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Abstract

Purpose—To describe in detail the central retinal structure of a large group of patients with
Choroideremia (CHM).

Design—prospective, cross-sectional, descriptive study.

Subjects—~Patients (7=97, age 6-71 years) with CHM and subjects with normal vision (n=44;
ages 10-50 years) were included.

Methods—Subjects were examined with spectral domain optical coherence tomography (SD-
OCT) and near infrared reflectance imaging. Visual acuity (\VA) was measured during their
encounter or obtained from recent ophthalmic examinations. Visual thresholds were measured in a
subset of patients (n=24) with automated static perimetry within the central regions (£15°)
examined with SD-OCT.

Main outcome measures—VA and visual thresholds, total, inner and outer nuclear layer
(ONL) thicknesses, and the horizontal extent of the ONL and of the photoreceptor outer segment
(POS) interdigitation zone.

Results—Earliest abnormalities in regions with normally appearing RPE were the loss of the
POS and EZ zone associated with rod dysfunction. Transition zones (TZs) from relatively
preserved retina to severe ONL thinning and inner retinal thickening moved centripetally with age.
Most patients (88%) retained VAs better than 20/40 until their fifth decade of life. VA decline
coincided with migration of the TZ near the foveal center. There were outer retinal tubulations in
degenerated, non-atrophic retina in the majority (69%) of patients. In general, retinal pigment
epithelium (RPE) abnormalities paralleled photoreceptor degeneration, although there were
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regions with detectable but abnormally thin ONL co-localizing with severe RPE depigmentation
and choroidal thinning.

Conclusions—Abnormalities of the POS and rod dysfunction are the earliest central
abnormalities observed in CHM. Foveal function is relatively preserved until late disease. TZ
migration to the foveal center with foveal thinning and structural disorganization heralded central
VA loss. The relationships established may help outline the eligibility criteria and outcome
measures for clinical trials for CHM.

Graphical abstract

Precis

Photoreceptor outer segment abnormalities associated with rod dysfunction were the earliest
abnormalities observed in choroideremia. Migration of transition zones near the foveal center
heralded central vision loss.
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INTRODUCTION

Choroideremia (CHM) is an infrequent (prevalence 1:50 000) X-linked recessive form of
hereditary retinal degeneration with a distinctive fundus appearance characterized by
scalloped chorioretinal changes with visualization of the sclera through a depigmented or
non-existent retinal pigment epithelium (RPE) and choroid.1-3 Patients experience
nyctalopia, typically in the second decade of life, followed by progressive constriction of the
visual field in early adulthood and loss of their central vision only later in life (after several
decades).4-14

The disease is caused by mutations in a single gene (Rab escort protein-1, REP-1) on
chromosome Xq 21.2, which encodes a ubiquitously expressed protein that forms part of the
catalytic Rab geranyl-geranyl transferase (RGGTase) 11 complex.15-21 In general, most
mutations reported to date are thought to lead to loss-of-function of the encoded protein.22-23
The disease mechanism has not been completely elucidated but may involve impaired
vesicular and/or membrane trafficking resulting from deficient geranylgeranylation of
Rab27a.24-27 Recent evidence suggests a systemic role for REP1 in systemic fatty acid
metabolism, although it is presently unclear how such abnormalities impact the retina.28

Recent success of gene augmentation trials for Leber’s congenital amaurosis (LCA) caused
by mutations in RPE65 paved the way for gene therapy initiatives for other retinal
degenerative conditions.2%-32 A phase /11 clinical trial for CHM has published encouraging
initial results.33-34 Confirmation of safety and efficacy in these new trials will help establish
gene therapy as a treatment approach for CHM and other inherited retinal
degenerations.29:35:36 Although several groups have initiated clinical trials for various
inherited retinopathies including CHM (clinicaltrials.gov), there remain gaps in our
understanding of their natural history.
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In this present study we examined in detail the central retinal structure of a large group of
patients with CHM using spectral domain optical coherence tomography (SD-OCT).
Quantitative measures of retinal structure and co-localized measures of retinal function were
used to explore the sequence of events leading to structural and functional abnormalities in
this condition. The findings may help outline the eligibility criteria and/or outcome measures
for initial clinical trials for CHM.

METHODS

Ninety-seven patients (ages, 6-71 years, median=39 years) diagnosed with CHM were
included in this prospective, cross-sectional study. Unaffected subjects with normal
ophthalmic examination (n=44; ages 10-50 years) were also included. Genotyping was
undertaken using venous blood samples or, when available, from previous studies. Informed
consent was obtained after explanation of the nature of the study; procedures complied with
the Declaration of Helsinki and were approved by the institutional review board. Patients
had a comprehensive eye examination and best-corrected visual acuity (\VA) was measured
or was available from recent ophthalmic exams (Supplementary Figure 1; available at http://
aaojournal.org). Spectral domain (SD) optical coherence tomography OCT was performed in
92 patients (n=184 eyes) (Spectralis, Heidelberg Engineering, Carlsbad, CA) with 6 or 9
mm-long horizontal sections crossing the anatomical fovea. Segmentation of SD-OCT
images was performed with the built-in automatic segmentation software of the Spectralis
system. ImageJ imaging analysis software (plot profile analysis feature) (http://
imagej.nih.gov/ij/links.html) was used to supervise measurements and ensure correct
identification of the different laminar boundaries. Retinal thickness was defined as the
distance between the signal transition at the vitreoretinal interface (from the internal limiting
membrane, ILM) and the posterior boundary of the major signal corresponding to the basal
retinal pigment epithelium (RPE)/Bruch’s membrane. In normal subjects, the RPE-Bruch’s
signal is the last reflectivity within the 4-5 signals that are identifiable in the outer retina. In
patients, the presumed RPE signal was sometimes the only signal in the outer retina and
often merged with signals from the anterior choroid. The RPE peak intensity was then
specified manually by considering the properties of the backscattering signal originating
from layers vitread and sclerad to it.8 The outer nuclear layer (ONL) thickness was defined
as the major intraretinal hyporreflective signal bracketed between the outer plexiform layer
(OPL) and the external limiting membrane (ELM). The inner retinal thickness was defined
as the distance between the ILM and the OPL.37 The horizontal extent of uninterrupted ONL
and the inner segment ellipsoid zone (EZ) layer was determined visually as the distance
from the foveal center to the location in nasal or temporal retina at which the layer was no
longer visible, which was confirmed, when needed, by inspecting the longitudinal
reflectivity profile generated at that location using ImageJ analysis tools. Measurements
were performed along a line parallel to the RPE using digital calipers from the SD-OCT
software and were expressed as ‘total horizontal extent” (temporal+nasal) or as nasal or
temporal ‘lateral extent’, respectively. En-face near infrared reflectance (NIR-REF) images
obtained during the acquisition of the OCTs were also available for analysis. The area of
preserved RPE melanin by NIR-REF was manually defined using the imaging tools
available within the Spectralis system. The software automatically calculates the area within

