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Purposk. To use supervised machine learning to predict visual function from retinal structure
in retinitis pigmentosa (RP) and apply these estimates to CEP290- and NPHP5-associated
Leber congenital amaurosis (LCA) to determine the potential for functional improvement.

MEerHODS. Patients with RP (7 = 20) and LCA due to CEP290 (n = 12) or NPHP5 (n = 6)
mutations were studied. A patient with CEP290 mutations but mild retinal degeneration was
included. RP patients had cone-mediated macular function. A machine learning technique
was used to associate perimetric sensitivities to local structure in RP patients. Models trained
on RP data were applied to predict visual function in LCA.

Resurts. The RP and LCA patients had comparable retinal structure. RP patients had peak
sensitivity at the fovea surrounded by decreasing sensitivity. Machine learning could
successfully predict perimetry results from segmented or unsegmented optical coherence
tomography (OCT) input. Application of machine learning predictions to LCA within the
residual macular island of photoreceptor structure showed differences between predicted
and measured sensitivities defining treatment potential. In patients with retained vision, the
treatment potential was 4.6 = 2.9 dB at the fovea but 16.4 = 4.4 dB at the parafovea. In
patients with limited or no vision, the treatment potential was 17.6 = 9.4 dB.

Concrusions. Cone vision improvement potential in LCA due to CEP290 or NPHP5 mutations
is predictable from retinal structure using a machine learning approach. This should allow
individual prediction of the maximal efficacy in clinical trials and guide decisions about
dosing. Similar strategies can be used in other retinal degenerations to estimate the extent and
location of treatment potential.

Keywords: machine learning, random forest, optical coherence tomography, chromatic
perimetry, retinal degeneration, rods, cones

he field of inherited retinal degenerations (IRDs) is

emerging from its long history when the diseases were
considered as incurable to the current time when there are
potential therapies. The ultimate goal of all such treatment is to
improve vision that has either been progressively lost or was
very limited or never useful from early life. Once safety of the
product is established in early phase trials, reckoning with
efficacy needs to occur. Ideally, efficacy may occur posttreat-
ment in the form of dramatic visual improvement but an
alternative outcome, which is also welcomed by most patients
with progressive loss of vision, is a slowing of the relentless
degenerative process. Contributing to the complexity of
determining outcome is whether there is sufficient knowledge
about the human disease mechanism (by in vitro or disease
model research), the stages of the human disease, and which
noninvasive outcomes are best to use to decipher what effects
the product is having on the retina.'*

It is of historic interest that in 1983, a group of experts at a
specialty symposium declared that no specific therapy existed
for RP? Now, after more than 3 decades, we have one therapy for
one disease and this IRD, which showed improvement in vision
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after gene augmentation but later lost some of it to degenera-
tion, > is in the family of disorders known as Leber congenital
amaurosis (LCA). The human studies of this RPEG5 form of LCA
determined that a key finding was the dissociation of function
and structure.® This finding allowed for hope that if the visual
cycle pathway was restored by RPEG5 gene augmentation to a
patch of RPE cells, then adjacent dysfunctional photoreceptors
may respond to the renewed source of vitamin A as occurred in
canine and rodent models of the disease.”™®

Two other forms of LCA, those due to mutations in NPHP5
and CEP290, are primary photoreceptor diseases rather than
RPE diseases, and the molecules are reported to form a complex
in the cilium.'®"'® Of strong interest to those seeking therapies
for LCA, these two early-onset seriously visually disabling
disorders show very similar phenotypes and there is dissociation
of structure and function.' ™' As clinical trials in these disorders
proceed® or are being planned,! there have been no attempts
to predict the best visual outcome possible from the retinal
structure retained at the time of the intervention.

Machine learning techniques have been used to diagnose
certain ocular diseases and monitor progression with the
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Tasie 1. Clinical Characteristics of RP Patients Used in Training
Random Forest Algorithm

Age at Best-Corrected Refractive

Patient Sex Exam Visual Acuity* Errort Gene
P1 M 18 20/25 (+0.1) —0.50 RPGR ORF15
P2 F 21 20/20 (0.0) —2.50 unk.

P3# M 21 20/32 (+0.22) —-1.75 WDR19
P4+ M 21 20/32 (+0.22) +1.50 WDR19
P5 M 26 20/32 (+0.22) —4.50 RPGR ORF15
P6 M 32 20/25 (+0.1D) —1.00 RPGR

P7 F 35 20/20 (0.0) —0.25 unk.

P8 M 36 20/32 (+0.22) —12.50 USH2A
P9 M 38 20/20 (0.0) —-3.75 RHO

P10 F 39 20/40 (+0.3) —0.50 DHDDS
P11 F 40 20/32 (+0.22) —0.25 unk.

