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Retinitis pigmentosa (RP) is a progressive, inherited, mono-
genic or rarely digenic1 blinding disease caused by mutations 
in more than 71 different genes (https://sph.uth.edu/retnet/

sum-dis.htm). It affects more than 2 million people worldwide. 
With the exception of a gene replacement therapy for one form of 
early-onset RP caused by mutation in the gene RPE65 (ref. 2), there 
is no approved therapy for RP.

Optogenetic vision restoration3–5 is a mutation-independent 
approach for restoring visual function at the late stages of RP 
after vision is lost6–9. The open-label phase 1/2a PIONEER study 
(ClinicalTrials.gov identifier: NCT03326336; the clinical trial 
protocol is provided in the Supplementary Text) was designed 
to evaluate the safety (primary objective) and efficacy (second-
ary objective) of an investigational treatment for patients with 
advanced nonsyndromic RP that combines injection of an opto-
genetic vector (GS030-Drug Product (GS030-DP)) with wearing a 
medical device, namely light-stimulating goggles (GS030-Medical 
Device (GS030-MD)). The proof of concept for GS030-DP and the 
GS030-DP dose used in the PIONEER clinical trial were established 
in nonhuman primate studies10,11.

The optogenetic vector, a serotype 2.7m8 (ref. 12) adeno- 
associated viral vector encoding the light-sensing channelrhodopsin  
protein ChrimsonR fused to the red fluorescent protein  
tdTomato13, was administered by a single intravitreal injection into 
the worse-seeing eye to target mainly foveal retinal ganglion cells10. 
The fusion protein tdTomato was included to increase the expres-
sion of ChrimsonR in the cell membrane10. The peak sensitivity of 
ChrimsonR-tdTomato is around 590 nm (amber color)13. We chose 

ChrimsonR, which has one of the most red-shifted action spectra 
among the available optogenetic sensors because amber light is 
safer and causes less pupil constriction10 than the blue light used 
to activate many other sensors. The light-stimulating goggles cap-
ture images from the visual world using a neuromorphic camera 
that detects changes in intensity, pixel by pixel, as distinct events14. 
The goggles then transform the events into monochromatic images 
and project them in real time as local 595-nm light pulses onto the 
retina (Extended Data Fig. 1).

Results
Safety of the optogenetic vector and light-stimulating goggles. 
In this article, we describe the partial recovery of vision in one par-
ticipant of the PIONEER study. At the inclusion in the study, this 
58-year-old male, who was diagnosed with RP 40 years ago, had a 
visual acuity limited to light perception. The worse-seeing eye was 
treated with 5.0 × 1010 vector genomes of optogenetic vector. Both 
before and after the injection, we performed ocular examinations 
and assessed the anatomy of the retina based on optical coherence 
tomography images, color fundus photographs and fundus autofluo-
rescence images taken on several occasions over 15 visits spanning 
84 weeks according to the protocol (Extended Data Fig. 2). We moni-
tored potential intraocular inflammation according to the interna-
tional guidelines of the Standardization of Uveitis Nomenclature 
Working Group15,16 (further details are provided in the clinical trial 
protocol). In addition, we assessed vital signs at each visit and per-
formed a general examination and electrocardiogram before and after 
the injection. There was no intraocular inflammation, no changes in 
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the anatomy of the retina and no ocular or systemic adverse events 
over the follow-up period (details of the findings are shown in the 
Supplementary Text and Extended Data Figs. 3–6). The treated eye 
retained light perception over the 84 weeks of testing.

We tested the light-stimulating goggles on the patient three times 
before vector injection (Extended Data Fig. 2). The patient did not 
report any change of vision or photophobia on any of these occa-
sions. Four and a half months after the injection, we started system-
atic visual training using the light-stimulating goggles (Extended 
Data Fig. 7). Training was not started sooner because the expression 
of ChrimsonR-tdTomato in foveal ganglion cells stabilizes between 
two and six months after injection in nonhuman primates10. Seven 
months after the start of visual training, the patient began to report 
signs of visual improvement when using the goggles.

Partial recovery of visual function. We analyzed the visual 
improvement under three conditions with three psychophysi-
cal tests. The conditions were: (1) both eyes open without the 
light-stimulating goggles (natural binocular); (2) untreated eye cov-
ered, treated eye open without the goggles (natural monocular); and 
(3) untreated eye covered, treated eye open and stimulated with the 
goggles (stimulated monocular).

The first test consisted of perceiving, locating and touching a 
single object placed on a white table (80 × 80 cm2 or 67.2° × 50.9° 
visual angle, calculated based on distance from the eye) along an 
imaginary line 40 cm in front of the patient (60-cm distance from the 
eye), either 20 cm to the right or to the left (18.4° visual angle relative 
to the middle) or in the middle (Extended Data Fig. 8). The object 
was either large, that is, a 12.5 × 17.5-cm2 notebook (10.8° × 10.3°), 
or small, that is, a 3 × 5.5 cm2 staple box (2.8° × 3.7°), shown one by 
one in three different grayscale contrasts (notebook and staple box: 
Michelson contrast = 40, 55 and 100%; notebook: root mean square 
(RMS) contrast = 0.41, 0.53 and 0.80; staple box: RMS contrast = 0.13, 
0.16 and 0.21) in random order. During the first test, the patient was 
unable to perceive any of the objects under natural binocular or 
natural monocular conditions; therefore, he did not attempt to locate 

or touch them (Table 1 and Supplementary Video 1). In contrast, in 
the stimulated monocular condition, the patient perceived the pres-
ence of, located and touched the larger object in 92% (36 out of 39) 
of the trials (Table 1 and Supplementary Video 1). We performed 
a multivariable logistic regression analysis for success in perform-
ing the tasks, with object size (large or small), contrast (low = 40%, 
medium = 55% or high = 100%) and task (perceive, locate or touch) 
as the explanatory variables. The success rate was dependent on the 
size of the object, with a significantly higher rate of successful trials 
with the larger object than with the smaller one (36% (16 out of 45); 
P < 0.001, likelihood-ratio test for the effect of object size). The suc-
cess rate was similar for objects at different contrasts (low = 67% (20 
out of 30); medium = 57% (17 out of 30); high = 63% (15 out of 24); 
P = 0.29, likelihood-ratio test for the effect of contrast), suggesting 
that even objects at lower contrasts generated enough retinal activity 
for perception. Finally, the success rate was similar for the differ-
ent tasks (perceive, 64% (18 out of 28); locate, 64% (18 out of 28); 
touch, 57% (16 out of 28); P = 0.73, likelihood-ratio test for the effect 
of task), suggesting that once the object was perceived, the patient 
could coordinate his motor system with the percept.

