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Abbreviations

RGCs: retinal ganglion cells

LHON: Leber’s hereditary optic neuropathy

PERG: Pattern Electroretinogram

VEP: Visual Evoked Potentials

CL: confidence limit

ANOVA: One-Way Analysis of Variance

mtDNA: mitochondrial DNA

RNFL: retinal nerve fiber layer

PMB: papillo-macular bundle

BCVA: best-corrected visual acuity measurement
ETDRS: Early Treatment Diabetic Retinopathy Study
logMAR: logarithm of the minimum angle of resolutio
IOP: intraocular pressure

HFA: Humphrey Field Analyzer

MD: mean deviation

CPSD: corrected pattern standard deviation

ISCEV: International Society for Clinical Electroggiology of Vision



PERG A: Pattern Electroretinogram Amplitude
VEP IT: Visual Evoked Potentials Implicit time
VEP A: Visual Evoked Potentials amplitude
SNR: Signal to Noise Ratio

SD: standard deviation

PhNR: Photopic Negative Response

This article contains 3 Figures, 3 Tables and aadit online-only material. The following shouldpgar online-only:
Figure 4
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ABSTRACT

Purpose: To assess changes of retinal ganglion cells (R@as)yisual pathways’ function in
patients with Leber’s hereditary optic neuropathli©N) during 12 months of follow-up of
chronic phase.

Design: Retrospective case series.

Participants: Twenty-two LHON patients (mean age: 36.3+9.3 yemrsie “chronic phase” of the
disease, providing 42 eyes (LHON Group) with digfetrpathogenic mitochondrial DNA mutations
(Group 11778: 21 eyes; Group 3460: 4 eyes, Grodg4:413 eyes, and Group14568: 4 eyes) were
enrolled. Twenty-five age-similar healthy subje@igviding 25 eyes, served as controls.
Methods: Pattern Electroretinogram (PERG) and Visual EvdRetentials (VEP), in response to
60’ and 15’ checks visual stimuli, were recordetiadeline in all subjects and after 6 and 12
months of follow-up in LHON patients. At baselime all LHON eyes for each PERG and VEP
parameter (amplitude and implicit time), the 95 &afadence limit (CL) of test-retest variability
was calculated. PERG and VEP mean values obsamdd®N eyes were compared (One-Way
Analysis of Variance: ANOVA) to those of controBBuring the follow-up, the PERG and VEP
differences observed with respect to baseline weatuated by ANOVA.

Main Outcome Measures:Changes of individual and of mean absolute vali€é®oand 15’

PERG amplitude and VEP amplitude and implicit taeach time point compared to baseline
values in LHON Group.

Results: At baseline, mean values of PERG and VEP paramd&tected in LHON Group were
significantly (p<0.01) different with respect tontml ones. In LHON Group, at 6 and 12 months of
follow-up, the majority of eyes showed unmodifiedthin 95% CL) PERG and VEP values and
mean absolute values of these measures were ndicagtly (p>0.01) different from baseline

ones.
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Conclusions In our untreated chronic LHON patients, with eifnt specific pathogenic mutations,
RGCs and visual pathways function were not sigaifity modified during 12 months of follow-up.
This should be considered in the disease natwstdryiwhen attempts for treatments are proposed

in chronic LHON.
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Leber’s hereditary optic neuropathy (LHON) is aounfondrial disorder that leads to a
bilateral acute loss of central vision, due to afalé degree of optic nerve atrophy.

Three pathogenic point mutations affecting mitoahraal DNA (mtDNA)
(m.11778G.A/MT-ND4, m.3460G.A/MT-ND1, m.14484T.C/MND6) can be found in the
majority of LHON patient$:

The disease phenotype is highly variable, evenimvidamily members carrying the same
homoplasmic mutation (all mtDNA copies are mutatadyl it is more frequent in males, with a
female/male ratio ranging from 1:3 to 1:8, depegdin the mutation type.

In the “acute phase” of the disease, the ophthalops examination of the optic nerve
shows typical signs such as telangiectaties andados peripapillary vessels (peripapillary
microangiopathy) and retinal nerve fiber layer (RINBwelling (pseudoedema). In this phase,
there is an early and selective involvement ofcdatral retina and specifically of the papillo-
macular bundle (PMB)which rapidly progresses to axonal loss in thepimal sector, responsible
for the sudden loss of central vision with cecorargcotoma. Over a period of about one year,
LHON patients enter the “chronic phase” in whichytldevelop pallor of the optic disc that is
prominent on the temporal side, thus indicatingorar degree and extension of optic atrophy.

Functionally, in LHON patients and carriers, itpgssible to track the main dysfunction of
retinal ganglion cells (RGCs) and of the optic reby electrophysiological methods. In particular,
the dysfunction of the RGCs and relative nerve rbean be studied by using Pattern
Electroretinogram (PERGgcordings *°and abnormal PERG responses in both LHON patittits
and in asymptomatic carriefs>have been found. To verify the extent of the fusei impairment
along the axons forming the optic nerve, Visual e Potentials (VEP) recordings in response to
pattertt® or multifocal stimult® can be used. Indeed, by using pattern or multif&P it was
detected that LHON patients present an optic negsfunctiorf®*” with a predominant, but not
exclusive, involvement of axons driving responsesnf the central retina (small axons) when

compared to those serving the mid-peripheral rdtarge axonsj®
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In carriers, insteadhe finding of normal VEP suggested a function&tgnity of the optic
nerve’?

However, all above cited studfes>***

were performed exclusively in the disease “chronic
phase” with various degrees of optic atrophy artth wo follow-up®

Actually, there is a lack of exhaustive informatiarthe literature about the possible
functional changes in RGCs (evaluated by PERG)imndual pathways (evaluated by VEP
recordings) that may occur during the “chronic @ias a wide cohort of LHON patients. In fact,
functional changes have been evaluated by elegtsigbgical methods only in few works,
reporting isolated cases or in subsets of sing2Nht mutation’®22

Therefore, the aim of the present study was tosasse a large cohort of LHON patients
carrying different mtDNA mutations, possible furmctal changes in RGCs and their fibers (by
PERG recordings) and in visual pathways (by VEBndiags) during 12 months of follow-up in
the “chronic phase” of the disease.

