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Abstract

Purpose: To examine the relationship between the cardiovascular status and
variations in optical coherence tomography (OCT)-derived parameters of the
peripapillary and macular tissues, and macular vascular flow area measured by
optical coherence tomography angiography (OCTA) in healthy subjects.

Design: Prospective, open-label, non-randomized clinical study.

Methods: Twenty one eyes of 21 healthy subjects were analyzed using a swept-
source device, including OCT and OCTA acquisitions. Cardiovascular changes
were investigated by performing a practical hand-grip test (HGT). Blood pressure,
heart rate, OCT and OCTA structural and vascular changes were measured and
analyzed before and after the HGT-induced exercise.

Results: The mean patient age was 34.0 (+ 15.2) years. While both diastolic and
systolic blood pressures increased significantly after exercise (p < 0.001 and
p= 0.003, respectively), the heart rate did not show a significant increment
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(p=0.182). OCT structural parameters of the optic nerve did not change sig-
nificantly. Instead, a significant redistribution of choroidal thickness (CT) was
observed in the macular region, with a significant reduction (-6.5%, p = 0.001)
in the outer-nasal macular sector after exercise. OCTA acquisitions did not show
changes in the vascular density of both the superficial retinal layer and deep
retinal layer.

Conclusions: We demonstrated that HGT-induced exercise can moderately elevate
blood pressure without detectable effects on OCTA-derived parametersin healthy
young subjects. Moreover, it produced a significant redistribution of CT. Further
studies are needed to better explain the possible role of HGT in the characteriza-
tion of the pathophysiology of ocular diseases associated with abnormalities of
the vascular function such as glaucoma, age-related macular degeneration, and
diabetic retinopathy.
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1. Introduction

The retina represents one of the most metabolically active tissues in the body,
since it receives a double blood supply deriving from both the retinal and
choroidal circulations.* The growing interest in studying the retinal and choroidal
structure and blood flow relies on the possibility of further understanding the
pathophysiology of potentially blinding disorders such as age-related macular
degeneration, glaucoma, and diabetic retinopathy. Nowadays, optical coherence
tomography (OCT) represents a widely used non-invasive imaging technique to
assess changes in the structure of the different anatomical regions of the retina
caused by pathologic processes. Several imaging methods are also available to
assess the retinal and choroidal blood flow; however, to date, none has been
recognized as gold standard.** Laser Doppler flowmetry (LDF) is a non-invasive
technique that measures the Doppler shift caused by the movement of erythro-
cytes.> Several studies analyzed the different factors influencing choroidal blood
flow measured by LDF during isometric exercise, showing the complex regulatory
mechanisms associated with variations in mean arterial pressure (MAP),
intraocular pressure (IOP), and ocular perfusion pressure (OPP).%" Furthermore,
laser speckle flowgraphy is another novel non-invasive technique based on
the interference phenomenon, and it has shown reproducible data and a good
reliability profile with LDF in the study of choroidal blood flow.® Doppler optical
coherence tomography (Doppler-OCT) is another diagnostic tool studied for the
retinal and choroidal analysis; however, further in vivo studies are needed in
order to better clarify its clinical reliability.°
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Optical coherence tomography angiography (OCTA) is a novel, non-dye-based
imaging technique for visualization and assessment of the retinal vasculature.’**2
Alnawaiseh et al. were the first to use OCTA to evaluate the variations induced by
exercise in the retinal vascularization of healthy subjects. The authors found a
significant change in flow densities associated with systemic cardiovascular mod-
ifications (blood pressure [BP]).* Understanding the relationship between the
patient’s cardiovascular status and OCT/OCTA measurements is meaningful to
the clinician because altered cardiovascular status may affect the measurements
of the exam, potentially leading to misinterpretation of the results. Moreover, a
hand-grip exercise that dynamically changes the results of OCT/OCTA could help
to elucidate the pathophysiology of ocular diseases as recently showed for central
serous chorioretinopathy, where an impairment of retinal vessel autoregulation
was reported.*

In this study, we investigated the changes induced by a practical hand-grip test
(HGT) on the OCT-derived parameters of the peripapillary and macular tissues and
on the macular vasculature measured by OCTA in healthy subjects.

