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Abstract

Myopia is a prevalent refractive error that affects one third of the world’s population.
Alarmingly, the prevalence of myopia is increasing, and it is predicted that almost half of the
population worldwide will be myopic by 2050. To decrease the economic burden caused by
the myopia boom at the society and the individual levels, researchers have been investigating
different ways to slow myopia progression. One possible method in human eyes involves the
use of nitric oxide (NO), a potent systemic vasodilator and multifunctional neuromodulator.
In human studies, the choroidal thickness was found to be significantly thicker in
emmetropes than in myopes. An increase in choroidal thickness induced by NO has been
shown to be associated with decreased ocular growth rate in animal studies. Animal studies
have also shown that NO may enhance contrast sensitivity by modulating horizontal cells in
the retina through the lateral inhibition process. In the current study, we used beetroot juice, a
nitrate-rich dietary supplement, to induce an increase in NO production in the body and to
subsequently study its effect on choroidal thickness, axial length, blood pressure and contrast
sensitivity in healthy young adults. Placebo juice was also used in a double-masked,
repeated-measures design. Our results showed no significant effect of beetroot juice ingestion
on choroidal thickness, axial length, blood pressure or contrast sensitivity in 24 healthy
young adults. The lack of significance may be due to insufficient concentration of NO that

had reached ocular tissues via systemic circulation and/or poor instrument resolution.
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1. Introduction
1.1 Myopia as a public health problem

Myopia (defined in this study as a spherical equivalent refractive error < —0.50
diopters (D)) is a prevalent refractive error that has raised significant public health concerns
and garnered great research interest in recent years (Holden et al., 2016; Resnikoff et al.,
2019; Wolffsohn et all, 2019).

The prevalence of myopia is on the rise worldwide (Sankaridurg et al., 2021). A
review paper by a group of experts representing the international myopia institute (IMI)
estimated that myopia affected 34% of the world’s population in 2019 (Sankaridurg et al.,
2021), an increase from the 22.9% prevalence in 2000 (Holden et al., 2016). The prevalence
of myopia is predicted to continue to increase in the upcoming decades: 4.7 billion people, or
half of the population worldwide, are predicted to be myopic by 2050 (Francisco et al., 2015).
The prevalence of myopia is especially high in East Asia, with more than 50% of urban-
dwelling population current myopic in China, Japan, and Korea (Francisco et al., 2015; Kim
et al., 2013; Li et al., 2017; Nakamura et al., 2018). The most recent epidemiological study
conducted on the US population showed a myopia prevalence of 41.6% in persons aged 12 to
54 years in 1999-2004, a significant increase when compared to the 1971-1972 period (25%)
(Vitale et al., 2009). This significant increase in myopia prevalence was seen across racial
groups and for all levels of severity of myopia (Vitale et al., 2009).

Myopia is a costly burden to society and the individuals affected by this condition.
Globally, uncorrected refractive error, especially myopia, is estimated to cause an economic

loss of 202 billion U.S. dollars a year (Fricke et al., 2012). Myopia, if uncorrected, is known



to affect academic performance in children (Sankaridurg et al., 2021). For example,
randomized control studies conducted in rural China showed that children who received
spectacle correction for myopia demonstrated subsequent improvement in academic
performance, especially in mathematics test scores (Ma et al., 2014; Ma et al., 2018). Myopia
also impacts the overall quality of life in children and adults (Sankaridurg et al., 2021).
Results from several questionnaires showed that myopes scored lower on multiple measures
of quality of life than emmetropes and hyperopes, including economic well-being, emotional
well-being and social well-being (Pesudovs, 2010; Kandel et al., 2017; Kandel et al., 2018).
Another important implication of the increasing prevalence of myopia and in particular, high
myopia (spherical equivalent refractive error < —6.00 D), is the increased risk of myopia-
related complications at the population level (Fricke et al., 2018; Sankaridurg et al., 2021;
Yokoi and Ohno-Matsui, 2018). Myopia is linked to increased risk of early cataract
formation and various posterior-segment ocular conditions, such as open-angle glaucoma,
posterior staphyloma, retinal detachment and myopic macular degeneration (MMD, also
called myopic retinopathy) (Guo et al., 2015; Marcus et al., 2011; Sankaridurg et al., 2021;
Tang et all, 2016; Tanaka et al., 2019). MMD is considered a fast-growing leading cause of
blindness in East Asia and other areas of the world where myopia prevalence is high (Guo et
al., 2015; Sankaridurg et al., 2021). In 2015, the worldwide prevalence of MMD was
estimated to be around 2%, and about 10 million people (0.13% of world's population) had
vision impairment as a result of MMD (Fricke et al., 2018). The latter number is expected to
increase to around 56 million (0.6% of world’s population) by 2050 according to the

modelling work by Fricke et al. (2018). In part because of the public health implications



described above, research into risk factors for myopia and methods to slow progression has
gained significant traction in recent years (Chakraborty et al., 2020; Morgan and Jan, 2022;

Sankaridurg et al., 2021; Vagge et al., 2018).

1.2. Myopic eyes
1.2.1. Key anatomical differences

Recently, IMI White Papers (Flitcroft et al, 2019; Jong et al., 2021) consolidated the
many definitions of myopia used in research and proposed a comprehensive qualitative
definition to the World Health Organization that highlights the anatomical features of myopia:
“Myopia: a refractive error in which rays of light entering the eye parallel to the optic axis
are brought to a focus in front of the retina when ocular accommodation is relaxed. This
usually results from the eyeball being too long from front to back, but can be caused by an
overly curved cornea and/or a lens with increased optical power.” (Flitcroft et al, 2019; Jong
etal., 2021).

Myopia can also be seen as a result of the failure of emmetropization, the
developmental process that matches an eye’s optical power to its axial length so that parallel
light rays entering the eye are focused on the retina when ocular accommodation is relaxed
(Flitcroft et al, 2019; Troilo et al., 2019). Human and animal studies have shown that axial
elongation is the major contributor to myopia development and progression (Flitcroft et al,
2019).

Axial elongation during emmetropization is a process that involves changes in many

ocular components, including the cornea and other anterior segment structures, the retina, the



retinal pigmented epithelium (RPE), the choroid and the sclera. Choroidal thickness has been
found to significantly differ in myopes and emmetropes; specifically, choroidal thinning in
myopes has been demonstrated in a number of studies involving animals and human subjects

(Deng et al., 2018; Ho et al., 2013; Nickla et al., 2013).

1.2.2. The choroid and ocular elongation

The choroid is part of the uveal tract that is situated behind the RPE and in front of
the sclera (Summers, 2013). It is a highly vascular tissue that serves multiple roles in the eye
(Nickla and Wallman, 2010).

Traditionally, the main contribution of the choroid to ocular homeostasis was its
robust blood supply to the outer retina in humans (Nickla and Wallman, 2010). The choroid
has the highest blood flow of any tissue in the body per unit tissue weight, about ten times
higher than that of the brain and about four times greater than that of the kidney (Urs et al.,
2018; Lavinsky and Lavinsky, 2016). One additional unique feature is that, unlike blood flow
in most tissues of the body, the high blood flow in the choroid is thought to be constant and
not completely autoregulated, meaning that changes in perfusion pressure do not cause a
compensatory restriction/dilation response in blood vessels that change the rate of blood flow
(Delaey and Van De Voorde J, 2000).

The high choroidal blood flow guarantees a constant supply of oxygen and nutrients
to and removal of metabolic waste products from the RPE and photoreceptors, with the latter
being one of the most metabolically active cells in the human body (Jaroszynska et al., 2021;

Linsenmeier and Braun, 1992). This equilibrium maintains the health of the outer retina, and



when it becomes faulty, many disease states can manifest, with one example being age-
related macular degeneration (ARMD) (Zarbin, 2004). The high choroidal blood flow is also
thought to provide temperature regulation for the retina, counteracting the damage that may
result in the retinal tissues with high temperature (under high illumination) and low
temperature (under low illumination) (Nickla and Wallman, 2010; Parver et al., 1980).

A body of research has demonstrated that the choroid’s functions are not just limited
to those associated with its high blood flow (Troilo et al., 2019), It was found that choroidal
thickness showed compensatory changes in response to retinal defocus, which may be linked
to the emmetropization process and thus myopia development (Wallman et al., 1995;
Wildsoet and Wallman, 1995). In animal models, myopic defocus, where the image was
purposely focused in front of the retina through plus lenses, is a well-established technique to
induce reduced axial elongation or hyperopic refraction (Schaeffel and Feldkaemper, 2015).
Similarly, hyperopic defocus or form deprivation are well-established techniques to induce
axial elongation or myopic refraction (Schaeffel and Feldkaemper, 2015). Studies have found
that, with experimental manipulations that involved myopic defocus, there was a
compensatory increase in choroidal thickness (Wallman et al., 1995; Wildsoet and Wallman,
1995). Conversely, with experimental manipulations that involved hyperopic defocus or form
deprivation, there was a compensatory decrease in choroidal thickness (Wallman et al., 1995;
Wildsoet and Wallman J, 1995). The compensatory choroidal responses were “rapid (within
hours), bidirectional, and highly precise” (Troilo et al., 2019). The changes in choroidal
thickness occur before changes in the sclera that result in changes in axial length, which leads

to the hypothesis that changes in choroidal thickness may regulate axial length elongation



during the emmetropization process. This hypothesis, if true, would have significant
translational implications in human myopia control research (Troilo et al., 2019). Specifically,
interventions that increase choroidal thickness may potentially slow myopia development in
children.