P12 F 41 20/32 (+0.22) +0.50 unk.

P13 M 41 20/25 (+0.1) +0.25 USH2A
P14 F 48 20/25 (+0.1D) —5.00 unk.

P15 F 48 20/25 (+0.1) —2.25 RHO

P16 M 53 20/25 (+0.1D) —1.25 RHO

P17 M 54 20/40 (+0.3) —0.75 USH2A
P18 M 55 20/20 (0.0) —1.25 MAK
P19 M 56 20/32 (+0.22) —1.25 USH2A
P20 F 58 20/32 (+0.22) —5.75 MAK

unk., gene causing disease is unknown; RPGR (ORF 15), retinitis
pigmentosa GTPase regulator (open reading frame 15); WDR19, WD
repeat domain 19; USH2A, Usherin; RHO, rhodopsin; DHDDS,
dehydrodolichyl diphosphate synthase subunit; MAK, male germ cell-
associated kinase.

* Visual acuity for eye with OCT used in training given in Snellen
(and logMAR).

T Spherical equivalent for eye with OCT used in training.

f Patients are siblings.

ultimate goal of early detection and treatment.”*>* In the

present work, we used these methods to try to predict from
cross-sectional retinal structure images with optical coherence
tomography (OCT) what would be the best possible visual
outcome in a clinical trial of these previously incurable forms
of CEP290- or NPHP5-associated LCA.

METHODS

Human Subjects

Data from patients with RP (n = 20, aged 18-58, Table 1) with
retained cone-mediated sensitivities, retained visual acuities
(better than 20/40), and retained foveal outer photoreceptor
nuclear layer (ONL) thickness (>35 pm but <140 pm) were
included in this study. Patients with cystoid macular edema
(CME) were excluded. In addition, there were 18 patients with
the clinical diagnosis of LCA and mutations in the CEP290 or
NPHP5 genes (Table 2). All CEP290 patients were non-
syndromic LCA with no other organ system involvement. All
NPHP5 patients were syndromic with kidney disease (neph-
ronophthisis) but will be referred to as LCA for simplicity due to
the similarity of the retinal disease between the two genotypes.
A 26-year-old patient with two CEP290 mutant alleles and a
relatively mild retinal degeneration was also included. All
subjects underwent a complete eye examination as well as
specialized tests of visual function and structure. Data from one
eye were included for each patient. The research was approved
by the institutional review board at the University of Pennsylva-
nia. All subjects were treated in accordance with the tenets of
the Declaration of Helsinki, and informed consents were
obtained from all patients.
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Tasie 2. Clinical Characteristics of NPHP5 and CEP290 Patients
Gene - Age at Best-Corrected Refractive
Phenotype Patient Sex Exam Visual Acuity* Errort
CEP290 - LCA P21 F 12 20/80 (+0.6) +2.75
P22 F 13 NLP +3.25%
P23 F 14 LP +11.00
P24 F 16 LP +1.75
P25 F 17 LP +8.00%
P26 M 18 BLP +7.00F
P27 M 19 NLP +11.00
P28§ F 19 20/50 (+0.4) +4.75
P29§ M 27 LP +4.50
P30 F 28 20/250 (+1.1) +5.00
P31 F 29 LP +9.50
P32 F 30 20/50 (4+0.4) +5.50
CEP290 -RD P33 M 26 20/20 (0.0) —8.50
NPHP5 - LCA P34 M 7 20/400 (+1.3) +6.00
P35# M 12 LP +7.50
P36 M 13 20/200 (+1.0) +4.00
P37# M 15 LP +9.00
P38 F 18 20/100 (+0.7) —2.00
P39 F 23 20/80 (+0.6) +1.00

LCA, leber congenital amaurosis; RD, retinal degeneration.

* Visual acuity for eye with OCT used in analysis given in Snellen
(and logMAR).

T Spherical equivalent for eye with OCT used in analysis.

+ Refractive error was not measured at this visit but was from a
previous visit.

§ Patients are siblings.

