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ARTICLE INFO ABSTRACT

Keywords: Purpose: To report the clinical utility of optical coherence tomography angiography (OCTA) for demonstrating
Long-chain 3-hydroxyacyl-CoA dehydrogenase choroidal neovascularization (CNV) associated with Long-Chain 3-Hydroxyacyl-CoA Dehydrogenase Deficiency
deficiency

(LCHADD) retinopathy.

Methods: Thirty-three participants with LCHADD (age 7-36 years; median 17) were imaged with OCTA and the
Center for Ophthalmic Optics & Lasers Angiography Reading Toolkit (COOL-ART) software was implemented to
process OCTA scans.

Results: Seven participants (21 %; age 17-36 years; median 25) with LCHADD retinopathy demonstrated evi-
dence of CNV by retinal examination or presence of CNV within outer retinal tissue on OCTA scans covering 3 x
3 and/or 6 x 6-mm. These sub-clinical CNVs are adjacent to hyperpigmented areas in the posterior pole. CNV
presented at stage 2 or later of LCHADD retinopathy prior to the disappearance of RPE pigment in the macula.
Conclusion: OCTA can be applied as a non-invasive method to evaluate the retinal and choroidal microvascu-
lature. OCTA can reveal CNV in LCHADD even when the clinical exam is inconclusive. These data suggest that
the incidence of CNV is greater than expected and can occur even in the early stages of LCHADD retinopathy.

LCHADD retinopathy
Choroidal neovascularization
CNV

OCT angiography

1. Introduction encoded by Hydroxyacyl-CoA Dehydrogenase/3-Ketoacyl-CoA

Thiolase/Enoyl-CoA Hydratase, Alpha subunit (HADHA) and

Mitochondrial fatty acid beta-oxidation (FAO) is a major source of
energy for many tissues in the human body, such as the heart, liver, and
skeletal muscle. Previous dogma has suggested that retinal metabolism
primarily relies on glucose oxidation for energy production, but newer
studies suggest a role for mitochondrial FAO in retinal metabolism. >
Specific deficits in the multienzyme complex called the mitochondrial
trifunctional protein (TFP) can cause pigmentary chorioretinopathy in
infancy or childhood.® TFP is composed of two alpha subunits that ex-
press the long-chain 2-enoyl-CoA hydratase and long-chain 3-hydroxya-
cyl-CoA dehydrogenase (LCHAD) activities while another two beta
subunits mediate the beta-ketothiolase activity."® These subunits are

Hydroxyacyl-CoA Dehydrogenase/3-Ketoacyl-CoA Thiolase/Enoyl-CoA
Hydratase, Beta subunit (HADHB) genes. Autosomal recessively inheri-
ted pathogenic variants in both HADHA and HADHB have been
described in humans. Several pathogenic variants in HADHA and
HADHB impact TFP stability and expression and lead to a decrease in all
three enzyme activities of TFP.” However, the most common pathogenic
variant is ¢.1528 G > C in the HADHA gene which leads to isolated
LCHAD deficiency with relatively intact hydratase and ketothiolase ac-
tivity. As a result, patients with the ¢.1528 G > C variant have elevated
3-hydroxy-fatty acids and 3-hydroxyacylcarnitines in plasma.'® The
majority of other pathogenic variants in HADHA or HADHB cause
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unstable protein expression and complete loss of protein function,
resulting in TFP deficiency with lower plasma 3-hydroxy-fatty acids.
However, accumulation of the various 3-hydroxy species seems more
deleterious to retinal function than complete loss of TFP function.'>!?

The ocular manifestations in LCHAD deficiency first start as a pro-
gressive pigmentary change in the retina. Tyni et al. proposed four
stages of LCHADD retinopathy starting from a normal fundus at birth,
followed by stage 2, retinal pigment epithelium (RPE) pigment disper-
sion and clumping in the fovea. In stage 3, circumscribed central cho-
rioretinal atrophy and pigmentary changes migrate toward the
periphery. Finally, in stage 4, central scotomas developed from pro-
gressive loss of photoreceptors and almost complete diffuse chorior-
etinal atrophy.'’