Ophthalmology. Author manuscript; available in PMC 2018 March 01.


http://aaojournal.org
http://aaojournal.org
http://imagej.nih.gov/ij/links.html
http://imagej.nih.gov/ij/links.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aleman et al.

Page 4

a given perimeter; scalloped regions of demelanization within areas of apparently better
preserved RPE were subtracted from this total. Twenty four patients within this group had
light-adapted achromatic and dark-adapted chromatic (500 nm and 650 nm) automated static
perimetry (200 ms duration,1.7°diameter stimuli), using a modified Humphrey Field
Analyzer (HFA 11-i, Carl Zeiss Meditec, Dublin, CA), following published
methodology.38-40 Thresholds were measured along the horizontal meridian at 2° intervals,
extending to 30°of eccentricity, corres ponding to the retinal region scanned with SD-
OCT.3940 Some of these patients (n=12) also had fundus automated perimetry (MAIA,
CenterVue Inc., Fremont, CA, USA) with dilated pupils and after 30 minutes of dark-
adaption using an achromatic (0.45°in diameter) stimulus an d a 10-2 protocol. A horizontal
sensitivity profile was generated by averaging points above and below (x1°) the horizontal
meridian for each eccentricity in this standard 10-2 protocol grid. The lateral extent of the
field was estimated by determining the eccentricity at which the sensitivity within this
interpolated profile was reduced to <5dB.

Statistical analysis

RESULTS

OCT parameters and VA across age groups (<20, 20-40 and >40 years) were compared by
using analysis of variance. The inter-eye correlation was accounted for by using the
generalized estimating equations (GEE).#! Linear regression models were used to evaluate
the association between age, OCT parameters and VA (in LogMAR), and their association
with age was summarized using the slope for each age group, testing if the slope was
significantly different from zero. The linear slopes of the two older age groups were
compared to the age group of <20 years of age. The inter-ocular agreement of the OCT
measurements was assessed using mean inter-ocular differences (I0D). The 95% limit of
agreement was estimated as the mean 10D+1.96 standard deviations (SD). The association
between the 10D of OCT parameters and age was assessed by comparing linear regressions
and mean 10D across different age groups. All statistical analyses were performed in SAS
9.4 (SAS Institute Inc, Cary, NC), and two-sided p<0.05 was considered to be statistically
significant.