The second test included perceiving, counting and locating more 
than one object, that is, either two or three tumblers (Extended Data 
Fig. 9). The patient was asked to determine how many objects were 
placed on the white table and point to them without touching. Each 
tumbler (6-cm diameter and 6-cm height, 5.5° and 8.1° at 40 cm, 
4.2° and 5.8° at 66 cm) was positioned in 1 of 6 possible positions 
along two imaginary lines: at 40 cm in front of the patient (60-cm 
distance from the eye), either 20 cm to the right or to the left (18.4° 
relative to the middle) or in the middle; or at 66 cm in front of the 
patient (80-cm distance from the eye), either 20 cm to the right or to 
the left (14°) or in the middle. The objects were shown at three con-
trasts (Michelson contrast = 40, 55 and 100%; RMS contrast = 0.29, 
0.33 and 0.41) in random order. In this test, similar to the results of 
the first test, the patient was unable to perceive the objects under 
natural binocular or natural monocular conditions; therefore, he 
did not attempt to count or locate them (Table 2 and Supplementary 

Table 1 | First test: finding the notebook or staple box

Stimulus Natural binocular: both  
eyes open without the  

light-stimulating goggles

Natural monocular: untreated eye 
covered, treated eye open without  

the light-stimulating goggles

Stimulated monocular: untreated eye 
covered, treated eye open and stimulated 

with the light-stimulating goggles

Perceive Locate Touch Perceive Locate Touch Perceive Locate Touch

Notebook, contrast = 40% 0/1 0/1 0/1 0/1 0/1 0/1 4/4 4/4 4/4

Notebook, contrast = 55% 0/1 0/1 0/1 0/1 0/1 0/1 4/5 4/5 4/5

Notebook, Contrast = 100% 0/1 0/1 0/1 0/1 0/1 0/1 4/4 4/4 4/4

Staple box, contrast = 40% 0/1 0/1 0/1 0/1 0/1 0/1 3/6 3/6 2/6

Staple box, contrast = 55% 0/1 0/1 0/1 0/1 0/1 0/1 2/5 2/5 1/5

Staple box, contrast = 100% 0/1 0/1 0/1 0/1 0/1 0/1 1/4 1/4 1/4

No test repetition was performed because the patient was unable to complete the task. He could not see anything and did not want to try again.

Table 2 | Second test: counting and locating tumblers

Stimulus Natural binocular: both  
eyes open without the 

light-stimulating goggles

Natural monocular: untreated eye 
covered, treated eye open without  

the light-stimulating goggles

Stimulated monocular: untreated eye 
covered, treated eye open and stimulated 

with the light-stimulating goggles

Perceive Count Locate Perceive Count Locate Perceive Count Locate

Tumblers, contrast = 40% 0/1 0/1 0/1 0/1 0/1 0/1 4/6 4/6 4/6

Tumblers, contrast = 55% 0/1 0/1 0/1 0/1 0/1 0/1 5/7 5/7 5/7

Tumblers, contrast = 100% 0/1 0/1 0/1 0/1 0/1 0/1 3/6 3/6 2/6

No test repetition was performed because the patient was unable to complete the task. He could not see anything and did not want to try again.

NATuRE MEDICINE | VOL 27 | JULy 2021 | 1223–1229 | www.nature.com/naturemedicine1224

http://www.nature.com/naturemedicine


ArticlesNaTuRE MEDICINE

a

b

c

Occipital electrodes:
O1, Oz, O2

Eyes open Participant
response

Eyes closed

‘Open your eyes’ instruction‘New trial’ instruction ‘Close your eyes’ instruction

B1 B2 B3 B1 B2 B3 B1 B2 B3

Compulsory break
Block:

Natural binocular Natural monocular Stimulated monocular

5 object trials + 5 no-object trials

Trial:

No
object

ObjectObject No
object

No
object

No
object

Object Object No
object

Object

5 s eyes closed + 15 s eyes open 

Time (s)
50 20 

66 cm

Tumbler position

Two-key response pad 

80 cm

80 cm

45 cm 80 cm

66 cm

Fig. 1 | Visual task coupled with EEG recordings. a, Visual detection task. The patient had to assess the presence or absence of a tumbler (6 × 6 cm2) on 
a white table (Michelson contrast = 55%) through a two-key response pad. The tumbler was positioned 80 cm in front of the patient. b, Experimental 
protocol. The entire experiment involved two sessions, with a total of 183 randomized object/no-object trials for a total duration of about 140 min. Each 
recording session included three conditions: natural binocular; natural monocular; and stimulated monocular. Each condition was divided into three blocks 
consisting of ten trials each: five object trials and five no-object trials (tumbler removed from the table). Each trial lasted 20 s. The patient was instructed 
to close his eyes during the first 5 s (while the experimenter placed/removed the tumbler on/from the table). The patient was then asked to open his eyes 
and was given 15 s to determine visually whether the tumbler was present on the table. c, Experimental setup. Behavioral responses and brain activity were 
simultaneously recorded during the visual test. EEG data analysis focused on the activity recorded from the occipital channels O1, Oz and O2.
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Video 2). In contrast, in the stimulated monocular condition, the 
patient perceived the objects in 63% of the trials (12 out of 19). 
Furthermore, he correctly counted and located them in most of the 
trials (count, 63% (12 out of 19); locate, 58% (11 out of 19); Table 2 
and Supplementary Video 2). As in the first test, the success rate was 
similar for objects at different contrasts (low = 67% (12 out of 18); 
medium = 71% (15 out of 21); high = 44% (8 out of 18); P = 0.20, 
likelihood-ratio test for the effect of contrast).

