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Background: Leber hereditary optic neuropathy (LHON) is a maternally inherited disease

caused by three missense mutations of mitochondrial (mt) DNA, ie, m 3460 G>A, m 11778

G>A, or m 14484 T>C in the greater portion of LHON. m 11778 G>A mutation is especially

observed in >90% of the cases in Japanese families. Although spontaneous remission of

visual function infrequently occurs, effective treatment for LHON remains unestablished.

Transcorneal electrical stimulation has been shown to be efficacious in individuals with optic

neuropathy. However, due to potential risk of corneal damage, repeated treatments are not

permissible. In this exploratory study, we will be conducting skin electrical stimulation (SES)

as an intervention for patients with LHON having 11778 missense mutation and investigate

effectiveness and safety of SES.

Methods: This is a single-arm, prospective, open-label exploratory trial focused on patients

with LHON having 11778 missense mutation. Eleven patients will be enrolled and receive

six consecutive SES once every 2 weeks up to 10 weeks. The safety of the SES will be

monitored with specular microscopy, slit-lamp biomicroscopy, fundus examinations, and the

observation of facial skin. The primary outcome measure will be the averaged l ogarithm of

minimum angle resolution (logMAR) converted visual acuity 1 week after the last SES.

Secondary outcome measures include changes, in logMAR at 4 and 8 weeks after the last

SES, such as visual field indices measured using Humphrey visual field and microperimetry-

3, the thickness of peripapillary retinal fiber and macular ganglion cell complex, multifocal

visual evoked potentials, critical flicker frequency, and color vision.

Discussion: The results of this proposed proof-of-concept feasibility trial will help plan and

execute a larger definitive trial to test SES as an effective strategy for LHON and related

optic neuropathies and help establish a beneficial treatment for LHON.

Keywords: skin electrical stimulation, Leber hereditary optic neuropathy, logarithm of

minimum angle resolution, single-arm study

Background
Leber hereditary optic neuropathy (LHON) is a rare genetic disease, in which

retinal ganglion cells undergo cell death caused by mutation of mitochondrial

DNA (mtDNA). LHON typically involves both eyes of young males, between the
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ages of 10 and 30. The ratio of males to females for this

condition is a remarkably imbalanced, at 8:1.1,2 The rate of

LHON incidence is currently understood to be 3.22 per

100,000 people.3 Its hereditary pattern is clearly maternal,

and most families with LHON cases have either one of the

three missense mutations of mtDNA of 16,500 base pairs

in length: m 3460 G>A, or m 11778 G>A, or m 14484

T>C. In Japanese families, the m11778 G>A mutation

occurs in >90% of the cases,4 and unfortunately this parti-

cular mutation has the lowest frequency of spontaneous

remission.1

Usually, visual acuity subacutely deteriorates in one

eye and then the disease affects an opposite eye within a

few weeks after onset. The visual acuity of both eyes then

eventually decreases to <0.1. The visual field abnormality

typically shows a large central scabbed or perforated sco-

toma. A fundus examination typically reveals a swollen

optic disc, with microvasodilation in the early acute phase.

Unlike with optic neuritis or ischemic optic neuropathy, a

fluorescence angiography examination does not show

fluorescence leakage from the optic disc throughout the

course. The optic disc finally reaches inflammatory atro-

phy within a year. The optical coherence tomography

(OCT) usually reveals a loss of the papillary macular

fiber bundle, and a thinning of both the temporal papillary

retinal nerve fiber thickness, as well as the macular retinal

ganglion cell layer complex. Light reflection relativity is

preserved even after the severe central scotoma appears.

Several clinical trials have been attempted to improve

vision in the context of this disease, including the use of

idebenone, the derivatives of coenzyme Q105,6 EPI-473,7

and also various forms of gene therapy using the adeno-

associated virus vector8; however, the effectiveness of all

these approaches is still undetermined and firm evidence in

favor of any beneficial treatment of LHON has not yet

been established.