Central Structural Changes in CHM Hemizygotes: From Early to End-Stage Disease

Ninety seven patients with CHM were included in this study. Patients were diagnosed
clinically by the characteristic fundus appearance, visual field defects and
electroretinography supported in many by a positive family history. Genotyping results were
available for 79 of them. Thirty five patients had nonsense mutations; others had frameshift
(n=17) and splicing (n=10) mutations leading to a premature stop. Three individuals had
missense mutations and 14 had deletions of 2 or more exons of whom five had deletion of
the entire gene (Supplementary Table 1; available at http://aacjournal.org). Three of the
mutations were novel. Horizontal SD-OCT cross-sections in patients representing different
stages of the disease are shown compared to a normal subject (Fig. 1). In the normal subject
there is a foveal depression and the retinal laminae are easily discernible with
hyporreflective nuclear layers (ONL; inner nuclear layer, INL; ganglion cell layer, GCL),
separated by hyperreflective bands that correspond to the OPL and inner plexiform layer
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(IPL). The outer boundary of the ONL is delimited by the ELM. Signal bands external to the
ELM represent the EZ, the interdigitation zone (1Z) between the photoreceptor outer
segment tips and the apical RPE, the RPE, and Bruch’s membrane as the posterior boundary
of the RPE (Fig. 1). Beyond the RPE/Bruch’s membrane (RPE/BM) there are signals
originating from the choroidal vasculature, which end at the choroidal-scleral boundary (Fig.
1, small arrows). A normal en-face NIR-REF image shows the dark vascular pattern
overlying a diffusely homogeneous grayish background that may be slightly darker near the
foveal center, especially in young subjects (Fig. 1, /eft panels). Patients representing
different disease stages are used to illustrate the natural history of the disease in Fig. 1. A 6-
year-old patient with CHM shows increased visualization of the pericentral choroidal
vasculature on NIR-REF imaging (Fig. 1, Patient 1, P1), although visualization of choroidal
features is possible in otherwise normal subjects.*2 On SD-OCT cross section the overall
retinal architecture appears normal. However, closer inspection reveals a transition zone
(TZ) (Fig. 1, P1, vertical arrow) of attenuation and then loss of the 1Z signal in nasal retina
with approximation of the EZ to the RPE and mild ONL thinning, consistent with
photoreceptor outer segment shortening (POS) and cell loss.8:10:42-44 Fyrther nasal to this
point there is increased backscattering posterior to the RPE/BM. The structural change co-
localizes with a transition of the NIR-REF signal from normal to a brighter signal near the
nerve (Fig. 1, vertical arrow). By the time patients reach the second decade of life, although
POS may be clearly seen within 2 mm of the foveal center, there is usually attenuation or
total loss of this signal at greater eccentricities. The lateral extent of the EZ and 1Z bands in
pericentral retina is variable and loss of the 1Z signal appears to occur early in the disease in
regions with otherwise apparent normal pigmentation on clinical exam and on en-face NIR-
REF imaging (Fig. 1, P2 & P3). In these areas of apparent normal pigmentation the EZ is
often seen at the apical RPE without an interposing 1Z (Fig. 1, P2). TZs of obvious structural
change with EZ loss, severe ONL thinning and increased posterior backscattering co-
localize to the edge of clearly depigmented lesions on fundus exam and on NIR-REF, and
were already apparent within the central retina (<15° of eccentricity) in all young patients
(age <15 years) in this study, confirming earlier observations (Fig. 1, P2 & P3).7810 At the
TZ there is an outward evagination of the ELM and EZ layers (Fig. 1, P3, yellow outline).
Outer retinal tubulations (ORTSs; Fig. 1, asterisks) were seen a short distance peripherally to
the TZ along the horizontal profiles in 69% of the eyes and occurred nearly always within
depigmented (but not totally atrophic) regions. Similar high frequency of ORT has been
previously reported in CHM.10 The ONL that separates the ORT from the central TZs and
that surrounds this lesion is markedly thin. By the third decade of life centripetal progression
of the central retinal disease leads to residual islands of relative normal pigmentation with
scalloped perimeters surrounded by depigmented RPE/choroid and a thickened fovea
causing an abnormal foveal contour (Fig. 1, P4). The ONL can extend asymmetrically from
the center in a region with preservation of the EZ signal and of the RPE melanin on NIR-
REF. In all patients the distance between the EZ and the apical RPE, as well as the ONL
thickness decreases with increasing eccentricity. Hyporeflective lesions, unlike overt cystoid
macular edema, were often seen (83/184 eyes) at the TZs located between the evaginated
ELM and EZ and the OPL (Fig. 1, blue asterisks). Large central outer retinal schisis was
observed in 7/184 eyes in this cohort. Of note, the OPL and a thin hyporreflective ONL can
be traced for a considerable distance outside of the TZs, interrupted by ORTS, in
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depigmented retina with a markedly thin choroid (Fig. 1, P4 & P5). Foveal thickness at this
stage is often thicker than normal erasing the normal foveal depression and intraretinal
bridges indicative of foveal remodeling may be observed within this central region of
relative anatomical preservation.8 With disease progression there is further centripetal
movement of the TZs, which often occurs asymmetrically with further approximation to the
fovea on the nasal side of the fovea than on the temporal edge, in many cases nearly
bisecting a then thinned fovea (Fig. 1, P5). Patients at end-stage disease may have a very
small island of relatively preserved RPE pigmentation on NIR-REF (Fig. 1, P6). The
surrounding retina appears posteriorly displaced and shows replacement of the choroidal
structures by a deep, wide, hyperreflective band of posterior backscatter. In regions of severe
retinal thinning, tubular hyporreflective structures may be traced within the choroid leading
to the basal side of the RPE/BM, which may correspond to large choroidal vessels (Fig.1,
P5, nasal to the fovea). Despite the degree of structural disorganization, residual foveal
photoreceptors with abnormal outer segments can support fine spatial resolution (VA 20/32)
albeit with extremely limited mobility from visual field loss (Fig. 1, P6). Foveal thinning and
approximation of the edge of degeneration to the foveal center with loss of the foveal EZ and
I1Z was associated with the final decline in central vision. In some end-stage eyes, not
complicated by macular holes or schisis, very abnormal VA (range 0.6-1.6 logMAR,
median=0.97, n=18 eyes), was sustained by parafoveal/perifoveal islands of photoreceptors.
Total retinal atrophy with and loss of vision is the end result after the six decade of life (not
shown).

The relationship between the retinal structure and co-localized measures of rod and cone
function in CHM is illustrated in four patients representing different disease stages (Fig. 2).
P7 (age 12) shows normal lamination across most of the scan with the exception of POS
shortening and loss of the 1Z signal (see normal in Fig. 1 for comparison) in association with
mildly abnormal rod and cone function. There is a steep transition at 1.5 mm in nasal retina
with loss of the EZ signal followed with increasing eccentricity by ONL thinning, increased
posterior backscattering from RPE depigmentation and choroidal thinning associated with
vision loss. In the third decade there is degeneration closer to the foveal center (Fig. 2, P8).
Rod function is barely detectable but cone function is still near normal over a relatively wide
expanse of the central retina. The central island of relative preservation is further reduced in
extent in the fourth decade of life (Fig. 2, P9). Rod function is no longer detectable;
abnormal cone function is measurable only within 1-2 mm of the foveal center. A very small
island of profoundly abnormal cone function is measurable only within a few millimeters of
the foveal center in end stage disease supported by small region with detectable ONL (Fig.
2, P10).

Quantitative Structural and Functional Relationships of the Central Retina in CHM

Quantitation of retinal thickness parameters from horizontal cross-sections from all patients
confirmed an orderly centripetal progression of the central retinal abnormalities (Fig. 2B). In
general, overall central retinal, ONL and inner retinal thicknesses were within normal limits
in patients in the first decade of life despite the early POS loss described (Fig. 2, /eft panel,
blue traces). Localized retinal and ONL thinning can be seen at the peripheral end of the
thickness profiles in some patients. A spectrum of thickness abnormalities is clearly seen by
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the second decade of life (Fig. 2B, /eft panels, green traces). There is ONL thinning at
eccentricities >2 mm in nearly all patients in this age group associated with a hyperthick
inner retina, suggestive of reactive remodeling.8:3%45 More central retina shows ONL and
overall foveal thickening. Patients in the third and fourth decade of life show a centripetal
movement of the previous patterns (Fig. 2B; middle panels). Thinning of previously thicker
than normal locations leads to normal or thinner than normal central retinas. ONL continues
to be thicker than normal at the fovea in patients in their 30s, but foveal thinning ensues in
most patients by the fifth decade of life. The inner retina remains normal or thick in this age
group. With a few exceptions, late stage disease is observed in patients beyond the fifth
decade of life with further centripetal movement of the abnormalities. A very thin ONL can
be measured only within the central ~1 mm of eccentricity in nearly all patients at this stage;
the inner retina in this age group can be within normal limits in thickness (Fig. 2B).