The hypothesis that there exists a causal relationship between choroidal changes and
axial length growth remains controversial. One study (n = 70) by Nickla and Totonelly (2015)
showed that in chicks that received no experimental manipulations, the initial choroidal
thickness predicted the rate of axial length growth, where eyes with thicker choroids had a
slower axial elongation rate than eyes with thinner choroids. This effect only existed under
natural conditions, and it disappeared when experimental manipulations were applied, such
as lens-induced defocus or form deprivation (Nickla and Totonelly, 2015). However, larger
studies involving more than 500 chicks provided different results, where it was shown that
the initial choroidal thickness failed to predict the rate of axial length growth both under
natural conditions and with form deprivation (Chen et al., 2011; Guggenheim et al., 2011).
Furthermore, other studies have demonstrated the decoupling of the choroidal response and
the scleral response, where a certain experimental intervention caused either the choroidal
response or the scleral response in isolation but not together, suggesting that choroidal
changes were not necessarily a prerequisite for axial length growth (Nickla and Schroedl,
2012; Nickla et al., 2013; Winawer and Wallman, 2002).

Although more evidence points against the causal link between choroidal changes and
myopia development, more research is needed to understand the role of the choroid in

emmetropization and the signaling pathways that are involved. One approach is to modify the



concentration of signaling molecules that may play a role in the emmetropization process in
the ocular tissues, either by external pharmacological manipulations or promotion/inhibition
of intrinsic production, and to study the resulting effect on the choroid and ocular elongation
(Nickla and Wallman, 2010). Three such pharmacological agents have been widely studied,
including dopamine, atropine and NO (Nickla and Wallman, 2010). Section 1.4 will provide
more details on the effect of NO on the regulation of choroidal thickness and axial length

growth.

1.2.3. Key differences in psychophysical dynamics

Besides anatomical differences, myopic eyes also show abnormalities in spatial and
temporal vision processing, evidenced by poorer performance in psychophysical tasks, for
tasks performed both centrally and peripherally. When comparing myopes and emmetropes
who are correctable to 20/20 central visual acuity, the central spatial contrast sensitivity and
temporal contrast sensitivity function are impaired in myopes, especially in high myopes
(Chen et al., 2000; Collins and Carney, 1990; Fiorentini and Maffei L, 1976; Liou and Chiu,
2001; Vera-Diaz et al., 2018). Blur sensitivity, the ability to detect blur caused by retinal
defocus, is also found to be impaired in central vision in myopes compared to emmetropes
(Maiello et al., 2017; Rosenfield and Abraham-Cohen, 1999). Understanding the
psychophysical dynamics in the myopic central vision is important, because it helps us
understand the functional characteristics and the underlying mechanisms of the visual system
in myopes (Stoimenova, 2007), and it also helps us understand various disease states

associated with myopia. For example, spatial contrast sensitivity loss may serve as an early



marker for open-angle glaucoma. Critical flicker frequency (CFF), one aspect of the temporal
contrast sensitivity function, may potentially be investigated as an early indicator for MMD
(Chen et al., 2000; Ichhpujani et al., 2020).

Healthy myopic eyes correctable to 20/20 also behave differently when it comes to
peripheral psychophysics tasks, where myopes showed overall poorer performance. Myopes
showed worse peripheral visual acuity and contrast sensitivity than emmetropes at the same
retinal eccentricity, which may be due to the “stretching” effect of an elongated eyeball (Chui
et al., 2005; Ehsaei et al., 2013). Myopes showed lower peripheral spatial contrast sensitivity,
an effect worsened by central attentional load (Kerber et al., 2016). Lower peripheral
temporal contrast sensitivity was also found in the nasal retina of myopes than in hyperopes
(Hathibelagal et al., 2021). Furthermore, the visual system in myopes processes blur
differently than in emmetropes. Myopes showed a greater degree of both blur adaptation and
defocus tolerance in the periphery (Ghosh et al., 2017; Rosén et al., 2012). As clear image
quality free of defocus at all eccentricities of the retina is thought to be crucial in the
emmetropization process, this differential response to blur in myopes may play a role in
driving the emmetropization process awry (Ghosh et al., 2017; Logan et al., 2021; Rosén et

al., 2012).

1.3. Current interventions for prevention of myopia onset and progression
Currently, multiple interventions of myopia control are shown to clinically prevent
the onset and/or progression of myopia. Theses interventions can be roughly categorized as

behavioral, optical or pharmacological (Jonas et al., 2021; Wildsoet et al., 2019).



Out of all the behavioral modifications tested in clinical studies, increased time spent
outdoors has consistently shown to be an effective strategy for myopia control (Jonas et al.,
2021). Recent meta-analyses have shown that increased time spent outdoors is protective
against the onset of myopia and the progression of myopia (Cao et al., 2020; Sherwin et al.,
2012), although the effect seems to be more pronounced for the prevention of myopia onset
rather than progression (Xiong et al., 2017). One meta-analysis reported that for each
additional hour of time spent outdoors per week, the odds of myopia development were
decreased by 2% (Sherwin et al., 2012). There is currently no unified theory for how
increased time outdoors contributes to lower incidence of myopia and slower myopia
progression (Jonas et al., 2021). Multiple factors have been proposed to play a role, including
the different properties of the outdoor environment (higher light intensity, different chromatic
light composition and different dioptric topographies), less indoor near work and decreased
accommodative demand (He et al, 2015; Flitcroft, 2012; Vander Veen et al., 2019). Many
countries with high prevalence of myopia, such as Singapore and China, have launched
educational programs to encourage school-age children to spend more time outdoors (Ang et
al, 2020; Jonas et al., 2021). Coupled with physical exercises, these programs aimed to
promote lower incidence of myopia and the overall well-being of children (Ang et al, 2020;
Jonas et al., 2021).

Currently accepted optical interventions of myopia control include multifocal
spectacle lenses, multifocal contact lenses and orthokeratology (ortho-k). The first two
optical interventions often employ the simultaneous vision design, where the central vision is

fully corrected and progressive addition (Add) power is built into the periphery of the lens
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through concentric annular zones (Jonas et al., 2021). The peripheral addition power within
the annular zones does not compromise central visual acuity, and it was thought that the
peripheral myopic defocus induced by the peripheral Add power inhibited axial elongation, a
hypothesis supported by animal studies (Arumugam et al., 2014; Liu and Wildsoet, 2011; Tse
et al., 2007). Defocus incorporated multiple segments (DIMS) spectacle lenses are one type
of multifocal spectacle lenses that were shown to significantly halt myopia progression (Lam
et al., 2014; Lam et al.,, 2020; Lu et al., 2020). One double-masked randomized trial
including 160 myopic Chinese children between eight to thirteen years old found that over a
two-year period, myopia progression in the DIMS group was significantly less than in the
single-vision spectacle group in terms of cycloplegic refraction (—0.41 = 0.06 D vs. —0.85 +
0.08 D) and axial elongation (0.21 + 0.02 mm vs. 0.55 £ 0.02 mm) (Lam et al., 2020).
Multifocal soft contact lenses for myopia control have also been studied extensively. In 2019,
MiSight® (CooperVision Inc.) became the first soft multifocal contact lens to FDA-approved
for slowing myopia progression (Jonas et al., 2021). A three-year randomized multi-center
clinical trial showed that the MiSight group had significantly slower progression in
cycloplegic refraction (—0.51 £ 0.64 vs. —1.24 + 0.61 D) and axial elongation (0.30 £ 0.27 vs.
0.62 = 0.30 mm) when compared to the control group wearing regular soft contact lenses
(Chamberlain et al., 2019). Furthermore, the recently published results from the BLINK
study showed that a high Add in the multifocal optical design more effectively slowed
myopia progression than a medium Add (Walline et al., 2020). Lastly, Ortho-K temporarily
reduces the dioptric value of myopia by flattening the central cornea and steepening the

peripheral cornea (Smith et al., 2009). Two large randomized clinical trials have also found
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that Ortho-K has a myopia control effect by significantly reducing axial elongation by 43%
to 63% (Charm and Cho, 2013; Cho and Cheung, 2012). The reduction was greater in
younger, rapidly progressing myopic children (Cho and Cheung, 2012; Swarbrick et al.,
2015).

For pharmacological interventions, the most widely used agent is low-dose atropine
drops. A meta-analysis found that when compared to placebo drops, low-dose atropine drops
showed reduced myopia progression in myopic refraction by 1.00 D, and reduced myopia
progression in axial length elongation of 0.35 mm (Walline et al.,, 2020). Two large
randomized control trials, the ATOM-1 study and the ATOM-2 study, compared the effect of
different atropine concentrations on the reduction of myopia progression (Chia et al., 2012;
Chua et al., 2006). It was found that among the studied atropine concentrations of 0.1%,
0.05%, 0.025% and 0.01%, 0.05% atropine was twice as effective as the 0.01% atropine and
considered the optimal concentration (Chia et al., 2012). To our knowledge, no human study

has investigated the myopia control effect of NO.

