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The principle of operation of Rex_on-_l;ye® is the Qua.ﬁ’rum Molecular
Resonance (QMR®) Technology, mgh*-Qelivers a mild alternate
( guencies (frbm 4 MHz to
64 MH2Z) that has been shown to stimulate the

electrical signal containing a specific mix of i
tural regeneration of

B
cells °, in addition to having an important cmti-inflommqthion. ! i
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Effects of high frequency and low intencity currents: biostimulation and cell regeneration. Prof. C. Reggiani, Scientific
Director of Research, University of Padova 4

Studies showed that after a course of QMR® stimulation, the parvocellular infiltrate (black dots) appeared
within the muscle fibers. This is a result of the regenerative process in progress.

THE UNIQUE ADVANTAGES OF REXON-EYE® THERAPY

What makes REXON-EYE® Therapy unique and innovative is its ability to
stimulate biological fissue, enhancing the anti-inflasnmatory effect
and promoting the natural regeneration of cells and tissues. The first
application we selected is the treatment of dry eye, a condifion
affecting hundreds of millions of people worldwide.
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THE ANTI-INFLAMMATORY EFFECT

Inflalmmation plays a key role in what is called the "vicious circle of dry
eye." Inflammation leads to tear fim instability and ocular surface
damage. As the eyes become drier, the level of inflammation increases.
This heightened inflamnmation further exacerbates the dryness of the eyes.

REXON-EYE® Therapy interrupts this cycle through its anti-inflammmatory
effect. The technology acts to modulate macrophage polarization from
the pro-inflammatory M1 phenotype towards the anti-inflasmmatory M2
phenotype. Macrophages M2 reduce inflammation by downregulating
inflammatory cytokines and releasing anti-inflammatory cytokines. '

NATURAL REGENERATIVE EFFECT

QMR® technology emits packets of energy quanta capable of altering ion
concentrations in the intracellular/extracellular matrix (biochemical
effect), leading to significant changes in the fransmembrane potential of
the target cells.? These changes trigger metabolic pathways that
stimulate MSCs (Mesenchymal Stromal Cells). Subsequently, MSCs
differentiate into the required cell types.

Due to the properties of stem cells, the regenerated biological tissue
possesses the same characteristics and functionality as the original tissue.

BIOLOGICAL SAFETY

QMR® Technology is proven to be biologically safe. Rigorous studies on
chromosomes, apoptosis, and proteins have affirmed its biological safety,
assuring the absence of cellular damage in patients. °

1. Paolucci et al., Antioxidants, 2023
2. Dal Maschio et al., BAM, 2009

3. Sella et al., PloS ONE, 2018

4. Prof. C. Reggiani, 2005
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QMR
BIOLOGICAL SAFETY

Tested Cell Lines: Analyzed Parameters:

e Human fibroblasts MRC-5 o Cell morphology

(differentiated cells) [2]
« Viability and mortality

e Mesenchymal stem cells (MSC) [1] « Cell proliferation rate

 Adipocytes, osteocytes, chondrocytes « Differentiation potential
(differentiated cells) [2]
e Cell cycle
o Astrocytoma cells (tumor cells) [1] ]
o Apoptosis
o Glioblastoma cell lines [1] « Karyotype
e Endometrial adenocarcinoma cells [3] o Genomics and proteomics

Key Results:

» No karyotype variations. In vitro analyses confirmed the absence of associated genotoxic effects [2,4].

» No alterations in morphology, viability, cell cycle, or proliferation in treated cells [2,3,4].

e QMR treatment does not induce apoptosis or alter the differentiation of mesenchymal stem cells [2,4].

e In glioblastoma tumor cells cultured in vitro, QMR showed a cytostatic effect and enhancement of the
effectiveness of chemotherapeutic treatment (e.g., temozolomide in glioblastomas), and reduced cell
migration in more aggressive cell types [1].

[1] Selective cell cycle arrest in glioblastoma cell lines by quantum molecular resonance alone or in combination with temozolomide D. Catanzaro et al
[2] In-vitro analysis of Quantum Molecular Resonance effects on human mesenchymal stromal cells. S.Sella et al.
[3] In Vitro Gene Expression Profiling of Quantum Molecular Resonance Effects on Human Endometrium Models: A Preliminary Study A. Grassi et al.

[4] EFFECTS OF MOLECULAR QUANTUM RESONANCE IMAGING ON CULTURED HUMAN CELLS: SAFETY AND EFFICACY OF TREATMENT S. Sella

www.rexoneye.com
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Efficacy of Quantum Molecular Resonance in Neuropathic Corneal Pain and Corneal Nerve
Regeneration

Associate Professor Yu-Chi Liu, MD, MCI, PhD

Department of Cornea and External Eye Disease, Singapore National Eye Centre, Singapore.
Singapore Eye Research Institute, Singapore.
Ophthalmology and Visual Sciences Academic Clinical Program, Duke-NUS Medical School, Singapore

[Preliminary Report and Unpublished Data]

Background

Neuropathic corneal pain (NCP) is an emerging condition resulting from dysfunctional corneal nerves
and the diagnosis rate steadily increases yearly. Patients with NCP often experience burning, aching,
shooting, or stabbing pain without corresponding clinical signs, and the symptoms are typically
unresponsive to conventional dry eye treatments. The effects of NCP can range from mild discomfort
impacting daily activities to severe symptoms that significantly impair physical and social well-being.
NCP is associated with various conditions, including dry eye disease, diabetic corneal neuropathy, herpes
simplex keratitis, ocular trauma or surgeries. Psychological conditions like depression and anxiety, and
chronic pain states such as fibromyalgia and trigeminal neuralgia also predispose to NCP. The pain
management of NCP is challenging due to its multifaceted pathophysiology, often requiring a
combination of treatment modalities. However, many patients have persistent pain despite multiple
approaches, incurring huge indirect and direct economic costs.

Patients with NCP typically show impairment on sub-basal corneal nerves, which can be assessed using
in vivo confocal microscopy (IVCM). Evidence has shown significant reduced corneal nerve fiber length,
nerve fiber density, and nerve fiber fractal dimension, as well as increased corneal nerve fiber width in
NCP patients compared with healthy individuals.

Furthermore, recent studies have indicated that electrotherapy can effectively reduce ocular pain
intensity and promote nerve regeneration by delivering targeted electrical stimulation to affected nerves.
We therefore hypothesize that QMR, as a form of electrotherapy, may potentially relieve pain symptoms
and promote nerve regeneration in patients with NCP.

Aims
We aim to evaluate the efficacy of QMR in alleviating ocular pain symptoms of NCP, and to assess the
potential impact of QMR on stimulating corneal nerve regeneration.

Methods

Our study has recruited 19 patients diagnosed with NCP. QMR treatment followed the protocol as
recommended by Resono Ophthalmic. The Rexon-Eye device delivers stimulation to the epidermis of the
closed eyelids, extending up to the lid border with an intensity setting of 4-5 on a scale of 0-10. All
patients underwent 8 treatment sessions, with 1 session per week, each lasting 30 minutes. At each study
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visit, we conducted standardized questionnaires including the Visual Analogue Scale (VAS) and the
Ocular Pain Assessment Survey (OPAS) to evaluate eye pain intensity. At baseline, treatment visit 4 and
8, we conducted IVCM scanning to detect the changes of corneal nerves. At the end of treatment, we
conducted acceptability and satisfaction questionnaire and end of treatment questionnaire.

Preliminary results

QMR treatment alleviates neuropathic corneal pain
The VAS scores showed a continuous decreasing trend throughout the QMR treatment process, with a
statistically significant reduction observed after 4-week treatment (Figure 1 and Table 1).

Among various dimensions from the OPAS, a significant symptom relief was identified (Figure 2 and Table
2). Additionally, we observed a notable reduced interference on general activity, less pain exposed to
volatile chemicals, and reduced eye pain accompanied by redness following QMR treatment (Figure 3).
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QMR treatment potentially promotes corneal nerve regeneration

IVCM showed significant improvements in corneal
nerve metrics including corneal nerve fiber
density (CNFD), corneal nerve fiber length (CNFL),
and corneal nerve total branch density (CTBD)
following QMR treatment compared to baseline
(Figure 4 and Table 3). Moreover, for the NCP
patients who have undergone refractive surgeries,
significant increases were observed in both CNFD
(6.60+3.85/mm? vs. 3.27+2.34/mm?) and CTBD
(8.00+2.61/mm? vs. 4.15+1.27/mm?; both P<0.05)
following QMR treatment compared to baseline.

Table 3. Comparison of comeal nerve parameters pre- and post-QMR treatment

Parametoers Pro-treatmont Post-treatment P value
CNFD {/mm?) 7.54+486 1023 +548 0.048
CNBD ¢/mm?) 547 +6.19 9.15+9.62 0.052

CNFL (men/mm?) 563+234 681314 0.029
CTBD (/mm?) 10.80+8.38 15,49+ 12,27 0.037
CNFA (mm?/mm?) 0.0028 + 0.0000 0.0031 £ 0.0014 0.161

CNFW (mamvmm?) 0.0213 £0.0016 0.0214 £ 0.0010 0.880
CFractDim 1.33+ 007 1.35+0.06 0.058

CLEAR » comeal lenticule extraction for advanced refractive corection; SMILE »
small incision lenticule extraction; CNFD = comeal nerve fiber density; CNBD =
comeal nerve branch density; CNFL = comeal nerve fiber length; CTBD = cormeal
total branch density; CNFA = comeal nerve fiber area; CNFW = comeal nerve
fiber wigth; CFracDim = comeal nerve fiber fractal dimension.

Patient feedback and satisfaction of QMR treatment

Over 60% of patients reported an overall improvement in their eye condition following QMR treatment
compared with pre-treatment period. The majority of patients judged the treatment as pleasant (80%),
effective (53.3%), durable (66.7%), comfortable (73.3%), convenient (60.0%), and satisfied (66.7%).
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Conclusions

Based on our preliminary data, QMR treatment is effective in alleviating neuropathic eye pain, and
reducing the interference on general activities in NCP patients. QMR treatment potentially promotes
corneal nerve regeneration. The treatment is well-tolerated without adverse events reported during the
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study period. Larger-scale clinical trials with longer follow up are ongoing.
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Randomized, double-masked, sham-controlled trial of
efficacy and safety of quantum molecular resonance
for treating meibomian gland dysfunction
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ARTICLE
Randomized, double-masked, sham-controlled trial of efficacy
and safety of quantum molecular resonance for treating
meibomian gland dysfunction

1

Lita Uthaithammarat', Ngamjit Kasetsuwan 'Ztﬂ, Usanee Reinprayoon @ '?, Yuda Chongpison®, Wiyada Quanchareonsap’ and

Paphaphat Dissaneevate®*

© The Author(s) 2025

BACKGROUND: This randomized, double-blind, sham-controlled trial aimed to evaluate the novel quantum molecular resonance
(QMR) device for meibomian gland dysfunction (MGD) treatment.

METHODS: Eighty participants diagnosed with MGD were randomized into QMR or sham-QMR groups. Each procedure was
performed on days 0, 7, 14, and 21. Primary (meibum quality score) and other secondary outcomes were examined at baseline and
weeks 7 and 11. Tear osmolarity and interleukin (IL)-6 and IL-1 receptor agonist levels were evaluated at baseline and week 7.
Adverse events were recorded. A multilevel mixed-effect linear regression model was used for data analysis.

RESULTS: Meibum quality (p = 0.008), corneal/conjunctival fluorescein staining score (p = 0.036), telangiectatic vessel area

(p = 0.008), and superior (p =0.011) and inferior (p = 0.020) lid meiboscale were significantly improved in the QMR group than
those in the sham-treated group at week 11. Superior lid meiboscale (p = 0.027) and meibomian gland plugging grade (MGPG)
(p = 0.017) were significantly improved in the QMR group at week 7. In the QMR group, Ocular Surface Disease Index (OSDI) scores
and lid margin thickening grades were significantly lesser at weeks 7 (p = 0.002 and <0.001, respectively) and 11 (both p < 0.001)
than the baseline values. At week 7, IL-6 levels were significantly decreased only in the QMR group (p = 0.016). All other
parameters did not significantly differ. No serious adverse event occurred.

