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PURPOSE. The purpose of this paper was to discuss manifestations of primary mitochon-
drial dysfunctions and whether the retinal pigment epithelium or the photoreceptors are
preferentially affected.

METHODS. A retrospective analysis was performed of patients with clinically and labo-
ratory confirmed diagnoses of maternally inherited diabetes and deafness (MIDD) or
Kearns–Sayre syndrome (KSS). Patients underwent full ophthalmic examination, full-field
electroretinogram, and multimodal imaging studies, including short-wavelength autofluo-
rescence, spectral domain-optical coherence tomography, and color fundus photography.

RESULTS. A total of five patients with MIDD and four patients with KSS were evaluated at
two tertiary referral centers. Mean age at initial evaluation was 50.3 years old. Nascent
outer retinal tubulations corresponding with faint foci of autofluorescence were observed
in two patients with MIDD. Characteristic features of this cohort included a foveal spar-
ing phenotype observed in 13 of 18 eyes (72%), global absence of intraretinal pigment
migration, and preserved retinal function on full-field electroretinogram testing in 12 of
16 eyes (75%). One patient diagnosed with MIDD presented with an unusual pattern of
atrophy surrounding the parapapillary region and one patient with KSS presented with
an atypical choroideremia-like phenotype.

CONCLUSIONS.MIDD and KSS are phenotypically heterogeneous disorders. Several features
of disease suggest that primary mitochondrial dysfunction may first affect the reti-
nal pigment epithelium followed by secondary photoreceptor loss. Similarities between
primary mitochondrial degenerations and retinal disorders, such as age-related macular
degeneration may suggest a primary role of mitochondria in the pathogenesis of these
oligogenic disorders.
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The pivotal role of mitochondria in the metabolic ecosys-
tem of the retina has been a subject of interest in under-

standing the pathophysiology of several forms of retinal
degeneration.1 In the healthy retina, a codependence exists
between the retinal pigment epithelium (RPE) and photore-
ceptors, as both rely on the other to satisfy their energy
requirements.2–5 Photoreceptors derive energy from anaer-
obic glycolysis, using glucose transported from the choroid
by the RPE, to produce adenosine triphosphate (ATP) and
lactate.2–7 In contrast, the RPE produces ATP from oxidative
phosphorylation along the inner membrane of mitochondria

using substrates, such as lactate produced by the photore-
ceptors, lipids, and ketone bodies.2–5

Disruption of these interdependent processes has been
suggested to cause dysfunction of both the RPE and photore-
ceptors, leading to several degenerative retinal disorders. In
conjunction with the described metabolic coupling system,
we hypothesize that dysfunction of the mitochondria in the
RPE in many of these disorders renders the RPE cells unable
to produce ATP through oxidative phosphorylation, requir-
ing that primary production of energy occurs through glycol-
ysis.8 This, in turn, deprives the photoreceptors of glucose
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from the choroid and leads to a decrease in production
of lactate and other intermediates that can be used by the
remaining functional mitochondria in the RPE, leading to a
continuing cycle ending with cell death.1,8–14 Primary mito-
chondrial disorders of the retina are those in which the first
pathogenic event is the inheritance or development of a
mutation within the mitochondrial genome. These condi-
tions include maternally inherited diabetes and deafness
(MIDD), which may present as a pattern macular dystrophy,
and Kearns-Sayre syndrome (KSS), which can present with
pigmentary retinal changes.

Evaluation of these primary mitochondrial retinal disor-
ders may help not only improve our understanding of
disease pathophysiology, but also elucidate the mechanisms
that govern other complex retinal diseases, such as age-
related macular degeneration (AMD). AMD is a multifactorial
disease with numerous genomewide associations, includ-
ing those related to immune function, lipid metabolism, and
the extracellular matrix.15,16 Among these pathways, several
studies have suggested that the mitochondria within the
RPE are an important site of disease pathogenesis.1,8–14 A
histopathologic study of eyes donated from patients with
AMD demonstrated a significant reduction in mitochondria
numbers and disruption of the mitochondrial cristae within
the RPE.9,11 A genetic analysis of eyes donated from patients
with AMD revealed a significant correlation between carri-
ers of the high-risk allele for CFH, a complement associ-
ated gene, and higher levels of mitochondrial DNA (mtDNA)
damage.17 Although additional study is warranted to identify
the mechanism by which mtDNA damage influences AMD
pathogenesis and what other known risk alleles for AMD
may be associated with increased mtDNA damage, these
findings suggest that mitochondria play an important role
in AMD.

