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Abstract

Aims

To determine the effects of dynamic exercise on the circulation and the luminal and stromal

areas of the choroid in normal eyes.

Methods

This was a prospective interventional study of 38 eyes of 38 normal subjects enrolled by invi-

tation. The systolic and diastolic blood pressures, heart rate, intraocularpressure, mean ocu-

lar perfusion pressure (MOPP), choroidal blood velocity, and enhanced depth imaging

optical coherence tomographic (EDI-OCT) images were recorded before, and immediately

after mild dynamic exercise. The same measurements were recorded after 10 min of rest.

The choroidal blood velocity was measured bylaser speckle flowgraphy, and the mean blur

rate was used for the evaluations. The horizontal EDI-OCT images of the subfoveal choroid

were converted to binary images. The central choroidal thickness (CCT), total cross sec-

tional choroidal area, luminal areas, stromal areas, and the ratio of luminal area to total cho-

roidal area (L/C ratio) were determined from these images.

Results

The systolic and diastolic blood pressures, heart rate, MOPP, and the mean blur rate were

significantly increased immediately after the exercise and significantly decreased 10 min-

utes after the exercise. There wereno significant changes in the mean CCT, the mean total

choroidal area, the mean luminal and stromal areas, and the mean L/C ratio after the

exercise.

Conclusions

Our results suggest that a rest period is needed before measurements of blood flow velocity

but not necessary for the EDI-OCT imaging to determine the choroidal thickness and area.
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Introduction

Exercise has become of great interest to many researchersbecause of its role in determining the

quality of life. The effects of exercise on the systemic and ocular parameters have been studied

extensively, and the ocular parameters studied included the intraocular pressure (IOP), ocular

perfusion pressure, axial length, corneal thickness, anterior chamber depth, lens thickness, and

blood flow in the ophthalmic artery, central retinal artery, optic nerve head, retina, and cho-

roid [1–11].

The effects of exercise on the choroidal thickness are still controversial. The results of a

recent study using the enhanced-depth imaging optical coherence tomography (EDI-OCT)

showed that there was a significant increase in the choroidal thickness after exercise [12], but

others did not find any significant changes in the thickness after the exercise [2, 13]. Because

the choroid does not have a distinct layer-by-layer architecture, the changes of either the lumi-

nal or stromal areas of the choroid after exercise have not been determined.

Recently, a new method, called the binarization method, that can differentiate and quantify

both the choroidal luminal and stromal areas has beendeveloped [14]. This method uses an

open access software named ImageJ with a detailed protocol. The binarization technique has

been used to differentiate the choroidal luminal area from the stromal area, and several studies

have shown that not only the choroidal thickness but also the ratio of luminal area to total cho-

roidal area (L/C ratio) changedwith ageing, diurnally, and differentially before and after the

treatment in eyes with different ocular diseases [14–21].

To the best of our knowledge, there has not been a study that determined the changes in the

luminal and stromal area of the choroid after exercise. This information should be useful in

understanding the physiological changes in the choroid after exercise. Furthermore, it should

be more informative when the structural changes in the choroid are evaluated in combination

with the examination of choroidal blood flow.

Thus, the purpose of this study was to determine whether exercise will alter the luminal and

stromal areas of the choroid. To accomplish this, we recorded EDI-OCT images before, imme-

diately after dynamic exercise, and after 10 min of rest. The binarization technique was used to

measure the luminal and stromal areas. Laser speckle flowgraphy (LSFG) was used to measure

the choroidal blood flow velocity at the selected times.

Material and Methods

Thisstudy conformed to the tenets of the Declaration of Helsinki, and a written informed con-

sent was obtained from all of the subjects. Thestudy was approved by the Institutional Review

Board of Sapporo City General Hospital and registered with the University Hospital Medical

Network (UMIN)-clinical trials registry. The registration title is “UMIN000021434, Effect of

exercise on structure and blood flow of choroid in normal subjects” (March 14, 2016).The par-

ticipants were recruited between March 18, 2016 and March 31, 2016. Individuals working at

the Sapporo City General Hospital were invited to the study by referral.

Inclusion and exclusion criteria

This was a prospective, cross sectional, interventional study of 49 right eyes of 49 normal, non-

smoking individuals with no ophthalmic or systemic disorders. All individuals from which a

written informed consent was obtained were assessed for eligibility. The exclusion criteria

included an age of<18 years or>60 years, high myopia defined as a refractive error (spherical

equivalent) greater than -6.0 diopters or an axial length of>26.5 mm, poor quality EDI-OCT

image defined as an image index of<30, abnormal EDI-OCT findings, and previous ocular

surgeries. Preliminary ophthalmologic examinations were performed to determine whether
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ocular abnormalities such as high myopia, corneal diseases, cataracts, vitreoretinal diseases,

and glaucoma were present. Subjects with any systemic disorderssuch as hypertension and dia-

betes mellitus were also excluded based on the results of their most recent physical examina-

tion. The flow diagram displaying the progress of all participants through the trial is shown in

Fig 1.

Protocol of examinations

All examinations were performed and the data were collected at Sapporo City General Hospi-

tal by three investigators (TK, JM, and NO). On the day of the examination, participants were

instructed not to take any alcohol and caffeine, and not to perform vigorous exercise. Other-

wise, they were instructed to behave, drink, and eat according to their usual daily activities

Fig 1. Flow diagram of all participants through the trial.

doi:10.1371/journal.pone.0168336.g001
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until an hour before the examinations. Then, they were instructed not to ingest anything from

an hour before to the end of the examinations.

