Handbook of Clinical
Electrophysiology
of Vision

-

Minzhong Yu
Donnell Creel
Alessandro lannaccone
Editors

@ Springer



Handbook of Clinical Electrophysiology of Vision



Minzhong Yu ¢ Donnell Creel
Alessandro lannaccone

Editors

Handbook of Clinical
Electrophysiology of Vision

@ Springer



Editors

Minzhong Yu Donnell Creel

Department of Ophthalmology Moran Eye Center

University Hospitals Eye Institute University of Utah School of Medicine
Cleveland, OH Salt Lake City, UT

USA USA

Alessandro lannaccone

Center for Retinal Degenerations and
Ophthalmic Genetic Diseases

Duke University School of Medicine
Duke Eye Center, Department of
Ophthalmology

Durham, NC

USA

ISBN 978-3-030-30416-4 ISBN 978-3-030-30417-1 (eBook)
https://doi.org/10.1007/978-3-030-30417-1

© Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-30417-1

Preface

Over the past decade, progress in clinical electrophysiology of vision has revealed
better understanding of the relationship of retinal pathophysiology and the change
of the parameters of electrophysiologic responses and the underlying mechanisms.
This handbook, which includes recent updates of techniques, research, and data
from clinical electrophysiology of vision, was written by ophthalmic
electrophysiologists/vision scientists, and ophthalmologists. We anticipate that
clinical researchers and vision scientists will be inspired by developments toward
the improvement of diagnoses and drug screening.

Chapters 1, 2, and 3 illustrate the physiologic sources of electrophysiologic
responses, the techniques of the recording, and the analysis of electrophysiologic
signals. Chapters 4, 5, 6, 7, 8, 9, 10, and 11 summarize the characteristics of the
electrophysiologic signals in a number of disorders of the retina and optic nerve,
which will help clinicians select the suitable electrophysiology tests for differentia-
tion and diagnosis of diseases.

We would like to thank Springer for giving us the opportunity to publish this
book. We are also deeply grateful to all of the chapter authors for their extraordinary
contributions. Finally, we thank Xiaoshan Yu, PharmD, RPh, and Feras Mohder,
MD, Board-Certified Internist, for their critical review of Chapters 9 and 10,
respectively.

Cleveland, OH, USA Minzhong Yu, PhD, MMed
Salt Lake City, UT, USA Donnell Creel, PhD
Durham, NC, USA Alessandro Iannaccone, MD, MS, FARVO
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of Vision
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Chapter 1
Electroretinography

Donnell Creel and Minzhong Yu

Components of ERG

In 1865, Holmgren noticed that there were electrical changes in an amphibian eye
when exposed to light [1]. By 1908, three waves, a, b, and ¢, of ERG had been iden-
tified. In 1933, Ragnar Granit performed several studies on cat retinae manipulating
levels of anesthetic to isolate different components contributing to the ERG [2]. He
identified the origins of ERG components: a-wave originating from retinal recep-
tors, b-wave from mid-retina (bipolar cells), and c-wave from the retinal pigment
epithelium. The 1967 Nobel Prize for Physiology and Medicine was awarded to
Ragnar Granit for this work.

Granit labeled three components, PI, PII, and PIIL, in the order they were extin-
guished with deepening the levels of anesthesia in cat. When stimulating with a
2-second pulse of light, a cornea-positive component PI increases to a maxi-
mum slowly and then decreases slowly without showing an off response. PII is
also a cornea-positive component with short latency reflecting the b-wave, which
decreases quickly to a lower positive potential and then shows an off component.
PIII best resists anesthesia in cat. It is a cornea-negative component that quickly
reaches a minimum potential and remains negative until light stimulus ends.

PIII includes a fast negative PIII and a slow negative PIII [3, 4]. The fast PIII,
elicited by the onset of the stimulating light, is from extracellular radial current
of photoreceptors, which is caused by the closure of cGMP-gated cationic chan-
nels when the photoreceptor outer segments receive light [5, 6]. The slow PIII,
maintained when the stimulating light is kept on, is generated by the change of
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the transmembrane potential of the Miiller cells that is initiated by the reduction of
extracellular potassium concentration in the photoreceptor layer during light stimu-
lation. PII is mainly associated with bipolar cell layer. The ERG a-wave is the sum
of PIIT and PII. The b-wave is mainly associated with PII. Finally, PI is from retinal
epithelium layer. The c-wave’s main contribution is from PI.

These studies along with other data added to the confirmation of different ori-
gins of ERG components a-, b-, and c-waves (Fig. 1.1). The pattern of these waves
depends upon stimulus strength and duration.

The clinical application of electroretinograms (ERGs) began in the 1950s, but
the common use of clinical ERGs and visually evoked potentials (VEPs) paral-
lels the availability of averaging computers in the 1960s. Electroretinograms and
visually evoked potentials have become more sophisticated paralleling advances in
computer technology reaching current sophistication in multifocal ERGs and mul-
tifocal VEPs.

A flash of light elicits a biphasic waveform recordable at the cornea is similar
to the one illustrated (Fig. 1.2). The two components that are most often measured
are the a- and b-waves. The a-wave is the first large negative component, followed
by the b-wave that is positive and usually larger in amplitude compared with the
a-wave (Fig. 1.2).

Fig. 1.1 The ERG of a cat +1
following 2 second light

stimulus broken down into b
components affected by
depth of ether anesthesia
[2]. Components PI, PII,
and PIII disappear
sequentially as anesthetic
depth increased

Fig. 1.2 A typical bright +
white flash ERG waveform b
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Two principal components of the ERG waveform are quantified in a clinical
exam: (1) The amplitude from the baseline to the negative trough of the a-wave
and the amplitude of the b-wave measured from the trough of the a-wave to the
following peak of the b-wave and (2) the time from flash onset to the trough
of the a-wave and the time from flash onset to the peak of the b-wave. These
times are referred to as “implicit times” in the jargon of electroretinography. The
recording site on the cornea of eye is usually the positive pole of the amplifier
and is displayed as upward in ERG; the reference location such as the forehead
is the negative pole and displayed downward such as in Fig. 1.2.

The a-wave, also referred to as the “late receptor potential,” reflects the overall
physiological health of the photoreceptors in the outer retina (Fig. 1.3). By contrast,
the b-wave reflects the health of the inner layers of the retina, including the ON
bipolar cells and the Miiller cells [7], and is affected by the physiology including
transmitters of all constituents comprising the mid-retina, horizontal, amacrine, and
other types of bipolar cells. Two other waveforms that are sometimes recorded clini-
cally are the c-wave originating in the pigment epithelium [8—11] and the d-wave
indicating activity of the OFF bipolar cells [12, 13].

Besides a-, b-, and c-waves, oscillatory potentials (OPs) appear on the ascending
limb of b-waves, first described by Cobb and Morton (1954). OPs may be related to

pigment. " ToTeeee e[ e e]e[e]e[e e e[o o o]
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Fig. 1.3 Diagram of retina showing origin of ERG components (Courtesy of Helga Kolb)
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ERP off d

a
Light

Fig. 1.4 Hypothetical ERG showing all components of the ERG recordable under different
conditions

the extracellular currents in the feedback loop among bipolar cells, amacrine cells,
and ganglion cells [14, 15].

The early receptor potential (ERP) is a very fast small biphasic component pre-
ceding the a-wave, appearing in the first 2 milliseconds following a bright flash,
reflecting the earliest chemical responses to light in the receptor outer segments.
Approximately 70% of its contribution is from cones. The ERP latency is less than
60 microseconds. Due to photovoltaic effects, ERPs are best recorded using non-
metal electrode, such as with a cotton wick. The ERP is difficult to record and is
not commonly used clinically. Figure 1.4 depicts a hypothetical ERG showing all
components of the ERG recordable under different conditions.

The ERG of a normal full-term infant looks similar to an adult ERG. The
ERG amplitude in a newborn infant is occasionally small in the first couple of
months. The ERG attains peak amplitude in adolescence and slowly declines in
amplitude throughout life [16]. After age 60, the amplitude of the ERG declines
even more. Implicit times slow gradually from adolescence through old age
as well.

Types of ERG

Full-Field ERG

Full-field ERGs (ffERGs) are recorded with full-field flash stimulation in dark-
adapted and light-adapted conditions. The testing sequence and flash stimuli
vary between protocols. Combined with colors of flashes and rate of stimulation
(i.e., single and flickering flashes), one can separate rod and cone function. The
full-field ERG is the preferred test for assessing retinal dysfunction expressed
throughout the retina. For patients over 5 years of age, most laboratories use a
Ganzfeld (globe) with a chin rest and fixation points (Fig. 1.5). The Ganzfeld
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Fig. 1.5 An example of a
Ganzfeld

% ColorDome

e ‘l“]ll.j

allows the best control of background illumination, stimulus color, and flash
intensity. Strobe lamp, LED flash, or Ganzfeld flash stimulation can be used to
record the ERG following a single flash or to average responses to several flashes
with the aid of a computer. Clinical decisions can be made from ERGs generated
by all methods.

Dark-Adapted Rod-Driven Scotopic and Mixed Flash ERGs

Suggested protocols recommend dark adaptation before recording ERGs for a set
time, minimally 20 minutes, with some laboratories using 30 minutes or longer.
After dark adaptation, dim flashes of light are used to measure rod function.
The most common protocol is the ISCEV standard white-flash protocol [17]. To
minimize the response of cone photoreceptors during the testing of rod function,
a dim blue flash stimulation with peak spectral color near 450 nm producing nor-
mal b-wave amplitude of about 200 pV is suggested to use prior to all-white flash
ISCEV protocol. In addition, a dim red flash color with wavelength of above
585 nm producing a normal b-wave amplitude of about 200 pV can also be used
before starting the all-white flash ISCEV protocol. The scotopic dim red flashes
stimulate both rod and cone photoreceptors producing an a-wave followed by
an early cone-dominated x component and then a larger slower rod b-wave [18].
The scotopic dim blue and red flashes can be created by placing Kodak Wratten
filters 47 and 26 in front of a dim strobe flash or selected on LED stimulus soft-
ware, such as using photopic blue 0.0004 cd-s-m™ and photopic red 0.2 cd-s-m?
(Fig. 1.6).
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Fig. 1.6 Visual spectrum
of 450 nm dim blue and
above 580 nm dim red
light flashes in relation to

sensitivity curves of rods IS
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A scotopic dim red flash ERG verifies rod function quantified by b-wave ampli-
tude and produces a fast x component resembling the photopic white flash ERG
created by the slight stimulation of cones [18]. The x component reflects cone phys-
iology, which can be considered along with photopic single white flash ERGs and
30 Hz flicker to judge cone function (Fig. 1.7).

Bright white flashes in the dark-adapted condition produce the large-amplitude
ERGs characterized by large-amplitude a-wave appearing at short implicit time fol-
lowed by a large-amplitude b-wave with oscillatory potentials on the ascending
limb. These scotopic bright white flash ERGs show mixed rod-cone responses for
assessment of rod and cone functions. However, these ERGs are not as sensitive to
subtle changes in retinal pathology.
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Light-Adapted Cone-Driven ERG

Light-adapted ERG responses are recorded with background illumination of
30 cd-m™ after 10 minutes of light adaptation. Single photopic bright white flash
ERGs and 30 Hz flicker are used to assess cone function along with the x compo-
nent of the scotopic dim red flash ERG.

Pattern ERG

The pattern electroretinogram (PERG) is the retinal response elicited by a pattern
reversal stimulus that assesses retinal ganglion cell function. Clinically, PERG is
used in patients including those with glaucoma, optic neuropathies, and ganglion
cell diseases. Its amplitude is small, usually less than 10 pV (Fig. 1.8), including
a small initial negative component with latency of approximately 35 ms (N35), a
much larger positive component peaking around 50 ms (P50), and followed by a
large negative component around 95 ms. Macular function is reflected in the P50
component and retinal ganglion cell function by the N95 component [19, 20].

For the PERG test, some contact lens electrodes cannot be used, because they blur
the pattern stimulation. Thin conductive electrodes such as the Dawson, Trick, and
Litzkow (DTL) or Arden gold foil are preferable. Each laboratory should establish its
normal values. PERG changes with age, although it is stable from teens through age
55 years. See ISCEV pattern ERG standard for detailed methodology [19].

Multifocal ERG

A limitation of the traditional global, full-field ERG is that the recording is a mass
potential reflecting the health of the whole retina, which may not be sensitive to
changes in small areas of the retina. Unless 20% or more of the retina is affected

Fig. 1.8 Representative P50
pattern ERG. Time epoch
250 msec

N35

N95
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with a diseased state, the full-field ERG is usually normal. A legally blind person
with macular degeneration, enlarged blind spot, limited schisis, or other small cen-
tral scotomas may have a normal full-field ERG. The most important development
in ERGs in the past 25 years is the multifocal ERG (mfERG). Erich Sutter adapted
the mathematical sequences called binary m-sequences, creating a software that can
extract hundreds of focal ERGs (fERG) from a single channel of electrical signal.
This system allows assessment of ERG activity in many small areas of retina. With
this method, the ERG responses from hundreds of retinal areas can be recorded in a
short time [21]. Conventional ERG electrodes can be used to record mfERGs from
the cornea of a dilated eye. The first kernel and the second kernel of mfERG wave-
forms are derived. The first kernel reflects the response to the current stimulation.
The second kernel reflects the current response with the interaction of a previous
response. The second kernel first slice reflects the current response with the interac-
tion of the closest previous response. The second kernel second slice reflects the cur-
rent response with the interaction of the previous response with one more interval.
The waveform of mfERG of first kernel and second-order kernel first slice in each
trace mainly consists of an initial negative component N1 followed by a positive
peak P1, subsequent N2, and even P2 components [22, 23]. Although the first nega-
tive component N1 resembles a-wave and P1 resembles b-wave in full-field ERG,
they do not reflect the responses from the exact same retinal cell layers. mfERGs
mainly reflect the responses of on- and off-bipolar cells with small contributions
from photoreceptors and inner retina [24]. Therefore, mfERGs mainly reflect the
status of retinal layers of bipolar cells and photoreceptors because the response of
bipolar cells is also affected by the input from photoreceptors. Besides the analysis
in different layers of retina, mfERGs mainly reflect the status of different areas
of retina. Small scotomas in retina can be mapped, allowing the degree of retinal
dysfunction to be quantified. Most mfERG analyses are based on amplitudes and
implicit times of the mfERG components. See Hood et al. (2012) for recommended
ISCEV International Standard mfERG protocol [25]. A normal mfERG array is
displayed in Fig. 1.9.

The mfERG is the test of choice to map central scotomas of any etiology origi-
nating in the retina in the central 60° of visual fields. The common mfERG exam-
ination, due to bright stimulus field, only reflects physiology of cone pathways.
Multifocal ERGs are not the test of choice for generalized retinal dysfunction. For
differentiating between cone, cone-rod dystrophies, rod—cone dystrophies, and
related disorders, it is better to record full-field ERGs.

Focal Flash ERG

The focal ERG (fERG) is used to assess function of a single small area of the retina,
often in the foveal, macular area. Stimulus field sizes from 3° to 18°, and different
stimulus frequencies are used. Focal ERGs along with mfERGs are useful to quantitate
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Fig. 1.9 Normal
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macular function including in patients with age-related macular degeneration (AMD).
Multifocal ERGs produce a map of up to 60° of central visual field, whereas fERG
assesses only one area. Both mfERGs and fERG require good fixation.
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Electrodes, Stimulation, and Recording Methods

ERG Electrodes

Figure 1.10 shows common ERG electrodes.

The Burian—Allen contact lens electrode is usually bipolar so that another nega-
tive reference electrode is not needed. It includes a speculum coated with silver that
holds the eyelids open and functions as the negative reference electrode. The central
contact lens with a wire ring “floats” on the cornea supported by a small spring as
the positive active electrode. These electrodes are available in different sizes that fit
the eye from full-term newborns to adults.

ERG-Jet electrode is a type of monopolar electrode that requires a negative ref-
erence location such as forehead, temporal area next to the canthus, or ear lobe.

The Dawson, Trick, and Litzkow (DTL) disposable electrode, a thin silver thread
inserted at lower lid margin, is popular. They are monopolar electrodes. Although
the signals recorded by DTL is lower than contact lens electrode, it is recommended
for the eyes with damaged cornea, including the eyes undergoing LASIK sur-
gery, corneal transplantation, and corneal abrasion, or for recording of PERG that
requires the patient to see the stimulating pattern as clear as possible, and can be
used in general. In addition, local anesthesia is not always required for using DTL
electrode and are more comfortable to the patient, which are the other advantages
of this electrode.
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Fig. 1.10 Commonly used ERG recording electrodes

The ERG can also be recorded using skin electrodes placed near the eye, such
as the sensor strips of LKC Technologies. This skin electrode set includes active,
reference, and ground electrodes in the strip, which can be used with either a con-
ventional electrophysiologic device or with an LKC RetEval system that is quite
portable and not limited to having an electrical outlet. Since skin electrodes are not
in direct contact with the eye, the recorded ERG amplitude is significantly lower.

If electrodes are to be reused, then they should be sterilized with a solution that
neutralizes prion-transmitted diseases such as Creutzfeldt-Jakob disease (CJID).
Follow sterilization recommended by the manufacturer to avoid damage to the
electrode.

Stimulation

There are several methods of stimulating the eye. Some laboratories use a strobe
lamp, array of LEDs, or hand-held LED stimulators that are mobile and can be easily
placed in front of a patient sitting or reclining (e.g., LKC RetEval, DiagnosysLLC
Colorburst). The mobility of these stimulators is preferable in situations such as at
the hospital bedside or in the operating room.