Since all enrolled LHON patients were under no tgpreatment, our study may provide

useful information on the natural functional histof the disease, that should be considered when

attempts for experimental treatments are plannetiianic LHON.

MATERIALS AND METHODS
Participants

Twenty-two patients (mean age 36.3+9.3 years, ra2@d6 years) from 20 families with a
molecularly confirmed diagnosis of LHON harbourgither the m.11778G.A/MT-ND4, or
m.3460G.A/MT-ND1, or m.14484T.C/MT-NDG6, or m.145680MT-ND6 mutation, were studied
(LHON Group). Each pedigree was also assessetidantDNA haplogroup® which confirmed

that they were unrelated. The male/female ratio4/adl. The mean disease duration was 18.8+ 9.9



79  years (range 6-34 years) and therefore all patigats studied in the “chronic phase” of the
80 disease.
81 Twenty-five eyes from 25 normal age-similar sulggohean age 37.2 + 8.8 years, range:
82  19-48 years) served as Controls.
83 All Controls and LHON patients underwent extenspéithalmologic characterization,
84 including best-corrected visual acuity (BCVA) mea&suent, slit-lamp biomicroscopy, intraocular
85 pressure (IOP) measurement, indirect ophthalmosapic nerve head 30° color standard
86 photography, and Humphrey 24-2 automated visulal fest [Humphrey Field Analyzer (HFA)
87  740; Zeiss, San Leandro, CA].
88 Normal subjects had a IOP less than 18 mmHg; BCYB @ logMAR with a refractive
89 error between -2.00 and +2.00 spherical equiva®&h® threshold visual field with a mean
90 deviation (MD) of £0.5 dB and corrected pattermsi@d deviation (CPSD) <1 dB; and no
91 evidence of optic disc or retinal disease.
92 At baseline and during follow-up (see below), irsitun criteria for LHON patients were:
93 1) age ranging from 20 to 60 years;
94  2) diagnosis of LHON, confirmed by identifying ookthe pathogenic mutations;
95  3) LHON duration no less than two years in bothseye
96 4) HFA 24-2 with MD between -0.5 and -10 dB and ORf&tween +1 and +10 dB; enlargement
97 of the blind spot, cecocentral scotoma, paracedafdct around fixation more commonly temporal
98 rather than nasal, central defects enclosing tlgsiplogic blind spot; ability to maintain a stable
99 fixation comparable to that of normal subjectsdfign loss rate ranging between 4% and 6%)
100 5) ability to clearly perceive a fixation targetPERG and VEP stimuli (see below) on a screen at a
101  viewing distance of 114 cm;
102  6) BCVA between 0.00 and 1 logarithm of the minimangle of resolution (logMAR);
103  7) refractive error (when present) between -3.00-€$00 spherical equivalent;

104  8) IOP less than 18 mmHg;
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9) no previous history or presence of any oculsease involving cornea, lens and retina/ macula or
detectable spontaneous eye movements (i.e., nysggm
10) absence of any type of treatment, includingeg@erapy, idebenorféor citicoline,® during
the 12 months preceding the enrolment or duringettiee period of follow-up.

We excluded from the present study all eyes showaimngsign of optic nerve pathology
other than LHON.

LHON patients carried the following specific mutats:

1) m.3460/MT-ND1: 2 patients, providing 4 eyes (LNG460 Group),

2) m.14484/MT-ND6: 7 patients, providing 13 eyeatttompleted the follow-up and 1 eye
excluded during the follow-up due to dense cataiiadON-14484 Group),

3) m.11778/MT-ND4: 11 patients, providing 21 eyeattcompleted the follow-up and 1 eye
excluded during the follow-up due to dense cataiiadON-11778 Group),

4) m.14568/MT-ND6: 2 patients, providing 4 eyes (DN-14568 Group).

Controls and LHON patients were evaluated at baseind LHON patients after 6 and 12
months of follow-up.

All participants signed the informed consent. Tésearch followed the tenets of the
Declaration of Helsinki and the local InstitutiorRéview Board/Ethics Committee approval was

obtained (Azienda Santaria Locale Roma A, Roméy)lta

Instrumentation and Procedures
Visual Acuity assessment

BCVA was evaluated by the modified Early Treatmeratbetic Retinopathy Study (ETDRS)
Table (Lighthouse, Low vision products, Long Isladitl, NY, USA) at the distance of 4 meter.

VA was measured as LogMAR values.

Electrophysiological examinations
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In agreement with our previously published stufi€s®?°simultaneous PERG and VEP

recordings were performed using the following metho
Subjects were seated in a semi-dark, acousticlgted room, in front of the display and

surrounded by a uniform field of luminance of 5 delas per meter squared. Prior to the
experiment, each subject was adapted to the amtmient light for 10 minutes, with a pupil
diameter of approximately 5mm. No mydriatic or trda@rugs were used. Stimulation was
monocular after occlusion of the fellow eye. Visstinuli were checkerboard patterns (contrast
80%, mean luminance 110 cd)ngenerated on a TV monitor and reversed in conaathe rate of
2 reversals per second. At the viewing distancEldfcm, the check edges subtended 60 minutes
(60") and 15 minutes (15’) of visual angle. We us&d different checkerboard patterns as
suggested by the International Society for ClinEElgctrophysiology of Vision (ISCEV)’s
standard$® to obtain a prevalent activation of larger (60&cks) or smaller (15’ checks)
axonst>?°*133The monitor screen subtended 23 degrees. A srratidi target, subtending a
visual angle of approximately 0.5 degrees (estithafter taking into account spectacle-corrected
individual refractive errors), was placed at thetoe of the pattern stimulus. At every PERG and
VEP acquisition, each patient positively reporteak the/she could clearly perceive the fixation

target.The refraction of all subjects was corrected fewing distance.