After a rest period of 20 minutes, the measurements of the systemic and ocular examina-

tions at the baseline were performed [12,22]. All examinations were performed in the sitting

position in the following sequence at each time point. Initially, the IOP (icare1 TA01i, Icare

Finland Oy, Finland) was measured which was followed by the EDI-OCT imaging with simul-

taneous measurements of the blood pressure, heart rate (HR), and peripheral oxygen satura-

tion (SpO2), and lastly, the choroidal blood velocity was measured. Immediately after the

completion of examination at the baseline, the exercise was started. All subjects underwent the

Master’s single two-step exercise test. The number of steps was determined by age, sex, and

weight of the subjects, and the number ranged from 114 to 162 steps [23]. The degree of the

work load experienced by each participant was determined using the calculation of the per-

centage of the maximumheart-rate capacity (%HRmax) according to the following formula: %

HRmax = 100 × (HR immediately after the exercise − HR at baseline)/(maximum HR–HR at

baseline). The maximum HR was calculated as (220 –age in years) [7]. The same set of mea-

surements was taken immediately after the exercise, and again 10 minutes after the end of the

exercise. Oneset of measurement took approximately 2 minutes. In a previous study using

Master’s single two-step exercise, the heart rate was increased by�10 beats/min in 14% of the

normal subjects at 5 min after the exercisecompared to that before exercise [24]. Another

study using more intensive dynamic exercise reported that choroidal blood flow and choroidal

blood velocity was stabilized within 10 minutes after the exercise [6]. We determined the time-

points after the exercise from these findings.

Systemic and ophthalmic examinations

The systolic blood pressure (SBP), diastolic blood pressure (DBP), HR, SpO2, intraocular pres-

sure (IOP), choroidal blood flow velocity, and EDI-OCT images were measured at each time

point. The SBP, DBP, and HR were measured on the right arm with a commercial sphygmo-

manometer (HEM-759P, OMRON, Japan). The SpO2 was measured with a pulse oximeter

(N560, Medtronic, USA) with the sensor placed on a finger of the left hand. The mean arterial

pressure (MAP) and the mean ocular perfusion pressure (MOPP) were calculated according to

the following formulas and used for the analyses: MAP = DBP + 1/3 (SBP—DBP), and

MOPP = 2/3 MAP–IOP.

The central corneal thickness, the refractive error (spherical equivalent), and the axial

length were also measured before the exercise.

Measurement of choroidal blood flow velocity

The choroidal blood flow velocity was determined by LSFG (LSFG-NAVI, Softcare, Fukuoka,

Japan). The principles of LSFG have been described in detail [25–30]. Briefly, the instrument

uses a diode laser with a wavelength of 830 nm to detect the movement of the red blood cells

(RBCs) in the blood vessels. The light scattered from the targeted tissue creates speckle patterns

on the image plane where the sensor is focused, and the moving RBCs produce a blur in the

speckle patterns. The degree of blurring depends on the average velocity of the RBCs, and thus

the mean blur rate (MBR), is a quantitative measure of the relative blood flow velocity. The

MBR images are acquired at a rate of 30 frames/sec over 4 sec. Then, the MBR image during

one heart beat is synthesized, and the mean value of the synthesized MBR image was deter-

mined as the average MBR which was used for analyses (Fig 2). Each image was recorded with

the eye tracking system without pupil dilation.
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To evaluate the average MBR of the choroid, the area of a rectangle (200 × 200 pixels, 5 × 5

degree) centered on the fovea was examined because this area is almost free of retinal vessels

[30]. The central 5-degree square examined by LSFG is comparable to a square of approximate

1,500 μm length on the fundus of an emmetropic eye [31]. All LSFG examinations were per-

formed by an experienced orthoptist under standardized mesopic lighting conditions. The

average MBR was measured two times at each time point in all eyes, and the average of two

measurements was used for the statistical analyses.

Enhanced depth imaging optical coherence tomography (EDI-OCT)

EDI-OCT was performed with the Spectralis OCT instrument (Heidelberg Engineering, Hei-

delberg, Germany) at each time point. The methods used to obtain the EDI-OCT images were

described in detail previously [16]. Horizontal cross sectional images of 30 degrees centered on

the fovea were obtained for each eye, and each image was recorded usingthe eye tracking sys-

tem without pupil dilation. Then, 100 scans were averaged to improve the signal-to-noise

ratio. The same position of the fundus for each subject was scanned using the follow-up mode.

The first scan at the baseline was set as the reference point for each subject, and subsequent

scans after exercise were aligned to this. All OCT scans were performed by an experienced

orthoptist under standardized mesopic lighting conditions to minimize the possible light-

evoked vasodilations and constrictions.All images were obtained between 15:00 and 18:00

hours to minimize the effect of the diurnal variations in the choroidal structures [16, 32–34].

The retinal and choroidal areas of 1500 μm wide centered on the fovea were examined. The

parameters measured includedthe central choroidal thickness (CCT), luminal, stromal, and

total choroidal areas, the central foveal thickness (CFT), and retinal area. The L/C ratio was

calculated. The CFT was defined as the distance fromthe internal limiting membrane to the

outer surface of the retinal pigment epithelium (RPE), and the CCT as the distance from the

outer border of the RPE to the chorioscleral interface. These distances were measured by two

independent investigators (JM and KS) withthe caliper function of the software embedded in

the OCT instrument. The averages of two measurements were used for the statistical analyses.