1.4.NO
1.4.1. NO overview

NO is classified as a gasotransmitter, a gaseous signaling molecule that is
endogenously produced and acts on its receptors to modulate multiple physiological
processes in the body (Ahmad et al., 2018). In the body, NO is produced from a reaction
involving the NO precursor L-arginine and oxygen, catalyzed by the enzyme nitric oxide

synthase (NOS) (Ahmad et al., 2018). Three types of isoforms of NOS have been found in
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the body: endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS).
Compared to the effect of eNOS and nNOS, the effect of iINOS is more long-term
(Forstermann and Sessa, 2011). In the body, NO is endogenously produced and immediately
released in response to internal and external stimuli, including stress, hormones and cellular
injury (dos Santos Baido, et al., 2021; Gow et al., 2000; Xia and Krukoff, 2004). The
production of NO can also be externally promoted via oral supplementation of nitrate (NO3")
through the enterosalivary NO3™-NO27/NO pathway (dos Santos Baido, et al., 2021). Nitrate
is commonly found in leafy greens, beets and various supplement formulations (dos Santos
Baiao, et al., 2021; Lidder and Webb, 2013).

NO is ubiquitous in the body, and it is a signaling molecule for numerous
physiological processes and disease states (Chen et al., 2008). NO mainly exerts its effect
through the guanylyl cyclase/cGMP signaling pathway to relax smooth muscle cells in blood
vessels (Ahmad et al., 2018; Siervo et al., 2013; Yu et al, 2019). Systemically, NO is a potent
vasodilator and act on multiple body systems, including the cardiovascular system, the
reproductive system, the nervous system and the immunological system (Ahmad et al., 2018;
Siervo et al., 2013; Davies, 2015; dos Santos Baido, et al., 2021). NO supplementation
through oral ingestion has been shown to have a multitude of health benefits, including
improving cardiovascular health, reducing high blood pressure in preeclampsia, improving
sports performance through enhanced oxygen delivery and treating erectile dysfunction
(Davies, 2015; Morita et al., 2014; Rytlewski et al., 2005; Shephard, 2012). Furthermore, NO
in inhaler form has been shown to be a safe treatment for cardiopulmonary conditions in

patients of all ages (Yu et al, 2019).
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1.4.2. The effect of NO on the choroid

As a ubiquitous gasotransmitter, NO is also found in the vertebrate eyes as a
neuromodulator (Moreno-Lopez et al., 2002). It has been found in RPE, retinal cells, intrinsic
choroidal neurons (a group of neurons in the choroid whose function is still largely unknown)
and in the terminals of the pterygopalatine ganglia and the parasympathetic ciliary ganglia
(Bergua et al., 1996; Cuthbertson et al., 1997; Goldstein et al., 1996; Nilsson, 1996; Schrodl
et al., 2000). All three types of NOS isoforms were found in the eye.

Pharmacological manipulations in animals involving NO have been shown to
regulate the retinal defocus-induced changes in choroidal thickness and axial length. NO was
hypothesized to be part of the signaling cascade that regulates the choroidal thickening and
the subsequent inhibition of axial elongation in response to hyperopic defocus (Nickla and
Wallman, 2010; Troilo et al., 2019). Studies in chicks receiving myopic defocus (for more
hyperopic refraction) or recovering from form deprivation showed that injections of L-
NAME or L-NMMA, inhibitors of all NOS isoforms and therefore NO production, blocked
both the increase in choroidal thickness and the subsequent inhibition of axial elongation that
should follow choroidal thickening (Nickla and Wildsoet, 2004; Nickla et al. 2006; Nickla et
al., 2009). If the injection was done after the choroidal thickening had already occurred, axial
elongation was not disinhibited (Nickla et al. 2006). On the contrary, studies using promoters
of NO production, such as L-arginine (precursor of NO) and sodium nitroprusside (NO
donor), promoted choroidal thickening and the subsequent inhibition of axial elongation and
prevented the effect of form deprivation (Carr and Stell, 2016). Carr and Stell (2016) also

found that simultaneous application of L-NMMA with L-arginine reversed the effect of the
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latter and form deprivation myopia developed as a result. The effect of NO on choroidal
thickness was shown to last less than 24 hours in chicks (Nickla and Wildsoet, 2004).

The exact biochemical mechanism of how NO regulates choroidal thickness and axial
elongation is still unclear (Nickla and Wallman, 2010; Troilo et al., 2019). Additional studies
showed that nNOS may be the isoform that is relevant to this process, where only the nNOS-
specific inhibitor, but not the eNOS- or iNOS-specific inhibitors, showed a similar effect as
L-NAME or L-NMMA (inhibitor of all three isoforms) in preventing the choroidal
thickening and inhibition of axial elongation in response to myopic defocus (Nickla et al.,
2009). Furthermore, NO may exert its effect downstream of other signaling molecules
dopamine and atropine. It has been shown that NOS inhibitors blocked the respective effects
that dopaminergic or cholinergic drugs would have had on choroidal thickness/axial length
(Nickla et al., 2013; Carr and Stell, 2016).

Overall, research shows that NO plays a role in choroidal thickening and the related
axial elongation inhibition in animal models. As a gasotransmitter that is ubiquitous in the
body whose systemic production is easily upregulated through oral supplementation, NO
appears to be an attractive candidate for its potential role as a novel intervention of myopia

control in humans.

1.4.3. The effect of NO on the retina
In the retina, all three types of NOS isoforms exist, but nNOS is the isoform that
modulates the majority of processes of visual processing related to NO (Dawson et al., 1991;

Vielma et al., 2012; Tsumamoto et al., 2002). NO is produced by virtually all cells in the
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retina, including photoreceptors, horizontal cells, bipolar cells, amacrine cells and ganglion
cells (Vielma et al., 2012). NO synthesis is regulated by both increased illumination and
other neurotransmitters (Vielma et al., 2012). Both flickering light and continuous light were
shown to increase NO synthesis and release by multiple retinal cells in animal models
(Haamedi and Djamgoz, 2002; Neal et al., 1998; Sekaran et al., 2005). NO synthesis is also
modified by other neurotransmitters both in vivo and in vitro (Vielma et al.,, 2012).
Specifically, acetylcholine, glutamate and dopamine upregulation drives nNOS activity, and
melatonin dampens nNOS activity to reduce NO synthesis (Borda et al., 2005; Saenz et al.,
2002; Sekaran et al., 2005; Tsumamoto et al., 2002). Similar to other parts of the body, NO
in the retina activates the guanylyl cyclase/cGMP signaling pathway, with receptors for
guanylyl cyclase on virtually every retinal cell type (Séenz et al., 2002; Vielma et al., 2012).
NO serves diverse functions in the retina. It has been well-established that NO
regulates retinal responses to light. Light responses in animal models can be obtained by
electrophysiology recordings or ERG (Vielma et al., 2012). For example, light responses in
turtle cones were amplified by NO and L-arginine, and dampened by NOS inhibitors (Levy
et al., 2004). NO also affected light response in horizontal cells, although the effect was
species dependent: NO promoted light responses in turtle horizontal cells, but inhibited light
responses in carp horizontal cells (Levy et al., 2004; Ye et al., 1997). For bipolar cells, NO
promoted responses to dim light stimuli but not bright light stimuli (Snellman and Nawy,
2004). NO was also found to promote the light/dark adaptation process by modifying the
responses of ganglion cell ON/OFF responses (Nemargut and Wang, 2009; Wang et al.,

2003).
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Another important function of NO in retina is its gap junction decoupling effect on
retinal cells, especially horizontal cells (Vielma et al., 2012). It was found that administration
of NO, L-arginine or dopamine promoted the decoupling of horizontal cells (He et al., 2000;
Miyachi et al., 1990; Weiler et al., 2000). The decoupling of gap junctions between
horizontal cells may reduce the horizontal cell receptive field size and enhance the
responsiveness of horizontal cells to light (Pottek et al., 1997). Horizontal cell response plays
an important role in lateral inhibition underlying light adaptation and enhancement of
contrast sensitivity in light-adapted conditions (Xin and Bloomfield, 2000). Therefore, NO
may promote increased contrast sensitivity through horizontal cell-related mechanism. This
hypothesis was supported by a study done by Shi et al. (2000), although the exact signaling
pathway is still largely unknown.

Besides directly modulating cell physiology through the guanylyl cyclase/cGMP
signaling pathway, NO can also be converted into reactive nitrogen species that participate in
posttranslational protein modification through the processes of S-nitrosylation and nitration
(Martinez-Ruiz et al., 2011; Pacher et al., 2007). These posttranslational protein
modifications would then start a cascade of biochemical signaling events that mediate the
proliferation, growth and death of retinal cells (Cheung et al., 2000; Koriyama et al., 2010;

Vielma et al., 2012).

1.5. Clinical relevance of research goals
Although no clear causal link between choroidal thickening and inhibition of axial

length has been proven, it is well established that choroidal thickness significantly differs in
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myopes and emmetropes; specifically, choroidal thinning in myopes has been demonstrated
in studies involving human subjects (Ho et al., 2013; Deng et al., 2018). As a result, some
researchers believe that a thin choroid is a risk factor for, whereas a thick choroid is
protective against myopia progression (Zhou et al., 2021). Choroidal thickening, either
through pharmacological agents or dietary supplements, can therefore be investigated as a
way of preventing or slowing myopia progression.