Representative patients illustrate the relationship between the total horizontal extent of the
central structural abnormalities and visual sensitivity as measured by fundus perimetry (Fig.
3A). Visual sensitivity mapped to a color scale shows that function, detectable only over a
small extent, can be near normal in some patients (Fig. 3 A, P11 & 12) for some of the most
centrally located points, declining in sensitivity with increasing eccentricity. A horizontal
sensitivity profile generated from the 10-2 grid on microperimetry (Fig. 3A, fop panels, blue
line) roughly matches the lateral extent of the ONL (Fig. 3A, bottom panels). The horizontal
extent of the EZ band corresponds closely to the horizontal extent of vision that is within ~1
log units of normal mean sensitivity; the extent of the ONL thickness profile reached further
from the center than the EZ profile (Fig. 3A).

The total horizontal extent of the central ONL declined linearly with age at a rate of ~100
um (~0.3°) per year (Fig. 3B) (Table 1). ORTs (Fig. 3B, red circles) were nearly always
visible in extrafoveal central retina of CHM patients in the second to sixth decade of life in
regions of obvious RPE depigmentation with detectable but thinned ONL and were not
detected in regions of total chorioretinal atrophy. In most patients the ONL extended more
into temporal than nasal retina (3102 vs 2586 pm; P<0.001; P<0.001). The mean 10D of the
ONL extent was 24 pm with a tendency for greater interocular asymmetry in patients >40
years of age (Fig. 3B,D; Table 2). The rate of decline of the EZ total horizontal extent was
also ~100 pm/year, showed similar asymmetry around the foveal center with greater extent
in temporal retina (1580 vs. 1194 pm), had greater IOD (288 um) compared to the ONL
extent, and demonstrated the same trend toward increased 10D with age (Fig. 3C,D; Table
2). The increased 10D with age was similar for the nasal and temporal central retina for both
the ONL (p=0.36) and EZ (p=0.79) lateral extent (Table 2). The total horizontal extent of the
EZ related well with the extent the horizontal sensitivity profiles determined by
microperimetry (Fig. 3D). Structural parameters may thus be used to estimate the extent of
potentially ‘visual’ retina when proper psychophysical measures of vision need to be
corroborated or may not be available.

Foveal Abnormalities in Choroideremia

Horizontal cross-sections through the fovea in six CHM patients illustrate the changes in
foveal architecture encountered in this large cohort of CHM patients. Foveal
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hyperreflectivities tracking into the inner retina from the 1Z with (Fig. 4A, P14) or without
(Fig. 4A, P15) interruption of the EZ or 1Z were seen in ~10% of eyes with an otherwise
normal or thickened fovea. VA remains relatively unaffected in these patients. P16 shows a
wider gap in the central EZ and a flattened foveal contour with poor VA. Near the TZ in
nasal parafovea there is an interruption of the RPE/BM with posterior displacement of the
OPL and INL; a thin ONL can be traced throughout the extent of the scan. In some eyes
(8/184), large choroidal vessels could be seen abutting against these areas of RPE/BM
interruption and posterior displacement. Despite spatially tight foveal SD-OCT scanning the
INL can be seen crossing the foveal center in many patients (Fig. 4, P14 right eye,P15,P16).
Idiopathic macular hole is somewhat infrequent in adults before the sixth decade of life, yet
4/184 eyes (2.2%) in this cohort showed macular hole even at a young age (Fig. 4A, P14,
left eye), consistent with previous reports in CHM.#6-48 Foveal ORTs (Fig, 4A, P17) were
observed in 13% of the eyes in association with foveal thinning and approximation of the TZ
to the fovea. The TZ nearly dissected the fovea, usually from the nasal side, in many patients
at end stage disease. P18 (Fig, 4A) may represent the most favorable foveal outcome in
advanced CHM with a thickened but well-structured fovea with little disruption of the cone
outer segment (COS) and no obvious interlaminar bridges despite proximity of the TZs to
the foveal center and the limited extent of residual retina. Taken together the findings
suggest that significant structural abnormalities at the foveal center can occur ahead of the
orderly centripetal progression of the extrafoveal changes, which may ultimately modify the
foveal phenotype and vision.

Previous work proposed a disease model consisting of several phases transitioning from
early photoreceptor and RPE abnormalities and retinal remodeling, leading to end-stage
atrophy.8 We next asked if such a model of the disease will be represented in this large
sample of patients. Foveal thickness expressed as a function of age was normal in all
patients younger than 15 years of age (Fig. 4B). The earliest SD-OCT changes consisting of
EZ to 1Z approximation due to shortening of the POS were likely not present at the fovea at
this early stage. Initial signs of abnormality were the emergence of interlaminar bridges (Fig.
4B, green symbols) and foveal thickening late in the second decade of life. Foveal thickness
returns to the normal range in patients between 30-40 years of age, likely due to underlying
thinning of previously thickened foveas, and was thinner than normal in most patients over
40 years of age. The slope of the decline in foveal thickness accelerates with age (Table 1).
Foveal ORT (Fig. 4B, red symbols) were noticed at or near the foveal center in abnormally
thin foveas although they were never observed in severely thinned (<80 pm) foveas. Foveal
thickness 10Ds was more variable with increasing age (Fig. 4B; Table 2). VA remained
better than 0.3 logMAR (20/40) in the vast majority of patients (108/175 or 88% of eyes
with recorded VVA). There is a suggestion of faster rates (~0.05 log MAR/year) of VA loss for
ages >40 years (Fig. 4C, Table 1). Similarly, foveal sensitivity measured in a subgroup of
patients (n=24) with light-adapted perimetry was within normal limits (normal
mean=39+4dB) in the majority (33/45) of eyes tested, becoming abnormally reduced for
ages>40 years, declining at a rate of ~2dB/year (data not shown). Of note, there are multiple
examples in this cohort of patients and in the literature supporting the possibility of excellent
VA in advanced age in CHM. There was also increasing variability in the 10D in VA with
older age (Fig. 4C, Table 2).
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Is there a relationship between foveal thickness and VA and the proximity of the
degeneration to the foveal center as measured by the horizontal extent of the EZ? Foveal
thickness plotted as a function of EZ extent did not decline below normal limits until the
edge of degeneration was within ~2 mm of the foveal center; from then the fovea thinned
~100 um per each mm of reduction in EZ extent (Fig. 4D, /left panel, thick diagonal). VA
related well with foveal thickness (Fig. 4D, middle panel) as well as with the horizontal
extent of the EZ (Fig. 4D; right panel) (Supplementary Table 2) (available at http://
aaojournal.org). In general, VA loss occurred when foveal ONL became abnormally thin
showing signs of remodeling with approximation of the TZ to within ~2 mm (2-4 mm total
horizontal extent) of the foveal center. It is important to note, however, that the relationships
between VA and these two structural parameters were far from perfect with several examples
of severe thinning and reduction in extent of the EZ and relatively preserved VA.