Choroidal neovascularization (CNV) can be a serious cause of vision
loss, although CNV is rare among children, it is one of the complications
which can be observed in multiple inherited chorioretinal dystrophies
(IRDs), such as vitelliform dystrophies, pattern dystrophy, gyrate atro-
phy or choroideremia.'®'* However, only one case report from Riccardo
et al. has described the presence of CNV associated with a 21-year-old
with LCHADD.'® The paucity of reported cases may be related to the
reliance on fluorescein angiography (FA) to detect CNV. While FA is the
gold standard to detect CNV in diseases such as age-related macular
degeneration, detecting CNV in inherited retinal degenerations can be
masked by chorioretinal atrophy, outer debris, or vitelliform material.
Optical coherence tomography angiography (OCTA) provides a nonin-
vasive imaging modality to study the morphology of neovascular
membranes and retinochoroidal microvasculature.'® OCTA has the
advantage of resolving vasculature at different retinal depths and is less
impacted by windowing defects than FA. In this study, we report seven
cases of CNV from OCTA images in subjects with LCHADD retinopathy.
CNV appears to be a potential complication starting as early as stage 2
LCHADD retinopathy.

2. Materials and methods

Patients were enrolled after informed consent was obtained in
accordance with a protocol approved by the Institutional Review Board
of the University of Pittsburgh and adhering to the tenets of the Decla-
ration of Helsinki. Here we describe seven patients who visited the
ophthalmic genetics clinic at the Casey Eye Institute and University of
Pittsburgh from January 2020 through December 2022 and were
imaged with OCTA and demonstrated CNV.

These participants were enrolled in the Observational Natural His-
tory of LCHADD Retinopathy Study (RO1 HD095968). The inclusion
criteria for this natural history study were patients aged between 2 and
60 years with a confirmed diagnosis of LCHADD or trifunctional protein
deficiency (TFPD). Diagnosis of LCHADD/TFPD was confirmed by
obtaining medical record results of acylcarnitine profiles, fatty acid
oxidation probe studies in cultured fibroblasts, and/or genetic testing.
For this report, we included all cases of presumed CNV with sufficient
quality OCTA images. Exclusion criteria for this analysis were the
presence of severe media opacities, such as advanced cataracts, or the
inability to obtain an OCTA image. CNV was identified using 2 methods:
first, we consider the patient’s history and retinal examination, looking
for evidence of subretinal hemorrhage, fluid, or scar tissue along with a
history of anti-VEGF treatment. Second, we examine the presence of
CNV flow in the outer retinal layers using OCTA.

The patients underwent an eye examination, including measurement
of best-corrected visual acuity, slit-lamp biomicroscopy, color fundus
photography (FF450; Carl Zeiss Meditec, Dublin, CA), fundus auto-
fluorescence (Optos 200Tx; Optos PLC, Marlborough, MA), spectral-
domain OCT (Spectralis; Heidelberg Engineering, Germany) and OCT
angiography described below.

Participants were scanned in a 3 x 3-mm and 6 x 6-mm area
centered on foveal avascular zone (FAZ) using three commercial
spectral-domain OCTA systems: (1) Avanti (Optovue/Visionix, Inc.,

American Journal of Ophthalmology Case Reports 32 (2023) 101958

Freemont, CA) with 840-nm central wavelength and 70-kHz axial scan
rate, (2) Solix (Optovue/Visionix, Inc., Freemont, CA) with 840-nm
central wavelength and 120-kHz axial scan rate, and (3) Angioplex
(Carl Zeiss Meditec, Inc., Dublin, CA) with 840-nm central wavelength
and 68-kHz axial scan rate. Both the Avanti and Solix OCTA systems
utilized the commercial version of split-spectrum amplitude-decorrela-
tion angiography (SSADA) algorithm to detect reflectance changes be-
tween two consecutive B-scans acquired at same location.'”'° In
Angioplex system, optical microangiography (OMAG) algorithm was
applied to detect the flow signals.’’?? Projection-resolved OCTA
(PR-OCTA) algorithm was applied to suppress projection artifacts
through the entire OCTA volume.*