2. Methods

2.1. Baseline visit

This study enrolled healthy volunteers of both sexes all with ages above 18 years
and without any systemic or ocular disease. The research was conducted at
Clinica Oculistica, Ospedale Policlinico San Martino - IRCCS, Italy from January to
March 2018. All procedures followed the tenets of the Declaration of Helsinki and
informed consent was obtained from all the subjects. All the subjects completed a
full ophthalmological examination, including best-corrected visual acuity (BCVA),
slit-lamp examination, IOP measurement with Goldmann applanation tonometry.
Optical biometry by Lenstar LS 900 (Haag-Streit AG, Koniz, Switzerland) was used to
measure the axial length and central corneal thickness. Pupil dilation was obtained
with tropicamide 1% eye drop (Visumidriatic, Visufarma Spa, Italy) and fundoscopy
was performed using a 90-diopter hand-held lens. Eyes with a history of previous
intraocular surgery as well as subjects affected by any systemic disease, diabetes,
hypertension and other ocular or systemic disorders known to impair the diagnostic
procedures were excluded. Eyes were also excluded if they had BCVA worse than
0.10 LogMAR and a refractive error outside the range -6.00 to +3.00 D. Each subject
was asked to refrain from smoking and caffeine intake for at least 60 minutes before
any examination to minimize the influence of these substances on the cardiovas-
cular parameters.’ Blood pressure (BP) and heart rate (HR) were measured using
an automated sphygmomanometer (HEM-907, Omron Europe B.V, The Netherlands)
with subjects in a seated position, after at least a five-minute resting period. The
resting BP value was considered as the average of two readings taken at least five
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minutes apart in the same arm. The arm selected for the measurements was the
non-dominant and the sphygmomanometer wrist was set at the level of the heart.
One qualified eye was randomly selected as the study eye, and underwent OCT and
OCTA assessment (details below).

2.2.0CT

Asingle, wide-field, swept-source OCT scan (DRI OCT-1 Atlantis, Topcon, Inc., Tokyo,
Japan) was completed. The wide-field SS-OCT scan consists of a9 x 12 mmrectangle
that covered both the macular and disc regions and is formed by 256 b-scans, each
with 512 a-scans. Only scans with an image quality index above 40 were considered
for analysis. All images were reviewed for segmentation errors. Circumpapillary
retinal nerve fiber layer (cpRNFL) and choroid thickness were extracted using
the OCT instrument’s software in the following quadrants and sectors: temporal,
temporal-superior, temporal-inferior, nasal, nasal-superior, and nasal-inferior.
Retinal and choroidal thicknesses were analyzed accordingly with the nine macular
sectors defined by the Early Treatment Diabetic Retinopathy Study (ETDRS) (center,
inner-temporal, inner-superior, inner-nasal, inner-inferior, outer-temporal, out-
er-superior, outer-nasal, and outer-inferior).

2.3.0CTA

OCTA scans were acquired immediately after structural OCT, with the same
instrument. The scans were taken from a 4.5 x 4.5 cube, with each cube consisting
of 320 clusters of four repeated b-scans centered on the fovea. The automated layer
segmentation performed by the OCT instrument software (IMAGEnet 6, Topcon)
displayed en-face images of the microvasculature of the superficial retinal layer
(SRL) and deep retinal layer (DRL) in the central region and four quadrants (superior,
inferior, nasal, and temporal). The instrument’s segmentation software defines the
en-face slab for the SRL from 2.6 um beneath the internal limiting membrane to 15.6
pum beneath the interface of the inner plexiform layer and inner nuclear layer (IPL/
INL). The DRL slab was considered from 15.6 um beneath the IPL/INL to 70.2 pm
beneath the IPL/INL. All images were reviewed for segmentation errors for the SRL
and DRL. Vascular densities of the SRL (vd-SRL) and DRL (vd-DRL) were calculated
using the instrument’s software.

2.4. Hand-grip exercise and OCT measurements

The experimental protocol was adapted from the work of Cardillo Piccolino et al.**
After cardiovascular and OCT measurements at rest, the HGT was then performed
on the dominant side by using a Jamar hand dynamometer (Lafayette Instruments,
Lafayette, IN, USA). The subject was asked to squeeze the handle three times with
their maximum hand strength, and 30% of the mean of the measurements was
recorded. Then, the subject was asked to performthe hand-grip exercise maintaining
30% of their maximum hand strength for 3 to 5 minutes. OCT and OCTA scans were
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performed in the same eye of the resting measurements after two minutes from the
start of the isometric effort. BP and HR were also measured.

2.5. Statistical analysis

In descriptive statistics, variables were summarized as means and standard
deviation. Comparisons between resting and exercise values for each parameter
were performed with the Wilcoxon signed-rank test. P values less than 0.05 are
considered statistically significant. Because multiple tests were performed of the
same dataset, the Benjamini-Hochberg procedure was used to correct for the false
discovery rate to avoid that p values less than 0.05 were purely by chance. Com-
puterized statistical analyses were performed with STATA software (version 15.1,
STATACorp, TX, USA).