Earliest Structural Change in Choroideremia

Fundus abnormalities in patients younger than 20 years of age ranged from diffuse
depigmentation more obvious in nasal retina (Figs. 1 and 2, Fig. 5, P19), to central scalloped
depigmentation with visualization of the choroidal vasculature (Fig. 5, P20). There was a
normal appearance of the foveal center on NIR-REF in all young patients. The pericentral
retina can appear lighter on NIR-REF than the center, which coincided with the loss of the
1Z signal in pericentral retina. Regions with obvious depigmentation on funduscopy and
NIR-REF co-localized with abrupt transitions in retinal structure with loss of the EZ signal,
increased backscattering posterior to the RPE layer (Fig. 5A, vertical arrows) and various
degrees of ONL and choroidal thinning. Within regions without RPE demelanization by
NIR-REF young CHM had an otherwise normal retinal lamination but obvious
abnormalities distal to the EZ. There was loss or distortion of the 1Z signal in most of the
pericentral retina of most young patients with approximation of the EZ band to the RPE
strongly suggesting that the earliest structural abnormality in CHM resided at the
photoreceptor outer segment and/or 1Z.

Cross-sectional observations from all patients from this study showed that the area of
preserved RPE within the central retina declines rapidly (~5 mm?2/year) within the first two
decades of life following an exponential decay function (RPE area=35.1e-0.04 x age) (Fig.
5B). Unlike other parameters there was less 10D in later disease stages as islands of residual
retina constricted (Table 2). The lateral extent of the EZ was tightly correlated (Spearman
correlation coefficient=0.93, P<0.0001) with the lateral extent of uninterrupted RPE
preservation as estimated from NIR-REF, confirming the impression of co-localization
between severe outer photoreceptor structural abnormality and RPE demelanization (Fig.
5C). The area of weaker NIR-REF signal within the area of RPE preservation noted before
appeared to coincide with regions of EZ preservation but 1Z signal/POS loss; this was
difficult to accurately quantify with the tools available in this work.

Next we asked if POS abnormalities preceded the RPE demelanization by relating ONL
thickness against the distance between the EZ and the 1Z signal, which relates to the length
of the photoreceptor outer segment. Measurements included only areas with intact EZ and
normal appearing NIR-REF (representing normal-appearing RPE melanization) in a
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subgroup of ten young (age <15 years) patients. ONL thickness and POS length (EZ-to-RPE
distance) were expressed as a fraction of normal for each location in the horizontal SD-OCT
profile. In total, 14196 locations were evaluated and compared to location-specific normal
values. A sizeable proportion of the locations (14.8%) showed significant ONL thinning and
POS/loss (Fig 5D, right bottom quadrant) whereas nearly half (49.2%) of the locations
showed significant POS shortening in locations without obvious RPE demelanization or
ONL thinning (Fig 5D, right top quadrant), suggesting abnormalities at the POS and/or outer
segment-apical RPE interface are the site of the earliest central retinal abnormalities
detectable clinically in CHM (Fig. 5D).

DISCUSSION

A large body of literature on the disease expression of CHM hemizygotes has accumulated
from its original description over a century ago. Most studies have focused on changes in VA
and/or peripheral visual field extent measured by kinetic perimetry, with a minority
addressing disease progression quantitatively with data from psychophysics, detailed retinal
imaging or electrophysiology, a handful longitudinally, most retrospectively.1-14:49-73 A
detailed cross-sectional evaluation of the retinal structure in large groups of patients with
this disease at various stages constitutes a practical alternative to partially overcome the
relative lack of longitudinal information imposed by this slowly progressive, infrequent
disease. This study, which took place in preparation for a gene therapy trial for CHM to be
conducted at the University of Pennsylvania prospectively evaluated one of the largest
samples of CHM patients characterized quantitatively with SD-OCT to date.

We confirmed degenerative changes and visual dysfunction in the central retina at the
earliest ages sampled, which progressed in a centripetal fashion following the steps of a
model of disease progression proposed a decade ago and consistent with previous reports in
young patients.”-8:10.51 There was a suggestion of a fast decline in the extent of relative EZ
and RPE preservation in patients younger than 20 years of age, consistent with previous
observations.11 However, steep transitions in retinal structure, which delimit relatively
preserved from degenerated central retina, moved centripetally from the pericentral retina at
a very slow rate of (~0.3° per year) for ages >20 years. We found that the disease expression
was quite symmetric for patients younger than 30 years of age but that there was a tendency
for an increase in 10D variability in all parameters examined with increasing age, although
the differences between different age subgroups did not reach statistical significance
(P>0.05)(Table 2). The findings raise important questions regarding patient inclusion criteria
for participation in clinical trials as well as for the selection of outcome measures. The slow
progression of the central degeneration in CHM will constitute a challenge for the
interpretation of outcomes for gene augmentation trials aimed at treating residual central
islands of cones that are relatively resistant to degeneration as longer observation times may
be required to assess treatment outcomes. The main rates of progression estimated from our
large cross-sectional data represented an interval nearly equivalent to a human life-span and
used parameters measured manually after visual confirmation of the disappearance of the
ONL and EZ layers and corresponding signal features on LRPs. Establishing the
significance of short-term structural change in CHM will benefit from the development of
automatic measures of the lateral extent of the structural parameters and the study of the
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short-term inter-visit and inter-observer (or inter-algorithm) variability of the measurements
in longitudinal studies, which fell outside the scope of the present work and limits the
applicability of our observations to finer changes and observation intervalsLongitudinal
observation of individual patients with the use of refined, more sensitive outcome measures
is needed to provide short-term measures of safety and efficacy.