OCTA volumes were processed using our custom COOL-ART (Center
for Ophthalmic Optics & Lasers-Angiography Reading Toolkit) image
processing software. Retinal layer boundaries of the vitreous and the
inner limiting membrane (ILM), outer plexiform layer (OPL), and
Bruch’s membrane (BM) on structural OCT volume were segmented
automatically.”* The segmentation errors that occurred in the area with
severe degenerative changes were manually corrected.” PR-OCTA
volumes were used to visualize CNV on both en face and
cross-sectional angiograms.25

Several maximum projection en face images were generated to
display the pathological changes, including (1) OCT angiograms of the
outer retina, comprising the slab between the outer boundary of OPL
and BM; en face OCT angiograms of the inner retina, comprising the slab
between the ILM and outer boundary of OPL. And (2) en face structural
OCT of ellipsoid zone (EZ) slab.

3. Results

There were 40 patients enrolled in the Natural History of LCHADD
retinopathy study, and OCT angiograms were obtained from 33 patients
ranging in age from 7 to 36 years. Six patients were excluded because
they were too young to obtain imaging, and one patient was excluded
because of poor-quality photos. Nine eyes from seven patients diagnosed
with LCHADD (age 17-36 years) complicated by CNV were included in
this study. Genetic testing details for each case are presented in Table 1.
All subjects were diagnosed of LCHADD, caused by pathogenic variants
in HADHA gene (gene OMIM#600890) and all inherited in autosomal
recessive pattern. FA was not performed in all cases due to the inactivity
of the CNV disease. The prevalence of CNV in at least one eye in our
study was 21 %. Patients with a CNV in at least one eye were older than
those with no evidence of CNV (p = 0.002 Mann Whitney test).

3.1. Case 1

A 29-year-old man was diagnosed with LCHADD at birth from mul-
tiple organ involvement, including hypertrophic cardiomyopathy, liver
dysfunction, myopathy, and myoglobinuria. His brother died from
LCHADD complications at 9 months old. He harbored homozygous
¢.1528 G > C pathogenic variants in HADHA. His first fundus photo-
graphs were taken at age 6, at which time his visual acuity was 20/50 in
his right eye and count finger in his left eye. A retinal exam revealed
pigment accumulation in the central fovea of both eyes, and a small area
of fibrotic membrane was observed just temporal to foveal pigmentation
in his right eye (Fig. 1A). After multiple follow-up visits, macular
pigment disappeared and progressed into choroidal atrophy in the left
eye, while the right eye demonstrated a white fibrotic scar with adjacent
dense well-demarcated pigment clumping in the foveal area (Fig. 1B). At
age 29, his LCHADD retinopathy was Stage 3, but his vision remained
stable at 20/50, and there was no recorded evidence of subretinal
hemorrhage or fluid. OCTA was performed at age 28 and revealed a CNV
plexus lying in the outer retinal space underneath the foveal pigmen-
tation. Images from the choriocapillaris slab revealed a more extensive
fibrovascular network extending from the peripapillary area to the
temporal fovea (Fig. 1C-E).
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Table 1
Subject disease variants and testing.

