness and is typically related to a specific heart rate. Each participant
underwent a single submaximal aerobic capacity test during the study.

Prior to conducting this test, patients undergo a medical and surgery history as-
sessment, including personal and family medical history, current situation (anamnesis),
and exercise habits as well as any medications that may influence the test procedures
and the response to exercise are taken. In addition, participants are examined through
weight, height, cardiac and respiratory auscultation, resting blood pressure, resting heart
rate, and peripheral pulses. Subsequently, a baseline or resting electrocardiogram (ECG)
is performed.

The PWC test is conducted using a cycle ergometer or a single-wheel stationary bicycle,
which serves as an ergometer to measure an individual’s work output under controlled
conditions. The test procedure is as follows: With the cycle ergometer calibrated and the
environmental conditions optimized, the handlebar and seat are adjusted to fit the subject’s
characteristics. Before mounting the bicycle, the participant is fitted with electrodes and
undergoes an electrocardiogram in both supine and standing positions. The test begins with
a warm-up phase, which involves pedaling for 5 min at a constant rhythm of 60-70 rpm
without any load.

Subsequently, the test follows this protocol: two-minute stages with a 25 W increment
per stage, starting at 25 W (second stage 50 W, third stage 75 W, and so on). The test
concludes when the participant reaches at least 85% of their theoretical maximum heart
rate. The theoretical maximum heart rate is calculated using the formula: 220 minus the
participant’s age. After the test, the recovery phase begins. The participant pedals for 1 min
at half of the maximum load achieved during the exercise, maintaining a rhythm between
50-60 rpm. In the following two minutes, the load is reduced to 50% of the first minute of
recovery or a constant load of 25 W at a rhythm below 50 rpm, constituting active recovery.
Subsequently, the patient stops pedaling and remains seated at rest for 3 min to complete
passive recovery, marking the end of the test.
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Blood pressure is measured at the end of the warm-up, at the end of each stage, and at
the 1st, 2nd, and 3rd minute of recovery. Electrocardiographic tracing and heart rate are
continuously monitored throughout the test.

2.3. Sample Size Calculation

The sample size was determined using the Granmo online calculator (https://www.
granmo.com, employing the statistical model for comparing two means in paired samples.
This approach was selected as a practical approximation to the Wilcoxon signed-rank test,
which is commonly used for analyzing dependent non-parametric data.

A significance level of 5% (x = 0.05) and a statistical power of 80% (1 — 3 = 0.80)
were applied. Based on previous studies and the known variability of optical coherence
tomography (OCT) measurements, an expected mean difference of 6 um in fiber layer
thickness was assumed, with a standard deviation of 8§ um.

No participant dropout was anticipated during the study period; therefore, the ex-
pected attrition rate was set to 0%.

According to these parameters, the minimum required sample size to detect a statisti-
cally significant difference was calculated to be 28 subjects.

Moreover, to justify the inclusion of n = 30, we have referenced other studies cited
within this same work that report a sample size similar to ours, or even smaller [13,15,17,
18,20-22,28-35].

2.4. Statistical Analysis

GraphPad Prism (version 9, GraphPad Software Inc., San Diego, CA, USA) was used
for the statistical analysis of this work. The Shapiro-Wilk test was used to examine the
normality of the sample. To examine quantitative variables, the non-parametric statistical
Wilcoxon for paired samples was used. As the data did not follow a normal distribution
(Shapiro-Wilk test), results are presented as median and interquartile range (IR). Spear-
man’s correlation coefficients were used to correlate the quantitative variables. They were
defined as statistically significant when p-value < 0.05, represented as * p < 0.05, ** p < 0.01
and ** p < 0.0001.

3. Results
3.1. Demographics and Parameters of Aerobic Capacity and Cardiovascular Health

The study participants (18 women and 12 men) had a median age of 58.00 (55.00-63.50)
years. The median weight of the participants was 64.00 (54.40-73.70) kg and a median
height of 159.00 (154.80-168.20) cm. The participants had a body mass index of 24.10
(22.60-26.50).

Additionally, when analyzing before and after the stress test the heart rate as well as
systolic blood pressure (SBP) the participants exhibited statistically significant differences
(p <0.0001 and p < 0.05, respectively) (Table 3).

