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Structural Features Associated With the
Development and Progression of RORA

Secondary to Maternally Inherited Diabetes and
Deafness
PHILIPP L. MÜLLER, PETER MALOCA, ANDREW WEBSTER, CATHERINE EGAN, AND ADNAN TUFAIL
� PURPOSE: To investigate the development and progres-
sion of retinal pigment epithelial and outer retinal atrophy
(RORA) secondary to maternally inherited diabetes and
deafness (MIDD).
� DESIGN: Retrospective observational case series.
� METHODS: Thirty-six eyes of 18 patients (age range,
22.4-71.6 years) with genetically proven MIDD and se-
rial optical coherence tomography (OCT) images were
included. As proposed reference standard to diagnose
and stage atrophy, OCT images were longitudinally eval-
uated and analyzed for presence and precursors of RORA.
RORA was defined as an area of (1) hypertransmission,
(2) disruption of the retinal pigment epithelium, (3)
photoreceptor degeneration, and (4) absence of other
signs of a retinal pigment epithelial tear.
� RESULTS: The majority of patients revealed areas of
RORA in a circular area around the fovea of between
58 and 158 eccentricity. Over the observation time (range,
0.5-8.5 years), evidence for a consistent sequence of
OCT features from earlier disease stages to the end stage
of RORA could be found, starting with loss of ellipsoid
zone and subretinal deposits, followed by loss of external
limiting membrane and loss of retinal pigment epithelium
with hypertransmission of OCT signal into the choroid,
and leading to loss of the outer nuclear layer bordered
by hyporeflective wedges. Outer retinal tabulations
seemed to develop in regions of coalescent areas of
RORA.
� CONCLUSIONS: The development and progression of
RORA could be tracked in MIDD patients using OCT
images, allowing potential definition of novel surrogate
markers. Similarities to OCT features in age-related mac-
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ular degeneration, where mitochondrial dysfunction has
been implicated in the pathogenesis, support wide-
ranging benefits from proof-of-concept studies in
MIDD. (Am J Ophthalmol 2020;218:136–147. �
2020 Elsevier Inc. All rights reserved.)
INTRODUCTION

MATERNALLY INHERITED DIABETES AND DEAFNESS (MIDD,

OnlineMendelian Inheritance inMan # 520000) is a mito-
chondriopathy, which was first described in 1992,1 and is
primarily caused by mutation in the Mitochondrially
Encoded TRNA Leucine 1 (MTTL1) gene at position
3243.2,3 The majority (50%-85%) of patients reveal a
pattern like dystrophy and/or retinal pigment epithelial
and outer retinal atrophy (RORA) with phenotypic simi-
larities to age-related macular degeneration (AMD).4,5

New promising therapeutic strategies focusing on mito-
chondrial dysfunction have recently been presented.6

Mitochondrial dysfunction also has been implicated in
the pathogenesis of multifactorial disease, such as AMD,
which is the leading cause of legal blindness in the industri-
alized world.7 Given the fact that multifactorial diseases are
driven by heterogeneous risk factors, the effect of these spe-
cific strategies can more effectively be evaluated in a pure
mitochondriopathy. In this context, MIDD is a model dis-
ease for ocular phenotypes caused by mitochondrial
dysfunction.
To accelerate clinical testing, meaningful, validated

clinical endpoints need to be developed. Most interven-
tional trials currently rely on the progression of RORA,
which depicts the end stage of many retinal diseases and
an accepted endpoint by regulators for studies of atrophic
AMD (called ‘‘geographic atrophy’’ [GA]).8,9 However,
the most effective upcoming therapeutic approach might
be directed to earlier disease stages.10 Therefore, ideal sur-
rogate markers should be easily captured, reflect the current
disease severity, be predictive for long-term progression
based on short-term changes, and identify early disease-
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TABLE. Demographic, functional and imaging parameters of
included subjects

Parameter Subjects

Number of eyes (patients) 36 (18)

Sex, female/male 11/7

Age at baseline, ya 53.4 6 11.6

Age of onset, ya 47.3 6 8.4

Disease duration at baseline, ya 6.1 6 6.2

Best-corrected visual acuity at

baseline, logMARa

0.19 6 0.25

Presence of RORA at baseline,

eyes (patients)

33 (17)

Size of RORA at baseline, mm2a 15.9 6 20.1

Focality of RORA at baselinea 2.8 6 1.8

Follow-up time, ya 4.6 6 2.8

logMAR, logarithm of the minimum angle of resolution.
a

associated alterations ideally before the hitherto unknown
point of no return.