Subject  Variants Lab Technique CLIA
(Y/N)

1 Homozygous ¢.1528G > C Dr. Arnold Sanger N
(Pathogenic) (1) Strauss

2 ¢.1528G > C (Pathogenic)/ Prevention NGS + Y
€.479_482delinsAATA Genetics Sanger
(Novel, Likely pathogenic)

3 Homozygous ¢.1528G > C NA NA NA
(Pathogenic)

4 Homozygous ¢.1528G > C Dr. Arnold Sanger N
(Pathogenic) Strauss

5 ¢.1528G > C (Pathogenic)/ Emory Targeted Y
c.1620 + Genetics Lab Testing

2.1620+6delTAAGG (IVS15
+ 2_+6delTAAGG)
(Pathogenic) (2)

6 Homozygous ¢.1528G > C Dr. Kerr PCR-RFLP N
(Pathogenic) Barnes Jewish
Hospital
7 Homozygous ¢.1528G > C Dr. Arnold Sanger N

(Pathogenic) Strauss, Yale

Abbreviations: NGS = Next Generation Sequencing; CLIA = Clinical Laboratory
Improvement Amendments; PCR-RFLP = Polymerase Chain Reaction-
Restriction Fragment Length Polymorphism; NA = data was not available in
the medical record.

1. Sims HF, Brackett JC, Powell CK, Treem WR, Hale DE, Bennett MJ, Gibson B,
Shapiro S, Strauss AW. The molecular basis of pediatric long chain 3-hydrox-
yacyl-CoA dehydrogenase deficiency associated with maternal acute fatty liver
of pregnancy. Proceedings of the National Academy of Sciences of the United
States of America. 1995; 92(3):841-845.Structured.

2. Ibdah, J. A., Bennett, M. J., Rinaldo, P., Zhao, Y., Gibson, B., Sims, H. F., &
Strauss, A. W. A fetal fatty-acid oxidation disorder as a cause of liver disease in
pregnant women. N Engl J Med, 1999; 340(22), 1723-1731. doi:10.1056/
nejm199906033402204.

3.2. Case 2

A 32-year-old woman who had two different variants identified in
HADHA; the c¢.1528 G > C common pathogenic variant and
c.479_482delinsAATA a potential pathogenic variant and was delivered
at the gestational age of 30 weeks due to maternal acute fatty liver. She
had episodes of hypoglycemia, liver and kidney failure, myoglobinuria,
peripheral neuropathy, rhabdomyolysis, and cardiomegaly. Her visual
symptom started with nyctalopia at age 14. At that time, her visual
acuity was counting fingers in her right eye and 20/30 in her left eye.
Fundus photos demonstrated central pigment clumping in the right
fovea, generalized retinal pigment epithelium (RPE) granularity, and
mottling with partial choroidal atrophy in the posterior pole of both
eyes, consistent with stages 2-3 of LCHADD retinopathy. Over the next
18 years, there was a progressive increase in foveal pigmentation and
the development of choroidal atrophy starting centrally perifoveal and
spreading outwards to result in Stage 4 LCHADD retinopathy (Fig. 2).
OCTA images from the right eye at age 31 demonstrated a neovascular
plexus in the outer retinal slab (between the outer boundary of OPL and
BM) adjacent to the central fovea. This finding suggests a diagnosis of
subclinical CNV from OCTA (Fig. 2C).

3.3. Case 3

A 26-year-old woman was diagnosed with LCHADD at 8 months old
upon presenting with a hypoglycemic crisis. Her genotype was homo-
zygous for the common pathogenic variant c.1528 G > C. She also had a
history of cardiomyopathy, hepatopathy, rhabdomyolysis, and mood
disorder. At age 10, while her vision was stable at 20/20 in both eyes,
she developed bilateral macular pigment clumping and scattered bone
spicules in the peripheral retina. She complained of worsening vision in
both eyes at age 16 following an acute metabolic decompensation and
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hospitalization for rhabdomyolysis. Her visual acuity dropped to 20/25
in the right eye and 20/100 in the left eye. Retinal examination at that
time revealed a subretinal green-tinged membrane nasal to fovea
without hemorrhage or fluid in the left eye. Without any treatment, the
green-tinged membrane evolved into a subretinal white scar over time,
and vision stabilized. Similar to the previous cases, the pigmentary at-
rophy in the right eye spread from the central macula to outside the
vascular arcades. The left eye had persistent macular pigment clumping
adjacent to the fibrotic scar with slight enlargement of the scar over
time, resulting in a stage 3 retinopathy. OCTA images of the left eye
(Fig. 3) were taken at age 25. They demonstrated a neovascular lesion in
the subretinal space underneath the pigmentation and was composed
predominantly of large diameter vessels originating from the peri-
papillary area. There was no CNV in the right eye.