Transcorneal electrical stimulation (TES) involves

applying a weak current to the eyes after mounting a

Burian-Allen type electrode on the cornea. When a retina

is electrically stimulated phosphene can be induced in

front of the patient. In 2005 Morimoto et al discovered

the neuroprotective effects of retinal ganglion cells by

electrical stimulation of the cornea, using rat optic nerve

transection models.9 The electrical activation of the retina

promotes the production of insulin-like growth factor-1 in

the retinal Müller cells, resulting in neuroprotective

effects, which were later demonstrated to also defend

against retinal pigmentosa in rat and rabbit models.

Regarding clinical trials of TES on human ophthalmic

diseases, Fujikado et al reported the effectiveness of TES in

five cases of old traumatic optic neuropathy and three cases

of nonarteritic anterior ischemic optic neuropathy

patients.10 Their study revealed how a single TES treatment

was able to increase visual acuity and sensitivity of the

isoptor, as measured by Goldmann perimetry (GP).

Furthermore, in 2011 a randomized controlled trial (RCT)

of TES with 24 cases of retinitis pigmentosa (RP) was

successfully conducted,11 in which the treatment was

applied once a week for 6 weeks. Participants were divided

into three groups, according to how the current intensity

elicited phosphene: a 0% group (sham stimulation), as well

as 66%, and 150% groups, respectively. As a result, the

amplitude of the scotopic b wave in the 150% group was

significantly increased and the visual field size of GP was

significantly enlarged at 2 weeks after the last TES treat-

ment. In another RCTs, the TES approach was administered

once a week for 52 weeks, in 52 patients with RP. The

amplitudes of the flash b wave and the photopic b wave in

the 150% stimulation group were significantly increased

compared to the results observed in the sham cohort.12 In

another study, Inomata et al reported case studies showing

the effectiveness of TES, including two cases of central

retinal artery occlusion (CRAO), and one case of branch

occlusion of the central retinal artery (BRAO).

Administering TES once a month for 3 months increased

the logarithm of minimumangle resolution (LogMAR)

results by more than two lines in two of three cases and

materially decreased visual field defects in all cases.13

About 6 years later, an RCT of TES for CRAO and

BRAO cases was conducted in Germany, in which TES

was applied for six consecutive weeks in 12 cases of

CRAO and one case of BRAO. At 2 and 11 weeks after

the last TES session, a significant improvement of scotopic

a-waves was observed in the 150% group, although the

number of enrolled cases was small.14 Unfortunately,

there is at present no report verifying the effectiveness of

TES for LHON, although basic and clinical evidence for the

neuroprotective effects of TES on intractable retinal and

optic nerve degenerative diseases is accumulating.

However, when employing TES it is important to recognize

that there is a risk of corneal epithelial damage, since the

stimulating electrode is placed directly on the cornea, and

for this reason, TES is impossible to apply for cases asso-

ciated with corneal diseases and to repeatedly apply. In

contrast, skin electrical stimulation (SES), where a stimu-

lating electrode and a reference electrode are placed on the
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skin around the eyes to stimulate the eyeball, can elicit

phosphene as well as TES; furthermore, it can prevent

corneal complications, which allow electrical stimulation

to be repeatedly applied to the eyeball more safely than by

the TES approach.15 Regarding the adverse effect of SES, it

is possible that SES may be involved in contact dermatitis

caused by the electrode pad and the pain induced by the

activation of sensory nerves unlike TES.

LHON is one of the intractable optic neuropathies for

which effective treatments have not yet been established.

In the proposed study, we will investigate whether

improvement of visual function in patients with LHON

can be achieved by consecutive SES treatments more

safely than TES, and investigate the safety of SES.

Methods
Study design
This will be an exploratory non-randomized single-arm

feasibility trial to determine the safety and effectiveness

of SES, which will be designed to enroll 11 patients with

LHON. The present study’s protocol received approval

from the Institutional Review Board at Kobe University,

Japan (approval No. 290080).

Trial registration
University Hospital Medical Information Network-

Clinical Trial Registry: UMIN-CTR, registration identi-

fier: UMIN000031057. Registered 20 March 2018,

https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi?

recptno=R000035434.

Informed consent
Written and verbal versions of the participant information

sheet and informed consent will be presented to the partici-

pants by the attending investigator detailing: the exact nature

of the study, the implications and constraints of the protocol

and the known side effects and any risks involved in taking

part. It will be clearly stated that the participant is free to

withdraw from the study at any time for any reason without

prejudice to future care, and with no obligation to give the

reason for withdrawal. The investigator will not undertake

any study specific procedures until valid consent is obtained.