Neural correlates of vision recovery. To investigate the link between 
partial vision recovery and neuronal activity, we performed a third 
test that combined the assessment of vision with a noninvasive brain 
recording technique, extracranial multichannel electroencephalog-
raphy (EEG), which provides a readout of neuronal activity across 
the cortex (Fig. 1). This technique is more suitable than functional 
magnetic resonance imaging since the metallic components of the 
goggles are incompatible with the magnetic field generated by a 
magnetic resonance imaging scanner. We analyzed EEG traces in the 
eyes-open and eyes-closed states separately for each of the three con-
ditions (natural binocular, natural monocular and stimulated mon-
ocular). A tumbler (6-cm diameter and 6-cm height, 4.2° and 5.8°, 
Michelson contrast = 55%, RMS contrast = 0.33) was placed or not 
placed on a white table in front of the patient and the patient had to 
assess its presence or absence. When present, the tumbler was always 
placed at the same position (66 cm in front of the patient, 80 cm from 
the eye). We conducted a multivariable logistic regression analysis 
for correct assessments with condition (stimulated versus natural) 
and object presence (yes or no) as the explanatory variables. The 
rate of correct assessments was significantly higher under stimulated 
monocular (41% (26 out of 63)) than natural binocular or monocu-
lar conditions (5.8% (7 out of 120) for both conditions; P < 0.001, 
likelihood-ratio test for the effect of condition; Table 3).

To localize the neuronal activity with the highest information 
content about the visual object across the cortex, we performed  

a spectral analysis of the recorded signals across the 48 EEG 
channels in the alpha-band (8–14 Hz) in the eyes-open stimu-
lated monocular condition. We found that the highest discrimi-
nant power for the object/no-object trials was located above the 
occipital cortex contralateral to monocular stimulation, with 
the most informative features corresponding to channels O1 and 
Oz at 14 Hz (Fig. 2a). We then trained a linear binary decoder 
with the mean alpha-power amplitudes of the occipital chan-
nels to discriminate object versus no-object trials. In the stimu-
lated monocular condition and eyes-open state, the decoder 
reached a mean accuracy of 78% (±4.8), which was significantly 
above chance level (Fig. 2b; 20-fold cross-validation, one-sided, 
one-sample Wilcoxon signed-rank test, P < 0.001). By contrast, 
the accuracy of decoders remained at chance level when trained 
under the eyes-closed state of the stimulated monocular condi-
tion, as well as under both eyes-open and eyes-closed states of 
the natural binocular and natural monocular conditions (Fig. 2b; 
eyes-closed stimulated monocular, 39 ± 7.1%, P = 0.93; eyes-open 
natural binocular, 58 ± 5.9%, P = 0.08; eyes-closed natural binocu-
lar, 60 ± 5.7%, P = 0.07; eyes-open natural monocular, 52 ± 7.1%, 
P = 0.41; eyes-closed natural monocular, 53 ± 6.6%, P = 0.23). 
Leave-one-out cross-validation testing provided similar decod-
ing results (eyes-open stimulated monocular, 75%; eyes-closed 
stimulated monocular, 41%; eyes-open natural binocular, 55%; 
eyes-closed natural binocular, 62%; eyes-open natural monocu-
lar, 55%; eyes-closed natural monocular, 55%). The above-chance 
accuracy of the decoder trained with the occipital EEG signals 
recorded during the eyes-open stimulated monocular condition 
stemmed from a modulation of the 14-Hz alpha-power spectrum 
amplitude as a function of the presence/absence of the object  
(Fig. 2c). Object-triggered optogenetic stimulation led to a sig-
nificant power decrease (that is, a desynchronization) of occipi-
tal 14-Hz alpha oscillations (Fig. 2d; two-sided Mann–Whitney 
U-test, object versus no-object trials, P < 0.001).

Table 3 | Third test: visual detection task (coupled with EEG recordings)