3.4. Case 4

An 18-year-old man homozygous for ¢.1528 G > C pathogenic
variant was diagnosed with LCHADD by newborn screening. He had a
history of multiple episodes of rhabdomyolysis and myoglobinuria. His
retinopathy started at age 3 when diffuse pigmentary speckling in the
peripheral retina was observed, but visual acuity measured 20/20 in his
right eye and 20/40 in his left eye. By age 6, there was an increase in
foveal pigmentation in both eyes with asymptomatic subretinal hem-
orrhage at the superonasal edge of the RPE clumping in the left eye. OCT
during that same visit revealed elevated and clumped RPE, cystoid
macular edema (CME), and loss of photoreceptor in the left eye. He was
diagnosed with CNV and received intravitreal injections of bevacizumab
1.25 mg in the left eye. After treatment, the best corrected visual acuity
improved from 20/70 to 20/40 OS with a resolution of the subretinal
hemorrhage. The second dose of bevacizumab was given 5 months later,
and the CNV regressed into a subfoveal fibrovascular lesion with RPE
atrophy and focal hyperpigmented clumping. No further treatment was
given. At age 10, his right eye developed a subretinal fibrotic scar with a
pigment epithelial detachment (PED) seen by OCT, and the lesion was
stable for 8 years. OCTA was obtained at age 18. Unfortunately, signal
quality from the left eye was poor. However, in the right eye, a plexus of
dense capillary networks were observed underneath the RPE located
superior to the foveal pigmentation, suggesting type 1 CNV (Fig. 4).

3.5. Case 5

A 17-year-old woman was diagnosed with LCHADD at 5 months old
upon presenting with hypoglycemia, liver dysfunction, and cardiomy-
opathy. She had two different variants in HADHA; the ¢.1528 G > C
common pathogenic variant and ¢.1620 + 2_1620+6delTAAGG likely
pathogenic variant. Her best corrected visual acuity was 20/125 in her
right eye and 20/400 in her left eye. Retinal examination revealed
diffuse pigmentary change and atrophic choroid in the central macula.
OCTA depicted bilateral CNV membranes (Fig. 5A and B).

3.6. Case 6

A 36-year-old woman had been diagnosed with LCHADD from a
history of siblings with LCHADD and had a hypoglycemic episode at
birth. She was homozygous for ¢.1528 G > C pathogenic variant. She
also had a history of rhabdomyolysis, neuropathy, and retinopathy. Her
fundus examination showed peripheral pigmentary clumping and cen-
tral choroidal atrophy in both eyes. She did not report changes in her
vision, and her visual acuity measured 20/40 in both eyes. OCTA was
obtained at age 36, and a possible small area of CNV in the left eye was
detected (Fig. 5C).

3.7. Case 7

Case 7 was a 21-year-old man who was homozygous for ¢.1528 G > C
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Fig. 1. Patient 1 of LCHADD complicated with CNV in the right eye. A, Color fundus photograph revealing a nummular hyperpigmented lesion in the right macula
with a scar temporal and superonasal to the pigmented lesion. B, Color fundus photograph of the same patient after 22 years follow up showing extension of the dense
hyperpigmented lesion and faint scar surrounded by a pale macular choroidal atrophy. C, After applying the projection resolved algorithm to a 6 x 6 mm red box area
in B, color-coded composite en face OCTA, subretinal choroidal neovascular plexus (yellow) was highlighted D, Cross-sectional Spectral Domain-OCTA image cor-
responding to the white dot line in C showing subfoveal choroidal neovascularization. E, En-face slab of choriocapillaris showing an enlarged area of subfoveal CNV
network. F, En-face OCT slab of the photoreceptor demonstrated subretinal fibrotic scar. Retinal tubulation adjacent to the CNV were observed. (yellow arrow). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

