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PURPOSE. This exploratory analysis aimed to identify predictive factors of !nal best-
corrected visual acuity (BCVA) in patients with Leber hereditary optic neuropathy (LHON)
harboring the m.11778G>A mutation who received lenadogene nolparvovec gene
therapy.

METHODS. The following covariates were individually evaluated as possible factors
associated with improved !nal BCVA: age, gender, timing of treatment, base-
line BCVA value, and baseline optical coherence tomography (OCT) parame-
ters. Univariate analyses were performed from three phase 3 studies (RESCUE,
REVERSE, and REFLECT), using BCVA at 1.5 years post-treatment as the dependent
variable.

RESULTS. In 113 eyes treated at least 6 months after disease onset, the covariates
statistically signi!cantly associated with an improvement in !nal BCVA after having
reached a nadir were thicker OCT measurements at baseline—speci!cally, outer segments
of the macular ganglion cell layer (GCL) (superior, temporal, inferior, and nasal)
and retinal nerve !ber layer (RNFL) quadrants (superior, inferior, and nasal) (P <

0.05). The largest effects were observed in the thickness of the superior outer GCL
segments at baseline (−0.28 logMAR; 95% con!dence interval [CI], −0.41 to −0.16)
and temporal outer GCL segments at baseline (−0.26 logMAR; 95% CI, −0.38 to
−0.13; both P <0.001). A better baseline BCVA in the dynamic phase of the disease
was associated with a better !nal BCVA (−0.09 logMAR; 95% CI, −0.11 to −0.08;
P < 0.0001).

CONCLUSIONS. Better baseline BCVA values and baseline thicker GCL and RNFL at OCT
measurements are key predictive factors of the improved BCVA 1.5 years after treatment
in patients with MT-ND4 LHON who received lenadogene nolparvovec at least 6 months
after disease onset.
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L eber hereditary optic neuropathy (LHON), the most
common mitochondrial disease, is estimated to affect 1

in 30,000 people.1 Patients generally present with rapidly
progressive visual loss due to selective retinal ganglion
cell (RGC) degeneration leading to optic nerve atrophy.2,3

The disease is characterized by a speci c pattern of retinal
nerve  ber layer (RNFL) thickening and early ganglion cell
layer (GCL) thinning during the subacute stage (6 months
from onset), followed by progressive RNFL thinning in the
dynamic stage (6–12 months) which stabilizes in the chronic
stage (>12 months).4–6 Cellular degeneration is caused by
mitochondrial dysfunction due, in about 90% of cases, to
three mtDNA point mutations that affect complex I subunits:
m.11778G>A in MT-ND4, m.3460G>A in MT-ND1, and
m.14484T>C in MT-ND6.1,7

The natural history of LHON may include some occur-
rences of spontaneous recovery of visual function from the
lowest value of best-corrected visual acuity (BCVA) reached
during the subacute phase (nadir) of the disease, most often
in patients carrying the m.14484T>C pathogenic variant
and in cases with childhood onset.8,9 Recent metanalyses
of LHON patients carrying the most frequent m.11778G>A
pathogenic variant estimated spontaneous recovery in 11%
of patients ages 15 years or older.10

LHON is characterized by male prevalence and incom-
plete penetrance, suggesting that modifying factors
contribute to disease onset,3 including genetic modi-
fying factors, hormonal modulation of mitochondrial
function,11,12 and environmental triggers such as tobacco
smoking.13,14 Thus, LHON seems to be sensitive to multiple
modifying factors that may regulate disease onset as well as
the propensity to different prognostic outcomes.

Therapeutic options are currently limited to adminis-
tration of the quinone analog idebenone, which bypasses
complex I dysfunction and limits excessive reactive oxygen
species production.15,16 Idebenone therapy is approved in
Europe, United Kingdom, Switzerland, and Israel but not by
the U.S. Food and Drug Administration.