Trial Natural binocular: both  
eyes open without the  

light-stimulating goggles

Natural monocular: untreated eye 
covered, treated eye open without the 

light-stimulating goggles

Stimulated monocular: untreated eye 
covered, treated eye open and stimulated 

with the light-stimulating goggles

Answer:  
yes object

Answer:  
no object

No answer Answer:  
yes object

Answer:  
no object

No answer Answer:  
yes object

Answer:  
no object

No answer

Object trial 3/30 0/30 27/30 2/30 2/30 26/30 21/32 2/32 9/32

No-object trial 3/30 1/30 26/30 2/30 1/30 27/30 3/31 5/31 23/31

Fig. 2 | Decoding EEG data based on power spectrum amplitude modulation of occipital alpha oscillations. a, Fisher scores for object versus no-object 
discrimination during the eyes-open periods in the stimulated monocular condition, calculated from power amplitude over all EEG channels for the alpha 
band (8–14 Hz). Only features from the occipital channels O1, Oz and O2 (red) were given as input to the binary decoder. b, Mean decoding accuracy 
evaluated by k-fold cross-validation on eyes-open and eyes-closed periods during stimulated monocular (63 trials), natural binocular (60 trials) and 
natural monocular (60 trials) conditions. The error bars indicate the s.e.m. (n = 20 folds). For a given condition, the data points indicate the decoding 
accuracy for each fold. Data points are distributed across discrete levels according to the number of randomized testing trials per fold. One-sided, 
one-sample Wilcoxon signed-rank test against chance level (50%). The outcomes for each condition were: eyes-open stimulated monocular V(19) = 199, 
P = 1.79 × 10−4, r = 0.895, confidence interval (CI) = 0.773, +inf; eyes-closed stimulated monocular V(19) = 66.5, P = 0.933, r = 0.108, CI = −0.357, 
+inf; eyes-open natural binocular V(19) = 140.5, P = 0.082, r = 0.479, CI = 0.091, +inf; eyes-closed natural binocular V(19) = 142, P = 0.073, r = 0.352, 
CI = −0.051, +inf; eyes-open natural monocular V(19) = 111.5, P = 0.408, r = 0.640, CI = 0.282, +inf; eyes-closed natural monocular V(19) = 124, P = 0.233, 
r = 0.621, CI = −0.266, +inf. c, Topographic representation of the mean power amplitude at 14 Hz over the eyes-open period in the stimulated condition 
averaged across trials. Top: no-object trials. Bottom: object trials. A lower power amplitude indicates a desynchronization of alpha oscillations in the visual 
areas, which is a signature for increased cortical excitability35,36, near-threshold stimulus perception36,37 and information transfer to downstream ventral 
object-selective regions38. d, Modulation of the power spectrum amplitude in the alpha band (that is, average signal in the occipital channels O1 and Oz 
at 14 Hz) enabling the decoding of object versus no-object trials in the stimulated eyes-open condition. The horizontal red bars indicate the median, the 
blue boxes delimit the first and third quartiles and the error bars encompass all non-outlier data (outliers shown by red crosses). Individual data points 
are shown on the right. Two-sided Mann–Whitney U-test, object (n = 32) versus no-object (n = 31) trials, W = 792.5, P = 4.71 × 10−5, r = 0.598, CI = 0.382, 
0.752. For all tests, **P < 0.001. Confidence intervals (CIs) are 95%.
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Discussion
In this study, we present the first evidence that injection of an opto-
genetic sensor-expressing gene therapy vector combined with the 
wearing of light-stimulating goggles can partially restore visual 

function in a patient with RP who had a visual acuity of only light 
perception.

The results of all three visual and visuomotor tests suggest that 
optogenetic retinal stimulation triggered by the visual scene induced 
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visual perception. Moreover, the visual process leading to the per-
cept was effective enough to enable the patient to orient toward the 
object and perform the visuomotor task of reaching for it. The first 
and second tests were performed five months before the third visual 
test (Extended Data Fig. 2), suggesting that the gain in visual func-
tion was stable over this period.

In addition to the visual and visuomotor tests, we obtained 
further evidence of vision recovery in that the EEG recording of 
occipital cortex signals was modulated by the presence or absence 
of a visual object. A large body of work has coupled EEG recordings 
with the assessment of visual function in low-vision patients. Since 
the 1950s, cortical correlates of vision in visually impaired patients 
with RP have been investigated using EEG, through the assessment 
of alpha rhythm modulations17–21, as well as using visually evoked 
potentials22–25. Furthermore, other characteristics of the EEG signal 
have been used to investigate the neural correlates in low-vision 
patients or patients with functional visual recovery. For instance, 
substantial differences to healthy individuals have been found dur-
ing visual stimulation of patients with inherited retinal dystrophies 
using the shape of the EEG power spectral density, in particular in 
the occipital electrodes26. Posterior alpha and theta activity related 
to the visual processing of motion has also been used to identify the 
neural mechanisms of functional sight restoration27.

In this study, the EEG recordings suggested that retinal activ-
ity evoked by the optogenetic stimulation of the retina propagates 
to the primary visual cortex and modulates its activity. This cor-
tical activity, quantified as changes in amplitude of the local EEG 
alpha power, conveys sufficient information to allow object ver-
sus no-object stimulations to be decoded on a single-trial basis.  
Our findings are consistent with the involvement of occipital 
alpha rhythm fluctuations in object-based visual attention28 and 
processing29, top-down control of visual attention (for exam-
ple, to mediate forthcoming visual stimulation processing30–33), 
stimulus discrimination in object detection29 and object recogni-
tion34. Our analysis of the EEG power spectrum shows that visual 
object-triggered optogenetic stimulation induces desynchroni-
zation of occipital EEG oscillations in the upper alpha range, as 
shown by a significant decrease in the 14-Hz power amplitude com-
pared to the absence of the object. Alpha-power decrease in visual 
areas has been associated with increased cortical excitability35,36, 
near-threshold stimulus perception36,37 and transfer of information 
to ventral object-selective regions38. Thus, occipital alpha desyn-
chronization induced by visual object-triggered optogenetic stimu-
lation is likely a neurophysiological confirmation of the individual’s 
partially recovered visual perception.

In attempts to detect the presence of objects during the visual 
tests, the patient adopted a head-scanning strategy when using the 
light-stimulating goggles. There are two possible reasons for this. 
Either the field of optogenetic activation was too small to detect 
objects not aligned with the camera center or there was no spatial 
resolution within the area of the retina that expressed the optoge-
netic sensor. Based on experiments in nonhuman primates10, we 
estimated the region of optogenetic expression in human retina to 
be 8.20° of visual angle (2.5-mm diameter retinal disc). Moreover, 
using the same vector and injection method reported in this arti-
cle, electrophysiological experiments in nonhuman primate reti-
nas demonstrated spatial resolution within the foveal ganglion cell 
array10. Therefore, we hypothesize that the patient’s need to scan the 
scene with the goggles to detect an object was due to the relatively 
small area of the field of optogenetic activation.