common pathogenic variant. He was born prematurely at 34 weeks due
to maternal Hemolysis, Elevated Liver enzymes, and Low Platelets
(HELLP) syndrome. He was diagnosed with LCHADD at 6 months of age
following metabolic decompensation after a flu virus. He also had a
history of hypoglycemic episodes, cardiomyopathy, rhabdomyolysis,
and neuropathy. His retinopathy was first detected at age 5 when diffuse
pigmentary speckling in the retina was observed. He began to have
choroidal atrophy in the center of both eyes with a subretinal whitish
lesion seen in the nasal area of the macula on the left eye from a fundus
photo at age 7 while decreased visual acuity measured from 20/80 to
20/150 in his right eye and 20/25 to 20/125 in his left eye. Twelve years
later, his visual acuity remains stable, 20/200 in his right eye and 20/
100 in his left eye, his fundus had progressive chorioretinal atrophy of
the posterior pole with a subretinal white scar persisting in the left eye
resulting in Stage 4 retinopathy. OCTA was obtained at age 21, however,
in the scans of the left eye, expected CNV flow was not detected, despite
the white scar was presumed to have been a CNV.

Among the seven cases, five were common homozygous for ¢.1528 G
> C HADHA variant. Genetic testing identified participant 2 was het-
erozygous for ¢.1528G > C and a variant designated c 479_482deffnsAA
TA, which is predicted to result in a premature protein termination (p.
lle160_Alel61dellnsLys*). To our knowledge, this variant has not been
reported but is expected to be pathogenic. Participants 5 was hetero-
zygous for ¢.1528 G > C and ¢.1620 + 2_1620+6delTAAGG, this variant
has been reported previously and classified as pathogenic.?® Mean visual
acuity in the eyes of the CNV group was 44.8 ETDRS letters compared to
80.2 in non-CNV eyes (p = 0.003). If only advanced stages (3 and 4)
were compared, mean visual acuity was significantly different between
CNV and non-CNV eyes, with ETDRS letter score of 42 and 64.53,
respectively (p = 0.03).

4. Discussion

CNV secondary to LCHADD retinopathy was previously thought to be
arare complication, however, it appears to occur more frequently and at
earlier stages of progression than expected. The etiology of CNV in
subjects with LCHADD retinopathy is still unknown. A recent study from
Riccardo et al. demonstrated one case of LCHADD complicated by CNV.
The pathophysiology is thought to begin from the atrophy of the cho-
riocapillaris and medium-sized choroidal vessels, which leads to hyp-
oxia in the posterior pole.'® Structural OCT revealed atrophic thinning
of ONL, EZ, RPE, choriocapillaris, and choroidal layers in correspon-
dence to the area of central macular atrophy and CNV. Our study
observed the prevalence of CNV in 7 out of 34 cases (21 %). The inci-
dence of CNV associated with LCHADD might be higher. Still, it remains
underdiagnosed in the clinical setting due to the quiescence of the dis-
ease and the lack of availability of OCTA in the past.

Our case series of seven patients demonstrate that the onset of CNV
started at age six or earlier in three cases, age 16 in one case, and was
subclinical in three cases, with CNV not being observed until OCTAs
were obtained at ages 17, 29, and 36. Six patients did not complain of a
change in vision at the time CNV occurred, while one presented with
worsening vision.