Interventions
The participants will receive six consecutive SES treatments

once every 2 weeks for 10 weeks. The instrument to be used

in delivering these treatments is produced by the Mayo©

Corporation and is a non-approved medical instrument. It

enables one to visualize the electric current being applied to

the body, while also preventing any excessive electrical

stimulation. Two electrode pads will be placed on the skin

of the forehead above the eyebrow and below the margin of

the lower lid. Participants will notice the phosphene elicited

by the SES procedure. The threshold current of phosphene is

defined as the level of current such that participants can

experience phosphene in the entire visual field. After deter-

mining this threshold the participant will be treated by using

the following SES protocol: the biphasic square wave, 1 mA

amplitude, 10 ms duration, 20 Hz frequency, for a duration of

30 mins. In cases where the SES threshold exceeds 1 mA, the

current needed to determine the exact level will be found and

adopted into the treatment. The investigator who accompa-

nies the participant will monitor the condition of the partici-

pant during SES for 30 mins.

During the course of the investigation, logMAR results

will be measured at 1, 4, and 8 weeks after the last SES

treatment. Other visual function capabilities will also be

measured, as detailed in Figure 1.

Study population
Participants were selected that fulfill all conditions of both

the inclusion and exclusion criteria, as shown in Figure 2.

The rationale that we adopted for the inclusion criteria are as

follows: (1) the age of onset varies in younger and older

patients; (2) in LHON, transient damage to the optic nerve is

Screening for eligibility

Informed consent

Skin electrical stimulation (SES)

Outcome measures

Age, past and medical histoty, BCVA, IOP, slit lamp and fundus
examination, HVF, MP-3, multifocal VEP, OCT 

Primary: logmar (1W after last SES)
Secondary: logMAR, HVF,CFF, OCT, MP-3, multifocal VEP,
color test (4 and 8W after last SES)

Six consecutive stimulations (every two weeks for 10 weeks)
1 or>1mA biphasic cuurrent, 10ms duration, 30mins.

Figure 1 Trial flow diagram.

Abbreviations: BCVA, best corrected decimal visual acuity; IOP, intraocular

pressure; HVF, Humphrey visual field; MP-3, microperimetry-3; Multifocal VEP,

multifocal visual evoked potential; OCT, optical coherence tomography; LogMAR,

logarithm of the minimum angle resolution.
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revealed to be terminated at 8 months or more after onset;16

(3) the spontaneous recovery of this mutation is the lowest;

(4) most patients with LHON have a final vision of <0.1.

The rationale for the exclusion criteria we adopted are as

follows: (1) smoking is a risk factor for the occurrence and

the progression of LHON; (2) safety of SES compared with

other electronic medical instruments has not been estab-

lished; (3) the degree of visual acuity largely varies after

the intraocular surgery; (4) other eye diseases that accom-

pany this may make it difficult for us to evaluate the effect

of SES because it is impossible to exclude the influence of

other eye disease to visual function; (5) the effects of

idebenone treatment are excluded; (6) these drugs have

the risk of impairing the optic nerve; (7) SES may induce

epilepsy; (8) the effects of SES on the formation stage of

eyes have not been established; (9) the adhesive pad with

electrode put on the skin around forehead and cheeks when

delivering electrical stimulation to the patients; (10,11)

these are considered to be as the general exculsions.

Sample size determination and power
The averaged logMAR results for 14 cases of LHON with

a 11778 mutation that occurred naturally are 1.65±0.49

(mean ± SD), based on preliminary data from our institute.

For the feasibility of SES to improve visual acuity of

LHON, it is anticipated that these treatments will achieve

an improvement of LogMAR results to 1.0. Therefore,

assuming that the null hypothesis is that the difference of

the averaged LogMAR values before the study compared

to 1 week after the final session is 0.65±0.64 (mean ± SD),

we will use the paired Student’s t-test with a two-sided

significance level of 5% to determine whether the differ-

ence between the before and after LogMAR values is zero.