CONCLUSIONS: The QMR device was effective for MGD treatment, with improvements in meibum quality, corneal/conjunctival
staining, telangiectatic vessels, MGPG, superior and inferior lid meiboscale, and decreased OSDI score, lid margin thickening grade,
and tear IL-6 level.

Eye; https://doi.org/10.1038/s41433-025-03890-3

INTRODUCTION treatment for MGD and dry eye disease [3-7]. QMR is a physical

Meibum is an essential component of the tear film, protecting it
from hyperevaporation. Meibomian gland dysfunction (MGD), a
chronic abnormality of lipid secretion from meibomian glands in
the upper and lower eyelids, is characterized by duct obstruction
or qualitative/quantitative changes in meibum secretion. Abnor-
mal meibum secretion may lead to evaporative dry eye disease,
which is the most common type of dry eye [1]. Patients’
symptoms vary from no symptoms to ocular discomfort, redness,
itching, or photophobia. If these conditions are left untreated,
inflammation can occur and damage the ocular surface.
Currently, a gold-standard MGD treatment has not been
established; however, recommendations include warm compres-
sions and lid massages to liquefy the meibum, reopen the
obstructed gland, and remove the meibum. Moreover, anti-
inflammatory agents are used to decrease inflammation and
improve meibum quality [2]. In addition, various novel device-
based treatments are available. A quantum molecular resonance
(QMR)-based device was recently suggested as an effective

effect that occurs when tissues are stimulated with weak
alternating electric current patterns at 4-64 MHz. This randomized
sham-controlled trial aimed to ascertain the efficacy, safety, and
mechanisms of MGD treatment using this QMR device.

METHODS

This study was approved by the Institutional Review Board of the Faculty
of Medicine, Chulalongkorn University, Thailand, and adhered to the
tenets of the Declaration of Helsinki. This trial was registered at
ClinicalTrials.gov (NCT05165342). Written informed consent was obtained
from all participants. Additionally, written informed consent for the
publication of identifiable patient photographs (Supplementary Fig. 1B)
was obtained from the patient prior to publication.

Participants diagnosed with MGD according to the “International
Workshop on Meibomian Gland Dysfunction: Report of Subcommittee on
Management and Treatment of Meibomian Gland Dysfunction” [2] at the
outpatient clinic, Department of Ophthalmology, King Chulalongkorn
Memorial Hospital, Thailand, were recruited between December 10, 2021,

"Department of Ophthalmology, Faculty of Medicine, Chulalongkorn University and King Chulalongkorn Memorial Hospital, Bangkok, Thailand. 2Center of Excellence for Cornea
and Stem Cell Transplantation, Department of Ophthalmology, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand. 3Center of Excellence in Biostatistics, Research
Affairs, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand. 4Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand. Semail: ngamjitk@gmail.com

Received: 5 June 2024 Revised: 19 May 2025 Accepted: 12 June 2025
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and April 30, 2022. The inclusion criteria were (1) age 18-80 years, (2)
ability and willingness to comply with the treatment/follow-up schedule,
and (3) stage 1-4 MGD diagnosis in one or both eyes. Exclusion criteria are
presented in Supplementary Data.

The sample size was calculated using the meibum quality score as the
primary outcome with 80% power (3 =0.2). Eleven participants were
required for each of the QMR and sham-QMR groups to detect a clinically
significant difference in five scores between these groups. With a two-
sided statistical significance level of 5% (a=0.05), the mean meibum
quality score and pooled standard deviation (SD) were calculated as 13.8
and 4.10 [4, 8].

Experimental design

This was a prospective, randomized, double-blind, sham-controlled
clinical trial. In the randomization step, a treatment sequence was
randomly permuted in blocks of six and eight, with block sizes allocated
unequally in a ratio of 1:4:6:4:1 (Pascal’s triangle) for the first 34
participants. Subsequently, minimization [9] was used to assign partici-
pants to the sham-QMR or QMR group according to sex, age (<60 or >60
years), and MGD stage (1/2 or 3/4). The unit of randomization/
minimization was the individual participant. The sequences were placed
in an opaque, sealed envelope and stored by a researcher (W.Q.). All
investigators and participants were blinded to the treatment assignments
for the duration of their involvement. Upon study completion, a research
assistant unmasked the randomization sequence and forwarded the
results to the study team for data analysis. A single evaluator (L.U.)
examined patients throughout the study.

Treatment

This study used the QMR Rexon-Eye device (Resono Ophthalmic, Trieste,
Italy). All participants underwent either QMR or sham-QMR treatment
performed by a single research assistant on days 0, 7, 14, and 21. The QMR
treatment protocol was recommended by the company that developed
the Rexon-Eye device. The treatment was administered using goggles for
20 min per visit and applied to the closed upper and lower eyelids. The
intensity was set at 5 (custom units), corresponding to an average power
of 12W, with 60V voltage and 200 mA current between the goggle
electrode and the neutral electrode attached to the participant’s chair
(Supplementary Fig. 1). The sham-QMR group received the same
treatment except that the power was set to zero. During the procedure,
sound was perceived the same in the QMR and sham-QMR groups. All
participants were required to use only preservative-free artificial tears
(0.18% sodium hyaluronate) at least four times daily, together with lid
hygiene (lid scrub and warm compression) twice daily. Their compliance
was checked by a research assistant.

Clinical assessment

For each participant, the eye with the higher MGD stage was evaluated.
Primary (meibum quality score) and secondary (Ocular Surface Disease
Index [OSDI] score, tear meniscus height [TMH, mm], noninvasive tear
break-up time [NITBUT, s], bulbar conjunctival hyperemia [grade], tear film
lipid layer thickness [TFLLT, nm], corneal and conjunctival fluorescein
staining score, Schirmer’s test [mm], area of lid telangiectasia [pixel], lid
margin thickening and irregularity grade, meibomian gland plugging
grade [MGPG], superior and inferior lid meiboscale, and meibum
expressibility grade) outcomes were examined at baseline, 7-week
(1 month after the last treatment), and 11-week (2 months after the last
treatment) visits. Tear osmolarity (mOsm/L) and interleukin (IL)-1 receptor
agonist (IL-1Ra) and IL-6 levels (pg/mL) were evaluated at baseline and
7-week visits. Best-corrected visual acuity (BCVA), uncorrected visual
acuity (UCVA), and intraocular pressure (IOP, mmHg) were recorded on
days 0, 7, 14, and 21, week 7, and week 11. The sequence and details of
the clinical assessment are provided in Supplementary Data.

Statistical analysis

Demographics and baseline clinical characteristics are reported as mean
with SD, median with first and third quartiles, or frequency with
percentage. Linear mixed model regression with an adjusted baseline
was used to analyze all parameters over time. The results are presented as
estimated means and 95% confidence intervals (Cls). To determine
whether each outcome measure in the two groups changed differently
over time, a time-treatment group interaction term was included if
Pinteraction Was <0.2. To control for type 1 errors, Scheffé’s method was

SPRINGER NATURE

used as a post hoc test for multiple comparisons. The baseline cytokine
concentration was described as a geometric mean with a percent
coefficient of variation (%CV). Normal distribution was assessed with a
histogram and the Shapiro-Wilk test after logarithmic transformation.
Linear mixed model regression with adjusted log-transformed baseline
cytokine value was used to evaluate differences in logarithmic mean
values of cytokine concentrations. Intention-to-treat analyses of efficacy
outcomes were conducted. For all analyses, statistical significance was set
at an alpha level of 0.05. Stata version 15.1 was used (StataCorp, College
Station, TX).

RESULTS

Of 80 eligible participants, seven were lost to follow-up
(Supplementary Fig. 2). The baseline characteristics and clinical
and laboratory parameters of the QMR and sham-QMR groups are
shown in Supplementary Table 1. All estimated outcomes
calculated from linear mixed models are shown in Table 1,
Figs. 1 and 2.

Primary outcome: meibum quality

The meibum quality score was significantly lower in the QMR
group than that in the sham-QMR group at 11 weeks (p = 0.008).
In the QMR group, the 7-week score was significantly lower than
that at baseline (p=0.034). All other pairwise comparisons
showed no significant group differences.

Secondary outcomes

All secondary outcomes were presented in Table 1, Figs. 1 and 2.
The area of lid telangiectasia and tear cytokine levels are
presented in Supplementary Fig. 3 and Fig. 3, respectively.

Safety profile

BCVA, UCVA, and IOP. Pairwise comparisons of these parameters
at each time point were not significantly different (Supplementary
Table 2), and the ocular examinations of all participants were
normal throughout.

Adverse events. After the first QMR treatment, three participants
of the QMR group experienced mild upper eyelid redness, which
resolved without treatment within 3 days. The reason was that
the goggles were too tight, and no further complaints were
reported.

Temperature of the upper eyelid skin. The mean temperatures at
baseline and on days 7, 14, and 21 are presented in
Supplementary Table 3. The estimated mean difference between
the temperatures before and after treatment was significantly
higher in the QMR than in the sham-QMR group on days 0, 7, 14,
and 21 (all p <0.001; Table 2).

DISCUSSION

This is the first prospective, randomized, double-blind, sham-
controlled trial comparing QMR with sham-QMR treatment for
MGD. We found that QMR treatment significantly improved MGD-
related signs compared to the sham-QMR group, including
meibum quality, corneal and conjunctival staining, lid margin
telangiectasia, MGPG, and lid meiboscale. In the QMR group, OSDI
scores, lid margin thickening grades, and tear IL-6 levels were
significantly improved after treatment compared to the baseline
values.