Lenadogene nolparvovec is an investigational gene ther-
apy for LHON patients carrying the m.11778G>A MT-ND4
mutation, the most common and severe causative mutation.
This gene therapy aims to restore the activity of dysfunc-
tional complex I by reintroducing wild-type MT-ND4 within
mitochondria.10,17 Intravitreal injection of a recombinant
adeno-associated virus (AAV) serotype 2 vector carrying a
replacement MT-ND4 recoded transgene enables nuclear
allotopic expression of the wild-type MT-ND4 gene and
its import into RGC mitochondria. The ef cacy and safety
of lenadogene nolparvovec were evaluated in three phase
3 studies, which showed that a single unilateral injection
resulted in a reproducible recovery in BCVA from nadir
in the treated eye, but also unexpectedly in the untreated
eye.18–24 These studies also showed better visual outcome
in patients treated between 6 and 12 months after disease
onset (REVERSE study),19 as compared to patients treated
earlier, within 6 months after onset (RESCUE study).18 This
other unexpected observation was also con rmed by the
trial comparing bilateral to unilateral treatment (REFLECT
study).20

Analyzing the data from MT-ND4 LHON patients who
received lenadogene nolparvovec in the REVERSE, RESCUE,
and REFLECT trials, the present study utilized spectral-
domain optical coherence tomography (SD-OCT) and other
clinical outcomes to identify predictive factors of BCVA
changes 1.5 years after treatment.

METHODS

Patients and Data Collection

The methodologies of the three phase 3 RESCUE, REVERSE,
and REFLECT studies have been described in previous publi-
cations.18–20,23 REVERSE and RESCUE were two phase 3
pivotal trials designed to evaluate the ef cacy of a single
intravitreal injection of lenadogene nolparvovec in recently
affected patients (up to 12 months of vision loss) with a
follow-up of 96 weeks after treatment administration. The
right eye of each subject was randomly allocated to receive
either gene therapy or sham treatment in a 1:1 allocation
ratio. The fellow (left) eye received the treatment not allo-
cated to the right eye. The main difference between the two
studies was the onset of vision loss: from 181 to 365 days
(6–12 months) in REVERSE and up to 180 days (0–6 months)
in RESCUE.18,19 A phase 3 pivotal study, REFLECT, was
conducted to assess the ef cacy of a bilateral intravitreal
injection of lenadogene nolparvovec. All patients had vision
loss for up to 1 year at the time of treatment administration.
Patients received an intravitreal injection (IVT) of lenado-
gene nolparvovec in the  rst affected eye and were randomly
allocated to an IVT of either gene therapy or placebo in the
second affected eye.20,23

BCVA was assessed using the Early Treatment Diabetic
Retinopathy Study (ETDRS) chart at 1 or 4 meters. Off-
chart values were converted into logarithm of the mini-
mum angle of resolution (logMAR) using the Lange corre-
spondence (counting  ngers, logMAR +2.0; hand motion,
logMAR+2.3),25 and logMAR+4.0 and+4.5 for light percep-
tion and no light perception, respectively. SD-OCT scans of
the macula and the optic nerve were performed for each
eye after pupil dilation with the SPECTRALIS OCT (Heidel-
berg Engineering, Heidelberg, Germany) as per standard
protocols included in the SPECTRALIS software. Retinal GCL
thickness within the inner and outer macular regions (not
including RNFL and inner plexiform layer) and peripapil-
lary and papillomacular bundle (PMB) RNFL thicknesses in
affected LHON patients were the studied prede ned OCT
outcomes. The OCT metrics were measured and graded by
a masked central ophthalmology reading center (Central
Reading Center, Annesley EyeBrain Center, Vickie and Jack
Farber Neuroscience Institute for Neuroscience at Thomas
Jefferson University, Philadelphia, PA, USA). The OCT assess-
ments were performed using triplicate scans of high qual-
ity (Q > 20). Borders of the retinal layers were manu-
ally adjusted when automated segmentation errors were
detected. The protocol for segmentation was as follows.
For GCL, segmentation included nine segments as de ned
by the ETDRS grid26: four outer segments of the macula
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(superior, temporal, inferior, and nasal), four inner segments
of the macula (superior, temporal, inferior, and nasal), and
fovea. For RNFL, segmentation included �ve segments: peri-
papillary (superior, temporal, inferior, and nasal) and PMB.
The grading of the OCTs was performed without knowl-
edge of the patients’ visual acuity, visual �elds, or treatment
status.

Statistical Analyses

The prede�ned baseline for BCVA and OCT parameters was
the last available assessment before treatment. Comparisons
of OCT parameter evolution were assessed with the absolute
change from baseline to 1.5 years post-treatment. P values
were obtained using a linear model adjusted for the value of
the baseline parameter. To consider the intra-patient corre-
lation that exists between both eyes, repeated measures on
patients were performed when both eyes were included in
the analysis.