The three visual tests were performed in an indoor laboratory 
(Streetlab, http://www.streetlab-vision.com/?lang=en) according 
to a preestablished protocol. We also examined whether the patient 
could recognize patterns during locomotion outside on the street. 
In the stimulated monocular condition but not in the natural bin-
ocular condition, the patient spontaneously reported identifying 

crosswalks and he could count the number of white stripes. 
Subsequently, the patient testified to a major improvement in daily 
visual activities, such as detecting a plate, mug or phone, finding a 
piece of furniture in a room or detecting a door in a corridor but 
only when using the goggles. Thus, treatment by the combination 
of an optogenetic vector with light-stimulating goggles led to a level 
of visual recovery in this patient that was likely to be of meaningful 
benefit in daily life.

Interestingly, while performing the psychophysical tests under 
stimulated monocular condition, the patient reported ‘vertical 
vibrations’ when perceiving an object (Supplementary Video 1). The 
patient did not report vibrations when wearing the light-stimulating 
goggles before the injection, suggesting that optogenetic activation 
was responsible for this phenomenon. We hypothesize that the 
vibrations are caused by the use of an event-based camera that pro-
vides localized light pulses at each pixel where the camera detects 
changes in contrast. When the camera scans through an object, syn-
chronized light pulses are sent to the eye, which may be perceived 
by the individual as ‘vibrations’. We have no explanation yet why the 
patient reported the vibrations as ‘vertical’.

The red fluorescent protein tdTomato encoded by the injected 
vector could, in theory, be visualized by a scanning laser ophthal-
moscope. However, visualization of red fluorescent probes using 
scanning laser ophthalmoscopy is not yet approved for clinical 
use. Should this be approved in the future, direct visualization of 
the cells expressing the fusion protein ChrimsonR- tdTomato could 
prove particularly useful to monitor vector transfection and to indi-
vidually tailor the size and location of the light beam projected by 
the device.

Taken together, the psychophysical and neurophysiological evi-
dence presented in this article suggest that the optogenetic stimu-
lation of human retinal ganglion cells by a light-projection system 
linked to a camera is a promising way to partially restore vision in 
blind patients affected with advanced RP.
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Methods
Study design. PIONEER is a multicenter, phase 1/2a, open-label, nonrandomized, 
dose-escalation study to evaluate the safety and tolerability of an adeno-associated 
viral vector, GS030-DP, administered via a single intravitreal injection to the 
worse-seeing eye of patients with nonsyndromic RP, and ensuing light stimulation 
via light-stimulating goggles (GS030-MD). The secondary objective of the study is 
to evaluate visual and visuomotor function with and without the light-stimulating 
goggles. The clinical trial protocol, including patient selection criteria, is provided 
in the Supplementary Text. Before initiation, the PIONEER study protocol was 
approved by the Agence Nationale de Sécurité du Médicament et des Produits 
de Santé, the US Food and Drug Administration, the Medicines and Healthcare 
products Regulatory Agency and the following national/local ethics committees 
and institutional review board: Comité de Protection des Personnes Île-de-France 
III; North East-York Research Ethics Committee; and Human Research Protection 
Office at the University of Pittsburgh. Study participants provided written informed 
consent before enrollment, according to CARE guidelines and in compliance with 
the Declaration of Helsinki 2013. The individual participating in the experiments 
described in this report was a 58-year-old man. The study design includes three 
dose-escalation cohorts (5.0 × 1010, 1.5 × 1011 and 5.0 × 1011 viral genomes per eye) 
of three participants each and an extension cohort treated at the highest tolerated 
dose. After each cohort is completed, a data safety monitoring board reviews 
safety data and recommends escalation to the next dose. As of the end of 2020, 
seven patients had received a single intravitreal injection of GS030-DP in their 
worse-seeing eye: three patients in each of the first two cohorts and one patient in 
the third cohort. Because of COVID-19, only one patient from the first cohort, the 
patient described in this article, could perform sustained (n = 15) postinjection 
training sessions. So far, the pandemic has prevented any functional assessment 
of the combined therapy in the other treated patients. Genotypic studies were 
performed in all patients of the study. The reported patient has two pathogenic 
alleles on the USH2A gene (NM_206933.2) that were identified by targeted 
next-generation sequencing39 and segregation analysis using samples from his 
parents. The first pathogenic allele is on exon 13 c.2299del p.(Glu767Serfs*21)40 and 
was inherited from his father. The second pathogenic allele is a complex allele with 
exon 22 c.4714 C>T p.Leu1572Phe41 and exon 50 c.9882 C>G p.Cys3294Trp42, 
which was inherited from his mother.

Assessment of intraocular inflammation. We used standardized assessment 
of intraocular inflammation according to the international guidelines of the 
Standardization of Uveitis Nomenclature Working Group, such as the assessment 
of the anatomic location, severity and clinical evolution (activity) of anterior and 
intermediate uveitis15,16,43 (Supplementary Text).

GS030-DP. GS030-DP consists of a serotype 2.7m8 (ref. 12) adeno-associated 
viral vector expressing the fusion protein ChrimsonR-tdTomato13 under the 
control of the CAG promoter (AAV2.7m8-CAG-ChrimsonR-tdTomato). A 
human growth hormone 1 polyadenylation signal sequence was inserted in the 
3′ end of the construct. Similar to other adeno-associated viruses, GS030-DP is 
replication-defective and contains single-stranded DNA. Capsid 2.7m8 was created 
by inserting a 10-mer peptide in the capsid of AAV2 (ref. 12).

AAV2.7m8-CAG-ChrimsonR-tdTomato was suspended in phosphate buffer 
including 0.001% Pluronic F-68. The GS030-DP suspension was dispensed into 
individual vials and stored at ≤−70 °C until use. An aliquot of 100 μl of GS030-DP 
(5.0 × 1010 vector genomes) was administered via intravitreal injection once into the 
worse-seeing eye.

GS030-MD. The external medical device GS030-MD consists of two hardware 
units connected by a high-speed link. The first unit (head unit) is a pair of goggles 
hosting a camera and a light-projection system. The goggles are connected to the 
second unit (processing unit) that runs the software (Extended Data Fig. 1).