The relative long ‘life expectancy’ of high level of central function resulting from the slow
rates of progression in CHM poses additional risk:benefit dilemmas if the presumably fast
progressing extrafoveal/midperipheral retina is alternatively targeted in interventional
studies. Such interventions will expose the neighboring central region, critical for the
patients’ quality of life, to the risks of an invasive subretinal surgery. A decision to enroll
younger individuals should be made knowing that it may not be safe to re-administer a
treatment to the central retina of that same eye at a later age due to the potential for an
immune response.

Variability in disease expression, including well-documented intrafamilial variability in this
otherwise molecularly homogenous disease, suggests that historical data, both cross-
sectional and longitudinal, although important for patient counseling, will be of limited use
to serve as universal templates against which safety and/or efficacy of treatments may be
evaluated. Intraretinal comparisons between treated and untreated retina widely exploited in
the RPE65-LCA trials may not be possible in CHM or other inherited retinal diseases at
stages where small residual small islands of treatable tissue are all that is left. Interocular
comparisons of various structural and functional parameters may be used instead as an
alternative. Selection of older patients and/or later disease stages, however, may limit the use
of interocular comparisons as the disease may become more asymmetric and less predictable
as suggested by our study and previous reports.1913 Careful consideration of each of the
factors discussed above will have to take place during the preparation and enrollment phases
of the growing number of clinical trials planned for CHM.

Central retinal abnormalities were observed in all our young patients (age <15 years),
including the youngest, at age 6. The earliest abnormality was the approximation of the EZ
to the RPE and/or loss of the 1Z signal, likely representing shortening or loss of the POS.
These abnormalities were observed in areas with normal appearing RPE pigmentation, and
also coincided with ONL preservation in most individuals. POS abnormalities documented
by histology in a young patient with CHM appear to precede retinal remodeling as the first
stage in a model of CHM.8:74 The EZ-to-RPE distance, which includes the length of the
POS, measured in a large number of locations (/7=14196) with preserved EZ and RPE
melanin confirmed this qualitative observation. There were no examples of areas of
depigmentation with normal overlying POS. Although the primary site of disease in CHM
remains debatable with later trends pointing toward the RPE, our findings are consistent
with a rod POS abnormality resulting in rod dysfunction as the earliest detectable
abnormality within the central retina in CHM, consistent with previous observations and
with reports of impaired night vision, early rod dysfunction and histological evidence of rod
disease in CHM.7:8:51.70.75.76 Although our findings point strongly at rod photoreceptors as
the primary site of insult as a result of the loss of REP1 function the possibility still exists
that rods may be particularly vulnerable to a primary RPE abnormality that takes place
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before obvious RPE disease becomes clinically detectable as demelanization. Evidence for
early (and late) cone photoreceptor disease has accumulated for over four decades and was
corroborated in this cohort.”:8:10.50.51,66,70. Measurable ONL in blind regions of severe RPE
demelanization and choroidal thinning suggests survival of photoreceptors, likely cones, in
severe RPE and choroidal disease. This indeed departs from the sequence of primary rod
photoreceptor disease where RPE demelanization and choroidal abnormalities tend to occur
following total photoreceptor loss.””:"8 Cone photoreceptor survival in the presence of
severe RPE disease supports a relative resistance of cones to a preceding, parallel or
relatively independent RPE abnormality.>0:79-81 Detectable ONL, at times, several
millimeters peripheral to central regions of relative RPE and POS preservation may
constitute a ‘ penumbra zone’ of surviving photoreceptors that may be able to regain some
degree of functionality following efficacious therapeutic interventions. Measuring residual
vision in such regions, including in TZs, poses a significant challenge.3343 End-stage
disease showed relative preservation of the inner retina in regions with otherwise severe
outer retina/RPE/choroidal disease, consistent with earlier histopatologic reports,’6:82-84
Treatment alternatives that require a viable inner retina when the outer retina and/or the RPE
are no longer available for gene augmentation may still be possible for such patients.85-87

The sequence of central disease progression generated from this cross-sectional data
confirmed and expanded on a disease model proposed by Jacobson et al.8 In that model
initial retinal thickening as a consequence of retinal remodeling precedes retinal thinning
and cone sensitivity loss.”:810 Relative preservation of residual central islands supporting
VA better than 20/40, even in end-stage disease has long been recognized in CHM.4:6-12
Rates of VA change (~0.05 logMAR/year) following decades of relative stability in this
cohort are comparable to previous reports.8:10-12 Foveal sensitivity loss with increasing age
found in a subgroup of our patients is likely the consequence of COS abnormalities and/or
cone loss which has been documented in early CHM, before severe abnormalities of RPE
pigmentation reach the foveal center.”:8 There was an indication that the rate of decline
(~0.5-2dB/year) may be greater after the fourth decade of life. VA preservation despite
progressive structural and functional loss makes VA a poor measure of central disease
severity as well as a suboptimal outcome measure for CHM clinical trials, except for
particular stages of the disease or as a measure of safety.33:34 We found that VA correlated
with total foveal (or foveal ONL) thickness. The slope of the relationship was steeper in
older ages when associated abnormalities, such as the presence of intraretinal bridges or
EZ/POS disruptions, take place as the TZ approximates the foveal center. However, we also
found foveal abnormalities that occurred in young patients before close approximation of the
TZs to the fovea and which may similarly indicate an impending decline in foveal function.®
The sequence of events that lead to early macular hole formation and central retinoschisis in
CHM are not fully understood, but may be a consequence of a remodeling response to
photoreceptor degeneration.846-48 The findings dictate caution when considering inclusion
of patients in gene therapy trials involving subretinal injections when such foveal
abnormalities are observed, particularly in patients with abnormally thin retinas or when TZ
boundaries are seen in close proximity (<500 um) of the foveal center. If such patients are
included, then to limit mechanical trauma to fragile photoreceptors it may be advisable to
place retinotomies as far from the foveal center as possible (while in non-atrophic retina),
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limit the total volume of the subretinal injections to the minimum needed to achieve
coverage of the residual islands of preserved photoreceptors/RPE, while ensuring that the
subretinal bleb boundaries extend beyond the foveal center (i.e. not bisecting the fovea/
parafovea).