A consensus of worldwide retinal specialists has recom-
mended that optical coherence tomography (OCT) should
be the primary imaging method to define RORA.11 Earlier
OCT alterations have been described and shown to be asso-
ciated with the development of RORA in AMD, which
have the potential to serve as surrogate markers for thera-
peutic approaches and even allow for automated analysis.12

However, there has not been a similar investigation of
OCT features in patients with MIDD. Therefore, we sys-
tematically and longitudinally investigated OCT scans in
MIDD. We aimed to define features that might be relevant
to the development and progression of RORA in this spe-
cific mitochondrial disease. The results of this pilot study
may lead to further investigations that analyze the reli-
ability of these parameters and accuracy as predictive
factors.
Values indicate mean 6 standard deviation
METHODS

THIS RETROSPECTIVE OBSERVATIONAL CASE SERIES WAS

performed at Moorfields Eye Hospital, London, United
Kingdom. The study was in adherence with the Declaration
of Helsinki. Approval by the local research governance
committee from the Research and Development Depart-
ment, and patients’ informed consent was obtained for
the study.

� PATIENT SELECTION: Eligible participants were identi-
fied by text search of electronic medical records from dedi-
cated Medical Retina clinics of the study team at the
Moorfields Eye Hospital, London, United Kingdom, be-
tween 2004 and 2019. The search terms were maternally
inherited diabetes and deafness, MIDD, and m.3243A>G.

The inclusion criteria were defined as (1) presence of the
m.3243A>G variant in theMTTL1 gene, (2) a compatible
phenotype consistent with the clinical diagnoses of MIDD,
and (3) serial OCT scans with an interval of at least
6 months. Other macular pathology and/or OCT images
inadequate to evaluate (eg, insufficient image quality) led
to exclusion. If both eyes met the inclusion criteria, both
were included.

� IMAGING: All participants underwent a complete
ophthalmic examination including best-corrected visual
acuity testing, slit-lamp examination, and indirect
ophthalmoscopy in routine clinical settings. Before multi-
modal imaging, pupils were dilated. The imaging protocol
included spectral-domain OCT (Spectralis HRAþOCT,
Heidelberg Engineering, Heidelberg, Germany) and
short-wavelength fundus autofluorescence (AF) imaging
(488-nm excitation and 500-700-nm emission) using 2
different generations of a confocal scanning laser ophthal-
VOL. 218 ATROPHY DEVELOPM
moscopy system (HRA classic, HRA 2, or Spectralis
HRAþOCT; Heidelberg Engineering) according to the
availability at the study center at the time of visit. The im-
age resolution was 512 3 512 pixels for the HRA classic,
whereas HRA 2 and Spectralis HRAþOCT recorded im-
ages with 768 3 768 pixels (high-speed mode) or
1,536 3 1,536 pixels (high-resolution mode). Using the
device-inbuilt tracking feature, up to 100 images (centered
on the fovea) were automatically aligned and averaged to
optimize the signal-to-noise ratio.

� IMAGE ANALYSIS: OCT scans were analyzed using the
manufacturer’s software (Heidelberg Eye Explorer; Heidel-
berg Engineering). In accordance with the previously
described practice,11 presence of RORA was defined as
(1) a region of hypertransmission, (2) a zone of attenuation
or disruption of the retinal pigment epithelium, (3) evi-
dence of overlying photoreceptor degeneration, and (4)
absence of scrolled retinal pigment epithelium or other
signs of a retinal pigment epithelial tear. After defining
the exact location of RORA, present and preceding OCT
scans were investigated for alterations associated with it.
Subsequent images were consecutively evaluated in the
follow-up mode to ensure spatial reliability. In multimodal
comparisons, landmarks such as vessel bifurcations were
used for localization and alignment.
RESULTS