3.2. Macular Thickness of the Retinal Layers

When analyzing the thickness of the different retinal layers in the macular area before
and after the stress test we found in the GCL a statistically significant decrease in thickness
in the sectors I1 (p < 0.05) and N2 (p < 0.01) (Figure 2) (Supplementary Table S1).

In the INL, a statistically significant thickness increase was observed in the sectors S1
(p < 0.01) (Figure 2) (Supplementary Table S1).

In the OPL, a statistically significant thickness decrease was observed in the sectors T1
(p <0.001), S1 (p < 0.01), N2 (p < 0.05) and T2 (p < 0.05) (Figure 2) (Supplementary Table S1).
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Table 3. Demographics and parameters of aerobic capacity and cardiovascular health.

Sex 18 Women/12 Men
Age (years) 58.00 (55.00-63.50)
Weight (kg) 64.00 (54.40-73.70)
Height (cm) 159.00 (154.80-168.20)

BMI 24.10 (22.60-26.50)

Before the stress test After the stress test
p-value
Median (IR) Median (IR)

Heart rate (bpm) 64.00 (60.00-68.00) 142.00 (133.00-148.00) <0.0001 ****
SBP (mmHg) 130.00 (125.00-135.00) 142.00 (133.00-148.00) 0.0174 *
DBP (mmHg) 80.00 (80.00-90.00) 85.00 (75.00-90.00) 0.6177

Absolute VO;max (L/min) 1.250

Rl max

Wilcoxon test for before and after stress test cardiovascular health measures. * p < 0.05; *** p < 0.0001. BMI, Body
mass Index; SBP, Systolic blood pressure; DBP, diastolic blood pressure; bpm, beats per minute; L/min, Liters per
minute; mL/kg/min, Milliliters per kilogram per minute.

v
®
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: EiE. Salobrar
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Figure 2. Colorimetric changes in the retinal thickness in each layer between the baseline and post
stress test measurements in the macular OCT rings. In red, thickening; in blue, thinning. (RNFL:
retinal nerve fiber layer; GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer;
OPL: outer plexiform layer; ONL: outer nuclear layer; RPE: retinal pigment epithelium). * p < 0.05.
**p <0.01. **p <0.001.
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In the ONL we found a statistically significant increase in thickness in the foveal sector
(F) (p < 0.05), in S1 (p < 0.01), T1 (p < 0.001), S2 (p < 0.05) and T2 (p < 0.001) (Figure 2
(Supplementary Table S1).

Finally, in the RPE we found a statistically significant decrease in thickness in the
sectors S1 (p < 0.05) and S2 (p < 0.01) (Figure 2) (Supplementary Table S1).

In the RNFL and IPL, no statistically significant differences were found (p > 0.05)
(Figure 2) (Supplementary Table S1).

Finally, in the total retina thickness, we found a statistically significant increase in the
thickness in the N2 sector (p < 0.05) (Supplementary Table S1).

3.3. Choroidal Thickness

When analyzing choroidal thickness after the stress test and comparing it with baseline
values, we found a statistically significant decrease in thickness in: (i) the subfoveal analysis
(p < 0.01); (ii) the superior sector at 1000 um (p < 0.01) and 1500 um (p < 0.001); (iii) the nasal
sector at 500 um (p < 0.001) and; (iv) in the inferior sector at 500 um (p < 0.05) (Figure 3).
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Figure 3. Distribution of Choroidal Thicknesses Before and After stress test. The graphs show the
distribution of choroidal thicknesses in two different regions: TN (temporal-nasal) in the upper
graph and SI (superior-inferior) in the low graph. In both graphs, a significant decrease in choroidal
thickness is observed post-exercise compared to pre-exercise. The blue dots represent pre-exercise
values, while the red dots represent post-exercise values. The error bars indicate the variability of the
measurements. Asterisks indicate levels of statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.4. Analysis of Foveal Avascular Zone

We found no statistically significant differences in the FAZ of either the superficial
plexus or the deep plexus when comparing post-stress test values with pre-test values
(p > 0.05) (Table 4).

Table 4. FAZ analysis before and after stress test.