PERG Recordings

The bioelectrical signal was recorded by a smalldgyg| skin electrode placed over the
lower eyelid. PERG was bipolarly derived betweengtimulated (active electrode) and the patched
(reference electrode) eye using a previously desdrinethod? As the recording protocol was
extensive, the use of skin electrodes with intelaraecording represented a good compromise
between the signal-to-noise ratio and signal stgbA discussion on PERG using skin electrodes
and their relationship to the responses obtainecbbyeal electrodes can be found elsewfieie.

The ground electrode was in Ffianterelectrode resistance was lower than 3000 offiles signal
9
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was amplified (gain 50000), filtered (band pas9OH8) and averaged with automatic rejection of
artefacts (100 events free from artefacts wereaaest for every trial) by BM600 (Biomedica
Mangoni, Pisa, Italy). Analysis time was 250 msHte transient PERG response is characterized
by a number of waves with three subsequent peakegstive, positive, and negative polarity,
respectively. In visually normal subjects, thesalgehave the following implicit times: 35, 50 and
95 msec (N35, P50, N95). In the analysis of PERSparses, we considered the peak-to-peak
amplitude between the P50 and the N95 peaks: PEIRENBS amplitude (PERG A) measured in

microvolt.

VEP recordings
Cup shaped electrodes of Ag/AgCI were fixed withamhon in the following positions:
active electrode in 02’ reference electrode in Fpzground in the left arm. Interelectrode
resistance was kept below 3000 ohms. The bioetesitynal was amplified (gain 20000), filtered
(band-pass 1-100 Hz) and averaged (200 event&rimeeartefacts were averaged for every trial) by
EREV 2000. Analysis time was 250 msec. The trand/&P response is characterized by a number
of waves with three subsequent peaks of negatotiye, and negative polarity, respectively. In
visually normal subjects, these peaks have thewiatlg implicit times: 75, 100 and 145 msec
(N75, P100, N145). In the analysis of VEP responsesconsidered the implicit time of the peak
P100, VEP P100 Implicit time (VEP IT) measured iliseconds, and the peak-to-peak amplitude
between the N75 and the P100 peaks, VEP N75-P1p0tade (VEP A) measured in microvolt.
During the recording sessions performed at basalgeafter 6 and 12 months of follow-up,
simultaneous PERG and VEP were recorded at least (& to 6 times) and the resulting
waveforms were superimposed to check the repegyatiilresults. For all PERG and VEP, implicit
times and peak-to-peak amplitudes of each of tkeeaged waves were directly measured on the
displayed records by means of a pair of cursors.

On the basis of previous studi&s” we know that intra-individual variability (evaleat by

10
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test-retest) is approximately + 2 ms for VEP I approximately £ 0.25 microvolts for PERG A
and VEP A. During the recording session, we comsitlas “superimposable” and therefore
repeatable, two successive waveforms with a difile#en msec (for VEP IT) and in microvolts (for
PERG A and VEP A) less than the above reportedegaddi intra-individual variability. Sometimes
the first two recordings were sufficient to obta@peatable waveforms; other times, however,
further recordings were required (but never moaaté in the cohort of patients or controls). For
statistical analyses (see below), we considered@ &l VEP values measured in the recording
with the lowest PERG A.

In each subject or patient, the signal-to-noise @NR) of PERG and VEP responses was
assessed by measuring a ‘noise’ response whileuthject fixated at a not modulated field of the
same mean luminance as the stimulus. At least s€” records of 200 events each were
obtained, and the resulting grand average was derezl for measurement. The peak-to-peak
amplitude of this final waveform (i.e., the averaget least two replications) was measured in a
temporal window corresponding to that at whichrgponse component of interest (i.e., VEP N75-
P100, PERG P50-N95) was expected to peak. SNRkifocomponent were determined by
dividing the peak amplitude of the component byrtbise in the corresponding temporal window.
An electroretinographic noise <0.1 microvolts (m@a®i74 microvolts, range 0.063 to 0.094
microvolts, resulting from the grand average of-4@00 events), and an evoked potential noise <
0.15 microvolts (mean 0.087 microvolts, range 0.@/6.114 microvolts, resulting from the grand
average of 400-1200 events) was observed in gstatested. In all subjects and patients, we

accepted PERG and VEP signals with a signal-toen@iso > 2.

Satistics
We calculated the sample size by using mean faddstd deviation (SD) data from 20

patients with LHON (17 from our previous reg6ind 3 from unpublished data).

11
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Groups’ sample size was calculated based on LHOMG) 15" PERG P50-N95 amplitude
data (60" 0.95+0.64 uV; 15: 1.10+£0.68 pV) and VEROO implicit time (60": 141.91+24.15 ms;
15’: 145.35+20.78 ms).

We sized our group based on the expected changasalblow statistically significant
changes of the values detected at follow-up witpeet to baseline. At = 0.05 and3 = 0.20, the
changes and SD at follow-up, calculated as a peagen(%) with respect to the baseline values,
were the following: for 60’ PERG P50-N95 amplitudé:of mean £38.90, % of SD +47.30; for 15’
PERG P50-N95 amplitude: % of mean +29.10, % of $P.%3; for 60’ VEP P100 implicit time: %
of mean +10.50, % of SD £13.61; for 15’ VEP P10(iicit time: % of mean +12.20, % of SD
+17.14.

Based on this data, we obtained the following sensite for each parameter: 60’ PERG
P50-N95 amplitude: 36 eyes; 15 PERG P50-N95 anmdit 38 eyes ; 60’ VEP P100 implicit time:
35 eyes; 15 VEP P100 implicit time: 38 eyes. Teaah the required number of eyes, and
considering a possible drop-out lower than 15 %ew®lled 22 LHON patients providing a sample
of 44 eyes.

Therefore, it was mandatory to consider, in altisti@al evaluation of this study, the group
of all LHON patients entirely. Consequently, noeirgéntial statistic could be applied to mutation-
specific LHON Groups, since a number of eyes lothan that required was available (LHON-
3460 Group: 4 eyes; LHON-14484 Group: 13 eyes; LHOM78 Group: 21 eye; LHON-14568
Group: 4 eyes).