Evaluation of luminal, stromal and total choroidal areas by binarization

technique

The EDI-OCT images were evaluated by one of the authors (KS) who was masked to the clini-

cal findings. The binarization of the choroidal area in the EDI-OCT images was performedby

a modified Niblack method using the freely available software (ImageJ version 1.47, NIH,

Fig 2. Measurement of avearge mean blur rate with LSFG. (A) Pulse waves recorded by LSFG showing

the fluctuations in the MBR of the choroidal blood flow during each cardiac cycle for 4 seconds. The total

number of frames is 118 in onescan. (B) Synthesized MBR image showing the average fluctuation in the MBR

in one heartbeat. The red arrow indicates one heartbeat.

doi:10.1371/journal.pone.0168336.g002
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Bethesda, MD, USA) as described in detail [14, 16]. The choroidal area of 1500 μm wide cen-

tered on the fovea was examined. The area extended vertically from the RPE to the chorioscl-

eral border. In the binarized images, the light pixels and the dark pixels were defined as the

stromal and luminal areas, respectively. After addingthe data on the relationshipbetween the

distance on the fundus and the pixels in the EDI-OCT images, the luminal and stromal areas

were automatically calculated. Similarly, a retinal area of 1500 μm wide centered on the fovea

was determined by measuring the area between internal limiting membrane and the outer bor-

der of the RPE.

All retinal and choroidal parameters were measured three times, and the averages of three

measurements were used for the statistical analyses. Although the repeatability and reproduc-

ibility of the binarization method used for the analysis was presented to be high in normal eyes

[14–17, 21], the intra-rater correlation coefficients were calculated for the data obtained from

the images recorded at baseline.

The primary outcome measures are parameters obtained with OCT and LSFG before and

after the exercise. The secondary outcome measures included the correlations between the

OCT parameters and the hemodynamic parameters.

Statistical analyses

Statistical analyses were performed with the SPSS version 22 software (IBM, Armonk, New

York, USA). The significances of the changes in the systemic and ocular parameters before

and after the exercise weredetermined by the repeated-measures analysis of variance with the

Greenhouse-Geisser corrections. The Bonferroni test was used for post hoc analysis. The cor-

relations among systemic parameters and choroidal parameters including the MBR and OCT

parameters were determined by partial regression coefficients of correlation. The intra-rater

correlation coefficients were calculated using 1-way random effects model for measurements

of agreement. A two-sided P value of<0.05 was considered statistically significant.

Results

Baseline demographic data

Forty-nine subjects consisting of 20 men and 29 women were studied. Six eyes of 6 subjects

were excluded because of high myopia, three eyes because of poor quality EDI-OCT images at

baseline, one eye because of poor quality LSFG images at baseline, and one eye because of ocu-

lar hypertension. In the end, 38 subjects (19 men and 19 women) underwent the exercise, and

the data from 38 eyes of 38 subjects were used for the statistical analyses (Fig 1). No adverse

events were found during the study. The mean age of the subjects was 39.3 ± 9.6 years (± SD)

with arange from 24 to 58 years. The mean axial length, the refractive errors, and the central

corneal thickness were 24.6 ± 0.99 mm, -2.6 ± 1.75 diopters, and 536.4 ± 29.78 μm,

respectively.

Repeatability of measurements of OCT parameters

The intra-rater agreement was high, with an intraclass correlation coefficient of 0.999 (CI

0.999–1.000) for the total choroidal area, 0.997 (CI 0.994–0.998) for the luminal area, 0.976 (CI

0.959–0.987) for the stromal area, and 0.964 (CI 0.938–0.980) for the L/C ratio.

Changes in the hemodynamic parameters

The mean SBP, DBP, MAP, MOPP, and HR were significantly increased immediately after the

exercise compared to that at the baseline (Table 1, Fig 3). The mean SBP and MOPP were
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significantly decreased at 10 minutes after the exercise compared to thoseimmediately after the

exercise but were still significantly larger than that at the baseline. The mean MAP and HR at

10 minutes after exercise returned to the level at the baseline. The mean %HRmax was

4.0 ± 7.83%. There was a significant decrease in the IOP at 10 min after the exercise. There was

no significant change in the SpO2 (P = 0.560) after the exercise.

The average MBR wassignificantly increased immediately after the exercise and it returned

to the baseline levelat 10 minutes after the exercise (Table 1, Figs 3 and 4).

There were no significant differences in the changes in the hemodynamic parameters

between young subjects (<40 years of age) and middle-aged (�40 years of age) subjects and

between sexes.

Changes in optical coherence tomographic parameters

There were no significant changes in the mean choroidal parameters (Table 2, Fig 4, Fig 5).

There were no significant differences in the changes in the OCT parameters between young

and middle-aged subjects and between sexes.However, There were changes of>10 μm in the

Table 1. Changes in the hemodynamic parameters.

