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Purpose: To measure the choroidal thickness (CT) after dynamic exercise by using enhanced depth imaging 
optical coherence tomography (EDI‑OCT). Materials and Methods: A total of 19 healthy participants 
performed 10 min of low‑impact, moderate‑intensity exercise (i.e., riding a bicycle ergometer) and were 
examined with EDI‑OCT. Each participant was scanned before exercise and afterward at 5 min and 
15 min. CT measurement was taken at the fovea and 1000 µ away from the fovea in the nasal, temporal, 
superior, and inferior regions. Retinal thickness, intraocular pressure, ocular perfusion pressure (OPP), 
heart rate, and mean blood pressure (mBP) were also measured. Results: A significant increase occurred 
in OPP and mBP at 5 min and 15 min following exercise (P ˂ 0.05). The mean subfoveal CT at baseline was 
344.00 ± 64.71 µm compared to 370.63 ± 66.87 µm at 5 min and 345.31 ± 63.58 µm at 15 min after exercise. 
CT measurements at all locations significantly increased at 5 min following exercise compared to the 
baseline (P ˂ 0.001), while measurements at 15 min following exercise did not significant differ compared to 
the baseline (P ˃ 0.05). There was no significant difference in retinal thickness at any location before and at 
5 min and 15 min following exercise (P ˃ 0.05). Conclusion: Findings revealed that dynamic exercise causes 
a significant increase in CT for at least 5 min following exercise.
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The choroid’s vasculature is the major supplier of oxygen 
and nutrients to the outer retina.[1] Abnormal choroidal blood 
volume or impairment of oxygen flow from the choroid to 
the retina, or both, may result in photoreceptor dysfunction 
and death.[2] Most ocular blood flow is accounted for by the 
choriocapillaris.[3] Choroidal blood flow, which has one of the 
highest rates of blood flow in the body, may also cool and 
warm the retina.[3]

Imaging the choroid with conventional commercial 
spectral‑domain optical coherence tomography (SD‑OCT) has 
proven difficult, due to weak signal transmission beyond the 
retinal pigment epithelium (RPE). However, the introduction of 
enhanced depth imaging (EDI)‑OCT has provided a new means 
of assessing the choroid with commercially available SD‑OCTs. 
EDI‑OCT is a simple, noninvasive technique that provides 
in vivo evaluation of the choroid with high repeatability.[4] 
Choroidal thickness (CT) measurement may be influenced by 
many physiologic factors, including aging, refractive status, 
axial length, and several pathological diseases, including 
diabetic retinopathy, and central serous retinopathy.[5,6] Previous 
studies have also reported that measurements of CT have been 
decreased after caffeine intake and topical mydriatics.[7‑9]

Physical exercise increases both systemic arterial blood 
pressure (BP) and blood flow, as well as decreases intraocular 

pressure (IOP).[10,11] Previous studies have reported that, due 
to the presence of autoregulative mechanisms, blood flow 
in retinal circulation remains constant during exercise.[12,13] 
However, since some controversy accompanies the presence 
of autoregulative mechanisms in choroidal circulation,[14,15] we 
considered that CT may be influenced by physical exercise. In 
light of growing interest in research of choroidal structures, 
in this study we aimed to evaluate the acute effect of dynamic 
exercise on CT, as measured by EDI‑OCT in healthy patients.

Materials and Methods
This prospective, observational study was performed at the 
Department of Ophthalmology at Istanbul Kanuni Sultan 
Suleyman Education and Research Hospital. The study 
followed the tenets of the Declaration of Helsinki for human 
experimentation. All participants received oral and written 
information about the study, and each participant provided 
written, informed consent prior to participating. The study 
was performed on 19 eyes of 19 healthy male volunteers 
who ranged in age from 23 to 33 (mean 27 ± 4.08) years old. 
One eye, randomized for left or right, was measured in each 
volunteer. Since previous studies have indicated that CT and 
choroidal blood flow regulation may be altered in acute and 
chronic smokers, no regular cigarette smokers were included 
in the study.[16,17]