Patients with LCHADD have episodic metabolic decompensation
during periods of illness, fasting, or excessive exercise that leads to
elevated long-chain 3-hydroxy fatty acids and carnitine esters in the
plasma.?’ These partially oxidized fatty acids are observed even in
healthy individuals with LCHADD; they rise after fasting and fall with
eating.’’ We have noted a correlation between chronic elevations of
long-chain 3-hydroxyacylcarnitines and more rapid chorioretinopathy
progression.'»?® Others have noted a correlation between increased
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Inner and Outer retina Cross-section

Fig. 2. Left column demonstrates a progression of the fundus changes in LCHADD in patient 2, starting at 6 years of age until 31 years of age. The retinal vessels are
tortuous. RPE pigmentation is presented in the central fovea of both eyes. A peripapillary area of bare sclera has appeared and enlarged over time along with
diminished pigment clumps in the central fovea in the left eye (non-affected eye). Finally, the bare sclera is visible over the whole posterior pole. Only a few large
choroidal vessel trunks are seen in the center of the macula and temporal to it. Pigment clumping is persisted in the central macula of the right eye (affected eye). Red
box delineates 6 x 6 mm area corresponding to OCTA images. The middle and right columns demonstrate OCTA images of CNV-associated LCHADD. A,B, En face
OCTA slab at the choroidal layer and Ellipzoid zone of photoreceptor, showing the appearance of subfoveal choroidal neovascularization. C, Color composite en face
OCTA of inner retinal vasculature (purple) and CNV vessels (yellow) in a circular pattern. D, Cross-sectional Spectral Domain-OCTA image corresponding to the white
dot line in C showing type 2 neovascular membrane and pigment with relative flow (yellow) within the lesion. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Inner and Outer retina ../~ * : Cho‘r,io'c;]pillari:s Cross-section

Fig. 3. Patient 3 of LCHADD complicated by CNV OS. A, Fundus photo shows diffuse chorioretinal atrophy OU with white fibrotic scar and pigment clumping at
macula OS, Red box delineates a 6 x 6 mm area corresponding to OCTA images. B, 6 x 6 mm OCTA in inner and outer retinal slab revealed the CNV plexus (yellow)
C, En-face slab of choriocapillaris showing an enlarged area of CNV network. D, segmented cross-sectional scan of OCTA of white dot line in B demonstrates
angiographic flow (yellow) within subretinal hyperreflective tissue of left eye. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 4. Patient 4 of CNV associated LCHADD. A, Fundus photo shows subretinal white scar at perimacular region in stage 2 LCHADD retinooathy OD, central
choroidal atrophy and pigment clumping at macula OS from previous CNV. Red box delineates 6 x 6 mm area corresponding to B and C images. B, En-face 6 x 6 mm
OCTA in outer retinal slab revealed the CNV plexus (yellow) C, Cross-sectional Spectral Domain-OCTA image at the white dot line in B showing type 1 neovascular
membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

hospitalizations from metabolic decompensation and more rapid vision
loss.?**° However, no correlation between CNV and 3-hydroxyacylcar-
nitines has been previously reported. Rapid deterioration of visual
function may have a role in initiating neovascularization in choroidal
vessels.

For most cases, the CNV was detected during stage 2 of the reti-
nopathy, corresponding to when pigment clumping in the fovea first
appears, but visual acuity often remains intact. When the disease pro-
gresses to a later stage, the central pigmentation typically disappears,
leading to macular chorioretinal atrophy with progression peripher-
ally.’! Interestingly, we observed that in cases with CNV, the pigmentary
clumping adjacent to the fibrovascular scar was intense and persisted
over time. Melanosomes in RPE contain melanin-imbuing antioxidant
properties such as sequestration of redox-active metal ions, and scav-
enging of free radicals, that help to protect the neural retina.>>>* We
hypothesize that the remaining RPE melanosomes in CNV complicated
LCHADD might be a protective mechanism. Another hypothesis for the
hyperpigmented lesion is based on the pathogenesis of the Foster-Fuchs
spot in myopic CNV. Similar to CNV in retinal dystrophy, most cases of
myopic CNV are usually small and tend to regress spontaneously. These
CNVs are associated with subretinal or choroidal hemorrhage, which is
engulfed by proliferating retinal pigment epithelial cells. Therefore, the
Fuchs spot usually presents with a central elevated hyperpigmented
spot, surrounded by enlarged chorioretinal atrophy in the macula
region.34’35