For eliciting pure rod response, low flash luminance ISCEV dark-adapted
0.01 cd-s-m~2 flash is commonly used. In addition, a lower intensity blue flash can
also be used, which is most sensitive not only to rod disorders but also to systemic
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metabolic aberrations and retinal toxicity. B-wave amplitudes elicited by scotopic
dim blue flash and red flashes can be adjusted in flash intensity so that similar b-wave
amplitudes are obtained with each stimulus. Examples include near 0.0004 cd-s-m™>
photopic blue flash intensity and 0.2 cd-s'm~2 photopic red flash intensity. This
matching is called “scotopically balanced” blue and red flashes [18]. In clinical
application, the b-wave amplitudes elicited by dim “scotopically balanced” blue and
red flashes are most sensitive to detecting changes in some disorders.

Rods are about three log units more sensitive than cones. However, cones recover
faster than rods. Using different rates of stimulus presentation, flicker, plus levels
of flash intensity allow the rod and cone contributions to the ERG to be separated.
Even under ideal conditions, rods cannot follow a flickering light up to 20 per sec-
ond, whereas cones can easily follow a 30 Hz flicker. A rate of 30 Hz is routinely
used to test if a retina has good cone physiology.

Recording Method

The recommended ISCEV standard ERG series includes six protocols. See
McCulloch et al. (2015) for details [17, 26].

Dark-adapted 0.01 cd-s-m~ ERG
Dark-adapted 3 cd-s:-m~ ERG
Dark-adapted 10 cd-s-m= ERG
Dark-adapted oscillatory potentials
Light-adapted 3 cd-s:m~ ERG
Light-adapted 30 Hz flicker ERG

I

About 20% of ERG laboratories add scotopic dim blue flash and/or scotopic dim red
flash prior to the first dark-adapted 0.01 cd-s-m~ ERG. Example flash intensities for
the scotopic dim blue flash intensity are photopic 0.0004 cd-s-m~2 for 440 nm blue,
and for dim red flash photopic 0.2 cd-s-m~2 for 600-635 nm red.

Dilation, Dark Adaptation, and Topical Anesthesia

The ERG can be recorded in several ways. The pupil is usually dilated with drops of
1% tropicamide and 2.5% phenylephrine HCI for adults or 1% cyclopentolate HC]
for children. The patient should dark adapt for 20-30 minutes. A total of 30 minutes
or more in the dark produces a state of 98% dark adaptation in most individuals. The
corneal surface is usually anesthetized with 0.5% proparacaine HCI.
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Testing Infants

Electrophysiology can be more helpful with pediatric patients as children are less
aware and unlikely to notice visual dysfunction or changes in vision that an adult
would notice, such as a visual field change, loss of acuity, and abnormal color
vision. A child will usually accept changes in vision and accept how they differ
from others, even blindness in the very young, as normal.

Infants up to 2 years of age can usually be tested without sedation with the parent
holding them bundled in a blanket. It is difficult to convince a child less than 5 years
of age to allow a contact lens or speculum electrode in their eye. Silver wire or gold
foil usually picks up too much muscle artifact from an active child. Skin electrodes
below the eye are an option. Alternatively, ophthalmic electrophysiology can also
be recorded as part of exams under anesthesia (EUA). The child can be sedated or
anesthetized in sedation unit or operating room. Oral glucose or sucrose are part of
the options for analgesia during the procedures of ERG recording in infants up to
18 months of age [27]. Combining remifentanil and propofol can also be used for
the recording of ERG and visually evoked potential (VEP) under anesthesia.

When recording ERGs or VEPs under anesthesia, depth of anesthesia must be
considered. Surgical-depth anesthesia interferes with recording electrophysiology,
especially visual evoked potentials. Anesthesia affects the ERG and VEP in differ-
ent degrees with different types and depths of anesthesia. Lighter level of anesthesia
has less effect. Some anesthetics can attenuate b-wave amplitude as much as 50%.
Most anesthetics do not affect a-wave amplitude or implicit time. One must coordi-
nate with the anesthesiologist to attain a light level of anesthesia. When recording
VEPs, the patient’s EEG can show whether the patient is lightly anesthetized. If
EEG amplitude is low, then ask the anesthesiologist to lighten anesthetic depth and
wait a few minutes.

Most laboratories do not have a Ganzfeld stimulator that can be placed over the
face of a sedated patient in the operating room. Thus, flash stimulations are often
delivered with a handheld strobe or LED stimulator placed over eye. It is difficult
to completely darken the operation room; thus, abbreviated testing is more easily
accomplished under mesopic and photopic light conditions using mesopic single
flashes, oscillatory potentials, and 30 Hz flicker.

Advanced Analysis of ERG Data
Intensity-Response Function of ERG B-Wave

In scotopic and photopic ffERG, the b-wave amplitude generally increases with
flash luminance. An intensity—response (I-R) curve can be plotted showing the
change of b-wave amplitude with the increase of the flash luminance (Fig. 1.11).
When the flash luminous intensity is low, the b-wave amplitude increases
slowly with the increase of the flash luminance. After reaching a certain level
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Fig. 1.11 Intensity- 800
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of luminance, the b-wave amplitude increases faster with the increasing lumi-
nous intensity. Then, increasing ERG amplitude gradually saturates at a high flash
luminance. After saturation, the b-wave amplitude may decrease mildly with the
increase of the flash luminous intensity. As luminance increases, the I-R curve of
the b-wave amplitude shows a second limb of b-wave amplitude in different slope.
In scotopic ERG, the second limb of the I-R curve ascends with a different slope
associated with the additional cone contribution on the rod response. In photopic
ERGs, the second limb of the I-R curve descends [28, 29], which is related to
the balance of the ON- and OFF-hyperpolarizing bipolar cells in different flash
luminous intensity [30].

For quantitatively analysis of the I-R curve in both scotopic and photopic ERGs,
the first limb, a sigmoid growth curve, can be fit by Naka—Rushton equation that
was derived based on the research of Naka and Rushton in 1966 [31]:

R=R, xI"/(I"+K"),
where R is the b-wave amplitude, R, is the maximum of the first limb of the
b-wave amplitude, / is the flash luminance, 7 is the slope of the curve, and K is the
flash luminance which elicits half of the maximal b-wave amplitude.
Oscillatory Potentials (OPs) Analysis
The frequency lower limits for recording OPs components are from 75 to 100 Hz,

and the upper limits are 300 to 1000 Hz. It is more convenient to analyze the OPs
with digital filtering and frequency spectrum analysis in which a Fast Fourier
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Transform (FFT) is used. During this process, the frequency spectrum is calculated
from the raw ERG waveform, in which the amplitudes of the components in differ-
ent frequencies are derived. The frequency spectrum can be used directly for the
comparison with that of the control group [32]. Another method is to use band-pass
filtering, selecting the components of the frequency spectrum in the range of about
100-150 Hz to extract the OPs waveform. Then, the amplitudes of the several OPs
wavelets can be analyzed, respectively.
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Chapter 2
Visually Evoked Potentials

Donnell Creel and Minzhong Yu

Hans Berger made the first electroencephalogram (EEG) recording on July 6, 1924,
during a neurosurgical operation performed by the neurosurgeon Nikolai Guleke.
Berger reported the EEG in 1929, also introducing the terms alpha and beta waves.
During the 1930s, clinical EEGs were recorded in the USA and Canada. When a
flash of light is presented, single visually evoked potential can often be seen in the
EEG recorded from occipital scalp.

Evoked potentials, whether auditory, somatosensory, or visual, are extracted
from the EEG by a simple program. This technique of extracting a signal from noise
is one of the oldest applications of computer technology. This process is similar to
the programs used to extract radar signals from jamming during World War
II. Adding the electrical activity for a time period is called “signal averaging”.
Dawson first demonstrated a signal-averaging device in 1951. Signal-averaging
computers have been commercially available since the early 1960s. The computer
programs save a defined time period of EEG activity following a sensory stimulus
that is repeated over and over, adding the signals together. The random EEG activity
averages away, leaving the sensory evoked potential. Depending on the signal-to-
noise ratio, an averaged evoked potential can be visible following only a few stimuli.

The terms visually evoked potential (VEP), visually evoked response (VER), and
visually evoked cortical potential (VECP) are equivalent. They refer to electrical
potentials, initiated by visual stimuli that are recorded from the scalp overlying
visual cortex. VEPs are used primarily to measure the functional integrity of the
visual pathway from retina to the visual cortex. VEPs are better at quantifying the
functional integrity of the visual pathway than scanning techniques such as mag-
netic resonance imaging (MRI).
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Any abnormality that affects the visual pathway or visual cortex in the brain can
affect the VEP. Examples are cortical blindness due to meningitis or anoxia, optic
neuritis as a consequence of demyelination, optic atrophy, stroke, and compression
of the optic pathways by tumors, amblyopia, neurofibromatosis, and retinal, espe-
cially macular, dysfunction. Generally, demyelination of the optic nerve slows the
speed of neural transmission of the VEP, and compression of the optic nerve reduces
the amplitude of VEPs. Macular damage can also slow the VEP latency and reduce
its amplitude.

Origins of VEP Components

A representative pattern-reversal VEP waveform is depicted in Fig. 2.1. The pattern-
reversal VEP produces the most reliable waveform between individuals. A defini-
tive negative N1 component appears near 75 ms, a prominent positive P1 component
peaks near 100 ms, followed by a negative N2 component at about 135—145 ms with
variable time. These times depend on the size of pattern, brightness, sharpness, and
speed of the pattern change.

Contributions to VEP waveform recorded from mid-occipital scalp are affected
by sources throughout the posterior third of the brain. Youssofzadeh et al. (2015)
demonstrated the most active areas of the brain at different time points following
pattern stimulation according to the maximal activity of EEG and functional MRIs
[1]. As depicted in the functional visual fMRIs in Fig. 2.2, the brain activity during
pattern stimulation varies considerably in the occipital area, depicting the highest
activity in occipital visual areas while the subject viewed a pattern. Note that there
is high interhemispheric variation. In this test, the visual stimulus pattern subtended
a 30-degree field, displaying a checkerboard pattern with 100% contrast and rever-
sal rate of four times per second. During visual stimulation, a number of dipole
fields are generated, combining in an additive fashion to create the surface VEP [2].

Fig. 2.1 Typical normal P1
pattern-reversal VEP

waveform. Time epoch

250 msec

N2

:[1uV

N1
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Fig. 2.2 Functional MRI
displays highest activity in
occipital visual areas,
while the subject viewed
checked pattern stimulation
showing asymmetry

The neural generators of the VEP components are not clearly defined. Research
with multichannel scalp recordings, visual MRI activity, and dipole modeling sup-
ports the interpretation that the visual cortex is the source of the early component of
the VEP N1 [3]. The early phase of the P1 component with a peak around 95-110 ms
is likely generated in the dorsal extrastriate cortex of the middle occipital gyrus. The
later negative component N2 is generated from several areas including a deep source
in the parietal lobe [4].

The distribution of VEP activity varies considerably in the occipital area. A num-
ber of dipole fields are generated resulting in a complicated interaction [2]. These
multiple sites of generators interact at different levels in the visual areas, making the
source localization difficult when making individual clinical decisions. Because of
individual idiosyncrasies in occipital anatomy and visual projections, one cannot
make the assumptions about the distinguishing of the VEP sources as clearly as
those in electroretinograms and auditory brainstem responses.

Although fine-tuning of the maturation of the visual system contributing to
improving acuity continues well into school-age children, anatomical studies of
foveal cone packing indicate that the retina of an infant of 6 months is already capa-
ble of 20/20 vision, while preferential looking studies indicate 20/60 visual acuity
by 6 months of age. As the optic pathways add myelin from birth through child-
hood, the peak time of the P1 component decreases from as long as over 200 ms at
birth to near 100 ms of an adult by age 7 years. Retinal development, cortical cell
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density, and myelination are close to that of an adult by age 6 years. Children by this
age produce adult VEP waveforms. The two periods of life with greatest variation in
VEP peak times and waveform within an age range are preschool years, birth to age
6, and after age 55.

Electrode Placement

VEPs can be recorded from many scalp locations in humans. Visual stimuli stimu-
late both the primary visual cortex and the secondary areas of the cortex. Clinical
VEPs are usually recorded from mid-occipital scalp overlying the calcarine fissure.
This location is the closest to primary visual cortex (Brodmann’s area 17). A com-
mon system for placing electrodes is the “10-20 International System” that is based
on the measurements of head size [5]. The mid-occipital electrode location (Oz) is
the active electrode on the midline (Fig. 2.3). The Oz location is calculated as 10%
of the distance between the inion and nasion, which is 3—4 c¢cm above the inion in
most adults. Lateral occipital electrodes are at the similar distance (i.e., 3—4 cm) off
the midline at the level on the inion. The negative reference electrode is usually put
on the forehead at the midline. The ground electrode is usually on an earlobe or
temple. Electroencephalographic skin electrodes are used for the active (positive),
reference (negative), and ground electrodes. Electrode gel or paste should be
included between the skin and the electrode after thoroughly cleaning of the skin to
reduce the electrical resistance. Some laboratories, and unique applications, have
other preferred scalp locations. See Odom et al. (2016) for ISCEV standard for VEP
recording [6].

Fig. 2.3 The 10-20
system electrode
placement for occipital
scalp VEP recording
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Amplifier and Analysis

Direct Current (DC)-coupled or Alternating Current (AC)-coupled amplifiers with at
least 10 MQ of input impedance in the frequency range of 50-60 Hz can be used. The
bandpass of the amplifier should include 1-100 Hz. The sampling rate of VEP should
be at least 1000 Hz. Notch filter of 50 or 60 Hz, which may distort VEP waveform, is
not recommended if the interference does not affect the recording and the averaged
waveform is acceptable. If the interference is too high, then it may be helpful to rear-
range the locations of the preamplifier and the patient. Many VEP waveforms are
averaged to obtain the mean VEP waveform. The amplitude of the noise in the aver-
aged waveform reduces as the square root of the number of averaged samples. The
number required to obtain the averaged VEP waveform depends on the signal-to-
noise ratio of the original signal, which is at least 50 in a clinical setting. However, it
takes longer to average more waveforms, which may cause fatigue of the patient.
Inattention and muscle artifact may cause variation of the VEP waveforms. At least
two averaged VEP waveforms in each condition should be obtained to verify the
reproducibility. If the two averaged VEP waveforms are not similar, the test should be
repeated. The sweep duration should be from 250 to 500 ms from the onset of the
stimulation, according to the implicit times of the VEP components in specific condi-
tions. The amplifier must be electrically isolated from the patient according to the
safety standards of medical recording systems.

Types of VEP

Steady-State and Transient VEP

According to the stimulating frequency, VEPs are classified as steady-state and tran-
sient VEPs. Steady-state VEPs are those recorded using stimulation rates of more
than 3 Hz, in which the next VEP response starts before the previous response fin-
ishes. Transient VEPs are recorded using the stimulating rates of less than 3 Hz,
producing components of different latencies that can be followed during matura-
tion, pathological conditions, and changes of visual acuity.

Flash and Pattern VEP

Depending on the type of stimulation, VEPs are classified as flash or pattern VEPs.
Flash VEPs are used in patients who cannot fixate on pattern stimulation or with
cloudy cornea, lens, or vitreous body. It has three positive peaks and three negative
peaks (Fig. 2.4). The disadvantage of flash VEPs is that the intrasubject and inter-
subject variation of the implicit times and amplitudes of the VEP components are
larger. For example, the implicit time of the P2 (P110) component of flash VEP has
intersubject standard deviation of about 10 ms.
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Fig. 2.4 Typical flash VEP P2 P3
waveform

C3

C1

Cc2

5uVv

50 ms

Fig. 2.5 Typical pattern-onset VEP waveform

Pattern VEPs are elicited by pattern onset/offset or pattern reversal of the check-
erboard or grating pattern. In pattern onset stimulation, the pattern is made to appear
(onset) and disappear (offset). The pattern onset VEP usually includes a positive
component C1 at about 80 ms and a large negative component C2 at about 110 ms,
opposite to those of flash and pattern-reversal VEPs (Fig. 2.5). Pattern onset stimu-
lus produces a more robust VEP from the central 30° of retina than pattern-reversal
stimulus [7]. Pattern onset stimuli can also be the preferable stimulus in conditions
such as monitoring amblyopia, in patients with poor acuity, possible hemispheric
asymmetry, or a defect in geniculo-striate projections. Pattern onset stimuli are also
useful in examining patients that might be malingering because pattern onset is less
sensitive to poor fixation. While pattern onset VEPs has lower intrasubject variation,
it has higher intersubject variation. For example, the C2 (N110) component of the
pattern onset VEP has intersubject standard deviation of about 10 ms. Pattern-
reversal VEP has smaller standard deviation (about 6 ms) for the P1 component
(Fig. 2.1). However, pattern-reversal stimuli usually exacerbate nystagmus in some
patients that interferes with fixation during the VEP test. Pattern-reversal stimuli
should not be used in patients with nystagmus.
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When recording ERGs or VEPs under anesthesia, depth of anesthesia must be
light. Surgical-depth anesthesia interferes with recording electrophysiology, espe-
cially visually evoked potentials. Anesthesia affects the ERG and VEP in different
degrees with different types and depths of anesthesia. Lighter level of anesthesia has
less effect. One must coordinate with the anesthesiologist to attain a light level of
anesthesia. When recording VEPs, the patient’s EEG can show whether the patient
is lightly anesthetized. If EEG amplitude is low, then ask the anesthesiologist to
lighten anesthetic depth and wait a few minutes.

Anesthesiologists may start with fairly deep anesthesia. While anesthesiologist
transitions from mask to intravenous anesthesia, I ask the anesthesiologist: “When
the patient is stable will you please lighten the anesthesia as much as you are com-
fortable?” Ask permission before touching the patient. This act is especially impor-
tant if you wish to raise the head to place the occipital electrode. Raising the head
may crimp the tracheal tube.

If recording both ERGs and VEPs under anesthesia, then record the ERG first
because it is more resistant to anesthesia. In the minutes it takes for the ERG record-
ing, the patient’s anesthetic depth lightens further. Rarely must one wait more min-
utes for the patient to lighten anesthetic depth. Oral glucose or sucrose produces
analgesic effects for procedures in infants up to 18 months of age including record-
ing ERGs [8].