All of the participants underwent a comprehensive 
ophthalmologic examination that included a review of medical 
history, spherical equivalent of refractive error, corrected 
distance visual acuity, visual field testing if indicated, 
slit‑lamp microscopy, IOP, and a dilated fundus examination. 
Volunteers with any concomitant history of any systemic 
abnormalities (e.g., vascular disease, hypertension, or diabetes 
mellitus), previous intraocular surgery or laser therapy, and 
high myopia or hyperopic were excluded.
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Participants were asked to not consume alcoholic or 
caffeinated drinks for at least 12 h before having their 
measurements taken, as well as instructed to refrain 
from ingesting any food or liquids in the 30 min before 
the experiment. Prior to exercise, all baseline OCT scans 
and measurements for heart rate (HR), BP, and IOP were 
performed. Each participant then performed 10 min of 
low‑impact, moderate‑intensity exercise by riding a bicycle 
ergometer. To standardize the intensity of the exercise between 
participants, HR was monitored throughout the exercise task, 
and participants were instructed to cycle to an intensity that 
would keep their HR in a target range from 50% to 70% of the 
“HR reserve” above their baseline HR. Here, HR reserve was 
defined as the maximum HR minus the baseline HR,[18] the 
maximum HR defined as 208−(0.7 × age) and the baseline HR 
derived from pulse readings taken after 20 min of rest.[19] These 
measurements were repeated after completion of the exercise 
task at both 5 min and 15 min. All measurements were collected 
with participants seated. The order of measurements at each 
session was standardized: OCT scan, HR and BP, and lastly IOP 
measurement. OCT scans and both HR and BP measurements 
were taken at the same time.

Intraocular pressure was measured with the TonoPen 
XL (Mentor, USA) following the instillation of a drop of 
local anesthetic (0.4% oxybuprocaine hydrochloride). Three 
successive IOP measurements were taken and the average 
value recorded, as suggested by previous studies.[20,21] HR was 
automatically recorded from a finger pulse oximeter (HP‑CMS 
patient monitor; Hewlett‑Packard, Palo Alto, CA, USA). 
Systolic BP (sBP) and diastolic BP (dBP) were measured on the 
upper arm by using an automated oscillometric device. Mean 
BP (mBP) was calculated as dBP plus one‑third the difference 
between sBP and dBP:

mBP = dBP + 1/3 (sBP − dBP)

Ocular perfusion pressure (OPP) was calculated by 
measuring the difference between two of three of the mBP 
and IOP values:[22,23]

OPP = 2/3 (mBP)−IOP

All participants were examined with the Cirrus HD‑OCT 
4000 (Carl Zeiss Meditec, Inc., Dublin, CA, USA). The scan 
pattern used on the Zeiss Cirrus, HD 5‑line raster, is a line of 
6 mm consisting of 4096 A‑scans. These images were taken 
with the vitreoretinal interface adjacent to the zero delay 
and were not inverted to bring the choroid adjacent to zero 
delay, since image inversion using  Cirrus software results 
in a low‑quality image. The HD 5‑line raster has 20 B‑scans 
averaged together without tracking. The procedure for 
EDI‑OCT measurements has been previously described.[4] CT 
was measured from the outer portion of the hyper reflective 
line corresponding to the RPE of the inner surface of the 
sclera. The horizontal and vertical sections running through 
the center of the fovea were selected for further analysis. 
Thus, the CT measurement was taken both at the fovea and 
1000 µ away from the fovea in the nasal, temporal, superior, 
and inferior regions. Perpendicular lines were drawn from 
the posterior edge of the RPE to the choroid/sclera junction 
by using Cirrus HD‑OCT software [Fig. 1]. These images 
were taken by an experienced technician and assessed by two 
masked experienced physicians. The estimates of CT from the 
two physicians correlated closely (r: 0.91) and we used the 

measurements of one of the physicians in the results section. 
All OCT measurements were taken in nondilated eyes because 
topical mydriatics have decreased the CT.[8]

All participants were examined by the macular cube 
512 × 128 for the Cirrus protocol. All OCT were performed by 
the experienced technician. The macular cube 512 × 128 protocol 
performs 512 horizontal B‑scan sections with 128 A‑scans for 
each section over an area of 6 mm × 6 mm, which provides a 
thickness map with concentric sectors. The retina map image 
displays the retinal thickness in five locations in the perifoveal 
area.

Data analysis was performed using the  Statistical Package 
for the Social Sciences (SPSS) version 16 (Chicago, IL). For 
each continuous variable, normality was checked by the 
Kolmogorov–Smirnov test. Comparisons of CT values between 
pre‑ and post‑exercise (at 5 min and 15 min) were performed by 
a paired t‑test. Pearson’s correlation was used to examine the 
relationships among the measured variables, and interobserver 
Pearson’s correlation was calculated for CT measurements. 
A P < 0.05 was considered significant.