Before Stress Test After Stress Test
p-Value
Median (RI) Median (RI)
FAZ FAZ SVP 0.39 (0.263-0.480) 0.375 (0.255-0.425) 0.230
FAZ DVP 0.20 (0.090-0.295) 0.195 (0.090-0.298) 0.671

3.5. Vascular OCTA Study

When comparing vascular parameters between baseline and post-exercise measure-
ments using the OCTAVA toolbox, it was found that post-stress test there was a statistically
significant decrease in the ONH vascular area in: % vessel length density, total vessel
length, branchpoint density, and fractal dimension (p < 0.05, in all cases). In the macular
superficial vascular complex (SVC) this statistically significant reduction was observed in
the mean tortuosity (p < 0.05) (Figure 4).
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Figure 4. Analysis of vascular parameters in different vascular plexus and areas between baseline
and post stress test measurements using the OCTAVA toolbox. Asterisks indicate levels of statistical
significance: * p < 0.05. SVC: Superficial vascular complex, DCP: deep capillary plexus and ONH:
optic nerve head.
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3.6. Correlations Between Cardiovascular and Ophthalmologic Measures Post Stress Test

The heart rate correlates significatively with N1 in the OPL (p < 0.05; r = 0.540)
(Supplementary Table S2).

We found a positive correlation between the SBP and the N1 sector of the OPL (p < 0.05,
r = 0.540) (Supplementary Table S2).

The value of DBP was significantly correlated with: (i) the F and I1 sectors in the
RNFL (p < 0.05, r = —0.535 and r = —0.596, respectively); (ii) the N1 sector in the GCL
(p <0.01 r= —0.667)and the S1 (p < 0.05 r = —0.525); (iii)the F and N1 in the IPL (p < 0.05 and
r = —0.567 and r = —0.546, respectively) and; (iv) the I1 sector in the total retinal thickness
(p <0.05 and r = —0.563) (Supplementary Table S2).

Absolute VO,max correlates significantly with: (i) the RNFL in S2 sectors (p < 0.01,
r = 0.656); (ii) in the GCL with the T1 sector (p < 0.05 and r = 0.556), S1 sector (p < 0.01 and
r = 0.745) and 11 sector (p < 0.05 and r= 0.649); (iii) in the IPL with the S1 sector (p < 0.01
and r = 0.695) and in the I1 sector (p < 0.05 and r = 0.526); (iv) in the OPL with the S1 sector
(p < 0.05 and r = 0.540) (Supplementary Table S2).

Relative VO,max correlated significantly with total retinal thickness in the N1
(r=—0.626, p < 0.05), T1 and S1 sectors p < 0.05, r = —0.510 and r = —0.560, respectively)
(Supplementary Table S2).

The DBP also has significantly correlation with: (i) the vessel area density in the SVC
and DCP (p < 0.05 and p < 0.001; r = —0.511 and r = —0.7,2, respectively); (ii) the vessel
length density in the DCP (p < 0.05, r = —0.532); (iii) the total vessel length in the DCP
(p <0.05, r = —0.540); (iv) the branchpoint density in the SVC and DCP (p < 0.01 and
p <0.05, r = —0.644 and r = —0.592, respectively); (v) the fractal dimension in the DCP
(p < 0.01, r = —0.646) and; (vi) the mean tortuosity in the SVC (p < 0.01 and r = —0.647)
(Supplementary Table S3).

The absolute VO;max and the relative VO2max has significantly correlation with the
total vessel length in the SVC (p < 0.05 and r = 0.500 and r = 0.493, respectively).

No statistically significant correlations were found between the cardiovascular param-
eters and choroidal thickness and FAZ after stress test (Supplementary Table 54).

4. Discussion

The health benefits of PA are widely recognized, including the reduction of the risk
of cardiovascular diseases, type II diabetes, depression, and cancer [36-38]. At the ocular
level, regular PA has also been associated with a lower prevalence of retinal microvascular
abnormalities [36-38] as well as benefits in diseases such as AMD and DR [6,7]. Despite
these factors, a substantial number of adults worldwide (approximately 1.4 billion) do not
meet the recommended 150 min of PA per week for optimal health [39].

Nowadays, retinal and vascular changes induced by PA have been reported in the
retina using OCT and OCTA. These advanced imaging techniques allow for detailed
visualization of retinal microvasculature and structural alterations, providing valuable
insights into how exercise influences ocular health [13,16,18-20,22,28,30,32,33,40-44].