Multifocal VEP

An important development in VEPs is the multifocal VEP (mfVEP) (Fig. 2.6). Erich
Sutter adapted the mathematical sequences called binary m-sequences, creating a
program that can extract hundreds of VEPs from occipital scalp. Yu et al. developed
its first clinical application [9]. This program allows assessment of VEP activity in
over 100 “channels” of each optic pathway. The common stimulus for mfVEPs is a
dartboard pattern in which each sector is a contrast-reversing checkerboard pattern
(Fig. 2.7). The individual waveform of mfVEP is similar to that of pattern VEP
consisting of N1, P1, and N2 peaks [10].

Conventional VEPs evaluate the optic nerves and central pathways as a whole, in
which small or localized optic pathway dysfunction is often not detectable. Using
mfVEP, smaller dysfunctional areas may be detected with up to hundreds of stimu-
lations presented in the same amount of time used to record a single whole nerve
VEP with conventional methods [9, 11-13]. mfVEP can better evaluate asymmetry
of visual function caused by optic nerve dysfunction or by localized retinal damage.
Pathology can sometimes be detected that may be missed with a conventional
VEP. However, it is limited to the central 60° of the visual field.

A common mfVEP 4-electrode montage is a negative electrode 2 cm below the
inion and a positive active electrode 3—4 cm above the inion on the midline, and
laterally place two positive active electrodes 4 cm off the midline at the level of
inion (Fig. 2.8). All three positive active electrodes are connected to the positive
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Fig. 2.6 Typical normal mfVEP traces. Red traces are from right eye. Blue traces are from left eye

Fig. 2.7 Dartboard pattern
of stimulation for mfVEP
test

input of the amplifier. The inion is the most prominent projection of the occipital
bone at the posteroinferior (lower rear) part of the skull. The electrode below the
inion usually serves as reference to the other three active electrodes. In other labo-
ratories, the mfVEP is recorded with only two electrodes along the scalp midline, an
electrode is at inion serving as the reference negative location, and a positive elec-
trode is placed 3—4 cm above the inion with the ground electrode on the forehead.



2 Visually Evoked Potentials 27

Fig. 2.8 Electrode place-
ment for mfVEP test

Clinical Protocol

VEPs are useful to quantitate nerve dysfunction from retina to visual cortex. VEPs
are recorded using a number of methods to evaluate the function of visual pathway.
The VEP stimuli and protocol are chosen based on the patient’s symptoms, history,
and other information available. Abnormalities seen in VEPs are associated with the
symptoms, but different diseases may have similar abnormal VEP. In another words,
VEP abnormalities do not specify etiology. For example, retinal disease alone will
drastically alter VEP parameters that are similar in an optic nerve disease.
Interpretation of VEPs must be considered within the context of the patient’s clini-
cal appearance and information available from other tests and examinations. If the
history and ophthalmic examination of a patient raises the possibility of dysfunc-
tional retina, optic nerves, tracts, or cortices, then the VEP might yield diagnosti-
cally useful information. Patients are commonly referred with the question of
whether their visual problems are due to retinal or central visual dysfunction.
Recording both electroretinogram and VEP will usually answer this question.
When recording VEPs, the diagnostic yield is dependent upon appropriate selec-
tion of visual stimuli. If pattern stimuli are to be used, then it is important that a
patient is tested with refractive error corrected. VEPs should be recorded with undi-
lated pupils so that visual acuity is maximized. Refractive errors will affect the
interpretation of the VEP results. The patients with LASIK or intraocular lens
replacement may have one eye for distance vision and another for near vision. When
VEPs are recorded in these patients, attention should be paid to the correction of the
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refractive error. Select the most powerful stimulus that allows the clearest pattern
stimulation and the best cooperation. If the corrected visual acuity of the patient is
approximately 20/200 (6/60) or better, and the patient does not have nystagmus,
then the stimulus of first choice would be pattern reversal starting with about a
I-degree check size. If the resulting VEP appears well formed, then next use a
smaller check size in the range of about 15'-20" of arc. When estimating visual acu-
ity, progressively smaller check sizes (e.g., 15") and lower contrast (<50%) are
recommended.

Check sizes subtending 10'-20" of arc are the best stimuli for testing foveal
vision. Checks of 40’60’ of arc are superior in evaluating parafoveal function.
Therefore, using more than one check size increases diagnostic yield. If the result-
ing VEP using the 1-degree check is poorly formed, then retest using a larger check
size (2° of arc) or use a pattern onset stimulus. Pattern-reversal stimuli are the best
choice in cooperative patients with better visual acuity, particularly when testing for
possible effects of optic neuritis, hydrocephalus, ventriculitis, cortical hematomas,
optic atrophy, neurofibromatosis, or compression of the optic pathways. However,
poor macular function can cause poor VEPs. If the corrected acuity of the patient is
approximately 20/200 to 20/400 (6/60—6/120) and/or the patient has nystagmus,
then the preferred stimulus would be pattern onset.
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Chapter 3
Electrooculography

Donnell Creel and Minzhong Yu

Origin of EOG

Elwin Marg described and named the electrooculogram in 1951 [1], and Geoffrey
Arden [2] developed the first clinical application. With the cornea constantly posi-
tive, movement of the eye produces a shift of this electrical potential. The elec-
trooculogram measures the potential that exists between the cornea and Bruch’s
membrane of retinal pigment epithelium (RPE) at the back of the eye. The potential
produces a dipole field with the cornea a few millivolts positive compared to the
back of the eye in an illuminated room. Although the origin of the EOG is the RPE,
the light rise of the potential is associated with the RPE and rod photoreceptors.
During dark adaptation, this potential reduces and reaches a minimum in about
10 minutes. This point in EOG is called dark trough (DT). After the light onset, the
potential increases and reaches a maximum (i.e., light peak or LP) in about 10 min-
utes and then reduces in amplitude with damped oscillations for up to 90 minutes
during the light adaption (Fig. 3.1).

The LP is associated with depolarization of the basal RPE membrane via one
or more Cl channels [3-6]. Previous studies suggested that a calcium-sensitive
chloride channel is the generator of LP, because the LP reduced in the mutations
of some subunits of L-type voltage-gated calcium channels in mice [7, 8] and in
the wild-type mice administered with the inhibitors of L-type voltage-gated cal-
cium channels. The intracellular-free calcium is released from the endoplasmic
reticulum (ER), which is regulated by L-type calcium channels in the basolateral
membrane and ER bestrophin. Intracellular calcium then opens the basolateral
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Fig. 3.1 Typical dark-light EOG measurements in normal subject. The unit of the EOG amplitude
is pV/degree. Because the angle of the stimulation is 30 degrees, the absolute amplitude in pV can
be derived by multiplying 30 degrees
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Fig. 3.2 A typical waveform of fast oscillation (Adapted from Fig. 5 of ISCEV Standard for clini-
cal electrooculography (2017 update))

calcium-dependent chloride channel, increases the chloride conductance, depolar-
izes the basolateral membrane, and increases the transepithelial potential of RPE,
which is recorded as LP.

Fast oscillation (FO) of EOG can also be generated with fast on- and off-cycles
of the stimulating light (Fig. 3.2). When the light is on for 1 minute and off for
another minute, fast oscillation (FO) is generated. Opposed to the conventional
EOQG, the standing potential reduces when the light is on, which causes light
trough. The standing potential increases when the light is off, that elicits dark peak.
The mechanism of the FO was studied by Steinberg laboratory in the 1980s. When
the light is on, light-evoked reduction of subretinal potassium ion induces outward



3 Electrooculography 31

potassium current across RPE apical membrane and also reduces the transportation
of chloride ions into the RPE that causes basolateral membrane to hyperpolarize
and decreases the transepithelial potential. Then the FO trough is generated. When
the light is off in a short interval, the transepithelial potential gradually increases to
the maximum (i.e., dark peak) in about 35—-45 seconds due to the ionic homeostasis
is restored. The alternation between light and dark generates stable FO. Its ampli-
tude can reflect the ionic permeability and electrical coupling of the RPE basal and
apical membranes and can be used for the examination of RPE function [9].

Placement of Recording Electrodes, Parameters of Amplifier,
and Stimulation

Skin electrodes are attached near the inner and outer canthus of each eye, and a
ground electrode is usually attached to the forehead or an earlobe (Fig. 3.3).

The amplifiers should have a band pass from 0.1 to 30 Hz to make sure the
waveforms of the saccadic movements are square waves. If the low-cut of the band
pass is lower than 0.1 Hz, then the baseline drift may make the recording difficult.
However, if the low-cut frequency is too high (e.g., 0.5 Hz), the tops of the square
waves are not flat enough which makes the measurement not accurate.

The potential is measured by having the subject move his or her eyes horizontally
a set angle. Ganzfeld for stimulation includes a chin rest to reduce head movement.
The visual targets are two small red fixation lights 30 degrees apart that alternate
on and off inside a Ganzfeld or on a screen in front of the patient (Fig. 3.4). With
the saccadic angle of 30°, the typical peak-to-peak amplitude is between 250 and
1000 pV. The sampling frequency of the recording should be 1 kHz or higher in
each channel for obtaining signal components up to 500 Hz. See Constable et al.
(2017) for detailed ISCEV International Standard EOG protocol [10].

Fig. 3.3 EOG electrode
placement
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Fig. 3.4 Ganzfeld with
LED lights exaggerated

ColorDome
%

Recording Procedure

The patient should be light adapted at least 10 minutes before the EOG test with
the pupils dilated. After the electrodes are attached near inner and outer canthi, the
procedure is explained to the patient, and the patient is asked to practice several
times while baseline data are recorded. The procedure is simple. The patient keeps
their head still while moving the eyes horizontally between the two red lights. The
movement of the eyes produces a voltage swing between the electrodes on each side
of the eye that is stored in the memory of a computer.

For recording LP:DT ratio, the background light is turned off after light adap-
tation and the patient training. A sample of EOG is taken about once a minute.
The patient is asked to look horizontally between the two lights for five cycles in
10 seconds. The voltages induced by the saccades become smaller in the dark and
reach its lowest potential, the so-called “dark trough”, after 8—12 minutes. After
10-15 minutes in the dark phase, the background light with 100 photopic cd-m?
is turned on, and the patient is again asked to do the same saccadic eye movement
every minute as in the dark phase. Then, the voltages induced by the saccades rise
and reach the maximum (i.e., light peak) in 7-12 minutes followed by the reduction
in amplitude. The averaged voltages induced by the saccades in the five cycles are
obtained at light peak and dark trough, respectively. And the light peak:dark trough
ratio (LP:DT ratio), also called “Arden ratio”, is obtained. The normal LP:DT ratio
is about 2:1 or greater (Fig. 3.1). For individuals less than 60 years old, the ratio is
considered abnormal if it is less than 1.8 and for over 60 years if ratio less than 1.7.
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For recording FO, the similar method of the conventional EOG recording is

used except light adaptation is not required, because FO is not affected by pread-
aptation [9—11]. The only difference is that the light—dark cycle is much shorter
(e.g., about 2 minutes) in FO recording. The FO waveform is similar to a sinu-
soidal waveform (Fig. 3.2) [12]. The peak-to-trough amplitude, the ratio as well
as the phase can be used as the clinical indexes [12]. The number of cycles used
should be at least four.

Besides monitoring the function of RPE, EOG electrode placement is also used

to monitor eye movements while the background light is kept constant [13—15].
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Congenital Non-Degenerative Retinal b
Diseases

Wajiha Jurdi Kheir, Roberto Gattegna, Minzhong Yu, Alessandro Racioppi,
Alfonso Senatore, Donnell Creel, and Alessandro Iannaccone

This entity, congenital non-degenerative retinal diseases, is comprised of a hetero-
geneous group of disorders characterized by the following:

1. Congenital impairment of visual function
2. Lack of (or minimal) progression of visual function impairment
3. Abnormal development of the retina and/or other ocular structures

These conditions can be due to a defect in the development or function of rods or
rod micro-circuitry (inner retinal neurons), cones or cone micro-circuitry (inner reti-
nal neurons), or retinal pigment epithelium (RPE). Patients mainly complain of night
blindness, photophobia, reduced visual acuity, and nystagmus. Ophthalmoscopy
findings can vary from an absolutely normal looking fundus examination to abnor-
malities in the macula and in pigmentation. Patients may exhibit foveal hypoplasia
associated with abnormal ocular coherence tomography (OCT) findings as well as
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abnormal retinal pigmentation including but not limited to hypopigmentation, reti-
nal pigment deposits, and anomalous retinal reflexes.

Night-Blinding Disorders (Fig. 4.1)
Congenital Stationary Night Blindness

Congenital stationary night blindness (CSNB) is a type of retinal disease with
impaired night vision and may exhibit X-linked, recessive, or dominant inheritance
patterns. It can also be classified into two groups based on ERG results. In the
Schubert-Bornschein type, the b-wave amplitude is lower than the a-wave amplitude
(electronegative mixed, rod—cone dark-adapted ERG), whereas in the Riggs type,
both the a- and b-waves of the mixed ERG are reduced. The Schubert—Bornschein
type of CSNB usually presents with congenital nystagmus, decreased visual acu-
ity, and myopia, whereas the patients with Riggs-type CSNB usually have normal
visual acuity and do not exhibit nystagmus. The dominant form of CSNB is also
known as the Nougaret type, and is similar to the Riggs type, and due to mutations
in the GNATI gene that encodes for the rod transducin alpha subunit [1].

The Schubert-Bornschein CSNB can be further subdivided into “complete”
and “incomplete” forms [2]. In the “complete” form of CSNB (type 1 CSNB or
CSNBI1), there is little to no measurable rod-driven ERG. CSNBI1 is associated
with mutations in the following genes: NYX [3, 4], GRMG6 [5, 6], TRPM1 [7-9],

Night-blinding
disorders

Normal fundus Abnormal fundus

Congenital
- stationary night Oguchi disease
possible blindness (CSNB)

Nystagmus

Fundus No nystagmus

albipunctatus

Fig. 4.1 Classification of congenital nonprogressive night blinding disorders. All these patients
experience night blindness and can present either with normal or abnormal fundus examinations
and presence or absence of associated nystagmus
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GPR179 [10, 11], GNB3 [12], LRIT3 [13], and SLC24A1 [2]. In the “incomplete”
form of CSNB (type 2 CSNB or CSNB2), the electronegative mixed ERG response
waveform remains present, but both the rod-driven and the cone-driven responses
are decreased but measurable [14]. CSNB2 is associated with mutations in the
CACNAIF [15, 16] and CABP4 genes [17, 18].

The differences of ffERG between CSNB1 and CSNB2 are summarized as fol-
lows (Fig. 4.2): In CSNBI, the rod response of ERG is diminished, the mixed rod—
cone response of ERG shows significant decrease of b-wave amplitude while the
a-wave amplitude is not decreased significantly, and the photopic cone response is
slightly decreased or delayed. In CSNB2, the b-wave amplitude of rod response of
ERG is reduced but recordable, the mixed rod—cone response of ERG shows mildly
reduced b-wave amplitude while the a-wave amplitude is also mildly reduced, and
the photopic cone response is significantly decreased [14, 19-21].

Oguchi Disease

Oguchi disease, first reported by Oguchi in Japan in 1907, is an autosomal recessive
form of congenital stationary night blindness characterized by “Mizuo—Nakamura
phenomenon,” a golden or gray-white discoloration of the retina that disappears
and returns to normal fundus appearance after several hours of dark adaptation and
shows up again quickly after the eye receives light (Fig. 4.3). This disease is clas-
sified into two types depending on the genetic mutation: type 1 is characterized
by mutations in the genes coding for arrestin (SAG or ARR) and type 2 by muta-
tions in genes coding for rhodopsin kinase (RHOK) [22-28]. Rhodopsin kinase and
arrestin are important in the visual transduction. After the light activates rhodop-
sin and hyperpolarizes rod cells, thodopsin kinase is released from recoverin and
is activated. The released rhodopsin kinase phosphorylates rhodopsin. Arrestin can
only bind to phosphorylated rhodopsin and prevents the rhodopsin from binding to
transducin, terminating phototransduction. In Oguchi disease, abnormal rhodopsin
kinase or arrestin significantly slows recovery kinetics of rod and cone phototrans-
duction [29]. The patients with Oguchi disease have impaired dark adaptation, but
the rod sensitivity to light can be improved after a lengthy dark adaptation.

The typical features of the ffERG of Oguchi disease include markedly diminished
to almost undetectable standard dark-adapted b-wave amplitude, marked a-wave
amplitude reduction and even more profound b-wave reduction to the mixed rod—
cone dark-adapted ffERG, and either normal or variably decreased standard light-
adapted ffERG b-wave amplitude and flicker ERG amplitude [30-33] (Fig. 4.3).
It has been reported that nonstandard testing methods, such as the repetitive-flash
ffERG protocol in which double- or triple-flash stimulations after prolonged dark
adaptation are used to elicit ERG response, can help identify more atypical cases of
Oguchi disease [34]. In addition, the mfERG may show attenuated and prolonged
P1 peak response densities in the peripheral portion of the stimulated area, while
usually the foveal peak responses remain normal [35].
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Fig. 4.3 Clinical and functional findings in Oguchi disease. Fundus photo showing “Mizuo—
Nakamura phenomenon” before (a) and after (b) dark adaptation. (c) Full-field electroretinograms
(ERGs) of a normal person and a patient with Oguchi disease. The rod b-waves were nearly unde-
tectable. The mixed ffERGs exhibited an electronegative morphology, and the cone ffERGs were
near normal (Adapted from Figure 1 and 2 [30])

Fundus Albipunctatus

Fundus albipunctatus (FA) is a congenital night-blinding disorder characterized by
the presence of small, white retinal dots usually seen mainly in the mid-peripheral
area but can extend past the arcades into the macular region corresponding with
hyperreflective, discrete deposits at the level of the RPE, displacing the overlying
photoreceptor outer segments (Fig. 4.4). SD-OCT can show reduced length of the
photoreceptor outer segments in patient with fundus albipunctatus in areas overlying
the deposits [36, 37]. Fundus albipunctatus is mainly associated with mutations in
the RDH5 gene that encodes the 11-cis retinol dehydrogenase, a key enzyme in the
visual cycle [38].