Baseline Immediately after exercise P1 10 minutes after exercise P2 P3

SBP 119.4 ± 14.64 135.9 ± 16.76 (+14.2 ± 10.37%) <0.001 122.3 ± 14.49 (+2.6 ± 5.94%) 0.030 <0.001

DBP 76.0 ± 10.40 79.8 ± 11.74 (+5.3 ± 10.34%) 0.024 77.7 ± 10.82 (+2.2 ± 3.99%) 0.938 0.623

Heart rate 76.3 ± 12.36 80.3 ± 15.30 (+5.1 ± 9.33%) 0.006 76.8 ± 13.68 (+0.8 ± 9.02%) 1.000 0.063

IOP 12.9 ± 2.91 12.6 ± 2.60 (-1.1 ± 13.74%) 0.908 11.4 ± 2.45 (-10.3 ± 9.90%) <0.001 <0.001

MAP 90.5 ± 10.71 98.5 ± 12.36 (+9.1 ± 9.12%) <0.001 92.6 ± 11.04 (+2.6 ± 5.95%) 0.280 <0.001

MOPP 47.4 ± 7.68 53.1 ± 8.45 (+12.5 ± 12.40%) <0.001 50.3 ± 8.16 (+6.3 ± 10.46%) 0.002 0.020

SpO2 98.3. ± 0.98 98.3 ± 0.96 (-0.1 ± 0.71%) 1.000 98.2 ± 1.01 (-0.13 ± 1.09%) 1.000 1.000

MBR 12.8 ± 4.27 13.5 ± 4.20 (+7.0 ± 13.38%) 0.006 12.5 ± 4.06 (-2.2 ± 12.70%) 0.672 <0.001

DBP, diastolic blood pressure; IOP, intraocular pressure; MAP, mean arterial pressure; MBR, mean blur rate; MOPP, mean ocular perfusion pressure; SBP,

systolic blood pressure; SpO2, peripheral oxygen saturation.
1Significance between baseline and immediately after exercise
2Significance between baseline and 10 minutes after exercise
3Significance between immediately after exercise and 10 minutes after exercise

Changes from baseline are presented in parenthesis as relative to the baseline values.

doi:10.1371/journal.pone.0168336.t001

Fig 3. Changes in the hemodynamic parameters. All hemodynamicparameters were significantly

increased immediately after the exercise, and they decreased at 10 minutes after the exercise.

doi:10.1371/journal.pone.0168336.g003
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CCT in 12 (31.6%) subjects (S1 Table). For this reason, the changes after the exercise were

examined relative to the baseline values which were defined as the values immediately after the

exercise divided by the values at the baseline.

Correlations among OCT parameters, systemic parameters, and

choroidal blood velocity

The changes in the CCT were significantly correlated with thoseof the total choroidal area

(r = 0.852, P<0.001) and the luminal area (r = 0.653, P<0.001) in partial regression coefficient

Fig 4. Two-dimensional color mappings of MBR in laser speckle flowgraphy (LSFG), enhanced depth imaging

optical coherence tomographic (EDI-OCT) images, and converted binary images of a healthy 45-year-old woman. (A,

B, C) LSFG images at baseline (A), immediately after the exercise (B), and 10 minutes after the exercise (C). A false-color

composite map at the macula was created using the LSFG software. The red area indicates a faster blood flow, and the blue

area indicates a slower blood flow. The average MBR was 9.3 (arbitrary unit) at the baseline which increased to 11.4 at

immediately after the exercise, and then decreased to 9.7 at 10 minutes after the exercise. (D, E, F) EDI-OCT images at

baseline (D), immediately after the exercise (E), and 10 minutes after the exercise (F). (G, H, I) The converted binary images

of the EDI-OCT images shown in D (G), E (H), and F (I). The choroidal thickness and choroidal area did not change before and

after the exercise.

doi:10.1371/journal.pone.0168336.g004

Table 2. Changes in the optical coherence tomographic parameters.

Baseline Immediately after exercise 10 minutes after exercise P1

Central choroidal thickness (μm) 313.3 ± 91.96 312.9 ± 95.37 (-0.1 ± 2.51%) 310.8 ± 94.85 (-0.8 ± 2.39%) 0.065

Total choroidal area (x 105 μm2) 4.70 ± 1.37 4.70 ± 1.43 (-0.2 ± 2.25%) 4.69 ± 1.41 (-0.4 ± 2.04%) 0.471

Luminal area (x 105 μm2) 3.13 ± 1.09 3.15 ± 1.15 (+0.7 ± 3.52%) 3.13 ± 1.11 (+0.1 ± 3.70%) 0.587

Stromal area (x 105 μm2) 1.58 ± 0.34 1.54 ± 0.35 (-2.0 ± 6.37%) 1.56 ± 0.38 (-1.4 ± 5.95%) 0.190

L/C ratio (%) 65.6 ± 4.00 66.1 ± 4.22 (+0.9 ± 2.59%) 66.0 ± 4.32 (+0.6 ± 2.81%) 0.182

Retinal area (x 105 μm2) 4.06 ± 0.27 4.05 ± 0.27 (-0.3 ± 1.54%) 4.05 ± 0.28 (-0.3 ± 1.69%) 0.304

Central foveal thickness (μm) 231.9 ± 22.13 231.2 ± 22.35 (-0.4 ± 1.11%) 231.9 ± 22.47 (0.0 ± 0.93%) 0.096

1repeated-measures analysis of variance with Greenhouse-Geisser corrections

Changes from baseline are presented in parenthesis as relative to the baseline values.

doi:10.1371/journal.pone.0168336.t002

Exercise on the Structure and Circulation of Choroid

PLOS ONE | DOI:10.1371/journal.pone.0168336 December 14, 2016 8 / 14



in which age and the axial length were set as the control variables. But there was no significant

correlation between the changes in the CCT and thoseof the stromal area (r = 0.139,

P = 0.420). The changes in the CCT were significantly correlated with those of DBP, MAP,

MOPP, and MBR (Table 3). The changes in the total choroidal area were significantly corre-

lated with those of the DBP, MAP, and MOPP, but the changes in the luminal area were not

significantly correlated with thoseof the systemic parameters. The change of MBR was signifi-

cantly correlated with that of the systemic parameters.