NO’s choroidal thickening effect is well documented, which makes NO a potential
candidate for a novel intervention of myopia control. Upregulation of systemic NO
production is easily achieved through oral supplementation, such as beetroot juice, a safe
nitrate-rich dietary supplement that has been used in other human studies (Siervo et al., 2013).
A plausible first step in investigating the possibility of NO as a novel intervention of myopia
control would be to administer beetroot juice to young adults. A few studies investigating the
effect of pharmacological agents on human choroidal thickness have used both topical and
systemic medications (Yeung et al., 2022), but none has included NO. Increased choroidal
thickness was observed following the topical administration of glaucoma drops and atropine
drops, and following the oral administration of beta-blockers and ethanol (Yeung et al., 2022).
If the oral administration of beetroot juice induced a significant increase in choroidal
thickness, this would mean that increased NO concentration in systemic circulation has the
ability to penetrate the blood-brain barrier and exert a significant choroidal thickening effect

on ocular tissues.
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Since beetroot juice has a documented blood pressure-lowering effect, we also
recorded blood pressure measurements periodically during the study to monitor for
hypotension and any related complications.

Lastly, animal studies showed that NO may promote the lateral inhibition process of
horizontal cells and therefore enhance contrast sensitivity. To our knowledge, our study

would be the first to investigate the effect of NO on contrast sensitivity in human subjects.

1.6. Hypothesis and prediction

This study was designed to test the hypothesis that NO through oral supplementation
has a significant effect on choroidal thickness, axial length, blood pressure and contrast
sensitivity in a cohort of young adults. Our prediction is that nitrate-rich beetroot juice would
cause significant effects of choroidal thickening, axial length reduction, blood pressure

lowering and contrast sensitivity enhancement in human subjects.

2. Methods
2.1. Subjects

In this preliminary study, we recruited 15 myopes and 15 emmetropes from the
NECO community. Previous studies on the systemic effect of beetroot juice have shown that
significant statistical power can be reached with 15 subjects (Siervo et al., 2013). The study
followed the doctrines of Declaration of Helsinki for research involving human subjects and

was approved by the institutional review board of NECO.
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2.2. Inclusion criteria

Subjects were between 18 and 30 years old to reduce the possibility of any confounding

retinal and/or systemic diseases that affect the visual system.

Myopes: myopia between -1.00 D and -6.00 D of spherical equivalent in each eye,
and less than 1.00 D of spherical equivalent difference between the two eyes
Emmetropes: refraction between -0.50 D and +0.50 D of spherical equivalent in each

eye, and less than 1.00 D of spherical equivalent difference between the two eyes

2.3. Exclusion criteria

Self-reported retinal or systemic disease affecting the visual system

SE <-6.00 D, SE >+0.50 D, or -0.50 D < SE <-1.00 D in either eye exclusively
Anisometropia > 1.00 D

Allergy to beets

Hypotension (systolic blood pressure of less than 100 mmHg or diastolic pressure of
less than 70 mmHg), due to the blood pressuring-lowering effect of NO

Unmanaged hyperlipidemia (total cholesterol level higher than 200 mg/dL)

Known coronary artery disease or heart failure

Pregnant or nursing
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2.4. Equipment/Supplies/Facilities/Location
The experiment was conducted at 424 Beacon Street, Boston, MA, USA. The equipment and
supplies that were used included:
e Optovue RTVue-100 OCT (Optovue Inc., Fremont, CA)
e LENSTAR Optical Biometer (Haag-Streit, OH, USA)
e (Grand Seiko open field of view autorefractor (Grand Seiko Co Ltd, Hiroshima, Japan)
e Blood pressure cuff
e Beetroot juice and placebo juice: Regular beetroot juice and placebo juice were
purchased from James White Drinks Limited, a company that has offered beetroot
juice and placebo juice for a number of studies (Siervo et al., 2013), and the two types
of juice could only be distinguished by expiration dates

e HumanN® Nitric Oxide Indicator strips

2.5. Overall experimental design

1) The recruited subjects visited NECO three times: one 30-minute screening session, and
two 2-hour test sessions scheduled on two different days with a maximum interval of two
weeks in between.

2) Double-masked procedure: the subjects were randomly assigned one type of juice for the
initial session and the other for the second visit. The assignment was determined by an
unmasked examiner (Dr. Thanasis Panorgias), while the researcher as a masked examiner did

not know the assignment until the beginning of the data analysis phase.
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2.6. Screening session
1) The subject read the consent form, asked any questions to the researcher and signed the
consent form.
2) The researcher measured the subject’s uncorrected refractive error in each eye using the
Grand Seiko autorefractor without cycloplegia, measured the subject’s blood pressure using a
blood pressure cuff and distributed a screening questionnaire to determine the subject’s
eligibility based on either their refractive error, blood pressure level or answers to the
questionnaire.
e If the subject was found to be ineligible for the study, the researcher notified the
subject and provided $10 compensation to the subject.
e If the subject was found to be eligible for the study, the subject was given a
recommended low-nitrate and low-nitrite dietary protocol (no leafy greens or beets)

to follow for 24 hours before each of the test sessions.

2.7. Test session 1

1) The subject was asked to attend each test session between 8§ am and 10 am to control for
diurnal variation in choroidal thickness and avoid any interactions between NO and food.
The subject was asked not to ingest any food or drink, except for water, for 8 hours prior to
each test session.

2) The researcher performed the following procedures:

a) Baseline measurements
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The subject’s gross baseline systemic NO level in saliva: the subject transferred his
or her saliva onto a HumanN® Nitric Oxide Indicator strip. The researcher
immediately compared the resulting color to the color chart on the product bottle to
determine the subject’s baseline systemic NO level (see Figure 1). The researcher
disposed of the strip in the biohazard bin located in NECO’s animal facilities
immediately after the test session.

The subject’s baseline choroidal thickness using OCT: for each eye, three horizontal
B-scans through the macula were taken, and the average baseline choroidal thickness
was determined using the manual tracing method described in section 2.9.1. For each
subject, only one eye was selected for measurements based on the visibility of the
chorioscleral border.

The subject’s baseline axial length using LENSTAR: for each eye, the baseline axial
length was averaged from five A-scan measurements using LENSTAR. LENSTAR
measures axial length from the front of the cornea to the retinal pigment epithelium,
not including the choroid.

The subject’s baseline blood pressure using a blood pressure cuff: the digital blood
pressure monitor automatically displayed the baseline systolic and diastolic blood

pressure. The measurement was taken with the subject sitting and rested.
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Figure 1: HumanN® Nitric Oxide Indicator strip and color chart. The shade of pink on the
indicator strip after application of saliva suggests a subject’s systemic NO level at a given
time: depleted, low or optimal. From HumanN (2022)

b) Distribution of beetroot juice or placebo following the double-masked protocol: the
subject drank the 7 cl beetroot juice or placebo all at once.

e Following juice ingestion, the subjects were asked not to perform near tasks, since
accommodation is known to affect choroidal thickness (Kim et al., 2013). While
waiting for the next set of measurements, subjects either relaxed or talked with other
subjects to pass time.

¢) Measurements 0.5 h post juice ingestion

e The subject’s choroidal thickness using OCT: for each eye, three horizontal B-scans
through the macula were taken, and the average baseline choroidal thickness was
determined using the manual tracing method described in section 2.9.

e The subject’s axial length using LENSTAR: for each eye, the axial length was

averaged from five A-scan measurements using LENSTAR
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The subject’s blood pressure using a blood pressure cuff: the digital blood pressure
monitor automatically displayed the baseline systolic and diastolic blood pressure.

The measurement was taken with the subject sitting and rested.

d) Measurements 1.0 h post juice ingestion

The subject’s choroidal thickness using OCT: for each eye, three horizontal B-scans
through the macula were taken, and the average baseline choroidal thickness was
determined using the manual tracing method described in section 2.9.

The subject’s axial length using LENSTAR: for each eye, the axial length was
averaged from five A-scan measurements using LENSTAR

The subject’s blood pressure using a blood pressure cuff: the digital blood pressure
monitor automatically displayed the baseline systolic and diastolic blood pressure.

The measurement was taken with the subject sitting and rested.

e) Measurements 1.5 h post juice ingestion

The subject’s choroidal thickness using OCT: for each eye, three horizontal B-scans
through the macula were taken, and the average baseline choroidal thickness was
determined using the manual tracing method described in section 2.9.

The subject’s axial length using LENSTAR: for each eye, the axial length was
averaged from five A-scan measurements using LENSTAR

The subject’s blood pressure using a blood pressure cuff: the digital blood pressure
monitor automatically displayed the baseline systolic and diastolic blood pressure.

The measurement was taken with the subject sitting and rested.
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e The subject’s gross systemic NO level in the saliva using NO Indicator Strips and
procedures described above

3) At the end of the test session, the subject was asked to perform a short psychophysics task
using the Visual Psychophysics Engine (VPE) program. Myopic subjects were fully
corrected with spectacles. Contrast sensitivity to a single low spatial frequency grating (0.3
c/deg) was measured at a viewing distance of 1 m using the method of constant stimuli
combined with a 2-alternative forced-choice (2AFC) paradigm. 11 levels of contrast were
used (20 to 50% contrast), and each contrast level was presented for 250 ms and 19 times
total. On each stimulus presentation, the subject had to indicate the orientation of the grating
(left or right) using a response box. At the end of the experiment, the percentage of correct
responses for all the different contrast levels was extracted from the software for further
analysis. A Weibull logistic function was used to fit the psychometric function on each
subject’s data. The subject's threshold corresponded to a criterion level of 75 % correct

responses

4) After the test session, the subject was compensated for their time and provided a $5 gift

card from the campus café for breakfast.