Test-retest data (obtained in LHON eyes evaluatdtiis study) of PERG and VEP results
were expressed as the mean difference between doardings obtained in separate sessions
performed on two different days (the time elapsednfthe first and the second sessions of
recordings was between 2 and 4 day%)SD of this difference. A 95% confidence linf@l{, mean

+ 2 SD) of test-retest variability in LHON eyes westablished assuming a normal distribution.

12
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At baseline, mean values of PERG and VEP parametgserved in LHON Group were

compared to those of Controls by the one-way arsbfsvariance (ANOVA).

During the follow-up, the differences of PERG an&PR/values observed in individual
LHON eyes with respect to the baseline values @sldetected at 6 and 12 months minus those
detected at baseline) were calculated performiriggarithmic transformation. The changes of
absolute values of PERG and VEP respect to thdibasebserved in LHON Group, were also

evaluated by ANOVA.

In all ANOVA analyses, a conservative p value ddl0was considered as statistically
significant, to compensate for multiple comparisqps= 0.05/number of comparison: baseline vs 6

months and baseline vs 12 months = 2; p= 0.09225 significance level).

During the follow-up, Pearson’s correlation wasduge evaluate the relationship between
the changes (6 and 12 months with respect to In@yedf electrophysiological (PERG and VEP)
data. PERG and VEP changes detected at 12 monthes aeerelated with the corresponding

changes of BCVA. A p value of 0.05 was considexedtatistically significant for this correlation.

All statistical analyses were performed using MddGA13.0.4.0 (MedCalc, Mariakerke,

Belgium).

RESULTS

Figure 1 shows representative traces of unmodifmedroved or worsened PERG and VEP
responses observed in LHON eyes after 6 and 12heaftfollow-up with respect to baseline
condition.

Table 1 reports the mean values of PERG, VEP, HRBCVA detected at baseline in

Controls and LHON eyes and relative statisticalysis.
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Table 2 lists the number of individual functioralanges using 60’ and 15’ checks stimuli
expressed in absolute values and percentagesesipect to the total number of eyes belonging to
LHON Groups at months 6 and 12 of follow-up.

Individual 15’ and 60’ PERG and VEP changes dufolpw-up observed in LHON eyes at
6 and 12 months are shown in Figure 2.

Mean data of absolute values of PERG and VEP paeasebserved in LHON Group at
baseline and after 6 and 12 months and the relatatestical analyses with respect to baseline are
shown in Table 4.

The correlations between PERG and VEP changes ¢t#hs with respect to baseline)
detected in all LHON eyes are reported on Figure 3.

1) Retinal Ganglion Cells functional changes: PERG data
At baseline, all LHON eyes showed a reduction ifa6@ 15° PERG A. Mean values observed in
LHON Groups were significantly (p<0.01) differenitiwrespect to control ones (see Table 1).

When considering the individual changes concertimey95% CL, the majority of eyes of
LHON Group showed unmodified PERG A recorded wifh éhecks after 6 and 12 months of
follow-up (78.57 and 76.19% respectively) or with' checks during the same times of follow-up
(78.57 and 64.29%, respectively). The individuahroies detected in mutation-specific LHON
Groups and in LHON Group are reported on Tablee2 (Differences 6 and 12 months minus
baseline”) and Figure 2.

In LHON Group, the mean of absolute values of 6@ 45" PERG A detected at 6 and 12
months of follow-up was not significantly (p>0.0hrreased and/or reduced when compared with
those observed at baseline (see Table 3: “60’ &h&#ERG P50-N95 Amplitude”).

In LHON Group, the 60" and 15 PERG A changes wer significantly (p>0.05)
correlated with BCVA data. The correlation is rdpdr in Figure 4 (available at

www.aaojournal.org).
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2) Neural Conduction along the visual pathways changes. VEP data

At baseline all LHON eyes showed an increase im@@’15 VEP IT and a reduction in 60’
and 15’ VEP A; the values observed in LHON Groumseavsignificantly (p<0.01) different with
respect to control ones (see Table 1).

When considering the individual changes regardimg 95% CL, the majority of LHON
eyes showed unmodified VEP IT recorded with 60’ akiseafter 6 and 12 months of follow-up
(83.33 and 80.95 % respectively) or with 15’ chegdkeng the same time points (76.19 and 71.43%
respectively). The VEP A values were unmodifiecthe great percentage of LHON eyes (from
88.10% of eyes for 15’ VEP at 12 months of follopito 97.62% of eyes for 60’ VEP at 6 months
of follow up). The individual changes detected gclke mutation-specific LHON Group and in
LHON Group are reported on Table 2 (see “Differeanéeand 12 months minus baseline”) and
Figure 2.

In LHON Group, the mean of absolute values of & 15’ VEP IT and A observed at 6
and 12 months of follow-up were not significanty>0.01) modified when compared with those
observed at baseline (see Table 3: 60’ and 15’ FEGO Implicit times and N75-P100 Amplitude).

In eyes of LHON Group, at 6 months of follow-upe tthanges in 60’ and 15’ VEP IT were
independent (p>0.01) from the corresponding chamg&®’ and 15 PERG A. At 12 months of
follow-up, not significant (p>0.01) correlation beten the changes in 60’ VEP IT and 60' PERG A
were found. The changes in 15’ VEP IT were wealdpahdent (r =0.5428, p= 0.0263) from the
changes in 15" PERG A (see Figure 3).

In LHON Group, the 60’ and 15’ VEP IT changes wee¢ significantly (p>0.05) correlated

with BCVA data. This correlation is reported on fiig 4 (available at www.aaojournal.org).