In this study, we compare and discuss a series of five
patients diagnosed with MIDD and four patients diagnosed
with KSS, all of whom had phenotypically variable retinal
degeneration. Several features of this cohort may suggest
that primary mitochondrial dysfunction may lead to primary
degeneration of RPE followed by secondary photoreceptor
loss.

METHODS

Subjects

Retrospective analysis of nine unrelated patients (P1–P9)
with diagnoses of MIDD or KSS was performed. All patients
were evaluated at the Edward S. Harkness Eye Institute at
Columbia University Irving Medical Center and the Byers Eye
Institute at Stanford University School of Medicine. Informed
consent was waived due to the retrospective nature of the
study design and the minimal risk conferred to patients. This
study was performed under Columbia University Institu-
tional Review Board-approved protocol AAAR8743 and Stan-
ford University Institutional Review Board-approved proto-
col 42754. All procedures were in accordance with the tenets
of the Declaration of Helsinki.

Ophthalmic Examination

Patients underwent full ophthalmic examination, including
measurement of best-corrected visual acuity followed by
dilation with tropicamide (1%) and phenylephrine (2.5%),
fundus examination, and multimodal imaging. Multimodal

imaging included spectral domain optical coherence tomog-
raphy (SD-OCT), short-wavelength fundus autofluorescence
(SW-AF, 488 nm excitation), and color fundus photogra-
phy. SD-OCT scans were acquired on a Spectralis HRA +
OCT (Heidelberg Engineering, Heidelberg, Germany). SW-
AF images were obtained in 30 degree × 30 degree field
using a Spectralis HRA + OCT or in a wide field image
using an Optos 200 Tx (Optos, PLC, Dunfermline, UK) that
was subsequently cropped to a 30 degree × 30 degree field.
Wide field color fundus photographs were obtained using
an Optos 200 Tx (Optos, PLC).

Full-Field Electroretinogram

Full-field electroretinography (ffERG) was performed using
Dawson, Trick, and Litzkow (DTL) electrodes and Ganzfeld
stimulation according to international standards.18 A Diag-
nosys Espion Electrophysiology System (Diagnosys LLC,
Littleton, MA, USA) was used to obtain the ffERG.

Mitochondrial Testing

The mtDNA was isolated and analyzed from peripheral
blood, urine, or muscle biopsy in all patients. Five samples
underwent sequencing of the whole mtDNA on Illumina
MiSeq technology and were compared to a reference mtDNA
sequence (RCRS). Two samples were analyzed using long
range polymerase chain reaction amplification and massive
parallel sequence analysis. Two samples were analyzed
using a Southern blot for mitochondrial deletions following
DNA digestion with PvuII restriction endonuclease.

RESULTS

Clinical Summary

The clinical and demographic information for all nine
patients is summarized in Table 1. Five patients (P1–P5) were
diagnosed with MIDD whereas four patients (P6–P9) were
diagnosed with KSS. The mean and median age of visual
symptom onset were 35 and 31 years old and the mean and
median age at initial evaluation were 50.3 and 57 years old.

Four of the five patients diagnosed with MIDD had symp-
toms of nyctalopia (P4), central vision loss (P3), or both (P1
and P5). P2 presented with a history of floaters. Three of
the five patients with MIDD (P1, P2, and P5) had hearing
loss. P5 had a diagnosis of type I diabetes mellitus (T1DM)
as well as a family history of diabetes. The other patients
diagnosed with MIDD (P1–P4) did not have a diagnosis of
type II diabetes mellitus (T2DM) as confirmed by normal
hemoglobin A1c levels, however, P3 had a family history of
diabetes.

All four patients diagnosed with KSS had ptosis
and chronic progressive external ophthalmoplegia. Three
patients (P6, P7, and P9) presented with a recent history of
nyctalopia and either diplopia (P6 and P9) or light sensitivity
(P7), whereas P8 had no visual complaints. Three patients
(P6, P7, and P8) had a history of cardiac arrhythmias.