The prede�ned univariate analyses consisted of assess-
ing speci�c covariates with BCVA logMAR continuous value
at 1.5 years post-treatment as the dependent variable. The
following baseline covariates were evaluated: age, gender,
patient’s time from vision loss (�rst affected eye) to treat-
ment (by 1 month), baseline BCVA logMAR value (by 0.1
logMAR), baseline GCL fovea (by 1 µm), baseline outer and
inner GCL segments (superior, temporal, inferior, and nasal)
(by 5 µm) and RNFL quadrants (superior, temporal, inferior,
and nasal), and PMB (by 5 µm). Associations between base-

line characteristics and BCVA at 1.5 years were explored
using a repeated-measures analysis of variance (ANOVA)
on patients, with a “variance components” covariance struc-
ture. Analyses were performed for all eyes: lenadogene
nolparvovec–treated eyes (“treated eyes”), sham/placebo-
treated eyes (“untreated eyes”), and for subgroups accord-
ing to the timing of gene therapy administration for the �rst
affected eye (within or at least 6 months of vision loss). Miss-
ing data at 1.5 years were not imputed and are included in
each table.

RESULTS

Participants Characteristics

Overall, the pooled population from the RESCUE, REVERSE,
and REFLECT studies included 174 m.11778G>A MT-ND4
patients who were predominantly male (79.9%) and in their
30s, with a mean ± SD age of 33.5 ± 14.5 years (range,
15–74 years) (Table 1). According to each study design,
the mean time from disease onset to treatment was 4.5 ±

1.4 months for RESCUE (patients included within 6 months
of vision loss), 10.4 ± 1.7 months for REVERSE (patients
included within 6 to 12 months of vision loss), and 8.3 ±

3.2 months for REFLECT, where the time from onset to treat-
ment had to be less than 1 year.

At baseline, the mean BCVA was 1.49 ± 0.48 logMAR for
all eyes, 1.53 ± 0.47 logMAR in lenadogene nolparvovec–
treated eyes, and 1.43 ± 0.48 logMAR in sham/placebo-

TABLE 1. Patient Baseline Characteristics Per Study and Overall (Treated and Untreated Eyes)

RESCUE

(N = 39)

REVERSE

(N = 37)

REFLECT

(N = 98)

Total

(N = 174)

Gender, n (%)

Female 7 (17.95) 8 (21.62) 20 (20.41) 35 (20.11)

Male 32 (82.05) 29 (78.38) 78 (79.59) 139 (79.89)

Age (y)

Mean ± SD 36.33 ± 15.49 34.19 ± 15.24 32.11 ± 13.80 33.50 ± 14.52

Median 35.00 30.00 28.50 29.00

Q1–Q3 22.00–47.00 21.00–45.00 21.00–41.00 21.00–45.00

Range 15.00–69.00 15.00–67.00 15.00–74.00 15.00–74.00

Time from disease onset (�rst affected eye) (months) to injection

Mean ± SD 4.49 ± 1.36 10.41 ± 1.70 8.33 ± 3.21 7.91 ± 3.29

Median 4.14 10.91 8.89 8.26

Q1–Q3 3.55–5.98 9.13–11.86 5.52–11.63 4.93–11.14

Range 2.30–6.54 6.93–12.85 1.71–11.96 1.71–12.85

BCVA value (logMAR) at baseline

Mean ± SD 1.27 ± 0.52 1.56 ± 0.36 1.55 ± 0.47 1.49 ± 0.48

Median 1.30 1.55 1.50 1.50

Q1–Q3 1.00–1.60 1.40–2.00 1.20–2.00 1.20–2.00

Range −0.20 to 2.00 0.70–2.30 0.00–2.30 −0.20 to 2.30

GCL macular volume (mm3) at baseline

Mean ± SD 0.72 ± 0.17 0.52 ± 0.07 0.60 ± 0.13 0.61 ± 0.15

Median 0.68 0.52 0.59 0.59

Q1–Q3 0.59–0.83 0.47–0.57 0.50–0.70 0.50–0.70

Range 0.47–1.27 0.36–0.72 0.35–1.00 0.35–1.27

RNFL average thickness (µm) at baseline

Mean ± SD 98.28 ± 18.45 68.72 ± 17.94 80.76 ± 28.98 82.13 ± 26.71

Median 100.00 68.50 77.00 82.00

Q1–Q3 86.00–109.00 55.00–82.00 56.50–98.50 59.00–101.00

Range 47.00–159.00 39.00–115.00 37.00–200.00 37.00–200.00

Descriptive statistics of BCVA, GCL macular volume, and RNFL average thickness were performed at eye level. Results are for 348 eyes
from 174 patients, with no missing data.
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TABLE 2. Outcomes at 1.5 Years After Lenadogene Nolparvovec Administration Split by Treatment Status (Treated and Untreated Eyes)