3. Results

We analyzed the data of 21 eyes of 21 subjects. All the OCT and OCTA scans had
an adequate quality (image quality index > 40), and no segmentation errors were
detected. Table 1 summarizes the demographics and ocular characteristics of the
enrolled healthy subjects. The mean (t standard deviation) age was 34.0 (+ 15.2)
years and 66.7% were women. The dominant hand, which performed the HGT, was
the right for 18 (85.7%) subjects. Hence, only 3 (14.3%) subjects had BP assessment
in the right arm. Table 2 shows the changes in the cardiovascular parameters before
and during HGT. Both diastolic and systolic BP significantly increased, whereas the

Table 1. Demographics and ocular characteristics of the study subjects

34.0 (£15.2)
14 (66.7%)
12 (57.1%)
13.6 (+2.5)
545 (+ 30)
23.6 (+0.8)
-0.85 (+2.13)
0.00
33.7(+8.6)
18 (85.7%)

CCT: central corneal thickness; IOP: intraocular pressure; N: number of eyes
Data are number (%) or mean (+ SD).
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Table 2. Cardiovascular changes of the study subjects

76.3 (+8.6) 88.9 (+11.7) +12.6 (+10.5)
1232 (£15.3) [135.2(+19.0) |[+12.0(+16.3) |0.003
84.3 (£19.2) 89.1 (+20.8) +4.8(+13.6) 0.182

BP: blood pressure; bpm: beats per minute
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Fig. 1. The effect of exercise on diastolic blood pressure.
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Fig. 2. The effect of exercise on systolic blood pressure.
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HR increment was not statistically significant. Figures 1 and 2 show the effect of
exercise on diastolic and systolic BP. The majority of subjects were located above
the ‘no effect’ line. One and four subjects were located below the ‘no effect’ line for
the diastolic and systolic parameter, respectively. Mean percentage changes during
exercise were +16.5% and +9.7% for diastolic and systolic BP, respectively. Table 3
shows the structural changes in the cpRNFL and choroidal thickness (CT) assessed
via OCT. After correction for the false discovery rate, none of the structural OCT
parameters of the optic nerve changed significantly. When analyzing the structural
changes of the retinal and choroidal tissues in the macular region (Table 4), we
observed a statistically significant redistribution of CT. Namely, the outer-nasal
sector showed a mean reduction of -6.5% (p = 0.001) during the isometric exercise.
As shown in Table 5, no significant vessel density changes in the SRL and DRL were
measured by OCTA.

Table 3. Circumpapillary retinal nerve fiber layer and choroidal thickness assessed by optical
coherence tomography

0.766

0.048

0.1499
0.1243
0.9609
0.1647
0.4538
0.3179
0.3321
0.1436
0.4803
0.6498

cpRNFL: circumpapillary retinal nerve fiber layer thickness; cpChoroid: circumpapillary
choroid
Data are mean (SD).
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Table 4. Retinal and choroidal thicknesses in the macular region assessed by OCT

305 (£ 5) +1(%3) 0.1128
316 (+12) | +8(£38) 0.3153
317 (£ 11) +2(+9) 0.3473
314 (+13) | +9(x42) 0.3378
263(+11) [-1(x7) 0.7182
274 (+ 8) +6 (£25) 0.2788
290 (+10) |[-2(x8) 0.3756
269 (£10) | +8(x26) 0.1849
280 (+9) +1(+14) 0.7045
278 (+ 65) -2(+7) 0.2259
264 (+70) -1(+14) 0.7124
243 (£ 71) +1(x9) 0.5662
278 (+65) +1(x11) 0.6760
264 (+52) |[-2(x7) 0.2812
253(+68) |[-2(x9) 0.4247
189 (+73) | +1(+5) 0.4138
246 (£58) -16 (+20) 0.0014*
103 (+11) | -3(x8) 0.1277

*P-value remained statistically significant after correction for the false discovery rate. Data
are mean (SD).
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Table 5. Macular vessel density assessed by OCTA

(+4.1) |47.2(*53) |[-0.1(x6.5) |0.9428
.5(+£3.5) 16.9 (+4.3) +0.4(£2.3) |0.4324
9(+3.3) |45.1(x2.5) |+2.3(x2.7) |0.0127

(£2.7) |46.8(x2.6) |[+0.3(x2.6) |0.6206
0(+2.6) |40.5(x2.1) |+0.5(x2.5) |0.3847
4(+8.0) |51.6(x2.4) |-08(+8.2) |0.6636
3(+4.4) |16.2(x4.3) |+0.9(x3.7) |0.2656
A4(+49) |497(3.6) |-07(+3.5) |0.5506
0(x2.6) |49.0(x2.6) |0.0(+x3.3) |0.9847
6(£2.0) |43.1(x1.9) |-0.4(x2.5 |0.4429

vd-DRL: vessel density of the deep retinal layer, %; vd-SRL: vessel density of the superficial
retinal layer, % Data are mean (SD).