DISCUSSION

Our study aimed to evaluate the possible functichahges of RGCs and related fibers and
of visual pathways in untreated LHON patients, @#d by different mtDNA mutations
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(11778/ND4; 3460/ND1, 14484/ND6, and 14568/ND6&dngl 12 months of follow-up of the
disease “chronic phase”.
1) Retinal Ganglion Cells functional changes: PERG data

In our study, the function of RGCs and of theiefib was assessed by PERG recorfiifig.
As in our previous stud¥ the enrolled patients in the present study wgeeldetween 20 and 45
years (mean age 36.3+9.3 years) and thus theyateld”. This is important when considering

that several factors (i.e. cataract or age-relatadulopathy) can influence PERG responses.

With respect to our aim, at different time poi(iiaseline, 6 and 12 months), we considered
exclusively the P50-N95 amplitude of PERG respornsiese, actually, this parameter is considered
as “more specific” to evaluate the function of RG®sl their fiber§®**The PERG P50 implicit
time was not considered, based on previous docwd@&vidences suggesting that also the
functional integrity of preganglionic elements ecessary in order to generate a normal P50

implicit time respons&®“°

At baseline, a significant reduction of PERG A IhL&ddON eyes was found when compared
to Controls. Considering the specific mtDNA mutagsoabout the 11778/ND4, the present baseline
PERG results are in agreement with those of owigus study” and with other Authors’ findings,
11131922 \where PERG was assessed as recruitment critefios the evaluation of the effects of
gene therapy. Similar PERG abnormalities, deteictedir LHON patients with 3460/ND1
mutation, were observed also by others:18%°2 And also for the 14484/ND6 mutation, PERG
abnormalities found in our present and previoudyéfiare in agreement with those observed by
others?® ' On the PERG abnormalities detected in LHON pasigrith 14568/ND6 mutation, the

present study represents a novel finding since LHxatients carrying this mutation were never

studied previously through an electrophysiologaggbroach.

The observed reduction in PERG A can be ascribaddysfunction of the innermost retinal

layers (RGCs and their fibers), similarly to thhserved in other diseases (i.e glaucéma;**or

16



331 ischemic optic neuropatt§). Nevertheless, abnormal PERG responses werelalsoted by using
332  high-contrast checks, subtending 60 minutes ofaliatc (60’). By using this type of visual stimuli,
333 acomplex electrophysiological response is geneéyatgh contributions of both contrast- and

334 luminance-sensitive retinal generators (ganglicsh greganglionic cells). Therefore, in presence
335 of abnormal 60’ PERG responses observed in LHON,eyéunctional contribution of the pre-

336 ganglionic elements needs to be considered, alththegevidence is slim in support of pre-

337  ganglionic dysfunctiot*” and previous histological studies documented sgarf photoreceptors

338  and retinal pigmented epithelium in affected LHEN.

339 Actually, the so-called Photopic Negative Respdi*$edNR) of the light-adapted

340 electroretinogram is another electrophysiologicathmnd available for assessing the RGCs

341 functional integrity. It is interesting to considéiat RGCs dysfunction in LHON eyes with

342  11778/ND4, 3460/ND1 and 14484/ND6 mutations wasdatet also by using this new

343 electrophysiological approaéh?’

344 At 6 and 12 months of follow-up, in the analysisrafividual changes, the great percentage
345 of LHON eyes showed unmodified PERG A. Neverthelessach mutation-specific Group there
346  were cases with an improvement or a worsening (8@ Eesponses (see Tables 2 and Figure 2).
347 In particular, in LHON-11778, it was observed tlaR9% of eyes there was a change in
348 RGCs function. This may be a consequence of tige laumber of eyes belonging to this Group.
349 Our findings in LHON-11778 are in contrast with secobserved by Yang et &f who found

350 unmodified PERG responses in 8 LHON-11778 eyesxdur? months of follow-up. In LHON-

351 3460, a worsening of 15 PERG amplitude in 2 ou4 efyes and of 60° PERG amplitude in 1 out of
352 4 eyes were found; no PERG improvement was detettesl is in contrast with Sharkawi et 4.,
353  who reported PERG improvement in only one casehithvPERG was recorded by using similar
354  visual stimuli. About the 14484/ND6 mutation, waserved PERG improvement in 1 out of 13

355  eyes (7.69%) in contrast to Jarc-Vidmar et&ivho reported no PERG changes in the only patient
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enrolled with this mutation after 30 months of é@-up. About the LHON-14568 patients, we
observed a reduction in 60’ PERG A in 1 out of 4®while by using 15’ checks, no eyes showed
changes in PERG responses. There is no companafitvenation in the literature for this mutation.
Mean values of PERG A detected in LHON Group warelar with respect to baseline (see
Table 3), thus suggesting that the RGCs functi@iuated in a global cohort of LHON eyes is not
significantly modified during 12 months of follonpuSince in each mutation-specific LHON
Group the number of eyes was lower than required fmrrect statistical analysis, we could not
provide statistical data referred to PERG chan@sgemved at 6 and 12 months of follow-up with

respect to baseline.

Data on RGCs dysfunction detected by PERG abnaiiggin our LHON Group are

consistent with the reported RNFL layer thinninglerated by Optical Coherence Tomografhy.
2) Neural Conduction along the visual pathways changes. VEP data

In this study, as for as in our previous publishenk > VEP responses were obtained by
using different spatial frequencies with largesoraller checks, subtending respectively 60 minutes
(60") and 15 minutes (15’) of visual angle. Thigegach was used to obtain information on the
function of both large and small axons forming ¥isial pathways. In fact, it is well known that
the stimulation of different size of the retinategtive fields (that can be obtained by varying the
spatial frequencies of visual stimuli) induces edqmminant activation of different neural
components of the visual pathways that evoke resgsodriven to the cortical areas by different
axons’ populations with variable neural conductiefocity3'*? Thus, by using the 60’ checks, we
could mainly activate the large retinal recepfiedds, thereby driving responses to the cortex by
large axons and by using the 15’ checks (spatguency with smaller checks), we could
preferentially activate the smaller retinal receptiields with the bioelectrical signal being drive

to the visual cortex by small axoffs.
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At baseline, significant abnormal VEP responsesi@iay and A reduction using both
visual stimuli of 60’ and 15’ checks) were obserwedll LHON eyes when compared to Controls.
Considering the specific mutations: about the 11INID& our baseline VEP results are in agreement
with those reported by Ziccardi et*al.and by Yang et alwho considereEP parameters in the
recruitment for gene therapy and their changekérevaluation of its effect€?* The VEP
abnormalities found in our LHON patients with 346D/ mutation are consistent with those
previously observed in our studyand in other work&%°?*Also LHON eyes with 14484/ND6
mutation showed abnormal VEP responses similartiabobserved in our previous studynd to
that reported by Jarc-Vidmar et’8land by Majander et &*.LHON eyes with 14568/ND6 were
never studied by electrophysiological methods &edetfore the detected VEP abnormalities

represent a novel finding.

