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• PURPOSE: To investigate the natural disease course of 
retinal dystrophies associated with crumbs cell polarity 

complex component 1 ( CRB1 ) and identify clinical end 

points for future clinical trials. 
• DESIGN: Single-center, prospective case series. 
• METHODS: An investigator-initiated nationwide col- 
laborative study that included 22 patients with CRB1 - 
associated retinal dystrophies. Patients underwent oph- 
thalmic assessment at baseline and 2 years after baseline. 
Clinical examination included best-corrected visual acu- 
ity (BCVA) using Early Treatment Diabetic Retinopa- 
thy Study charts, Goldmann kinetic perimetry (V4e 
isopter seeing retinal areas), microperimetry, full-field 

electroretinography, full-field stimulus threshold (FST), 
fundus photography, spectral-domain optical coherence 
tomography, and fundus autofluorescence imaging. 
• RESULTS: Based on genetic, clinical, and electrophysi- 
ological data, patients were diagnosed with retinitis pig- 
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mentosa (19 [86%]), cone-rod dystrophy (2 [9%]), or 
isolated macular dystrophy (1 [5%]). Analysis of the en- 
tire cohort at 2 years showed no significant changes in 

BCVA ( P = .069) or V4e isopter seeing retinal areas 
( P = .616), although signs of clinical progression were 
present in individual patients. Macular sensitivity mea- 
sured on microperimetry revealed a significant reduction 

at the 2-year follow-up ( P < .001). FST responses were 
measurable in patients with nonrecordable electroretino- 
grams. On average, FST responses remained stable during 
follow-up. 
• CONCLUSION: In CRB1 -associated retinal dystrophies, 
visual acuity and visual field measures remain rela- 
tively stable over the course of 2 years. Microperime- 
try showed a significant decrease in retinal sensitiv- 
ity during follow-up and may be a more sensitive pro- 
gression marker. Retinal sensitivity on microperimetry 

may serve as a functional clinical end point in fu- 
ture human treatment trials for CRB1 -associated reti- 
nal dystrophies. (Am J Ophthalmol 2021;234: 37–
48. © 2021 The Authors. Published by Elsevier Inc. 
This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ )) 

A  

 

 

r  

t  

g  

a  

v  

a  

a  

w  

R  

o  

e  

f  

p  

0002-9394/$36.00 
© 2021 THE AUTHORS. P

THIS IS AN OPEN ACCESS ARTI
( HTTP://CREATIVECOMMOhttps://doi.org/10.1016/j.ajo.2021.07.021 
 

wide range of related retinal dystrophies
(RDs), including Leber congenital amaurosis
(LCA), retinitis pigmentosa (RP), and cone(-

od) dystrophies (CRDs), can be caused by variants in
he crumbs cell polarity complex component 1 ( CRB1 )
ene. 1-4 LCA is considered the most severe RD, presenting
t birth or early infancy, and is characterized by severe
isual impairment, nystagmus, poor pupillary responses,
nd absent responses on electroretinography. 4 RP is char-
cterized by primary degeneration of rod photoreceptors
ith secondary cone degeneration. Initial symptoms in
P typically include night blindness due to degeneration
f the rods, followed by concentric visual field loss and,
ventually, central vision loss later in life due to cone dys-
unction. 5 RP comprises a broad spectrum of phenotypic
resentations and can become symptomatic at different
UBLISHED BY ELSEVIER INC. 
CLE UNDER THE CC BY LICENSE 
NS.ORG/LICENSES/BY/4.0/ ). 
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ages, ranging from early childhood (ie, juvenile RP) to
middle age, caused by a broad spectrum of genes. 6 

The CRB1 gene encodes the transmembrane protein
crumbs homologue 1 (CRB1), which, in mammals, local-
izes to the subapical region of Müller and photoreceptor
cells. 7-10 The canonical isoform of CRB1 consists of 19
epidermal growth factor domains, 3 laminin A globular-
like domains, and a short cytoplasmic tail that contains
FERM/PDZ binding motifs. 11 Recently, a novel isoform of
CRB1, CRB1-B, was also discovered, which is presumed to
be more abundant in the human retina than its canonical
form. 12 

While the function of CRB1 in the human retina has
not been fully elucidated, it has been suggested to play
a key role in cell polarity, cell-to-cell adhesion, photore-
ceptor morphogenesis, and retinal maturation. 8 , 13-16 The
role of CRB1 in retinal development is supported by the
abnormal thickening and coarse lamination of the in-
ner retinal layers that has been described in most cases
of CRB1 -associated RDs, which strikes a resemblance to
an immature retina. 17 Other clinical features described
in CRB1 -associated RDs include hyperopia, optic nerve
drusen, preservation of para-arteriolar retinal pigment ep-
ithelium, cystoid macular edema, nummular pigmentation,
and Coats-like exudates. 18 