By definition, the rod ffERG in fundus albipunctatus is reduced, and it has been
shown that greater compromise of the cone-mediated ffERG tends to be associ-
ated with greater reductions in the rod-mediated ffERGs as well [35]. In the dark-
adapted mixed rod—cone response, the a- and b-wave amplitudes are decreased after
standard dark adaptation periods, but can be improved up to normal range after a
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Fig. 4.4 Clinical findings
in fundus albipunctatus.
This is a fundus
photograph of a 23-year-
old Caucasian male patient
with a complaint of
lifelong vision difficulties
in dimly lit environments
and prolonged dark
adaptation, who was found
to have compound
heterozygous RDH5
mutations, diagnostic for
fundus albipunctatus. Upon
fundus examination, there
are discrete punctate white
dots disseminated
throughout the mid-
periphery with sparing of
the macular region. The
remainder of the retinal
examination is normal

Normal subject FA patient
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Fig. 4.5 Electroretinographic findings in fundus albipunctatus. The ffERG of a 6-year-old
Hispanic girl with compound heterozygous RDHS5 mutations is presented, illustrating the change
in dark-adapted response dynamics with prolonged dark adaptation. After standard (30 min) dark
adaptation, the rod response (gray traces) is nonrecordable, and the mixed response is markedly
reduced and electronegative. After 120-min dark adaptation (dark traces), the rod response has
greatly improved, and the mixed response is also much larger and no longer exhibits the previously
noted electronegative morphology. The light-adapted cone responses were normal. These findings
are typical for patients with fundus albipunctatus
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prolonged dark adaptation of around 120 min (Fig. 4.5) [36, 37, 39-51]. The light-
adapted ERG b-wave amplitude that reflects the function of cone pathway in fundus
albipunctatus varies from normal range to significantly reduced. Older fundus albi-
punctatus patients tend to have more decrease of light-adapted ERG b-wave than
younger ones [52]. In patients that exhibit cone function abnormalities, the mfERG
can show amplitude reductions in corresponding areas that also show loss of sen-
sitivity on visual field testing and pathological changes on OCT imaging [36, 42].

Photophobia Disorders

Photophobia disorders (Fig. 4.6) are characterized by nystagmus, impaired color dis-
crimination, and reduced visual acuity. Although some degree of foveal hypoplasia is
usually a feature in all cases, the fundus may appear to be normal or hypopigmented.

Achromatopsia (ACHM) and Blue Cone Monochromatism
(BCM)

Achromatopsia (rod monochromatism) is an autosomal recessive photophobia dis-
order presenting during infancy with poor visual acuity (usually 20/200 or less),
congenital nystagmus that tends to abate over time, and minimal to completely

Foveal hypoplasia

Normal fundus Hypopigmented fundus

Defects of cone Defects of RPE development
development and function (melanogenesis disorders)
| I—I—I
[ I 1
Recessive X-linked Dominant Recessive X-linked
Achromatopsia (ACHM) Blue Cone L Oculo- L .
L Monochromatism PAX6 mutations Cutaneous Ocularc;)A/iblnlsm
Rod Monochromatism (BCM) Albinism (OCA) ©n)
Incomplete
achromatopsia -
Ocular Albinism
(OAR)

Fig. 4.6 Classification of congenital nonprogressive photophobia disorders. In these conditions,
all patients have some degree of clinically detectable foveal hypoplasia and can have either normal
fundus examinations or pigmentation deficits
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absent color vision. The prevalence is approximately 1 in 30,000 people, and it is
caused by mutations in genes responsible for the cone conduction cascade: CNGA3,
CNGB3, GNAT2, PDE6C, PDE6H, and ATF6. Mutations in CNGB3 account for
40-50% of the cases of ACHM [53, 54].

Blue cone monochromatism (BCM) is a form of incomplete achromatopsia
inherited as an X-linked trait that is characterized by photophobia, a red-green
color vision defect, with sparing of blue cone-mediated function, congenital nys-
tagmus that tends to abate over time, and decreased visual acuity (can at times
reduce to 20/80). BCM is less common than ACHM, with an estimated prevalence
of about 1:100,000, although this figure may represent an underestimate due to
frequent misdiagnosis and complexities of the molecular genetic testing needed to
confirm the diagnosis. It is mainly caused by deletions in genes expressing red/L
(long wavelength) and green/M (middle wavelength) cone photoreceptor opsins:
OPNILW/OPNIMW gene cluster, or in the LCR region that controls the expression
of these two genes [55]. BCM variants are also caused by point mutations (e.g., the
C203R mutation) and by complex haplotypes including multiple variants at various
positions (e.g., LVAVA, LIAVA, MVAVA). These rarer variants tend to cause pheno-
typic manifestations that are more similar to those of an X-linked cone dystrophy,
and female carriers can also exhibit a phenotype not usually seen in the typical
BCM families [56-59].

There are some important differences between ACHM and BCM that are
otherwise hardly distinguishable from one another clinically. While both cause
color vision defects, there is complete or near-complete lack of color vision in
ACHM while the blue color axis by definition is preserved in BCM patients. This
can be reflected by their respective ffERG responses. Both ACHM patients and
BCM patients will usually have normal rod responses and normal to near-normal
mixed dark-adapted ffERG responses, usually with a reduced a-wave due to lack
of cone contribution to the response, accompanied by severely diminished or
absent light-adapted cone-driven responses to either transient or flicker stimuli.
In BCM, there is sometimes residual light-adapted cone-mediated responses
(Fig. 4.7). However, it is also not uncommon to see molecularly confirmed
ACHM patients present with residual light-adapted cone-mediated responses as
well. The refractive defect also usually differs between ACHM and BCM: There
is usually a hyperopic refractive error in ACHM and a moderate to high myopic
refractive error in BCM. Because of the mode of inheritance, ACHM patients
may have affected siblings but otherwise a negative family history, and both
males and females can be affected. Unlike them, BCM affects only males, and
these patients will usually have positive family history among siblings or mater-
nal relatives. However, cases without any additional family history definitely
exist. Another finding shared by ACHM and BCM is the presence of foveal cavi-
tation lesions in OCT (Fig. 4.8). In general, while extremely useful to pose the
diagnosis of either ACHM or BCM, no ERG test can conclusively and reliably
distinguish between the two conditions, and psychophysical color vision test-
ing is ultimately more informative. Chromatic visual field testing has also been
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Fig. 4.8 Retinal imaging findings in achromatopsia and blue cone monochromatism. Macular
SD-OCT scans from the same patients shown in Fig. 4.7 show foveal cavitation lesions resulting
from focal foveal ellipsoid zone (EZ) gaps in a patient with (a) achromatopsia and (b) blue cone
monochromatism (BCM). Note the staphylomatous ectasia of the macula of the BCM patient,
consistent with his high myopic refractive status, a common finding in BCM not typically present
in achromatopsia

shown to reliably distinguish between the two conditions [60], and chromatic
stimuli are relied upon as outcome measures for future treatment trials [55].

Phenotypes Associated with Mutations in the Paired Box 6 Gene

The paired box gene 6 (PAX6) is a master regulator of the central nervous system
and ocular development [61]. There are more than 330 reported mutations in
the PAX6 gene, leading to a varied pattern and severity of autosomal dominant
inherited phenotypes [62]. These mutations are not only best known for causing
aniridia but can also cause anterior segment dysgenesis, keratopathy, glaucoma,
cataract, ectopia lentis, foveal hypoplasia, and nystagmus [63, 64]. Photophobia
in these patients is usually associated with measurable reductions in cone-driven
ERG responses [64—67]. Atypical cases of congenital nystagmus and photopho-
bia without classical/overt aniridia and subtle anterior segment changes pre-
senting with dominant inheritance and reduced cone ERGs can be due to PAX6
mutations [65] (Fig. 4.9). This finding attests to the fact that the photophobia,
that is the hallmark of the aniridia, is not merely due to the lack of iris pigmenta-
tion, but is the expression of a developmental retinal defect primarily affecting
the cone-driven pathways.
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Chapter 5
Macular Dystrophies

Wajiha Jurdi Kheir, Minzhong Yu, Alfonso Senatore, Roberto Gattegna,
Alessandro Racioppi, Donnell Creel, and Alessandro Iannaccone

Stargardt’s Disease/Fundus Flavimaculatus

Stargardt’s disease (STGD) was first described by Dr. Stargardt in the early 1900s
and is the most common inherited form of macular dystrophy, estimated to affect
1:8,000-1:10,000 people [1]. Multiple genes are responsible for this disease. In its
classical manifestation, STGD is an autosomal recessive disease (STGD1) caused
by mutations in the ABCA4 gene, previously known also as ABCR [2]. Several other
genes can cause STGD-like macular dystrophies, usually inherited in autosomal
dominant fashion, and these include the ELOVL4 (STGD3) and the PROM1 genes
(STGD4) [3]. Mutations in the PRPH?2 gene (peripherin/RDS) can also cause phe-
notypes that might be clinically indistinguishable from STGD [4].
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Fig. 5.1 Clinical
description of Type I
Stargardt’s disease. Fundus
photo of a patient with two
confirmed ABCA4
mutations with Type I
Stargardt’s disease, with
disease manifestations
limited to the foveal and
perifoveal area. There are
drusenoid flecks around
the fovea with central
thinning, loss of central
foveal reflex, and RPE
mottling. The remainder of
the fundus examination is
normal. This patient
presented no other
symptom except reduced
visual acuity in her
childhood

Most commonly, STGD becomes symptomatic in childhood and young adult-
hood, but numerous instances of late-onset disease, as late as in the sixth decade of
life, have been reported. In its most typical manifestation, STGD shows gray-yellow
flecks surrounding the fovea (Fig. 5.1), that can appear as pisciform or drusen-like
deposits, surrounding an area of foveal thinning and beaten-bronze retinal reflexes.
Flecks vary greatly in both size and abundance, and can be present as a small ring of
deposits around the fovea or as disseminated, widespread deposits that might extend
well beyond the vascular arcades. Taken together, these flecks configure an appear-
ance known as fundus flavimaculatus that can rarely be also the only clinical pheno-
type with no macular lesions (Fig. 5.2). In virtually all cases, visual acuity becomes
reduced as soon as there is significant foveal involvement varying widely in age of
onset. Accessory symptoms can also include blurry central or pericentral vision and
prolongation of dark-adaptation time, usually proportional to the extent of fleck
accumulation due to a delay in the recycling of the visual pigments and more often
present in advanced disease stages [5]. For ABCA4-related recessive disease, a clini-
cal and electroretinographic classification scheme has been proposed [6], whereby
Type I, delimited disease (as in Fig. 5.1) usually shows normal full-field flash (ff)
ERG amplitudes but often exhibits delayed cone responses (qualitative anomaly),
Type II (as shown in Fig. 5.2) disease usually exhibits mild to moderate cone or
cone>rod amplitude losses, and Type III more severe atrophic changes and invari-
ably with a more severe cone-rod dystrophic ffERG pattern. Examples of ffERGs
meeting these classification criteria are shown in Fig. 5.3. A more refined disease
sequence based on ophthalmoscopic, perimetric, imaging, and electroretinographic
features has been characterized, showing lipofuscin accumulation in the RPE is an
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Fig. 5.2 Examples of more widespread forms of ABCA4-related Stargardt’s disease with dissemi-
nated flecks (fundus flavimaculatus). (a) Fundus photo showing discrete central RPE atrophy and
pigmentary changes and surrounding disseminated atypical grayish flecks. (b) Fundus photo
showing patches of ill-defined RPE atrophy and retinal thinning, surrounded by a large halo of
disseminated yellowish flecks extending beyond the arcades

essential, early-stage manifestation of the ABCA4-related disease process [5]. This
phenomenon usually leads to progressive RPE loss and functional compromise of
the overlying photoreceptors. The lipofuscin deposits often lead to a characteristic
angiographic finding known as the dark choroid effect present in most but not all
STGD patients (Fig. 5.4).

STGD patients can also be classified into four subtypes based on mfERG test-
ing results [7]. As shown in Fig. 5.5, patients with type 1 disease have severely
decreased mfERG response densities only in the foveal area; type 2 patients have
diffuse decrease in mfERG response densities but residual detectable foveal peaks;
type 3 patients have generalized depression of all responses densities across the
macular region, usually associated with delayed responses as well; and type 4
patients have normal foveal mfERG response density in the foveal area but reduced
and often delayed responses in the perifoveal regions. The latter category of patients
usually exhibits later-onset phenotypes with prolonged foveal sparing.

Clinically, dominant STGD-like forms can be completely indistinguishable
from recessive STGD. Despite their dominant inheritance, variable penetrance and
expressivity can make other cases in the family hard to identify and far less symp-
tomatic, whereby molecular genetic diagnostic testing can prove essential to recog-
nize the dominant inheritance pattern. The clinical and imaging appearance as well
as the severity of ffERG compromise can vary significantly between patients, even
within the same family, usually as a function of disease severity. Examples of dis-
eases associated with mutations in ELOVL4 and PROM1 are illustrated in Figs. 5.6
and 5.7, respectively. The ffERG abnormalities can range from milder functional
phenotypes similar to Type I recessive STGD patients mainly characterized by
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Fig. 5.4 Dark choroid effect in Stargardt’s disease. (a) Fundus photos of a patient with ABCA4-
positive Stargardt’s disease showing central RPE atrophy, pigmentary changes, and perilesional
yellowish flecks. (b) Fluorescein angiography shows staining of the flecks surrounded by a dark
halo of hypofluorescence, configuring the so-called “dark choroid” effect often seen in Stargardt’s
disease and attributed to a blocking effect from lipofuscin deposits in the RPE

delayed cone-driven responses and a left-shift of the photopic hill (premature cone
ERG b-wave amplitude declines with increasing flash intensities) to more severe,
frank cone—rod dystrophy-type phenotypes. Thus, while very important for diagnos-
tic and prognostic purposes, ffERG results do not allow a differentiation between
recessive, ABCA4-related autosomal recessive Stargardt’s disease (Fig. 5.3) and the
dominant forms (Figs. 5.6 and 5.7).

X-Linked Retinoschisis

X-linked retinoschisis (XLRS) was first described in 1898 in two affected broth-
ers by Dr. Josef Haas [8]. It is an inherited disease characterized by the splitting of
the inner retina occurring almost exclusively in males in both eyes and usually starts
in early childhood. XLRS affects 1 in 5,000-25,000 males in the population [9].
The vast majority of XLRS cases are caused by mutations or deletions in the RS/
gene on the X chromosome. The RS/ gene encodes retinoschisin, a protein secreted
by photoreceptors essential for trans-synaptic signal transmission in the retina and
maintenance of intraretinal cellular adhesion. Virtually all RS/ mutations lead to
defective secretion and intracellular retinoschisin retention [10]. Some cases of pre-
sumed XLRS patients who do not exhibit RS/ mutations have been reported [11].
Visual acuity in XLRS is usually reduced early on due to macular retinoschisis and
disruption of the integrity of the foveal photoreceptors. Acuity can become progres-
sively reduced in childhood and adolescence with more gradual decline over time in
adulthood [12]. If atrophy develops, then legal blindness will ensue [13]. XLRS can
ultimately cause atrophic degeneration of the macular tissue, at which stage the typi-
cal cystic schitic macular changes may become no longer appreciable either clinically
or by optical coherence tomography (OCT) criteria and can often disrupt the physical
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Fig. 5.5 Representative mfERG responses from various stages of Stargardt’s disease . Trace
arrays of mfERGs (left) and 3D plots of the response densities of the P1 component (right) are
shown for a normal eye (a) and for eyes with type 1 (b), type 2 (c¢), type 3 (d), and type 4 (e)
Stargardt’s disease, all with confirmed ABCA4 mutations (see text for further details about this
mfERG-based proposed classification)
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Fig. 5.6 Clinical and electroretinographic findings in ELOVL4-associated autosomal dominant
Stargardt-like macular dystrophy. (a—¢) Fundus photographs of two siblings in their late 40s and
early 50s, respectively (PT1 and PT2), and their father in his early 80s (PT3) who had initially been
diagnosed with age-related macular degeneration. They were later found to share same 5-base pair
deletion (790-794delAACTT) in the ELOVL4 gene. While PT1 and PT2 exhibit end-stage geo-
graphic atrophy-like changes, PT2 exhibits a milder form with retinal pigment epithelial changes
and mild atrophy, reflected also in the less severe visual complaints. Note the fleck-like lesions at
the edge of the macular atrophy of PT1 and similar but smaller lesions parafoveally also in PT2.
(d) Dark- and light-adapted ffERG series of PT1, the least affected from a ffERG standpoint,
showing mildly decreasing transient cone b-wave and flicker amplitudes and increasing delays
with increasing flash intensities. (e-h) The intensity response plots of the ffERG cone transient
b-waves (e, g) and flicker responses (f, h) are shown for both amplitudes and timing, showing vari-
ous degrees of amplitude reduction and delays, more severe of all in PT3. Rod and mixed responses
were within normal limits in PT1 and PT2, whereas mild rod response reductions were seen in
PT3, configuring a late-stage CORD pattern (not shown)
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Fig. 5.7 Clinical and electroretinographic findings in Stargardt-like macular dystrophy linked to a
PROM ] mutation. (a) Fundus photo of a 63-year-old African-American male patient with com-
plaint of dyschromatopsia, declining acuity, and difficulties with night driving, in whom a hetero-
zygous 2-base pair PROM deletion leading to a frameshift effect caused a Stargardt-like macular
dystrophy. (b) His fluorescein angiogram shows staining of a ring of hyperfluorescent lesions
around the fovea. (¢) The ffERG shows normal rod and mixed responses, and moderate delay and
mild cone amplitude loss. His sister shares the same PROM deletion and is also affected, but with
a more severe degree of both central and cone function involvement (not shown)

integrity of the peripheral outer retina as well (Fig. 5.8). At times, the schitic changes
can be so widespread across the retina (“sponge cake-like” retinal appearance on OCT)
that macular retinoschisis can be hard to appreciate clinically in enface views [14] but is
well illustrated by OCT scans (Fig. 5.9). Severe complications, such as retinal detach-
ment or vitreous hemorrhage, may occur in XLRS patients further reducing vision or,
in the most severe of the cases, cause blindness. Retinal detachments can at times be
present at or shortly after birth and include leukocoria, posing a significant differen-
tial diagnostic challenge with persistent primary hyperplastic vitreous, retinoblastoma,
and other such conditions. Spontaneous reattachment of peripheral retinal detachments
can also occur and can cause subretinal fibrotic changes and/or RP-like pigmentary
changes, more commonly in streaks or limited to affected retinal sectors. Much milder
and usually later-onset phenotypes are also possible, with no detectable schisis and
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Fig. 5.8 Clinical findings in X-linked retinoschisis. In this 26-year-old Caucasian male patient
with a confirmed RS/ disease-causing hemizygous mutation and complaint of reduced visual acu-
ity since early childhood, the fundus photograph of the right eye (a) shows two large areas of
inferior and inferotemporal chronic peripheral bullous retinoschisis with fibrotic demarcation
lines. (b) The left eye shows no peripheral retinoschisis but shows disseminated patchy areas of
golden tapetal-like reflexes (TLR)