Fundus Imaging

Maternally Inherited Diabetes and Deafness.
SW-AF images of P1 to P5 demonstrated a speckled appear-
ance within and surrounding the macula (Figs. 1A–E); this
feature extended into the periphery in P1 and P3 (see
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TABLE 1. Clinical and Demographic Summary of Patients Diagnosed With Mitochondrial Disease

Patient
ID/Gender Ethnicity

Age at
Onset/

Evaluation Diagnosis

BCVA at
Evaluation
OD, OS Variant

Biological
Sample Laboratory

Additional
Features

P1–M Caucasian 59/61 MIDD 20/40, 20/100 m.3266_3268delAAA Urine and
muscle
biopsy

CUMC Hearing loss, impaired
upgaze, mild cerebellar
ataxia

P2–F Caucasian 36/62 MIDD 20/25, 20/20 m.A3243G Blood CUMC Hearing loss
P3–F Caucasian 44/57 MIDD 20/200, 20/25 m.A3243G Urine CUMC Family history of T2DM
P4–M Caucasian 53/70 MIDD 20/20, 20/20 m.A3243G Blood CUMC None
P5–F Caucasian 31/62 MIDD 20/60, 20/40 m.A3243G Blood Baylor Hearing loss, limb weakness,

insomnia, depression,
T1DM

P6–F Hispanic 29/33 KSS 20/80, 20/50 m.10246_13616del3371 Muscle Biopsy Baylor Cardiac arrhythmias, T2DM
P7–F Caucasian 27/28 KSS 20/25, 20/25 Single deletion on

Southern blot
Urine CUMC Hearing loss, limb weakness,

cardiac arrhythmias,
nocturnal hypoventilation

P8–F Hispanic 8/27 KSS 20/30, 20/50 m.G4308A Muscle Biopsy CUMC Cardiac arrhythmias,
metabolic syndrome, limb
weakness, restless leg
syndrome, obstructive sleep
apnea

P9–M Caucasian 28/53 KSS 20/20, 20/20 m.561_3573del3012 Muscle Biopsy CUMC Hearing loss, diplopia,
myopathy

MIDD, maternally inherited diabetes and deafness; KSS, Kearns-Sayre syndrome; N/A, not available; CUMC, Columbia University Medical
Center; T2DM, type II diabetes mellitus; T1DM, type I diabetes mellitus; OD, right eye; OS, left eye.

Figs. 1A, 1C). Areas of RPE atrophy were seen in all five
patients, with the most significant degeneration occurring
in P1, P3, and P5. Only mild patches of parafoveal atrophy
were seen in P2. Color fundus photography showed scleral
exposure with visualization of the deep choroidal vessels
in the area corresponding to the RPE atrophy observed in
autofluorescence images (Figs. 2A–E). Vascular attenuation
was seen in P1 (see Fig. 2A). The left eyes of P3, P4, and P5
demonstrated the presence of subretinal pigment within the
superior temporal arcade, the inferior temporal arcade, and
temporal macula region, respectively (see Figs. 2C–E). The
subretinal nature of the pigment in P4 and P5 was confirmed
using SD-OCT images (see Supplementary Fig. S1). Although
SD-OCT images through the pigment were not available for
P3, stereoscopic wide field fundus photographs and slit lamp
biomicroscopy demonstrated that the pigment was present
beneath the retinal vessels.

Kearns–Sayre Syndrome. SW-AF images of P6 exhib-
ited widespread RPE atrophy with well-defined scalloped
edges. Remaining small patches of retina exhibited a speck-
led appearance (Fig. 1F). SW-AF images acquired from P7
and P8 displayed a salt-and-pepper appearance surround-
ing the macula, whereas in P9, this appearance was limited
to the far periphery of the retina (Figs. 1G–I). Peripapillary
atrophy was seen in all eyes based on SW-AF images and
SD-OCT images. Color fundus photography in P6 revealed
extensive RPE atrophy with exposure of the deep choroidal
vessels and attenuation of the retinal vasculature (Fig. 2F).
P7 and P8 presented with mottling of the retina along with
vascular attenuation, and optic cupping was seen in P8
(Figs. 2G, 2H). P9 demonstrated RPE changes within the far
temporal periphery of the retina (Fig. 2I, dotted inset).