Currently, no treatment exists for patients with CRB1 -
associated RDs, but proof-of-concept of adeno-associated
virus-mediated gene transfer was achieved using murine
models. 15 , 19 As CRB1 gene therapy is being developed, it
is crucial to determine adequate clinical end points ahead
of these upcoming trials. 10 This requires an optimal un-
derstanding of the disease, its variability, and its progres-
sion, based on retrospective and prospective natural his-
tory studies. 20 A retrospective study previously performed
by our study group provided insights into the progressive
decline in visual acuity and visual fields in patients with
CRB1 variants, showing that the optimal window for treat-
ment is likely within the first 2 to 3 decades of life based on
these outcome measures. 18 However, our knowledge about
the feasibility of other psychophysical outcome measures,
such as microperimetry and full-field-stimulus thresholds,
remains limited. 18 , 21 

Here we report the first prospective natural history study
performed in patients with biallelic CRB1 variants. The ob-
jective of this study was to describe the disease progression
in CRB1- associated retinal dystrophies and to determine
potential clinical end points in anticipation of future ther-
apeutic trials. Based on these findings, we provide the first
recommendations and considerations for the study design
of upcoming CRB1 clinical trials. 

METHODS 

• PATIENT RECRUITMENT: This nationwide collaborative
study recruited patients from 2 different registries: the
38 AMERICAN JOURNAL OF OPHT
D5000 database, a national registry for inherited retinal
iseases, and the Delleman archive for genetic eye diseases
t Amsterdam University Medical Center. 22 Inclusion cri-
eria for this study were the presence of biallelic CRB1 vari-
nts with a RD phenotype, and a best-corrected visual acu-
ty (BCVA) of ≥20/400 Snellen acuity. The study included
2 patients with biallelic CRB1 variants, of which 10 pa-
ients (45%) originated from a previously described genet-
cally isolated population. 21 , 23 Patients were examined at
aseline and 2 years after baseline at Leiden University
edical Center. 
The study protocol, genetic findings, and baseline char-

cteristics of the included patients have been described in
etail elsewhere and are briefly described here . 24 The cur-
ent study presents the 2-year follow-up data and describes
he longitudinal findings in this cohort. 

The study protocol was approved by the Erasmus Medi-
al Center Medical Ethics Committee, as it was performed
ithin the framework of the RD5000, and from the Leiden
niversity Medical Center Review Board. Informed con-

ent was obtained from individuals and/or legal guardians,
nd the study adhered to the tenets of the Declaration of
elsinki. 

CLINICAL EXAMINATION: Refraction and BCVA were
easured monocularly, using the Early Treatment Diabetic
etinopathy Study (ETDRS) letter chart. ETDRS letters
ere converted to logMAR values for statistical analysis.
isual fields (V4e isopter) were obtained using Goldmann
erimetry, which were subsequently converted to digital
eeing retinal areas (in mm 

2 ) using a method described by
agnelie. 25 A change ≥20% in retinal seeing area was con-

idered clinically significant based on previous test-retest
eliability studies in patients with RP. 26 Macular sensitiv-
ty was assessed by macular integrity assessment (MAIA)
icroperimetry (CenterVue) using the standard 37-stimuli

rid pattern under mesopic conditions. Fixation stability
as quantified using the 95% bivariate contour ellipsoid
reas (BCEA), which encompasses 95% of all the fixation
oints during examination. To minimize a learning effect,
atients first underwent a practice session (fixed strategy)
efore formal testing using the 4-2 threshold strategy. 27 , 28

or follow-up measurements, the inbuilt follow-up software
f the MAIA microperimetry was used, enabling accurate
eassessment of the same test loci evaluated at baseline.
f automatic alignment failed, manual alignment was per-
ormed using characteristic retinal landmarks. 

After 30 minutes of dark-adaption, full-field elec-
roretinography (ERG) responses were recorded on the Di-
gnosys using Dawson Trick Litzkow electrodes, which in-
orporated the International Society for Clinical Electro-
hysiology Standards (ISCEV). ERGs were only repeated
t follow-up in patients with residual ERG function. A sub-
et of patients underwent full-field stimulus threshold (FST;
iagnosys LLC) testing using white and chromatic stimuli
ith the reference luminance (0 dB) set to 0.01 candela
HALMOLOGY MONTH 2021 
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2 presented for 4 milliseconds). Based on
FST data from previous studies, the normal threshold for
white stimuli, while accounting for differences in reference
luminance, should be set at −53 dB. 29-31 Thresholds were
measured in triplicate for each stimulus and were averaged
per eye. Differences between averaged chromatic sensitiv-
ities were used to determine whether responses were rod-
mediated (blue-red difference of > 22 dB), cone-mediated
(blue-red difference of < 3 dB), or mixed rod- and cone-
mediated (blue-red difference between 3 and 22 dB). 29 , 32 

Retinal imaging included fundus photography (Top-
con TRC-50DX, Topcon Medical Systems, Inc), spectral-
domain coherence tomography (SD-OCT; Spectralis), and
488-nm wavelength fundus autofluorescence (FAF; Hei-
delberg Engineering). On SD-OCT, the laminar organiza-
tion of the inner retinal layers (inner limiting membrane
through external limiting membrane) was categorized into
3 different grades: (1) normal organization without coarse
lamination, (2) normal organization with coarse lamina-
tion, and (3) relative disorganization with coarse lamina-
tion. 