Discussion

Our results showed that there were significant changes in all of the systemic parameters except

for the SpO2 after the exercise. The values of the parameters were significantly increased

immediately after the exercise and decreased significantly at 10 minutes after the exercise. The

mean MBR was also increased significantly immediately after the exercise and returned to the

baseline level at 10 minutes after the exercise, which agrees with earlier findings [6,35]. These

results suggest that a restperiod is needed before the measurements ofthe choroidal hemody-

namics in normal subjects. A rest period should also be used before examining the choroidal

hemodynamics in diseased eyes such as glaucoma and ischemic optic neuropathy in which the

choroidal circulation and regulation of ocular blood flow have been reported to be altered

[36,37]

Fig 5. Changes in the optical coherence tomographic parameters. There were no significant changes in

the mean choroidal and retinal parameters.

doi:10.1371/journal.pone.0168336.g005

Table 3. Correlations of changing rate of OCT parameters with those of systemic parameters and MBR.

SBP DBP MAP IOP MOPP MBR

Central choroidal

thickness

r = 0.310 P = 0.066 r = 0.439 P = 0.007 r = 0.458 P = 0.005 r = 0.150 P = 0.383 r = 0.393 P = 0.018 r = 0.376 P = 0.024

Total choroidal area r = 0.222 P = 0.193 r = 0.455 P = 0.005 r = 0.428 P = 0.009 r = 0.203 P = 0.234 r = 0.347 P = 0.038 r = 0.174 P = 0.311

Luminal area r = 0.063 P = 0.715 r = 0.254 P = 0.136 r = 0.207 P = 0.226 r = 0.076 P = 0.658 r = 0.197 P = 0.249 r = 0.246 P = 0.149

Stromal area r = 0.235 P = 0.167 r = 0.213 P = 0.212 r = 0.263 P = 0.122 r = 0.111 P = 0.520 r = 0.200 P = 0.243 r = -0.095

P = 0.580

L/C ratio r = -0.155

P = 0.505

r = -0.061

P = 0.725

r = -0.101

P = 0.557

r = -0.106

P = 0.539

r = -0.025

P = 0.884

r = 0.176 P = 0.304

L/C ratio, ratio of luminal area to total choroidal area; SBP, systolic blood pressure; DBP, diastolic blood pressure; IOP, intraocular pressure; MAP, mean

arterial pressure; MOPP, mean ocular perfusion pressure.

doi:10.1371/journal.pone.0168336.t003
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There were no significant changes in the mean CCT before and after the exercise which is

consistent with recent reports [2, 13]. Our results added the new information that there were

no significant changes in the mean total choroidal area, the mean luminal and stromal areas

after the dynamic exercise.

Exercise causes an increase in the MOPP and blood velocity in the choroidal vessels.

Indeed, the mean MOPP and the mean MBR were increased significantly immediately after

the exercise compared to that at baseline. If the choroidal vessels are completely regulated, the

luminal area should decrease because the choroidal arterioles constrict to keep the choroidal

blood flow constant. This may be accompanied by a decrease in the total choroidal area and

CCT. Conversely, if the choroidal vessels are not regulated, the luminal area shouldincrease

due to a passive expansion by the increase in the MOPP. This may be accompanied by an

increase in the total choroidal area and CCT. In this study, the mean luminal area, the mean

total choroidal area, and the mean CCT were not significantly changed, which suggests that

the choroidal vessels are partially regulated. It has been reported that the choroidal blood flow

is regulated during dynamic and isometric exercise in spite of the increase in the choroidal

blood velocity [6,9,11,22]. Our results are compatible with those findings although we did not

examine the choroidal blood flow itself.

Although there were no significant changes in the mean values of the choroidal parameters,

the change in the CCT was significantly correlated with those of the total choroidal area and

luminal area but not with that of the stromal area. Thesefindings suggest that the changes in

the CCT during the exercise were most likely due to the changes in the luminal area. However,

the changes of the luminal area were not significantly correlated with the circulatory parame-

ters, which suggests that the changes in the CCT and total choroidal area may be influenced by

other factors than that examined in this study.

It is known that the choroidal vessels are under neurogenic control [38–40]. Exercise acti-

vates the sympathetic nervous system [41]which causes a constriction of the choroidal vessels.

In addition, the vascular tone and diameters can be altered by various factors including blood

gases and pH, visual stimulation, and vasoactive agents including endothelin-I and nitric

oxide [5, 9–11]. We considered that some of these may have influenced the choroidal luminal

size during the exercise.