� COHORT CHARACTERISTICS: Thirty-six eyes of 18
genetically confirmedMIDD patients (11 females, 7 males)
were evaluated in the study (Table). The mean age (6SD,
137ENT IN MIDD



years) was 53.46 11.6 (range, 22.4-71.6), the mean age of
onset (ie, first reported appearance of visual symptoms or
retinal alterations) of 47.3 6 8.4 years (range, 21.0-62.0),
and the mean retinal disease duration was 6.1 6 6.2 years
(range, 0.0-20.7) at baseline (ie, first recorded visit with
OCT imaging). The age of onset appeared to describe a
Gaussian distribution with one outlier that was extensively
reported before,5 who showed subjective symptoms signifi-
cantly earlier (21.0 years) than the other patients (>_38.5
years). All MIDD patients had been diagnosed with dia-
betes mellitus. However, only 4 eyes of 2 patients revealed
diabetic retinopathy (graded as mild nonproliferative dia-
betic retinopathy). Cataract or pseudophakia was reported
in all patients older than 50 years (not specified in more
detail in the records). Two patients were described with
cardiovascular complications (cardiomyopathy), 2 eyes
with glaucoma, and 1 eye with Fuchs endothelial
dystrophy.

� RORAATBASELINE: At baseline, 3 eyes of 2 patients did
not show any area of RORA (Figure 1, A). Both patients
were among the youngest included subjects (22.4 and
50.5 years of age). The other 33 eyes revealed atrophic
patches, mostly in a circular distribution around the fovea
between 5 and 158 eccentricity (Figure 1, B). If the area of
RORA exceeded approximately 12 mm2, it has been ascer-
tained to extend into the central 58. Eight eyes presented
with fovea-involving RORA at baseline, which was associ-
ated in the majority (7 eyes) with a best-corrected visual
acuity of <1.0 logarithm of the minimum angle of resolu-
tion (LogMAR) (>20/200 Snellen equivalent). As previ-
ously reported,5 the size of atrophy was very variable in
MIDD. It ranged from 0.06 to 86.91 mm2 in the present
cohort (Table). Peripapillary atrophy was a quite common
finding and present to some extent in 28 eyes of 14 patients.
Peripapillary atrophy was not confluent with the macular
RORA except in the 3 eyes with the most extensive atro-
phic changes. In this subgroup, some form of delineation
was identified that was characterized by an interrupted
line of apparently partly preserved outer retinal layers in
OCT (Figure 1, C).

� PRE-RORA FEATURES: Over the observation period of
4.66 2.8 years (range, 0.5-8.5 years), a variety of OCT fea-
tures were identified that were particularly found to signify
high risk of progression to RORA. In the following, we
describe outer retinal abnormalities such as external
limiting membrane (ELM) and ellipsoid zone (EZ) disrup-
tion, subretinal deposits, hypertransmission of the OCT
signal into the choroid and sclera, outer retinal layer thin-
ning associated with subsidence of inner retinal layers,
hyporeflective wedges, outer retinal tubulations, or subreti-
nal hyperreflective lesion.

EZ and ELM integrity loss and subretinal deposits. EZ and
ELM represent hyperreflective bands in the outer retina. In
138 AMERICAN JOURNAL OF
our cohort, the loss of EZ was the first sign of RORA devel-
opment and usually associated with subretinal deposits be-
tween Bruch membrane and retinal pigment epithelium
that resemble cuticular drusen. The subretinal deposits usu-
ally showed overlying retinal pigment epithelium as a
hyperreflective cap and homogenous internal structure of
medium-low reflectivity. They were associated with
hyperreflective dots in IR image and hyperautofluorescent
dots in AF imaging. The course showed reflectivity
changes in the overlaying OCT layers leading to loss of a
delimitable ELM (Figure 2).

Retinal pigment epithelial integrity loss and hypertransmission
of the OCT signal. The retinal pigment epithelium displays
as the most external hyperreflective OCT layer.13

Vanishing subretinal deposits led to a spatially related
retinal pigment epithelial signal discontinuation that was
associated with hypertransmission of the OCT signal into
the choroid and loss of AF intensity (Figure 2). Both
retinal pigment epithelial loss and hypertransmission are
part of the definition of RORA11 and were therefore
found in the area of RORA. However, they were also
found in some transient states (ie, areas of retinal
pigment epithelial disruption with preserved but partly
abnormal outer nuclear layer [ONL]; Figure 3).