Lenadogene

Nolparvovec (N = 222)

Sham/Placebo

(N = 126) P*
Total

(N = 348)

BCVA value (logMAR) 0.153

N 181 109 290

Mean ± SD 1.39 ± 0.55 1.43 ± 0.56 1.41 ± 0.55

Median 1.40 1.40 1.40

Q1–Q3 1.00–1.60 1.20–1.60 1.10–1.60

Range −0.10 to 2.30 −0.20 to 4.00 −0.20 to 4.00

Missing data 41 17 58

BCVA change from nadir (logMAR) 0.160

N 181 109 290

Mean ± SD −0.37 ± 0.39 −0.30 ± 0.30 −0.35 ± 0.36

Median −0.30 −0.30 −0.30

Q1–Q3 −0.50 to −0.10 −0.40 to −0.10 −0.50 to −0.10

Range −2.40 to 0.00 −1.10 to 0.00 −2.40 to 0.00

Missing data 41 17 58

GCL macular volume (mm3) 0.001

N 169 102 271

Mean ± SD 0.54 ± 0.09 0.51 ± 0.09 0.53 ± 0.09

Median 0.52 0.50 0.51

Q1–Q3 0.48–0.58 0.44–0.55 0.47–0.57

Range 0.34–0.87 0.31–0.84 0.31–0.87

Missing data 53 24 77

GCL macular volume (mm3) change from baseline 0.001

N 169 102 271

Mean ± SD −0.07 ± 0.14 −0.12 ± 0.15 −0.09 ± 0.14

Median −0.07 −0.09 −0.08

Q1–Q3 −0.15 to 0.01 −0.19 to −0.02 −0.16 to 0.00

Range −0.50 to 0.34 −0.61 to 0.12 −0.61 to 0.34

Missing data 53 24 77

RNFL average thickness (µm) 0.123

N 174 105 279

Mean ± SD 50.51 ± 13.80 48.82 ± 15.19 49.87 ± 14.33

Median 47.00 44.00 46.00

Q1–Q3 41.00–56.00 39.00–51.00 41.00–54.00

Range 31.00–100.00 32.00–113.00 31.00–113.00

Missing data 48 21 69

RNFL average thickness (µm) change from baseline 0.123

N 174 105 279

Mean ± SD −30.03 ± 25.39 −35.07 ± 22.66 −31.93 ± 24.48

Median −24.00 −33.00 −27.00

Q1–Q3 −47.00 to −9.00 −51.00 to −16.00 −49.00 to −12.00

Range −103.00 to 9.00 −94.00 to 1.00 −103.00 to 9.00

Missing data 48 21 69

The nadir was de!ned as the worst BCVA value from baseline to the time of the !nal assessment. No data imputation was performed.
* P value for the difference between lenadogene nolparvovec–treated eyes and sham/placebo-treated eyes. P values were obtained using

a linear model adjusted for baseline parameter values.

treated eyes (Supplementary Table S1). On average, baseline
BCVA was better in RESCUE (1.27 ± 0.52 logMAR) than in
REVERSE (1.56 ± 0.36 logMAR) or REFLECT (1.55 ± 0.47
logMAR) (Table 1).

GCL macular volume and RNFL average thickness at
baseline were similar between treated and untreated eyes,
with mean GCL macular volumes of 0.61 ± 0.14 and 0.62
± 0.16 mm3 and RNFL average thicknesses of 80.83 ±

26.79 and 84.41 ± 26.51 µm, respectively (see Supple-
mentary Table S1). The GCL macular volume and RNFL
thickness were higher in RESCUE (0.72 ± 0.17 mm3 and
98.28 ± 18.45 µm, respectively) than in REVERSE (0.52 ±

0.07 mm3 and 68.72 ± 17.94 µm, respectively) or REFLECT
(0.60 ± 0.13 mm3 and 80.76 ± 28.98 µm, respectively)
(Table 1).

Outcomes at 1.5 Years After Gene Therapy
Administration According to the Treatment Status

At 1.5 years after treatment, eyes that received gene ther-
apy reached a mean BCVA value of 1.39 ± 0.55 logMAR,
whereas eyes that received sham/placebo reached a mean
BCVA of 1.43 ± 0.56 logMAR (P = 0.153) (Table 2).
A mean improvement in BCVA from nadir (worst BCVA
from baseline to 1.5 years) of −0.37 ± 0.39 logMAR (+19
ETDRS letters) was observed in treated eyes and −0.30 ±

0.30 logMAR (+15 ETDRS letters) in sham/placebo eyes
(P = 0.160).