2.8. Test session 2
The subject came back for a second test session on a different day within two weeks
to be tested for the other condition (placebo or beetroot juice), and all other experimental

steps were the same.
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2.9. Data analysis
2.9.1 Overall description of data analysis

First, we tabulated the actual data at each of the four time points, and a paired-
samples t-test was used to determine whether there was a significant difference in the
baseline measurements at the beginning of the active session and at the beginning of the
placebo session. Table 1 details the actual measurements at each time point for subfoveal
choroidal thickness, nasal choroidal thickness, temporal choroidal thickness, axial length,
systolic blood pressure and diastolic blood pressure.

Next, we calculated the difference in the actual measurements at the later three time
points (0.5 h after baseline, 1.0 h after baseline and 1.5 h after baseline) as compared to the
baseline measurement by subtracting the baseline measurement from the later measurements.
Table 2 details the difference in measurements at the later three time points as compared to
the baseline measurement for subfoveal choroidal thickness, nasal choroidal thickness,
temporal choroidal thickness, axial length, systolic blood pressure and diastolic blood
pressure.

For contrast sensitivity, data was recorded at the end of the active session and at the
end of the placebo session. We did not analyze the change of contrast sensitivity across two

time points.
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Measurement Active - | Active - | Active - | Active - | Placebo- | Placebo - | Placebo - | Placebo -
baseline 0.5 hr | 1.0 hr | 1.5 Thrs | baseline | 0.5 hr| 1.0 hr| 15 hr
after after after after after after
baseline baseline baseline baseline | baseline | baseline
Subfoveal 251.07 + | 251.72 + | 253.79 £ | 25945 £ | 251.74 + | 257.23 + | 256.08 + | 260.42 +
choroidal 1.24 1.31 1.38 1.30 1.19 1.39 1.36 1.40
thickness (pm)
Nasal choroidal | 244.02 =+ | 24483 =+ | 24795 =+ | 251.79 + | 248.11 £ | 251.65 £ | 249.61 + | 254.44 +
thickness (pm) 1.24 1.29 1.34 1.31 1.20 1.39 1.34 1.42
Temporal 24772 £ | 24848 £ | 252.08 £ | 256.90 £ | 249.94 + | 254.36 + | 253.67 + | 257.30 +
choroidal 1.24 1.29 1.28 1.30 1.25 1.33 1.26 1.35
thickness (pum)
Axial length | 2424 £ | 2424 £ | 2425 £ |2425 +|2425 £ |2425 +|2425 +|2425 =
(mm) 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Systolic ~ blood | 109.25 + | 106.38 + | 107.38 + | 104.75 + | 107.88 + | 104.25 + | 107 £ | 103.83 +
pressure (mmHg) | 0.47 0.40 0.46 0.35 0.30 0.28 0.31 0.32
Diastolic  blood | 74.42 £ | 7242 £ |73.17 <+ 7396 +| 7254 £+ 7017 +| 7200 +|70.63 =+
pressure (mmHg) | 0.35 0.41 0.38 0.37 0.29 0.27 0.24 0.22

Table 1: Actual measurements at each time point. Each data point was averaged from all
subjects and accompanied by the standard error of the mean (SEM). “Active” represents
“active session.” “Placebo” represents “placebo session.”
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Difference in

actual

measurements

Active - 0.5 hr

after baseline

Active - 1.0 hr

after baseline

Active - 1.5

hrs after

baseline

Placebo - 0.5

hr after

baseline

Placebo - 1.0

hr after

baseline

Placebo - 1.5

hr after

baseline

Subfoveal
choroidal

thickness

(pm)

0.65+0.47

2.72 £0.60

8.38+£0.48

5.49 +0.56

4.34+£0.70

8.69 £0.84

Nasal
choroidal

thickness

(pm)

0.81+0.45

3.93+£0.63

7.77+0.51

3.53+£0.58

1.50 £ 0.62

6.33£0.80

Temporal
choroidal

thickness

(pm)

0.76 = 0.59

436+0.57

9.18 £ 0.46

442 +£0.57

3.74 £0.67

7.36 £0.80

Axial length

(mm)

0.0058 +

0.0005

0.0075 +

0.0006

0.0079 +

0.0008

-0.0033 +

0.0009

-0.0050 +

0.0010

-0.0042 +

0.0012

Systolic blood
pressure

(mmHg)

-2.88£0.34

-1.88£0.42

-4.50£0.32

-3.63£0.14

-0.875 +0.23

-4.04 £0.25

Diastolic
blood pressure

(mmHg)

-2.00+0.32

-1.25+£0.33

-0.458 +0.29

-2.38+£0.25

-0.542 £ 0.28

-1.92+0.26

Table 2: Difference in actual measurements at the later three time points. Each data point
was averaged from 24 subjects and accompanied by SEM. “Active” represents “active
session.” “Placebo” represents “placebo session.”
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2.9.2. Choroidal thickness

Choroidal thickness in each B-scan image was measured using digital calipers (Harb
et al., 2016). This was done at three retinal locations (fovea, one nasal location 250 um from
fovea, and one temporal location 250 pm from fovea) for each of the twelve B-scan images
(three B-scan images at each measurement time point for four measurements in total).
Measurements were performed by two masked measurers: the researcher and another
experimenter. If the measurements from the two experimenters differed by more than 15% or
30 um (Harb et al., 2016), they were adjudicated: both experimenters individually re-
measured the choroidal thickness until the difference in the two measurements fell within 15%
or 30 um (Harb et al.,, 2016). Otherwise, the results were averaged between the two
experimenters. Overall, we obtained choroidal thickness of one eye at four time points of a
test session (baseline measurement, 0.5 hour after baseline measurement, 1.0 hour after
baseline measurement and 1.5 hours after baseline measurement) for each subject. Each
subject had two test sessions, one with active juice and one with placebo juice.

Using SPSS, a paired t-test was used to compare the baseline choroidal thickness at
each retinal location at the beginning of the active session and at the beginning of the placebo
session in each subject. The goal is to ensure that the baseline choroidal thickness was not
significantly different at the beginning of each session for the same subject.

For the rest of the analysis, we looked at difference over time in choroidal thickness
compared to the baseline measurement. For each of the three later time points of a test
session (0.5 hour after baseline measurement, 1.0 hour after baseline measurement and 1.5

hours after baseline measurement), the difference in choroidal thickness compared to the
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baseline measurement was calculated (see data in Table 1 and Table 2). Using Excel, the
results from all subjects were averaged to produce a graph of the change in the difference in
choroidal thickness over time for the active test session and the placebo test session at each
retinal location.

Using SPSS, three-way repeated-measures analysis of variance (ANOVA) and
appropriate statistical corrections (i.e. Bonferroni for multiple corrections) were applied to
investigate differences among different experimental conditions with three within-subjects
factors: retinal location (subfoveal vs. nasal vs. temporal), juice type (active vs. placebo) and
time (0.5 hour after baseline vs. 1.0 hour after baseline vs. 1.5 hours after baseline). We
performed separate exploratory analysis for the two refractive error groups for the active and
the placebo sessions at the subfoveal retinal location at 1.5 hours after baseline only, due to

the lack of overall statistical significance (see Section 3.2.4).

2.9.3. Axial length

For each subject, only the eye selected for choroidal thickness analysis was used for
axial length analysis. Overall, we obtained axial length of the chosen eye at four time points
of a test session (baseline measurement, 0.5 hour after baseline measurement, 1.0 hour after
baseline measurement and 1.5 hours after baseline measurement) for each subject. Each
subject had two test sessions, one with active juice and one with placebo juice.

Using SPSS, a paired t-test was initially used to compare the baseline axial length at
the beginning of the active session and at the beginning of the placebo session in each subject.

The goal is to ensure that the baseline axial length was not significantly different at the
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beginning of each session for the same subject. However, the assumption of normality was
violated, as assessed by the Shapiro-Wilk's test. As a result, the nonparametric Wilcoxon
signed-rank test was selected instead. However, the symmetrical distribution assumption of
the Wilcoxon signed-rank test was violated, and the exact sign test was ultimately chosen to
compare the baseline axial lengths.

For the rest of the analysis, we looked at difference over time in axial length
compared to the baseline measurement. For each of the three later time points of a test
session (0.5 hour after baseline measurement, 1.0 hour after baseline measurement and 1.5
hours after baseline measurement), the difference in axial length compared to the baseline
measurement was calculated (see data in Table 1 and Table 2). Using Excel, the results from
all subjects were averaged to produce a graph of the change in the difference in axial length
over time for the active test session and the placebo test session.

Using SPSS, two-way repeated-measures ANOVA and appropriate statistical
corrections (i.e. Bonferroni for multiple corrections) were applied to investigate differences
among different experimental conditions with two within-subjects factors: juice type (active
vs. placebo) and time (0.5 hour after baseline vs. 1.0 hour after baseline vs. 1.5 hours). We
performed separate exploratory analysis for the two refractive error groups for the active and
the placebo sessions at 1.5 hours after baseline only, due to the lack of overall statistical

significance (see Section 3.3).