The CCT and total choroidal area were significantly correlated with the DBP but not with

the SBP. Although the reason for this is unclear, it is known that the reactivity to physical

activity is different for the SBP and DBP [35,42,43]. The SBP has been reported to increase

during exercise consistently in different studies due to the increase in the cardiac output and

vasoconstriction in the non-exercising vascular bed. In contrast, the DBP can be decreased or

increased. In this study, the SBP was increased in almost all subjects immediately after the

exercise, but the DBP was increased in 63.2% of subjects and decreased in 34.2% (S2 Table).

The decrease in the DBP may be caused by a vasodilation of the muscle vasculaturewhich

would result in a decrease in the venous return to the heart and blood volume circulating the

extramuscular organs and tissues including the choroid [35,43]. Conversely, an increase in the

DBP couldbe caused by the occlusion of the muscle vasculature due to the forceful contrac-

tions of the exercising muscle during intense exercise, which would result in an increase in the

venous return and blood volume circulating the choroid. We suggest that these mechanisms

may be related to the positive correlations between the changes in the DBP and those in the

CCT and the total choroidal area.

Changes in the IOP could also influence the choroidal parameters. Many studies have

reported that the IOPs were decreased after exercise [1–5, 7, 8]. Hong et al reported that IOPs

were significantly decreased after exercise with no correlation with the choroidal thickness [2],

which is consistent with our results. The changes in the IOP were not correlated with those of
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the choroidal structural parameters, suggesting that IOP may be less likely related to the cho-

roidal structural changes after the exercise.

Because the hemodynamic changes are similar between the dynamic and isometric exer-

cises, the changes in the choroidal structure might be similar between the two types of exer-

cises. However, this may not be true for changes during the exercise with Valsalva maneuver

mechanisms in which the blood pressure and IOP change markedly. Recent studies reported

contradictory results on the choroidal thickness during Valsalva maneuver [44,45]. The inten-

sity and duration of exercise may also influence the results. Further studies are needed to

determine the effect of different exercise routines on the IOP and choroidal vascular system.

There are some limitations in this study. First, the measurements of choroidal thickness

and total choroidal area using the manual delineation of chorioscleral borders are not

completely objective although we excluded the 3 subjects with poor EDI-OCT image quality.

Second, the sample size was small. Third, the range of the age was large. The detection of the

physiological phenomenon may be easier in younger subjects than in middle-aged subjects.

Ethnic differences in the choroidal regulatory mechanisms might also exist. Lastly, the proto-

col of Master’s single two-step method is partially rather than totally quantified although the

degree of the work load was determined by the protocol of the method. Consideration of the %

HR max may be more rigorous for the determination of the work load on the basis of similar

work load. The %HRmax (mean ± SD) in this study was 4.0 ± 7.83% which was lower than

that reported by previous studies [7]. However, to the best of our knowledge, this is the first

report that examined the changes in the luminal and stromal area of choroid after exercise.

In conclusion, there were no significant changes in the mean CCT and the mean choroidal

area after the exercise although there were significant changes in the systemic hemodynamic

parameters and choroidal blood flow velocity. These findings indicate that mild dynamic exer-

cise is unlikely to alter the choroidal thickness and area.
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11. Fuchsjäger-Mayrl G, Luksch A, Malec M, Polska E, Wolzt M, Schmetterer L. Role of endothelin-1 in

choroidal blood flow regulation during isometric exercise in healthy humans. Invest Ophthalmol Vis Sci.

2003; 44(2):728–33. PMID: 12556405

12. Sayin N, Kara N, Pekel G, Altinkaynak H. Choroidal thickness changes after dynamic exercise as mea-

sured by spectral-domain optical coherence tomography. Indian J Ophthalmol. 2015; 63(5):445–50.

doi: 10.4103/0301-4738.159884 PMID: 26139808

13. Alwassia AA, Adhi M, Zhang JY, Regatieri CV, Al-Quthami A, Salem D, et al. Exercise-induced acute

changes in systolic blood pressure do not alter choroidal thickness as measured by a portable spectral-

domain optical coherence tomography device. Retina. 2013: 33(1):160–5. doi: 10.1097/IAE.

0b013e3182618c22 PMID: 22869027

14. Sonoda S, Sakamoto T, Yamashita T, Shirasawa M, Uchino E, Terasaki H, et al. Choroidal structure in

normal eyes and after photodynamic therapy determined by binarization of optical coherence tomo-

graphic images. Invest Ophthalmol Vis Sci. 2014; 55:3893–8. doi: 10.1167/iovs.14-14447 PMID:

24894395

Exercise on the Structure and Circulation of Choroid

PLOS ONE | DOI:10.1371/journal.pone.0168336 December 14, 2016 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/5458251
http://dx.doi.org/10.1371/journal.pone.0104294
http://dx.doi.org/10.1371/journal.pone.0104294
http://www.ncbi.nlm.nih.gov/pubmed/25170876
http://www.ncbi.nlm.nih.gov/pubmed/1526737
http://www.ncbi.nlm.nih.gov/pubmed/12714652
http://www.ncbi.nlm.nih.gov/pubmed/8817287
http://www.ncbi.nlm.nih.gov/pubmed/12556406
http://dx.doi.org/10.1016/j.preteyeres.2012.04.004
http://dx.doi.org/10.1016/j.preteyeres.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22580107
http://www.ncbi.nlm.nih.gov/pubmed/12556405
http://dx.doi.org/10.4103/0301-4738.159884
http://www.ncbi.nlm.nih.gov/pubmed/26139808
http://dx.doi.org/10.1097/IAE.0b013e3182618c22
http://dx.doi.org/10.1097/IAE.0b013e3182618c22
http://www.ncbi.nlm.nih.gov/pubmed/22869027
http://dx.doi.org/10.1167/iovs.14-14447
http://www.ncbi.nlm.nih.gov/pubmed/24894395