Overall, mean GCL macular volume decreased by −0.09
± 0.14 mm3 from baseline, with a statistically signi!cant
reduced thinning in lenadogene nolparvovec–treated eyes
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FIGURE 1. Forest plots of univariate analyses with BCVA at 1.5 years as dependent variable and baseline characteristics (age, gender, timing
of treatment, BCVA value, and OCT parameters) as independent variables in eyes treated with lenadogene nolparvovec at least 6 months
after disease onset. The analyses were performed in eyes showing the optimal bene�t of lenadogene nolparvovec (i.e., in eyes treated with
gene therapy after 6 months from vision loss; 113 eyes). All of the independent variables were continuous except gender (male/female); the
dependent variable was continuous. For the continuous independent variables (age, time from vision loss, BCVA value, and OCT parameters
at baseline), the forest plot illustrates the difference in BCVA for a variation of a prede�ned number of units, whereas for the categorical
variable (gender) it represents the difference in BCVA between the two categories (male/female). The prede�ned number of units for
independent variables were 10 years for age, 1 month for time from vision loss, 0.1 logMAR for BCVA value, 1 µm for GCL fovea, and 5 µm
for all other OCT parameters. Missing data were not imputed. The logMAR values and OCT parameters were assessed at baseline. F, female;
M, male; VL, vision loss.

versus sham/placebo-treated eyes (−0.07 ± 0.14 vs. −0.12
± 0.15 mm3; P = 0.001). Additionally, RNFL average thick-
ness decreased by −31.93 ± 24.48 µm from baseline,
with a reduced thinning in ledanogene nolparvovec–treated
eyes versus sham/placebo-treated eyes (−30.03 ± 25.39 vs.
−35.07 ± 22.66 µm; P = 0.123) (Table 2).

Outcomes at 1.5 Years After Gene Therapy
Administration According to the Timing of
Treatment

At 1.5 years post-treatment, the mean BCVA value was statis-
tically better in eyes treated at least 6 months after vision loss
than in eyes treated within 6 months of vision loss (1.37 ±

0.53 vs. 1.47 ± 0.58 logMAR; P < 0.001). Eyes treated at
least 6 months after vision loss showed a mean improve-
ment from nadir of −0.36 ± 0.36 logMAR (+18 letters),
with an improvement of −0.38 ± 0.38 logMAR (+19 letters)
in lenadogene nolparvovec–treated eyes and −0.32 ± 0.32
logMAR (+16 letters) in sham/placebo-treated eyes (P =

0.333); eyes treated within 6 months after vision loss showed
a mean improvement from nadir of −0.32 ± 0.37 logMAR
(+16 letters), with an improvement of −0.35 ± 0.43 logMAR
(+18 letters) in lenadogene nolparvovec–treated eyes and

−0.28 ± 0.28 logMAR (+14 letters) in sham/placebo-treated
eyes (P = 0.323) (Supplementary Table S2).

Eyes treated at least 6 months after onset showed a statis-
tically signi�cant smaller reduction from baseline compared
with eyes treated within 6 months after onset in GCL volume
(−0.01 ± 0.09 vs.−0.20 ± 0.14 mm3; P <0.001) and in RNFL
average thickness (−17.39 ± 13.88 vs. −52.36 ± 21.37 µm;
P < 0.001). Furthermore, in eyes treated at least 6 months
after onset, the thinning of mean GCL macular volume
and RNFL average thickness was statistically signi�cantly
more limited in lenadogene nolparvovec–treated eyes as
compared to sham/placebo-treated eyes (mean GCL macular
volume change from baseline: −0.00 ± 0.09 mm3 and −0.03
± 0.08 mm3, respectively; P = 0.006; RNFL average thick-
ness: −15.40 ± 13.16 µm and −21.29 ± 14.53 µm, respec-
tively; P = 0.013) (Supplementary Table S2).