Results
There was a significant increase in both OPP and mBP at 
5 min and at 15 min following exercise (P ˂ 0.05) compared 
to the baseline measurement. There was no significant 
difference in IOP before or after the exercise at either 5 or 
15 min (P ˃ 0.05) [Table 1].

Choroidal thickness measurements at all locations at 
baseline and at 5 and 15 min after exercise are shown in 
Table 2, and retinal thickness measurements are presented 
in Table 3. CT measurements at all locations significantly 
increased at 5 min following exercise compared to the 
baseline measurement (P ˂ 0.001 for all locations), while 
measurements at 15 min following exercise were not 
significantly different compared to the baseline (P ˃ 0.05 
for all locations) [Fig. 2]. The mean subfoveal CT (SFCT) at 
baseline was 344.00 ± 64.71 µm (range 243–435 µm) compared 
to 370.63 ± 66.87 µm (range 252–471 µm) at 5 min and 
345.31 ± 63.58 µm (range 241–439 µm) at 15 min after exercise. 

Figure 1: The choroidal thickness measurements at central fovea and 
1000 µ away from the fovea in the nasal and temporal regions
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There was no significant difference in retinal thickness at any 
location before or at 5 min or 15 min following exercise (P ˃ 
0.05 for all locations) [Fig. 3].

Tables 4 and 5 show the correlation analysis between 
changes in CT after exercise at 5 min and 15 min and changes in 
OPP, IOP, HR, and mBP measurements. No linear correlations 
among changes in OPP, IOP, HR, mBP, and CT following 
exercise emerged (P ˃ 0.05 for all).

Discussion
This study investigated the acute effects of dynamic exercise on 
CT and found that CT values increased significantly at 5 min 

following dynamic exercise and returned to baseline values 
at 15 min following the exercise. At the same time, retinal 
thickness values did not significantly differ after the exercise.

Ocular blood flow comprises two systems: Retinal and 
choroidal circulations. In healthy patients, retinal blood flow is 
autoregulated during dynamic exercise by increased vascular 
resistance in proportion to the increase in OPP. As a result, 
there is only a minor increase in blood flow with increased 

Table 1: Average and SD  for  the  IOP, OPP, mBP, and HR measurements at baseline and at 5 min and 15 min  following 
dynamic exercise

Mean±SD

IOP P* OPP P* mBP P* HR P*

Baseline 14.89±2.02 37.97±6.63 79.29±9.53 78.31±8.00

5 min 14.73±2.20 0.578 46.90±4.93 0.000 92.45±6.17 0.000 105.84±12.59 0.000
15 min 15.10±1.99 0.494 43.25±4.26 0.001 87.54±4.82 0.000 85.47±4.20 0.127

*Paired t‑test for comparing IOP; mBP, OPP, and HR at baseline and at 5 min and 15 min following dynamic exercise. SD: Standard deviation, IOP: Intraocular 
pressure; mBP: Mean blood pressure; OPP: Ocular perfusion pressure; HR: Heart rate

Table 2: Average and SD for the CT measurements at the different locations at baseline and at 5 min and 15 min following 
dynamic exercise

CT, mean (SD)

Nasal P* Temporal P* Fovea P* Superior P* Inferior P* Mean

Baseline 321.73 (65.85) 331.94 (60.52) 344.00 (64.71) 342.26 (58.35) 339.31 (57.70) 335.85 (60.67)

5 min 346.21 (64.71) 0.00 356.36 (60.80) 0.00 370.63 (66.87) 0.00 370.57 (53.67) 0.00 365.94 (55.02) 0.00 361.94 (58.69)
15 min 320.73 (62.99) 0.825 330.94 (57.21) 0.721 345.31 (63.58) 0.351 337.36 (57.66) 0.125 338.05 (53.55) 0.656 334.48 (57.28)

*Paired t‑test for comparing CT values at baseline and at 5 min and 15 min following dynamic exercise. SD: Standard deviation, CT: Choroidal thickness

Table 3: Average and SD for the retinal thickness measurements at the five locations at baseline and at 5 min and 15 min 
following dynamic exercise

Retinal thickness, mean (SD)

Nasal P* Temporal P* Fovea P* Superior P* Inferior P*

Baseline 289.00 (17.38) 258.21 (14.64) 245.78 (11.56) 281.26 (17.27) 272.84 (17.12)