There is no consensus on the results obtained in studies analyzing retinal thickness
using OCT after physical activity, with some authors reporting no significant changes in
retinal thickness following exercise [31,32,41]. However, in the present study, participants
exhibited a statistically significant thinning of specific retinal sectors, both in the inner
layers—in the I1, and N2 sectors of the GCL—as well as in the outer layers—in the S1,
T1, T2, and N2 sectors of the OPL—and in the RPE in the S1 and S2 sectors. A possible
explanation for the thickness decreases in these layers could be their proximity to or
involvement in the vascular plexuses (SVC, DVP, and choriocapillaris) [45]. These results
are consistent with the findings of Szalai et al., who studied the retina of young adults
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during the first five minutes following physical exercise [22]. These changes could be related
to the increase in SBP, which induces vasoconstriction in the retinal arteriolar system. This
may manifest as a reduced thickness of the previously mentioned retinal layers, which are
composed of cellular bodies and vascular plexuses [46,47]. Another possible explanation
for the observed thinning may be the retinal autoregulation mechanism, which acts as a
myogenic response of the vascular wall to fluctuations in blood pressure. This process
involves vasoconstriction in the arterioles, potentially accounting for the various changes
observed in the study [22]. This myogenic response is assumed to be primarily mediated by
endothelial cells in the vascular wall, along with other factors such as endothelin-1, nitric
oxide, and carbon dioxide, among others [48]. However, on the other hand, in our study,
both the outer and inner nuclear layers exhibited a statistically significant thickening in
several sectors. These results are consistent with those of Szalai et al., who also found a
statistically significant thickening of the ONL five minutes after physical exercise, which
persisted until fifteen minutes post-exercise. The authors concluded in their study, that
the observed changes in the nuclear layers do not appear to be related to the physical
condition of the subjects [22]. The increases and decreases in retinal thickness observed
after exercise could be attributed to an elevated secretion of atrial natriuretic peptide,
which is released following physical activity and has been localized in the RPE, inner and
outer plexiform layers, outer segments of photoreceptors [49], and the choroid [50]. This
peptide is involved in the regulation of extravascular fluid and may modulate cerebral
blood flow, blood-brain barrier permeability, or cerebrospinal fluid volume. Given the
similarity between the blood-brain barrier and the blood-retinal barrier, this peptide could
also play a role in regulating retinal blood flow [49,51]. Moreover, due to its paracrine and
autocrine functions, this peptide could play an important role in regulating fluid movement
from RPE, potentially modulating the extracellular space of the retina [52]. The findings
are consistent with sympathetic activation that redistributes blood flow toward exercising
muscle, combined with retinochoroidal autoregulation (myogenic and endothelial) and a
transient reduction in internal carotid flow described during exertion, which may explain
the observed reductions in vascular density in the SVC/ONH and choroidal thinning. The
potential involvement of natriuretic peptides in retinal fluid regulation may also contribute
to the observed layer-specific thickness changes.

A recent study analyzed a sample of 220 subjects to investigate the effects of PA
on retinal thickness and vascularization. When comparing the group with a low PA
lifestyle to those with moderate PA, a significant increase in RNFL thickness was observed.
Additionally, when comparing individuals with high PA, a greater foveal thickness was
estimated. No changes were observed in other macular parameters or in the peripapillary
region [5]. In our study, no changes were observed in RNFL, possibly because we compared
baseline and post-exercise conditions in subjects with low physical fitness, who only
reached 85% of their maximum cardiovascular capacity. Therefore, the results do not
seem comparable between the two studies. Lastly, in our study, we observed a statistically
significant decrease in total retinal thickness after exercise, a result that was not found by
other authors either at 5 or 15 min after similar exercise [31].

Research utilizing OCTA revealed that brief exercise markedly elevated heart rate and
blood pressure, in addition to modifying optic nerve and macular perfusion. This led to a
notable reduction in peripapillary and parafoveal flow density [18,20], aligning with our
findings of significant some vascular parameters decrease in the optic nerve region and
in the SVC. However, another study conducted in children aged 9 to 13 years revealed
that moderate physical exercise for 20 min increased overall and parafoveal vascular
density in both superficial and deep layers after 30 min of rest [16]. In sports settings,
variations in intraocular pressure (IOP) across disciplines have been reported, potentially
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modulating ocular perfusion pressure. Although our study focuses on sedentary adults
and submaximal exercise, these data help contextualize the interaction between systemic
and ocular hemodynamics during physical exertion [53].