4, Discussion

In the present study, we tested the hypothesis that perturbation of the cardiovas-
cular status caused by an isometric exercise significantly affects the structural and
vascular OCT measurements. We found that only slight changes in the CT in the
macular region occurred during the exercise.

Recently, Cardillo Piccolino et al. applied a similar methodology to demonstrate
an increase of retinal blood flow in central serous chorioretinopathy patients.
They also found no significant changes in the control group of age-matched
healthy subjects using 85-kHz spectral-domain OCT with a wavelength of 870 nm.**
Conversely to the Cardillo Piccolino’s study, we used 100-kHz swept-source OCT
with a wavelength of 1050 nm, allowing better penetration of light into the choroidal
tissue and thus, better delineation of the sclero-choroidal junction and reliable CT
measurements.'® Swept-source OCT allows automatic analysis of CT in the peripap-
illary and macular area, which seems to be related to choroidal blood flow.'" After
the isometric exercise, the redistribution of choroidal blood flow appears to cause
the reduction of the CT detected by swept-source OCT.

In healthy eyes, retinal blood flow is highly autoregulated by an intrinsic
mechanism that changes the myogenic tone accordingly to the perfusion pressure,
whereas choroidal circulation is mainly controlled by the extrinsic autonomic
innervation.’®2° Namely, the reduction in choroidal blood flow is driven by the
sympathetic nervous system, while the increases are driven by the parasympathetic
nervous system.?! The HGT can cause a reduction of the parasympathetic nervous
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system, followed by an increase of sympathetic stimulation.?? As shown in Figures
1and 2, the HTG elicited an increase in diastolic and systolic BP in the vast majority
of subjects. However, even for subjects whose BP does not increase, the HTG can
cause changes in the autonomic nervous system which can affect the ocular blood
flow. Changes in the autonomic innervation of the choroid elicited by the HGT may
explain the slight but significant reduction in CT observed in the present study.
Using LDF, Bata et al. also found a reduction of choroidal blood flow during HGT
in a limited number of individuals of a cohort of healthy subjects and glaucoma
patients.??

In a cohort of 40 healthy subjects, Kim et al. demonstrated a reduction of the
vd-DRL after 20 minutes of maximal physical exercise consisting of riding a training
bike reaching 85% of maximum theoretical HR.* The strength of this work is that
Kim et al. obtained changes detectable by OCTA. However, this exercise could be
impractical in the clinical setting compared to the HGT, which is relatively easy to
performandhasbeenvalidatedin manyclinicalstudies.**?*%-2" Alnawaiseh et al. also
showed a reduction of the peripapillary and parafoveal flow density immediately
after a specific training program that included sit-ups, push-ups, squats, lunges, and
rope skipping.!®* Both the intensive program and the training bike exercise reported
in the previously cited studies have caused a greater elevation of BP compared to
our study (after exercise systolic pressure, mmHg: 141.8 + 10.1'%; 167.8 + 13.8* vs
135.2 +19.0, respectively).

This study is not without limitations. One limitation was the lack of 10P
measurement during the exercise since I0P is affected by physical exercise.?®
However, a 3-to-5 minute HGT seems unlikely to cause a considerable change in
IOP, and accordingly, in OPP. Additionally, it is important to highlight that the mean
age of our study population was 34 years (+ 15.2). The results of our study cannot
therefore be generalized to older subjects, since changes in the physiologic cardio-
vascular response to exercise occur with the aging process. The effect of aging on
the relationship between exercise, cardiovascular system, and ocular OCT-derived
parameters need therefore to be further investigated. Further studies are also
needed to investigate the role of gender. Another limitation is the study’s small
sample size. Finally, studies are needed to compare the effect of exercise on OCT-
and OCTA-derived parameters not only in healthy subjects, but also in patients
affected by different ocular diseases.

In conclusion, our study showed that the hand-grip exercise is able to moderately
elevate BP without detectable effects on OCTA-derived parameters in healthy
subjects. We also showed that an easy to perform hand-grip exercise is able
to produce small but significant effects on CT. In healthy subjects, a moderate
elevation of BP seems unlikely to affect OCTA measurements, whereas it can affect
CT. In subsequent studies, the HGT could be used to better define the pathophysiol-
ogy of ocular diseases considered to be associated with impaired vascular function
such as glaucoma, age-related macular degeneration, and diabetic retinopathy.
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