Combined SD-OCT Findings

SD-OCT images revealed the presence of extensive photore-
ceptor and RPE atrophy with signal hypertransmission into
the choroid in P1 and P3 to P6. SD-OCT images of P2 demon-
strated three areas of focal ellipsoid zone (EZ) disruption as

well as EZ and RPE loss in the parapapillary region. Images
obtained from P7 and P9 revealed intact retinal architecture
and RPE, whereas those of P8 displayed some disruption of
the interdigitation zone (IZ) with nasal and temporal hyper-
transmission into the choroid. The fovea was spared in both
eyes of P2, P4, P5, P7, P8, and P9 as well as in the left eye
of P3 (Figs. 3A–G). Outer retinal tubulations (ORTs) delim-
ited by EZ or external limiting membrane (ELM) that formed
the outer borders were observed in both eyes of P3 and
P4 (Figs. 4A, 4B). In SW-AF images, foci of faint AF were
observed in the atrophic areas and corresponded spatially
with the ORTs (see Figs. 4A, 4B, blue arrows). A develop-
ing ORT was observed between the central and peripap-
illary atrophy in the right eye of P2 (see Fig. 4A, yellow
arrow). Within areas of complete RPE atrophy, tubulations
that did not contain hyper-reflective material were visible
(see Fig. 4A, orange arrow). In both eyes of P2, hyper-
reflective lesions extending anteriorly through photorecep-
tor cell-attributable bands were visible; these aberrations
corresponded to the hyperautofluorescent flecks seen in SW-
AF images (Fig. 4C, blue arrows).

Electroretinograms

The ffERG results of eight patients (P1, and P3–P9)
are summarized in Table 2. P1 and P6 presented with
generalized retinal dysfunction with extinguished scotopic
responses and residual 30 Hz flicker response with signif-
icant implicit time delays. P3, P4, and P7 to P9 presented
with normal or diminished 30 Hz flicker amplitudes but no
implicit time delay. P5 had decreased cone amplitude and
implicit time delay. Scotopic responses were intact in P3, P4,
P7, and P9, whereas P5 and P8 had a mild reduction in both
scotopic and maximum amplitudes.

DISCUSSION

Defects of the mitochondria have been implicated in the
pathogenesis of numerous retinal degenerations.1,8–14
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FIGURE 1. Short-wavelength autofluorescence images of patients with maternally inherited diabetes and deafness (MIDD) and Kearns-Sayre
syndrome (KSS). Short-wavelength autofluorescence imaging demonstrates differing degrees of atrophy of the retinal pigment epithelium
in five patients with MIDD (P1–P5, A–E) and four with KSS (P6–P9, F–I). Extensive atrophy surrounding the optic nerve could be seen
in P1, and atrophy within the macula can be seen in P2 to P5. The fovea was spared in 7 of 10 eyes (OU: P2, P4, and P5, OS: P3). An
extensive scalloped pattern of atrophy was seen in P6 and a salt-and-pepper pattern of hypoautofluorescence was seen in P7 and P8 F, G.
Hypoautofluorescence in a fish-net pattern was seen in the periphery of P9 (H, dotted inset).
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FIGURE 2. Color fundus photography in patients with maternally inherited diabetes and deafness (MIDD) and Kearns-Sayre syndrome (KSS).
Color fundus photography demonstrates the presence of significant retinal pigment epithelium atrophy in five patients with MIDD (P1–P5,
A–E). Small subretinal pigment was seen along the superior temporal arcade in the left eye of P3 C and superior to the inferior temporal
arcade in the left eye of P4 D. Significant atrophy was seen in P6 (F) with visualization of the deep choroidal vessels and the sclera. A
mottling quality was seen within the retinal pigment epithelium of P7 and P8 (G, H). Similar mottling was seen in the temporal periphery
of P9 (I).

TABLE 2. Full-Field Electroretinogram Findings of Patients Diagnosed With Mitochondrial Disease