Electrical stimulation with low-intensity currents has demon-
strated successful outcomes in tissue regeneration [10-13]. The
meibomian glands’ regenerative potential has been previously
reported using topical diquafosol [14], intraductal meibomian
gland probing [15], and lid hygiene [16]. This suggests that QR
can induce their regeneration. The QMR'’s specific current pattern
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(s} differs from that of other transcutaneous electrical stimulation
13 (TES) approaches [17, 18]. This study showed that meibomian
% o gland function and structure significantly improved after QMR
iy § © treatment. Improvement in corneal stz}ining indi.ce?t'es a decrease
g‘é ‘ﬁ ‘l-‘l’ in ocular surface inflammation, showmg. rever§|b|I|ty of co.rneal
OE a a : ] epithelium damage [19]. Improvements in meiboscale, meibum
quality, and meibomian gland plugging, which is positively
@ correlated with meibomian gland dropout [20], suggested the
:g = reversibility of meibomian gland damage. These findings are
"E@ s3 33 o o i o consistent with the theory that electrical stimulation facilitates
A AL 1y tissue regeneration.
~N Additionally, QMR alleviates inflammation as demonstrated by
decreased matrix metalloproteinase (MMP)-9 levels [3] and
2 leukocyte infiltration in tissues [10] reported by other studies
= N and reductions in IL-6 levels with a trend toward decreasing IL1-
£,5 s 8§ Ra levels according to our study.
5% v o S : The meibomian gland is not only regulated by hormones but is
& E = S = & e g also influenced by nerve stimulation, with nerve density playing a
28 3 E 5 & crucial role in its function [21]. The alternating current patterns of
§ T2 S 3 QMR may stimulate nerves innervating meibomian glands,
E e potentially leading to nerve and subsequent glandular
regeneration.
- A study examining QMR effects on human mesenchymal
E stromal cells revealed its impact on transcriptional regulation by
£ modulating genes associated with developmental processes and
= % & S cellular pathways, including metabolism, kinase activity, and
;"E = 3 = S cellular regulation. Real-time polymerase chain reaction showed
gg 4 4 A4 4 significantly increased MMP1, PLAT, and ARHGAP22 expression
after QMR treatment, whereas A2M expression was significantly
decreased [22]. These genes are involved in extracellular matrix
2o % g o9 28 85 E remodeling, angiogenesis, embryogenesis, inflammation reduc-
'FE% 3 2 22 28 335 |T tion, and wound healing promotion. The impact at transcriptional
o < . .
28 1 0 I L I P and cellular levels may decrease inflammatory cytokine levels,
S e el e o @ e.g., IL1-Ra and IL-6 levels, and improve ocular surface staining, as
g indicated by our results. A previous study showed a strong
° § association between ocular surface staining and ocular surface
=2 7T == = 32 & inflammation [23]. The QMR effects on transcriptional regulation
.g = $ 9 g E § a oo g suggest that its effectiveness may persist for an extended period
SENR og §¥ 88 % after treatment. ' o .
R O Y oS o SN do T The meibum quality score was significantly lower in the QMR
-.gg > o g3 & 3 - o= ﬁ group at 11 weeks than that in the sham-QMR group and at
8 TR S NI~ 8 7 weeks than the baseline values. At v_veek 7, MGPG was much
= = 2 lower in the QMR group than MGPG |n.th_e sham—_QMR group.
@ Moreover, MGPG in the QMR group was significantly improved at
- —_ J_E week 7 than the baseline values. This aligns with the findings of
E. E z = N E E a previous studies [3, 4]. Additionally, the superior and inferior lid
g — T == L s B meiboscales were significantly improved in the QMR group.
o |2 & |5 & a8 8= |3 Likewise, Kavroulaki et al. [6] reported such improvements
8 == =2 S 2 months after the last treatment; this effect persisted for at
g R RS 9o |8 least 2 months after treatment in our study. In contrast, Trivli et al.
g o - AU o found no change in meiboscale results [3].
£ Interestingly, meibum expressibility reflecting meibum secre-
a , , . , s tion [24] did not improve in our study. Meibum lipids contribute
3 £ ES £ ES £ ES £ ES s to tear film stability and protect tears from hyperevaporation [24].
& © 5C GO 5O 9 H9| 5 Accordingly, NITBUT, reflecting tear film stability, and TFLLT,
5 reflecting the amount of lipids in the tear film, did not improve
& ‘é after treatment in our study. ThIS. aligns with thg findings of_Foo
= G et al. [7]; however, other studies reported dlfferenF findings
g 5 & Z [3, 4, 6, 17]. Although meibum quality was significantly improved,
_§ < g £ s meibum expressibility was unchanged after treatment in our
- € 2 z ?: g study. Meibum quality was reported to bg a sensitive and specific
g 8 3 o 2 & test for MGD, whereas meibum expressibility has poor efficacy
£ g = = owing to variable secretory activity of individual glands depend-
§ & 3 S é = £ ing on their location [25]. NITBUT and TFLLT may require longer
. £ g g 2 T ] 249 follow-up periods to detect chgnges.
o §§ 3 3 R = I <\:/~ In both study groups, pgtlent—reponed dry eye symptoms
= 3£ 2 2 E : it f‘ a reflected by OSDI scores 5|gn|ﬁcantl)( improved th 7- and. 1 1jweek
= - = follow-ups compared with the baseline values without significant
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Eight outcomes in the QRM and sham-QRM groups at baseline and 7- and 11-week follow-ups. A Meibum quality score, B Ocular

Surface Disease Index score, C tear meniscus height, D noninvasive tear break-up time, E bulbar conjunctival hyperemia, F tear film lipid layer
thickness, G tear osmolarity, and H sodium fluorescein staining score. + p < 0.05, comparison between the two study groups; * p < 0.05,
comparison with baseline within each study group. QMR quantum molecular resonance.
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Fig. 2 Eight outcomes in the QRM and sham-QRM groups at baseline and 7- and 11-week follow-ups. A Schirmer’s test, B area of
telangiectasia vessels, C lid margin thickening grade, D lid margin irregularity grade, E meibomian gland plugging grade, F superior lid
meiboscale, G inferior lid meiboscale, and H meibum expressibility grade. + p < 0.05, comparison between the two study groups; * p < 0.05,
comparison with baseline within each study group. QMR quantum molecular resonance.
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Fig. 3

Logarithmic mean values of tear cytokine levels in the QRM and sham-QRM groups at baseline and 7-week follow-up. Levels of (A)

interleukin-6 and (B) interleukin-1 receptor antagonist in tear fluid. * p < 0.05, comparison with baseline within each study group. QMR quantum

molecular resonance.

Table 2. Estimated mean difference with 95% confidence interval of the upper eyelid temperature between immediately after and just before the
intervention.

Difference of Temperature (After-Before, Celsius) QMR Sham-QMR P

Day 0 1.67; [1.39, 1.95] 0.27; [-0.04, 0.51] <0.001
Day 7 1.46; [1.19, 1.74] 0.03; [-0.24, 0.31] <0.001
Day 14 1.77; [1.50, 2.05] 0.34; [0.06, 0.61] <0.001
Day 21 1.50; [1.22, 1.77] 0.06; [-0.21, 0.34] <0.001

P22 e

group differences. The application of artificial tears with lid
hygiene (standard treatment) may have caused this. The OSDI and
Standard Patient Evaluation of Eye Dryness Questionnaire scores
were also significantly improved in previous QMR [3-7] and TES
[17] studies. Moreover, the OSDI score primarily reflects the
patients’ subjective perceptions. Notably, the patients were
treatment-naive, and they compared their symptoms before
and after receiving the standard treatment together with the
intervention (either QMR or sham-QMR), resulting in improved
scores. Several studies have reported an inconsistent association
between clinical signs and subjective symptoms of dry eye
disease [26-29], and in this study, the sham-QMR group similarly
exhibited symptomatic improvement despite the absence of
significant changes in clinical signs.

According to our findings, QMR alleviated inflammation in
patients with MGD. IL-6 levels were significantly decreased at
week 7, with a decreasing trend in IL1-Ra levels after treatment.
Trivli et al. reported that QMR treatment significantly reduced tear
MMP-9 levels [3]. Moreover, IL-6, IL1-Ra, and MMP-9 are
associated with evaporative dry eye, including MGD [30-32].
Abnormalities in meibomian gland secretion contribute to tearing
hyperosmolarity and further induce stress to the ocular surface, in
which epithelial cells express IL-6. Furthermore, IL-6 amplifies the
process by recruiting both innate and adaptive immune cells to
the site of inflammation, promoting the vicious cycle of dry eye
disease and ocular surface inflammation [33]. Additionally, ocular
surface inflammation contributes to MGD [34]. In a previous
study, IL-6 levels were significantly associated with MGD and non-
Sjogren aqueous tear deficiency [30, 35]. As QMR can decrease IL-
6 levels, it may eliminate one of the factors leading to the vicious
cycle of dry eye and MGD. IL1-Ra is a natural antagonist of the
pro-inflammatory cytokine IL1f3 by competitively binding to type
1 IL1 receptors. The spare receptor effect causes IL1-Ra levels to
be higher than IL13 levels in normal tear fluid [36]. Moreover, IL1-
Ra tear levels were higher in patients with MGD than in healthy

Eye

participants [36], and they were nonsignificantly decreased after
applying QMR, which led us to infer that QMR may mitigate IL1-Ra
levels. Foo et al. found nonsignificant changes in the levels of 11
cytokines, including IL-6, in tears of patients with dry eye [7].
Desiccating dry eye stress increased the number of sloughing and
stained corneal cells [37]. Although in our study IL-6 and IL1-Ra
levels decreased in week 7, corneal and conjunctival fluorescein
staining significantly improved in 11 weeks. Inflammation-
associated clinical signs improve 1 month after cytokine reduc-
tion. Five previous TES/QMR studies showed significant improve-
ments in corneal and conjunctival fluorescein levels in the
treatment group [3-5, 7, 17]. However, bulbar conjunctival
hyperemia was not significantly changed in our study. Lid
telangiectasia is an MGD characteristic and reflects exposure to
insults, including inflammation [38, 39]. Our findings showed the
efficacy of QMR treatment in decreasing lid margin telangiectasia
areas at 7 and 11 weeks, whereas in the sham-QMR group, this
area was significantly increased at 7 weeks. The QMR-induced
amelioration of inflammation supports the hypothesis that QMR
can improve lid margin telangiectasia.

It was hypothesized that QMR promotes tear secretion [40].
Previous studies demonstrated QMR effectiveness in increasing
Schirmer’s test results [4, 5] and improving TMH [6]. However,
others found that QMR did not affect TMH or Schirmer’s test
results [3, 7, 17]. According to Han et al, tear osmolarity
significantly improved at 12 weeks [17]. Our study found no
significant improvements in TMH, Schirmer’s test results, or tear
osmolarity in the QMR group, whereas Schirmer’s test was worse
in the sham-QMR group at 11 weeks. We postulate that longer
follow-up or more QMR treatments are needed to detect
significant improvements in Schirmer's test and other tear
volume-associated outcomes because Schirmer’s test results were
improved after a 12-month follow-up [5].

Lid margin thickening is reportedly associated with MGD-
related meibomian gland morphological features except for
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meibomian gland dropout [20]. In our study, lid margin
thickening was significantly improved at 7 and 11 weeks in the
QMR group and at 11-week follow-up in the sham-QMR group.
The improvement in the sham-QMR group might be due to lid
hygiene, but our results suggest that QMR treatment with lid
hygiene decreases lid thickening more effectively and faster than
lid hygiene alone. Conflicting results have been reported
regarding the association between MGD and lid margin
irregularity [20, 41, 42]. In our study, lid margin irregularity did
not change after QMR treatment.

By contrast, thermal pulsation proximal to a distal peristaltic
motion device introduces heat of 42.5°C to the eyelid. Thermal
pulsation for MGD treatment involves liquefying and evacuating
meibum. The positive effect persisted for 3 months in one study
and for 12 months in another [43]. However, patients with a short
fornix and small palpebral aperture size reported discomfort and
soreness after treatment [43]. Another novel approach to
effectively treating MGD is IPL therapy. Underlying mechanisms
include reducing inflammation, thrombosing telangiectatic ves-
sels, and stimulating mitochondria of meibomian glands, thereby
promoting cell activity and consecutive improvement of the
meibomian gland microstructure. Its effects last 45 days to
27 months, depending on severity. However, side effects after IPL
treatment were reported, including cheek swelling, conjunctival
cysts, skin blistering, and hair loss at the brow and forehead [43].
Compared with these two device-based therapies, QMR has fewer
limitations of use and fewer side effects, and the impact at the
transcriptional level may persist longer after QMR treatment. The
longest study confirmed that transcutaneous electrical stimula-
tion (TES), which shares similar principles with QMR, is effective in
improving dry eye disease over a 12-month period [5].

The phase-transition temperature of MGD (35 °C) is higher than
that of healthy meibomian glands (32-33°C) [44]. Thus, heat-
based MGD treatment requires at least 40-45°C for eyelid
compression to melt pathologically altered meibum [2]. In our
study, the lid temperature significantly increased only by
1.50-1.77 °C after QMR treatment. Therefore, the QMR-induced
increase in lid temperature may not be important for meibum
quality improvement.

Regarding the QMR safety profile, BCVA, UCVA, and IOP did not
change throughout the study. Despite an increased eyelid skin
temperature after treatment, adverse events like upper eyelid
redness were mild and resolved without treatment within 3 days.
Moreover, ocular examinations did not reveal any abnormalities
throughout the study.