In this context, we will need 10 cases to keep the power of

the test at 80%. But, considering the possible withdrawal

of consent, or that one patient might drop out after parti-

cipating in the study, the use of 11 cases was considered to

be optimal. Because the potential risk of the SES approach

to the cornea is low compared with the TES approach,

fewer cases are expected to drop out due to SES safety.

Even if more than one participant drops out, the statistical

power of 70% for eight participants can be maintained.

Thus, we set out one participant as a dropout. In the case

of more than two dropouts, the efficacy endpoint will be

analyzed based on the data obtained from nine cases who

completed the protocol according to each protocol set and

the safety endpoint will be analyzed based on the data

obtained from 11 cases that include dropouts by the full

analysis set.

Outcome measures
There is no prior empirical data about the possible efficacy

of using SES to treat any optic neuropathy. However, the

safety and effectiveness of TES, a technique similar to SES,

have been proven in several clinical trials.10,17 Other pre-

vious study revealed that the SES of an eyelid with a ring-

shaped electrode could unharmfully elicit phosphene, and

when the duration of an SES session is long (>2 ms),

phosphene is raised with less current intensity that is

required for the somatosensory nerve.15 Based on these

previous studies we have designed the proposed investiga-

tion as a proof-of-concept effort. The main goals of the

Inclusion criteria

Exclusion criteria

1.   Aged ≥ 16 and < 80 year (both males and females).
2.   More than 8 months have passed since onset without visual improvement.
3.   Having the missense mutation of mtDNA at the position 11778.
4.   Best corrected decimal visual acuity < 0.1.

1.   A history of smoking until the last half of year.
2.   A history of the implantation of electronic devices such as cardiac pacemakers etc.
3.   A history of intraocular surgery within the past a year.
4.   A history of other eye disease.
5.   On going th ldebenone treatment or within 1 year after the discontinuance.
6.   Participants who use either ethambutol, chloramphenicol, linezolid, erythromycin,
      stepthomycin, antiretroviral drugs, amiodarone, infliximab, clioquinol,  dapsone,
      quinine, pheniprazine, suramin sodium, or isoniazid,
7.   A histroy of epilepsy.
8.   pregnancy.
9.   Severe allergic diseases including atopic dermatitis.
10  Participating in other clinical studies.
11. Participants judged inaproprite for other research responsible doctors.

Figure 2 Inclusion and exclusion criteria for the study.
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study will be to determine the potential efficacy and safety

of SES. Table 1 shows all the planned assessments and

procedures that will be performed before and after the

SES treatments. The primary analysis is scheduled for 1

week after the last SES treatment. The averaged values of

the LogMAR results at 1 week after the last SES session

will be estimated and be statistically evaluated compared

with those before the treatments. The time points of the

secondary outcome measures will be at 4 and 8 weeks after

the last SES treatments. To evaluate the effectiveness of the

SES approach, the logMAR, Humphrey visual field (HVF),

critical fusion frequency (CFF), and microperimetry-3

(MP-3), as well as the multifocal VEP will be performed

to confrim whether functional improvements are materially

observable. The slit-lamp, fundus, specular microscope and

OCT examinations will also be performed to confirm the

safety and adverse effects of the SES treatments.

Statistical analysis
The findings from this study will be published in a peer-

reviewed journal, and the data will also be included in

subsequent larger trials if appropriate. Baseline data to be

collected and summarized will include: participant gender

and age, logMAR converted from decimal visual acuity,

mean deviation of Humphrey visual field Swedish Interactive

Thresholding Algorithm program 30–2 (Carl Zeiss Meditec,

Inc., Dublin, CA, USA) using a size V visual stimuli, the

average of CFF test results over three trials, the amplitude of

the multifocal VEP (VERIS 5.2 software; Electro-Diagnostic

Imaging, Inc., Redwood City, CA, USA), the thickness of the

circumpapillaryretinal nerve fiber layer and ganglion cell com-

plex (GCC) obtained by spectral-domain OCT (3D-OCT,

Topcon Corporation, Tokyo, Japan), the mean deviation of

MP-3 (Nidek Co., Ltd, Aichi, Japan) in the macula area and

cell densities of corneal endothelial cells obtained by specular

microscope (Konan Medical, Nishinomiya, Japan), as well as

the quality of color vision, obtained by using standard pseu-

doisochromatic plates, part 2 for acquired color vision defects

(SPP-2; JFC Sales Plan Co. Ltd., Tokyo, Japan).