Predictive Factors of BCVA at 1.5 Years

Univariate analyses were conducted to identify factors
predictive of BCVA 1.5 years after treatment in the subgroup
of eyes showing the best response to gene therapy (best
improvement in BCVA from nadir at 1.5 years)—that is, eyes
treated with lenadogene nolparvovec at least 6 months after
disease onset.
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FIGURE 2. Results of univariate analyses with BCVA at 1.5 years as
the dependent variable and baseline characteristics as the indepen-
dent variables in eyes treated with lenadogene nolparvovec at least
6 months after disease onset on the nine macular GCL segments
at baseline; ns, not signi�cant. According to the ETDRS grid, the
retina was divided into nine segments de�ned by three rings: a
central foveal ring, an inner macular ring, and an outer macular ring.
The inner and outer rings were divided into four quadrants: supe-

rior, temporal, inferior, and nasal.26 The association of the thick-
ness of each macular GCL segment at baseline with BCVA 1.5 years
after gene therapy administration was studied using univariate anal-
yses in eyes treated at least 6 months after disease onset. Each
5-µm increase in the thickness of the four outer segments (superior,
temporal, inferior, and nasal) of the macular GCL at baseline was
statistically signi�cantly associated with an improvement in �nal
BCVA of +9 to +14 ETDRS letters, depending on the segment.

Greater thickness of all four outer segments of the macu-
lar GCL (superior, temporal, inferior, and nasal) and three
RNFL quadrants (superior, inferior, and nasal) at baseline
were statistically signi�cantly associated with better �nal
BCVA (P< 0.05) (Fig. 1). The strongest effects were observed
with respect to the thickness of the superior and temporal
segments of the outer macular ring, with each 5-µm thick-
ening at baseline associated with an estimated 0.28 logMAR
(95% con�dence interval [CI], −0.41 to −0.16; +14 letters)
and 0.26 logMAR (95% CI, −0.38 to −0.13; +13 letters)
improvement of the �nal BCVA at 1.5 years post-treatment
(P < 0.001), respectively (Fig. 2, Table 3). A better baseline
BCVA in the dynamic phase of the disease was associated
with a better �nal BCVA, with an effect estimate of −0.09
logMAR (95% CI, −0.11 to −0.08; +5 letters) for each 0.1
logMAR (+5 letters) of baseline BCVA (P < 0.0001). Other
patient characteristics, including age, gender, and timing of
treatment administration within the 6- to 12-month window,
were not predictive of �nal BCVA (Table 3).

DISCUSSION

The aim of this exploratory study was to identify predic-
tive factors of �nal BCVA in patients with MT-ND4 LHON
who received lenadogene nolparvovec gene therapy in clin-
ical studies. First, we investigated the functional (BCVA)

and structural (OCT) outcomes at 1.5 years post-treatment
in the eyes that received gene therapy versus those that
were treated with sham/placebo. At 1.5 years post-treatment,
eyes treated with lenadogene nolparvovec showed a mean
improvement in BCVA from nadir of +18 ETDRS letters,
which was not statistically different from eyes treated with
sham/placebo (gain of 15 ETDRS letters). The contralateral
therapeutic effect of lenadogene nolparvovec on untreated
eyes has been described in all clinical trials.18–24 Bilateral
improvement after unilateral treatment was also observed
with other similar AAV-based therapy products developed by
two independent research groups (Guy et al. group, Bascom
Palmer Eye Institute, Miami, FL, USA; Li et al. group, Wuhan,
China),27–30 acknowledging a consistent and reproducible
effect of AAV-based intravitreal gene therapy in MT-ND4
LHON. This is further supported by non-human primate data
that demonstrated viral vector DNA in both eyes, suggesting
transfer from one eye to the other, and the recent demon-
stration of transfection of the contralateral untreated eye in
postmortem analyses of the eyes and visual pathways in two
MT-ND4 LHON patients treated unilaterally with gene ther-
apy (Carelli V, ARVO oral presentation, 2025, 510).19,31 In our
exploratory analysis of OCT parameters, we demonstrated
a statistically signi�cant lower reduction in GCL macular
volume and a numerically lower decrease in RNFL aver-
age thickness of eyes that received lenadogene nolparvovec
compared to sham/placebo eyes. These �ndings suggest that
direct injection of gene therapy might better preserve struc-
turally the RGCs and the retinal layers than indirect exposure
of the contralateral eye. At the functional level, the results
of BCVA in clinical trials also indicate that the ef�cacy of
a direct treatment seems superior to that of its contralateral
effect, with numerically better �nal BCVA values observed in
treated eyes compared with untreated eyes.18–24 Thus, struc-
tural and functional evidence concurs that direct injection
of lenadogene nolparvovec may be more effective than the
contralateral therapeutic effect.