Ongoing phase I/11 gene therapy trials for CHM have included patients at later stages of the
disease with only residual central islands of relatively preserved retina, the only available
target for such intervention at that stage of the disease. Better understanding of the natural
history of the central structural changes in CHM and their relationship with vision will help
establish patients’ candidacy for inclusion in such trials as well as the adoption of
appropriate outcome measures with which to assess the safety and efficacy of this
intervention. Regional differences in the horizontal extent of relatively preserved central
retina and/or vision in CHM measured in this study and documented by others suggest
intraretinal variation in disease severity and progression rates.48:1343.50.65 Of interest, a
similar pattern of disease predilection for the nasal pericentral and peripapillary retina was
reported in Bietti crystalline dystrophy, a disease that shares with CHM the presence of
regions of scalloped central chorioretinal atrophy.4° Further characterization of the
extramacular retina at earlier disease stages in CHM, which was not addressed in our study,
is also needed to better define possible regional differences in disease expression that may be
exploited to shorten the length of observation intervals required to unambiguously detect
progression. The quantitative measures of the central retinal structure used in this study
painted a picture of the natural history of CHM over the age span of over seven decades that
may serve as a reference for the design of clinical trials testing therapeutic approaches.
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FIGURE 1.
Progression of central structural changes in CHM. Shown are 9 mm-long horizontal SD-

OCT cross-sections (right panels) through the fovea in a normal subject compared with five
CHM patients representing different disease stages. Nuclear layers are labeled on the normal
subject; outer photoreceptor/RPE laminae are numbered (1, ELM; 2, EZ; 3 1Z; 4, RPE),
following conventional terminology. Patient’s ages and VA at time of examination are
shown. NIR-REF images are shown to the left of the SD-OCT cross sections; green lines
superimposed on the images indicate the location of the scan. All eyes are shown as right
eyes scanning following a temporal to nasal direction. Asterisks positioned near the OPL
denote locations with outer retinal tubulations (white asterisks) or with intraretinal
hyperreflectivities (b/ue). Vertical arrows demarcate lateral extent of uninterrupted EZ at the
edge of TZs. The distal outward evagination of the ELM at the nasal TZ of P2 is highlighted
in yellow.
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FIGURE 2.
Structure and function correlations in CHM. A. 9 mm-long, non-straightened, SD-OCT

cross-sections along the horizontal meridian through the fovea in patients with the earliest
central abnormalities (fop two panels) are compared with patients (bottom two panels) with
the later abnormalities. Nuclear layers are labeled in Fig 1. Bars above the scans show
psychophysically determined rod (b/ue bar. dark-adapted, 500-nm stimulus) and cone (gray
bar. light-adapted, white stimulus) sensitivities. Lines above bars define lower limit
(mean-2SD) of sensitivity for the dark-adapted (dashed /ines) and light-adapted (dotted
lines) conditions in normal subjects. T, temporal retina; N, nasal retina. Calibration bar to the
bottom left. B. Overall retinal (total), inner retinal and ONL thicknesses along the horizontal
meridian from all patients grouped by age segments roughly representing early (/eft panels),
intermediate (middle panels) and late stages (right panels) of the disease. Within each age
segment measurements are further subdivided into a first decade (b6/ue traces) and second
decade (green traces). Gray bands: normal limits (mean + 2SD; n = 44, age range, 11-49).
Only one eye shown for clarity.
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FIGURE 3.
Spatial progression of the central structural and functional changes in CHM. A. Top panels:

sensitivity values determined with microperimetry using a 10-2 protocol (dark-adapted) and
a 0.45°diameter white stimuli in representativ e patients with limited extents of viable
central retina and steady foveal fixation. Sensitivity values are coded to a pseudocolor scale
(left; 0 to 36 dB; mean normal = 30 dB = mid-range green) and shown overlaid an IR-REF
image of the fundus obtained during the test. Superimposed is an average horizontal
sensitivity profile (blue line) obtained by averaging sensitivities for locations above and
below (£1°) the horizontal meridian of the 10-2 protocol grid. Bottom panels: ONL
thickness plotted as a function of eccentricity for the patients shown in top panels. Gray
bands: normal limits (mean £ 2SD; n = 44, age range, 11-49). Horizontal red bars: lateral
extent of uninterrupted the EZ. B,C Total horizontal extent (temporal+nasal) of the ONL (B)
and EZ (C) layers plotted as a function of age (/eft panels), as plots of the nasal versus the
temporal extent (/middle panel) of the right eye plotted against the contralateral eye (right
panels) extent for both retinal layers. Solid lines are the linear regression fit to the data with
95% prediction intervals (dashed lines) (left panels) or equality lines (center and right). (D)
Intraocular differences (I0D) for ONL and EZ total horizontal extent plotted as a function of
age (feft and center) and microperimetric visual field extent (right panel) as analyzed in (A)
from both eyes of a subset of patients (n = 16) with CHM plotted against EZ horizontal
extent. Solid line is a linear regression fit to the data. EZ extent is expressed in degrees for
ease of comparison with data in 10-2 protocol grid of (A).
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FIGURE 4.
Foveal structure and function in CHM. A. SD-OCT horizontal cross-sections through the