In the present study comparing vascular parameters between baseline and post-
exercise measurements using the OCTAVA toolbox, it was found that post stress test there
was a statistically significant reduction in the macular SVC; this statistically significant
decrease was also observed in the mean tortuosity.

In 2020, a study using OCTA demonstrated changes in the functional vascular density
(VD) of the retina before and after an incremental continuous exercise test (ICRT) for 3 min,
with and without a mask. The mask only affected at rest, reducing the VD of the SVC.
However, changes in the long-term recovery of retinal microcirculation after exercise were
not analyzed [30]. These changes were analyzed in a recent study that examined changes
in the VD of the retina at rest, during exercise, and the subsequent 30 min in young healthy
volunteers using OCTA, both with and without a mask. In this study it was found that
both exercise and wearing mask affected the retinal VD in both the macula (SVC and DCP)
and the ONH (SVC, nerve fiber vessels, and small nerve fiber vessels). These changes
recovered after 30 min of rest, demonstrating that exercise-induced vasoconstriction in the
retina recovers within this time [29]. The 30-min recovery time is more comparable to ours,
as in our participants, once they reach 85% of their maximum capacity, a recovery period
follows. VD is analyzed approximately 5 min after the end of the submaximal exercise test,
rather than immediately, as is commonly done in most studies [18,20,41].

However, not statistically significant results were found in the FAZ of either the
superficial plexus or the deep plexus when comparing post-stress test values with pre-test
values. These results are consistent with the findings of Kim et al. [20] and Alnawaiseh
et al. [18] who also did not observe significant changes in the FAZ of the SVC after physical
activity. In the same study, Alnawaiseh et al. demonstrated that after high-intensity interval
training (HIIT), the flow density in the peripapillary region increased, while the mean
FAZ area in the DVP and the macular flow density of the superficial layer significantly
decreased [18]. In other publications, a decrease in the FAZ has also been confirmed in
individuals who engage in high levels of PA [5,20] as well as increased VD and greater
macular thickness [5].

When we analyzed the peripapillary vascular plexus using OCTA and assessed the
vascular parameters with OCTAVA, we found a significant decrease in the VD of the
peripapillary plexus in various parameters: % vessel length density, total vessel length,
branchpoint density, and fractal dimension. Although direct measurement of retinal or
choroidal blood flow was not performed, vascular parameters derived from OCTA provide
indirect but valuable insights into microvascular changes. These findings are consistent
with those of Alnawaiseh et al. and Kim et al., who also found a significant decrease in
peripapillary flow in all analyzed sectors [18,20]. Physiologically, this reduction in vascular
parameters at the ONH could be attributed to a decrease caused by the opening of shunts,
which would maintain the minimal perfusion necessary to preserve visual function [54].

However, other authors have found an increase in peripapillary flow density in
subjects who engage in high-intensity training [19,42]. Finally, the study by Hua et al. found
no changes in the peripapillary plexus after performing a continuous incremental aerobic
capacity test. The difference in the results obtained could be largely attributed to: (i) the type
of OCTA used, which may vary in light source and scanning speed; (ii) artifacts produced
in the image induced by rapid breathing after physical activity; (iii) images obtained in the
peripapillary area are often taken after macular imaging in most publications, which could
increase the rest time of the patients and make the results unreliable [42,55].
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In the present study, choroidal thickness showed a statistically significant decrease
after PA in the nasal and inferior sectors at 500 um; superior at 1000 and 1500 pm and
subfoveal. A reduction in choroidal thickness has also been reported by Li et al. in children
subjected to static cycling exercise for 20 min [16]. This decrease in choroidal thickness could
be due to the sympathetic stimulation generated during exercise, causing a contraction of
smooth muscle cells, which could justify this reduction [16,56]. In addition, this muscular
contraction, together with the dehydration produced by the sweating suffered by the
subjects, causes water not to enter the matrix of the vessels and compensate for the changes
observed [15,16].