15. Sonoda S, Sakamoto T, Yamashita T, Uchino E, Kawano H, Yoshihara N, et al.Luminal and stromal

areas of choroid determined by binarization method of optical coherence tomographic images.Am J

Ophthalmol. 2015; 159:1123–31. doi: 10.1016/j.ajo.2015.03.005 PMID: 25790737

16. Kinoshita T, Mitamura Y, Shinomiya K, Egawa M, Iwata A, Fujihara A, et al. Diurnal variations in luminal

and stromal areas of choroid in normal eyes. Br J Ophthalmol. 2016 Jun 13. pii: bjophthalmol-2016-

308594. [Epub ahead of print]

17. Egawa M, Mitamura Y, Akaiwa K, Semba K, Kinoshita T, Uchino E, et al. Changes of choroidal structure

after corticosteroid treatment in eyes with Vogt-Koyanagi-Harada disease. Br J Ophthalmol. 2016 Feb

23. pii: bjophthalmol-2015-307734. [Epub ahead of print]

18. Kawano H, Sonoda S, Yamashita T, Maruko I, Iida T, Sakamoto T. Relative changes in luminal and stro-

mal areas of choroid determined by binarization of EDI-OCT images in eyes with Vogt-Koyanagi-Har-

ada disease after treatment.Graefes Arch Clin Exp Ophthalmol. 2016; 254(3):421–6. doi: 10.1007/

s00417-016-3283-4 PMID: 26847039

19. Egawa M, Mitamura Y, Sano H, Akaiwa K, Niki M, Semba K, et al. Changes of choroidal structure after

treatment for primary intraocular lymphoma: retrospective, observational case series.BMC Ophthalmol.

2015 Oct 19; 15:136. doi: 10.1186/s12886-015-0127-7 PMID: 26482033

20. Iwata A, Mitamura Y, Niki M, Semba K, Egawa M, Katome T, et al. Binarization of enhanced depth imag-

ing optical coherence tomographic images of an eye with Wyburn-Mason syndrome: a case report.

BMC Ophthalmol. 2015 Mar 7; 15:19. doi: 10.1186/s12886-015-0014-2 PMID: 25884956

21. Sonoda S, Sakamoto T, Kuroiwa N, Arimura N, Kawano H, Yoshihara N, et al. Structural changes of

inner and outer choroid in central serous chorioretinopathy determined by optical coherence tomogra-

phy. PLoS One. 2016 Jun 15; 11(6):e0157190. doi: 10.1371/journal.pone.0157190 PMID: 27305042

22. Polska E, Simader C, Weigert G, Doelemeyer A, Kolodjaschna J, Scharmann O et al. Regulation of cho-

roidal blood flow during combined changes in intraocular pressure and arterial blood pressure. Invest.

Ophthalmol. Vis. Sci. 2007; 48(8):3768–74. doi: 10.1167/iovs.07-0307 PMID: 17652750

23. Master A.M. The Master two-step test. Am Heart J. 1968; 75: 809–37 PMID: 4231232

24. Wener J, Sandberg AA, Scherllis L, Dvorkin J, Master AM. The electrocardiographic response to the

standard 2-step exercise test. Can Med Assoc J. 1953; 68(4):368–74. PMID: 13032896

25. Fujii H. Visualisation of retinal blood flow by laser speckle flow-graphy. Med Biol Eng Comput. 1994;

32:302–4. PMID: 7934254

26. Sugiyama T, Utsumi T, Azuma I, Fujii H. Measurement of optic nerve head circulation: comparison of

laser speckle and hydrogen clearance methods. Jpn J Ophthalmol. 1996; 40:339–43. PMID: 8988423

27. Tamaki Y, Araie M, Kawamoto E, Eguchi S, Fujii H. Noncontact, two-dimensional measurement of tis-

sue circulation in choroid and optic nerve head using laser speckle phenomenon. Exp Eye Res. 1995;

60:373–83. PMID: 7789417

28. Tamaki Y, Araie M, Tomita K, Nagahara M, Tomidokoro A, Fujii H. Real-time measurement of human

optic nerve head and choroid circulation, using the laser speckle phenomenon. Jpn J Ophthalmol.

1997; 41:49–54. PMID: 9147189

29. Isono H, Kishi S, Kimura Y, Hagiwara N, Konishi N, Fujii H. Observation of choroidal circulation using

index of erythrocytic velocity. Arch Ophthalmol. 2003; 121:225–31. PMID: 12583789

30. Sugiyama T, Araie M, Riva CE, Schmetterer L, Orgul S. Use of laser speckle flowgraphy in ocular blood

flow research. Acta Ophthalmol. 2010; 88(7):723–9. doi: 10.1111/j.1755-3768.2009.01586.x PMID:

19725814

31. Suzuki T, Terasaki H, Niwa T, Mori M, Kondo M, Miyake Y. Optical coherence tomography and focal

macular electroretinogram in eyes with epiretinal membrane and macular pseudohole.Am J Ophthal-

mol. 2003; 136(1):62–7. PMID: 12834671

32. Tan CS, Ouyang Y, Ruiz H, Sadda SR. Diurnal variation of choroidal thickness in normal, healthy sub-

jects measured by spectral domain optical coherence tomography. Invest Ophthalmol Vis Sci 2012;

53:261–6. doi: 10.1167/iovs.11-8782 PMID: 22167095

33. Usui S, Ikuno Y, Akiba M, Maruko I, Sekiryu T, Nishida K, et al. Circadian changes in subfoveal choroi-

dal thickness and the relationship with circulatory factors in healthy subjects.Invest Ophthalmol Vis Sci.

