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Abstract: Recently, a non-equilibrium thermodynamic approach has been developed in order to
model the fundamental role of the membrane electric potential in the cell behaviour. A related new
viewpoint is introduced, with a design of a photobiomodulation treatment in order to restore part
of the visual field. Here, a first step in experimental evidence of the validity of the thermodynamic
approach is developed. This result represents the starting point for future experimental improvements
for light stimulation in order to improve the quality of life of the patients. The future possible therapy
will be in addition to the pharmacological treatments.

Keywords: photobiomodulation; glaucoma; non-equilibrium thermodynamics; ions fluxes; transport
theory; thermodynamics of bio-systems

1. Introduction

Glaucoma is an ophthalmic disease that affects around 1% of people aged over
40 years, 5% of people aged 70 years and older, and 10% of those older than 80 years [1],
and it can lead to irreversible blindness. The studies on the glaucoma diffusion in the next
years show that 112 million of people are expected to loose their vision by 2040 [1,2].

The open-angle glaucoma is the most widespread type of this disease, and it is re-
lated to the ocular hypertension which causes an impairment of retinal ganglion axons
cells [3–7], which make up the optical nerve, resulting in a progressive loss of retinal gan-
glion cells [8–10]. At present, the clinical treatments are aimed at lowering the intraocular
pressure with the intent of increasing the duration of patients vision. However, vision is not
only related to eyes. Indeed, it is the result of a complex information processing that occurs
in the brain. Thus, to treat damage to it, a holistic approach is needed to support the actual
treatments [11], improving the reduced information flow that reaches the brain [12–14],
optimising the entire process.

Recently, a thermodynamic approach to glaucoma and a thermophysical model the
optic nerve behaviour have been developed [15]: the thermodynamic analysis pointed
out the possible modification of the behaviour of the optical nerve by changing in the
membrane electric potential.

Moreover, the thermophysical results highlighted also that a control of the membrane
electric potential could produce regeneration, because the supply of energy generates ion
fluxes, with a consequent change in the membrane electric potential.

Consequently, we argued that a possible way to supply energy could be the use of
visible light [15], in relation to the recent evidences that photostimulation can promote

Appl. Sci. 2021, 11, 6301. https://doi.org/10.3390/app11146301 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9189-3876
https://orcid.org/0000-0002-1551-3664
https://orcid.org/0000-0002-3123-2133
https://doi.org/10.3390/app11146301
https://doi.org/10.3390/app11146301
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11146301
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11146301?type=check_update&version=1


Appl. Sci. 2021, 11, 6301 2 of 10

regeneration and functionality after nerve injury [16–18], and to the experimental and
clinical results of the effect of a non-thermal low dose light emitting diode (LED) array on
human cells [19,20]. Indeed, electrical activity has a fundamental role in stimulating the
regrowth potential of the central nervous system neurons [21,22].

However, these theoretical results have been only a possible hypothesis of new comple-
mentary therapies. So, an experimental approach has been developed, to obtain evidence,
in order to design a new visible light complementary therapy for glaucoma. Indeed, photo-
stimulation has just been used in neuromodulation [23]: neural stem cells have been shown
to express blue/red light-sensitive photoreceptors [24]. Moreover, the proliferation and
regulation of neural stem cells to neuronal or glial cells are wavelength-specific; indeed,
low-power (300 µW cm−1) monochromatic blue light (455 nm wavelength) was shown to
increase astrocyte differentiation. The behaviour of the neurones of the central nervous
system depends on mitochondrial generated ATP, and four major mitochondrial protein
complexes related to the generation of ATP present interaction with light of different
wavelengths [25].

So, in this paper we summarise a first experimental approach to evaluate the use
of visible light as a possible support to contrast glaucoma, as the thermophysical model
suggests. The results obtained represent a new viewpoint to introduce the visible light
as a support to the pharmacological therapies, in order to improve the quality of life of
the patients.

2. Materials and Methods

In this paper, we summarise the experimental confirmation of the results obtained
from the thermodynamic approach [15]. To do so, we first summarise the previous thermo-
dynamic results and, then, describe the experimental approach used.