Statistical analyses were performed using Med Calc

(version 18.2.1, MedCalc Software, Mariakerte, Belgium)

and IBM SPSS statistics (SPSS, Chicago, IL, USA).

Table 1 Schedule for the study

Screening Skin electrical stimulation Follow-up

0W 2W 4W 6W 8W 10W 11W 14W 18W

Visit number 1 2 3 4 5 6 7 8 9 10

Deviation window (days) −28 0 ±1 ±1 ±1 ±1 ±7 ±7 ±7 ±14

Informed consent ●
Medical history ●
BCVA ● ● ● ● ● ● ● ● ● ●
Slit-lamp biomicroscopy ● ● ● ● ● ● ● ● ● ●
Intraocular pressure ● ● ● ● ● ● ● ● ● ●
Fundus examination ● ● ● ● ● ● ● ● ● ●
CFF ● ● ● ● ● ● ● ● ● ●
Specular microscope ● ● ● ●
Color test ● ●
HVF ● ● ● ● ● ●
MP-3 ● ● ●
OCT ● ● ● ●
Multifocal VEP ● ●
Observation of subjective and objective findings

(face photo etc)

● ● ● ● ● ● ●

Adverse effect review ● ● ● ● ● ● ● ● ●

Note: BCVA will be converted to logMAR. Color tests will be performed using standard pseudoisochromatic plates part 2 for acquired color vision defects (SPP-2). The

Humphrey static visual field analyzer will be performed with a central 30–2 SITA program with stimulus size V. MP-3 will be performed with the macula 12S2 program. We

have adopted the 3D-OCT® as the instrument of OCT to evaluate the thickness of circumpapillary retinal nerve fiber layer (cpRNFL) and ganglion cell complex (GCC) in

the macula. To record the dermal symptoms where electrode pads are placed, a photograph of the face will be taken after each SES treatment. Also to help determine

effectiveness, BCVA, CFF, HVF, multifocal VEP, and MP-3 tests will be performed. To explore the safety of the SES approach, numerous tests will be utilized, employing slit-

lamp biomicroscopy, fundus examination, OCT, and a specular microscopy adverse review will also be performed.

Abbreviations: BCVA, best corrected visual acuity; CFF, critical fusion frequency; HVF, Humphrey visual field; LogMAR, logarithm of minimum angle resolution; MP-3,

microperimetry-3; OCT, optical coherence tomography; VEP, visual evoked potential.
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Continuous baseline data will be presented as means and

SDs for normally distributed variables, but as medians and

interquartile ranges (IQR) for non-normally distributed

variables, and as frequencies and percentages for categori-

cal baseline variables. For the primary outcome, the aver-

aged logMAR before and 1 week after last SES treatment

will be calculated and statistically analyzed using the paired

Student’s t-test. Similarly, averaged logMAR 4 and 8 weeks

after the last SES as secondary endpoints will be statisti-

cally analyzed compared with the last SES using the paired

Student’s t-test. Concerning other secondary endpoints, it

will be considered of value in the following cases, namely,

the mean deviation, pattern deviation, and the foveal thresh-

old of HVF (center 30–2, stimulus size III or V) statistically

improved in 1, 4, and 8 weeks after the last SES compares

with before SES using paired Student’s t-test or the total

number of 1% or 5% of probability plot with pattern devia-

tion increased >20%. CFF increases >20% in 1, 4, and 8

weeks after the last SES compared with before SES.

Concerning color test with SPP-2, color abnormality detect-

able before SES disappeared at 8 weeks after the last SES.

The thickness of peripapillary retinal nerve fiber and macu-

lar GCC detected by OCT decreased by <20% compared

with that of the last SES. Concerning MP-3, the number of

measurement points where the actual measurement values

increase >5 dB exceeds compared with those before and 8

weeks after the last SES. Concerning multifocal VEP, the

amplitude of VEP at 8 weeks after the last SES increased

compared with that in the last SES.

All participants will receive the same treatment and we

will only analyze the data from the participants who actu-

ally receive all consecutive SES treatments. Changes from

the baseline in logMAR, MD of HVF and MP-3, averaged

CFF, color vision, and amplitude of multifocal VEP will

be summarized as means and SDs if normally distributed,

or as medians and IQRs if the data do not demonstrate

normality, and as frequencies and percentages for catego-

rical baseline variables.