2012: 53:2300–7. doi: 10.1167/iovs.11-8383 PMID: 22427554

34. Chakraborty R, Read SA, Collins MJ. Diurnal variations in axial length, choroidal thickness, intraocular

pressure and ocular biometrics. Invest Ophthalmol Vis Sci. 2011; 52:5121–9. doi: 10.1167/iovs.11-

7364 PMID: 21571673

35. MacDonald JR. Potential causes, mechanisms, and implications of post exercise hypotension. J Hum

Hypertens. 2002; 16:225–36. doi: 10.1038/sj.jhh.1001377 PMID: 11967715

36. Hayreh SS. In vivo choroidal circulation and its watershed zones. Eye (Lond). 1990; 4(2):273–89.

Exercise on the Structure and Circulation of Choroid

PLOS ONE | DOI:10.1371/journal.pone.0168336 December 14, 2016 13 / 14

http://dx.doi.org/10.1016/j.ajo.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25790737
http://dx.doi.org/10.1007/s00417-016-3283-4
http://dx.doi.org/10.1007/s00417-016-3283-4
http://www.ncbi.nlm.nih.gov/pubmed/26847039
http://dx.doi.org/10.1186/s12886-015-0127-7
http://www.ncbi.nlm.nih.gov/pubmed/26482033
http://dx.doi.org/10.1186/s12886-015-0014-2
http://www.ncbi.nlm.nih.gov/pubmed/25884956
http://dx.doi.org/10.1371/journal.pone.0157190
http://www.ncbi.nlm.nih.gov/pubmed/27305042
http://dx.doi.org/10.1167/iovs.07-0307
http://www.ncbi.nlm.nih.gov/pubmed/17652750
http://www.ncbi.nlm.nih.gov/pubmed/4231232
http://www.ncbi.nlm.nih.gov/pubmed/13032896
http://www.ncbi.nlm.nih.gov/pubmed/7934254
http://www.ncbi.nlm.nih.gov/pubmed/8988423
http://www.ncbi.nlm.nih.gov/pubmed/7789417
http://www.ncbi.nlm.nih.gov/pubmed/9147189
http://www.ncbi.nlm.nih.gov/pubmed/12583789
http://dx.doi.org/10.1111/j.1755-3768.2009.01586.x
http://www.ncbi.nlm.nih.gov/pubmed/19725814
http://www.ncbi.nlm.nih.gov/pubmed/12834671
http://dx.doi.org/10.1167/iovs.11-8782
http://www.ncbi.nlm.nih.gov/pubmed/22167095
http://dx.doi.org/10.1167/iovs.11-8383
http://www.ncbi.nlm.nih.gov/pubmed/22427554
http://dx.doi.org/10.1167/iovs.11-7364
http://dx.doi.org/10.1167/iovs.11-7364
http://www.ncbi.nlm.nih.gov/pubmed/21571673
http://dx.doi.org/10.1038/sj.jhh.1001377
http://www.ncbi.nlm.nih.gov/pubmed/11967715


37. Portmann N, Gugleta K, Kochkorov A, Polunina A, Flammer J, Orgul S. Choroidal blood flow response

to isometric exercise in glaucoma patients and patients with ocular hypertension. Invest Ophthalmol Vis

Sci; 53(10):7068–73.

38. Lütjen-Drecoll E. Choroidal innervation in primate eyes. Exp Eye Res 2006; 82:357–61. doi: 10.1016/j.

exer.2005.09.015 PMID: 16289045

39. Bill A, Sperber G. Control of retinal and choroidal blood flow. Eye 1990; 4:319–25. doi: 10.1038/eye.

1990.43 PMID: 2199239

40. Jablonski MM, Iannaccone A, Reynolds DH, Gallaher P, Allen S, Wang X, et al. Age-related decline in

VIP-positive parasympathetic nerve fibers in the human submacular choroid. Invest Ophthalmol Vis

Sci. 2007; 48(2):479–85. doi: 10.1167/iovs.06-0972 PMID: 17251439

41. Christensen NJ, Galbo H. Sympathetic nervous activity during exercise. Annual Review of Physiology

Vol. 45: 139–153 (Volume publication date March 1983) doi: 10.1146/annurev.ph.45.030183.001035

PMID: 6342511

42. Jones H, Atkinson G, Leary A, George K, Murphy M, Waterhouse J. Reactivity of ambulatory blood

pressure to physical activity varies with time of day. Hypertension 2006: 47(4):778–84. doi: 10.1161/01.

HYP.0000206421.09642.b5 PMID: 16505205

43. Palatini P. Exercise haemodynamics in the normotensive and hypertensive subject. Clin Sci (Lond).

1994; 87(3):275–87.
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