In addition, the integrity of the external limiting mem-
brane (ELM) and the ellipsoid zone (EZ) hyperreflective
bands of the outer retina were evaluated at the parafovea
(within 2.5 mm of the foveal center) and perifovea (outside
2.5 mm of the foveal center). The retinal bands were de-
fined as continuous, discontinuous, or indiscernible. Over-
all definitions and examples of gradings of the inner and
outer retina are provided in the Supplemental Figure. SD-
OCT images were assessed by 2 authors (X.N. and M.T.)
and reviewed by a third author (C.J.F.B.) in case of discrep-
ancy between the 2 authors. 

• STATISTICAL ANALYSIS: Data analysis was performed us-
ing R 3.6.2 software (R Foundation for Statistical Comput-
ing). The normality of data was analyzed using the Shapiro-
Wilk test and was also visually plotted. Continuous data are
presented as mean ± SD or range, in the case of normal
distribution, and as median, interquartile range (IQR), and
range, in the case of nonnormal distribution. Categorical
data are presented as frequencies and percentages. Changes
in parameters between baseline and follow-up were assessed
using a linear mixed-effect model while accounting for
paired eye data within patients. Correlation testing was per-
formed with the Spearman correlation test, using data of the
right eye only. The level of significance was set at 0.05. Bon-
ferroni adjustments were applied for multiple testing where
appropriate. 

RESULTS 

• CLINICAL AND GENETIC CHARACTERISTICS: The study
assessed 22 patients, of which 10 (45%) originated from
a previously described genetically isolated population, at
baseline and at the 2-year follow-up. 24 A summary of the
VOL. 234 TWO-YEAR FOLLOW-UP STUD
linical findings in this cohort is provided in the Table and
s also described for each patient individually in Supple-
ental Table 1. Patients were a median age of 25.7 years

IQR, 19.4; range, 6.2-74.8 years) at baseline, and the mean
ollow-up time was 2.04 ± 0.05 years (range, 1.97-2.19
ears). Based on ERG patterns and clinical examination, a
linical diagnosis of RP (19 [86%]), CRD (2 [9%]), or mac-
lar dystrophy (1 [5%]) was made. The median self-reported
ge at onset was 3.0 years (IQR, 7.8; range, 0.8-49.0 years),
nd the median disease duration (age at onset subtracted
rom current age) was 18.7 years (IQR, 16.7; range, 4.7-
9.3 years). An adult onset of symptoms was reported by
 patients. 

The cohort presented with 15 different CRB1 variants,
f which 12 were missense variants, 1 splice-site variant,
 in-frame deletion, and 1 nonsense variant ( Figure 1 

24

nd Supplemental Table 1). The most common variant
ound in this cohort was the founder variant c.3122T > C
p.Met1041Thr), which was present in a homozygous man-
er in all 10 patients from the genetic isolate and in a com-
ound heterozygous manner in 1 patient from outside the
solate. In 10 of 11 patients (91%), including the patient
rom outside the isolate, this variant caused an early-onset
P phenotype. Patient P10 exhibited a late-onset CRD
henotype, despite originating from the genetic isolate.
argeted next-generation sequencing found no other vari-
nts in patient P10. Additionally, 2 patients with the vari-
nt p.(Thr631Cys) in a compound heterozygous manner
howed relative preservation of visual function and retinal
tructure at later ages compared with other patients with RP
n this cohort, which was suggestive for a milder form of RP.

VISUAL ACUITY AND REFRACTION: The mean BCVA
f the study eyes was 41.1 ± 18.3 ETDRS letters (range,
8.0-78.0 letters; equivalent to 0.88 logMAR or 20/150
nellen) at baseline and 38.6 ± 19.7 ETDRS letters (range,
.5-76.5 letters; equivalent to 0.93 logMAR or 20/170
nellen) at the 2-year follow-up. A trend for a lower ET-
RS score at follow-up was observed, but this finding was
ot statistically significant ( −2.5 ETDRS letters, 95% CI,
5.2 to 0.2; P = .069). A loss of ≥15 ETDRS letters (ie, a

oss of 3 ETDRS lines) was measured in 5 eyes of 5 patients
11%) at the 2-year follow-up, whose initial ages ranged
rom 22 to 31 years ( Figure 2 , A). In 2 of 5 eyes (40%) with
 BCVA loss of ≥15 ETDRS letters, clinical examination
howed significant posterior subcapsular cataract at both
isits. Patient P1 underwent cataract surgery in both eyes
etween visits, with no improvement in BCVA. No new
ases of cataract were seen at follow-up. Spherical equiv-
lent of the refractive error, excluding pseudophakic pa-
ients, did not significantly change between visits ( −0.09
iopter [D]; 95% CI, −0.34 to 0.15 D; P = .455). 