Patient ID

Scotopic
Response
OD/OS, µV

Scotopic
Response

Implicit Time
OD/OS, ms

Maximum
Response OD/OS

A Wave, µV

Maximum
Response
OD/OS B
Wave, µV

Cone
Response
OD/OS A
Wave, µV

Cone
Response
OD/OS B
Wave, µV

30 Hz Flicker
OD/OS, µV

30 Hz Flicker
Implicit Time
OD/OS, ms

P1 Extinguished Extinguished Extinguished Extinguished Extinguished Extinguished 6.5/7.3 39/39
P2 NA NA NA NA NA NA NA NA
P3 98.2/119.2 76/94 −70.9/−83.4 168.7/167.1 −25.2/−16.4 108.5/72.4 45.5/36.7 30/28
P4 120.7/219.2 73/74 −143.5/−238.1 201/383 −26.7/−23.9 90.7/126.1 37.1/75.4 28/28
P5 181.1/230.8 52/52 −111.1/−117.5 171.6/231.5 −32.4/−19.3 74.6/102.7 28/50 37/37
P6 Extinguished Extinguished Extinguished Extinguished Extinguished Extinguished 1.1/0.4 37/36
P7 260.5/212.8 96/98 −149.9/−140.6 254.4/270.4 −13.0/−17.4 64.0/34.5 43.8/46.9 26/31
P8 83.7/52.6 83/87 −89.1/−60.6 146.6/102.8 −4.4/−5.4 51.0/29.9 34.1/29.1 28/30
P9 130.5/222.6 107/89 −210.8/−266.1 342/404.4 −36.3/−27.7 105.4/134.8 70.1/98.6 32/27
Normal 218.5 ± 148.3 85.9 ± 14.1 −210.1 ± 172.1 347.0 ± 134.1 −36.4 ± 25.8 109.8 ± 67.8 121.4 ± 65.5 26.3 ± 3.8

OD, right eye; OS, left eye; NA, not available.

Mitochondria are known to densely populate both the
connecting cilia of photoreceptors, the apical regions of
photoreceptor inner segments, as well as the RPE, and given
their intimately tied metabolic functions, it is unclear which

of these is initially affected.7 Recent retrospective studies
by Müller et al. hypothesized that mitochondrial disease in
MIDD may primarily affect the RPE prior to photoreceptors,
based on analysis of longitudinal autofluorescence and
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FIGURE 3. Foveal sparing in maternally inherited diabetes and deaf-
ness (MIDD) and Kearns-Sayre syndrome (KSS). Spectral-domain
optical coherence tomography demonstrates foveal sparing in seven
eyes of four patients diagnosed with MIDD (P2–P5; A–D). The left
eye of P3 was flipped and represented here as the right eye B.
Normal retinal architecture is seen in six eyes of three patients diag-
nosed with KSS (P7–P9; E–G).

SD-OCT findings. Specifically, they found that there was
a delay between retinal thinning and visual acuity loss
as compared to RPE loss and hypertransmission of OCT
signal into the choroid.19,20 In this study, we expand upon
and compare the phenotypic characteristics of a cohort of
patients diagnosed with MIDD and KSS and discuss features
that may support the hypothesis that initial mitochondrial

dysfunction within the RPE is the primary site of disease
pathogenesis.

Comparison of Disease Phenotypes Between
MIDD and KSS

Although MIDD and KSS are both caused by an insult to
the mitochondrial genome, retinal and systemic manifesta-
tions of disease are dissimilar. Within our cohort, the mean
age of visual symptom onset was significantly higher in
patients with MIDD (44.6 ± 11.6 years) as compared to
patients with KSS (23.0 ± 10.0 years), which was consis-
tent with prior reports in the literature.19–22 Despite the later
onset of disease, the retinal phenotype seen in MIDD was
a pattern macular dystrophy with frank RPE atrophy, which
was notably more severe than the pigmentary changes and
RPE mottling observed in KSS. SD-OCT images in patients
with MIDD similarly revealed significant retinal and RPE
atrophy with ORTs, whereas those in patients with KSS
were unremarkable with the exception of P6. The ffERG was
generally spared in both diagnoses, except for in P1 and P6,
with minor reductions in 30 Hz flicker amplitudes and no
implicit time delay. Visual acuity was well preserved in both
conditions, due in part to the foveal sparing characteristic
frequently observed in MIDD.

The severity of the retinal phenotype of these two condi-
tions is discordant with the respective sizes of the causative
mutation in the mitochondrial genome. Four of five patients
diagnosed with MIDD carried the common m.A3243G point
mutation and one patient (P1) possessed a novel 3 base
pair (bp) deletion within 25 bp of the classic mutation. In
contrast, although specific deletions were only identified in
two of the four patients diagnosed with KSS, the deletions
spanned over 3000 bp in both cases. Interestingly, the dele-
tion identified in P9, m.561_3573del3012, also leads to the
loss ofMT-TL1; however, the retinal phenotype in this patient
did not resemble MIDD and was similar to the other cases of
KSS. A possible explanation for this disparity may lie in the
difference in mutation heteroplasmy within the neurosen-
sory retina. In other words, there may be a higher prevalence
of MIDD-associated mutations in MT-TL1 than KSS-related
large-scale deletions in the mitochondria of retina cells.