In a study like ours, in which a stress test was performed on a group of subjects with
an average age of 60 years, no changes were found in the choroidal thickness measured
by OCT. This study does not specify the type of stress test performed by the subjects or
the duration of the test. In addition, the method of analysis of the choroid only analyzes
the temporal and nasal choroid up to 1000 pm, being these the possible reasons for the
disparity with our results [32].

The evaluation of the choroidal thickness has been carried out at different time in-
tervals after physical exercise, thus obtaining different results: (i) at 3 min after PA, dif-
ferent authors reported an increase in volume and a thickening of the superior zone of
the choroidal thickness [57-59] (ii) at 5 min Sayin et al. demonstrated an increase in the
global choroidal thickness [31] (iii) at 10 min in the study conducted by Insa-Sanchez
et al. reported a decrease in choroidal thickness and volume when compared to the results
obtained at 3 min where an increase in choroidal thickness and volume was observed [23];
(iv) at 15 min, several publications found no significant change in the choroidal thick-
ness [17,22,60]. Finally, the study conducted by Li et al. aimed to study the changes at the
macular and choroidal level in children aged 9 to 13 years after performing PA with S5-OCT
and SD-OCTA, finding a significant decrease in choroidal thickness in all the locations
analyzed, which does not recover its baseline value until at least 30 min after exercise [16].
The discrepancies between the results obtained are thought to be due to the difference in
age between children and adults, which could be due to anatomical differences between
the two age groups such as the elasticity and resistance of the blood vessels and their
self-regulating capacity [61].

It has been established that choroidal vessels are under neurogenic control [62,63]. Ex-
ercise activates the sympathetic nervous system [64], which would produce constriction of
these vessels. In addition, various factors such as blood gasometry and pH, visual stimula-
tion and vasoactive agents such as endothelin-I and nitric oxide, in endothelium-dependent
vasodilation [34,35,65] can alter vascular tone and diameters. Some of these factors could
have influenced the decrease in choroidal thickness observed in the present study.

When analyzing the correlations after PA between retinal structural parameters and
arterial blood pressures, we observed only a significant positive correlation between SBP
and the N1 thickness of the OPL, as well as significant negative correlations between
DBP values and the thickness of different sectors of the RNFL, GCL, IPL and total retinal
thickness. In addition, we found a significant positive correlation between the thickness of
various sectors of the RNFL, GCL, IPL and OPL in the retina and the absolute VO, max
values. It is known that DBP and SBP behave differently in response to PA [66,67]. SBP
increases steadily during exercise due to increased cardiac output and vasoconstriction
of the vascular bed that does not perform exercise [60]. This could produce a decrease
in choroidal thickness and certain retinal layers observed in this work. Although DBP
may increase or decrease after exercise, in our work we found no statistically significant
differences between rest and PA.
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After PA we found significant negative correlations between some vascular parameters
of retinal plexuses such as the vessel area and branch point density in SVC and DCP, the
vessel length density and fractal dimension in DCP, the main tortuosity in SVC and the
DBP after exercise. On the other hand, after performing a Wingate test in young adult
athletes, a moderate correlation has been identified between the variation in SBP and the
variation in the super-superficial vascular plexus, as well as in the deep vascular plexus
in the superior areas [13]. However, Kim et al. observed a significant correlation between
changes in retinal vascularisation in the superficial and deep plexuses and exercise-induced
increase in SBP [20].

It has been shown that there is an increase in the artery-to-vein calibre ratio, where
arteries increase in caliber in marathon runners compared to sedentary controls [68]. This
increase in caliber in fit subjects could justify the changes in vascular density found in the
different publications, as our study consisted of subjects with poor physical fitness. In
addition, it has been demonstrated that the retina undergoes autoregulation during PA,
mediated by an increase in vascular resistance and an increase in the partial pressure of
oxygen [31].

In the present study, a correlation was made between choroidal thickness and cardio-
vascular variables at rest and after physical activity, the latter being the one analysed in
most of the studies [13,16,22,41]. In the present study, we found no statistically significant
correlations, and these results are consistent with those of the study by Karak{ictik et al. in
which no significant correlations were found between blood pressure and choroidal thick-
ness [41]. This could be since the test conducted in both our study and that of Karakucuk
lasts 30 min, and possibly, priority was not given to blood flow to peripheral organs during
this time. Similar to the retina, which undergoes an autoregulatory mechanism when there
are changes in blood pressure, the choroid is believed to exhibit sensitivity to changes in
blood pressure, as occurs in cerebral circulation [13].