Our study had some limitations. First, our evaluations may not
have been frequent enough. This could have affected our
findings regarding certain parameters, including TMH, NITBUT,
TFLLT, tear osmolarity, Schirmer’s test, lid margin irregularity,
and meibum expressibility. Second, a longer follow-up time
might be needed to show the changes of some parameters.
Third, because the microbiome and Demodex mites were found
to be associated with MGD [2], further studies on the effects of
bacteria and Demodex load are needed. Finally, seven partici-
pants were lost to follow-up in this study (two and five
participants of the QMR and sham-QMR groups, respectively);
more participants might be needed to identify adverse QMR
effects. However, the number of participants exceeded the
calculated minimum sample size.

CONCLUSION

In conclusion, the use of a QMR-based device is a promising and
less invasive alternative to MGD treatment. It improved meibum
quality and alleviated inflammation of the ocular surface, as
demonstrated by clinical improvements of the cornea and
conjunctival staining and decreased IL-6 levels in tears.

SPRINGER NATURE

SUMMARY

What was known before

® Quantum molecular resonance could be used as an alter-
native treatment for meibomian gland dysfunction; however,
there is no previous randomized controlled trial of quantum
molecular resonance and meibomian gland dysfunction.

What this study adds

® This study is the first randomized controlled trial study which
showed that quantum molecular resonance (QMR) could help
meibomian gland dysfunction (MGD). QMR showed a
significant reduction in IL-6 cytokine in the tear and facilitated
meibomian gland regeneration. This study found that
meibomian gland plugging grade and telangiectatic vessels
of the lid margin in MGD patients were significantly
decreased after QMR treatment; however, there was no
improvement in tear film lipid layer thickness, tear osmolarity,
bulbar conjunctival hyperemia, lid margin thickening, and
irregularity grade after QMR treatment.

DATA AVAILABILITY

Datasets analyzed in this study are available on reasonable request.
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High Frequency Electrotherapy for the Treatment of
Meibomian Gland Dysfunction

Giulio Ferrari, MD, PhD,* Annalisa Colucci, MD,* Marco Barbariga, PhD,*
Alfredo Ruggeri, PhD, 7} and Paolo Rama, MD*

Purpose: To test the safety and efficacy of high frequency elec-
trotherapy (ET) on the clinical signs and symptoms of patients
affected by dry eye and meibomian gland dysfunction (MGD).

Methods: Twenty-five patients affected by MGD were enrolled.
Quantum Molecular Resonance ET was administered by means of
the Rexon-Eye device 4 times, once per week for 4 weeks. Patients
were reexamined | month after the last treatment. The primary
endpoint was reduction in corneal fluorescein staining. Additional
endpoints were tear break-up time, Ocular Surface Disease Index
score, meibomian gland secretion score, and the number of expressible
meibomian glands. Safety endpoints were Logarithm of the Minimum
Angle of Resolution (LogMar) best spectacle-corrected visual acuity
and intraocular pressure.

Results: Corncal fluorescein staining improved by 62.5% (P <
0.0001), tear breakup time increased by 30.9% (P << 0.0001), and the
Ocular Surface Disease Index score improved by 37% (P << 0.001).
The meibum quality and the number of expressible meibomian
glands also increased (35.7% and 12%, P << 0.001 and P < 0.0001,
respectively). Schirmer test scores increased after treatment by
16.5% (P = 0.01). No adverse events were observed.

Conclusions: Quantum Molecular Resonance ET appears to be
safe and significantly reduces symptoms and signs associated with
MGD. It may have a relevant role in the treatment of evaporative dry
eye discase.

Key Words: meibomian gland discase, dry eye, electrotherapy

(Cornea 2019;38:1424-1429)

ry eye disease (DED) is a highly prevalent and disabling
disorder, which affects 9 million persons in the United
States alone.! Meibomian gland dysfunction (MGD) is
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a chronic abnormality of the meibomian glands, characterized
by duct obstruction and/or qualitative/quantitative changes in
gland secretion. As a consequence. the tear film may be altered
and clinically apparent ocular surface inflammation can occur.?
There 1s no consensus on the exact prevalence of MGD,
although it has been reported to be higher than 60% in Asian
populations.®> In white populations, the prevalence reached
19.9%.° It is generally accepted that when MGD reaches
a sufficient degree, it induces evaporative dry eye, although
clinical features and symptoms often overlap with aqueous-
deficient dry eye, and the 2 clinical conditions are not
mutually exclusive.

Available treatments for MGD aim to control inflam-
mation of the ocular surface and/or target the meibomian
glands by improving their secretion through physical manip-
ulation and/or by locally increasing the temperature, which is
thought to ameliorate the fluidity of the secretion.” However,
despite the vast armamentarium of drugs and device-based
treatments available, MGD still remains an area of unmet
medical need.

Quantum Molecular Resonance (QMR) is a technique
in which low-intensity, high-frequency (a spectrum of
frequencies ranging from 4 MHz to 64 MHz) electric
currents are administered to a biological tissue through
contact electrodes. Previous data show that this specific
stimulation is able to significantly accelerate healing in
chronic wounds® and to effectively and safely treat symp-
toms and clinical signs of DED.” Although its mechanism of
action is still not completely understood, it is known that
QMR induces mechanical contraction of the cell surface and
downstream activation of intracytoplasmic calcium-dependent
pathways.'® As a result, increased expression of genes
involved in tissue regeneration has been observed, possibly
through extracellular matrix remodeling.!' In addition, the
expression of matrix metalloproteinase and the infiltration of
leukocytes were reduced by cutaneous application of QMR,*
which supports an anti-inflammatory effect.

Because MGD is an inflammatory ocular disease that
affects a large proportion of those diagnosed with DED, we
aimed to study the effect of QMR in a cohort of patients with
MGD and to quantify its effects by measuring markers
specific to the meibomian glands, such as meibum quality
and gland expressibility, in addition to ocular symptoms. We
administered treatment by using the Rexon-Eye device
(Resono Ophthalmic, Trieste, Italy; patented), a new and
improved version of the device used in the previous QMR
study on DED.? Specifically, the new device applies stimulation

Cornea » Volume 38, Number 11, November 2019
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and 4 and before treatment administration. The final evaluation
was performed 1 month afier the last treatment (ie, 2 months after
enrollment). Enrolled patients were allowed to maintain only
application of artificial tears as needed and warm compresses
twice a day. All other medications used to treat MGD (ie,
tetracyclines or other antibiotics), supplements, topical antibiotics
or corticosteroids, or cyclosporine were washed out for 2 weeks
before enrollment. Patients were asked to report the frequency of
the application of artificial tears at the enrollment and last visit.

Clinical Endpoints

The primary end point was reduction in corneal fluores-
cein staining (CFS). This was measured 3 minutes after the
instillation of moistened 1% fluorescein strips (Fluostrips), at the
slit lamp under cobalt blue light. Secondary endpoints included
the following: 1) change in the TBUT (measured 3 minutes
after the instillation of fluorescein), 2) change in the quality of
meibomian gland secretion, 3) change in the number of
expressible meibomian glands, 4) change in the OSDI score,
5) Schirmer test without anesthesia (as per the TFOS DEWS
IT report-Diagnostic Methodology-Schirmer Test), 6) visual
acuity, 7) intraocular pressure measurements, and 8) frequency
of artificial tears use.

Safety endpoints were ocular or systemic side effects
related to the treatment.

Statistical Analysis

To obtain the study power, we considered—based on
preliminary results—a type 1 error equal to 0.05, a type 2 error
of 0.2, a standard deviation in the primary endpoint equal to
1.3. This led us to consider that 25 patients should be enrolled,
considering a 10% loss at the follow-up, to test our hypothesis.

We averaged the scores from both eyes for all measured
variables with the exception of the OSDI, where only 1 score
per subject was obtained.

To assess the effect of treatment, we compared the
distribution of scores for each outcome measure before and
after treatment using the ¢ test for continuous and ordinal
variables. Nonparametric tests were used in other cases. Two-
sided P < 0.05 was considered statistically significant for all
comparisons. The statistical analysis was performed with
GraphPad Prism (GraphPad Software, La Jolla, CA).

RESULTS
The mean age was 54 years = 13.4. The M:F ratio was
5:20. Twenty-five patients were enrolled in this study. One
patient’s follow-up was missed because of job relocation;
hence, the analysis was performed on 24 patients.

Primary Endpoint
CFS

One month after treatment, CFS decreased on average by
62.5%, from 1.29 = 0.38 to 0.52 = 0.49 (P < 0.0001, Fig. 2A).

1426 | www.corneajrnl.com

Nonprimary Endpoints
TBUT
One month after treatment, the TBUT increased on

average by 30.9%, from 596 = 1.01 to 7.71 = 1.21 after
treatment (P < 0.0001, Fig. 2B).

Patient Symptoms (OSDI Score)

The treatment reduced the OSDI scores reduced on
average by 37.0%, from 47.19 = 20.20 to 31.96 = 24.21
(P = 0.0003, Fig. 2C).

Meibomian Gland Expressibility

Expressibility of the glands was ameliorated by the
treatment. Specifically, the score decreased on average by
12.5%, from 2.00 to 1.75 = 0.42 (P < 0.0001, Fig. 2D).
Reduction of this score stands for more expressible glands
and, hence, improvement of blepharitis.

Meibum Quality

One month after treatment, the score decreased (ie,
improved quality) on average by 35.7%, from 9.44 = 1.78 to
6.00 = 1.48 (P < 0.0001, Fig. 2E).

Schirmer Test
One month after treatment, it increased on average by
16.5%, from 12.42 = 498 to 13.90 = 5.01 (P = 0.01 Fig. 2F).

Other Endpoints

The frequency of artificial tears use dropped on average
by 51.2%, from 4.96 = 3.37 to 2.52 = 2.65, before and after
treatment, respectively (P < 0.0001, Fig. 2G).

Visual acuity was not affected by the treatment (0.1416
+ 0.1393 Logarithm of the Minimum Angle of Resolution
(LogMAR) before vs. 0.1267 = 0.1432 LogMAR after
treatment, P = 0.129, Fig. 3A).

Intraocular pressure was 14.30 £ 1.46 mm Hg before
and 13.98 = 1.14 mm Hg after treatment, which was not
statistically significant (P = 0.17, Fig. 3B).

Safety Evaluation
No adverse events related to the use of Rexon-Eye
were reported.

DISCUSSION

In this article, we provide evidence of the safety and
efficacy of the QMR-based electrotherapy (ET) for MGD-
related DED. We observed improvement in a number of
clinical parameters, including CFS, TBUT, expressibility of
meibomian glands, and meibum quality. Patient-reported
symptoms were significantly alleviated, and the frequency
of lubricant application was significantly reduced.

QMR-based ET has been used for years in the treatment
of cutaneous ulcers, where its postulated mechanism of action
includes reduced tissue infiltration of leukocytes and modu-
lation of metalloproteinase expression.® On a broader per-
spective, ET was shown to increase the secretion of salivary
glands.'>'* In the ocular field, electrical stimulation of the

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Clinical outcomes of
Rexon-eye ET. A, ET treatment
significantly reduced CFS (P <
0.0001). B, TBUT was increased by
ET (P < 0.0001). C, The Ocular
Surface Disease Index was reduced
by ET (P = 0.0003). D and E, The
number of expressible meibomian
glands and meibum quality were
also improved by ET (P < 0.0001).
F, Tear secretion, measured with
the Schirmer test, improved after
ET (P = 0.01). G, The frequency of
self-administered artificial tears use
decreased after ET (P < 0.0001). The
graphs represent mean values =
Standard Error of the Mean (SEM).
Statistics were performed with paired
t test analysis or the Wilcoxon signed-
rank test, as appropriate (*P < 0.05,
#EP < 0,01, #*FP < 0,001, *H*kp <
0.0001).
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ethmoidal nerve successfully increased tear secretion.'’ In
this vein, the fact that meibomian glands are richly innervated
by the autonomic and sensory nervous system'® makes ET an
attractive tool to modulate their activity in the setting of MGD.