Each pixel of the camera14 continuously records the light intensity in a local 
region of the natural scene, with a dynamic range of 120 dB. If the change in light 
intensity crosses a threshold, the camera signals an event, which is represented 
by the coordinates of the pixel at which the change was recorded. The events 
are asynchronous in time and 33,346 camera pixels are used for event detection. 
The camera pixels are then mapped to the pixels of the light-projection system, 
which projects the image onto a circular retinal area of 10° of visual angle. A light 
pulse at a given projected image pixel, which corresponds to an event, has an 
onset precision of 0.694 ms (1,440 Hz) and is 16.6-ms long (60 Hz). The image is 
binary, that is, each individual pixel is either ON or OFF. A stimulus pixel is ON 
in a given image if the corresponding camera pixel signaled an event; otherwise 
it is OFF. The light-projection system uses a light-emitting diode light source 
(595-nm peak wavelength, 15-nm half width, tailored to activate ChrimsonR close 
to the peak of its action spectrum) that is projected onto an array of individually 
switchable micromirrors (digital micromirror device) mounted on the goggles. A 
given micromirror of the array can be either in the ON or OFF position, leading 
to light reflectance or no light reflectance. This results in a binary pixelated image 
stream that is projected onto the retina. Note that the stimulation at different 
contrasts is not the same since the probability of an event being generated by a 
pixel in the camera varies with the contrast of the stimulus44. The light-stimulating 

goggles output a maximum radiative flux of 1.3 mW, which corresponds to a 
retinal irradiance of 13 mW cm−2 (4 × 1016 photons cm−2 s−1) for a pupil size of 
6 mm. This is 51 times below thermal safety thresholds set by ophthalmological 
standards45. Note that the pupil of the patient was not dilated when wearing the 
goggles and the assumed 6-mm pupil size corresponding to a dilated pupil was 
only used to calculate an upper limit for retinal irradiance. The light-stimulating 
goggles can create a retinal irradiance ranging from a minimum of 4 × 1014 
photons cm−2 s−1 to 4 × 1016 photons cm−2 s−1. This range was chosen because 
preclinical studies in nonhuman primates indicated that ChrimsonR-expressing 
foveal retinal ganglion cells were activated starting at 1015 photons cm−2 s−1 (ref. 10). 
The maximal corneal irradiance of the light-stimulating goggles is 4.7 mW cm−2, 
which is 850 times below the thresholds set by ophthalmological standards for the 
anterior segment and 127 times below the thresholds set by the American National 
Standard for Safe Use of Lasers Z136.1 standard46 for pigmented iris illumination. 
When using 595-nm light, the photochemical damage threshold of the retina47, 
expressed in retinal irradiance (Emax) at 6-mm pupil size and at t ≥ 10,000 s, is 
880 mW cm−2. This value is 67 times higher than the maximal retinal irradiance 
of 13 mW cm−2 produced by the light-stimulating goggles at the same pupil size. 
As a precautionary measure and with approval from regulatory agencies, the use 
of the device was limited to 4 h per day in the context of this clinical trial. The 
light-stimulating goggles were classified by the IEC 62471 standard48 in the risk 
group ‘exempt’, indicating that they do not constitute a photobiological hazard. The 
maximum irradiance provided by the device was well tolerated by the patient. The 
patient tested the goggles three times before the injection was administered and did 
not report any photophobia.

Visual training. Training of participants was performed at Streetlab, a center of 
naturalistic vision rehabilitation platforms dedicated to the evaluation of vision 
and training in low-vision patients. The first step of visual training was to teach the 
patient, who had lost vision two years before enrollment in the clinical trial and 
had divergent strabismus in his treated eye, to become aware of the direction of 
his gaze and to control his eye movements to be able to look straight into the light 
beam projected by the goggles. With a visual acuity limited to light perception, the 
patient was able to learn how to align his gaze with the light beam of the goggles 
even before any improvement in vision. Visuomotor exercises were initially 
performed without the goggles, then with the goggles in simple exercises and 
eventually in daily life (Extended Data Fig. 7): (1) oculomotor exercises without 
goggles. Each visit started with ocular relaxation exercises, which were followed by 
fixation exercises, ocular pursuit exercises and eye–hand coordination exercises; 
(2) oculomotor exercises with goggles (simple exercises). Training with the goggles 
was initiated four and a half months after the injection and included four types 
of exercises: (a) camera–target alignment exercises. The objective was to make 
the patient aware of the position of the camera on the goggles; (b) eye–beam–
target alignment exercises. The objective was to train the patient to look with 
his treated eye straight into the light beam projected by the goggles once a target 
was aligned with the camera; (c) scanning exercises. The objective was to learn 
head-scanning and eye-movement strategies during target search with the camera 
of the goggles. Using fine head movements, the patient had to localize a contrasting 
target, follow its contours and identify its shape. With the same scanning 
technique, the patient also had to locate multiple targets one after the other;  
(d) eye–hand coordination exercises. The objective was to learn how to associate 
the visual perception of a target with its physical location. The patient first had  
to visually locate a target and then touch it. In addition, he had to follow the edge 
of a target with the camera, identify its shape and eventually touch the target;  
(3) Oculomotor exercises with goggles (daily life exercises). Daily life exercises 
were conducted at Streetlab starting seven months after the injection. Ten months 
after the injection, the patient agreed to use the goggles during locomotion outside.