Intraretinal hyperreflective foci and microcystoid
lesions. Intraretinal hyperreflective foci and microcystoid
lesions are characterized as circumscribed lesions that
show at least the reflectivity of the retinal pigment epithe-
lium and no to low reflectivity, respectively. They could oc-
casionally be observed in the obtained images. If present,
they were located in the ONL and/or outer plexiform layer
(OPL) in association with incomplete RORA (ie, subreti-
nal deposits, EZ loss, retinal pigment epithelial loss, or
hypertransmission; Figure 2).

ONL thinning and photoreceptor outer segment
shortening. ONL thinning associated with subsidence of in-
ner retinal layers as well as photoreceptor outer segment
shortening had been described in nascent GA secondary
to AMD corresponding with the termination of an intact
retinal pigment epithelial layer.14,15 In the qualitative
assessment of OCT B-scans, ONL thinning and
photoreceptor outer segment shortening was difficult to
identify. In general, ONL thickness seemed preserved for
long time in atrophy development. In some cases of our
cohort, normal ONL thickness was observed even in the
presence of retinal pigment epithelial loss and EZ loss,
explaining findings like relatively good visual acuity in
the presence of fovea-involving retinal pigment epithelial
atrophy (Figure 3).5 However, the reflectivity of the outer
retinal layers seemed to be irregular in these cases
(Figure 2). Loss of ONL and photoreceptor outer segment
was observed in the center of the atrophic areas (ie,
central to hyporeflective wedges).
OCTOBER 2020OPHTHALMOLOGY



FIGURE 1. Presentation of retinal pigment epithelial (RPE) and outer retinal atrophy (RORA). Exemplary fundus autofluorescence
(left) and associated optical coherence tomography (OCT, right) images of different patients demonstrate the variable manifestation
of RORA. The green line indicates the approximate location of the respective OCT scan. A. At baseline, a minority showed no area of
RORA in our cohort. B.Most patients revealed multiple spots of RORA in a circular area around the fovea between 5- and 15-degrees
eccentricity associated with other qualitative alterations (hyperautofluorescent spots) in between. C. In cases of widespread RORA, it
is extended into the central 58. Whenever RORA coalesced with peripapillary atrophy, a separation line could be identified in the
fundus autofluorescent images associated with partly preserved but altered outer retinal layers or evolving outer retinal tubulations
in OCT (white arrow).
Hyporeflective wedges. Hyporeflective wedges describe a
triangular, hyporeflective structure at the border of
RORA that is based on Bruch membrane and extending
to the inner limit of the OPL. At the margin of most
RORA spots larger than 0.2 mm2, hyporeflective wedges
were detected in our cohort. It was located within the
VOL. 218 ATROPHY DEVELOPM
area of retinal pigment epithelial loss and hypertransmis-
sion. Similar to the original description in GA secondary
to AMD,16 a distinct hyperreflective separation between
this OCT feature and the end of ONL was generally
present. With progression of the RORA, the
hyporeflective wedges moved correspondingly (Figure 2).
139ENT IN MIDD



FIGURE 2. Development and progression of retinal pigment epithelial (RPE) and outer retinal atrophy (RORA). Serial fundus auto-
fluorescence (AF, left), infrared reflectance (IR, middle), and associated optical coherence tomography (OCT, right) images of an
exemplary eye that demonstrated the different stages to and the progression of RORA. The green line indicates the approximate loca-
tion of the respective OCT scan. A. As a first sign of RORA development, subretinal deposits can be found that show homogenous
internal medium-low reflectivity as well as overlying elevated retinal pigment epithelium, and are associated with EZ loss (arrowhead)

140 OCTOBER 2020AMERICAN JOURNAL OF OPHTHALMOLOGY



Outer retinal tubulations. Outer retinal tubulations
(ORTs) appear as oval hyporeflective structures surrounded
by hyperreflective margins on OCT scans. In our cohort,
ORTs were frequently found within the areas of retinal
pigment epithelial atrophy directly adjacent to Bruch
membrane reaching into the OPL. In the longitudinal eval-
uation, they developed in the margin region when individ-
ual atrophic spots coalesced and were associated with
hyporeflective wedges. Over the observation time, the
ORTs often disappeared, while RORA expanded onto
this area (Figure 2).