# Patients are siblings.

Optical Coherence Tomography (OCT)

Retinal cross-sections along the horizontal meridian crossing the
fovea were obtained with OCT (RTVue-100; Optovue Inc.,
Fremont, CA, USA) in all patients but one (P28), which was
scanned with time-domain OCT (OCT3; Carl Zeiss Meditec,
Dublin, CA, USA). The principles of the method and our
recording and analysis techniques have been published.'>*>~%’
Postacquisition processing of OCT data was performed with
custom programs (MATLAB 2018a; MathWorks, Natick, MA,
USA). All scans were preprocessed by aligning the longitudinal
reflectivity profiles (LRPs) making up the OCT scans by
manually defining the depth of the highly hyperreflective signal
believed to originate near the interface of basal RPE and Bruch
membrane (BrM). The foveola was identified manually as the
maximum depression. For the supervised learning algorithm
requiring segmented OCT layers as input features, the following
layer boundaries were defined manually with a computer
assisted algorithm. The ONL was defined as the major
intraretinal signal trough delimited by the outer plexiform layer
(OPL) and external limiting membrane (ELM) as previously
described.”® Inner retina was defined between inner limiting
membrane and the vitreal boundary of OPL. Inner and outer
segment (IS+OS) layer was defined between ELM and the inner
boundary of RPE, and the RPE layer between inner boundary of
the RPE and BrM. In addition, the number of negative and
positive peaks (extrema) on the gradient of the LRPs inside the
IS+OS layer was automatically counted.

Chromatic Dark-Adapted Static Perimetry

Dark-adapted static perimetry (Humphrey Field Analyzer,
HFA-750i analyzer; Zeiss-Humphrey, Dublin, CA, USA) was
performed25’29 along the horizontal meridian in all RP
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patients and a subset of the LCA patients who retained
sufficient fixation. Testing was with two colors (500 nm, blue;
650 nm, red) using 1.7° diameter, 200-ms duration stimuli
sampling the visual field at 2° intervals. The perimetric results
when available will be referred to as B-HFA and R-HFA. The
blue minus red differences in all RP patients showed cone
mediation (<12 dB) at all tested locations as a requirement for
inclusion. For the red stimulus, 0 dB corresponded to a
luminance of 12 phot-cd.m 2. Normal dark-adapted cone
sensitivities were from the cone-plateau region for red as
previously published?® or extrapolated from red to blue using
standard chromatic sensitivity differences.

Full-Field Sensitivity Testing (FST)

In the majority of LCA patients without fixation, FST
sensitivities were measured with blue (B-) and red (R-) full-
field stimuli (200-ms duration) in the dark-adapted state.>*3!
FST results represent the retinal locus with the highest
sensitivity.50 FST sensitivities were converted to HFA sensitivity
scales and assigned to the foveal locus under the assumption of
the fovea being the most sensitive locus with cone function in
CEP290- and NPHP5-LCA. The FST results will be referred to as
B-FST and R-FST.

Data Analysis

A supervised machine learning approach was taken to model
the relationship between localized retinal function and
localized retinal structure in RP patients and apply the model
to predict locus-by-locus treatment potential in CEP290- and
NPHP5-LCA. An implementation (MATLAB 2018a; MathWorks)
of the random forest regression model*? was setup with and
trained on RP patient data using input features derived from
OCT scans and target variables derived from chromatic dark-
adapted sensitivities. Four separate but similar models were
constructed based on two forms of input features and two
forms of target variables (Supplementary Fig. S1). For Model I,
the following measured input features were sampled at 2°
intervals: inner retina thickness, ONL thickness, IS+OS layer
thickness, RPE thickness, and the number of distinct layers
within IS+OS. Additionally, the relationship between input
features (thickness of all layers, except for the RPE, which did
not substantially vary with eccentricity) and retinal eccentric-
ity were accounted for by directly including interaction terms,
which yielded a total of 10 input variables (Supplementary Fig.
S1B). For Model II, there was no segmentation of layers.
Instead, reflectivity values at each depth with respect to the
RPE/BrM were the input features with a multiresolution
approach using three resolutions of depth binning at each
locus. Similar to Model I, the product of retinal eccentricity
with each reflectivity value (for scales 2 and 3), and
eccentricity alone were used as input features as well
(Supplementary Fig. S1C). A total of 91 predictors were
included in Model II. For Model R, red sensitivity values were
used as the target variable and for Model B, blue sensitivity
values were used as the target variable. The combination of
input and target variables corresponded to four distinct
models, which will be referred to as Models I-R, I-B, II-R, and
II-B (Supplementary Figs. S1D, S1E).

Performance of each model was evaluated by leave-one-out,
20-fold cross-validation; the error between the measured target
variable (sensitivity) and the predicted value, based on the
remaining 19 patients, was calculated. Errors across all patients
were summarized by calculating the 95th percentile limits of
agreement (LoA),35 Final models were trained using data from
all 20 RP patients, and relative importance of the individual
input features was evaluated automatically, as part of the
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Matlab algorithm implementation, by measuring any decrease
in prediction accuracy from permuting the values of each input
variable.