Visual tests. The first two functional vision tests described in the main text 
each lasted for 30 min and the trials were randomized according to object type, 
contrast and location. Before each of the two tests, the objects and their possible 
locations were verbally described to the patient once. Before each trial, the patient 
sitting at the table had to close his eyes when the experimenter prepared the test 
to prevent the patient from localizing the object(s) in advance. In addition, the 
experimenter was careful not to make any noise when placing the object(s) on the 
table. Foam was placed under each object to avoid any sound during placement. 
The experimenter always stood on the same side of the patient when placing 
objects on the table. After placing the object, the experimenter moved back to their 
original position about 1 m away from the patient. For trials without objects, the 
experimenter pretended to put something on the table. The objects and settings 
specific to the two psychophysical tests were not used during the visual training 
sessions. However, the patient was trained to implement strategies to perceive, 
locate and touch objects of different sizes, shapes and contrasts.

Image contrast. Image contrast was assessed using two measures. Michelson 
contrast was measured as (Imax − Imin)/(Imax + Imin), where Imax is the intensity of 
the table and Imin that of the object. RMS contrast was measured as the s.d. of the 
image pixel intensities in a circle 21 cm in diameter, which included the object in 
the middle. The local illumination associated with the different RMS values was as 
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follows. First test (notebook): RMS contrast = 0.80, local luminance 51.90 Cd m−2; 
RMS contrast = 0.53, local luminance 59.23 Cd m−2; RMS contrast = 0.41, local 
luminance 63.94 Cd m−2. First test (staple box): RMS contrast = 0.21, local 
luminance 94.92 Cd m−2; RMS contrast = 0.16, local luminance 93.83 Cd m−2; 
RMS contrast = 0.13, local luminance 94.14 Cd m−2. Second test (tumbler): 
RMS contrast = 0.41, local luminance 82.91 Cd m−2; RMS contrast = 0.33, local 
luminance 85.11 Cd m−2; RMS contrast = 0.29, local luminance 83.28 Cd m−2. Third 
test (tumbler): RMS contrast = 0.33, local luminance 85.11 Cd m−2.

Extracranial EEG recordings. Visual detection task. The third visual test was 
adapted to simultaneous behavioral and EEG recordings (Fig. 1). The task was 
to detect the presence of an object (tumbler) placed 80 cm in front of the patient 
(Fig. 1a,c; Michelson contrast = 55%). Unlike the other two visual tasks, object 
location was fixed and the patient was informed before the beginning of the 
experiment that the object position would not change throughout the experiment. 
The patient acknowledged the presence or absence of the object by means of a 
two-key response pad but he was not forced to answer. The protocol included a 
total of 183 randomized object/no-object trials distributed across three conditions: 
natural binocular; natural monocular; and stimulated monocular (60, 60 and 63 
trials, respectively). The experiment was split into two sessions of approximately 
70 min each (see Fig. 1b for the detailed protocol of each session). Each trial lasted 
20 s. During the first 5 s, the patient was instructed to close his eyes while the 
experimenter silently placed or did not place an object on the table (thus avoiding 
visual and auditory cues). The patient was then instructed to open his eyes, search 
for the object and provide an answer within 15 s. The between-trial time interval 
was set according to the participant’s pace.

EEG data acquisition and preprocessing. A 64-channel EEG cap with passive 
electrodes (Waveguard original, standard 10/10 system; ANT Neuro) connected 
to an eego mylab amplifier (ANT Neuro) was used to record time-dependent 
cortical activity (Fig. 1c). EEG signals were recorded from 48 electrodes (out of 64) 
distributed at a higher density in the occipital area. Data were acquired with the 
eego software v1.9.1 (ANT Neuro) and preprocessed with the EEGLAB toolbox of 
MATLAB (R2019a-20a) via the following pipeline. Raw recordings were first high- 
and low-pass-filtered (1 and 40 Hz, respectively). Artifactual channels were then 
removed and interpolated. Independent component analysis was performed to 
decompose the EEG signals into statistically independent components, which were 
then labeled using the ICLabel algorithm49 to probabilistically assign the origin of 
their signals to brain, muscles, heart, eyes or artifactual sources. Finally, the most 
likely brain-related independent components were selected and used to reconstruct 
data into the electrode space before the analyses.

Spectral analysis of EEG data and decoding. Spectral EEG analyses were conducted 
to identify power spectrum signatures in the alpha frequency range (8–14 Hz), 
which is associated with the intensity of visual processing in the occipital 
region28,36. A binary decoder was trained to discriminate object versus no-object 
trials based on the alpha-band power amplitudes over the occipital channels 
(Oz, O1, and O2; Fig. 1c). EEG data recorded during the eyes-open periods of 
the stimulated condition were used for training, after signal power amplitude 
normalization across trials (frequency × channel pairwise, independently) for 
feature comparability. The Fisher score was used to quantify the discriminant 
power of each spectral feature:

Fisher score =

∑
c (μ(c) − μ)2
∑

c σ(c)

where µ(c) and µ indicate the means of the observations within the class c and over 
all classes, respectively and σ(c) is the variance of the observations within the class 
c. By computing the ratio between the separability of means across all classes and 
the overall spread around their means, the Fisher score provided a discriminability 
index between classes (two in the case of the binary decoder used in this study).

The six most informative features (that is, the features with the highest Fisher 
scores) were fed into the decoder in increasing number, leading to multiple 
instances of the decoder. For each instance, k-fold cross-validation (20-fold) and 
leave-one-out cross-validation procedures were then used to assess the decoding 
accuracy on testing samples (that is, data unseen by the decoder during training). 
Finally, the optimal number of features was determined based on the instance 
with the best decoding accuracy. As a control, the decoder was also trained and 
tested on data extracted from the eyes-closed periods of the stimulated condition 
and from the eyes-open and eyes-closed periods of the natural conditions for 
classification comparison purposes.