Our baseline VEP findings obtained in responsdmtb 60’ and 15’ checks, confirming our
previous data® can be explained considering that in the “chrgfiase” of the disease there is a not
selective dysfunction for the smaller fibers of gapillo-macular bundle, but also an involvement
of the larger axons. This is also supported byeteetrophysiological evidences obtained by using
more selective visual stimuli such as the multifa¢aP stimuli‘® Our VEP findings are consistent
with morphological studies in which it has beepared that the smaller fibers of the papillo-
macular bundle are selectively damaged in theairpfhase of the acute disease and later the
morphological changes extend to the rest of theswad the optic nerve, when the optic atrophy

occurs?®

After 6 and 12 months of follow-up, VEP responsesemunmodified in a great percentage
of LHON eyes and a small percentage of them shdyedld improvement or worsening of VEP

responses (see Tables 2 and Figure 2).

In particular, in a percentage of about 28% and (@%h 15’ and 60’ of visual stimuli,

respectively) of LHON-11778, a shortening of the”/H was found and in a percentage of 14%
19



405  (for both 15’ and 60’ of visual stimuli) a furth®iEP IT delay was observed. As for PERG results,
406 this may be a consequence of the large numberasf legionging to this Group. Our VEP results
407  are in contrast with those of Yang et &lwho detected unmodified VEP responses , during 12

408  months of follow-up.

409 In the Group with 3460/ND1 mutation, all eyes shdwemodified VEP responses in
410 agreement with previous repoffayhile Sharkawi et af observed an improvement in only one
411 case in which the VEP, found “undetectable” at basgbecame “detectable but delayed” after 18

412  months of follow-up.

413 About the 14484/ND6 mutation, a shortening in VERn about 15% and 8% (with 15’ and
414 60’ of visual stimuli, respectively) and a furttalay in VEP IT in about 8% and 0 (with 15" and
415 60’ of visual stimuli, respectively) were observ&y.contrast, Jarc-Vidmar et &f.pbserved

416  unmodified abnormal VEP responses in only one oblesd patient during 30 months of follow-up.
417  In LHON patients with 14568/ND6 mutation, VEP respes were unmodified in all eyes and so far

418 there are no similar information in the literature.

419 Mean values of VEP parameters detected in LHON weere not significantly different
420 when compared to baseline (see Table 3). As for®PERults, in each mutation-specific LHON
421  Group (see above), we were not able to providéesstatl analysis referred to VEP changes

422  observed at 6 and 12 months of follow-up with respe baseline.

423 Our VEP findings let us to believe that the neg@iduction along both large and small
424  axons of the visual pathways is substantially unifrextiin the global cohort of LHON eyes during
425 12 months of follow-up. In addition, the observetproved/worsened/unmodified neural

426  conduction (for both large and small axons) aldruisual pathways is not entirely dependent
427  from the modification in RGCs function as suggedigdbarely significant correlation between the
428 changes (12 months minus baseline) in PERG A arfd NEsee Figure 3). The variations in

429  neural conduction did not influence the changeBGVA, as derived by the lack of correlation
20
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between the changes (12 months minus baselinefcih W and BCVA (see Figure 4, available at

www.aaojournal.org).

Conclusions

In our cohort of LHON patients, with specific mitaandrial mutation, RGCs and visual
pathways function were, on average, not statisyicabdified through 12 months of follow-up of

the chronic phase of the disease.

In our study, we used an electrophysiological appindo assess the RGCs function (PERG
recordings) and to evaluate the neural conductimmgathe visual pathways (VEP recordings). On
the basis of our results, we suggest that, whesetheethods are applied, it is crucial to well
establish the range of variability of the electrggiblogical responses. Only in this manner, it is
possible to distinguish between true worseneahogliorated responses that are those that exceed

thelimits of the inter-individual variability.

We believe that it is very important also to coesithat in a variable percentage of LHON
eyes, in relationship to the specific mutation. (L&778/ND4), there is the possibility that
worsening or improvement of RGCs and visual patsafaypction can spontaneously occur during
the disease natural history. All this should betain account when attempts for treatments are

proposed in the chronic phase of LHON disease.
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FIGURE LEGEND

Figure 1. Examples of Pattern Electroretinogram (PERG) amsld Evoked Potentials (VEP)
recordings, performed in 3 Leber’s hereditary opteuropathy (LHON)-11778 eyes at baseline
condition and after 6 and 12 months of follow-up.these patients, with respect to baseline, at 6
and 12 months, it is possible to detect values attelh Electroretinogram (PERG) P50-N95
Amplitude (A, 1), Visual Evoked Potentials (VEP) P100 Implicit En{IT, <) and VEP N75-
P100 Amplitude (A,]) unmodified (Implicit Time and Amplitudes modifiedithin the intra-
individual limits of variability), worsened (incrsad values of Implicit Time and reduced values of
Amplitudes exceeding the intra-individual limit§ \@ariability) or improved (increased values of
Amplitudes and reduced values of Implicit Time edieg the intra-individual limits of

variability).