Notably, the treatment was apparently safe, with no
reported adverse events and an excellent patient tolerability.
Specifically, visual acuity remained stable after treatment, and
so did intraocular pressure. This is relevant because the
standard treatment of DED includes chronic use of topical
corticosteroids, which are associated with a significant risk of
intraocular pressure elevation.

No side effects were reported, including minor compli-
cations, which is encouraging because the previous version of
the device induced cutaneous transitory erythema in 2 patients
and 1 patient was uncomfortable during the first session.” In
addition, no discomfort was reported by any patient after
treatment.

The primary outcome, CFS, did not improve in 3
patients. Of these, | was the oldest patient recruited (patient
no. 23, who was 83 years old). Although it is difficult to draw
conclusions from these limited numbers, it may be that ET is
less effective in patients of advanced age and/or with long-
term disease. The other 2 nonresponders (patient no. 9 and no.
15) did not seem to share any characteristics that may explain
the absence of improvement in CFS. Anyway, it should be
noted that 71% of patients (17 of 24) showed complete
corneal fluorescein clearing in at least 1 eye. Thirty percent of
patients (8 of 24) had bilateral complete resolution of CFS.

We cannot fully elucidate the mechanism(s) through
which the QMR stimulation exerted its action in patients with
MGD, although we hypothesize that an antiinflammatory effect
may be involved. In this vein, it is known® that QMR significantly
reduces the expression of proinflammatory molecules, such as
matrix metalloproteinases, which is increased in MGD.!?

Treatment administration also results in a modest
increase in local temperature, 3 to 4°C in all the subjects, as
measured with an infrared camera (data not shown). Because
local delivery of heat is known to improve meibomian gland
function, it is possible that the local temperature increase
associated with QMR could also have a role in clinical
improvement, although only for a limited time. In any case, it
should be noted that heat-based treatments for MGD are
normally effective when the temperature is more elevated,
approximately 45°C.'8

1428 | www.corneajrnl.com

Our data corroborate those of the previous study by
Pedrotti et al,” where Rexon-Eye showed efficacy in a cohort
of 27 patients by allowing a significant clinical improve-
ment in signs of DED. However, differently from our trial,
the number of patients with MGD was limited (only 7
patients), and no direct measure of meibomian gland
function was collected, which makes it difficult to draw
definitive conclusions in that specific patient subset.
Interestingly, we found that 1 month of treatment (4
treatment sessions), followed by a 1-month washout, was
already effective in inducing an increase in Schirmer test
scores. In this vein, patients with evaporative DE enrolled
by Pedrotti et al” also showed increased tear secretion,
although with a longer treatment duration (2 months, 12
treatment sessions). It is noteworthy that our treatment
protocol was able to ameliorate tear secretion after such
a short treatment course because it is known that clinical
endpoints used to evaluate the ocular surface and tear
production are generally poorly correlated. as reported by
many others,'? 2!

QMR was previously” administered through periorbital
skin electrodes and by an operator using a skin probe, twice
a week for 1 month, followed by once per week treatment
for 1 additional month, for a total of 12 sessions. In our
study, treatment duration was reduced to 4 sessions, once
per week, was operator independent because eyelid goggles
were used, and efficacy was maintained 1 month after the
last treatment.

We acknowledge that our study population was com-
posed of patients with mild or moderate MGD and that the
follow-up was limited to 1 month, which may be considered
short-term given the chronic nature of the disease. This study
was the first to test the goggle-based, operator-independent
device, which was different from the one used in a previous
trial.” This study was designed to preliminarily test the safety
and efficacy of such a novel apparatus. Clearly, a randomized
clinical trial, and longer-term follow-up, would strengthen our
findings, although masking may prove difficult because of the
mild heat sensation provided by the active treatment. Further
studies are in the pipeline to address these shortcomings.

Regardless of these observations, our results show that
the Rexon-Eye ET is effective in the treatment of mild or
moderate MGD, is apparently safe and well tolerated, and can
significantly reduce the need to use artificial tears.

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

CLINICAL STUDIES | UNIVERSITY RESEARCH |

PUBLICATIONS



Cornea * Volume 38, Number 11, November 2019

Treatment of Meibomian Gland Dysfunction

ACKNOWLEDGMENT
OMR is a registered trademark by Telea Electronic

Engineering, Italy.

. Mandal P, Khan MI, Shah S. Drugs

REFERENCES

. Novack GD, Asbell P, Barabino S, et al. TFOS DEWS I report. Ocul

Surf. 2017:15:629-649.

. Nichols KK, Foulks GN, Bron Al, et al. The international workshop on

meibomian gland dysfunction: executive summary. Invest Ophthalmol
Vis Sei. 2011;52:1922-1929.

. Lin PY, Tsai SY, Cheng CY, et al. Prevalence of dry eye among an

elderly Chinese population in Taiwan: the Shihpai Eye Study. Ophthal-
maology. 2003;110:1096-1101.

. Uchino M, Dogru M, Yagi Y, et al. The features of dry eye disease in a

Japanese elderly population. Oprom Vis Sci. 2006:83:797-802.

CJie Y, Xu L, Wu YY, et al. Prevalence of dry eye among adult Chinese in

the Beijing Eye Study. Eve (Lond). 2009;23:688-693.

. McCarty CA, Bansal AK, Livingston PM, et al. The epidemiology of

dry eye in Melbourne, Australia. Ophthalmology. 1998;105:

11141119,

do we need them? Applications of
non-pharmaceutical therapy in anterior eye disease: a review. Cont Lens
Anterior Eyve. 2017;40:360-366.

. Fraccalvieri M, Salomone M, Di Santo C, et al. Quantum molecular

resonance technology in hard-to-heal extremity wounds: histological and
clinical results. Int Wound J. 2017:14:1313-1322.

. Pedrotti E, Bosello F, Fasolo A, et al. Transcutaneous periorbital

electrical stimulation in the treatment of dry eye. Br J Ophthalmol.
2017;101:814-819.

. Dal Maschio M, Canato M, Pigozzo FM, et al. Biophysical effects of

high frequency electrical field (4-64 MHz) on muscle fibers in culture.
Basic Appl Myology. 2009;19:49-56.

. Sella S, Adami V, Amati E, et al. In-vitro analysis of Quantum Molecular

Resonance effects on human mesenchymal stromal cells. PLoS One.
2018;13:¢0190082.

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

CLINICAL STUDIES

16.

20.

21.

. Konidena A, Sharma D, Puri G, et al. Effect of TENS stimulation of

saliva in postmenopausal women with or without oral dryness: an
interventional study. J Oral Biol Craniofac Res. 2016:6(suppl 1):
S44-850.

. Hasegawa Y, Sugahara K, Sano S, et al. Enhanced salivary secretion by

interferential current stimulation in patients with dry mouth: a pilot
study. Oral Surg Oral Med Oral Pathol Oral Radiol. 2016;121:
481-489.

. Zadik Y, Zeevi I, Luboshitz-Shon N, et al. Safety and efficacy of an intra-

oral electrostimulator for the relief of dry mouth in patients with chronic
graft versus host disease: case series. Med Oral Patol Oral Cir Bucal.
2014;19:¢212-€219.

. Brinton M, Kossler AL, Patel ZM, et al. Enhanced tearing by electrical

stimulation of the anterior ethmoid nerve. Invest Ophthalmol Vis Sci.
2017:58:2341-2348.

Knop E, Knop N, Millar T, et al. International workshop on
meibomian gland  dysfunction: report of the subcommittee on
anatomy, physiology, and pathophysiology of the meibomian gland.
Invest Ophthalmol Vis Sci. 2011;52:1938-1978,

. Luo L, Li DQ, Corrales RM, et al. Hyperosmolar saline is a proin-

flammatory stress on the mouse ocular surface. Eve Contact Lens. 2005;
31:186-193.

. Borchman D, Foulks GN, Yappert MC, et al. Human meibum

lipid conformation and thermodynamic changes with meibomian-
gland dysfunction. fnvest Ophthalmol Vis Sei. 2011;52:3805-3817.

. Perry HD, Solomon R, Donnenfeld ED, et al. Evaluation of topical

cyclosporine for the treatment of dry eve disease. Arch Ophthalmol.
2008;126:1046-1050.

Sall K, Stevenson OD, Mundorf TK, et al. Two multicenter, randomized
studies of the efficacy and safety of cyclosporine ophthalmic emulsion in
moderate to severe dry eve disease. CsA Phase 3 Study Group.
Ophthalmology. 2000;107:631-639.

Goyal S, Chauhan SK, Zhang Q, et al. Amelioration of murine dry cye
disease by topical antagonist to chemokine receptor 2. Arch Ophthaimol.
2009;127:882-887.

www.corneajrnl.com | 1429

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

PUBLICATIONS

| UNIVERSITY RESEARCH |

P43






Evaluating the efficacy of Quantum Molecular Resonance (QMR)
electrotherapy in mixed-type dry eye patients




P46 e CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P47



P48 e CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P49



P50 e CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P51



P52

Journal of Optometry 00 (oo} 1-7

References

10.

. Stapleron F, Alves M, Bunya YY, et al. TFOS DEWS Il epidemioiogy

report. Ocul Surf. 2017;15(3); 334365,

. Geerling G, Baudouin C, Aragona F, et al. Emerging strategies

for the diagnosis and treatment of meibomian gland dysfunc-
tion: preceedings of the OCEAM group meeting. Ocul Surf.
2T 1502179192,

Willcox MDP, Argleso P Georgley GA, et al, TFOS DEWS || tear
fitm report. Octd Surf. 2017:15:366—403.

. Acera A, Rocha G, Vecino E, et al. Inflammatory markers in the

tears of patients with ocular surface disease, Ophthalmic Res.
2008:40:315-321.

. Chotikavanich 5, de Paiva C5, U de Q, et al. Production and

activity of matrix metalloproteinase-2 on the oodar surface
increase in dysfunctional tear syndrome. Invest Ophthalmol Vis
Sei. 2009;50: 3203 - 3209,

. Aragona P, Aguennouz M, Rania L, et al. Matrix metallopro-

teinase 9 and transglutaminase I expression at the ocular
surface in patients with different forms of dry eye disease,
Ophthalmology. 2015;122(1):62-71.

. Hessen M, Akpek EK. Dry eye: an inflammatory ocular disease. J

Ophtholmic Vis Res. 2014;2:240- 250,

. Sambursky R, Davitt 3rd WF, Latkany R, et al. Sensitivity and

specificity of a point-of-care matrix metalloproteinase 9 immu-
noassay for diagnosing inflammation related to dry eye. J4s4
Ophthalmel, 2013;131:24 28,

. Lee JM, Jeon YJ, Kim KY, et al. Ocular surface analysis: a com-

parison between the Lipiiew® Il and IDRA™ . Eur J Ophthaimol.
2020:1120672120965035.

O'Heil EC, Henderson M, Massaro-Giordana M, et al. Adwvan-
€es in dry eye disease treatment. Curr Opin Ophthalmal,
201930430 166178,

1.

12.

13.

14.

15.

16.

17.

18.

19

20

21,

Ferrari G, Coluccl A, Barbariga M, et al. High frequency electro-
therapy for the treatment of metbomian gland dysfunction. Cor-
ned. 2019 38(11): 14241429,

Sella 5, Adaml ¥, Amatl E, et al. In-vitra analysis of Quantum
Maolecular Resonance effects on human mesenchymal stromal
cells, PLoS One. 2018;13(1).

Fraccalvieri M, Salomone M, DI Santo C, et al. Quantum molecu-
tar resonance technology in hard-to-heal extremity wounds: his-
tological and clinical results. int Wound J, 2017;14:1313-1322.
Sullivan BD, Whitmer D, Nichols KK, et al. An objective
approach to dry eve disease severity, invest Ophthalmol Vis Sci.
2010;51:6125-6130,

Pedrotti E, Bosello F, Fasolo A, et al. Transcutaneous periorbital
electrical stimulation in the treatment of dry eye. Br J/ Ophthal-
mal. 2017 1071(6):814-819.