Subretinal hyperreflective lesion. In the whole observation
time, subretinal fluid was only observed in the exceptional
patient with early disease onset (Figure 4). In one eye, it
resorbed over time and did not progress to RORA. In the
second eye, a thickened hyperreflective band was found
external to the EZ and with rough borders to the
subretinal fluid. In the first visit, the hyperreflective
mound appeared as a hyperautofluorescent lesion on AF
images, resembling vitelliform lesions. In the follow-up,
there was a loss of subretinal fluid as well as loss of retinal
pigment epithelium, EZ and ELM. Therefore, the
hyperreflective material was directly adjacent to the
ONL. The reabsorption of this material was followed by a
loss of ONL in the original area of the subretinal fluid
completing the definition of RORA. No ORTs could be
found in these eyes (Figure 4).
DISCUSSION

THIS IS THE FIRST STUDYTO SYSTEMATICALLY INVESTIGATE

structural features associated with development and pro-
gression of RORA secondary to a monogenetic mitochon-
drial disorder. As RORA in MIDD had been shown to be
delineable, traceable, and allows to monitor disease pro-
gression,5 the findings of this study might allow for further
insights into the pathomechanisms of retinopathies sec-
ondary to mitochondrial disorders and for future validation
of novel susceptible surrogate markers for disease progres-
sion and possible therapeutic effects at earlier disease
stages.

The presented findings provided evidence for a consis-
tent sequence of OCT features from earlier disease stages
to the end stage of RORA (Figure 5): (1) Loss of EZ
as well as, partly, ELM loss (arrow). They were associated with hyp
demonstrated OCT B-scan, 2 separate areas of RORA are also pres
subretinal deposits have been vanished (arrow and arrowhead), lea
epithelium associated with hypertransmission of OCT signal into th
to be preserved. C and D. For the following visit, a thinning of the ON
be also defined as RORA and revealed hyporeflective wedges at their
ing outer retinal tubulations (ORTs) at the former shoreline behin
vanished (narrow open arrow), whereas the other stayed present bu

VOL. 218 ATROPHY DEVELOPM
appeared first associated with subretinal deposit, as well
as hyperreflective foci and microcystoid lesions in some
cases. (2) Additional loss of ELM then happened with
increasing reflectivity changes of the ONL. (3) In the
next step, loss of retinal pigment epithelium could be
observed that was associated with hypertransmission of
OCT signal into the choroid. From this stage onward, the
subretinal deposits were absent. (4) With loss of the
ONL, the definition of RORA was completed. Areas of
RORA were usually bordered by hyporeflective wedges
andmore externally ELM and EZ loss. (5)With progression
of RORA, EZ loss was the most widespread observed OCT
alteration (congruent with the presented development of
RORA). It might therefore be described as ‘‘leading disease
front’’ for OCT features in MIDD, in analogy to changes in
near-infrared AF in Stargardt disease as proposed by Cide-
ciyan and collegues.17 (6) Whenever 2 areas of RORA or
lobed areas of RORA coalesced, there was the possibility
to develop ORTs at the location of the last preserved outer
retinal layers.
For some of the described OCT features, the histopatho-

logic correlate has not been fully described. Although ELM
is generally thought to correspond to junctional complexes
between photoreceptors andMüller cells,18 EZ origin is still
disputed: it originally had been thought to represent the
junction between the photoreceptor inner and outer seg-
ments and named the IS-OS junction. Because of its corre-
spondence to the photoreceptor inner segment ellipsoid, it
was later renamed.19 As part of the inner segment, ellip-
soids are characterized by a high density of mitochondria.18