fovea in patients with CHM. Patients illustrate stages or orderly progression to end stage
foveal thinning (top panels) similar to examples shown in Fig. 1 and snapshots of less
frequent foveal changes that depart from the norm (bottom panels) in this large cross-
sectional group of patients with CHM. B,C Foveal thickness (B) and visual acuity (C)
plotted as a function of age (left panels), as values from the right eye plotted against the
contralateral eye (middle panels) and as interocular differences (right panels) graphed as a
function of age for both foveal thickness and visual acuity. Solid black lines are the manual
linear fit to the data for ages >40 years (/eft panels) or equality line (center panels). Dashed
lines represent normal limits (mean = 2SD) for foveal thickness and 0.3 LogMAR (20/40)
for visual acuity. Occurrence of foveal remodeling with the presence of intraretinal bridges
or tracks, of foveal outer retina tubulations and of macular hole are denoted in each graph
following legend. D. Foveal thickness plotted as a function of EZ lateral extent (/eft panels)
and LogMAR plotted independently against these two variables (/middle and right panels).
Dashed lines are as in (B, C). Gray smooth curves are overlaid on data to better visualize the
relationships. Black line (/eft panel) is a manual linear fit to the region of faster VA change
as a function of EZ extent. Vertical arrow (right panel) points to the EZ extent where VA
drops below the 0.3 LogMAR for most eyes.
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FIGURE 5.
Earliest structural change in CHM. A. Color fundus photography (/eft panels), NIR-REF en-

face imaging (middle panels) and horizontal 9 mm SD-OCT cross-sections through the
fovea in two young patients with CHM exemplifying earliest abnormalities. Vertical arrows
on the SD-OCT images point to locations outside of which increased back-scattering from
RPE demelanization can be appreciated. B. Area of apparent normal pigmentation of the
fundus by NIR-REF plotted against age (/eft panel). An exponential decay function (dark
gray trace) describes the data well. C. EZ lateral extent plotted as a function of the lateral
extent of RPE with apparently preserved melanization. D. ONL thickness as a function of
EZ-to-RPE distance. Values are specified as a fraction of the mean normal value for each
retinal location. Dashed lines are the lower limit (hormal mean minus 2SD) for each
parameter.
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Table 1

Association of OCT parameters and visual acuity with age in patients with choroideremia.

Parameter” Linear slope for change per year (SE)* Mean (SE) by age groug*
Allages <20y 20-40y >40y Allages <20y 20-40y >40y

Foveal thickness -3.0 2.9 -2.0 -35 203.3 2435 256.8 145.7
(0.4) (1.4) (1.6) 1.3) (6.8) (6.2) (10.4) (12.4)

P-value” <0.001  0.04 020  0.009
P-value 77 006 003 027  <0.001

ONL extent -988  -151 -1028 -712 56884 79860 67818 3967.8
(84)  (396) (44.7) (365) (1833) (163.8) (2845) (267.6)

pvalue’ <0.001  0.70 002 005
p-value 7’ 0.22 0.36 <0.001 <0.001

EZ extent -946  -2831 -521  -44 27752 59546 33398 1196.2
(8.9) (84.2)  (388) (23.9) (1705) (407.6) (268.0) (1715)

P-value” <0.001 <0.001 0.8 0.85
p-value 77 0.04 0.02 <0.001 <0.001

RPE extent -952  -2682 -462  -162 26116 58660 32111  1050.4
(8.0) (66.7)  (35.9) (224) (164.9) (350.8) (244.0) (168.3)

puale <0001 <0001 020 047
p-value 7 0.03 0.02 <0.001 <0.001

RPE area -07 -4.0 -02  -01 131 416 13.1 35
(0.1) (0.8) 04 (01 @3 (50 (23 (L0

pvalie’ <0001 <000l 069 063

pvalue '’ 001 001 <0.001  <0.001
Visual acuity 0.02 0.01 001 005 0.4 008 024 068
(LogMAR) (0.00)  (001) (0.01) (0.02) (00)  (0.02) (0.04)  (0.11)

P-value” <0.001 0.19 0.32 0.006

P-value 7 0.71 0.09 <0.001  <0.001

*
Values for OCT parameters are in microns, um2 for area (<20 year old; n=30; 20-40 years old, n=66; >40 years old, n=88, eyes).

Ak
Inter-eye correlation of OCT measurements was accounted for using generalized estimating equations (GEE).

fP-vaIues for slope being different than zero for parameter shown in row immediately above.

ﬁP-vaIues for comparisons of the slopes of each of the two older age groups with those of the youngest (<20 year old) group.
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Interocular difference (OS-OD) of OCT parameters and visual acuity in patients with CHM.

Table 2

Parameters” 10D: Summary Statistics Mean 10D (SD) byAge
Linear
Mean 95% Limits  Intra-class regression
(SD) of correlation  p-value™ <20y* 20-40y"  >40y"  slope with
agreement (95% CI) age
(SE)
Foveal 41 _ 0.75 -2.9 111 0.9 0.14
thickness (64.5) 122,131 064,083y 056 (128 (631  (77.0) (0.39)
ONL extent:
52 0.71 -31  -1101 10538 3.65
Total (1847.4) ~9616,3626 40050y 09 (aa75) (1567.8) (23575)  (11.35)
492 0.63 258 360 69.4 2.10
Temporal (1243.4) 23882486 (o48074) 01 (3107) (11829) (1511.4)  (7.64)
440 0.70 289  -1460  36.4 155
Nasal 9502) 19061818 g 079) 067 (333%)  (9643) (1097.1)  (5.84)
EZ extent:
284.6 0.85 1674 4062 2296 0.78
Total (1211.3) 20902659 5797090y 003 (gg35) (1386.6) (118L5)  (7.34)
2152 0.73 491 2284 2654 5.10
Temporal @787) 171032134 467082 004 (7749) (10495) (10015)  (5.91)
693 0.79 1183 1778  -358 -432
Nasal ©98.0) 1291437 570086) 0% (7320) (8154) (5749)  (421)
243.0 0.86 3085 4058 7.7 -8.16
RPEextent (11415 ~1995.2481 g7 005 (7680) (12986) (11233)  (6.73)
08 B 0.96 0.6 0.9 08 0.01
RPE area 62 M0 0o1g M o @n  6) 00
Visual acuity -0.1 ~16.14 0.33 0.46 0.0 -0.1 -0.1 -0.002
(LogMAR) ©.8) 6,1 (0.1, 05) : ©1) (0.4 (Ll (0.005)

Page 25

*
Values for OCT parameters are in microns, pmz for area (<20 year old; n=30; 20-40 years old, n=66; >40 years old, n=88, eyes; n=97 including
patients without OCT but with VA measures); mean for parameter (SD).

Aok

P-value for testing inter-ocular difference is different from 0 or not.
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