32

2.9.4. Blood pressure

Overall, we obtained systolic blood pressure and diastolic blood pressure at four time
points of a test session (baseline measurement, 0.5 hour after baseline measurement, 1.0 hour
after baseline measurement and 1.5 hours after baseline measurement) for each subject. Each
subject had two test sessions, one with active juice and one with placebo juice. The systolic
blood pressure and the diastolic blood pressure were separately analyzed.

Using SPSS, a paired t-test was used to compare the baseline systolic or diastolic
blood pressure at the beginning of the active session and at the beginning of the placebo
session in each subject. The goal is to ensure that the baseline blood pressure was not
significantly different at the beginning of each session for the same subject.

For the rest of the analysis, we looked at difference over time in systolic or diastolic
blood pressure compared to the baseline measurement. For each of the three later time points
of a test session (0.5 hour after baseline measurement, 1.0 hour after baseline measurement
and 1.5 hours after baseline measurement), the difference in either systolic or diastolic blood
pressure compared to the baseline measurement was calculated (see data in Table 1 and
Table 2). Using Excel, the results from all subjects were averaged to produce a graph of the
change in the difference in either systolic blood pressure or diastolic blood pressure over time
for the active test session and the placebo test session.

Using SPSS, two-way repeated-measures ANOVA and appropriate statistical
corrections (i.e. Bonferroni for multiple corrections) were applied to investigate differences
among different experimental conditions with two within-subjects factors: juice type (active

vs. placebo) and time (0.5 hour after baseline vs. 1.0 hour after baseline vs. 1.5 hours).
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2.9.5. Contrast sensitivity

Using the VPE program outputs at the end of the active session and at the end of the
placebo session, the researcher used a Weibull logistic function to fit the psychometric
function on each subject’s data. The subject's threshold corresponded to a criterion level of
75 % correct responses. Contrast sensitivity is then calculated as the inverse of the threshold.

Using Excel, contrast sensitivity was averaged by refractive error group (myope Vvs.
emmetrope) and by juice type (active vs. placebo). A graph was made to show contrast
sensitivity across different refractive groups at the end of the active session and the placebo
session.

Using SPSS, two-way mixed ANOVA and appropriate statistical corrections (i.e.
Bonferroni for multiple corrections) were applied to investigate differences among different
experimental conditions with two factors: juice type (active vs. placebo) and refractive error

(myopia vs. emmetropia).

3. Results
3.1. Subjects and exclusion of data

At the screening session, six subjects were ineligible for the study based on inclusion
and exclusion criteria. Thirty subjects were eligible and enrolled in the study, including
twenty-two females and eight males. In terms of refractive error, fifteen subjects were
emmetropes and fifteen subjects were myopes. All subjects met all the other

inclusion/exclusion criteria described above.
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Three subjects had more than 33% of their choroidal measurements that required
adjudication, defined by a difference of more than 15% or 30 um in the measurements from
the 2 measurers (Harb et al., 2016). When measuring choroidal thickness using digital
calipers on OCT images, during the adjudication process, the two masked measurers had
significantly different results on three subjects. Upon closer examination, the discrepancy in
measurements between the two measurers suggested poor visibility of the chorioscleral
border, and therefore increased difficulty in accurately measuring choroidal thickness. Data
from these three subjects were excluded from all analyses to ensure accurate results.

At the beginning and at the end of each test session, the HumanN® Nitric Oxide
Indicator strip was used to determine the systemic NO level in saliva. The NO level was
classified as “depleted” or “optimal,” based on the color scale provided by the manufacturer.
At the beginning of each test session, due to the fasting effect, all subjects showed a
“depleted” NO level. At the end of each test session, the subject’s NO level should
correspond to the type of juice ingested. In other words, all subjects who received placebo
juice should continue to show a “depleted” NO level, whereas all subjects who received
active juice should show an “optimal” NO level. At the beginning of the data analysis stage,
after the experimenter was unmasked, twenty-seven subjects showed NO levels that matched
the juice given at each test session. However, three subjects showed NO levels that did not
match the juice given at each test session — they showed a “depleted” NO level when active
juice was given, and they showed an “optimal” NO level when placebo juice was given. This

mismatch could be due to malfunctioning NO strips, labeling error of juice, measurement
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error, or any combination thereof. Data from these three subjects were excluded from all
analyses to ensure accurate results.

Overall, out of the thirty subjects recruited for the study, data from twenty-four
subjects were used for analysis, including eighteen females and six males. The mean age was
24.8 + 2.13 years. The ethnic distribution was as follows: eleven subjects were Asian
(including East Asian and Southeast Asian), ten subjects were Caucasian, one subject was
Hispanic, one subject was Middle Eastern, and one subject identified as mixed. In terms of

refractive error, twelve subjects were emmetropes and twelve subjects were myopes.

3.2. Choroidal thickness
3.2.1. Subfoveal choroidal thickness

The baseline subfoveal choroidal thickness for the active and the placebo sessions
was not significantly different, t(23) = -0.272, p = 0.788. As shown in Table 1, the baseline
subfoveal choroidal thickness for the active session was 251.07 + 29.77 um, and the baseline
subfoveal choroidal thickness for the placebo session was 251.74 £+ 28.57 pum.

Figure 2 illustrates the difference over time in choroidal thickness compared to the
baseline measurements for the active and the placebo test sessions at the subfoveal retinal
location for all 24 subjects. In the active session, the trend was a monotonic increase in
subfoveal choroidal thickness over time. In the placebo session, the trend was an increase in
subfoveal choroidal thickness at all times, with the smallest increase at 1.0 h after baseline.
The choroid in both the active and placebo conditions ended up thicker by about the same

amount, 8 microns, though the temporal patterns of increase differed.
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Figure 2: Change in the difference in choroidal thickness from baseline over time for the
active and the placebo test sessions at the subfoveal retinal location. Error bars indicate = 1
SEM. Values greater than 0 mean that the choroid thickened over time relative to baseline
Figure 3 illustrates the relationship between the difference in subfoveal choroidal
thickness and refractive error at 1.5 hours after baseline during the active session. Figure 4
illustrates the relationship between the difference in subfoveal choroidal thickness and
refractive error at 1.5 hours after baseline during the placebo session. Overall, no correlation
was found between the difference in subfoveal choroidal thickness and refractive error group
for either the myope group or the emmetrope group. In the placebo session, both the myope

group and the emmetrope group exhibited a wider range of values than in the active session

(see Figure 4).
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Figure 3: Scatter plot of the difference in subfoveal choroidal thickness against refractive
error at 1.5 hours after baseline during the active session. Values greater than 0 mean that the
choroid thickened over time relative to baseline.
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Figure 4: Scatter plot of the difference in subfoveal choroidal thickness against refractive
error at 1.5 hours after baseline during the placebo session. Values greater than 0 mean that
the choroid thickened over time relative to baseline.

3.2.2. Nasal choroidal thickness

The baseline nasal choroidal thickness for the active and the placebo sessions was not

significantly different, t(23) = -0.272, p = 0.788. As shown in Table 1, the baseline nasal
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choroidal thickness for the active session was 244.02 £+ 29.82 um, and for the placebo session
was 248.11 + 28.86 pm.

Figure 5 illustrates the difference over time in choroidal thickness compared to the
baseline measurements for the active and the placebo test sessions at the nasal retinal location
for all 24 subjects. In the active session, the trend was a monotonic increase in nasal
choroidal thickness over time. In the placebo session, the trend was an increase in nasal
choroidal thickness at all times, with the smallest increase at 1.0 h after baseline. The choroid

in the active condition ended up slightly thicker than in the placebo condition.
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Figure 5: Change in the difference in choroidal thickness from baseline over time for the
active and the placebo test sessions at the nasal retinal location. Error bars indicate = 1 SEM
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3.2.3. Temporal choroidal thickness

The baseline temporal choroidal thickness for the active and the placebo sessions was
not significantly different, t(23) = -0.746, p = 0.463. As shown in Table 1, the baseline
temporal choroidal thickness for the active session was 247.72 £ 29.72 um, and the baseline
temporal choroidal thickness for the placebo session was 249.94 = 30.01 um.

Figure 6 illustrates the difference over time in choroidal thickness compared to the
baseline measurements for the active and the placebo test sessions at the temporal retinal
location for all 24 subjects. In the active session, the trend was a monotonic increase in
temporal choroidal thickness over time. In the placebo session, the trend was an increase in
temporal choroidal thickness at all times, with the smallest increase at 1.0 h after baseline.

The choroid in the active condition ended up slightly thicker than in the placebo condition.
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Figure 6: Change in the difference in choroidal thickness from baseline over time for the
active and the placebo test sessions at the temporal retinal location. Error bars indicate + 1
SEM

Overall, there was a similar trend in the changes in choroidal thickness over time
across three retinal locations: In the active session, there was a monotonic increase in

choroidal thickness over time. In the placebo session, there was an increase in choroidal

thickness at all times, with the smallest increase at 1.0 h after baseline.

3.2.4. Interaction between retinal location, juice type and time for choroidal thickness
For choroidal thickness, there was no statistically significant three-way interaction
between retinal location, juice type and time, F(4, 92) = 0.443, p = 0.777. Further analysis

revealed no statistically significant two-way interaction between condition*location (F(2, 46)
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=1.339, p = 0.272), condition*time (F(2, 46) = 0.841, p = 0.438), or location*time (F(4, 92)

=0.384, p=0.819).