Second, we analyzed BCVA and OCT parameters 1.5 years
after treatment according to the timing of gene therapy
administration (within vs. after 6 months of vision loss). We
found that patients who received lenadogene nolparvovec
after 6 months from disease onset reached a statistically
better logMAR value than patients who were treated within
6 months since disease onset. This corroborates the 1.5-
year results of the RESCUE, REVERSE, and REFLECT stud-
ies, which showed better visual outcomes in patients treated
during the dynamic phase of the disease (6–12 months
since onset; REVERSE patients and most REFLECT patients)
compared to patients treated during the subacute phase
(0–6 months since onset; RESCUE patients).18–20 Carelli
et al.22 performed a multivariate analysis of lenadogene
nolparvovec–treated patients and reported similar results
with a better response for a delayed treatment; the effect esti-
mate on the �nal BCVA was approximately 1 letter (−0.0217
logMAR; 95% CI, −0.0400 to −0.0035; P = 0.0200) for
each month of delayed treatment within the therapeutic
window of 1 year after disease onset. These results contra-
dict the assumption that administering gene therapy as early
as possible after disease onset would maximize its ef�-
cacy, as more RGCs presumably would be preserved and
repairable. One possible explanation could be that, during
the subacute phase of the disease, RNFL pseudoedema may
hamper the diffusion of the viral vector to RGCs.18 After
6 months, the retinal layers stabilize, with the end of thin-
ning of the inner plexiform layer and GCL,5,32 which may
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TABLE 3. Univariate Analyses With BCVA at 1.5 Years As Dependent Variable and Baseline Characteristics (Age, Gender, Timing of Treatment,
BCVA Value, and OCT Parameters) as Independent Variables (Eyes Treated With Lenadogene Nolparvovec After At Least 6 months Since
Disease Onset)

Covariate N

Effect Estimate

(95% CI)

Least Square

Mean (95% CI) P

Age (by 10 y) 113 −0.026 (−0.1, 0.047) 0.4744

Gender 0.7245

Female (reference = male) 19 −0.05 (−0.332, 0.231) 1.31 (1.05, 1.57)

Male 94 1.36 (1.25, 1.48)

Patient’s time from vision loss ( rst affected eye) to

treatment (by 1 month)

113 −0.036 (−0.093, 0.021) 0.2137

Baseline logMAR value (by 0.1 logMAR) 113 0.094 (0.077, 0.111) <0.0001

GCL parameters at baseline

GCL fovea (by 1 µm) 113 −0.024 (−0.127, 0.08) 0.6374

GCL temporal inner (by 5 µm) 113 −0.119 (−0.281, 0.042) 0.1397

GCL superior inner (by 5 µm) 113 −0.134 (−0.269, 0.001) 0.0518

GCL nasal inner (by 5 µm) 113 −0.056 (−0.196, 0.085) 0.4180

GCL inferior inner (by 5 µm) 113 −0.104 (−0.243, 0.035) 0.1341

GCL temporal outer (by 5 µm) 112 −0.257 (−0.383, −0.13) 0.0004

GCL superior outer (by 5 µm) 113 −0.284 (−0.413, −0.156) 0.0002

GCL nasal outer (by 5 µm) 113 −0.173 (−0.323, −0.023) 0.0256

GCL inferior outer (by 5 µm) 113 −0.241 (−0.376, −0.107) 0.0013

RNFL parameters at baseline

RNFL papillo macular bundle (by 5 µm) 113 −0.012 (−0.099, 0.075) 0.7752

RNFL quadrant inferior (by 5 µm) 113 −0.037 (−0.054, −0.021) 0.0001

RNFL quadrant nasal (by 5 µm) 113 −0.046 (−0.071, −0.022) 0.0008

RNFL quadrant superior (by 5 µm) 113 −0.043 (−0.06, −0.026) <0.0001

RNFL quadrant temporal (by 5 µm) 113 −0.04 (−0.117, 0.036) 0.2827

No data imputation was performed.

contribute to greater ef ciency in transfection of remain-
ing dormant RGCs able to respond to gene therapy. Other
patient characteristics were not predictive of response treat-
ment.22 Although idebenone therapy has a different mech-
anism of action than lenadogene nolparvovec, recent data
suggest that its administration in later (dynamic/chronic)
stages as compared to the subacute stage might also result
in better visual outcomes in m.11778G>A MT-ND4 LHON
patients (Romagnoli M, et al., oral presentation at EUROMIT
2023 meeting). If the better effectiveness of idebenone ther-
apy parallels that of lenadogene nolparvovec in relation to
timing of therapy administration from disease onset, further
understanding of what truly hampers the response to any
therapy in the  rst several months after onset of LHON is
needed. The hypothesis that axonal pseudoedema repre-
sents a physical barrier for the diffusion of the viral vector
would not explain the results from idebenone administra-
tion, given that this is an orally administered drug, thereby
implicating a more systemic or cell autonomous underlying
mechanism.