KINETIC PERIMETRY AND MICROPERIMETRY: The me-
ian size of V4e isopter seeing retinal areas, averaged be-
ween both eyes of each individual patient, was 176.0 mm 

2

Y OF CRB1-ASSOCIATED RDS 39 



FIGURE 1. A schematic drawing of the crumbs homologue 1 (CRB1) protein structure and the variants found in our cohort. 
The canonical protein CRB1 isoform (NM_201253.2) consists of epidermal growth factor (EGF)-like domains, laminin AG-like 
domains, and a short cytoplasmic tail containing FERM- and PDZ-binding domains. There were 15 different variants found in this 
cohort, which have all been described previously. 24 The variant p.(Met1041Thr) was the most common variant, found in all 10 

patients that originated from a Dutch genetic isolate and in 1 patient from outside the genetic isolate. 
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(IQR, 241.9; range, 17.7-739.2 mm 

2 ) at baseline. Overall,
there was no significant change in V4e seeing retinal areas
at the 2-year follow-up visit ( −3.5 mm 

2 ; 95% CI, −17.4
to + 10.3 mm 

2 ; P = .616). A loss of ≥20% in V4e see-
ing retinal areas was seen in 7 eyes of 6 patients (16%),
of whom 2 patients had BCVA-based severe visual impair-
ment (BCVA ≤35 ETDRS letters). Moreover, 7 eyes of 4
patients showed an increase of ≥20% in V4e retinal seeing
areas from baseline ( Figure 2 , B). These patients all had se-
vere visual impairment based on visual acuity or visual fields
(P20, central visual field < 10 ° from point of fixation). 

Microperimetry data were available for 36 of 44 eyes
(82%). Microperimetry testing could not be reliably per-
formed in a subset of patients due to age (patients P7 and
P16) or severe visual impairment (P19, left eye; P20, both
eyes). The left eye of patient P2 was also excluded be-
cause this eye was erroneously tested using different thresh-
old settings at follow-up. Figure 3 shows representative mi-
croperimetry measurements performed in this cohort. Me-
dian BCEA 95% values were 32.9 ° ± 49.6 ° (range, 1.3 °-
187.4 °) and 44.0 °± 49.7 ° (range, 1.0 °-178.2 °) for the right
and left eyes, respectively. 

Higher BCEA values, indicating a more unstable fix-
ation, were seen in patients with worse logMAR BCVA
(Spearman ρ = 0.615; P = .004). The mean macular sensi-
tivity was 8.5 ± 7.6 dB (range, 0.0-24.3 dB) and 7.6 ± 7.5
dB (range, 0.0-26.3 dB) for right and left eyes, accordingly.
Macular sensitivity correlated with logMAR BCVA (Spear-
man ρ = −0.734; P < .001). In 9 of 36 eyes (25%), mac-
ular sensitivity was ≤1 dB ( Figure 3 , patient P9). Analysis
of the microperimetry testing grid (37 testing loci) showed
that patients had a mean of 14.05 ± 12.02 loci (range, 0.0-
34.0 loci) that showed no measurable sensitivity (0 dB; ie,
absolute scotoma). 

At follow-up, fixation stability was maintained ( −14.9 °;
95% CI, −35.7 ° to 5.0 °; P = .146) ( Figure 3 , C). A signifi-
 m  

40 AMERICAN JOURNAL OF OPHT
ant loss of −1.7 dB (95% CI, −2.4 to −0.8 dB; P < .001) in
acular sensitivity was observed after 2 years ( Figure 3 , D).
his change was also seen after exclusion of eyes with signif-

cant cataract ( −2.1 dB; 95% CI, −3.8 to −0.1; P = .039)
r after exclusion of patients with a mean sensitivity of ≤1
B ( −2.1 dB; 95% CI, −3.1 to −1.1; P < .001). Addition-
lly, there was a significant increase in testing loci with no
easurable sensitivity ( + 3.5 loci; 95% CI, 0.4 to 6.5 loci;
 = .027) at follow-up. 