Fig. 5.9 Macular OCT findings in XLRS. SD-OCT scan of the same patient with XLRS shown in
Fig. 5.8, showing disseminated hyporeflective macular intraretinal cystic spaces, especially in the
foveal area, consistent with a typical case of macular schisis in XLRS

exhibiting only metallic, golden tapetal-like reflexes (TLRs) [15]. TLRs are also often
observed in XLRS cases exhibiting macular and/or peripheral retinoschisis (Fig. 5.8).
While molecular genetic diagnostic testing for disease-causing changes in the
RS1 gene is ultimately necessary to confirm the suspicion that a patient is affected
by XLRS, and macular OCT often exhibits cystic changes mimicking cystoid macu-
lar edema, ffERG testing is usually essential in diagnosing this condition, even in
cases only with TLRs or other mild or unusual signs. The typical ffERG finding of
XLRS is an electronegative mixed dark-adapted ERG response, due to a normal or
near-normal a-wave followed by a variable degree of b-wave truncation (Fig. 5.10).
Both pure rod-driven and cone-driven ERG responses can be variably reduced and
delayed, and often the latter ones exhibit some degree of electronegativity as well.
The flicker cone ERG often exhibits a split peak. All these abnormalities are usu-
ally associated with variable degrees of ON- and OFF-response compromise. It has
also been reported b-wave electronegativity may be proportional to the extent of the
TLRs when present [15]. A greater degree of ON-response compromise is usually
associated with a greater degree of b-wave electronegativity. Progressive decline
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Fig. 5.10 Macular and electroretinographic characteristics of XLRS. (a) The macula of this
8-year-old Caucasian boy with a complaint of severe light aversion and acuity not correctable to
better than 20/60 is remarkable for characteristic clustered polycystic foveal changes in a spoke—
wheel pattern that, on red-free imaging. (b) confers a spongiform appearance of the macula. His
mixed dark-adapted ffERG shows a typical electronegative waveform with a large a-wave but a
markedly depressed b-wave. (¢) His light-adapted ffERG responses were also markedly reduced
(not shown). Molecular genetic testing revealed a R197C RS/ mutation, also identified in his
maternal uncle, who was also affected

of the a-wave has been reported, reflecting an increasing degree of photoreceptor
functional compromise [9, 16, 17].

The mfERG is consistently abnormal in XLRS, exhibiting a wide range of possi-
ble abnormalities, ranging from mild to severe response density reductions [18, 19].
The mfERG changes appear to parallel to the severity of the macular retinoschisis.
Examples of mfERGs from XLRS patients with confirmed RS1 mutations and their
corresponding macular OCTs are illustrated in Fig. 5.11.

Vitelliform Macular Dystrophy (Best’s Disease)

Vitelliform macular dystrophy, also called Best’s disease, was first identified by
Franz Best in 1905. It is an inherited disease due to a defect in the retinal pigment
epithelium (RPE) affecting macular integrity. Best’s disease is caused by mutations
or deletions in the BEST! gene (also known as VMD?2) expressed in the RPE [20,
21]. Most of the cases of vitelliform macular dystrophy are autosomal dominant in
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Fig. 5.11 Multifocal ERG
macular and
microanatomical findings
in XLRS. Various levels of
mfERG compromise are
seen in XLRS and, to a
certain degree, parallel to
the extent of macular
retinoschisis in affected
patients. (a) Normal
mfERG example as
reference. (b, ¢) PT1:
Mildly reduced mfERG
foveal peak densities and
SD-OCT scan in a case
with mild macular
retinoschisis confined to
the foveal area. (d, e) PT2:
Moderate generalized
reduction in mfERG
response densities and
SD-OCT scan in a case
with moderate macular
retinoschisis. (f, g) PT3:
Severely depressed mfERG
responses and SD-OCT
scan in a patient with
severe inner and outer
macular retinoschisis,
complicated further by a
bilateral myopic posterior
staphyloma and a serous
foveal detachment in the
left eye
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inheritance [22], while some cases are inherited in autosomal recessive fashion [23].
Disease-causing changes in the BEST gene can also cause phenotypic expressions
other than typical vitelliform ones, such as the spectrum of conditions known as the
autosomal recessive bestrophinopathies (ARBs), autosomal dominant vitreoretino-
choroidopathy (ADViRC), and retinitis pigmentosa [22, 24-26].

Best’s disease can be clinically classified into several progressive stages:

— Pre-vitelliform stage: Usually no visible fundus abnormalities are observed, but
RPE changes or a yellowish dot at fovea may be seen.

— Vitelliform stage: Most often observed in infancy and childhood. A sharply
demarcated, round, subretinal yellowish lesion simulating an egg yolk-like
appearance is classically appreciated, with a dense, localized hyperreflective
subfoveal lesion seen on OCT (Figs. 5.12a, b and 5.13). At this stage, lesions can
be extrafoveal and/or multiple. Satellite vitelliform lesions can be observed also
outside of the vascular arcades. The size of the lesions and the amount of
elevation on the retinal plane vary considerably, and spontaneous regression is
possible. Many patients at this stage are still asymptomatic.

Fig. 5.12 Clinical and imaging examples of Best’s disease. (a) Fundus photo of a 10-year-old
Caucasian girl with Best disease showing a small, discrete vitelliform macular lesion. (b) A dense,
localized hyperreflective subfoveal lesion is seen on OCT. (¢) Fundus photo of a 46-year-old
Caucasian male patient with Best disease showing fragmented vitelliform macular lesions, now at
the vitelliruptive stage, with central RPE loss/atrophy. There are also satellite lesions outside the
arcades superiorly and nasally to the disc. (d) An OCT through the top portion of the lesion shows
a subretinal hyporeflective fluid pocket with marked loss of both the RPE and the ellipsoid zone
(EZ) layer, despite corrected acuity of 20/50 in this eye
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Fig. 5.13 Progression of multifocal vitelliform macular lesions. This Middle-Eastern man pre-
sented with vision loss and metamorphopsia at 41 years of age. The patient tested positive for a
R218H BESTI mutation. In a few years, his lesions progressed through virtually all of the Best’s
disease stages (from right to left), reaching the atrophic stage in just a few years, leading to signifi-
cant central vision loss

— Pseudohypopyon stage: More frequently observed around puberty. The egg
yolk-like lesions disrupt and sediment inferiorly by force of gravity. The subreti-
nal RPE appears coarsely mottled, and pigmentary clumps can develop superi-
orly to the pseudohypopyon. Fluid starts developing under the retina, and
symptoms start occurring.

— Vitelliruptive or “scrambled egg” stage: Characterized by fragmentation of the
yellow subretinal lesion and development of subretinal hyporeflective fluid pock-
ets (Fig. 5.12c¢, d). These patients are typically symptomatic with reduced vision
and metamorphopsia.

— Atrophic stage: The subretinal lesions disappear, leaving behind a discrete area
of RPE atrophy and coarse mottling, with development of central scotomas and
significant visual acuity loss.

The course of the disease can be complicated by serous or hemorrhagic macular
detachment, subretinal neovascularization, disciform scarring, macular hole forma-
tion, and retinal detachment. These complications can occur virtually at any stage
after the formation of the classic vitelliform lesion. Vitelliform lesions can also be
seen but remain asymptomatic for years in affected individuals. Onset is usually
in childhood, but it can be highly variable in some cases [27]. The progression
of multifocal Best’s disease lesions over several years in a patient who developed
symptoms of the disease only in his early 40s is illustrated in Fig. 5.13.

Unlike classical Best’s disease, ARBs often lack typical vitelliform lesions and
instead appear as RP-like phenotypes with prominent exudative features and intra-
retinal fluid. Actual neovascular membranes have been reported in ARB patients
representing more classical vitelliform subfoveal phenotypes that respond to treat-
ment with antivascular endothelial growth factor (VEGF) [23].

Autosomal dominant vitreoretinochoroidopathy (ADViIRC) is characterized by
discrete bands of far peripheral abnormal chorioretinal pigmentation and atrophy,
often associated with vascular (retinal vessel narrowing, occlusion, and ectasia with
neovascularization) and inflammatory (vasculitis, chorioretinitis, and cystoid mac-
ula edema) changes [28, 29]. These clinical features are associated with histopatho-
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Fig. 5.14 Clinical and electrophysiological diagnostic findings for Best’s disease. (a) Fundus
photo of the left eye of the same 46-year-old Caucasian male patient with Best’s disease shown in
Fig. 5.12, at the vitelliruptive stage with atrophic foveal changes. Note satellite lesions superior
and nasal to the disc as well. (b) EOG of a normal control subject. (¢) EOG of the patient shown in
(a) with an Arden ratio well <1.5, consistent with diagnosis of Best’s disease verified molecularly
to be due to an E300K BEST mutation

logical and immunohistochemical evidence of inflammatory infiltration of the retina
and significant VEGF upregulation [30].

The diagnosis of vitelliform macular dystrophy is mainly raised by family his-
tory (when present), fundus appearance, and fundus autofluorescence and is con-
firmed functionally via EOG testing [31] that by definition results in an Arden
ratio below 1.5, compared to the lower limit of normal value 1.65 and, more com-
monly, >1.8 (Fig. 5.14). The mfERG may show reduced foveal or generalized
peak response density mostly depending on the extent of the vitelliform lesions,
the degree of macular atrophy, and depending on whether patients exhibit a mul-
tifocal vitelliform phenotype or not, resulting in reduced P1 amplitude and/or
prolonged P1 implicit time in all eccentricities or central field [27] comparable
to the results of OCT [32]. The ffERG is usually not informative in Best’s dis-
ease except for confirming normal responses, since the extent of macular func-
tional loss is usually insufficient to impact ffERG amplitudes. However, prior
to molecular genetic diagnostic confirmation of BESTI gene disease-causing
changes in affected patients, ffERG can be helpful to differentiate true Best’s dis-
ease from phenocopies as they can be associated with PRPH2 mutations that can
also exhibit a vitelliform, more often multifocal phenotypes commonly exhibiting
ffERG changes reflecting the outer segment abnormalities variably in rod and/or
cone responses.

Recessive cases of pure vitelliform macular dystrophy usually produce markedly
diminished Arden ratios on EOG testing and normal ffERGs, whereby they cannot
be distinguished from dominant ones on the basis of clinical or functional testing
alone, but only via molecular genetic diagnostic testing of affected patients and their
parents, who exhibit normal EOG Arden ratios [23].

ARBs with more extensive and complex phenotypes usually exhibit not only
the typical EOG findings due to bestrophin functional impairment in the RPE but
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also ffERG changes due to the adverse impact of the health of the overlying retina
(Fig. 5.15a, b). Variably reduced rod- and cone-driven response amplitudes (from
low-normal to severe) can be appear in ARBs (Fig. 5.15¢). A similar pattern of ERG
responses is also seen in ADVIRC patients [33]. The mfERG is variably abnormal in
ARBs reflecting the extent of macular involvement.

Molecular genetic diagnostic confirmation of BEST! gene disease-causing
changes in affected patients remains paramount in these patients, including con-
firming parental phase of the genetic changes, confirmation that carriers of muta-
tions do (dominant cases) or do not (recessive cases) exhibit abnormal EOG Arden
ratios, and searching for larger gene changes not detected by standard sequencing
techniques.
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Fig. 5.15 Clinical and functional findings in autosomal recessive bestrophinopathy. (a) Fundus
findings in a 51-year-old Caucasian female patient with molecularly confirmed autosomal reces-
sive bestrophinopathy (ARB), due to a Tyr25Ter (Y25X) nonsense mutation, inherited paternally,
and an exon 1-2 deletion of the BEST gene, inherited maternally. Diffuse RPE dropout affecting
the entire posterior pole with small residual vitelliform-like lesions can be seen. (b) The fundus
autofluorescence findings in this patient show speckled hypo-autofluorescence, also outside the
arcades, with some blocking effect exerted by the vitelliform-like lesions. (¢) The ffERG of this
patient shows a rod>cone pattern of retinal dysfunction with marked rod depression (dark-adapted),
moderated mixed a- and b-wave reduction and delay, and normal but moderately delayed cone and
flicker responses. The EOG Arden ratio in this patient was approximately 1.10 (not shown)
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Pattern Dystrophies/Macular Pattern Dystrophy (MPD)

Pattern dystrophies are a group of macular dystrophies, usually inherited in
autosomal dominant fashion, characterized by different “structured” patterns of yel-
lowish subretinal deposits that usually hyper-autofluorescence on autofluorescence
imaging and block fluorescence on angiography. They are presumed to contain
lipofuscin, alongside RPE mottling, loss and intraretinal migration, and pigment
deposition. The appearance of the patterns formed are due to the loss of the RPE and
photoreceptor cells with the intact choriocapillaris and lipofuscin-containing cells
in the subretinal space in the macula [34].

Pattern dystrophies usually have a good overall visual prognosis and usually
exhibit late onset of symptoms compared to other macular dystrophies, such as
Stargardt’s disease (Fig. 5.16a—d). Because of this insidious late onset of symptoms,
pattern dystrophies can often be confused also with AMD. However, due to the usu-
ally dominant pattern of inheritance, early examination of children of affected indi-
viduals usually reveals presence of initial macular signs of the disease as early as
in the first decade of life (Fig. 5.16e). Slowly progressive central vision loss is pos-
sible when the deposits disrupt the integrity of the overlying ellipsoid zone and/or
where there is an evolution toward macular atrophic lesions. Exudative/neovascular
complications are also common and represent the main (but definitely treatable with
anti-VEGF drugs) risk for significant vision loss in patients with these conditions.

The majority of the true MPDs is due to mutations in the PRPH2 gene (also
known as peripherin/RDS). Peripherin is expressed in the outer segments of both
rods and cones and is essential to maintain the integrity of the outer segment discs.
Abnormalities in the peripherin protein are known to lead to outer segment disc
membrane disorganization and blebbing, and presumably, this chronic outer seg-
ment disruption is responsible for both the lipofuscin-laden deposits and the EZ
loss occurring in this group of conditions. As such, despite manifestations limited
to the macular region, it is not uncommon to observe abnormal ffERGs in MPD
patients. Because of the greater disease emphasis on the macular region, most MPD
patients with abnormal ffERGs will exhibit a cone—rod dystrophy pattern reflecting
greater cone photoreceptor disease (Fig. 5.17). Accordingly, the mfERG is usually
significantly abnormal in MPD patients even when the acuity may still be 20/20. It
should also be remembered that protean manifestations within the same family can
be present in conjunction with PRPH2 mutations ranging from MPD, AOFVMD
(see below), Stargardt-like phenotypes, cone—rod dystrophies, and retinitis pigmen-
tosa. The type and extent of ffERG abnormalities will usually vary accordingly.

Unlike true MPDs, adult-onset foveomacular vitelliform dystrophy (AOFMVD)
is a clinically and for the most part genetically distinct entity. AOFMVD usually dis-
plays small, foveal, or parafoveal elevated egg yolk-like subretinal lesions. While
some patients can exhibit PRPH2 mutations, most do not, and the genetic etiology
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Fig. 5.16 Clinical, imaging, and functional findings in a dominant pattern dystrophy linked to a
PRPH?2 mutation. (a—d) Fundus photos, OCT, and mfERG of a 50-year-old Caucasian man with
advanced pattern dystrophy and genetically confirmed R142W pathogenic variant in the PRPH2
gene. (a) Fundus photo. (b) fundus autofluorescence demonstrates a central area of geographic
atrophy-like RPE atrophy surrounded by a thin ring of flecks. (¢) This patient’s OCT showed outer
retinal atrophy with the exception of a small island at the foveola with preserved ellipsoid zone. (d)
The mfERG of this patient shows marked response density depression throughout the tested area.
(e) Fundus photo of the 19-year-old son of the proband, who was found to carry the same patho-
genic variant in the PRPH2 gene. While the young man is currently asymptomatic, subtle RPE
mottling at the macula with a single drusenoid deposit superior to fovea can already be found. At
this stage, functional testing is completely normal (not shown)
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of AOFVMD remains often undetermined. However, AOFVMD-type patients are
also possible in bona fide BESTI-related macular dystrophies. In the latter subgroup
of diseases, a dominant history often exists, and the EOG test is usually abnormal
(<1.5 Arden ratio) or borderline (1.5-1.65 range). However, in the remainder of the
cases, the EOG is usually at least in the low normal range (>1.7 Arden ratio). Unless
the causal gene is PRPH2, the ffERG is usually normal or minimally abnormal in
AOFMVD patients, whereas the mfERG is usually reduced in variable fashion.