A recently published autofluorescence study of MIDD
observed that retinal degeneration developed at eccentric-
ities of 10 to 20 degrees with foveal sparing, unlike in other
macular dystrophies, which typically affect the center.19 This
feature was also observed in our patients, although the fovea
was affected in both eyes of P1 and the right eye of P3. We
hypothesize that this parafoveal atrophy and foveal spar-
ing may in part be due to a higher heteroplasmy levels
of the mutation specifically in the cells at eccentricities of
10 degrees to 20 degrees as compared to the rest of
the retina, or due to the varied expression of antioxidant
enzymes described in proteomic analyses of these anatomic
regions in the RPE and retina.23,24 In the setting of the
salt-and-pepper retinopathy seen in KSS in an otherwise
normal retina, we hypothesize that the hypo-autofluorescent
spots seen on SW-AF and the areas of mottling seen on
fundus photography may coincide with clusters of cells
with higher heteroplasmy rates for these large deletions.
Further studies, such as histopathology, adaptive optics, and
additional proteomic analyses, are warranted to corroborate
these hypotheses.
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FIGURE 4. Correspondence of outer retinal tubulations with autofluorescence speckling in maternally inherited diabetes and deafness
(MIDD). Spectral-domain optical coherence tomography and short-wavelength autofluorescence imaging is shown for three patients (P2, P3,
and P4) diagnosed with MIDD (A–C). Autofluorescence revealed that the faint foci of AF A and B (cyan boxes) seen along the borders of
retinal pigment epithelial atrophy correlated spatially with the presence of outer retinal tubulations (ORTs) on optical coherence tomography
A and B (cyan arrows). A nascent ORT A (yellow arrow) was identified in the speckled hyperautofluorescent region between the central
RPE atrophy and peripapillary atrophy, which may be suggestive of impending atrophy in this location. These peripheral ORTs contained
hyper-reflective foci A and B (cyan arrows) that are trapped within these tubulations. In tubulations located deeper within the atrophy on
fundus autofluorescence, no hyper-reflective foci were seen A (orange arrow). In P2, hyper-reflective lesions (C, cyan arrows) were present,
which correlated spatially with foci of hyperautofluorescence C (cyan boxes).

In addition to the notable differences between retinal
manifestations of MIDD and KSS, unusual phenotypes were
observed even within each respective group. Notably, P1
presented with an unusual phenotype for MIDD that more
significantly affected the peripapillary region as compared
to the macula, with islands of atrophy extending nasally and
superiorly to the disc. Similarly, P6, who was found to have a
large 3371 bp deletion, presented with a choroideremia-like
phenotype that was dissimilar to the classic KSS phenotype
seen in the other patients. The difference in the phenotype of
P1 to the other patients with MIDDmay be attributable to the
novel mutation, which causes a deletion as opposed to the
single point mutation commonly implicated in MIDD.22 The
cause of the unusual phenotype observed in P6 is unclear,
and has only been reported once before in the literature.25

Notably, the reported case was described in 1993 when
genetic testing capabilities were limited.25 Consequently,
we hypothesize this phenotype may be caused by either

a potentially confounding genetic modifier or an unusu-
ally high rate of mutation heteroplasmy in the retina. P1
underwent additional genetic screening with a subsequent
negative whole exome sequence; however, P6 declined to
undergo further genetic testing.

Additional Features Suggestive of Primary RPE
Disease

In recent studies of MIDD, Müller et al. have hypothe-
sized that RPE atrophy may precede photoreceptor death in
MIDD, and by extension mitochondrial diseases, based upon
a combination of longitudinal SW-AF and SD-OCT analysis,
which revealed a delay between RPE atrophy and subse-
quent visual acuity loss and retinal thinning as seen on SD-
OCT.19,20 In our cohort, we observed a number of additional
features that support this hypothesis in both MIDD and KSS.
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Maternally Inherited Diabetes and Deafness.
Stereoscopic view through a slit lamp biomicroscope and
color fundus photography of the patients with MIDD suggest
evidence for primary RPE disease based upon the absence of
intraretinal pigment migration. Intraretinal pigment migra-
tion is a classic feature of several degenerative photorecep-
tor disorders, such as retinitis pigmentosa, and occurs as a
result of RPE cells that migrate into the retina following the
loss of apposition to photoreceptor cells.26–28 Takahashi et
al. suggested that it takes an average of 5.4 years for intrareti-
nal pigment migration to appear in patients with retini-
tis pigmentosa sine pigmento.29 However, the age range
of patients in that study who developed new intraretinal
pigment was between 7 and 37 years of age. Older patients
who did not present with intraretinal pigment migration did
not develop the phenotype. All 5 patients diagnosed with
MIDD were significantly older, with a median age of 62 years
at presentation.