5 min 288.65 (17.17) 0.858 257.95 (14.36) 0.369 246.21 (11.55) 0.057 281.31 (17.51) 0.826 273.00 (17.29) 0.635
15 min 289.23 (17.06) 0.369 258.73 (14.40) 0.180 246.00 (11.38) 0.429 281.57 (17.52) 0.401 272.89 (17.00) 0.886

*Paired t‑test for comparing retinal thickness values at baseline and at 5 min and 15 min following dynamic exercise. SD: Standard deviation

Figure 2: Graph showing the mean choroidal thickness at all locations 
before and at 5 min, and 15 min following exercise

Figure 3: Graph showing the retinal thickness at all locations before 
and at 5 min, and 15 min following exercise
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OPP.[24] The choroid is similarly autoregulated but to a lesser 
degree, as is demonstrated by choroidal blood flow increases 
in the immediate postexercise period.[25]

Previous studies have reported that dynamic exercise 
can affect blood flow differently in retinal and choroidal 
circulations,[26,27] which would mean that the retinal system can 
supply stable amounts of blood to the central retinal artery both 
during exercise and rest, whereas the choroidal flow supplied 
by the ciliary arteries[28] increases with exercise intensity.

Okuno et al., observed increases in choroidal blood flow 
during dynamic exercise along with increases in OPP of ˂10% 
from the baseline.[25] Alwassia et al. measured CT before exercise 
and within 3 min after exercise using a portable SD‑OCT device.[29] 
They also evaluated the relationship between sBP induced by 
exercise as well as choroidal and retinal thickness and reported 
that neither choroidal nor retinal thickness changed after dynamic 
exercise. Read and Collins observed a trend for a small increase in 
CT after exercise, but the changes in CT did not reach statistical 
significance.[30] Their theory was that these increase in CT were 

associated with reduction in axial length. Some clinical studies 
performed on patients with large IOP reduction following 
trabeculectomy, the change in IOP was shown to be negatively 
correlated with CT SFCT as measured by EDI‑OCT.[31,32] On the 
other hand, Alwassia et al. and Hong et al., found that there was 
no significant difference in SFCT following isometric exercise.[29,33] 
In another study, diabetic patients with retinopathy had thinner 
choroids and showed a decrease in mean subfoveal choroidal 
blood flow, as measured by laser Doppler flowmetry.[34] Lovasik 
and Kergoat supported the findings of increased ocular blood 
flow, but concluded a transient but significant increase in pulsatile 
blood flow after exercise.[35]

A lot of mechanisms are responsible for keeping the CT 
from changing OPP or BP, but our study does not address the 
regulator mechanisms. Previous study showed that CT did 
not change despite the increase sBP[29] and they suggested that 
sympathetic innervation, and autoregulation of choroid were 
important for keeping the CT. On the other hand, previous 
studies have shown that there are no always correlation 

Table 4: Correlation analyses between changes in CT and other changes in clinical measurements at 5 min after dynamic 
exercise

Nasal Temporal Fovea Superior Inferior Mean

Difference (at 5 min‑baseline) 24.47 24.42 26.63 28.31 26.63 26.09

Difference in OPP

Pearson correlation −0.186 −0.217 0.215 −0.149 −0.125 −0.110

Pa 0.445 0.372 0.376 0.544 0.611 0.650

Difference in IOP

Pearson correlation 0.090 −0.023 −0.152 −0.152 −0.174 −0.101

Pa 0.714 0.926 0.533 0.535 0.476 0.682

Difference in HR

Pearson correlation −0.204 −0.313 −0.320 −0.103 −0.111 −0.472

Pa 0.402 0.191 0.182 0.560 0.421 0.051

Difference in mBP

Pearson correlation −0.177 −0.238 0.193 −0.196 −0.176 −0.143
Pa 0.468 0.327 0.429 0.421 0.471 0.560

aPearson correlation test, IOP: Intraocular pressure; mBP: Mean blood pressure; OPP: Ocular perfusion pressure; HR: Heart rate; CT: Choroidal thickness

Table 5: Correlation analyses between changes in CT and other changes in clinical measurements at 15 min after dynamic 
exercise