Doyne’s Honeycomb Macular Dystrophy (Malattia
Leventinese)

Doyne honeycomb macular dystrophy (DHMD), also known as Malattia
Leventinese, Radial Drusen, or Dominant Drusen, is characterized by the drusen
accumulating under RPE and a complaint of early-onset dark adaptation problems.
Over time, drusen grow in extent and connect together to form either linear or hon-
eycomb reticular patterns (Fig. 5.18). The condition is inherited in a dominant fash-
ion, and, to date, a single EFEMP] gene mutation has been identified in all cases
of DHMD [35].

The onset of DHRD is usually in or after 30—40 years of age. In the early stage of
DHRD, symptoms may include decreased visual acuity, metamorphopsia, abnormal
color vision, photophobia, and relative scotomas. In the later stage of DHRD usu-
ally occurring by 40-50 years of age, the central vision is further decreased with
absolute scotomas. If choroidal neovascularization (CNV) occurs, the vision loss
can develop faster and further. In DHRD, the amplitude of pattern ERG is usually
decreased while ffERG rod and rod—cone responses and EOG Arden ratio are usu-
ally not affected [36].

Fig. 5.18 Fundus findings
in Doyne’s honeycomb
macular dystrophy
(Malattia Leventinese).
Fundus photo of a patient
with DHMD showing
confluent yellow drusen in
a streak-like radial
configuration characteristic
of the entity (Adapted from
Figure 1 [35])
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Occult Macular Dystrophy

Occult macular dystrophy (OMD) is an autosomal dominant disease caused by het-
erozygous mutations in the RP/L1 gene [37]. Its symptoms are highly variable. Its
vision progressively declines, starting from adolescence to the sixth decade of life
or even older. Even those who complain of changes in acuity may still have 20/20
to 20/25 vision, but it may also be much worse, in the range of count fingers. There
can be considerable asymmetry in acuity between the two eyes, but there is little
known about the rate of vision loss. Mild dyschromatopsia is often observed with
deficits in both red-green and red-green discrimination, but total color blindness has
also been reported.

The fundus appearance and fluorescein angiography of OMD do not typi-
cally show clinically visible abnormalities even in advanced stages. The ffERG
is usually normal in OMD or at the most slightly decreased [38—40]. However,
the mfERG is typically significantly decreased in OMD patients (Fig. 5.19).
These findings are usually accompanied by visible changes by OCT imaging, that
can include a range of findings, such as exudative complications with subretinal
fluid resembling central serous chorioretinopathy or Best’s disease [40—43]. The
more common OCT finding is a fine nonspecific fragmentation of the ellipsoid
zone [43], as it can also be seen in many other macular and cone dystrophies.
Specialized recordings outside of the clinical standards measuring ON and OFF
focal macular responses with long-duration stimuli have shown defects in these
responses [44], and focal flash ERGs are also abnormal in OMD [45]. The diag-
nosis of certainty of OMD can ultimately be confirmed only via molecular genetic
diagnostic testing. It is worth noting mutations in the RP/LI gene can cause also
autosomal recessive retinitis pigmentosa.

North Carolina Macular Dystrophy (NCMD)

NCMD, also known as central areolar pigment epithelial dystrophy (CAPED) [46],
was first described by Lefler et al. in a group of Irish descendants living in the North
Carolina mountains [47], and it was the first macular dystrophy mapped reliably
(MCDRI locus) [48]. Even though it was named after a family in NC, the dystrophy
has been diagnosed in families all over the world, mapping to the same MCDRI
locus [46, 49-51]. It is inherited in an autosomal dominant fashion with high pen-
etrance [46, 51].

Its phenotypic expression consists of three grades: (1) fine macular drusen; (2)
confluent drusen, choroidal neovascularization, or disciform scar; and (3) macu-
lar staphylomas, or coloboma- or toxoplasmosis-like chorioretinal excavations
(Fig. 5.20) [48, 51, 52]. The ffERG and EOG are typically normal in NCMD [49,
50], whereas the pattern ERG [50] and the mfERG will be reduced in grade 3 dis-
ease, whereas they will typically remain normal in the earlier stages of the disease
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Fig. 5.19 Multifocal ERG findings in occult macular dystrophy (OMD). The mfERG of a patient
with a disease-causing mutation (Glu1466Lys or E1466K) in the RP/LI gene and with an observed
occult macular dystrophy phenotype. The (a) average of the P1 trace arrays by eccentricity rings
(the purple bars indicate 95% confidence intervals of normal subjects) and (b) the amplitude and
latency enface plots standard deviation plots from the mean are shown, to illustrate the patchy
response reduction and the generalized delays thereof, more severe centrally and pericentrally
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unless there are neovascular complications. All these conditions were met in the
cases illustrated in Fig. 5.20. Of note, cases who exhibit only a small patch of flat
RPE loss (of the central areolar pigment epithelial dystrophy or CAPED type) away
from the fovea region that can be completely asymptomatic have also been observed
in NCMD families.
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Fig. 5.20 Phenotypic expression of North Carolina macular dystrophy (NCMD). (a) Fundus
photo of an asymptomatic 4-year-old Caucasian girl noted to have macular changes by her optom-
etrist, illustrating grade 1 NCMD. (b) The macular OCT of this same patient is shown, revealing
only microdrusen-like changes in the foveal region. (¢) Her 32-year-old father exhibited a grade 2
case of NCMD with a fibrotic subfoveal neovascular complication in the right eye. The left eye
showed only confluent drusen (not shown). Remarkably, the retina and the RPE overlying the
fibrotic scar were both intact, whereby acuity also in the right eye was 20/25. The ffERG of both
patients and the EOG of the father were completely normal (not shown). The father’s mfERG was
mildly abnormal only in the right eye (not shown). (d) Another case of a Caucasian woman in her
40s with lifelong history of reduced acuity, central scotoma, and macular lesions, exhibiting a
grade 3 NCMD with a macular toxoplasmosis-like coloboma. (e) On fundus autofluorescence,
there is marked central hypo-autofluorescence corresponding to the chorioretinal coloboma, with
a surrounding ring of discrete brighter hyper-autofluorescence on the nasal side and a fainter halo
of hyper-autofluorescence around the excavated lesion. (f) On OCT, the chorioretinal excavation is
clearly delineated, with loss of retinal, RPE, and choroidal tissue. This patient had a son with a
very similar lesion, whereas her mother exhibited only a small patch of flat RPE loss (of the central
areolar pigment epithelial dystrophy or CAPED type) away from the fovea region and was com-
pletely asymptomatic
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Chapter 6
Degenerative Night-Blinding Disorders
and Cone and Cone-Rod Dystrophies

Wajiha Jurdi Kheir, Minzhong Yu, Alfonso Senatore, Alessandro Racioppi,
Roberto Gattegna, Donnell Creel, and Alessandro Iannaccone

Retinitis Pigmentosa

Retinitis pigmentosa (RP), also called rod—cone dystrophy, is a group of inherited
retinal diseases characterized by the progressive degeneration of rod photoreceptor
cells followed by the disorder or death of cone photoreceptors and retinal pigment
epithelium (Fig. 6.1). It affects approximately 1:3,500—1:4,000 people. Mutations
in over 130 genes have been identified to be related to non-syndromic or syndromic
RP [1, 2]. In most cases, the RP symptoms only involve loss of vision, classified
as non-syndromic RP. The inherited patterns of non-syndromic RP include autoso-
mal recessive (50-60%), autosomal dominant (30-40%), and X-linked (5-15%) [1,
2]. In general, autosomal dominant RP tends to be the slowest and most variable
in expression, while X-linked RP tends to have consistently the earliest onset. In
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Fig. 6.1 Imaging findings in retinitis pigmentosa. Examples of fundus photos and fundus auto-
fluorescence (FAF) in three patients all molecularly confirmed to have RP. (a) Patient 1: Early-
stage autosomal recessive RP, with bone spicule-like deposits and RPE, changes predominantly in
the peripheral nasal hemiretina. The macula appears normal, but the retinal vasculature is already
attenuated, and there is waxy disc pallor. (b) A crescent-shaped ring of hyper-autofluorescence
delineates the leading edge of the peripheral disease of Patient 1. There is speckled hypo-
autofluorescence nasally in the area of bone spicule-like pigment deposition and mottled RPE. (¢)
Patient 2 has intermediate stage autosomal dominant RP. Fundus examination shows fine punched-
out lesions (moth-eaten appearance) and bone spicule-like peripheral pigment deposits, attenuated
vessels, questionable disc pallor, and attenuated foveal reflexes. (d) FAF reveals a ring of hyper-
autofluorescence around the fovea demarcating the leading edge of the disease (good ellipsoid
zone preservation on OCT is found within these boundaries, not shown). Speckled hypo-autofluo-
rescence nasally in the area of bone spicule-like pigment deposition and moth-eaten RPE. (e)
Patient 3 has advanced autosomal recessive RP with atrophic macular involvement. This patient
shows large areas of nummular confluent RPE atrophy and bone spicule pigment deposits in the
periphery, attenuated vessels, peripapillary atrophy, waxy disc pallor, and macular atrophy. (f) On
FAF, there is severe hypo-autofluorescence throughout the posterior pole and in the large periph-
eral nummular patches of RPE atrophy beyond the arcade. A large ring of speckled hyper-
autofluorescence around the arcades and a large ring of speckled hypo-autofluorescence around the
central atrophic areas can be seen, indicative of widespread RPE suffering

many cases, RP occurs as one of the syndromes involving other disorders in the
body. These syndromes are classified as syndromic RP, including Usher syndrome,
Bardet—Biedl syndrome, Refsum disease, and the neuropathy, ataxia, and retinitis
pigmentosa (NARP) syndrome. These syndromes will be discussed in other dedi-
cated sections. All types of RP generally cause night blindness in the early stage,
followed by reduction of peripheral visual field, and ultimately legal blindness. The
development of RP usually occurs over several decades. Therefore, early diagnosis
and treatment can reduce the rate of RP progression and extend the persistence of
useful visual function for additional years [1].

There is no marked difference in the characteristics of electrophysiologic tests
in different types of RP except the time frame of development. For the diagnosis
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of RP, visual field testing, ffERGs, spectral domain optical coherence tomography
(SD-OCT), fundus autofluorescence (FAF), and at times fluorescein angiography
are the cornerstones of the clinical and functional workup of symptomatic patients.
Typically, the ffERG exhibits measurable reduction or other qualitative changes
even at the earliest stages of RP when the symptoms are still mild, although if only
small areas of the retina are affected early on, SD-OCT and FAF can detect the
earliest signs of localized diseases better than the ffERG. Rod function is usually
decreased first in RP, preceding the reduction of cone function, or the two can occur
concomitantly, as it is often the case in certain forms of dominant RP (e.g., the ones
linked to PRPH2 mutations) as well as in X-linked RP, in which both rods and cones
are affected early and at times equally [1]. In more advanced disease stages, the
ffERG of RP becomes non-recordable or near the noise threshold (Fig. 6.2).

The mapping of cone photoreceptor function across the macular region can be
tested by mfERG usually showing a decrease in amplitude starting from the peripheral
field and spreading toward the central field as the RP progresses. Response of mfERG
is still recordable in some cases even when the ffERG has become undetectable [3].

Leber’s Congenital Amaurosis’/EORP/SECORD

Leber’s congenital amaurosis (LCA) is a type of congenital or early-onset inherited
retinal dystrophy within the first 6 months of life with severe ocular symptoms,
such as extremely low visual acuity in infancy, nystagmus, impaired pupillary-light
reflex, and normal fundus appearance at the early stage followed by gradually pig-
mentary change in later stages. If these symptoms are mild and present after 1 year
of age, the disorder is often called early-onset RP (EORP) or severe early childhood-
onset retinal degeneration (SECORD) [4]. LCA can be caused by the mutations of
more than 16 genes, including AIPL1, CEP290, CRBI, CRX, GUCY2D, IMPDH]1,
IQCBI1, LCAS, LRAT, MERTK, RD3, RDH12, RPGRIPI, RPE65, SPATA7, and
TULPI (Fig. 6.3). LCA is generally inherited in an autosomal recessive pattern,
but mutations in CRX and IMPDH 1 can cause autosomal dominant LCA [5, 6]. The
ffERG in LCA typically show non-recordable or severely reduced responses very
early on [7-11]. However, cases where the ffERG remains however partially record-
able into the second and even third decade of life are seen (Fig. 6.4).

Enhanced S-Cone Syndrome

Enhanced S-cone syndrome (ESCS), also as known as Goldmann—Favre vitreoreti-
nal dystrophy or clumped pigmentary retinal dystrophy (CPRD), is a rare inherited
autosomal recessive night-blinding retinal dystrophy [12, 13]. ESCS is caused by
mutations in the NR2E3 gene, encoding a ligand-dependent transcription factor for
retinal progenitor cell fate producing the development of retinas with virtually no
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Fig. 6.3 Clinical and imaging findings in LCA/EORP/SECORD patients. All patients displayed
congenital (LCA) or early childhood-onset (EORP/SECORD) nystagmus and evidence of poor
vision and night blindness. (a) PT1: Fundus photo of a 19-year-old Caucasian female with LCA due
to a deletion leading up to a frameshift effect in the RDH12 gene. Note the widespread pigmentary
deposits with marked vascular attenuation and only partial macular sparing. There is partial paravas-
cular RPE sparing. (b) The OCT of this patient shows essentially no detectable EZ or ELM residue
across the entire macular region despite otherwise good preservation of all other layers. (¢) PT2:
Fundus photo of a 25-year-old African-American male with LCA due to compound heterozygosity
for a missense and a nonsense mutation in the RPE65 gene. The retinal degeneration of this patient
shows disseminated nummular pigment deposits and widespread RPE dropout, including atrophy at
the macular level. (d) The OCT of PT2 shows severe ellipsoid zone (EZ)/External limiting mem-
brane (ELM) loss across the macula with hyper-transmission defects due to the associated RPE
atrophy. The inner retina appears to be abnormally thickened, especially at the retinal nerve fiber
layer (RNFL) level. (e) PT3: Fundus photo of a 26-year-old African-American female patient with
EORP/SECORD, also due to compound heterozygosity for a missense and a nonsense mutation in
the RPE65 gene (different than PT2). The retinal degeneration of this patient shows only a few num-
mular pigment deposits and widespread RPE dropout, including mild bull’s eye-shaped atrophy at
the macular level. (f) The OCT of PT3 shows severe EZ/ELM loss across the macula with seem-
ingly good ONL residue and without hyper-transmission defects. The inner retina appears to be well
preserved, with questionable thickening of the RNFL

rods and dysplastic retinas with an abnormally large number of blue light-sensitive
(S)-cones in place of the rods [14—17]. For this reason, affected patients usually
experience congenital night blindness. The visual acuities and visual fields (typi-
cally exhibiting a ring scotoma) of ESCS patients tend to worsen slowly with age
[18], although central acuity can be threatened early and become markedly reduced
as the result of macular retinoschisis typically present in these patients, can develop
both insidiously (more typically) and even acutely, and is typically responsive to
carbonic anhydrase inhibitors [12, 19, 20].

The typical fundus changes of ESCS (Fig. 6.5) occur primarily at the vascular
arcades, where normally the highest rod cell density would be, and differ fundamen-
tally from RP, showing deep, nummular, confluent pigment deposits, and patches of
atrophy underneath the retina or in the outer retinal layers, unlike the bone spicule-
like deposits characterizing RP and the track the inner retinal blood vessels and
capillaries [12]. In more advanced stages, the nummular confluent deposits are usu-
ally pigmented, hence the CPRD definition, and have been known to resemble laser
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Fig. 6.5 Clinical and
imaging findings in
enhanced S-cone syndrome
(ESCS). Findings in a
14-year-old Ethiopian girl
affected with congenital
night blindness due to
ESCS resulting from
compound heterozygous
mutations in the NR2E3
gene. (a) Fundus
photography shows
superotemporal and
inferotemporal deep
nummular pigment
deposits at the arcades
associated with RPE
atrophy and 360-degree
micro-exudates and flecks
in the periphery. (b)
Fundus autofluorescence
shows hypo-fluorescence
corresponding to the
pigment deposits and the
RPE loss seen clinically
and a faint ring of
hyper-fluorescence at and
inside the arcades. (¢) OCT
shows a grainy EZ and
mild microcystic
parafoveal schitic changes
without significant retinal
thinning or EZ, ELM, or
ONL loss. Consistent with
this finding, acuity in this
eye is approximately 20/20

burns. However, in the earliest stages of ESCS, these deep deposits at the arcades
can appear whitish, in the guise of flecks, and are often associated with punctate
more superficial changes, as in the case shown in Fig. 6.5. Furthermore, the retinal
blood vessels of ESCS patients are rarely attenuated, except in the very late stages
of the diseases, and also the typical waxy pallor of the RP disc is customarily absent
in ESCS patients (Fig. 6.5). Lastly, unlike most patients with RP, ESCS patients
are not only prone to macular retinoschisis but also to peripheral schisis, and this
can lead to rhegmatogenous retinal tears and detachments posing a potentially sig-
nificant and acute threat to the peripheral vision of ESCS patients [12]. The more
whitish superficial deposits patients with ESCS develop are often associated with
subclinical levels of peripheral schisis.
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The unusually large number of S-cones in ESCS causes, in its most typical
appearance, non-recordable rod responses and supernormal mixed and cone ffERG
transient responses typically associated with a distinctive electronegative delayed
waveform that persists in both characteristics also under light-adapted conditions
[21-23]. In many cases, however, both the mixed and the cone-driven ffERG
responses are reduced in amplitude, albeit maintaining the distinctive electronega-
tive delayed waveform typical for ESCS (Fig. 6.6). Pattern ERG P50 peaks are
generally delayed and/or decreased significantly. Multifocal ERG shows decreased
response densities in the entire tested field or in peripheral field [20, 24, 25].