Miller KL, Walt JG, Mink DR, et al. Minimal clinlcally impaortant
difference for the ocular surface disease index. Arch Ophthal-
mol. 2010;128(1):94 101,

Tormdinson A, Bron A, Korb DR, et al, The international workshop
on meibomian gland dysfunction: repoart of the diagnasis subcom-
mittee, Invest Ophthalmaol Vis Sci. 2011;52(4): 20062049,

Korb DR, Blackie CA. Melbomian gland dlagnostic expressibility:
correlation with dry eye symptoms and gland location. Cormea.
2008;27: 11421147,

Walffsohn J5, Arita R, Chalmers R, et al. TFOS DEWS | diagnos-
tic methodology report. Ocwl Surf. 2017:15:539-574,

Costin GE, Birlea 54, Norris DA. Trends in wound repair: cellular
and molecular basis of regenerative therapy using electromag-
netlc fields, Curr Mol Med. 2012;12(1):14-26.

Melson JD, Shimazaki J, Benitez-del-Castillo JM, et al. The
international workshop on meibomian gland dysfunction: report
of the definition and classification subcommittee. fnvest Oph-
thalmol Vis Sci. 2011;52(4):1930-1937.

CLINICAL STUDIES |

UNIVERSITY RESEARCH |

PUBLICATIONS



Quantum Molecular Resonance Electrical Stimulation as a
Beneficial and Safe Treatment for Multifactorial Dry Eye Disease




P54 o CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P55



P56 ® CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P57






Quantum molecular resonance electrotherapy (Rexon-Eye)
for recalcitrant dry eye in an Asian population




P60 ® CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P61



P62 ® CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P63



P64 © CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P65



P66 ® CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P67



P68 ® CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS



CLINICAL STUDIES | UNIVERSITY RESEARCH | PUBLICATIONS ® P69






Quantum Molecular Resonance Effects on Patients
With Dry Eye Disease: A Randomized Controlled Trial




8 +HAWAOANDNHBEAAIAYOIFOALIOFIHSALAHDOOAEIEAHIDIADAUMY LXOM

AOUOIN X FOHISABZIUTIM+BENIDI LWNOIZ LABMHAESINAUE AQ (wifeausoowod mm siewnoly:duy woly papeojumoq

¥20e/80/ L0 uo

P72

CLINICAL SCIENCE

Quantum Molecular Resonance Effects on Patients With Dry
Eye Disease: A Randomized Controlled Trial
Asaf Shemer, MD,* 1 Aya Altarescu, MD,*1 Lee Nusbaum, MD,*1 Maya Vardi, MD,* |

Biana Dubinsky-Pertzov, MD, MPH,*1 Idan Hecht, MD,*1 Lior Or, MD,*
Adi Einan-Lifshitz, MD,*1 and Eran Pras, MD* 7}

Purpose: The aim of the study was to evaluate the efficacy and
safety of quantum molecular resonance in the treatment of dry eye
disease.

Methods: This study was a double-blind randomized control trial
in | academic medical center, for 2 years. Participants received
treatment or a placebo with the Rexon-Eye device, once per week for
4 weeks. The primary outcome was the change in dry eye symptoms
assessed by the Ocular Surface Disease Index (OSDI). Secondary
outcomes were clinical findings associated with the dry eve such as
meibomian gland dysfunction (MGD) score, tear break-up time
(TBUT), corneal fluorescein staining, Schirmer test, and best-
corrected visual acuity (BCVA).

Results: Forty patients were recruited, 20 in each arm. The mean
age was 63.5 = 15.1 years and 27 (67.5%) were female. The mean
OSDI score significantly improved in the intervention group from
19.15 = 10.3 to 10.5 = 7.0 (P < 0.001). whereas the control group
showed no significant change (14.4 = 8.4 to 15.5 = 8.6, P = 0.830).
MGD scores significantly improved in the intervention group
(1.57 £ 1.2 t0o 0.8 £ 09, P = 0.006), whereas showing no
significant change in the control group (1.60 *= 0.9 to 1.99 = 1.0,
P = 0.244). The corneal staining score also showed significant
improvement in the intervention group (£ = 0.045) and a non-
significant decline in the placebo group (P = 0.50). No significant
difference was seen in TBUT, visual acuity, and Schirmer scores
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between groups. No harm resulting from treatment was reported
during the duration of the trial.

Conclusions: High-frequency electrotherapy may have a positive
effect on symptoms and signs of dry eye. This emerging technology
may become part of the arsenal of therapeutic modalities for this
condition.

Key Words: dry cye, dry eye discase, quantum molecular reso-
nance, Rexon, Ocular Surface Disease Index

(Cornea 2023;00:1-6)

ry eye disease (DED) is a highly prevalent and disabling

disorder, which affects approximately 9 million persons
in the United States alone." Affected individuals can have
a considerable reduction in quality of life and suffer from
decreased visual function, social and physical functioning,
and workplace productivity.? Available treatments include the
administration of artificial tear substitutes, suppression of
ocular inflammation, eyelid hygiene, and targeted treatment
for improving meibomian gland function. However, these
therapeutic modalities have limited efficacy and the dry eye
remains a chronic and debilitating disorder and an area of
unmet medical need.’

The Rexon-Eye device (Resono Ophthalmic Inec, San-
drigo, Italy) is a new device based on quantum molecular
resonance (QMR) technology. QMR is a technique in which
low-intensity, high-frequency electric currents are adminis-
tered to a biological tissue through contact electrodes.* The
Rexon-Eye device applies stimulation to the epidermis of
closed eyelids up to the lid margin through specially designed
goggles. Previous studies have shown a favorable safety
profile with high patient satisfaction for several QMR
devices. Results of several studies suggested that the Rexon
device can be an effective tool for accelerating healing in
systemic chronic wounds and tissue regeneration.>® In
addition, 2 recent observational, nonrandomized studies
reported the device to be both subjectively and objectively
effective for treating symptoms of dry eye; however, no
control group was evaluated.®’

Given these results, we set out to evaluate whether the
QMR technology is effective for the treatment of dry eye
disorder. The purpose of this study was to evaluate the
efficacy and safety of the Rexon-Eye device in a randomized,
placebo-controlled, double-blind fashion.

1
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METHODS
This study adhered to the tenets of the Declaration of
Helsinki and was approved by the Institutional Review Board
(IRB) of the Shamir Medical Center. Informed written
consent was granted before enrollment.

Design and Patient Population

The study was conducted at Shamir Medical Center
(Assaf-Harofeh), an academic tertiary medical center in
central Israel. This was a double-masked, randomized control
trial (ClinicalTrials.gov Identifier: NCT05469932).

We included male or female subjects 18 years or older
who have the full legal capacity to volunteer on the date the
informed consent document is signed. Additional inclusion
criteria were subjects who agreed to participate in the study,
subjects who can follow the instructions of the clinical staff at
the clinical site, can attend examinations on the scheduled
examination date, and subjects who meet the applicable
criteria for patients suspected of having DED. A diagnosis
of DED was obtained after a corneal specialist examination.
The definition of DED was defined as having each of the
following in OU: 1) Ocular Surface Disease Index (OSDI)
score <13, 2) tear break-up time (TBUT) =10, and 3) corneal
staining =1. We excluded subjects who routinely use contact

lenses, have active intraocular inflammation, female subjects
of childbearing potential who are currently pregnant or
nursing, experienced ocular trauma, or subjects who under-
went any ophthalmic intervention (surgery, refractive laser
surgery, etc) within 6 months before the trial.

Study Protocol

Participants were randomized into 2 groups: interven-
tion and placebo groups. Patients in the intervention group
were treated with the Rexon-Eye device 4 times, once per
week for a total of 4 weeks at the manufacturer’s recom-
mended power setting (power 4). Patients in the control group
were treated at identical treatment sessions with the Rexon-
Eye device (4 times, once per week for a total of 4 weeks) at
identical locations and duration. They were connected to the
device; however, the device was set at zero power during
treatment. Throughout the trial, we took all measures to
ensure that patients had a consistent experience in both
groups, making it difficult for them to discern whether they
were receiving active treatment or placebo. Treatment
sessions were scheduled at varying times, effectively prevent-
ing communication between participants in the 2 groups.

All patients were examined by an experienced ophthal-
mologist before the first treatment and after the last treatment.

| Randomized (n=40) |

SN

Allocated to intervention

Allocated to control
(n=20) (n=120)

Received allocated Received allocated

Allocation

intervention (n = 20)

Did not receive allocated
intervention (n = 0)

intervention (n = 20)

Did not receive allocated
intervention (n = ()

Follow up

Lost to follow up
(n=0)

Discontinued intervention
(n=0)

Lost to follow up
(n=0)

Discontinued intervention
(n=0)

Analysis

FIGURE 1. Diagram showing the flow of par-
ticipants through each stage of the trial
(CONSORT).

Analyzed (n = 20)

Excluded from analysis
(n=0)

Analyzed (n = 20)

Excluded from analysis
(n=0)
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Electrotherapy for Dry Eye Disorder

TABLE 1. Clinical Characteristics of the Intervention and
Control Groups at Baseline

Intervention Control
Group Group
Variable N(%) SD N(%) SD P
No. of patients 20 20
Age, mean 62.8 165 643 141 0.769
Female sex 13 14 0.736
(65) (70)
BMI, kg/m? 266 7.2 262 6.0 0867
Medical history
Smoking 4 (2 3(15) 0.677
Asthma 0 (D) 2 (10) 0.136
Diabetes mellitus 3(15) 7 (35) 0118
Hypertension 4(20) 7(35 0.243
History of malignancy* 1(5) 0 (0 0.323
Ocular history
Refractive surgery - LASIK 2 (1 1(5) 0.720
Refractive surgery - PRK 3(15) 2(10) 0.652
Cataract surgery 6 (30) 9 (45) 0.484
Pars plana vitrectomy 1(5) 1(5) 1.0
Anti-VEGF treatment 0{0) 1(5) 0.323
Blepharoplasty 4200 3(15) 0.677
Pterygium 0 (0 1(5) 0.323
BCVA (logMAR) 0.141 0155 0133 0.11 0.855
Signs and symptoms of dry eye
disease (mean * SD)
Baseline OSDI score, mean 19.15 103 14.4 84 0119
MGD score, mean 1.57 1.2 1.60 0.9 0943
Tear break-up time, seconds 6.58 3.1 6.65 29 0941
Comeal staining, mean 2.25 2.3 2.30 2.1 0943
Schirmer score, mm 8.50 7.5 10.6 7.7 0379

Clinical and demographic characteristics of 40 patients included in the study.
*One individual in the intervention group had thyroid cancer.
BMI, body mass index,

Each examination was composed of a subjective question-
naire (eg, OSDI) filled out by the subject and clinical
assessment that included the following for each eye: meibo-
mian gland dysfunction (MGD) score: we used gentle
meibomian gland expression for the lower and upper eyelids
using a cotton-tipped applicator. Secretions were graded
according to the Bron scale (0 = clear, 1 = cloudy, 2 =
cloudy with debris, and 3 = inspissated, toothpaste-like).
MGD score was calculated as a mean of both upper and lower
lids; TBUT was assessed after placing a drop of fluorescein
solution into the eye; and corneal staining was evaluated
under cobalt blue filter illumination after fluorescein instilla-
tion. The cornea was examined for the presence of discrete
"dots" of staining, and the number of dots was counted and
assigned a grading score (0 = 0 dots, 1 = 1-5 dots, 2 = 6-30
dots, and 3 = >30 dots). Additional extra points are collected
for patches of confluent staining (+1 point), staining in the
pupillary area (+1 point), and the presence of one or more
filaments (+1 point). The total ocular staining score for each
eye was determined by adding up the fluorescein score for the
cornea. The maximum possible score for each eye was 6.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

MGD score, TBUTSs, and corneal staining were measured
using a slit-lamp biomicroscope. Schirmer test was conducted
after anesthesia with 1 drop of oxybuprocaine hydrochloride
0.4%. The physician then bend a TearFlo Schirmer test strip
(HUB Pharmaceuticals, LLC) and placed it into the lower
temporal lid margin of each eye of the participant. Subjects
were instructed to close their eyes. After 5 minutes have
elapsed, the Schirmer strip was removed. The length of the
moistened area was recorded (mm) for each eye separately.