ERG AND FULL-FIELD STIMULUS TESTING: Scotopic
nd photopic responses were minimal or nonrecordable at
aseline in all patients with RP (Table). ERGs in P10 and
21 followed a CRD pattern, whereas P22 (the patient
ith a macular dystrophy phenotype) demonstrated full-
eld scotopic and photopic responses within normal lim-
ts. Patients with residual responses showed no significant
hanges in ERG patterns over follow-up. FST measure-
ents were available for 14 patients (64%) at baseline and

or 20 patients (91%) at follow-up because FST was not
vailable at the start of this study. Two patients (P2 and
16) were not able to reliably perform FST, most likely due
o young age. Therefore, to provide a more accurate and
omplete overview of FST measurements in this cohort,
ST responses from the final visit were used for analysis.
he mean thresholds for the white, blue, and red stimuli at

ast visit were −38.6 ± 12.5 dB (range, −57.0 to −11.9 dB),
42.7 ± 13.2 dB (range, −61.1 to −13.4 dB), and −26.3
8.9 dB (range, −40.0 to −10.4 dB), respectively. Sensi-

ivity thresholds for the white stimuli were best preserved
n patients with mild RP and CRDs ( Figure 4 , A). 

Based on the difference in thresholds between blue and
ed stimuli, FST responses in the 40 included eyes were
od-mediated in 15 (38%), mixed rod-cone mediated in
3 (57%), or cone-mediated in 2 ( Figure 4 , B). Cone-
ediated responses could still be detected in both eyes of
HALMOLOGY MONTH 2021 



FIGURE 2. Changes in best-corrected visual acuity (BCVA) using Early Treatment Diabetic Retinopathy Study (ETDRS) letters 
and visual fields (retinal seeing areas, V4e stimuli) between baseline and 2-year follow-up are shown for each patient. Positive 
values reflect an improvement from baseline, whereas negative values signify a decrease from baseline. A. The absolute change in 

ETDRS letters was used to illustrate differences from baseline. The threshold for clinically significant BCVA changes was defined 
as a change of ≥15 ETDRS letters (dashed lines). B. For visual fields, the percentage change in retinal seeing areas was used, which 

was considered clinically significant if it exceeded a 20% change (dashed lines). Patients showing ≥20% improvement in visual field 
size had severe visual impairment ( < 35 ETDRS) or severely constricted visual fields (central diameter < 20 °). 
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patient P4 with early-onset RP, who had severe visual im-
pairment and severely restricted visual fields. We were also
able to determine FST responses in the left eye of patient
P19 (light perception BCVA), who still had mixed FST re-
sponses but was nearing cone-mediated vision. In 14 of 20
patients (67%) with longitudinal FST data, we found no
significant changes in white ( −1.7 dB; 95% CI, −3.6 to
0.3 dB; P = .098), blue ( −0.5 dB, 95% CI, −2.6 to 1.5
dB; P = .610), or red ( −1.0 dB; 95% CI, −2.3 to 0.3 dB;
P = .132) FST responses. 
VOL. 234 TWO-YEAR FOLLOW-UP STUD
RETINAL IMAGING: SD-OCT and FAF data were avail-
ble in 21 of 22 patients (95%). Retinal imaging could not
e performed in patient P16 with early-onset RP due to lim-
ted cooperation (aged 6) and nystagmus. A common ob-
ervation seen on SD-OCT was retinal thickening, which
as observed in 20 of 21 patients (95%). Cystoid macular
dema and/or cystoid spaces were present in 14 eyes of 8
atients (38%) at baseline, which resolved completely in
 eyes (28%) at follow-up without treatment. The mean
entral retinal thickness at baseline, after exclusion of pa-
ients with cystoid macular edema or cysts, was 133.0 ± 50.9
Y OF CRB1-ASSOCIATED RDS 41 



FIGURE 3. Macular sensitivity (MS) measurements on macular integrity assessment (MAIA) microperimetry in patients with 

crumbs cell polarity complex component 1 ( CRB1 )-associated retinal dystrophies. Color-coded heat maps demonstrate sensitivity 
values at each individual loci. Gray regions reflect areas where no sensitivity was measured (absolute scotomas). Mean MS values 
are shown in yellow. A. MS measurements at baseline in 4 patients with CRB1 -associated retinal dystrophies. B. At the 2-year 
follow-up, MS loss was present in all 4 patients. Note that patient P17 was diagnosed with mild posterior subcapsular cataract, 
which may have contributed to MS loss measured on follow-up. C. A spaghetti plot shows longitudinal changes in fixation stability, 
using bivariate contour ellipse areas (BCEA), in all included study eyes (n = 36). Higher BCEA values signify a more unstable 
fixation. D. A spaghetti plot illustrates changes in MS for all included study eyes. A significant decline in MS was observed at the 
2-year follow-up ( P < .001). 
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µm (range, 59.5-236.0 µm), which did not significantly
change at follow-up ( −10.31 µm; 95% CI, −34.5 to 13.8
µm; P = .371). 