Our analysis of OCT parameters according to the timing
of gene therapy administration showed less thinning of the
GCL and RNFL from baseline to 1.5 years for patients treated
during the dynamic phase compared to patients treated
during the subacute phase. This limited thinning of OCT
layers during the dynamic phase could be related to the
effect of lenadogene nolparvovec, the known natural history
of OCT parameter evolution previous to treatment, or both. It
is important to note that the GCL macular volume and aver-
age RNFL thickness at 1.5 years post-treatment were simi-
lar in eyes that received gene therapy, whatever the timing
of lenadogene nolparvovec administration. In the dynamic
phase of the disease, the retinal layers as imaged on OCT
appear to be suf ciently preserved to enable the effects
of therapy, as this translates functionally into better visual

outcomes in patients treated after 6 months since vision loss
compared with patients treated within 6 months since vision
loss.

From two-subgroup analyses, we determined that the
eyes of LHON patients that seem most likely to bene t from
lenadogene nolparvovec were those directly injected with
the gene therapy at least 6 months after disease onset. In this
subgroup of patients, we found that certain SD-OCT parame-
ters at baseline were predictive of BCVA 1.5 years after gene
therapy administration. Each 5-µm preservation in the thick-
ness of the four outer segments (superior, temporal, inferior,
and nasal) of the macular GCL and three RNFL quadrants
(superior, inferior, and nasal) at baseline was statistically
signi cantly associated with an improvement in  nal BCVA
of +2 to +14 letters (depending on the segment/quadrant;
P < 0.05 for outer segments of the macular GCL, and P

≤ 0.001 for RNFL quadrants). A stronger predictive effect
was observed with macular GCL thickness, speci cally of
the superior and temporal outer segments, than with RNFL
thickness, corroborating several studies showing that GCL
structural integrity is a better predictor of visual function in
LHON patients compared with other OCT measures.32–36 To
date, our understanding of the relationship between changes
in OCT parameters and visual function outcomes in treated
and untreated LHON patients remains incomplete. Differ-
ent RNFL, GCL, or inner plexiform layer parameters have
reportedly been associated with visual outcomes.33,34,37,38

Our results support the existence of a relationship between
better GCL and RNFL preservation at baseline and  nal
visual outcome in MT-ND4 patients treated with gene ther-
apy at least 6 months after disease onset, unequivocally link-
ing structure with function.

Baseline BCVA was also statistically signi cantly associ-
ated with  nal BCVA in eyes treated with lenadogene nolpar-
vovec during the dynamic stage of the disease, a better

Downloaded from iovs.arvojournals.org on 01/08/2026



Outcome Predictors for LHON Gene Therapy IOVS | July 2025 | Vol. 66 | No. 9 | Article 42 | 8

baseline value predicting a better value at 1.5 years post-
treatment. Similarly, Borrelli et al.34 also identi ed baseline
BCVA as an important predictor of long-term BCVA in LHON
patients treated with idebenone. One could postulate that
a better baseline BCVA could correspond to a selection of
patients with less severe disease evolution, MT-ND4 LHON
disease being by itself heterogeneous in terms of outcome;
indeed, the individual spontaneous evolution of the disease
could be a confounding factor of the assessment of baseline
BCVA as a predictive factor of outcome.

The main limitations of our study include its exploratory
nature and the absence of a pure sham/placebo control
group that could have provided insights on predictive factors
of outcome of the spontaneous evolution of MT-ND4 LHON
disease. Additionally, patients were treated within 1 year
after vision loss in lenadogene nolparvovec trials, limiting
our  ndings to a timing of administration of gene therapy
during the subacute and dynamic phases of the disease.

In conclusion, this exploratory study, by linking struc-
ture and function, improves our understanding of the factors
in!uencing vision recovery after lenadogene nolparvovec
administration in patients with MT-ND4 LHON, showing that
better baseline BCVA values and thicker baseline OCT reti-
nal layers in the dynamic phase of the disease, particularly
the outer segments of macular GCL, are the key predictive
factors associated with better BCVA 1.5 years after treatment
in patients who received gene therapy at least 6 months after
disease onset. This relationship between preservation of reti-
nal structures and response to treatment strongly supports
an effect of lenadogene nolparvovec on RGC survival and
function. These  ndings should facilitate optimization of
patient selection for future clinical trials.
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