The living cell membrane is characterised by an electric potential difference ∆φ between
the cytoplasm and the extracellular environment, with reference to the environment [26]. This
membrane electric potential is related to different permeabilities of some ions (Na+, K+,
Cl−, Ca2+, etc.). Let us consider the differential of the Gibbs free energy G [27–29]:

dG = V dp− S dT + ∑
i

µi dNi (1)

where V is the volume of the system considered, S is the entropy, µi represents the chemical
potential of the i-th chemical species, and N stands for the number of particles which flow
across the boundary of the system. In relation to the distributions of the different ions, there
exists an electric potential differences. In particular, cations (ions with positive charge)
accumulate in low electric potential energy regions, while anions (ions with negative
charges) present higher concentration at high values of electric potential energy regions [30].
The ion concentrations can be expressed as follows [30]

cN = cN,0 exp
(

N eN
kB T

)
(2)

where cN is the concentrations related to the number of molecules, eN is the energy per
molecule, kB (= 1.38× 10−23 J K−1) is the Boltzmann constant, T is the temperature, cN0
is the reference value of cN at eN = 0 J molecule−1, and kBT ≈ 4× 10−21 J molecule−1 for
ordinary temperature [30]. The electric potential can be evaluated by using the Goldman–
Hodgkin–Katz equation [27,30]:

∆φ =
R T
F

log10

(
PNa+ [Na+]out + PK+ [K+]out + PCl− [Cl−]out

PNa+ [Na+]in + PK+ [K+]in + PCl− [Cl−]in

)
(3)

where P is the permeability of the ion, [A] means concentration of the A-ion, R is the
ideal gas constant, T is the temperature, F is the Faraday constant, and out stand for
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outside, while in for inside. This last relation points out how the membrane potential can
be changed by alterations in the conductance of one or more ion. The ion channels and
transporters provide different permeability to distinct ions, such as Na+, K+, and Cl−.

Any change in the ion concentration changes both the membrane electric potential
and the related pH of the cytoplasm, because the concentration of a chemical species and
the pH can be obtained by the following relations [27,30]:

cout = cin exp

(
∆φ

R T

)
(4)

and
∆φ = ∆GH+ + 2.3

R T
F

∆pH (5)

where G is the Gibbs potential, F is the Faraday constant, 2.3 ∆pH is the physiological
concentration gradient, and H+ is the Hydrogen ion which is used by the cells in order
to modulate the membrane electric potential by changing the H+ concentration. These
changes in the ion transport modify the biochemical reactions inside the cells (the optic
nerve in our analysis), with related modifications of the biochemical processes. Indeed,
proteins play a fundamental role in ion transport. Proteins in the cytosol can be modified
in their functions by phosphorylation or dephosphorylation. An ion actively crosses the
membrane against its electrochemical potential, whereby the necessary energy is derived
either from the hydrolysis of ATP, or from the movement of a co-transported, or coupled
ion along its electrochemical gradient. In this context, the role played by the H+-ATPase
is fundamental, because it moves positive charges into the cell, while it generates large
membrane voltage (inside negative and outside positive) and a pH gradient [30–33]. Protein
phosphorylation is an important cellular regulatory mechanism, because many enzymes
and receptors [28,34,35] are activated or deactivated by phosphorylation by involving
kinases and phosphatases. Moreover, kinases are responsible for cellular transduction
signalling [7,36–38]. When ion fluxes occur, a variation in the concentration of the ions on
both side of the membrane occurs [39,40]:

dci
dt

= −∇ · Ji (6)

where ci is the concentration of the i-th ion (Na+, K+, Ca2+, Cl−, etc.) in C m−3, t is the
time and Ji is the current density of the i-th ion. However, as a consequence of these cellular
fluxes and processes, a specific entropy rate is generated [41,42]:

T
ds
dt

= ∇ ·
(

Ju −
3

∑
i=1

µi Ji

)
−

3

∑
i=1

Ji · ∇µi (7)

where s is the specific entropy, T is the temperature, JS = Ju − ∑3
i=1 µi Ji is the contri-

bution of the inflows and outflows, with i = 1, 2, 3 meaning Cl−-, Na+-, K+-fluxes,
Tσ = −∑3

i=1 Ji · ∇µi is the dissipation function [40], and µ is the chemical potential,
defined as:

µi =

(
∂G
∂ni

)
T,p,nk 6=i

(8)

where G is the Gibbs energy, n is the number of moles, and p is the pressure.
In relation to the ion fluxes, we also wrote the Equation (7) in a different way [15]:

T
ds
dt

= −∇ ·
(

Ju −
3

∑
i=1

µi Ji

)
(9)
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which, considering T constant and following Prigogine (ds/dt = 0) [43], becomes:

∇ ·
(

Ju −
3

∑
i=1

µi Ji

)
= 0 (10)

So, taking into account the change in the internal energy, we obtained [15]:∫
V

du
dt

dV = −
∫

V
∇ · JudV = Q̇ (11)

where u is the specific internal energy, Ju is the heat flux in W m−2, V is the cell volume in
m3, and Q̇ is the heat power in W, represented also by the power of the electromagnetic
waves flowing into the eyes.

Now, we describe the following experimental approach.
In chronic glaucoma, the Retinal Nerve Fibre Layer (RNFL) tends to gradually reduce,

until the connection between the retina and the nervous system disappears. Indeed, the
first glaucomatous lesions seem to occur in the brain, and they are quite similar to other
neurodegenerative diseases lesions. The nervous system also reacts by processing a com-
pensatory response to maintain the signal between the eye and brain regions, slowing
the progression of the disease, which can be interpreted as a balance between the dis-
ease and a brain adaptation. Moreover, recently, some degree of regeneration has been
achieved by the optic nerve by factors associated with intraocular inflammation, as our
thermodynamic model suggests. So, in relation to Equations (1) and (6), specific energy
fluxes could allow the retinal ganglion cells to regenerate axons, from the eye through the
entire length of the optic nerve. Progress in optic nerve regeneration holds promise for
visual restoration [44,45]. Indeed, retinal ganglion cell activity has been shown to increase,
if stimulated by visual stimulation, with a consequent axons regeneration, due to the
neural activity [21,46]. Consequently, the rationale of our analysis consists in verifying the
effectiveness of the visible light phototherapy in relation to rehabilitation. The stimulating
system is based on the stimulation of the above mechanism, in order to keep the optic
nerve signal alive, avoiding or reducing the neurochemical phenomena related to ocular
nervous fibres degeneration of the fibres of the ocular nerve. Therefore, we could consider
effective the light stimulation if a slowing in the progression of the disease occurs, and the
visual field, and the quality of vision, is maintained or improved.

In order to obtain experimental evidence in relation to our thermodynamic results,
useful for the definition of a more detailed trial on a large number of patients, and to
design a possible future therapy, we have developed a first trial on a small set of patients,
approved by our bio-ethic board. So, this operative study is focused on the achievement of
two objectives specific for patients with pathologies concerning damage to the optic nerve
resulting from primary chronic open-angle glaucoma:

• Primary objective: to verify a reduction in the damage to the optic nerve, and a
progressive recovery of vision, in patients undergoing rehabilitation therapy, based
on visual stimuli;

• Secondary objective: to verify an improvement in the quality of life in enrolled patients.

The criteria to enrol the patients can be summarised as follows:

• They are affected by a chronic open angle glaucoma;
• The damage is no more than the 50% of the vision field;
• They do not suffer any further disease.

The number of patients suggested by the bio-ethic board was twelve white Italians, as
reported in Table 1. All the patients enrolled continued their pharmacological treatments.
All the patients were enrolled after an ophthalmic visit and anamnesis of vision loss in
certain areas.
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Table 1. Patients enrolled by age and gender.