Figure 2. Individual differences of Pattern Electroretinagr&50-N95 Amplitudes (PERG A),
Visual Evoked Potentials P100 implicit times (VEP) land N75-P100 amplitudes (VEP A) in
patients with Leber’s hereditary optic neuropathfi@N) detected at 6 and 12 months of follow-up
(6m/bas and 12m/bas, respectively). 60" and 1%rseto visual stimuli in which each checks
subtended 60 and 15 minutes of visual arc, respyti3460, 14484, 11778 and 14568 refers to
specific mitochondrial DNA mutations. The percertag unmodified (within the 95% confidence
test-retest limit), improved (values over the 95%nfadence test-retest limit, solid line) and
worsened (values lower the 95% confidence tesstrdimnit, dashed line) eyes are reported on

Table 2. CL: Confidence limit.

Figure 3. Pattern electroretinogram (PERG) P50-N95 amplitudegsponse of 60’ and 15’ checks
(60’ and 15’) individual differences between baselnd 6 (6 months) and 12 (12 months) months
of follow-up detected in all Leber’s hereditarytiospneuropathy (LHON) eyes plotted as a function
of the values of the corresponding differencesisusll Evoked Potentials (VEP) P100 Implicit

Time. Pearson’s test was used for regression daalgd correlations.
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Figure 4. Pattern electroretinogram (PERG) P50-N95 amplituatk Visual Evoked Potentials
(VEP) P100 Implicit Time, in response of 60" and decks (60’ and 15’), individual differences
between baseline and 12 (12 months) months ofviellp detected in all Leber’s hereditary optic
neuropathy (LHON) eyes plotted as a function ofitakeies of the corresponding differences in

visual acuity. Pearson’s test was used for regrasanalysis and correlations.
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Table 1. Mean values of Pattern Electroretinogram P50-M@8plitudes (PERG A), Visual
Evoked Potentials P100 Implicit times (VEP IT) aN@5-P100 Amplitudes (VEP A) Humphrey
24-2 perimetry (HFA) Mean Deviation (MD) and LogMAbest-corrected visual acuity (BCVA)
measurement expressed as a logarithm of the miniamgte of resolution (logMAR), detected in
Controls (C, 25 eyes) and in patients with Leb&eseditary optic neuropathy (LHON Group, 42
eyes) at baseline. Statistical evaluation by a ®@ag- Analysis of Variance (ANOVA).
Abbreviations: SD: 1 standard deviation. 60’ aBdvisual stimuli in which each check subtended
60 and 15 minutes of visual arc respectively; pcrovolt; Nr: number of eyes inside the normal
limits; Ab: number of eyes outside the normal IgniNormal limits were obtained from control
subjects by calculating mean values +2 standardhtiens for VEP P100 implicit time and mean
values -2 standard deviations for PERG P50-N95 ¥B&® N75-P100 amplitudes. MD was
considered as Ab for values less than -2dB. BCVA wansidered as Ab for values greater than
0.0.

Group | Mean | SD ANOVA: Nr Ab
LHON vs : f (1,66);
f= | P=
60’ PERG A (uV) C 2.39 0.15
LHON 1.29 0.48 | 123.43| <0.001 0 42
60'VEP IT (msec) C 102.37 3.41
LHON | 123.74 14.3 | 614.33 | <0.001 0 42
60’ VEP A (uVv) C 11.56| 1.87
LHON 3.65 1.99 | 258.78| <0.001 0 42
15' PERG A (uV) C 248 | 0.18
LHON 1.15 | 0.27 | 478.40| <0.001 0 42
15'VEP IT (msec) C 104.42 3.86
LHON | 127.70 13.31| 72.44 | <0.001 0 42
15’ VEP A (uV) C 10.62| 2.15
LHON 3.14 1.60 | 263.98| <0.001 0 42
HFA MD (dB) C 0.18 | 0.46
LHON -7.89| 3.23| 153.27| <0.001 0 42
BCVA (LogMAR) C 0.00 | 0.00
LHON 0.44 | 056| 1534 | <0.001 0 42




Table 2. Six and 12 months of follow-up in patients withblee's hereditary optic neuropathy
(LHON). Changes of Pattern Electroretinogram (PER&)-N95 Amplitudes, Visual Evoked
Potentials (VEP) P100 Implicit Times and N75-P16tphatudes. 3460, 14484, 11778 and 14568
refers to the specific mitochondrial DNA mutatio®0’ and 15’: visual stimuli in which each
checks subtended 60 and 15 minutes of visualesgectively. Unmodified: values of PERG and
VEP Amplitudes and VEP Implicit Time within the 95€86nfidence test-retest limit; Improvement:
increase in values of PERG and VEP amplitudes aockdse in values of VEP Implicit Time that
exceeded the 95% confidence test-retest limit; Aforgy: reduction in values of PERG and VEP
Amplitudes and increase in values of VEP Impligin&s that exceeded the 95% confidence test-

retest limit; N: number of eyes.

60’ PERG P50-N95 Amplitude

Difference 6 months minus baseline Difference 12anths minus baseline
unmodified | Improvement worsening unmodified | Improvement | worsening
N % N % N % N % N % N %
LHON-3460 (N=4) 3 |7500] O 0.00 1 25.00( 3 75.00| O 0.00 1 25.00

LHON-11484 (N=13) | 10 | 76.92 1 7.69 2 15.38( 11 | 84.62 1 7.69 1 7.69

LHON-11778 (N=21) | 17 | 80.95 3 14.29 1 4.76 15 | 71.43 4 19.05| 2 9.52

LHON-14568 (N=4) 3 | 75.00 0 0.00 1 25.00] 3 75.00 0 0.00 1 25.00

LHON Group (N=42) | 33 | 7857 4 9.52 5 11.90( 32 | 76.19 5 11.90( 5 11.90

60’ VEP P100 Implicit Time

Difference 6 months minus baseline Difference 12anths minus baseline
unmodified | Improvement worsening unmodified | Improvement | worsening
N % N % N % N % N % N %
LHON-3460 (N=4) 4 1100.000 O 0.00 0 0.00 4 1100.00f O 000 | O 0.00