RESULTS

Retinal Structure With Only Cone Photoreceptors
Remaining

Previous studies have demonstrated that the great majority of
patients with CEP290- or NPHP5-LCA share a stereotypical
retinal structure,!4-16:18-20.34-36 Specifically, there is a macu-
lar elliptical region of approximately 13° width and 10° height
by en face near-infrared imaging.'*'® Within this area, by
OCT, are relatively healthy appearing photoreceptors sur-
rounded by severe photoreceptor loss in the extracentral
retina. At the fovea, photoreceptor ONL thickness is normal
or near-normal and there is increasingly abnormal thinning as
a function of distance from the fovea (Fig. 1A). Beyond 5° to
8° in eccentricity, ONL either asymptotes to a thin layer or is
not detectable. Considerable clinical and preclinical data
support the hypothesis that the mound of retained photore-
ceptors in CEP290- or NPHP5-LCA are cone photorecep-
tors.14_16’18'20’34’35

RP is a genetically heterogenous condition with a variety of
phenotypes and genotypes.>’° Independent of the exact
genetic cause, a relatively common later stage of RP involves a
central macular region of visual function mediated only by
cone photoreceptors (Pattern 325; Ref. 40). We selected a
cohort of 20 such RP patients (Table 1); they all had a central
mound of ONL thickness resembling the retinal structure of
CEP290- or NPHP5-LCA patients (Fig. 1A). Foveal ONL
thickness ranged from normal to mildly thinned, and over-
lapped with the LCA patients. Width of retained ONL ranged
from 12.5° to 18° and overlapped with the LCA patients (Fig.
1B). The overall aim was to compare the localized visual
function between RP and LCA patients when matched by
structure.

Machine Learning to Predict Local Function From
Local Structure in RP

As a first step, we asked whether a machine learning algorithm
can be trained to predict reliably the local variation in cone
sensitivity based on co-localized variation in retinal structure in
RP. We used a random forest supervised learning algorithm
with the local structure parameters as input and red or blue
dark-adapted sensitivities as output and built four distinct
models (Supplementary Fig. S1). For each of the models based
on scan segmentation (Models I-R and I-B) the total number of
input features was 1800 (9 loci X 20 patients X 10 features per
locus). For each of the models based on multiscale reflectivity
(Models II-R and II-B), the total number of input features was
16,380 (9 loci X 20 patients X 91 features per locus). Total
number of target variables for each model was 180 (9 loci X 20
patients). Measured and predicted sensitivities were compared
locus by locus for all RP patients and all models using leave-
one-out cross-validation. Four RP patients illustrate the range of
results obtained over a spectrum of disease severities (Fig. 2).
P15 and P20 exemplify milder central retinal disease with
normal or near-normal sensitivities at the fovea and retained IS/
OS structure, whereas P17 and P10 exemplify more severe
disease with greater foveal abnormalities in function and
structure. The predictions of the four models appear to
approximate well the measured visual sensitivity values (Fig.
2).
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Ficure 1. Comparison of retinal structure between LCA patients with
CEP290 or NPHP5 mutations and RP patients with cone-mediated
macular function. (A) OCT scans along the horizontal meridian
crossing the fovea in a normal subject and representative patients.
ONL is highlighted in blue for visibility; yellow vertical arrows show
the foveal ONL thickness; yellow horizontal arrows show the width of
retained ONL in each image. (B) Plots comparing foveal ONL thickness
and width of retained ONL for CEP290-LCA, NPHP5-LCA and RP
patients; open circles are measurements for each patient studied. E
fovea; Tr, temporal retina; Nr, nasal retina.

Across all RP patients, point-by-point differences between
measured and predicted sensitivities were compared using a
mixed-effects model to account for the internal correlation
structure of the data. For red stimuli using the segmented
OCTs (Model I-R), LoA was 9.6 dB, and for blue stimuli using
segmented OCTs (Model I-B), LoA was 8.8 dB (Fig. 3A). The
point-by-point differences were similar to the 9.6 dB coefficient
of repeatability estimated from test-retest differences using
dark-adapted blue sensitivities.*! Including a linear trend
component to account for a relation between the difference
and average did not produce a significantly better quality of fit
to the data than a simpler model without this trend (P=0.0911
and 0.5 for IR and I-B, respectively). The biases of the simpler
model were not significantly different than zero (P =0.397 and
0.266 for I-R and I-B, respectively).

IOVS | June 2019 | Vol. 60 | No. 7 | 2554

Similar analyses with unsegmented OCT input based on
multiscale reflectivity values, the 95% LoA were 11.9 and 10.8
dB for red and blue stimuli, respectively (Fig. 3B). Including a
linear trend component to account for a relation between the
difference and average did not produce a significantly better
quality of fit to the data than a simpler model without this
trend (P =0.0904 and 0.224 for II-R and II-B, respectively). The
biases of the simpler model were not different than zero (P =
0.618 and 0.3 for II-R and II-B, respectively).