Choroideremia

Choroideremia is a rare X-linked recessive retinal dystrophy with progressive
degeneration of the RPE, choroid, and photoreceptors (Fig. 6.7). Choroideremia is
associated with the mutation of CHM gene encoding Rab escort protein-1 (REP-1).
REP-1 protein facilitates posttranslational modification of Rab proteins regulating
intracellular vesicular trafficking [26—28]. Deletion of the entire gene, small dele-
tions, missense mutations, nonsense mutations, frameshift mutations, and splice site
mutations have been identified in CHM gene [29-32], causing loss of functional
domain, truncation, or absence of REP-1 [33].

The age of onset of choroideremia can be quite variable. While most patients
tend to be symptomatic by the first or second decade of life and can exhibit marked
progression of the nummular RPE loss across the retina from year to year even
within the first decade of life [32], it is not infrequent to encounter patients who
become symptomatic only in the third or fourth decade of life. Affected male
patients develop night blindness with progressive patchy constriction of the periph-
eral visual fields and, in later disease stages, central vision loss [34, 35]. Delayed
dark adaptation is anecdotally reported to be a near universal complaint of cho-
roideremia patients, and it has been reported to be linked to reduced intraretinal
rhodopsin levels [36]. However, formal large-scale investigations of night vision
performance in choroideremia are lacking.

Female carriers of choroideremia usually exhibit minimal to no symptoms of the
carrier state. Reports of night vision difficulties in carriers have been published, but
it is not readily apparent that these reflect impaired rod function, but rather they may
reflect abnormalities in rod—cone interactions in the dark-adapted state [32]. This
lack of symptoms is in striking contrast with the very noticeable fundus changes
female carriers of choroideremia normally exhibit, most typically a diffusely mot-
tled and streaky pattern of coarse hyperpigmentation upon fundus examination [37,
38] (Fig. 6.8).

Similar to RP, in male patients with choroideremia, the reduction of ffERG ampli-
tudes varies from slight reduction to undetectable [32, 39, 40]. In all patients, rod-
driven ffERG responses decrease markedly, while cone responses decrease only
moderately and usually follow in severity rod disease [31, 32], and the Arden ratio



85

6 Degenerative Night-Blinding Disorders and Cone and Cone—Rod Dystrophies

0S1 00l 0s

0SL 00! 0

oSt

suonIpuod paydepe-1y3i| 1opun parraesaid
9q [[1m 003 Joadse sty pue ‘A3o[oydiowr awes ay) Yym sasuodsal [ewrrouradns JIQIYXD [[IM DY Y3 ‘Sosed [ed1d£) a1ow uaad uy “SOHSH 10§ [eo1dA) st sasuodsar
OYHJ 2U0d JuAISULI) pue paxIw Ay} Jo 2deys ULIoJoARM OU) UI AJLIB[IWIS O[qEIBWAI Y], "Sosuodsar Ioyory poonpal A[pajIew pue ‘sesuodsal ouod pue
PaxXIW PIAR[OP PUB JAIIBSIUOIOI[ A[pazIeul ‘sasuodsal pol 9[qepIodal-uou JuniqIyxa ¢ 9 314 woiy juaned oyl Jo DY UL ‘SIS Jo OYTH YL 99 “S1

0S

051 001 0 0 sw 002 sw 002 sw 902 sw 002 051 00t 0 sw

[ i [ A At [ A

002 ooe- 09- 09~
o anem-et—FooL- aneme L L goz- o8 Ry
o]
PSRV Rt SV S o AN 1 S N B ST i, E
*ead onen-q ..r\.)?}slf.\:.([\( . onemeq anemq =

o 00k w>N>—>.n_ 0g 0€

002 004 09 09

Ot 9oL 9 sw 002 054 094 S sw o 002 ost 0oL 05 0 sw Qg 051 0q} 0 sw Q02 051 0Q1 0 sw

At A onEM-E A A A

00¢- / 3 00 - -

ybnoy oot~ / _— .._ I 0oL 001
) _c\/ ) } arews] o0k N o0 o 0 > onene . W
s ._;. —_— N . . _‘. / \i 9]
J._ W ..m W w 0 < /l// .\ 0 00} \\ 00} w
ead BABM-T 00k 00} 00 00 Dlv

v e I S
00t 002 anemq 00 oo 008 araivg oo
ZW/spo 0'e ZW/spd 0 ZW/spd 0°'¢ ZW/spo 10 ZW/spo 10°0
190114 asuodsal auo) asuodsal paxiy asuodsal poy



86 W. J. Kheir et al.

Fig. 6.7 Clinical and imaging findings in choroideremia. This 19-year-old Caucasian male with a
lifelong complaint of poor night vision and negative family history. (a) Fundus photography shows
disseminated, scalloped areas of RPE and choriocapillaris atrophy around the macula, around the
disc, and in the periphery, with patchy deep RPE migration and clumping and only mildly attenu-
ated vessels. The macular region is preserved. (b) Marked hypo-autofluorescence throughout the
FAF scan corresponds to nummular areas of RPE and choriocapillaris atrophy with scalloped
borders. There is residual near-normal autofluorescence in the macular region and disseminated
small regions of intact RPE in between the areas of atrophy beyond the arcade. Molecular genetic
testing corroborated the impression of choroideremia identifying a novel missense hemizygous
mutation in the CHM gene also found in the mother, who exhibited the typical ophthalmoscopic
signs of the carrier status

of the EOG is usually significantly decreased [41], reflecting the severe impairment
of the health of RPE in choroideremia. However, despite the apparently pathological
appearance of the fundus (Fig. 6.7), male choroideremia patients can retain robust
retinal responses for a long while [32], and even in fairly widespread cases such as the
example shown in Fig. 6.7, they retain readily measurable ffERG responses (Fig. 6.9).

In female carriers of choroideremia, despite the readily apparent fundus changes,
the ffERG is usually normal (Fig. 6.10) or at the most mildly reduced, and the Arden



6 Degenerative Night-Blinding Disorders and Cone and Cone—Rod Dystrophies 87

Fig. 6.8 Clinical and
imaging findings in a
choroideremia carrier. (a)
Fundus photography of an
Indian teenage girl reveals
deep, coarse pigmentary
deposits and mottling
throughout the fundus. (b)
The pigmentary deposits
and mottling correspond to
disseminated patches and
streaks of hypo-
autofluorescence, with fine
hyper-autofluorescent
specks at the posterior
pole. Molecular genetic
testing identified a
multi-exon deletion in the
CHM gene

ratio of the EOG is not significantly different from normal controls [32, 42-45].
The mfERG may exhibit amplitude reduction and/or latency prolongation in patchy
fashion in female carriers of choroideremia, consistent with the patchy nature of
their retinal involvement [46—48].

Gyrate Atrophy of Choroid and Retina

Gyrate atrophy of choroid and retina is an extremely rare autosomal recessive chorio-
retinal dystrophy caused by mutations in the OAT/ gene encoding ornithine amino-
transferase, an enzyme expressed in both the retina and the RPE [49-53]. In addition
to fundus examination revealing the characteristic features of gyrate atrophy, this dis-
order is diagnosed primarily through detection of elevated plasma levels of ornithine
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Fig. 6.11 Clinical and imaging findings in gyrate atrophy. (a) Fundus photo of a Patient 1 and
Patient 2 (c) with gyrate atrophy showing coalescent well-circumscribed chorioretinal atrophy in
the periphery. (b) OCT of patient 1 showing foveoschisis and (d) of patient 2 showing a lamellar
hole (Adapted from Figure 1 and 3 [62])

[54-56] accumulating as the result of the enzymatic defect in ornithine aminotrans-
ferase. The development of this disease can be slowed down by long-term substantial
reduction of plasma ornithine levels with arginine-restricted diet [57].

Gyrate atrophy manifests symptoms and signs that can pose a significant differ-
ential diagnostic challenge with RP and choroideremia, as they include night blind-
ness, abnormal dark adaptation, and peripheral visual field loss [58—61]. Fundus
examination, however, usually reveals a characteristic pattern of scalloped periph-
eral chorioretinal atrophy that, in time, progresses from the periphery toward the
macula (Fig. 6.11). Associated foveoschisis and lamellar macular holes have also
been reported with gyrate atrophy (Fig. 6.11) [62].

The ffERG in gyrate atrophy patients is subnormal in early stage and has unde-
tectable rod response and low amplitudes of cone responses in late stage [60, 61,
63-65], not distinguishable from the ffERG of RP or choroideremia patients.

Late-Onset Retinal Degeneration (L-ORD)

Late-onset retinal degeneration (L-ORD) is a rare autosomal dominant late-onset
rod—cone dystrophy with many clinical and pathological similarities to age-related
macular degeneration (AMD) due to mutations in the CTRP5, a short-chain colla-
gen gene that, when defective, results in the formation of extracellular deposits [66].
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The onset of L-ORD is usually in the fifth to sixth decade with night blindness
and punctate yellow-white deposits in the retina, choroidal neovascularization, and
chorioretinal atrophy [67—69]. The disorder is characterized by a thick extracellular
sub-RPE deposits between the basal lamina of RPE and Bruch’s membrane, spread-
ing from macula to the ora serrata [67, 68]. With disease progression, widespread
loss of RPE and photoreceptors with choroidal neovascularization and disciform
macular scarring occurs [67, 68, 70]. L-ORD differs from AMD in the more exten-
sive distribution of sub-RPE deposits and atrophy, causing loss of both central and
peripheral vision.

In the early stage of L-ORD, the ffERG can be normal. In later stages of L-ORD,
the rod ffERG response is usually significantly decreased after a standard (30 min)
period of dark adaptation, but it can improve significantly after extended dark adap-
tation. This is due to the characteristic delay in dark adaptation typical of L-ORD
patients, even at the earliest and presymptomatic stages of the disease [69]. ffERG
cone responses are mildly decreased in L-ORD. Pattern ERG is usually undetect-
able. However, the rod response can be improved to subnormal or normal with over-
night dark adaptation [71-73].

Bietti’s Crystalline Dystrophy

Bietti’s crystalline dystrophy (BCD) is a rare progressive autosomal recessive
disease associated with mutations in the CYP4V2 gene, encoding for a fatty acid
o-hydroxylase of both unsaturated and saturated fatty acids that is part of the cyto-
chrome P450 superfamily [74, 75]. This enzyme is mainly localized in the endo-
plasmic reticulum of RPE and plays a role in the operating of physiological lipid
recycling system between the RPE and photoreceptors important for the mainte-
nance of normal visual function [76-78].

The phenotype of BCD is extremely variable: Different mutations of the CYP4V2
gene show different severities in the manifested phonotypes [79]. Clinically, the
hallmark of BCD is the deposition of tiny crystals throughout the posterior pole
of the retina (Fig. 6.12) and at the corneal limbus, followed by the degeneration
of RPE, choriocapillaris, and photoreceptors that may also cause choroidal neo-
vascularization (as in the right eye of the example shown in Fig. 6.12), sclerosis of
the choroidal vessels, and atrophy of RPE. In time, the characteristic crystals tend
to fade and can become no longer appreciable either at the limbus or at the retinal
levels, in part also due to the progressive atrophy of the RPE these patients can
develop, tending to be patchy and later on coalesce [80].

BCD patients often start complaining of night blindness, reduced visual acuity,
and abnormal color vision between the second to third decade of life, although both
earlier and later onset have been reported [81]. Paracentral scotoma or peripheral
visual field defect and legal blindness can occur in the fifth to sixth decade of life
of BCD patients.

Electroretinographic tests can show the progressive dysfunction of rod and cone
photoreceptors in patients with BCD. The amplitudes of all ffERG responses can
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Fig. 6.12 Fundus findings in Bietti’s crystalline dystrophy. (a, b) Right and left eye, respectively,
of an Italian female patient in her 30s with molecularly confirmed Bietti’s crystalline dystrophy
(compound heterozygote mutations in the CYP4V2 gene) showing disseminated tiny crystalline
deposits in retina. The right eye developed a choroidal neovascular membrane, and this photo was
taken a month after administration of an intravitreal injection of bevacizumab ultimately success-
ful in resolving the complication and leading to significant visual recovery

range from near normal initially to undetectable in the late disease stages. In mfERG,
decreased waveform densities and increased latencies are found in the entire tested
field. EOG Arden radio ranges from normal to significantly decreased. The pattern
ERG ranges from normal to slightly reduced in amplitude and delayed depending
on the amount of macular disease severity [79, 80, 82-97].

Cone Dystrophies

Cone dystrophies are a group of rare, genetically heterogeneous retinal diseases
characterized by dysfunction and degeneration of cone photoreceptors. The gen-
eral symptoms include decreased visual acuity, photophobia, central scotomas,
and abnormal color vision. Cone dystrophies can be inherited in an autosomal
recessive, autosomal dominant, or X-linked fashion [98—100]. This group of con-
ditions has been broadly classified into two groups: stationary and progressive.
The stationary forms have been reviewed alongside other stationary or minimally
progressive disorders under section 4.1. In progressive cone dystrophies, the
symptoms gradually worsen over time, while of the onset of the symptoms varies
from childhood to late adulthood. Eventually, rod dysfunction may also develop,
broadening the dysfunction to a more widespread cone—rod dystrophy (CORD)
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phenotype [98-100]. Some syndromes, and in particular spinocerebellar ataxia
type 7 (SCAT7), can also be associated with cone or cone—rod dystrophy [101].

The ffERG of the cone dystrophy patient reveals moderate to severe reduction
of light-adapted ERG responses, while the dark-adapted ERG responses are normal
or only slightly decreased (Figs. 6.13 and 6.14). The mfERG usually shows severe
reduction of the response density across the board (Figs. 6.15 and 6.16). In more
focal forms, however, the peripheral responses can be relatively better preserved.
Visual fields usually show central scotomas, and autofluorescence and fluorescein
angiography may or may not show central changes.

Cone-Rod Dystrophies

Cone-rod dystrophies (CORDs, prevalence 1:40,000), by definition, result from a
loss of cone cells, concomitantly to, or followed by loss of rods, and this particular
diagnosis is usually established on the basis of the ratio of rod and cone compro-
mise to ffERG testing or to other types of photoreceptor-specific psychophysical
methods. There is significant genetic heterogeneity among CORDs [102]. One of
the most common forms of CORD is inherited in autosomal recessive fashion and
caused by mutations in the ABCA4 gene, the same responsible for Stargardt’s dis-
ease, representing a mere continuum into more severe forms of “Stargardt plus”
disease [103, 104]. Over 20 genes responsible for CORDs have been identified [2],
including several dominant ones (Fig. 6.17) and an X-linked form linked to muta-
tions in the ORF15 region of the RPGR gene [105-107] (Fig. 6.18) that is otherwise
typically responsible for the majority of the X-linked RP cases.

The age of the onset of the CORDs varies from childhood to late adulthood
[108]. Affected patients experience loss of visual acuity, central scotomas, photo-
phobia, and impaired color vision, associated with night blindness and peri- and
para-central visual field scotomas too. In some extreme cases, the patients have
retinal pigmentation and chorioretinal atrophy of both the central and peripheral
retina. The signs and symptoms of cone—rod dystrophy usually start from the
central area of the retina with cone>rod functional compromise to ffERG testing
since the early stages of the disease. In the late stage of CORDs, both cone and rod
cells have severe degeneration, and the ffERG responses are all severely decreased
(Fig. 6.19). The mfERG amplitudes in CORD are consistently markedly decreased,
and they become more so with advancing disease (Fig. 6.20). Patients with varying
degrees of severity may have different phenotypic signs (Figs. 6.21, 6.22, and 6.23).
CORD:s are typically non-syndromic, but they may also be caused by some syn-
dromes, such as the aforementioned SCA7 [101] and the Alstrom syndrome [109,
110] (see below).
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Fig. 6.14 Macular functional and imaging findings in autosomal recessive cone dystrophy. (a, b)
Multifocal ERG density plot and concentric ring trace arrays (the grey bars indicate the normal
ranges of N1 and P1 components with 95% confidence intervals, respectively) of the patient in Fig.
6.13 (POC1B mutations) showing markedly reduced and delayed responses, indicating severe
macular cone compromise, in spite of (¢) a macular OCT mainly remarkable only for a grainy EZ

and an accentuated interdigitation zone, seen as a fine hyporeflective cleft all across the macular
scan
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Fig. 6.16 Macular function in dominant cone dystrophy, compared with normal values.
Comparison of the mfERG response density plots (a) and eccentricity ring average responses
(b) for the cases (PT1 and PT2) shown in Fig. 6.14. PT1 has markedly reduced and delayed
responses, whereas the daughter (PT2) has a discernable foveal peak, albeit reduced compared to
normal, with overall detectable and less delayed responses (a density plot, b concentric ring trace
arrays). This difference reflects well their best corrected visual acuities of 20/200 in PT1 and
20/32 in PT2
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Fig. 6.17 Imaging findings in dominant cone rod dystrophy. (a, b) Fundus autofluorescence of
PT1 and PT2, respectively. (¢, d) OCT findings in the same two patients. PT1 has definite discrete
central hypo-autofluorescence surrounded by a hyper-autofluorescent rim, the inner edge of which
corresponds to the area of marked macular retinal thinning and RPE loss (hyper-transmission
defects) seen on OCT. PT2 only has faint central FAF mottling and trace hypo- autofluorescence
around the fovea. Her OCT shows increased signal intensity at the foveal EZ level and mild diffuse