The structure of the inner retina of patients was catego-
rized into 3 different grades: (1) normal organization with-
out coarse lamination in 5 (24%); (2) normal organization
with coarse lamination in 8 (38%); and (3) relative disor-
ganization with coarse lamination in 8 (38%) (Supplemen-
tal Figure and Supplemental Table 2). The hyperreflective
outer retinal bands, ELM and EZ, were discontinuous or ab-
sent at the parafovea and perifovea in 18 of 21 patients
42 AMERICAN JOURNAL OF OPHT
86%) (Supplemental Table 2). A degree of preservation
f the ELM and EZ integrity was observed in patients with
ild RP (P11 and P20) and in the patient with a macu-

ar dystrophy phenotype (P22). These 3 patients had better
aseline logMAR BCVA ( −0.6 logMAR; 95% CI, −1.1 to
0.1; P = .015) and macular sensitivity ( + 13.7 dB; 95%
I, 7.6 to 20.2 dB; P < .001) values compared with the
ther patients in this cohort. Qualitatively, there were no
lear changes in ELM and EZ band integrity on SD-OCT
maging at the 2-year follow-up examinations, despite a de-
line in visual acuity in several patients ( Figure 5 ). Because
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FIGURE 4. Full-field sensitivity thresholds (FST) responses obtained in 20 patients with crumbs cell polarity complex component 
1 ( CRB1 )-associated retinal dystrophies at the 2-year follow-up. Two patients (P2 and P16) were unable to reliably perform FST 

testing due to young age. A. FST responses were obtained using white and chromatic stimuli (blue and red). The grouped bars 
represent the right eye (darker shaded bars) and left eyes (lighter shaded bars) of a single patient. B. Differences between blue 
and red responses were calculated for each patient. The blue-red difference determined whether FST responses were rod-mediated 
(difference of > 22 dB), cone-mediated (difference < 3 dB), or mixed rod- and cone-mediated (difference between 3 and 22 dB). 
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the integrity of ELM and EZ layers was severely affected in
most of the patients (eg, Figure 5 , A and B), quantitative
analysis of the retinal bands could not be reliably performed.

On FAF imaging, the predominant pattern observed
was generalized hypoautofluorescence in the midperipheral
VOL. 234 TWO-YEAR FOLLOW-UP STUD
etina, with residual autofluorescence at the central macula,
lbeit to varying degrees ( Figure 5 , A). FAF imaging was
lso able to confirm our fundoscopic findings of preserved
etinal pigment epithelium regions adjacent to retinal arte-
ioles ( Figure 5 , B). Consistent with SD-OCT findings, aut-
Y OF CRB1-ASSOCIATED RDS 43 



FIGURE 5. Patients P1, P13 and P11 with crumbs cell polarity complex component 1 ( CRB1 )-associated retinitis pigmentosa: 
Representative spectral-domain optical coherence tomography (SD-OCT) scans and corresponding fundus autofluorescence (FAF, 
white arrowheads) images at baseline and at 2-year follow-up. Best-corrected visual acuity (BCVA) is shown for each eye in Snellen 

notation. A. Patient P1, aged 30, showed characteristic features of a CRB1 retina, including inner retinal thickening and coarse 
lamination of individual retinal layers. Outer retinal bands were nearly absent. FAF imaging in this patient showed overall absence 
of autofluorescence (AF) in the posterior pole, with some residual AF between the central macula and optic disc. B. Patient P13, 
aged 21, also showed retinal thickening and coarse lamination in addition to severe foveal atrophy. AF signals were nearly absent, 
with some preservation of retinal pigment epithelium alongside the vascular arterioles. C. Patient P11, aged 31, exhibited a mild 
form of retinitis pigmentosa. Unlike other retinitis pigmentosa patients in this cohort, the retinal structure of the inner and outer 
retina was retained, aside from the presence of cystoid macular edema. Consistent with SD-OCT findings, FAF imaging showed 
relative preservation of AF in the posterior pole, with signs of degeneration in the midperiphery. 

 

 

 

ofluorescence signals were best preserved in patients with
mild RP and macular dystrophy ( Figure 5 , C). The FAF pat-
terns of each patient are described in Supplemental Table
2, which remained unchanged at follow-up. 
I  

f  
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DISCUSSION 

n this prospective natural history study, we evaluated the
unctional and structural changes in patients with biallelic
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TABLE. Summary of the Clinical Characteristics of Patients 
With Crumbs Cell Polarity Complex Component 1-Associated 

Retinal Dystrophies at Last Examination. 