Comparability of the Segmented and Unsegmented
Retinal Structure Inputs

Predictions of visual function from segmented retinal structure
input (Model I) were highly similar to the predictions from
unsegmented input for red (Supplementary Fig. S2A) and blue
(Supplementary Fig. S2B) stimuli (LoA red models = 6.57 dB,
LoA blue models = 5.2 dB, no significant bias in either
comparison). To better understand the contributions of different
features used by the machine learning algorithms, we evaluated
their relative importance. For Model IR using segmented OCT
layer thicknesses, features of greatest importance were IS+OS
and ONL thickness (Supplementary Fig. S3A). RPE thickness,
was least important for prediction of red and blue sensitivities.
Feature importance for Model I-B was similar. For Model II-R
using unsegmented LRP intensity information, the features of
greatest importance were located at 15 to 50 pm vitreal to the
BrM at all three scales (Scale 2 shown, Supplementary Fig. S3B).
This location would be expected to correspond to inner and
outer segments. In terms of the interaction of eccentricity and
reflectivity, two peaks of feature importance were located O to
40 pm choroidal and 70 to 120 pm vitreal to the BrM (Scale 2
shown, Supplementary Fig. S3B). These locations would be
expected to correspond to choroid and ONL, respectively. Not
unexpectedly, all four models were using mostly information
content originating at or near the photoreceptor layer to predict
photoreceptor function.

Predicted and Measured Sensitivities in CEP290-
LCA

We first tested our predictions of locus-by-locus sensitivity in a
patient with CEP90 mutations causing retinopathy that was
much milder in disease expression than in LCA; the model
predictions corresponded closely to the perimetric macular
visual function measured in this patient (P33, Fig. 4). In the
cohort of LCA patients, however, it was rare to have measured
sensitivities that were similar to predicted sensitivities at most
locations. In the group of four patients with measurable acuity
and sufficient fixation to perform the dark-adapted perimetric
profiles, only one came close to approximating measured
function to the function predicted from the models (P28, Fig.
4). The other three patients (P32, P21, and P30) had expected
function at the foveal locus only. Most paracentral loci that
were predicted to have visual function based on structure were
not visually responsive.

Of the 12 patients with CEP290-LCA studied, eight had
clinically measured light perception (LP) or no light perception
(NLP); in these patients, chromatic FSTs were performed (Fig.
5). Previous experimental evidence has indicated that FST
results emanate from the most sensitive locus in the retina of
the patient®® and in the case of these CEP290-LCA patients, the
most sensitive locus was assumed to be at the fovea
corresponding to the peak ONL thickness. This assumption
was consistent with the peaky shape of sensitivity profiles in
the subset of patients (Fig. 4). One patient with LP (who had
retained 2.6 logMAR acuity when tested with low vision
specific methods) had normal FST sensitivity for cone-mediated
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Ficure 2. Comparison of measured perimetric sensitivities with predicted sensitivities for RP patients, as derived from the leave-one-out cross-
validation of the random forest-based models. (A) OCTs of four representative RP patients used in training, taken along the horizontal meridian,

crossing the fovea. Two are less severely affected (P15, P20), while two ai

re more severely affected (P17, P10). (B) For each patient, plots show the

comparison of predicted sensitivities from Model I-R (upper panels) and Model I-B (lower panels) to measured perimetric sensitivities. (C) Predicted

perimetric sensitivities from Model II-R and Model II-B are compared with
dark-adapted perimetry (R-HFA) sensitivities; blue circles denote blue

measured perimetric sensitivities. (B, C) Red circles denote measured red
dark-adapted (B-HFA) perimetry results; mean Model I predictions of

sensitivity are given as dashed lines; mean Model II predictions are given as solid lines. Gray shaded areas represent the bounds for normal dark-
adapted cone sensitivities. Nf, nasal field (corresponding to temporal retina); Tf, temporal field (corresponding to nasal retina).

function and this matched the expectation of the models at the
fovea (P24, Fig. 5). Although the reason for the lack of better
visual acuity in this patient remains unknown, it was clear from
visual behavior during OCT testing that unlike the other LP-

vision patients, there was the ability to fixate at the fovea. The
remaining seven patients had no fixation and limited or no
measurable sensitivity to FST stimuli and showed a major
mismatch between predicted and measured function (Fig. 5).
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Ficure 3. Bland-Altman plots show the LoA of the supervised learning models in predicting cone sensitivities from retinal structure in RP patients.
The 95% LoA are given as the dashed lines. Mean bias values and their 95% CI are shown with solid and dotted lines, respectively. (A) Bland-Altman

plot for Model 1. (B) Bland-Altman plot for Model II.