LHON-11484 (N=13) | 12 | 92.31 1 7.69 0 0.00 12 | 92.31 1 7.69 0 0.00

LHON-11778 (N=21) | 15| 71.43 4 19.05 2 9.52 14 | 66.67 4 19.05| 3 14.29

LHON-14568 (N=4) 4 1100.000 O 0.00 0 0.00 4 100.00] O 0.00 0 0.00

LHON Group (N=42) 35 | 83.33 5 11.90 2 4.76 34 | 80.95 5 11.90| 3 7.14




60’ VEP N75-P100 Amplitude

Difference 6 months minus baseline

Difference 12 mths minus baseline

unmodified | improvement worsening unmodified | improvement | worsening

N % N % N % N % N % N %
LHON-3460 (N=4) 4 1100.000 O 0.00 0 0.00 3 75.00 1 25.00( O 0.00
LHON-11484 (N=13) | 13 |100.00] O 0.00 0 0.00 | 11 | 84.62| O 0.00 | 2 | 15.38
LHON-11778 (N=21) | 20 | 95.24| O 0.00 1 476 20 [ 9524 O 0.00 | 1 4.76
LHON-14568 (N=4) 4 1100.000 O 0.00 0 0.00 4 [100.00] O 0.00| O 0.00
LHON Group (N=42) | 41| 97.62| O 0.00 1 238 | 38 | 9048| 1 238 | 3 7.14

15’ PERG P50-N95 Amplitude

Difference 6 months minus baseline

Difference 12anths minus baseline

unmodified | Improvement worsening unmodified | Improvement | worsening

N % N % N % N % N % N %
LHON-3460 (N=4) 3 | 75.00 0 0.00 1 25.00 2 50.00 0 0.00 2 50.00
LHON-11484 (N=13) | 12 | 92.31 1 7.69 0 0.00 | 12 | 9231] 1 769 | O 0.00
LHON-11778 (N=21) 14 | 66.67 4 19.05 3 14.29 9 42.86 6 2857 6 28.57
LHON-14568 (N=4) 4 1100.000 O 0.00 0 0.00 4 1100.00f O 000 | O 0.00
LHON -Group (N=42) | 33 | 78.57 5 11.90 4 9.52 27 64.29 7 16.67| 8 19.05

15’ VEP P100 Implicit Time

Difference 6 months minus baseline

Difference 12anths minus baseline

unmodified | Improvement worsening unmodified | Improvement | worsening

N % N % N % N % N % N %
LHON-3460 (N=4) 4 1100.000 O 0.00 0 0.00 4 [100.00] O 0.00| O 0.00
LHON-11484 (N=13) | 10 | 76.92| 2 1538 1 769 | 10 | 76.92| 2 1538 1 7.69
LHON-11778 (N=21) | 14 | 66.67| 4 19.05| 3 1429 12 | 57.14| 6 2857 3 | 14.29
LHON-14568 (N=4) 4 1100.000 O 0.00 0 0.00 4 [100.00] O 0.00| O 0.00
LHON Group (N=42) | 32 | 76.19| 6 1429 4 952 | 30 | 7143| 8 19.05( 4 9.52

15’ VEP N75-P100 Amplitude

Difference 6 months minus baseline

Difference 12 mths minus baseline

unmodified

improvement

worsening

unmodified

improvenent

worsening




N | % % % N % % %

LHON-3460 (N=4) 3 | 75.00 25.00 0.00 | 4 |100.00 0.00 0.00
LHON-11484 (N=13) | 12 | 92.31 0.00 769 | 11 | 84.62 7.69 7.69
LHON-11778 (N=21) | 20 | 95.24 4.76 0.00 | 18 | 85.71 9.52 4.76
LHON-14568 (N=4) | 4 |100.00 0.00 0.00 | 4 |100.00 0.00 0.00
LHON Group (N=42) | 39 | 92.86 4.76 2.38 | 37 | 88.10 7.14 4.76




Table 3. Baseline, 6 and 12 months of follow-up in allipats with Leber’s hereditary optic

neuropathy (LHON Group, 42 eyes). Mean of absolataes of Pattern Electroretinogram (PERG)
P50-N95 Amplitudes, Visual Evoked Potentials (VEERPO Implicit Times and N75-P100
Amplitudes. Abbreviations: ANOVA: One-way Analysi$ Variance. SD: 1 standard deviation;

60’: visual stimuli in which each checks subten@8dminutes of visual arc; 15’: visual stimuli in

which each checks subtended 15 minutes of visgalkarAmplitude; IT= implicit time

60’ PERG 60’ VEP 60’ VEP 15' PERG 60’ VEP 15' VEP
P5-N95 A P100 IT N75-P100 A P5-N95 A P100 IT N75-P100 A
(microVolt) (msec) (microVolt) (microVolt) (msec) (microVolt)
Mean SD Mean SD Mean SD | Mean SD Mean SD Mean| SD
Baseline 129 | 0482 126.2 | 15.6 3.65 1.99 1.15 0.247  127|7 13.3 314 016
6 months 1.30 | 0.355 123.7 | 143 3.62 2.02 1.23 0.3%4  125|5 12.4 303 215
ANOVA : N . | ¢ R - | _
vs baseline f.(1,83)| P=|f(183) P=|f(1,83)] P=| f(1,83) P= |f(183) P= |[|f(1,83)] P=
0.022 | 0.881 0.621 | 0.434 0.005 | 0.944 1.360 | 0.246/ 0.604| 0.43p 0.10L 0.7p0
12 months 134 | 0462 1240 | 148 3.39 1.78 1.23 0.406  125|9 11.8 317 015
ANOVA : N - |+ I - |+ N —
vs baseline f.(1,83)| P=|f(,83)] P=|f(183)]| P=| f(1,83) P= |f(1,83) P= |f(1,83)] P=
0.231 | 0.634 0.466 | 0.494 0.415 | 0.521 1.07 0.303| 0.398 0.53p 0.007f 0.981
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Precis

Retinal ganglion cells and visual pathways’ funietie substantially unmodified during 12 months
period of follow-up independently from the pathoigamutation in patients affected by LHON in

the “chronic phase”.