Confidentiality, ethics and dissemination
The present study will be conducted in accordance with

the current Declaration of Helsinki. All patients will be

informed that they can withdraw from the study at any

time. The authors are committed to publishing the study

results as widely as possible in peer-reviewed journals, and

to ensuring that appropriate recognition is provided to

everyone who will have worked on this study.

Monitoring
There is no Data and Safety Monitoring Committee for the

present study. The responsible doctor for monitoring the

safety and progress of the trial is appointed and will meet

approximately twice per year.

Study management and patient safety
A trial management group involving the principal investi-

gators (TK, MN, KU), co-investigators (MS, SM, YN),

and investigator responsible for monitoring (WM) will

review, implement, and supervise all aspects of this trial.

The monitoring doctor, under the supervision of the prin-

cipal investigators (TK, MN), will be responsible for

receiving, processing, editing, and storing all the data.

All investigational product supplies in the study will be

stored in a secure, safe place, under the responsibility of

the principal investigators. The statistical analysis will be

conducted by the investigators (led by KU).

To ascertain the patient safety at every visit throughout

the trial, slit-lamp biomicroscopy, fundus examination, and

Goldmann applanation to measure intraocular pressure

will be performed to verify whether the intraocular inflam-

matory changes or other ophthalmic adverse effects occur

or not. On days 1, 3, 6, and 10 of the visits, specular

microscopy will be performed to verify whether the cor-

neal endothelial cells decrease in number or not. Face

photographs will be taken to observe whether dermatitis

occurs where the electrode pad has been attached through

the period of treatment from 2 to 7 of the visits. In the

present study, the evident decrease in the density of the

corneal endothelial cells, the marked progression of catar-

act, induction of intraocular inflammation, and dermatitis

where the electrode pad is attached has been considered as

adverse events.

Discussion
The evidence on the efficacy for LHON has not been

established, although some of clinical trials have success-

fully revealed improvement in visual function.5,6,18

Presently, there is a need for innovative treatment methods

to save LHON patients, who become blind during adoles-

cence. The most striking characteristics of SES are the

ones that make it minimally invasive and easily feasible

for repeated application in patients. According to this

protocol, SES is beneficial for LHON patients and holds

the potential to be a novel and effective approach to the

treatment of not only LHON cases with a 11778 missense
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mutation but also other optic nerve diseases, including

anterior ischemic optic neuropathy, traumatic optic neuro-

pathy, and retinal pigmentosa. It has already been revealed

that TES has the potential to improve such intractable

optic and retinal diseases based on previous studies.

Alternatively, positive results also could have major impli-

cations for the treatment of LHON with other missense

mutations, as well as for LHON patients in the acute

phase. This treatment would be easily available to a family

ophthalmologist or employed as daily self-stimulation

after a modest training regime that met a constant stan-

dard. In animal experiments consecutive daily TES pro-

moted RGC survival much better than a single TES

treatment in a rat optic nerve crush model.19 This degree

of effectiveness might also be relevant to other hereditary

optic neuropathies, such as autosomal dominant optic

atrophy.

Limitations of the present study are that it is unclear

whether the effectiveness of SES depends on the intensity

of the electrical current. Also, the present study does not

include a control group because of the rarity of LHON. If

successful, this approach will be tested in multicenter ran-

domized trials that compare the group receiving SES treat-

ments with other groups experiencing sham stimulation.

Abbreviation list
LogMAR, logarithm of minimum angle resolution; SES,

skin electrical stimulation; BCVA, best corrected visual

acuity; mtDNA, mitochondrial DNA; LHON, Leber her-

editary optic neuropathy; TES, Transcorneal electrical sti-

mulation; HVF, Humphrey visual field; CFF, critical

fusion frequency; MP-3, microperimetry-3; cpRNFL, cir-

cumpapillary retinal nerve fiber layer; GCC, ganglion cell

complex; OCT, Optical coherence tomography.

Availability of data and material
Data from the trial will be made available for the institu-

tional policies.

Consent for publication
The consent for publication will be obtained from eligible
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