Predicted and Measured Sensitivities in NPHP5-
LCA

NPHP5-LCA patients also showed a range of functional
phenotypes with the same patterns as in CEP90-LCA. Three
patients with retained acuity and foveal fixation (P39, P38, and
P36, Fig. 6) showed foveal sensitivities that were within
approximately 5 dB of the value predicted by models.
Paracentral loci were either unresponsive or greatly diminished
in sensitivity compared with the expectation from retinal
structure. One patient (P34, Fig. 6) had retained FST sensitivity
that matched the prediction by models at the fovea. Two
patients with LP vision and no ability to fixate (P35, P37, Fig. 6)
had measurable FST results but there were large differences
from sensitivity predictions of the models.

Treatment Potential in CEP290-LCA and NPHP5-
LCA

Previous investigations have supported the hypothesis that
CEP290- and NPHP5-LCA patients tend to show dissociation of
function from structure.'#1¢18:193436 congistent with this
hypothesis were preliminary results showing sensitivity
improvements in a clinical trial involving antisense gene
therapy in CEP290-LCA.%>° However, quantitative estimates of
the maximal treatment potential at specific retinal loci of
individual CEP290- or NPHP5-LCA patients were not known
until the current work.

The differences between measured and predicted sensitiv-
ities (Figs. 4-6) provide the extent of maximal treatment
potential. A subset of seven patients with relatively preserved
acuity, fixation, and ability to perform perimetric testing have
retained foveal sensitivity and thus relatively small treatment
potential (4.6 = 2.9 dB for red, 5.0 = 3.5 dB for blue) at the
fovea (Fig. 7A, left). The majority of the remaining 11 patients

with unmeasurable acuity, lack of fixation and reduced
sensitivity have large treatment potential (17.6 = 9.4 dB for
red, 12.5 = 4.0 dB for blue, Fig. 7A, right). Unknown and
unpredictable until the current work was the treatment
potential in the paracentral retina of patients with retained
foveal vision (Fig. 7B). The difference between measured and
predicted sensitivities peak at 2° eccentricity in the parafovea
where the maximal treatment potential reaches 16.4 = 4.4 dB
for red and 8.8 * 2.8 dB for blue stimuli. At greater
eccentricities, the treatment potential is gradually reduced as
retinal locations reach the edge of the retained ONL region
(Fig. 7B).

DIScUSSION

Using Later Stage RP Data to Understand LCA

In the modern retina clinic, OCT is frequently used in
evaluations of patients with RP. A retina clinician viewing a
scan that is recorded through the fovea in RP patients at certain
disease stages often notices that instead of the ONL extending
across the entire central scan there is a triangular shape to the
ONL. From a peak at the fovea, there can be a decrease of ONL
thickness with eccentricity. Given greater resolution of OCT
instrumentation and many studies of the relationship of OCT
sublaminae to retinal microstructure, attention has also been
drawn to the other hyper- and hyporeflective structures deep
to the ONL (e.g., see Refs. 42-44). When results of static
perimetry are known in such RP patients, it becomes
understandable that the central island of vision is likely related
to this triangle of photoreceptor structure (e.g., see Refs. 45,
40).

In the present work, we carefully selected RP patients who
were at a disease stage with only functional cone photorecep-
tors remaining in the macula.®®> We assumed lack of rod
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Predicted and measured perimetric sensitivities for a subset of CEP290 patients with retained acuities and fixation. The upper row

shows OCT scans taken along the horizontal meridian, crossing the fovea. Visual acuities (VA) are given above each patient scan in Snellen (logMar).
P33 was diagnosed as having a milder inherited retinal degeneration (CEP290-RD) and not LCA, as in all other patients with CEP290 mutations. The
middle row compares the measured perimetric sensitivities with red stimuli (R-HFA) with the sensitivities predicted from the OCT scans using
Model I-R and Model II-R; the lower row compares the measured and predicted results with blue stimuli. The asterisk for P28 denotes that the OCT
image used to predict function was an OCT3 scan rather than an Optovue scan. Prior to analysis, the OCT3 image was resampled and the values
were transformed so image size and histogram matched that of an Optovue scan.

photoreceptors based on severe lack of rod function. We
assumed that the cones in this cohort of RP patients were
functioning proportional to their remaining quantum catch
and there was no additional de-sensitization beyond the partial
loss of cones and shortening of OS among the surviving cones.
Support for the lack of additional de-sensitization mechanisms
in the selected RP eyes came from normal thresholds in eight
of the patients at the fovea. For the retinal locations with losses
of sensitivity the validity of our assumption is consistent with
some of the previous work on comparable patients at the
fovea6’18’47’48; however, extrafoveal structure-function rela-
tionships cannot be confirmed at this time.