Characteristic Total (N = 22) 

Age, y 

Mean ± SD 29.3 ± 16.0 

Median (IQR) 27.8 (19.4) 

Range 8.3-76.9 

Sex, n (%) 

Female 13 (59) 

Male 9 (41) 

Clinical diagnosis, n (%) 

Retinitis pigmentosa 19 (86) 

Cone-rod dystrophy 2 (9) 

Macular dystrophy 1 (5) 

Age at onset, y 

Mean ± SD 8.2 ± 11.9 

Median (IQR) 3.0 (7.8) 

Range 0.8-49.0 

Initial symptoms, n (%) 

Nyctalopia 5 (23) 

Visual field loss 8 (36) 

Visual acuity loss 7 (32) 

Nystagmus 2 (9) 

Disease duration, y 

Mean ± SD 19.0 ± 10.7 

Median (IQR) 18.7 (16.7) 

Range 4.7-39.3 

Best-corrected visual acuity in ETDRS 

Mean ± SD 38.6 ± 19.7 

Median (IQR) 35.8 (27.1) 

Range 8.5-76.5 

SER, diopters 

Mean ± SD 2.2 ± 2.9 

Median (IQR) 2.4 (3.9) 

Range −5.9 to 6.7 

Axial length, mm 

2 

Mean ± SD 21.1 ± 1.7 

Median (IQR) 20.8 (1.7) 

Range 19.0-26.3 

V4e isopter seeing retinal areas, mm 

2 

Mean ± SD 258.6 ± 230.9 

Median (IQR) 189.4 (261.7) 

Range 14.5-744.4 

Electroretinography patterns, n (%) 

Normal responses 1 (5) 

Cone-rod pattern 2 (9) 

Minimal responses 1 (5) 

Nondetectable 18 (81) 

ETDRS = Early Treatment Diabetic Retinopathy Study, 

IQR = interquartile range, SER = spherical equivalent of the re- 

fractive error. 

Findings were averaged between eyes. 
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RB1 variants causing a spectrum of RDs, as we antici-
ate the start of gene therapeutic trials for CRB1 -associated
Ds in the near future. Our 2-year analysis of the cohort

howed that visual acuity and visual fields did not signifi-
antly change during follow-up. BCVA and visual fields are
arameters with relatively low sensitivity for early disease
hanges and may not be suitable as primary outcome mea-
ures in clinical trials investigating diseases, such as RP, that
ave relatively slow progression rates. 33 Still, in 5 eyes of 5
ifferent patients, aged between 22 and 31 years, we found a
CVA loss of > 15 ETDRS letters (equivalent to + 0.3 log-
AR), which is considered a clinically significant change

n clinical trials and by regulatory agencies. 34 , 35 

This finding suggests a faster decline around the third
ecade of life, although the contribution of significant
ataract, which was the case for 2 of 5 eyes, should not be
isregarded. This is in line with our retrospective natural
istory study, which reported median ages of 18, 32, and
4 years to reach moderate visual impairment, severe visual
mpairment, and blindness, respectively. 18 Based on BCVA
ata, we suggest that the optimal window for treatment is
efore the third decade of life. Ideally, patients should be
reated at the earliest and safest opportunity to gain the
ost benefit from gene therapy. 
Regarding visual fields, we found that 7 eyes of 6 patients

howed progression within the 2-year follow-up period,
efined as a loss of ≥20% of the seeing retinal area, which
s the test-retest limit in patients with RP as found by
ittner and associates. 26 However, these changes should
e interpreted with caution, because greater variability
n visual field measurements is predicted in patients with
ore advanced stages of BCVA-based or visual field-based

mpairment. 36-38 This is evidently demonstrated in our
ohort, as 4 severe visually impaired patients showed
mprovements up to 90% in visual fields areas at follow-up,
n absence of intervention. 

Goldmann kinetic perimetry assumes stable and foveal
xation, which is not always the case in patients with severe
P such as in the current study. 26 Instead, other perime-

ry measurements, such as semiautomated kinetic perime-
ry or wide-field static perimetry, could be used in future
tudies for peripheral visual field assessment, because they
ake fixation stability into consideration and limit operator-
ependent variability. 39 

Fundus-tracking perimetry, also known as microperime-
ry, is a commonly used tool for monitoring disease progres-
ion and for assessing treatment efficacy in trials involving
ther RDs, such as Stargardt disease, choroideremia, and X-
inked RP. 32 , 40-42 In these RDs, subtle changes in the retina
ver short periods of time were detectable on microperime-
ry, preceding detection on conventional parameters. 27 , 43

imilar results were found in our cohort, in which we de-
ected a significant decline in macular sensitivity between
isits, while no significant decline in BCVA was detected
n the 2-year period. 

Thus, microperimetry is a sensitive progression marker
nd has the potential to serve as a clinical end point in treat-
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ment trials for CRB1 -associated RD. However, due to the
subjective nature of psychophysical metrics, measurements
on microperimetry are inherently susceptible to variability,
which is affected by factors including age, the type of reti-
nal disease, disease severity, learning effects, and natural
variance. 27 , 44 Our study accounted for potential learning
effects, but formal intrasession and intersession reliability
testing was not performed. Because the main goal of phase
III gene therapy trials is treatment efficacy, a patient’s ability
to reliably perform microperimetry testing could potentially
be an inclusion criterion. 