3.3. Axial length
There was no statistically significant difference in the median axial length between
the active session (24.24 mm) and the placebo session (24.25mm) at baseline, p = 0.134.
Figure 7 illustrates the difference over time in axial length compared to the baseline
measurements for the active and the placebo test sessions for all 24 subjects. The differences
in axial length values were converted from mm to pm for better graphic presentation. In the
active session, there was a monotonic increase in axial length over time. In the placebo

session, there was a decrease in axial length at all times relative to baseline.
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Figure 7: Change in the difference in axial length from baseline over time for the active and
the placebo test sessions. Error bars indicate = 1 SEM. Values above zero represent an
increase in AL and those below zero a decrease

Figure 8 illustrates the relationship between the difference in axial length and
refractive error at 1.5 hours after baseline during the active session. Figure 9 illustrates the
relationship between the difference in axial length and refractive error at 1.5 hours after
baseline during the placebo session. Overall, no correlation was found between the difference
in axial length and refractive error group for either the myope group or the emmetrope group.
The emmetrope group exhibited a wider range of values in the difference in axial length
during both the active session and the placebo session; however, the variability was driven by

a few outliers that showed shortening of axial length at 1.5 hours after baseline (see Figure 8

and Figure 9).
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Figure 8: Scatter plot of the difference in axial length against refractive error at 1.5 hours
after baseline during the active session. Values greater than 0 mean that the axial length
increased over time relative to baseline.
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Figure 9: Scatter plot of the difference in axial length against refractive error at 1.5 hours
after baseline during the placebo session. Values greater than 0 mean that the axial length
increased over time relative to baseline.

There was no statistically significant two-way interaction between juice type and time,

F(2, 46) = 0.603, p = 0.552. The main effect of time showed no statistically significant

difference in axial length between trials, F(1.321, 30.378) = 0.028, p = 0.921. However, the

main effect of juice type showed a statistically significant difference in axial length between
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trials, F(1, 46) = 5.321, p = 0.03. The axial length increased with the active juice and

decreased with the placebo, an unexpected finding.

3.4. Blood pressure
3.4.1. Systolic blood pressure

The baseline systolic blood pressure for the active and the placebo sessions were not
significantly different, t(23) = 0.891, p = 0.382. The baseline systolic blood pressure for the
active session was 109.25 + 11.25 mmHg, and the baseline systolic blood pressure for the
placebo session was 107.88 + 8.44 mmHg.

Figure 10 illustrates the difference over time in systolic blood pressure compared to
the baseline measurements for the active and the placebo test sessions for all 24 subjects. For
both the active and the placebo sessions, there was a decrease in the systolic blood pressure

at all times after baseline with the smallest decrease at 1.0 h after baseline.
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Figure 10: Change in the difference in systolic blood pressure from baseline over time for
the active and the placebo test sessions. Error bars indicate = 1 SEM. Values greater than 0
mean that the systolic blood pressure increased over time relative to baseline.

There was no statistically significant two-way interaction between juice type and time,
F(2, 46) = 0.603, p = 0.552. The main effect of juice type showed no statistically significant
difference in systolic blood pressure between trials, F(1.321, 30.378) = 0.028, p = 0.921.
However, the main effect of time showed a statistically significant difference in systolic
blood pressure between trials, F(2, 46) = 5.089, p = 0.01. Systolic blood pressure was
statistically different between 1.0 hour after baseline measurement and 1.5 hours after

baseline measurement for both juice groups combined, p = 0.017, a mean difference of -

2.896 (95% CI, -0.440 to -5.352) mmHg.
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3.4.2. Diastolic blood pressure

Figure 11 illustrates the difference over time in diastolic blood pressure compared to
the baseline measurements for the active and the placebo test sessions for all 24 subjects. For
the placebo session, there was a decrease in the diastolic blood pressure at all times after
baseline with the smallest decrease at 1.0 h after baseline. For the active session, the amount
of decrease in diastolic pressure reduced over time and approached baseline at 1.5 h after
baseline. Although there is no statistical significance (p = 0.14) via a paired-samples t-test,
the diastolic blood pressure for the active session appeared to be higher than the diastolic

blood pressure for the placebo session at 1.5 h after baseline.
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Figure 11: Change in the difference in diastolic blood pressure from baseline over time for
the active and the placebo test sessions. Error bars indicate + 1 SEM. Values greater than 0
mean that the diastolic blood pressure increased over time relative to baseline.
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The baseline diastolic blood pressure for the active and the placebo sessions were not
significantly different, t(23) = 1.289, p = 0.210. The baseline diastolic blood pressure for the
active session was 74.42 + 7.25 mmHg, and the baseline systolic blood pressure for the
placebo session was 72.54 + 7.03 mmHg.

There was no statistically significant two-way interaction between juice type and
time, F(2, 46) = 0.913, p = 0.408. The main effect of juice type showed no statistically
significant difference in diastolic blood pressure between trials, F(1,23) = 0.084, p = 0.775.
The main effect of time showed no statistically significant difference in diastolic blood

pressure between trials F(2,46) = 1.419, p =0.252.

3.5. Contrast sensitivity

Figure 12 illustrates contrast sensitivity across different refractive groups at the end of
the active session and the placebo session. For myopes, contrast sensitivity appears to be
higher at the end of the active session. For emmetropes, contrast sensitivity appears to be
higher at the end of the placebo session, although there is no statistically significant

difference (p = 0.22) via a paired-samples t-test,
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Figure 12: Contrast sensitivity across different refractive groups at the end the active session
and the placebo session. Error bars indicate + 1 SEM

There was no statistically significant interaction between juice type and refractive
error group on contrast sensitivity, F(1, 22) = 0.893, p = 0.355. The main effect of juice type
showed no statistically significant difference in contrast sensitivity across different refractive
groups, F(1,22) = 0.022, p = 0.883. The main effect of refractive error group showed no
statistically significant difference in contrast sensitivity across different juice types, F(1, 22)

=0.359, p=0.555.

4. Discussion and Conclusions
In the current study, we investigated the effect of a dietary supplement, beetroot juice

with nitric oxide, on human choroidal thickness, axial length, blood pressure and contrast
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sensitivity. Overall, we found no significant changes in these variables over the course of 1.5

hours, although a few trends were found.

4.1. Choroidal thickness

Although there was no statistical significance, a similar trend was observed in the
changes in choroidal thickness across three retinal locations: In the active session, there was
a monotonic increase in choroidal thickness over time. In the placebo session, there was a
decrease in the difference in choroidal thickness at 1.0 h after baseline compared to 0.5 h
after baseline, and an increase in the difference in choroidal thickness at 1.5 h after baseline.

To our knowledge, our study was the first to investigate the effect of NO via dietary
absorption on human choroidal thickness. Most studies that investigated the effect of
pharmacological agents on choroidal thickness have been animal studies. As discussed in the
introduction, studies consistently showed that NOS inhibitors inhibited choroidal thickening
in chicks and axial elongation shortly followed (Nickla and Wildsoet, 2004; Nickla et al.,
2006; Nickla et al., 2009; Nickla and Wallman, 2010), whereas NO or NO precursors
promoted choroidal thickening with the inhibition of axial elongation shortly following (Carr
and Stell, 2016). However, a few earlier studies did show conflicting results by
demonstrating the opposite: injection of L-NAME inhibited axial elongation in the
development of form deprivation myopia and hyperopic defocus-induced myopia (Fujikado
et al., 1997; Fujikado et al., 2001). The method of aadministration of NO was intravitreal

injection in all animal studies (Carr and Stell, 2016; Nickla and Wildsoet, 2004; Nickla et al.,
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2006; Nickla et al., 2009; Nickla and Wallman, 2010). Oral administration of NO has not
been tested.

Results of the current study did not show significant changes over time in choroidal
thickness at any of the three retinal locations with either active or placebo juice. The reasons
could be two-fold. For the first reason, we consider the oral route of administration of NO
used in the current study. Oral ingestion of nitrite promotes NO production, but for the
intervention to have any effect on the choroid, the newly produced NO molecules would
need to go through systemic circulation to reach choroidal circulation. One issue with the
oral route of administration is that NO has a very short half-life — only two milliseconds in
blood and two seconds in tissues (Eroglu E et al., 2018; Park et al., 2020). It is possible that
the newly produced NO as a result of beetroot juice ingested had already dissipated before
reaching any ocular issue. Future studies could repeat the same study with oral administration
of NO, but with increased concentration of nitrate in the beetroot juice and/or more frequent
administration of beetroot juice. Future studies could also consider using a different route of
administration, such as the topical administration of NO. In glaucoma therapy research, a few
compounds have been developed as a combination of a known glaucoma therapy drug and an
NO-donor (Erdinest et al., 2021). The goal is to overcome the short half-life of NO by
metabolizing the compound in the eye and releasing both the drug and NO to the target tissue
(Erdinest et al., 2021). One such promising candidate is 0.024% Latanoprostene bunod
(Bausch and Lomb) (Araie et al., 2015; Kaufman et al., 2017; Kawase et al., 2016), which
passed the Phase 3 trial and was approved by the FDA to enter the market as the

VYZULTA® glaucoma therapy in 2017 (Medeiros, 2016). To our knowledge, no study has
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been conducted on the effect of topical agents containing NO-donor moieties on choroidal
thickness, including VYZULTA®.