Molecular classification of LCA has led to the study of the
disease expression in different subtypes and it became obvious
that the CEP290 and NPHP5 forms of LCA also showed a
triangular shape to the central ONL.'*"' The notable
difference between these LCA patients and the RP patients
was that in LCA, there was more severe dysfunction within the
central island. The concept of dissociation of structure and
function was proposed, and the present work has attempted to
extend this hypothesis by predicting the exact degree of this
dissociation across the central retina and thus defining the
maximal treatment potential with future optimal therapies.

Predicting Efficacy Outcomes With Machine
Learning in This Era of LCA Therapy

Although use of machine learning in medical research, and
particularly in ophthalmology, has exploded in recent
yf:au‘s,24’49 the great majority of the published work to date is
in the fields of diagnostics®®>> and image segmentation.ﬁ‘sS
Other groups have used machine learning to predict measures
of visual function from multiple input parameters, such as
predicting visual acuity in AMD based on a variety of inputs,
including retinal structure®® or predicting static perimetry
sensitivities in glaucoma, based on previous such results and
clinical parameters.’” Recently, neural networks were used for
the first time to predict local function (microperimetric
sensitivity) from retinal structure in patients with macular
telangiectasia.®® In the present study, we extended the
function-from-structure concept one step further. We used
random forest algorithms trained on OCT scans from one
retinal disease, that of RP with cone-only central islands, to
predict retinal function in two genetic types of LCA, which are
characterized by similar retinal structure.

What is the current process for gene-based clinical trials
from defining patient eligibility to evaluation of a product’s
efficacy? Eligibility requires a clinical diagnosis and, of course, a
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Ficure 5. Predicted and measured sensitivities for CEP290-LCA patients with severe loss of visual acuity and fixation. The upper row shows OCT
scans along the horizontal meridian across the fovea; visual acuities are given above the scans. Middle row plots measured R-FST sensitivities and
predictions of Model I-R and Model II-R. Lower row compares the measured B-FST sensitivities with predictions of Models I-B and Model II-B. P24
had clinically LP vision but retained a log MAR of 2.6 with low-vision specific tests.

molecular diagnosis. Entry criteria tend to include certain ages
and there are exclusions based on many considerations such as
ocular and general health. Then, functional limits are set for
inclusion (and exclusion) and, traditionally, the parameter that

has been used is visual acuity.>® Once a trial begins and safety
outcomes are addressed, there is the inevitable question of
whether there is any visual efficacy. If there is efficacy, it would
be important to know the relationship of any positive visual
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FST sensitivity for P34 is due to mixed-mediation of this result; R-FST represents cone function but B-FST would represent rod function likely

originating from the extrafoveal region.

change to what is expected for each patient, assuming an

optimal treatment strategy. In the present era, however, we do
not enter a clinical trial with an ability to make a quantitative
prediction of outcome. In general, if acuity improves (to any

degree) compared with baseline, success is announced, and
the trial may move forward to later phases.

This is fully understandable. After the long history of no
efficacious therapy for LCA, any improvement in vision is



Investigative Ophthalmology & Visual Science

Visual Function Potential in LCA

A ) B

Foveal Para-
= Peri-foveal
Retained LP Retained
Acuity Acuity
20 E 20
i g
=10 4 B = 10
8 ’ o 8
no_ 0 —+ —_I'_' Do_ 0 T T T T 1
c c
[0) [0)
E E
(4] (]
© 20 : Q20
[ [
104 @ - 10 -
o
o ®
0 __~|— -_|— 0 T T T T 1
F F Nf8 4 F 4 8 Tf
Eccentricity [deg]

Ficure 7. Treatment potential for CEP290- and NPHP5-LCA patients.
(A) Foveal treatment potential with red (upper) and blue (lower)
stimuli in the subset of patients with relatively retained acuity and
fixation, and available perimetric testing (leff). Also shown are the
treatment potential in patients mostly with LP or worse vision and
available FST sensitivity that is assumed to originate from the fovea
(right). Data from individual patients are shown staggered to the left
and mean * SD of the groups are shown to the right. (B) Peri- and
parafoveal treatment potential with red (upper) and blue (lower)
stimuli in the subset of patients with relatively retained acuity and
fixation, and available perimetric testing. Insets show the foveal and
extra-foveal retinal locations tested on a retinal schematic, and the
region that typically is outside of the central ellipse of retained ONL is
basbed for reference.