Statistical analyses. Statistical analyses of behavioral data were conducted 
in R v.4.0.3. Likelihood-ratio tests for the effects of explanatory variables in 
multivariable logistic regressions were used to compare the data in Tables 1–3. A 
likelihood-ratio test was used to check whether the patient’s counting performance 
was above chance level in Table 2. Statistical analyses of EEG data were conducted 
in JASP v.0.11.1. All tests on EEG data assumed independence between the samples 
of each distribution and normality was assessed using the Shapiro–Wilk test to 

apply either parametric or nonparametric tests. A one-sided, nonparametric test 
(one-sample Wilcoxon signed-rank test) was employed for each decoder separately 
to determine whether classification accuracy was above chance level (50%). A 
two-sided nonparametric test (Mann–Whitney U-test) was used to investigate the 
spectral power modulation in the object and no-object trials.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All requests for the raw and analyzed data are promptly reviewed by GenSight 
Biologics to verify if they are subject to any intellectual property or confidentiality 
obligations. Patient-related data not included in the paper were generated 
as part of clinical trials and may be subject to patient confidentiality. Any 
data that can be shared will be released via a material transfer agreement. All 
raw and analyzed image data can be found at https://passageinnovation-my.
sharepoint.com/:f:/g/personal/mtaiel_gensight-biologics_com/
EkUITiEa4AxNs_YryLq7fT8BGpdYkXZMWWtDK6Wg-fcQfA.

Code availability
The code for the EEG data processing and spectral analysis is available at  
https://github.com/JBDSA/OptoRehabEEG.
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Extended Data Fig. 1 | Light-stimulating goggles. a. GS030-MD consists of two units connected by a high-speed link. The head unit (left) hosts the 
camera which acquires the natural scene in a stream of asynchronous address-events representing pixel coordinates of local relative light intensity 
changes. The processing unit (right) encodes the visual stream in real time and creates binary images that are sent to the projector in the head unit. 
The projector, which is also mounted on the head unit (top), is placed in front of the eye. b. Front and rear view of the head unit. The camera is placed at 
the center facing the outside world. The projector is placed in front of the treated eye, facing the eye, and can be moved horizontally so as to be placed 
precisely in front of the treated eye’s pupil, since inter-pupillary distance varies between patients.
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Extended Data Fig. 2 | Timeline of protocol visits, visual training visits, and test visits. a. Timeline of protocol visits. Each vertical line corresponds to a 
visit described in the clinical trial protocol. The visit (week (W) 0) at which the subject was injected is shown in green. The light-stimulating goggles were 
tested before injection on W-3,W-2, and W-1, shown in yellow. Protocol visits included ocular and general examinations. The time period at which visual 
training and the three visual tests occurred is shown in light blue. b. Timeline of visual training and visual test visits, which corresponds to the light blue 
region on a. Each dark blue line corresponds to a visual training visit (19 visits, thick lines indicate two closely spaced visits). Visual tests 1 and 2 were both 
run on the two visits shown in red, visual test 3 and EEG (electroencephalography) were run on the two visits shown in orange.
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Extended Data Fig. 3 | OCT imaging of the retina 4 weeks before injection. OCT scans of the retina (location indicated by green arrow) taken 4 weeks 
before intravitreal injection of GS030-DP. Bilateral hyporeflective cyst-like spaces (shown in light-blue circles) are commonly found in late-stage RP and 
represent outer retinal degeneration.
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Extended Data Fig. 4 | OCT imaging of the retina 25 weeks after injection. OCT scans of the retina (location indicated by green arrow) taken 25 weeks 
after intravitreal injection of GS030-DP. Bilateral hyporeflective cyst-like spaces (shown in light-blue circles) are commonly found in late-stage RP and 
represent outer retinal degeneration.
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Extended Data Fig. 5 | OCT imaging of the retina 52 weeks after injection. OCT scans of the retina (location indicated by green arrow) taken 52 weeks 
after intravitreal injection of GS030-DP. Bilateral hyporeflective cyst-like spaces (shown in light-blue circles) are commonly found in late-stage RP and 
represent outer retinal degeneration.
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Extended Data Fig. 6 | OCT imaging of the retina 80 weeks after injection. OCT scans of the retina (location indicated by green arrow) taken 80 weeks 
after intravitreal injection of GS030-DP. Only the treated eye was assessed on that visit. Hyporeflective cyst-like spaces (example shown in light-blue 
circle) are commonly found in late-stage RP and represent outer retinal degeneration.
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Extended Data Fig. 7 |  Visual training program.
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Extended Data Fig. 8 | Schematic of vision test 1. Test 1: perceiving, locating, and touching a single object. The subject had to perceive, locate, and touch a 
single object placed on a white table (80 cm × 80 cm; 67.2o × 50.9o visual angle) along an imaginary line at 40 cm from the subject (60 cm from the eyes 
of the subject), and 20 cm to the right or to the left (18.4o) or in front of the subject. The object was either a notebook (12.5 cm × 17.5 cm; 10.8o × 10.3o) 
or a staple box (3 cm × 5.5 cm; 2.8o × 3.7o), displayed individually in three different contrasts (Michelson contrasts 40%, 55%, and 100%; notebook: RMS 
contrasts 0.41, 0.53, 0.80; staple box: RMS contrasts 0.13, 0.16, 0.21) in a random order.
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Extended Data Fig. 9 | Schematic of vision test 2. Test 2: perceiving, counting, and locating more than one object. The subject had to count and locate two 
or three tumblers placed on a white table (80 cm × 80 cm; 67.2° × 50.9° visual angle) and to point at them without touching. Tumblers (6 cm diameter and 
6 cm height, 5.5° and 8.1° at 40 cm, 4.2° and 5.8° at 66 cm) were positioned at two or three of six possible positions along two imaginary lines: at 40 cm 
from the subject (60 cm from the eyes of the subject), and 20 cm to the right or to the left (18.4°) or in front of the subject; or at 66 cm from the subject 
(80 cm from the eyes of the subject), and 20 cm to the right or to the left (14°) or in front of the subject. The objects were displayed in three different 
contrasts (Michelson contrasts 40%, 55%, and 100%; RMS contrasts 0.29, 0.33, 0.41) in a random order.
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