The VD of the peripapillary plexus after PA did not show any statistically significant
correlation with the cardiovascular parameters analyzed. However, Alnawaiseh et al.
found a significant correlation between changes in the optic nerve and changes in DBP and
mean arterial pressure [18]. These correlations seem to be influenced by the type of PA
performed and the energy expenditure it induces in the subject.

The novelty of our study lies in its focus on a low-fit, middle-aged population undergo-
ing a submaximal test, a scenario more representative of real-world clinical and preventive
settings. The use of OCTA combined with the OCTAVA toolbox allowed for a detailed and
reproducible quantification of microvascular changes, which may serve as early indicators
of vascular reactivity or dysfunction.

Among the possible limitations of our study are the small number of subjects included
(31 subjects). This study lacks a non-exercising control group, which prevents complete
exclusion of diurnal fluctuations, particularly in choroidal thickness. Additionally, due to
logistical constraints, validated physical activity questionnaires and direct VO, max mea-
surements were not collected, and BMI is available only at the cohort level. No functional
correlates (e.g., mfERG, visual field testing) were performed in the post-exercise window.
These aspects should be addressed in future studies, ideally incorporating a concurrent con-
trol arm and more extensive functional and anthropometric characterization. Additionally,
comparing our results with those of other studies also presents certain limitations, such
as: (i) choroidal thickness measurements are not completely objective as they use manual
delineation; (ii) the type of OCT used, as the clear visualization of the choroidal boundaries
facilitates its measurement; (iii) the sample sizes in most studies are small; (iv) the age
range of the subjects is very disparate, in addition to the different physical conditions they
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present; (v) the time of day when the ophthalmological study was conducted, as there are
diurnal variations in choroidal thickness [60].

5. Conclusions

Low-fit adults without diagnosed cardiovascular disease who underwent a submaxi-
mal aerobic capacity test exhibited statistically significant thinning in specific retinal sectors,
affecting both inner and outer retinal layers, including the retinal pigment epithelium (RPE).
Vascular analysis using the OCTAVA toolbox revealed a significant post-exercise response
in the macular SVC, characterized by a statistically significant reduction in SVC density,
median vessel diameter, and mean tortuosity. Additionally, in the peripapillary vascular
plexus, a significant decrease was observed in several vascular parameters, including
vessel length density, total vessel length, branchpoint density, and fractal dimension. No
statistically significant changes were detected in the FAZ of either the superficial or deep
capillary plexus. However, choroidal thickness showed a significant post-exercise reduc-
tion in the nasal, inferior, temporal sectors, and the subfoveal region. Collectively, these
findings indicate that acute physical exercise induces transient yet measurable changes
in both retinal and choroidal microvasculature. These physiological responses may have
important implications for the evaluation of ocular vascular health in clinical practice and
sports medicine.
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thickness measures post stress test. Supplementary Table S3. Correlations between cardiovascular
parameters and vascular OCTAVA measures post stress test. Supplementary Table S4. Correlations
between cardiovascular parameters and choroidal thickness and FAZ after stress test.
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Abbreviations

The following abbreviations are used in this manuscript:

AMD age-related macular degeneration
BMO opening Bruch’s Membrane

DBP diastolic blood pressure

DCP deep capillary plexus

DR diabetic retinopathy

FAZ Foveal avascular zone

GCL ganglion cell layer

HDL high-density lipoprotein

HIIT high-intensity interval training
HR heart rate

ICA internal carotid artery

ICRT incremental continuous exercise test
INL Inner nuclear layer

IPL inner plexiform layer

0P intraocular pressure

IR interquartile range

OBF ocular blood Flow

OCT Optical Coherence Tomography
OCTA Optical Coherence Tomography Angiography
OCTAVA OCTA Vascular Analyser

OPP ocular perfusion pressure

ONH optic disc

ONL Outer nuclear layer

OPL outer plexiform layer

PA Physical activity

PWC Physical Working Capacity
pRNFL Peripapillary retinal nerve fiber layer
RNFL retinal nerve fiber layer

RPE retinal pigment epithelium

SBP systolic blood pressure

svC superficial Vascular complex

VD vascular density

VO, max maximal oxygen capacity
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