Patient Age Gender

1 54 male
2 59 male
3 53 female
4 47 male
5 55 female
6 59 female
7 58 female
8 74 female
9 73 female
10 49 female
11 52 male
12 72 female

The quantitative technical diagnosis was obtained using Optic Computed Tomography
(OCT). OCT is an imaging technique that uses low-coherence (or white light) interferometry
to capture micrometer resolution, from within optical scattering media [47]. Ocular OCT
is used by ophthalmologists to obtain high-resolution images of the retina and anterior
segment [48]. It provides a straightforward method of assessing cellular organisation,
photoreceptor integrity, and axonal thickness in glaucoma, macular degeneration, retinal
nerve fibre layers (RNFL), etc. Since 1991, OCT has been improved by rapid evolution for
use in detection and monitoring of glaucoma and macular diseases. Indeed, average RNFL
thickness indicates patient overall RNFL health. The mean value for RNFL thickness in the
general population is 92.9± 9.4 µm [49–53]. Typically, a normal, non-glaucomatous eye
has an RNFL thickness of 80 µm or greater, and is represented by green colour in the OCT
exam result. An eye with an average RNFL thickness of 70 µm to 79 µm is suspected of
glaucoma, and is represented by yellow colour in the OCT exam result. OCT shows optic
nerve hypoplasia (ONH) and RNFL parameters: RNFL and ONH parameters present a
green colour code for normality, values below normality present a red colour code, and
borderline values are represented by a yellow colour code. A white colour code refers to
values above the normality range, and grey indicates that normative data are not applicable.
Red colour represents the diseased thickness.

All the patients undergo an optical computed tomography CIRRUS 5000 by Carl Zeiss
(Oberkochen, Germany) scan prior to and after the complementary therapy.

The treatment is realised by using the smartphones of the patients (Android OS,
display Touchscreen, 6.3 in, pixels 2340 × 1080). Python-based software generates the
stimuli on the patient’s smartphone screen. The software generates light circles which move
randomly around the periphery of the area of visual loss: this is the treatment suggested.
So, the moving circles appear on the screen, upon which the patients gaze must remain
fixed. In summary, the treatment is realised by mapping the screen by coloured circles,
around the border of the visual loss area, as represented in Figure 1. A personalised set of
moving lights is generated for each patient at each point of the therapeutical procedure.

There are no problems regarding infrared or ultraviolet stimuli, because the screen
is CE-certificated and used worldwide by every smartphone owner. The lightness of the
screen of the smartphone was set at 50%. Moreover, the energy of the stimuli cannot
produce any damage to the cornea of the retina of the patients, as certified by the CE
certification for smartphone use.

The stimulation is performed for ten minutes a day, only for the treated eye. The
treatment is applied every day in a month for five months. The patients apply their therapy
at home. Each month, they are controlled by the ophthalmologist, in order to evaluate
any possible difficulty or improvement. No patient complained of difficulties during
the therapy.
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Figure 1. An example of treatment. Coloured circles map the screen at the border of the visual
field lost.

The colours were defined in relation to the analysis of the visual deficit in relation to
vision perception [54]. The colours used were generated using the following table (Table 2).

Table 2. Table of colours used during the therapy.

Wavelength (nm) sRGB Hex Triplet

491.41 (0,255,255) #00ffff
497.49 (207,52,118) #cf3476
549.13 (255,0,255) #ff00ff
570.47 (255,255,0) #ffff00

The circles map the screen corresponding to the periphery of the visual field lost (in the
transition zone [55,56], the region at the border between the damaged and non-damaged
visual field sector).

3. Results

In this section, we wish to highlight the results obtained by only analysing a patient.
So, in Figure 2A,B, we show an example of regeneration of the treated area, as observed,
for an Italian white male patient aged 54, affected by bilateral open angle glaucoma, more
severe on the left eye, since he was 45. Moreover, the patient has no other pathology
and he is treated with timolol (twice a day) and dorzolamide (three times a day). All the
patients reported an improvement of the visual sensation with particular reference to the
recovery of depth. In Figure 2, the OCT of this patient is represented as an example. We
can highlight that:

• In relation to nerve fibre layer, the thickness map is a topographical display of RNFL,
an hourglass shape of yellow and red colours, typical of normal eyes. In relation to
this patient, we can observe a reduction in nerve fibre in the exam of March 2020, but
an improvement in the exam in July 2020;