Demographics, medical history, concomitant medica-
tion, and artificial tear use data were collected. During the
trial, the patients were instructed to continue their regular
treatment for dry eye (eg, artificial tears, etc).

Masking

Patients and examiners were masked to the allocation.
Patients allocated to the placebo group were given the same
number and length of treatments performed identically to the
intervention group but with the device set to a power of zero
in the duration of treatment. During treatment, the electrical
current provided by the device is not felt by the patient and no
noise or other indication exists for the power setting used.
Patients did not have access to the device control panel or
display. Ophthalmologists examining the patients at the
beginning and end of the trial were also masked to the
treatment.

Outcomes

The primary objective of this study was to evaluate the
change in dry eye symptoms assessed by the OSDI between
patients treated with the Rexon-Eye device and controls. This
index has been previously shown to be a valid and reliable
instrument for measuring the severity of DED.® It is based on
assessing 3 aspects: ocular symptoms, vision-related function,
and environmental triggers. The index was assessed twice, at
the beginning of the trial and after the last treatment.

Secondary objectives were clinical signs associated
with a dry eye disorder, which were assessed by a masked
examiner. These included MGD score, TBUT, corneal
staining score, Schirmer score, and best-corrected visual
acuity (BCVA).

Statistical Analysis

Statistical analysis was performed using SPSS for
Windows version 23.0 by IBM (Armonk, NY). For categor-
ical variables, x? tests were used. Clinical parameter distri-
butions were tested for normality by the Shapiro-Wilk test.
Independent and paired t-tests were conducted for continuous
variables with a normal distribution and the Mann—Whitney
U and Wilcoxon tests were for variables with a nonnormal
distribution. For TBUT, a cutoff of 10 seconds was used to
indicate normal and abnormal values. P values less than 0.05
on a 2-sided test were considered statistically significant. To
avoid biases arising from between-eye correlation, a single
eye (right eye) of each patient was included in the analysis.”?
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Table 2. Clinical Outcomes Between Groups

Intervention Group Control Group

Variable Change SD Change SD e
Main outcome
Overall OSDI score —8.6 7.8 0.5 94 0.002
1st part® -3.2 37 0 5.7 0.036
2nd partf =3.0 3.2 0.4 1.9 0.004
3rd partf -2.6 3.6 0.9 34 0.003
Secondary outcomes
MGD score —0.75 1.1 0.37 1.4 0.007
Upper lid —0.60 1.3 0.35 1.5 0,037
Lower lid —0.90 1.0 0.41 1.6 0.004
Tear break-up time, sec 1.6 4.1 —0.45 33 0,097
Comneal staining =1.1 23 0.30 1.9 0.044
Schirmer score (mm) 0.90 5.0 1.65 6.7 0.693
BCVA (logMAR) =0.0074 0.06 0.0049 0.04 0.450

*Symptoms.

FLimitation in activity.

tEnvironmental triggers.

Clinical outcomes of the 40 patients included in the study according to the group.
The change in each parameter after the trial period 1s compared between groups.
Data were expressed as mean + SD.

Significant values are in bold.

We also report the outcomes for the left eye for sensitivity
testing.

Sample Size

For sample size calculations, we used the reduction in
OSDI as the primary outcome.® Power calculations showed
that a minimum of 14 participants in each group were
required to detect a clinically significant difference of 5
points with a 2-sided significance level of 0.05 and a power of
80% using a paired model. The SD of normal values was
estimated to be 6 points. To increase power and take into
account unexpected variables, we decided on an additional
30% margin and recruitment was set at 20 participants in each
group. Calculations were performed using MedCalc software
version 16 (Mariakerke, Belgium).

RESULTS

Participant Flow and Baseline Data

Forty patients were recruited and included in the final
analysis (20 were randomly allocated to the intervention
group and 20 to the control group; Fig. 1). The mean age was
63.5 = 15.1 years and 27 (67.5%) were female. Eight patients
had previously undergone laser refractive surgery (n = 5
photorefractive keratectomy (PRK), n = 3 laser-assisted
in situ keratomileusis (LASIK)), 16 patients had a history
of cataract surgery (14 in OU, 2 in either the left or right eye
only), and 2 patients had previously undergone pars plana
vitrectomy. No statistically significant difference in any
baseline characteristic was seen between the 2 groups. All
40 patients had a known diagnosis of DED. Additional
baseline characteristics are available in Table 1.

4 | www.corneajrnl.com

Main Outcome: OSDI Scores

Baseline OSDI scores were similar between groups
(Table 1). The mean OSDI score significantly improved in the
intervention group from 19.15 = 103 to 10.5 = 7.0 (P <
0.001), whereas the control group showed no statistically
significant change (14.4 = 84-15.5 *= 8.6, P = 0.830). The
difference between groups was statistically significant
(—8.6 = 7.8 vs. 0.5 = 9.4, intervention and control groups,
respectively, P = 0.002). A comparison of clinical outcomes
between groups is further detailed in Table 2.

Assessing the individual parts of the OSDI showed
consistent results. In all 3 parts individually, a significant
improvement was seen in the intervention group but not in the
control (Fig. 2 and Table 3).

Secondary Outcomes: Clinical
Signs Assessment

MGD scores significantly improved in the intervention
group (1.57 = 1.2-0.8 £ 0.9, P = 0.006) while showing no
significant change in the control group (1.60 = 0.9-1.97 =
1.0, P = 0.244). The lower eyelids specifically showed the
largest amount of improvement (1.50 = 1.1-0.60 = 0.8, P =
0.001 in the intervention group; 1.60 = 1.0-2.0 = 1.1, P =
0.269 in the control group; Table 3).

Further secondary outcomes included corneal staining
that showed a significant improvement in the intervention
group (2.25 £ 2.3-1.1 £ 1.4, P = 0.045) while showing
a nonsignificant change in the control group (2.3 £ 2.1-2.6 =
2.1, P = 0.500). The difference between groups was also
statistically significant (Table 2).

TBUT showed a nonsignificant improvement in the
intervention group (6.6 = 3.1-8.2 = 2.4 seconds, P = 0.112)
and a nonsignificant decline in the control group (6.6 *
2.9-6.2 £ 2.2 seconds, P = 0.549), In the intervention group,
7 patients (35%) improved from below 10 seconds to 10 or
more seconds, compared with only 1 (5%) in the control
group (P = 0.082, Table 2).

Schirmer scores showed no significant change in either
group after the study period, and no significant differences
between groups were seen (Table 2). To further assess
sensitivity scores, we also analyzed the left eye scores, which
demonstrated similar results between groups (Supplemental
Table 1, Supplemental Digital Content 1, hiip:/links.lww.
com/ICO/B60R).

Safety and Side Effects

Visual acuity was assessed for safety monitoring.
Visual acuity did not change significantly in the duration of
the trial (0.141 = 0.155 logarithm of the minimum angle of
resolution (logMAR) [Snellen equivalent: 20/27.67] to
0.133 *=0.12 logMAR [Snellen equivalent: 20/27.16], P =
0.578 in the intervention group; 0.133 = 0.11 logMAR
[Snellen equivalent: 20/27.16] to 0.137 =0.11 logMAR
[Snellen equivalent: 20/27.41], P = 0.609 in the control
group). No further adverse events were reported during the
trial.
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subjective and objective parameters. OSDI scores improve
from 43.0 to 25.3 (P =0.001), TBUT increased from 4.7 to
7.1 in the right eyes (P = 0.001) and from 4.6 to 6 in the left
eyes (P = 0.05), fluorescein staining decreased from 1.2 to
0.4 in OU (P < 0.001), and Schirmer test score increased
from 5.8 to 9.9 in the left eyes (P < 0.001) and from 6.7 to 8
in the right eyes (P = 0.05). However, the study was limited
by the lack of a control group. Furthermore, results were
significant only in part of the parameters, and sometimes for 1
eye only.® A different study specifically addressed a popula-
tion of 25 patients with evaporative DED and also reported
positive outcomes of the QMR high-frequency electrother-
apy, with no adverse events.’

Recently, Trivli et al tested the effects of QMR on 18
patients with DED. In that study, OSDI improved from 45.46
to 34.45 (P = 0.013), corneal staining (by the Oxford scale)
decreased from 1.41 to 0.55 (P = 0.002), TBUT increased
from 6.71 to 9.53 (P < 0.001), and Schirmer test results
increased from 8.75 to 9.91 (P = 0.675).'4

Yet, while presenting significant improvement in most
parameters, all of the above studies did not include a control
group and thus are prone to biases. Our results correspond
with these of previous studies. They demonstrate an improve-
ment in symptoms and some clinical signs.

This study has limitations. First, we evaluated only 40
patients in 1 center. Our results should be confirmed in
a larger multicenterd trial. Second, we included all types of
DED, with no subclassification including postrefractive
patients. Finally, we mainly assess short-term results, and
long-term follow-up data are not yet available.

To conclude, among 40 patients randomly treated with
the Rexon-Eye device or placebo treatments, a positive
therapeutic effect was seen in the intervention group. This
modality can be considered an adjunct option in the arsenal of
therapeutic agents for patients with DED.

6 | www.corneajrnl.com
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Table 2 Changes in symptoms and ocular surface parameters during follow-up visits in both groups

Parameters, mean £ 5D Baseline 1 Month 3 Months P valuc
QMR group (# = 43)

SANDE, paints 448 + 274 213 £ 113 221 £ 13.2 001"
Q5D poines 55.8 =+ 187 317 £+ 165 325 £ 143 n.oz2*
NIBUT, s 87 £512 139 £ 67 135 + 64 < 0.001*
TMH, mm 0,23 = 018 0.28 = 0.1 028 = 0.1 < (0.001*
LLT, nm 4.6 £ 18.2 G648 £ 22 654 £+ 23 (002"
TBUT, s 34 £ 14 33+ 15 5.1+ 16 0.01°
CFS, points 31 £ 08 14 4+ 04 L5 = 04 0.or-
O58M, mQOsm/L 3169 = 9.4 299.1 = 4.4 2995 £ 45 < (L001*
MGD, grade 1.8 + 0.6 1.9 £ 0.6 1.9 £ 05 0ne
SH-TH group (» = 38)

SAMNDE, points 45.2 £ 24.5 39.2 = 202 331 =172 004
Q5DI, points 53.2 £ 214 47.3 = 145 423 £ 16.1 006
NIBUT, s 73+ 71 94 £ 6.3 10,1 £ 7.3 0.03
TMH, mm 0.3 £ 0.1 0.24 + 013 0.24 + 012 0.08
LLT, nm 635 £ 135 55.2 = 111 55.6 £ 21.2 (.002°
TBUT, s 324+ 15 36+ 1.6 62+ 17 naore
CFS, points 32 06 31 £ 06 28 £ 05 0.04*
O5M, mOsm/L 3167 £ 93 3096 £ 54 3065 = 4.8 = 0.001%
MGD, grade 1.5 £ 06 1.9 = 0.6 1.9 = 0.5 0.9