Therefore, a presumed mitochondriopathy would be ex-
pected to affect this structure first, which was confirmed
in this study. Nevertheless, we can only hypothesize why
the primary presentation of EZ loss is focal at a circum-
scribed area rather than diffuse in MIDD. The hetero-
plasmy found in patients with mitochondriopathies (ie, a
varying coexpression of inherited polymorphisms and so-
matic pathology within individual mitochondrial ge-
nomes)20 might partly explain this finding. Furthermore,
recent adaptive optics studies have questioned this origin,
and EZ might be too thick and proximally located to be
generated by the ellipsoids of the inner segments.21 Howev-
er, only foveal cones had been imaged in that study, which
may explain the inconsistency with earlier reports. The
subretinal deposits usually showed a hyperreflective cap
that most likely represents the retinal pigment epithelium
similar to drusen in AMD.22 They usually revealed a
erreflectivity in IR and hyperautofluorescent spots in AF. In the
ent bordered by hyporeflective wedges. B. After 19 months, the
ving behind an area with loss of ELM, EZ, and retinal pigment
e choroid. Despite reflectivity changes, ONL thickness seemed
L in the respective areas could be observed (C), until they could
border (D).With exceeding RORA areas, 3 areas coalesced leav-
d (open arrows). E. In the further observation time, one ORT
t seemed to regress (broad open arrow).

141ENT IN MIDD



FIGURE 3. Visual acuity at development of foveal retinal pigment epithelial (RPE) and outer retinal atrophy (RORA). Serial fundus
autofluorescence (first row) and associated optical coherence tomography (OCT, second row) images of an exemplary eye that demon-
strated preserved visual acuity despite fovea-involving retinal pigment epithelial atrophy (first column). The ONL thinning seems
delayed compared with loss of retinal pigment epithelium, external limiting membrane (ELM), and ellipsoid zone (EZ). Loss of visual
acuity was associated with progression of ONL reflectivity alterations and thinning (second to last column). The green line indicates
the approximate location of the respective OCT scan.
homogenous internal structure of medium-low reflectivity.
In AMD, the hyporeflective core of drusen is thought to
correspond to crystalline hydroxyapatite nodules.23 As
subretinal deposits in MIDD vanish in association with
development of RORA, similar to that described in
AMD,22 a related composition might be hypothesized.
Concerning the vitelliform-like lesion found in one eye,
a variety of different conditions have been described to
be associated with acquired vitelliform lesions.24 Themate-
rial is thought to originate from shed photoreceptor mate-
rial that accumulates because of dysfunctional retinal
pigment epithelium, pigment-containing retinal pigment
epithelial cells, expelled retinal pigment epithelial organ-
elles, and macrophages that migrate into the subretinal
space.25 Given the presentation of the hyperreflective ma-
terial in the outer retina and the obvious retinal pigment
epithelial layer disruption early in the follow-up
(Figure 4), outer segment shedding associated with
impaired disc clearance due to presumed retinal pigment
epithelial phagocytosis defect might indeed be a possible
explanation. Intraretinal hyperreflective foci might repre-
sent retinal pigment epithelial cells or microglia as they
show at least the reflectivity of the retinal pigment epithe-
lium, similar to descriptions in AMD.26,27 Also similar to
AMD, microcystoid changes in MIDD have been seen in
the ONL, in contrast to optic neuropathies that can be
associated with mitochondriopathies where these changes
would be expected in the inner retinal layers.28 The ONL
is thought to derive from the photoreceptor cell bodies.29

As ONL thinning and loss of visual acuity was delayed
compared with the development of loss of retinal pigment
142 AMERICAN JOURNAL OF
epithelium and associated hypertransmission of OCT
signal into the choroid, it may be hypothesized that photo-
receptors survive longer than the retinal pigment epithe-
lium in the development and progression of RORA. A
similar interpretation has been hypothesized in a previous
AF study.5 However, reflectivity changes within the
respective layer and some degree of impaired visual acuity
could be found at disease stage III indicating beginning al-
terations in the photoreceptor microstructure. Hyporeflec-
tive wedges are thought to derive from axonal swelling or
interaxonal edema within the OPL.16 This might also
explain the location within this layer and the separation
between hyporeflective wedges and ONL as consistently
observed. Finally, ORTs have been described in various
degenerative retinal diseases including 3 cases of MIDD.
Apart from OCT B-scans, they are reported to appear as
straight or branching tubules on OCT C-scans.30–32