In a recent study of intraretinal pigment migration across
inherited retinal dystrophies, we found that pigment migra-
tion is rarer in patients with disease caused by mutations in
genes specific to the RPE (34.0%) as compared to patients
with mutations in genes specific to the photoreceptors
(75.8%).30 The absence of pigment in disease due to muta-
tions in RPE-specific genes becomes even more pronounced
(6.9%) when cases of choroideremia, a disease in which
photoreceptors and RPE have been suggested to degenerate
independently, were excluded.30 Mutations in RPE-specific
genes were hypothesized to lead to primary RPE degenera-
tion prior to photoreceptor loss, thereby preventing pigment
migration. Although the absence of pigment is not a specific
finding of mutations in RPE-specific genes, in all five patients
with MIDD, we observed the absence of intraretinal pigment
migration, which may suggest that mutations in MT-TL1 also
lead to primary degeneration of the RPE. This is further
supported by our understanding of the physiological func-
tion of MT-TL1, which serves as a key building block in
the components of the oxidative phosphorylation chain, the
primary source of energy for the RPE but not the photore-
ceptors.2–7,31,32

An examination of the areas of RPE atrophy as well as
the surrounding macula demonstrated a correlation between
ORTs seen on SD-OCT and the faint foci of autofluores-
cence (AF) presenting as invaginations within the islands
of atrophy on SW-AF (see Figs. 4A, 4B, blue boxes). This
spatial correlation of newly developing ORTs occurring at
the boundary of preserved and atrophic RPE as seen on
SW-AF has been previously described by Goldberg et al.
who suggest these areas may retain residual function, as
well as by Müller et al. in their recent study.19,33 In an
area of intact retina located between two separate islands of
atrophy, the presence of a developing ORT was observed,
which may predict impending RPE atrophy at this loca-
tion (see Fig. 4A, yellow arrow). This is consistent with the
observation by Müller et al. who suggested that coalesc-
ing outer retinal atrophy gave rise to ORTs.20 In both
P3 and P4 as well as in previously reported cases, the
ORTs occurring at the boundary of intact and atrophic RPE
were found to contain hyper-reflective debris (see Fig. 4,
blue arrows). This hyper-reflectance was absent from ORTs
located deeper within the areas of RPE atrophy (see Fig. 4A,
orange arrow).33,34 Based on this observation, we hypothe-
size that these faint foci of AF on SW-AF imaging may orig-
inate from the presence of bisretinoids within the photore-
ceptor outer segments enclosed by the ORTs. Bisretinoids

within the RPE are frequently mistaken to be the only source
of AF; however, AF originating from photoreceptor cells
have been demonstrated in patients with retinitis pigmen-
tosa as well as in fundus flecks associated with recessive
Stargardt disease.35,36 Additionally, AF emitted from the inte-
rior of photoreceptor rosettes, which are believed to be
the murine equivalent of ORTs, in mouse models of retinal
degeneration has been described.37 The absence of these
hyper-reflective foci in SD-OCT scans at points deeper within
the atrophic regions suggests that over time these photore-
ceptor remnants are lost completely.

ORTs are a recently described feature of degenerative
retinal diseases and are believed to form in the setting of
RPE or choroidal death.38,39 Prior studies have proposed
that the development of ORTs occurs as the result of insult
to photoreceptors, likely secondary to RPE damage or loss
of interdigitation of the photoreceptors with the RPE, after
which activated Müller cells descend, expand, and surround
the remnants of damaged photoreceptors to form longi-
tudinal tubulations.34,38 ORTs can be identified not only
in advanced AMD, but also pattern macular dystrophies,
choroideremia, gyrate atrophy, and Bietti crystalline dystro-
phy.33,38,40 Notably, the pathophysiology of each of the
described conditions with ORTs has been hypothesized to
involve primary RPE degeneration.41–47