welcomed by patients, investigators and trial sponsors alike. If
the efficacy outcome is visual acuity and the change is deemed
significant by some standard, questions are usually not asked
about whether the positive effect is complete or partial.
Indeed, why should visual acuity improve at all in non-
regenerative therapies, such as gene augmentation or gene
splice modulation, where new photoreceptor cells are not
being introduced or regenerated? One of the likely possibilities
for acuity improvement is a change in the perceived brightness
of a spatial resolution target. It is long known that there is a
strong relationship between acuity and perceived brightness in
subjects with normal vision.®® In retinal disease, brightness of
the target depends on the light sensitivity of the retina at the
locus of fixation in addition to the ambient lighting conditions.
Strong correlative evidence of a relationship between acuity
and light sensitivity existed in our cohort. CEP290- and
NPHP5-LCA patients in this study had a spectrum of visual
acuity results from 20/50 to NLP, consistent with previous
reports.m‘64 Light sensitivity as measured with dark-adapted
red (cone-mediated) FST measurements showed a relation with
visual acuity - the better the visual acuity, the higher the FST
sensitivities. To quantify this relation, patients were divided
into the following two groups: group 1 had measurable acuities
of 20/50 to 20/400 (1ogMAR 0.4-1.3) and an average FST of
24.3 dB; and group 2 had LP vision and an average FST of 6.9
dB. The FST measurements of these groups were statistically
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different (#test, P < 0.001). Thus, we concentrated on light
sensitivity as measured by FST in all subjects, or by perimetry
in the subset of subjects with retained fixation, in order to
describe the individual-specific treatment potential based on
residual retinal structure. We assumed that sensitivity improve-
ments are necessary for acuity improvements.

Treatment Potential With Optimal Efficacy

Not surprisingly, patients with the most severe losses of light
sensitivity (but still retaining some photoreceptor structure)
had the largest treatment potential. Extrapolating from the
distribution of retinal function and structure in patients with
relatively milder disease phenotype, we assume that the large
treatment potential in severe patients localizes to the foveal
area, which retains the most photoreceptors. The predictors
for translating such a treatment potential in terms of light
sensitivity into improved spatial vision (i.e., visual acuity)
remain unknown at this time. It is likely that patients with
congenital or very early onset loss of light sensitivity may be at
a deep amblyopic disadvantage for gaining spatial vision as
compared with others who may have had spatial vision in
childhood that was lost in later years during disease
progression.

Patients with relatively retained visual acuity, ability to fixate
and small losses of light sensitivity had a relatively small
treatment potential at the fovea. However, it is important to
note that the treatment potential is estimated based on the
retinal structure retained by each patient at the time of the
intervention. If a treatment were to change the retinal
structure in a positive direction, such as lengthening of the
OS, the treatment potential at the fovea would also be
expected to grow accordingly. Preliminary results in a recent
clinical trial were suggestive that such positive structural
changes in the outer retina are possible.?’

Most unexpected was the parafoveal localization of a peak
of treatment potential to an eccentricity of 2° in the patients
with the relatively milder forms of CEP290- or NPHP5-LCA.
There was relatively large treatment potential across the
central macula. These results suggest that the expectation for
efficacy in a clinical trial of these specific milder forms of LCA
would not only be a small change in acuity and foveal
sensitivity but also expansion of the central visual field by
increases in cone visual sensitivity across the macular island.
RP patients with a small central island of useful cone vision
remaining can cope with the many demands on their daily
lives.®>°® Most CEP290- and NPHP5-LCA patients would be
pleased to have a larger central island of vision with limits
corresponding to their macular structure. If foveal improve-
ment only was achieved after a certain therapeutic dosage,
decisions could then be made about extending the length of
the trial to determine if parafoveal loci responded later and
whether further dosing should be considered. It is also
important to consider that intravitreal and subretinal approach-
es to treatments may have different outcomes with respect to
their foveal and extrafoveal effects.

Next Steps in This Research

Many inherited retinal diseases are in early phase clinical trials.
Although the hope is that a therapy would cause a visual
improvement, evidence for that assumption is lacking at
present except for the LCA subtypes caused by CEP290,
NPHP5, GUCY2D, and RPEG5 mutations. Artificial intelli-
gence-based modeling as in the current work has not yet been
used to analyze conditions with residual rod-mediated vision
and structure. Gene based trials of rod photoreceptor diseases
would benefit from such predictions. Accurate predictions of
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therapeutic potential could move some retinal diseases from
the category of interventions designed to slow progression to
those designed to provide vision improvement.
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