Because of its limited location over retinal pigment
epithelial atrophy or fibrosis as well as association to OPL
subsidence sign, ORTs are thought to derive from
degenerating photoreceptors.33 Our observations of ORT
development in the last remaining island when areas of
RORA coalesced, and the diminishing or vanishing of
ORTs in its further progression, support this hypothesis.
The described OCT features in MIDD differ from typical

findings in diabetic retinopathy, which was absent in the
majority of our cohort despite the long interval since the
establishment of a diagnosis of diabetes. In contrast, there
were distinct similarities between RORA development in
MIDD and described features in nascent GA secondary to
AMD, the leading cause of blindness in the industrialized
OCTOBER 2020OPHTHALMOLOGY



FIGURE 4. Development of retinal pigment epithelial (RPE) and outer retinal atrophy (RORA) following vitelliform-like hyperre-
flective lesion. The fundus autofluorescence and associated optical coherence tomography (OCT) images of the exceptional subject,
which revealed subretinal fluid in both eyes at baseline (t0), are demonstrated. The green line indicates the approximate location of the
respective OCT scan. In the right eye (left), the outer retinal layers seemed to be of quite regular configuration despite the splitting
(first row). After reabsorption (second to last row), the retinal layers kept relatively preserved. In the left eye (right), the area of the
subretinal fluid was hyperautofluorescent and revealed thickened hyperreflective material at the level of the photoreceptor outer seg-
ments (first row). Over the observation time, the lesion progressed to RORA (second to last row).
world.11As themost practical approach to studies and inter-
ventional trials that target specific pathogenic pathways in
AMD is to evaluate these strategies first in a model disease,
and, if proven, thenmoving to a proof of conceptAMD trial,
MIDD would be a perfect model disease for mitochondrial
dysfunction that also has been implicated in the pathogen-
esis of AMD.34 The evaluation of a pure pathophysiologic
pathway might further allow for conclusions concerning
the composition of underlying pathways inAMD.However,
caution has to be applied because of concomitant diseases or
medications that could affect disease progression rates, as
well as the heteroplasmy in MIDD: disease-specific features
are very variable, and the complexity of determining a
robust endpoint for nonocular features is difficult.

Retinal disease manifestations is defined by pattern
dystrophy-like alterations and RORA.4,35 Because of the
typical distribution of these retinal alterations at 5 to 158

eccentricity (Figure 1),4 visual acuity does also not consti-
tute a useful endpoint as it usually stays stable over the
observation time. Most interventional and observational
studies for retinopathies that develop RORA in disease
progression have assessed the progression of RORA as pri-
VOL. 218 ATROPHY DEVELOPM
mary structural study endpoint.5,8,9,36 For MIDD, a recent
study demonstrated that a clinical trial using reduction in
RORA enlargement in MIDD may allow for a clean
proof-of-concept clinical trial endpoint with a manageable
sample size.5 However, most of these studies including the
latter relied on short-wavelength AF imaging, which is in
particular more prone to artifacts and loss of image quality
due to media opacity compared to OCT imaging.37,38 As all
patients above a certain age threshold in our cohort
presented either cataract or pseudophakia (earlier than
you would expect in general population),39,40 lens status
and imaging technology should be considered for clinical
trial design when dealing with MIDD, even if it is unlikely
in the industrialized world that cataract surgery will be
postponed until it interferes with imaging. Furthermore,
it is possible that the most effective upcoming therapeutic
approach might be directed to earlier disease stages before a
potential point of no return is reached.10,38,41 Early OCT
features prior to RORA (as presented in this study) might
therefore constitute appropriate study end points. Howev-
er, the difficulty of evaluating transient alterations has been
shown in AMD where the role of drusen volume as a
143ENT IN MIDD