Analysis of microperimetry was also impeded by the in-
creasing amount of absolute scotoma points, which resulted
in nearly undetectable sensitivity thresholds (macular sen-
sitivity ≤1 dB) in 9 out of 36 study eyes (25%). Reporting
the macular sensitivity, which is calculated using the aver-
age sensitivity of all testing loci, may not be an ideal ap-
proach, because this underestimates the change occurring
in individual loci with detectable sensitivity. 27 , 40 , 45 Other
methods that investigate regional sensitivity changes, along
with test-retest reliability testing, should be explored in fu-
ture studies. 44 

On electrophysiological testing, ERG responses were
nonrecordable in most of the RP patients, implying that
full-field ERG has no value in monitoring disease pro-
gression in patients with CRB1 -associated RP. An alter-
native approach to assess residual photoreceptor function
is the measurement of sensitivity thresholds using FST,
which can be performed regardless of fixation capabilities
or ERG function. 46 FST testing showed rod or mixed re-
sponses in this cohort, which shows that functional pho-
toreceptors are still present despite this severe early-onset
disease. Cone-mediated responses were found in patient P4,
which is suggestive for end-stage disease because these re-
sponses are typically found in patients with an LCA phe-
notype. 13 , 47 As such, FST can provide valuable knowl-
edge on remaining photoreceptor function, and in turn,
disease severity, which can guide the selection of eligible
candidates for therapeutic intervention. 32 However, FST
responses do not appear to be sensitive markers for dis-
ease progression over a relatively short period given that
we found no significant changes in FST responses over the
course of 2 years. Small, localized changes occurring over
several years possibly go unnoticed, because FST measures
the sensitivity of the entire retina, without revealing spa-
tial information. 30 Nevertheless, FST is potentially capable
of measuring a treatment effect, as shown in previous gene
therapy trials, and should be considered as a clinical end
point. 48-50 

In keeping with previous studies, SD-OCT imaging in
patients with CRB1 -associated RP revealed an abnormally
thickened inner retina (95%), which could be accompanied
by coarse lamination of inner retinal layers and/or cystoid
macular edema. 11 , 17 , 18 The loss of CRB1 function has been
postulated to stimulate proliferation of retinal progenitor
cells and also disrupt naturally occurring apoptosis during
46 AMERICAN JOURNAL OF OPHT
etinal development. 9 , 17 This phenomenon is in direct con-
rast with other molecular forms of RP/LCA, where progres-
ive thinning of the inner retinal layers typically occurs. 51

egardless of inner retinal thickening, 13 out of 21 patients
62%) showed a relatively preserved laminar organization,
hich may be amenable for gene therapy treatment. 
The hyperreflective retinal bands, ELM and EZ, were typ-

cally discontinuous or indiscernible, consistent with FAF
ndings, owing to the rapid disease progression at an early
ge in CRB1 -associated RP, which impeded quantitative
nalysis. 51 Despite the state of the inner and outer retina,
etinal sensitivity could still be measured using psychophys-
cal metrics, indicating that SD-OCT findings do not neces-
arily reflect remaining photoreceptor function in patients
ith CRB1 -associated RDs. 
There is an urgent need for reliable methods for accu-

ate quantification and localization of remaining photore-
eptors, because viable photoreceptors are a prerequisite
or effective treatment with gene therapy. 52-54 A potential
ethod is the use of adaptive optics because it allows for

he assessment of photoreceptor viability on a cellular level,
hich, in turn, can shed light on their amenability for gene

herapy treatment. 54-56 It would be of great interest to as-
ess in future studies whether photoreceptors can be ade-
uately identified using adaptive optics considering the se-
ere, early-onset degeneration and the characteristic retinal
henotype seen in CRB1 patients. 

Our study has several limitations. We included a rela-
ively small cohort of 22 patients with CRB1 -associated
Ds, which limited the possibility of a more in-depth sub-
roup analysis. Furthermore, patients were observed for a
-year period, so it is possible that parameters with low sen-
itivity for disease progression in our current study, such as
isual acuity and FST, will be able to demonstrate progres-
ion over a longer observation period. 

Novel outcome measurements used in the assessment of
ene therapy, such as multiluminance mobility tests, dark-
dapted chromatic perimetry and pupil campimetry, were
lso not assessed in this study. 57 , 58 

Future studies that monitor a large group of patients with
RB1 variants over a longer period of time, while also as-

essing the feasibility of more recent outcome measures,
ould be invaluable to extend our current findings. 
In conclusion, this is the first prospective natural history

tudy performed in patients with RDs associated with
iallelic CRB1 variants. Our study discusses the feasibil-
ty of commonly used outcome measures as clinical end
oints in clinical trials and their potential caveats. BCVA
nd visual fields measures show stability over 2 years and
eed to be complemented with more sensitive progression
arkers. Microperimetry and FST show the most potential

s clinical end points, but further investigation into their
eliability, validity, and feasibility is required. The findings
n this study can be used to aid the design of interventional
tudies, paving the way for CRB1 gene therapy trials in the
ear future. 
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