Six out of seven patients demonstrated type 2 neovascularization
which arises in the outer retinal space. In contrast, case 4 patient
developed bilateral CNV with a type 1 membrane in the right eye and a
type 2 membrane in the left eye. All were observed in a quiescent state
and had evolved into fibrovascular membranes. Similar to other CNV

secondary to distinct retinal dystrophies,'® they tend to be small, focal,
and inactive in nature. They can spontaneously subside or require only a
few injections of anti-VEGF treatment to preserve vision. Although the
CNV in LCHADD is subtle and rarely requires treatment, it might cause
some degree of damage to photoreceptors causing deterioration of visual
acuity. Our study observed a lower ETDRS letter score in eyes with CNV
compared to eyes without CNV, although the sample size is small. Lower
vision may be related to either photoreceptors disruption or tissue
scarring at the CNV. However, this suggests the importance of early
detection and close observation.

In the late course of the disease, choroidal atrophy and thinning
progressed, resulting in the whitening of the macular area. This causes
the indistinctness of the fibrotic scar when observed in color fundus
photographs, and CNV can be missed. OCTA is a useful and non-invasive
method to evaluate the CNV in this situation. We can segment retinal,
RPE, and choriocapillaris layers on OCT/OCTA scans, which helps
monitor the area of CNV and the progression of the disease over time.
With the capability of OCTA, patients with CNV-associated LCHADD
could be diagnosed at the early stage. They may have better visual
outcomes if the treatment is given with intravitreal anti-VEGF before the
CNV membrane converts to a fibrotic scar.

Our study has also demonstrated that device-agnostic software, such
as the projection-resolved algorithm® in COOL-ART can be used for
removing projection artifacts and retaining flow signals from CNV ves-
sels while suppressing projected flow artifacts from retinal superficial
and deep plexuses. As a result, the software can reliably detect volu-
metric flow in the CNV and can also be used to detect CNV lesions even
when imaged from different devices.

Some limitations of our study were that CNV was detected retro-
spectively, and OCT angiograms were only available at the stages of CNV
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Inner and Outer retina - .

Cross-section

Fig. 5. A and B, patient 5 OD and OS respectively,C, patient 6 of CNV-associated LCHADD. First column is the fundus photographs of these two patients in advance
stage, choroidal atrophy were observed in all cases with pigment clumping at macula OS in patient 6. Second column demonstrated En face OCTA slab of photo-
receptors. Retinal tubulation were observed in difference patterns. (yellow arrow) Third column, en-face 6 x 6 mm OCTA in the outer retinal slab corresponding to
area within the red boxes in column A revealed subretinal CNV plexus (yellow). The last column showed cross-sectional Spectral Domain-OCTA with color-coded flow
overlay corresponding to white dot line in the third column, illustrated the angiographic flow of CNV (yellow). OCTA image of a bottom row from patient 6 revealed
slightly low flow signal which possible a small CNV. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

presentation. While 7 cases from 40 patients may appear to be a small
sample size, the study is the largest reported cohort of patients with
LCHADD/TFPD to date. Further studies are required to confirm the
distinct nature of CNV in LCHADD compared to other forms of CNV.
Newer technologies, such as OCT oximetry”° to evaluate oxygen con-
centration in retinal and choroidal vasculature could potentiate a better
understanding of the pathogenesis of the disease.

In conclusion, as a non-invasive method, OCTA was used to evaluate
the retinal and choroidal microvasculature, including the presence of
CNV in LCHADD. CNV is suspected to be greater than previously ex-
pected and occurs at an early stage of LCHADD retinopathy.
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