FIGURE 5. Schematic development and progression of retinal pigment epithelial (RPE) and outer retinal atrophy (RORA). Based on
the findings, the schematic model demonstrates the development and progression of RORA in optical coherence tomography (OCT)
images. A. The first observed alteration was the loss of the ellipsoid zone (EZ) integrity associated with subretinal deposits showing
homogenous medium-low reflectivity as well as overlying elevated retinal pigment epithelium, and change of outer nuclear layer
(ONL) reflectivity. B. This was followed by a loss of external limiting membrane (ELM) integrity, in some scans associated with intra-
retinal hyperreflective foci and microcystoid lesions. C. Vanishing subretinal deposits was followed by loss of retinal pigment epithe-
lial integrity, which led to hypertransmission of the OCT signal into the choroid. In this stage, the ONL thickness seemed preserved,
whereas reflectivity changes progressed. D. With further loss of ONL, full RORA was present, bordered by hyporeflective wedges
and, more eccentrically, EZ loss. E. In progression of the RORA, these alterations moved centrifugally in the same sequence. F.
When 2 areas of RORA coalesced, outer retinal tubulations could occasionally be observed.
predictor of GA development is not completely solved.
Greater drusen volume as well as retinal pigment epithelial
drusen complex thinning predicts progression to GA.42,43

Furthermore, it was beyond the scope of this study to eval-
uate the reliability of the identification, the accuracy as
predictive factors, or the relative RORA conversion rate
for each described feature. These evaluations are prerequi-
sites to designing a study protocol that relies on these OCT
features and to justify a significant reduction of the sample
size for future interventional trials, which is important
given the rarity of MIDD. Prospective studies focusing on
these aspects are therefore required, as has been done for
AMD.44,45 Here, a related lexicon developed by the
CAM group that describes RORA and preceding OCT fea-
tures has already been implemented by reading centers for
current and upcoming observational and interventional tri-
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als.11,46,47 The LEAD study is a prominent example47:
although the study intervention did not show a benefit,
the LEAD study illustrated the possibility to effectively
design an interventional study based on imaging features
representing early disease stages before the development
of RORA as part of a combined endpoint.
Machine learning application offers a great potential in

screening, differential diagnostics, and identification of dis-
ease progression or treatment effects.48 Imaging, especially
OCT imaging, is indispensable to the modern retina
specialist49 and lends to artificial intelligence approaches.
Artificial intelligence approaches have recently been used
to identify and classify imaging features that are known to
represent risk factors for RORA secondary to AMD.
Hyper-reflective foci, hyporeflective foci within drusen,
subretinal drusenoid deposits, or outer retinal thinning
OCTOBER 2020OPHTHALMOLOGY



have been analyzed. Machine learning tools have been
presented to identify OCT features with an area under the
curve of 0.94 to 0.99, sensitivity of 0.90 to 1.00, and speci-
ficity of 0.89 to 0.92.12,45 The present study identified addi-
tional features for the development and progression of
RORA in MIDD, such as vitelliform-like shedding dome,
hypertransmission of OCT signal into choroid, loss of ELM,
loss of EZ, loss of retinal pigment epithelium, ONL reflectiv-
ity changes, and hyporeflective wedges. As we revealed evi-
dence of the conversion to RORA and these features are
present in a multitude of other retinopathies, it might be
worth evaluating the accuracy of the identification of these
features by machine learning algorithms in the future.

Retinal imaging experts identified and interpreted the
presented OCT features. As the image feature descriptions
were based on retrospective data, the number of visits, the
interval, and the quality of images differed between and
within the patients. The interpretation of OCT findings
happened to our knowledge and available data of previous
studies on retinal diseases and histopathologic correlations
VOL. 218 ATROPHY DEVELOPM
as presented above. It cannot be excluded that features
have been missed and other data sets could provide addi-
tion conclusions. However, the uniformity of the presence
and sequence of the described imaging features (Figure 5)
has the potential to provide the framework for further pro-
spective studies that assess the pathophysiology and disease
progression of retinopathy secondary to MIDD.
In summary, this study demonstrated that RORA de-

velops in a consistent sequence characterized by particular
OCT features in MIDD patients. This might not only pro-
vide further insights into the pathomechanisms of retinop-
athies secondary to mitochondrial disorder but also allow to
potentially define novel surrogate markers for disease pro-
gression and possible therapeutic effects in upcoming trials.
As mitochondrial dysfunction also has been implicated in
the pathogenesis of more common multifactorial retinal
conditions like AMD, such a proposed disease model can
represent an efficient methodology to evaluate disease
manifestation and determine effects of therapeutic
interventions.
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