Nasal Temporal Fovea Superior Inferior Mean

Difference (at 15 min‑baseline) −1.00 −1.00 1.31 −4.89 −1.26 −1.36

Difference in OPP

Pearson correlation −0.074 −0.101 −0.420 −0.179 −0.015 −0.247

Pa 0.763 0.682 0.074 0.462 0.952 0.307

Difference in IOP

Pearson correlation 0.227 −0.123 0.379 −0.046 −0.191 0.167

Pa 0.351 0.616 0.110 0.852 0.434 0.495

Difference in HR

Pearson correlation −0.034 −0.057 0.331 0.173 −0.207 −0.297

Pa 0.874 0.817 0.166 0.478 0.394 0.217

Difference in mBP

Pearson correlation −0.027 −0.081 −0.370 −0.207 −0.061 −0.231
Pa 0.911 0.741 0.119 0.394 0.803 0.341

aPearson correlation test; IOP: Intraocular pressure; mBP: Mean blood pressure, OPP: Ocular perfusion pressure; HR: Heart rate; CT: Choroidal thickness
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between OPP and CT. Maul et al.[36] showed that CT decreased 
in glaucoma patients with lower OPP, whereas the other studies 
found positive and negative correlation between changes in CT 
and changes in sBP.[37,38] Another study showed that there was 
no significant correlation between CT and BP.[29,39] Polska et al. 
reported that the choroidal regulatory capacity was influenced 
by the mode of OPP change, besides the change in OPP.[40]

In our study, after dynamic exercise choroidal thickening 
at 5 min might have been associated with an increase in OPP 
and mBP. Though the increase in OPP and mBP occured 
within 15 min, CT values returned to baseline value at 15 min. 
However, retinal thickness did not change after exercise. These 
findings may suggest that the autoregulatory mechanisms 
and retinal and choroidal blood flow are very complex. The 
interplay of a lot of systemic and local control mechanisms 
may be one of the major factors to affect the tone of the smooth 
muscles in the choroid influencing CT. However, we suggest 
that blood flow regulation within the retinal and choroidal 
circulation differs slightly. Plus, while choroidal circulation 
is characterized by high blood flow, the retinal circulation 
is characterized by low blood flow. The dense network of 
sympathetic innervations in the choroid suggests a mechanism 
of choroidal blood flow regulation.[41,42]

Although, CT is not a direct measure of choroidal blood 
flow, which, is mainly evaluated by laser doppler flowmetry,[43] 
we demonstrated the regulation of blood flow in choroidal 
and retinal circulation in vivo, as measured by thickness 
measurements that used EDI‑OCT. Kim et al., revealed that 
CT may be indirectly indicative of choroidal perfusion status 
and changes in OPP may effect CT.[38] Measurements of CT 
with EDI‑OCT technology provide only an indirect index of 
the consequence of blood flow regulation in a vascular bed, 
yet cannot measure blood flow, volume, or velocity there. We, 
therefore, suggest that EDI‑OCT can be used to evaluate the 
issue of blood flow regulation.

The reproducibility of CT measurements using OCT is 
still debatable. However, some studies have found a high 
interobserver correlation, high repeatability, and high 
intersystem, interexaminer, and intervisit reproducibility in 
CT.[4,44,45] In our study, we found a high interobserver correlation 
in CT measurements, which is consistent with the results of 
previous studies.[4,44,45]

A limitation of the present study is that the manual 
measurement of CT is a principal drawback. Current OCT 
equipment does not provide software for the automated 
measurement of CT; therefore all identifications of the RPE 
and inner scleral border were conducted manually. It is our 
hope that software for segmenting the choroid automatically 
will be available in the near future.

We also did not measure axial length, thus there is always 
the possibility that axial length changes transiently during 
dynamic exercise and may cause apparent changes in CT. 
Read et al., found that dynamic exercise leads to decrease 
in axial length.[30] On the other hand, another study showed 
that there was no significant difference axial length, anterior 
chamber depth, and vitreous length before and after exercise 
measurement.[33] However, we endeavored to standardize the 
measurements after exercise, and all of the measurements, 
we made after exercise, took too long. The nonrandomized 

design and relatively small number of participants in this 
study represent additional weaknesses. In our study, we 
evaluated only male individuals because it might be a possible 
difference in performance between men and women and it 
has been shown that CT is affected by hormonal factors in 
women of reproductive age, so we have included only male 
to the study.[39,46]

Conclusion
This study investigated the CT response to dynamic exercise 
in 19 participants and showed that a short period of dynamic 
exercise leads to a significant increase in CT in healthy adults 
lasting for up to 15 min, whereas there was no significant 
change in retinal thickness. These findings demonstrate that, 
though CT increases after dynamic exercise, retinal thickness 
remains stable. This result should be considered when 
choroidal and retinal thickness is evaluated in chorioretinal 
disease or clinical research.
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