Kearns–Sayre Syndrome. Unlike the progression
observed in the retinal phenotype of MIDD, the retinal
degeneration associated with KSS is significantly milder
and more stable. Consequently, the evidence for primary
dysfunction at the level of the RPE is more difficult to prove.
The characteristic feature observed in this cohort of patients
with KSS was the presence of hypo-autofluorescent spots on
SW-AF and mottling as seen on color fundus photography
that is classically described as a salt-and-pepper retinopa-
thy. Such pigmentary changes bear a striking resemblance
to other disorders, such as rubella retinopathy and choroi-
deremia carriers, that can present with a salt-and-pepper
fundus appearance.48–50 In rubella retinopathy, the pigmen-
tary changes have been reported to occur in the setting of
focal atrophy and pigmentary changes in the RPE with spar-
ing of the retina and choroid.48,49

Choroideremia carriers specifically present an interesting
parallel to patients with KSS and may provide further insight
into the pathophysiology of KSS. Whether the primary site
of degeneration in choroideremia is the RPE or the photore-
ceptors is still unclear, it is understood that the mottling
pigmentary changes seen in choroideremia carriers occurs
as a result of lyonization, or the random inactivation of the
X-chromosome in certain cells but not others.50,51 Mottled
or affected areas, which appear hypo-autofluorescent on
SW-AF, would coincide with areas where the mutant X-
chromosome is highly expressed.40,50 This bears some simi-
larity to the importance of heteroplasmy in mitochondrial
degenerations and how it may affect phenotypic appear-
ance. Consequently, we may hypothesize that the character-
istic appearance of KSS may be due to differences in hetero-
plasmy across the retina.

Overall, these observations link the pathogenesis of
primary mitochondrial disorders to the RPE, and parallels
can be drawn to other retinal diseases, such as AMD. Notable
similarities between the features of the two disorders exist,
with the presence of outer retinal tubulations and subretinal
deposits, prominent RPE atrophy, and spared ffERG in the
absence of global retinal disease.52–55 The accumulation of
damaged mtDNA in patients with AMD has been shown to



Mitochondria and RPE IOVS | October 2020 | Vol. 61 | No. 12 | Article 12 | 9

contribute to disease pathogenesis and several studies have
suggested that mitochondrial loss within the RPE is one of
the critical pathogenic events in AMD.7–11 Notably, Terluk et
al. showed that several genes are associated with increased
damage in patients with AMD, including MT-TL1, the gene
encoding for tRNA leucine.9 This gene is implicated in over
80% of cases of MIDD and is involved in 5 patients in this
cohort.55 Similarly, the majority of cases of KSS involve major
deletions that span the mitochondrial genome.56,57

Limitations and Future Directions

Although we describe a number of phenotypic similarities
between primary mitochondrial degenerations and condi-
tions that are believed to involve primary RPE degeneration,
there are a number of limitations to this study. The retrospec-
tive and cross-sectional approach of analysis in this study
make it difficult to assess temporal changes to retinal struc-
ture. Consequently, although we hypothesize that the RPE
was affected first, we cannot determine with certainty that
this is the case. Furthermore, the inferences of our study are
limited by a relatively small sample size. A recent longitudi-
nal analysis of SD-OCT images in MIDD included a total of
three eyes without RPE or outer retinal atrophy at initial
presentation.20 The study suggested that dysfunction first
presented as EZ loss and subretinal deposits followed after-
wards by RPE degeneration and hypertransmission into the
choroid.20 Evaluation of a larger cohort of patients who are
early on in the disease process will help corroborate these
findings. Notably, the SD-OCT images of P2 revealed subreti-
nal deposits and relatively spared EZ; consequently, long-
term follow-up of this patient will be valuable. Alternative
mechanisms may include a concurrent or staggered degen-
eration of the RPE and photoreceptors, similar to a mecha-
nism that has been previously described in choroideremia.58

Longitudinal prospective studies will help define more exact
mechanisms.

The elucidation of clearer pathophysiological steps and
the mechanism of primary mitochondrial diseases may
improve our understanding of retinal disorders that are
known to involve secondary mitochondrial degeneration,
such as AMD. Nonetheless, the application of this under-
standing to secondary mitochondrial degenerations may be
limited due to the multifactorial and complex nature of
such disorders. Analysis of a larger sample of patients with
primary mitochondrial diseases coupled with mechanistic
studies would be required to validate our hypothesis that
the degeneration of the RPE is the primary pathophysiolog-
ical step in these conditions and is due to mitochondrial
dysfunction within the RPE.
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