• The key parameters in the table show average RNFL thickness for the patient: in
March 2020 the right eye measured 55 µm and the left eye measured 44 µm, while in
July 2020 the right eye measured 64 µm and the left eye 44 µm;

• RNFL quadrant and clock hour: characteristic parameters are temporal, superior,
nasal, and inferior quadrants; in relation to the patient considered, we can highlight:

– In March 2020: the right eye presents a reduction in fibres in the superior, nasal
and inferior quadrant, and normal values in the temporal quadrant, while the
left eye presents a reduction in fibres in all quadrants;

– In July 2020: the right eye presents an improvement of fibres in the damaged
areas, in particular in the nasal and inferior quadrants, a smaller improvement in
the superior quadrant, and unchanged fibres in the temporal quadrant, while the
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left eye presents an improvement in the nasal quadrant, an unchanged number
of fibres in the superior and temporal quadrant, but a reduction in fibres in the
temporal quadrant.

Figure 2. Example of the effect of the experimental light stimulation, as designed by the thermophysical approach. The
patient is a 54-year-old man with glaucoma since he was 45, without any other pathology. The patient has been treated
for 5 months, ten minutes per day everyday during any month, for each eye. The optical tomography of a patient before
the treatment (A) and after the treatment (B). It is possible to highlight an improvement in the Nerve Fibre Layer. OS
means Left Eye. OD means Right Eye. The colour scheme in the OCT is defined as follows: green colour code represents
normality, yellow represents the suffering state and red represents the damaged state. The OCT system used has been the
Zeiss CIRRUS 5000.

The results here summarised represent a starting point for a further experimental
analysis, but it is needed to highlight an experimental evidence for the confirmation of the
thermodynamic results and the design of a possible photobiomodulation complementary
light therapy for glaucoma.

4. Discussion and Conclusions

Blue light (400–480 nm) has been shown to affect flavin and cytochrome constituents
associated with mitochondria, and to decrease the rate of ATP formation, with a related
production of ROS and cell death [25]. On the contrary, red light (650–800 nm) has been
shown to affect mitochondrial complex IV or cytochrome oxidase, and to increase the rate
of formation of ATP, with a related generation of a number of beneficial factors [25].

The thermodynamic approach highlights that external stimuli can induce continuous
metabolic generation, characterised by a relation between the ion fluxes and heat power
density generated. Indeed, it has been shown a relation between photobiomodulation
and nerve regeneration, with a related increase in the number of myelinated fibres and
an improvement of electrophysiological function, leading to the conclusion that beneficial
effects occur in relation to the recovery of nerve lesions [16].

So, a possible approach could be related to visible light stimulation. In order to gener-
ate the appropriate stimuli, we referred to the results obtained in the analysis of optimal



Appl. Sci. 2021, 11, 6301 8 of 10

vision perception [54,57], which lead to the frequencies summarised in Table 2. Indeed,
they appear the frequencies related to the spontaneous optimisation of the biological pro-
cesses for vision, as discussed in Ref. [58]. These experimental results follow the same
approach as our theoretical one, which is based on optimisation theory in engineering
thermodynamics [43,59]. In this paper, we summarise the results obtained by a first ex-
perimental proof in order to point out the effect of the visible light, if used in subsequent
monochromatic stimulations.

The results obtained open the way to future trials in order to design a therapeutical
device for the glaucoma treatment to be considered in addition to the pharmacological
treatments, in order to improve the quality of life of the patients.

This paper is a communication, so it represents a starting point for future deeper
analyses of the present experimental evidence, which represent preliminary results that
must be improved on considering a larger set of patients. So, we think that, after an
improvement of this evidence by a more detailed experimental analysis which will be
developed in the next future six months, and the results will be statistically significant
and will point out improvement in clinical examinations, then this approach could be
considered for possible use in the clinical treatments for glaucomatous patients, in order to
support the drug therapies for an improvement of the vision restoration of the patients,
and a consequent their well-being.
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