CFS comeal fluorescein staining, LLT lipid laver thickness, MG meibomian gland dysfunction, NTBUT non-invasive tear
film breakup time, OSFY ocular surface disease index, OSM osmolaricy, QMR Quantum Molecular Resonance, SANDE
symprom assessment in dry eye, S0 standard deviation, SH sodivm hyaluronace, TEUT tear film breakup time, TH

trehalose, TMHA tear meniscus heighe
P 005

- 31.3+£41 points (P<0001), 6.4+09s
(P < 0.001), 0.09 £ 004 mm (P < 0.001), 10.6
+ 2.3nm (P =0.02), and — 19.4 £ 2.5 mOsm/L
(P < 0.001) after 3 months of follow-up,
respectively. Similar results were achieved in the
EDE subgroup with significant AOSDI, ANIBUT,
ALLT, and AOSM improvements of — 17.4 &
0.75 points (P < 0.001), 4.2 £ 0.4s (P =0.01),
14 £ 4.6 nm (PF=0.001), and - 17.6+ 3.2
mOsm/L (# < 0.001), respectively. However, the
MDE subgroup only showed significant
improvements in AOSDI, ANIBUT, and AOSM

with values of — 35.4 + 6.4 points (P < 0.001}),
6.1+1.2s (P=0.001), and -175+1.4
mOsm/L (7 < 0.001), respectively,

Safety Endpoints

No significant changes of BCVA, 10P, slit-lamp
biomicroscopy, and dilated funduscopy were
observed after QMR treatment (data not
shown). In addition, no AEs were documented

A Adis
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Mixed dry eye patients successfully treated by the innovative
high-frequency electrotherapy device Rexon-Eye®
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Innovative radiofrequency electrotherapy significantly reduces
cornea perforation in an alkali burn murine model
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Quantum Molecular Resonance Inhibits NLRP3
Inflammasome/Nitrosative Stress and Promotes
M1 to M2 Macrophage Polarization: Potential
Therapeutic Effect in Osteoarthritis Model In Vitro
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Biophysical effects of high frequency electrical field (4-64 MHz)
on muscle fibers in culture
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Abstract

Effects of oscillating electrical fields on living cells depend on the frequency. Electrical
field oscillating in the range of MHz can induce cell membrane deformation which may end
in cell damage or stimulation. The issue has been studied in red blood cells, but never in
excitable cells. In this study we investigated the behaviour of murine muscles and single
muscle fibers exposed in vitro to an oscillating electrical field in the MHz range. The
commercial set-up Rexonage ™ (Telea stl), providing a particular frequency spectrum in
the range 4-64MHz that 1s patented as “quantum molecular resonance stimulation”, was
used as a generator of electrical field and a wide range of powers was examined. Muscles or
muscle fibers were placed on the bottom of Petri dishes and electrical field was applied
between a needle electrode immersed in the medium and movable by means of a
micromanipulator and an electrode placed under the bottom of the dish. While high power
stimulation produced a fast and well localized cut of the fibers, low power stimulation
caused a reversible deformation of the membrane. Such deformation was accompanied by a
membrane depolarization and an increase of cytosolic free calcium, which were detected
with fluorescent probes. Both the changes of membrane potential and the variations of free
calcium concentration strictly followed the time course of electrical field application and
removal. In conclusion, the present results demonstrate that excitable cells, such as muscle
fibers, respond to the application of high frequency electrical field even when the threshold
for action potential is not reached. This might lead to the activation of intracellular
sighalling pathways even without contraction.

Key Words: High frequency electrical field, membrane potential, cytosolic calcium,
muscle fibers
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The behaviour of biological materials exposed to
electromagnetic fields has become a growing research
area in the last years. The interest is stimulated by the
variety of frequency-dependent phenomena occurring in
the biological tissues that are commonly explained from
a theoretical point of view in terms of dielectric
dispersion models [7]. The studies are mainly focused
on the characterization of the responses of different cell
kinds [7, 12] and to possible implications in diagnostic
and applications to cell-manipulation [16].

The dispersion phenomena are commonly classified as
a~dispersion, [B-dispersion and y-dispersion depending
on the comresponding frequency spectrum of the
underlying physical processes [1]. The a-dispersion is
related to dielectric relaxation of free water and occurs
mn the range of GHz The [-dispersion occurs in
frequency region between 10 kHz and 100 MHz and 1s

well explained by structural polarization phenomena or
the so-called Maxwell-Wagner effect, mvolving the
cytoplasm, the plasma membrane and the surrounding
extracellular medium [8]. The y-dispersion occurs in the
range 100 Hz-10 kHz and is related with the variation of
the cell membrane capacitance.

Taking advantage from the effects induced by the
alternating field stimulation [11], such as the dipole
generation leading to cell displacement and to cell
deformation, a number of investigations have been
carried out on the structural characterization of the cell
components [10]. The viscoelastic properties of the cell
membrane have been studied in ervthrocytes immersed
in an oscillating electrical field [5, 6] and applications
of these phenomena were developed in order to
fabricate devices for «cell screening based on
dielectrophoretic mechanisms [2, 13]. Some other
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studies have considered AC (Alternating Current)
stimulation as a mean to break the membrane structure
in electrofusion and cell poration experiments not only
from the point of wview of the dielectrophoretic
deformation [15] but also from the point of view of the
transmembrane potential variations induced during AC
field application [14].

In the present report, we focused mainly onto the
effects induced by non uniform low power AC
stimulation with high (MHz) frequencies on a specific
kind of biological models: muscles and muscle fibers.
Taking into account the excitability of these cells, the
experiments have examined the physiological effects of
the AC stimulation in terms of fluctuations of the trans-
membrane potential and alterations of cytoplasmic
calcium concentration. The high frequency stimulation
was also directly compared on the same preparations
with the classical bipolar field stimulation obtained with
two platinum electrodes and able to elicit action
potentials, calcium transients and contractions.

Materials and Methods

Muscle Tissues and Cells Preparation Protocol

Experiments were carried out on murine adult muscle
fibers enzymatically dissociated and kept in culture as
described by [4]. Mice were killed by cervical
dislocation and Flexor Digitorum Brevis (FDB) muscle
was dissected out and placed in Tyrode solution (NaCl
140 mM; KC1 2 mM; CaCl2 0.5 mM; MgCl2 2 mM,
HEPES 10 mM; glucose 5 mM) containing 0.2% type 1
collagenase and 10% fetal bovine serum (FBS) for 1
hour at 4°C and then for 1 hour at 37°C. After several
washes in Tyrode solution containing 10% FBS to block
the collagenase effect and stabilize the fibers, the
muscle was gently dissociated through a Pasteur pipette
with a large opening in a glass falcon test tube to obtain
single fibers. Isolated fibers were plated on cover slips
covered with mouse laminin, which produced fiber
attachment within 1 hour. Fibers were maintained in
Tyrode solution supplemented with 10% FBS and 1%
penicillin-streptomycin in an incubator, with 5% CO2 at
36.5 °C and used for experiments on the second day
after dissociation.

Few experiments were carried on whole murine
Extensor Digitorum Longus (EDL) muscles freshly
dissected from the leg and immediately pinned at both
ends on the bottom covered with Silgard of a Petri dish
filled with oxygenated Krebs solution.

The use of the animals and the experimental protocol
was approved by the Department Ethical Committee.
All efforts were made to minimize animal suffering and
to use only the number of animals strictly necessary to
obtain reliable data.

Experimental Setup

The experimental setup was designed to generate the
oscillating electric field around single muscle fibers or

EDL muscles placed inside a Petri dish. A commercial
stimulator (Rexonage™, Telea), representing the edge
technology applied in many surgical and medical tasks,
was adopted because of its own peculiar range of
stimulation frequency. In fact the stimulator output
signal 1s a perodic sinusoidal signal with a particular
harmonic spectrum in the range between 4 and 64 MHz
as patented by TELEA srl as “quantum molecular
resonance stimulation”. The amplitude ranges from few
Volts to about 1 kVolts depending on the power setting.
A detailed characterization of the output signal
amplitude as function of the power settings was
performed in order to evaluate the electric field intensity
induced in the extracellular environment. The
stimulation protocol envisaged the application of the
electric fleld between a Pt microelectrode of 65 um
diameter, immersed in the perfusing medium very close
{(<100um) to the membrane surface, and the bottom side
of the culture dish in contact with a ground reference
plate in order to close the cumrent pathway. The
microelectrode holder was mounted on a 3-axis stepper
manipulator stage which allowed the fine control the
positioning of the electrode tip in relation to the cell
membrane with the help of a sterec-microscope. A
simulation of the spatial properties of the stimulation
field, generated with the electrode dipped in the
perfusion medium (with known dielectric constant and
conductivity parameters) at different distances and
tilting angles with the muscle fiber surface, was
developed. The simulation is shown in Figure 1 and
allows the evaluation of the concentration of the electric
field and its maximum spatial extension.

Optical Microscopy

A custom upright stereo-microscope from a Mytutoyo
stage with very long working distance objectives (10X,
20X and 50X) was used with visible light illumination
either for imaging selected regions of isolated muscle or
single FDB fibers before, during and after stimulation
sessions. By means of a monochromatic camera
(SONY-CCDj) and video capturing DAQ board installed
in a PC, movies of the cell fibers were recorded and
digitized. Imaging data analysis was carried out by
means of ImageJ software.

Fluorescent Probes and Microscopy

The effects of the stimulation on physiological
parameters, cytosolic calcium concentration and
membrane potential, were studied by means of
fluorescent dyes that change their fluorescence intensity
in response to calcium ion binding or to a change in
membrane potential. For cytosolic calcium imaging, cell
permeant AM ester Fluod (F14201, Molecular Probes)
was diluted with a concentration of 3uM into the cell
loading buffer (125mM NaCl, 5SmM KCI, 1mM
MgSO04, 1mM KH2PO4, 5,5mM glucose, ImM CaCl2,
20mM HEPES and 1% BSA). After 30 min loading
phase at 37° C, cells were incubated in loading solution
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Muscle fibers, however, are able to modify actively
their shape and size, when a contraction is triggered,
making important to separate the direct effects of
electrical field from active contractile response.
Fluorescent probes were employed to follow the
changes in membrane potential and in cytoplasmic free
calcium concentration and this allowed us to
demonstrate that the response to a low voltage
electrical field was not a contraction. Actually, the
membrane was slowly and progressively depolarized
for the whole duration of the field application without
reaching a threshold sufficient to trigger an action
potential.  Apparently, the changes in membrane
potential were not sufficient to trigger the opening of
the voltage gated sodium channels. Such slow and
subliminar depolarization was followed by a small but
progressive increase in free calcium concentration.

Experiments carried out in the absence of calcium in
the extracellular medium showed that the origin of
such calcium increase was likely localized in
mntracellular calcium stores. We could thus hypothesize
that the application of the high frequency electrical
tield induced a membrane depolarization not sufficient
to cause the opening of voltage gated sodium channels,
but sufficient to mnduce the opening of ryanodine
receptors calcium channels at the terminal cisternae of
the sarcoplasmic reticulum and to cause the release of
small amount of calcium. Such increase of intracellular
calcium concentration represents a major difference if
the effects on muscle fibers are compared to the effects
observed in not excitable cells, in particular red blood
cells red blood cells [3, ©].

The results obtained are rich of potential applications.
At high power oscillating electrical fields are able to
cut the membrane and the whole cell in a very fast and
effective way. The damage is extremely limited, not
only adjacent cells, but even the adjacent region of the
same muscle fibers remain not affected. At low power,
the oscillating electrical fields are able to cause a
prolonged calcium accumulation in the cytosol at a
level sufficient to elicit a small contractile response and
avoid triggering of a full contraction. A long lasting
and low increase of calclum concentration in the
cytoplasm is likely an optimal signal to activate
calcium-dependent intracellular signaling pathways.
For example calmodulin-dependent kinase and
phosphatase are known to be activated by low and
continuous increase of calcium concentration better
than by fast and large transients [3, 9]. In this view, the
present study opens the way to further work aimed to
assess whether such activation of signaling pathways
really occur and to understand completely the possible
application of high frequency electrical fields to
stimulate muscle fiber plasticity.
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