Another possible reason for non-significant results is measurement errors. The OCT
used for the study was a 2004 Optovue RTVue-100 OCT. Despite the researcher’s best
efforts in image acquisition and data analysis, the choroioscleral border was still hard to
distinguish in some subjects. The ambiguous choroioscleral border in OCT images could
contribute to the non-significant results. Future studies should consider using an OCT
machine with a higher resolution, such as a swept-source OCT (SS-OCT) (Copete et al.,
2013; Hirata et al., 2011; Mansouri et al., 2014). One study using SS-OCT and the manual
tracing method of determining choroidal thickness found that SS-OCT was able to produce
images with clear chorioscleral borders and measure choroidal thickness with reproducibility
in 100% of eyes, versus only 74.4% of eyes using spectral-domain OCT (SD-OCT) (Copete
et al., 2013). Future studies should also consider repeating the same study but using
automated segmentation software instead of the manual tracing method for measuring
choroidal thickness (Gupta et al., 2015; Zhao et al., 2020). It was found that compared to
manual tracing, automated segmentation software helped obtain accurate results faster,

especially for inexperienced experimenters (Zhao et al., 2020).

4.2 Axial length
In animal studies, axial elongation follows shortly after and is closely linked to
choroidal thickening (Nickla and Wallman, 2010). In the studies previously discussed in this

thesis, inhibitors of NO production not only inhibited choroidal thickening, but also induced
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ocular elongation (Nickla and Wildsoet, 2004; Nickla et al., 2006; Nickla et al., 2009; Nickla
and Wallman, 2010). In the Carr and Stell (2016) study where an agonist of NO production
was used, the axial length was significantly shorter than in the control trials.

Very few studies have evaluated the short-term effect of pharmacological agents on
axial length in human eyes. One such study used low-dose 0.01% atropine, a mainstay
intervention for myopia control, as the pharmacological agent of choice (Sander et al., 2019).
To our knowledge, none of the studies has utilized NO. Sander et al. found that low-dose
0.01% atropine induced a statistically significant shortening of axial length at 60 mins post
drop administration in young myopic adults, but the amount (—6+5 um) was likely not
clinically significant (Sander et al., 2019).

In the current study, we did not find a significant effect of axial-length shortening in
young adults. This corresponds to the lack of significant results in the literature on short-term
changes in axial length immediately in response to pharmacological interventions. We did
find the unexpected trend that axial length became longer during the active session and
shorter during the placebo session, although the overall change was less than 10 um (see
Figure 5), smaller than the estimated diurnal axial length fluctuation of 15-40 um (Stone et
al., 2004). It is possible that the trend observed in our study was due to random fluctuations
in axial length, but more studies are needed to investigate if a similar trend is seen.

Similar to choroidal thickness, it is also possible that the non-significance in axial
length data was due to the oral route administration of NO used in this study. As shown in
the Sander et al., 2019 study, a topical agent would be more likely to exert effects on ocular

tissues directly.
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4.3. Blood pressure

Overall, there was no statistically significant two-way interaction between juice type
and time for either the systolic blood pressure or the diastolic blood pressure. The only
statistically significant main effect was time in terms of systolic blood pressure: Systolic
blood pressure was statistically higher at 1.0 hour after baseline measurement than atl.5
hours after baseline measurement, p = 0.017 < 0.05, a mean difference of 2.9 (95% CI, 0.44
to 5.35) mmHg.

Two recent meta-analyses (Siervo et al. (2013) and Bahadoran et al. (2017))
summarized the effect of beetroot juice on blood pressure: Siervo et al. (2013) found that
based on 12 eligible studies, there was a significant effect of beetroot juice supplementation
on systolic blood pressure with a mean reduction of 4.5 mmHg when compared to the
placebo condition, whereas there was not a significant effect of beetroot juice
supplementation on diastolic blood pressure with a mean reduction of 0.9 mmHg when
compared to the placebo condition. The effect was similar for both short-term (< 3 days) and
long-term (>3 days) supplementation of beetroot juice (Siervo et al., 2013). Bahadoran et al.
(2017) further investigated the effect based on the type of placebo. After analyzing 27 studies
using the nitrate-depleted beetroot juice as placebo, the same type of placebo used in the
current study, there was a significant effect of beetroot juice supplementation on systolic
blood pressure with a weighted mean difference of -2.91 mmHg, whereas there was not a
significant effect of beetroot juice supplementation on diastolic blood pressure with a

weighted mean difference of -0.71 mmHg when compared to the placebo condition
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(Bahadoran et al., 2017). The effect was similar for both short-term (< 2 weeks) and long-
term (> 2 weeks) supplementation of beetroot juice (Bahadoran et al., 2017).

Our results agree with the meta-analyses above. Although no significance in two-way
repeated-measures ANOVA was found in either systolic or diastolic blood pressure, there
was a significant reduction in systolic blood pressure at 1.5 hours after baseline compared to
1.0 hour after baseline. The mean difference of 2.9 mmHg was on par with the result shown
in Bahadoran et al., 2017. Although not significant, there was a downward trend for systolic
blood pressure even in the placebo group. This result also agreed with a prevailing theory in
related nutrition research, which stated that in both the active and the nitrate-depleted placebo
beetroot juice, biologically active components other than nitrate could potentially regulate
reduction of systolic, and to a lesser extent, diastolic blood pressure (Bahadoran et al., 2017;
Clifford , 2015).

The limited significance in the blood pressure data in the present study could be due
to two reasons. The first reason is that the current study only recruited young, healthy
subjects with no chronic systemic conditions. It was found that the reduction in systolic and
diastolic blood pressure with beetroot juice supplementation was significantly higher in
subjects with chronic systemic conditions than in healthy subjects (Bahadoran et al., 2017;
Siervo et al., 2013). The second reason is that the current study only measured blood pressure
within a relatively short period of 1.5 hours after juice ingestion, whereas most studies in the
literature measured blood pressure over a longer period of time, at least 2 days with daily

juice ingestion (Bahadoran et al., 2017; Siervo et al., 2013).
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4.4. Contrast sensitivity

Although no statistical significance was found in the contrast sensitivity data, it
appears that for the placebo session, the contrast sensitivity was higher for the emmetropic
group than the myopic group, which agrees with the finding reported by some studies that the
central spatial contrast sensitivity is impaired in myopes (Collins and Carney, 1990;
Fiorentini and Maffei L, 1976; Liou and Chiu, 2001). Furthermore, myopes but not
emmetropes showed an improvement in contrast sensitivity at the end of the active session
when compared to the placebo session, which could support the theory that nitrate-rich
beetroot juice may enhance contrast sensitivity in eyes with existing impaired contrast
sensitivity.

In the current literature, only a few animal studies investigated the effect of NO on
contrast sensitivity. One study in chicks investigated spatial contrast sensitivity under low-
and high-photopic illumination and how it was modulated by externally applied dopamine
and NO (Shi et al., 2020). It was found that in low-photopic illumination, NO donors and
dopamine agonists increased contrast sensitivity to similar levels as found in high-photopic
illumination with no pharmacological interventions (Shi et al., 2020). Furthermore, this
enhanced contrast sensitivity was abolished and reduced to the level under low-photopic
illumination if either a NO production inhibitor or a dopamine antagonist was applied
sequentially (Shi et al., 2020). These findings suggested that NO may play a role in contrast

sensitivity modulation.
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Similar to choroidal thickness and axial length results, it is also possible that the oral
administration of NO used in this study affected its availability in ocular tissues and led to

the non-significant results.

4.5. Strengths/limitations and future directions

The strengths of the current study include the double-masked, repeated-measures
experimental design and the use of the nitrate-depleted placebo juice. The study was also
carefully designed to control for any other factors that could potentially affect choroidal
thickness other than NO, such as accommodation and diet leading up to the testing session.
Furthermore, the study used an established protocol and two experimenters for choroidal
thickness measurements, which were taken at the same time of day for the two sessions.

The current study also has a number of limitations. An OCT of low resolution was
used to measure choroidal thickness, the main outcome measurement. Moreover, both
experimenters who performed manual tracing did not have prior experience with the
technique, potentially contributing to human measurement errors. Lastly, we did not consider
the amount of juice ingestion by body weight, potentially leading to greater effect of
systemic NO upregulation in subjects with lower body weight and less effect of systemic NO
upregulation in subjects with higher body weight.

The overall lack of statistical significance in the current study could potentially be
attributed to the insufficient level of NO that had reached ocular tissues via systemic
circulation and/or poor instrument resolution. Future studies should consider repeating the

measurements with increased concentration of nitrate in the beetroot juice per body weight
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and/or more frequent administration of beetroot juice. Future studies should also consider
using a topical pharmacological agent with NO donating moieties, such as Latanoprostene
bunod. Lastly, future studies should consider using an OCT machine with a higher resolution
and automated segmentation software to obtain more accurate choroidal thickness

measurements.

4.6. Conclusions
In this preliminary study, there was no significant effect of NO-rich dietary
supplement beetroot juice on choroidal thickness, axial length, blood pressure or contrast

sensitivity over 1.5 hours in a cohort of 24 healthy young adults.
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