EZ fragmentation
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Fig. 6.18 Clinical and imaging findings in X-linked cone rod dystrophy with tapetal-like sheen.
(a) A fundus photo of a 44-year-old African-American man with a recent complaint of declining
acuity, difficulties reading, and photophobia shows a metallic sheen (tapetal-like reflex or TLR)
area across the entire posterior pole and focal RPE changes in the parafoveal area. Additional areas
of anomalous retinal reflexes can be seen also in the far temporal periphery. (b) Fundus autofluo-
rescence shows faint hyper-autofluorescence throughout the posterior pole, focally increased auto-
fluorescence foveally and perifoveally, with small hypo-autofluorescent spots near the fovea. (c)
The OCT shows retinal thinning, severe ELM loss, and EZ loss and crumbling at the fovea, with
hyper-transmission defects resulting from RPE dropout. The diagnosis of X-linked cone dystrophy
with tapetal-like sheen was confirmed molecularly by identifying a nonsense mutation in the
ORF15 portion of the RPGR gene
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Fig. 6.20 Macular function in cone-rod dystrophy. The mfERG of Patient 2 from Fig. 6.19 (a
density plot, b concentric ring trace arrays) shows markedly reduced responses in pericentral pat-
tern with near normal peripheral ring responses and detectable but markedly attenuated foveal

peak response density
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Fig. 6.21 Clinical and imaging findings in atypical ABCA4-linked cone-rod dystrophy. (a)
Fundus photo of a 10-year-old African-American boy with compound heterozygous ABCA4 muta-
tions (a nonsense and a deep intronic one), causing a severe, early-onset form of atypical cone—rod
dystrophy (CORD) with features of both Stargardt’s disease and retinitis pigmentosa. Central RPE
changes, loss of foveal reflex, and bone spicule-like pigment deposits at the superior arcade are
seen. (b) On fundus autofluorescence, there is macular hypo-autofluorescence and a hemi-ring of
superior hypo-autofluorescence along the superotemporal arcade. There is also diffuse hyper-
autofluorescence across the posterior pole and punctate/nummular hyper-autofluorescence all
along the edges of the areas of hypo-autofluorescence. (¢) On OCT, there is marked foveal retinal
thinning, ellipsoid zone disruption and crumbling, and marked hyper-transmission defects due to
macular RPE atrophy
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Fig. 6.22 Clinical and imaging findings in CDHRI-associated cone—rod dystrophy. (a) Fundus
photo of a 65-year-old Caucasian male with a slowly progressive pericentral retinal dystrophy with
a cone—rod dystrophy (CORD) pattern by ffERG criteria, caused by compound heterozygote muta-
tions in the CDHRI gene (a synonymous disease-causing change and a 7-base pair deletion, both
previously reported). Central RPE atrophy, mild attenuated vessels, and disseminated far periph-
eral patches of atrophic RPE are seen. (b) On fundus autofluorescence, there are coalescent central
and disseminated far peripheral hypo-autofluorescent spots corresponding to the patches of the
atrophic RPE, with a ring of speckled hyper-AF around the macular lesions. Note the lack of peri-
papillary sparing, the hallmark of most cases of ABCA4-linked Stargardt’s disease, and more
aggressive phenotypes such as the one shown in Fig. 6.21. The small linear autofluorescent resi-
dues in the macular region accounts for a sliver of central vision this patient retains. (¢) An OCT
scan shows marked EZ loss throughout with a small, thin foveal residue thereof, retinal thinning
perifoveally, and lack of a foveal pit due to tangential traction from an epiretinal membrane exert-
ing a tenting effect
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Fig. 6.23 Clinical and imaging findings in advanced ABCA4-linked cone-rod dystrophy. (a)
Fundus photo of a 66-year-old Caucasian woman affected with advanced cone-rod dystrophy
(CORD) due to compound heterozygous ABCA4 mutations, showing a large area of RPE atrophy,
macular pigmentary deposits and retinal thinning throughout the posterior pole in a confluent num-
mular pattern, severe peripapillary atrophy, and markedly attenuated vessels. Some vitreal deposits
due to asteroid hyalosis can also be seen in the superonasal quadrant. (b) Fundus autofluorescence
of the same patient showing severe hypo-autofluorescence throughout the posterior pole and
beyond the arcades, with a ring of peripheral preservation on autofluorescence. The ffERG of this
patient (not shown) showed severe reduction of cone > rod responses and fits the criteria for a type
III patient of the ABCA4-related Stargardt disease classification, emphasizing the continuum exist-
ing between these conditions
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Syndromic Disorders b

Alfonso Senatore, Wajiha Jurdi Kheir, Minzhong Yu, Alessandro Racioppi,
Roberto Gattegna, Donnell Creel, and Alessandro Iannaccone

Hearing Loss Syndromes

Usher Syndrome

Usher syndrome is an autosomal recessive disorder caused by a mutation in one of
at least 11 genes that has both hearing loss and progressive retinal degeneration of
the retinitis pigmentosa (RP) type. Usher syndrome accounts for about 50% of all
deaf-blinding disorders. The exact prevalence of Usher syndrome in the population
is not known, but it has been estimated to affect 1:10,000 to 1:20,000 people [1].
Usher syndrome is classified as type I, type II, and type III, mainly according to
the age of onset and the severity of sensorineural hearing loss [2] (Table 7.1). Usher
syndrome type I is typically characterized by profound congenital nonprogressive
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Table 7.1 Clinical classification of the Usher syndromes

A. Senatore et al.

Usher Usher
syndrome Usher syndrome syndrome Pseudo-Usher
Clinical variables | Type I Type 11 Type 111 syndrome
Inheritance Autosomal Autosomal recessive | Autosomal X-linked recessive
recessive recessive (RPGR gene)
Retinal disease RP RP RP RP
Onset Within Variable (as late Within M: w/in second
second as fourth or fifth second decade
decade decade) decade F: Very
variable
Hearing loss Sensorineural Sensorineural Sensorineural | Variable
Onset From birth From birth Late-onset Variable
Severity Moderate to Mild to moderate Mild to Mild to
profound moderate moderate
Progressive No No Yes Yes?
Speech Moderate to Mild to moderate Absent Absent to
abnormality severe moderate
Vestibular Present Absent or minimal Variable Unknown (not
dysfunction studied yet)
Recurrent No No No Yes (variable)
respiratory tract
infections

hearing loss requiring cochlear implantation to avoid severe if not complete impedi-
ment of speech development and is caused by mutations in at least six genes. The
most commonly involved gene is the MYO7A gene, followed by CDH23 gene.
Hearing loss in Usher syndrome type I is usually associated with balance problems
due to vestibular dysfunction. Usher syndrome type II is characterized by mild to
moderate congenital “sloping” hearing loss at the high frequencies and is caused by
mutations in at least three genes, the most common being the USH2A gene. Hearing
loss in Usher syndrome type II is usually nonprogressive, but deterioration over
time can occur. Patients with Usher syndrome type II also show variable degrees of
vestibular dysfunction that is not always present. Unlike Usher syndrome type I and
II, Usher syndrome type III is characterized by mild to moderate postverbal pro-
gressive hearing loss and is usually caused by the mutations in the CLRNI gene.
Because of the postverbal onset of the hearing loss, speech impediment is usually
not seen in Usher syndrome type III. The extent of vestibular dysfunction is also
variable. Types I and II are by far the most common ones, accounting for over 90%
of the cases of Usher syndrome.

A type IV Usher syndrome with X-linked recessive inheritance was suspected to
exist in the past, but this syndrome has now been shown to be a pseudo-Usher syn-
drome linked to mutations affecting the RRCI1-like domain of the RPGR gene, a
common cause of X-linked RP also expressed in the epithelial lining of the respira-
tory tract and in the inner ear. This variant is also associated with recurrent upper
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respiratory tract infections (especially otitis and sinusitis) and immotile cilia-like
symptoms [3, 4].

The overall characteristics of the RP seen in Usher syndrome are illustrated in the
earlier non-syndromic RP section of this book, and, to this date, they are not known
to differ significantly from it (Fig. 7.1). In general, patients with Usher syndrome
type I tend to exhibit visual symptoms within the first two decades of life and tend to
be affected with an overall more severe form of RP [5, 6]. The onset of RP in Usher
syndrome type II is much more variable; many patients are symptomatic from the
first decade of life to patients who do not experience symptoms and signs of RP well
into their fifth decade of life [7, 8]. Many patients with Usher syndrome type II may
not exhibit the typical clinical fundus changes of RP for decades, even when symp-
toms may have already begun, whereby the diagnosis of Usher syndrome type II can
be further delayed by this misleading paucity of clinical findings. The RP of Usher
syndrome III is more similar in characteristics and age of onset to Usher syndrome
type II, with initial symptoms usually within the first 2-3 decades of life. The pro-
gression of RP in Usher syndrome III has also been estimated to be more rapid than
in Usher syndrome II [9].
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Fig. 7.1 Findings in Usher syndrome. (a) Color fundus photograph of a 76-year-old Caucasian
patient with Usher syndrome type I due to homozygosity for a complex deletion disrupting the
splicing acceptor site of intron 46 of the CDH23 gene. Dense bone spicule-like pigment deposits
affecting every retinal quadrant, attenuated vessels, and waxy disc pallor with peripapillary atro-
phy are visible. At this stage of the disease, the macula of this eye is still fairly healthy, with 20/40
acuity. (b) Full-field flash ERGs show non-recordable rod-driven responses (but detectable at
slightly brighter flash intensities), markedly reduced but measurable mixed responses, and residual
cone-driven responses. The ensemble of these findings is compatible with an advanced rod—cone
pattern of retinal disease of the retinitis pigmentosa (RP) family
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Refsum Disease

Refsum disease is also known as heredopathia atactica polyneuritiformis [10] or
phytanic acid storage disease exhibiting some of the key clinical and metabolic
features of this syndromic form of RP. Refsum disease is an autosomal recessive
metabolic disorder due to peroxisomal dysfunction leading invariably to marked
accumulations of circulating phytanic acid, a branched very long fatty acid. There
are two main types of Refsum disease, the adult-onset form and the infantile-onset
form (Table 7.2). Cardinal features of Refsum disease include pigmentary retinal
degeneration (rod—cone, RP type), progressive sensorineural hearing loss, and a
peripheral polyneuropathy. Furthermore, other specific differential features distin-
guishing the adult-onset from the infantile-onset form are also summarized in
Table 7.2.

From a genetic point of view, there are at least two genes (PHYH and PEX7)
causing the adult-onset form and two others (PEX/ and PEX2) causing the infantile-
onset form of Refsum disease. All these genes are implicated in peroxisomal func-
tion, the dysfunction that is the underlying common etiology of all forms of Refsum
disease [11].

The clinical and functional signs of the retinal degeneration in Refsum disease
are a rod—cone, RP-like retinopathy, and the visual electrophysiological findings are
comparable to those of non-syndromic RP illustrated earlier in the book. The main
differential diagnosis of Refsum disease is with the Usher and pseudo-Usher syn-
dromes reviewed and mitochondrial conditions in which hearing loss is also

Table 7.2 Spectrum of clinical manifestations in Refsum disease

Main invariant features of Refsum disease

Pigmentary retinal degeneration (rod—cone, RP type)

Progressive sensorineural hearing loss*®

Peripheral polyneuropathy

Elevated serum level of phytanic acid

Adult-onset form Infantile-onset form
“Postverbal onset, no speech impediment "Early-onset, variable speech impediment
Main features Mental retardation
Ataxia Developmental delay
Cardiopathy Hypotonia
Ichthyosis Failure to thrive
Skeletal abnormalities: Facial dysmorphism
Multiple epiphyseal dysplasia Hepatomegaly
Bilateral fourth metatarsal shortening Bile metabolism compromise with steatorrhea
Osteoporosis
Accessory features Serology:
Anosmia Hypocholesterolemia + elevated levels of:
Ptosis Very long chain fatty acids
Miosis Di- and tri-hydroxycholestanoic acid
Pipecolic acid




7  Syndromic Disorders 115

manifest, mainly the neuropathy—ataxia—retinitis pigmentosa (NARP) syndrome
and the Kearns—Sayre syndrome (see below). The conclusive diagnosis of this par-
ticular condition does not rest of the results on the eye examination or the full-field
electroretinography (ffERG) results as much as it does instead on serological testing
for phytanic acid levels.

Phytanic acid accumulates not only in the blood stream but also in the target tis-
sues affected by the disease, whereby early recognition of Refsum disease is essen-
tial to mitigate its severity, as a dietary regimen low in butter, animal fat, and other
foods rich in phytanic acid and plasmapheresis, performed once or twice a month,
has been reported to stabilize disease progression, at least systemically [12].

Wolfram Syndrome (DIDMOAD)

Wolfram syndrome is a rare autosomal recessive disease, also known with the
acronym DIDMOAD, that encapsulates the typical features of the full-fledged
phenotypic expression of the disorder, namely, diabetes insipidus (DI), insulin-
dependent diabetes mellitus (DM), progressive optic atrophy (OA), and deafness
(D, in the form of progressive sensorineural hearing loss). Optic atrophy and dia-
betes mellitus are typically the earliest and, often, the only signs of the disease
typically observed from the first or second decade of life.

Two causal genes for Wolfram syndrome have been cloned to date: WFS/ [13,
14] encoding for wolframin, a transmembrane glycoprotein of the endoplasmic
reticulum, and WFS2 or CISD2 [15, 16] encoding an endoplasmic reticulum
intermembrane small protein (ERIS) localized to the endoplasmic reticulum as
well. The expression patterns of wolframin have been extensively characterized
[17, 18].

Patients with this rare disorder can be also affected with a pigmentary reti-
nal dystrophy and appear to be exquisitely prone to developing also neuropsy-
chiatric disorders, as are the heterozygous carriers of the trait. In addition to
diabetic complications, affected patients are at risk for premature death from
progressive brainstem atrophy and complications of urinary tract atony. Vitamin
B1 (thiamine) supplementation may reduce the insulin needs of these patients,
but it is unknown if this may be of benefit also for the other features of the
disease [19].

Typically, from a visual electrophysiological standpoint, patients with Wolfram
syndrome will exhibit various degrees of visual evoked potential (VEP) amplitude
reduction, usually proportional to the severity of the optic atrophy. The ffERG will
show abnormalities, usually of the rod—cone, RP-like type, if a pigmentary retinal
dystrophy is also observed.
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Mitochondrial Diseases

Kearns—Sayre Syndrome

Kearns—Sayre syndrome (KSS) is a complex mitochondrial condition caused by
spontaneous large deletions of mitochondrial DNA (mtDNA), whereby the tradi-
tional maternal lineage inheritance pattern of mitochondrial diseases is typically
absent. KSS overlaps significantly with both Usher syndrome and Refsum disease
and, thus, must be distinguished from both conditions. Differential diagnostic fea-
tures are not seen in either one of these conditions but instead found only in KSS
including (Fig. 7.2) retinal degeneration of the cone-rod type (CORD) with atrophy
of the RPE at the posterior pole and around the disc, whereby KSS patients usually
complain of light aversion more so than night blindness, and their central vision is
usually affected more than their peripheral vision, bilateral chronic progressive
external ophthalmoplegia (CPEO) with ptosis, and heart conduction problems,
making these patients susceptible to sudden heart block. The symptoms include
ragged red fibers (RRF) of the striate muscles at the time of muscle biopsy and lactic

Fig. 7.2 Findings in Kearns—Sayre Syndrome (KSS). The images are from a 50-year-old
Caucasian man whose review of systems was positive for severe progressive sensorineural hearing
loss with speech impediment since age 7, infantile seizures, “irregular heartbeat,” migraines, short
stature, and a recent history of diabetes mellitus with progressive weight loss. He reported mildly
progressive deterioration of vision since age 7 and progressive ptosis (a) since his mid-20s, requir-
ing surgical correction (see arrows in b) and ophthalmoplegia. Marked worsening of visual acuity
over the previous 3 years occurred due to corneal clouding requiring a penetrating keratoplasty
that, however, did not lead to significant visual improvement. (¢) Fundus photography reveals a
large area of partial RPE atrophy involving the posterior pole and the peripapillary region and disc
pallor. The ffERG of this patient (not shown) exhibited a cone-rod pattern of retinal dysfunction,
with moderate rod-driven and mixed response reduction, and more severe reduction of the cone-
driven electroretinography (ERG) responses, associated with large central scotomas to visual field
testing. Serum lactate and pyruvate were elevated, and a muscle biopsy confirmed a large mtDNA
deletion, establishing the diagnosis of KSS. Two years after the diagnosis, this patient developed
sudden heart block and he received a pacemaker
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acidosis, recognized by the identification of elevated serum lactate and pyruvate
levels. Prophylactic pacemaker implantation is recommended and can save the life
of affected patients.

Other manifestations characterizing KSS include deafness, diabetes mellitus,
muscle weakness in the limbs, kidney problems, developmental delay, short stature
in conjunction with growth hormone deficiency, ataxia, seizure disorders, hypothy-
roidism, and delayed sexual maturation [20, 21]. More rarely, corneal opacities can
develop due to corneal endothelial dysfunction [22], requiring in severe cases a
corneal transplant (Fig. 7.2). However, in recent years, it has been shown coenzyme
Q-10 supplementation can ameliorate corneal involvement [23, 24]. A similar ben-
eficial impact has been observed also on CPEO and other manifestations of the
disease. The genetic diagnosis of KSS can usually be verified only by mtDNA anal-
ysis on muscle biopsy tissue specimens.

The visual electrophysiological characteristics of KSS include the typical of
CORD, with cone > rod response amplitudes that vary in severity [21]. A classifica-
tion in various disease stages based on the severity of the retinal disease has been
also proposed [25].

Neuropathy-Ataxia—Retinitis Pigmentosa Syndrome

The neuropathy—ataxia—retinitis pigmentosa (NARP) syndrome is a rare disorder
with mitochondrial inheritance caused by the T8993G point mtDNA mutation in the
MTATP6 gene, encoding the subunit 6 of the mitochondrial H(+)-ATPase [26], usu-
ally best detected via mtDNA testing performed on muscle biopsy tissue. Unlike
KSS, NARP is usually maternally transmitted, but mothers carrying the T8993G
mutation are usually asymptomatic.

The onset of the NARP syndrome is usually in childhood or early adulthood,
including night blindness, photophobia, and peripheral visual field loss. These symp-
toms herald the development of a fairly severe RP-like retinopathy, despite the com-
mon lack of diffuse bone spicule deposits and presence instead of a salt and pepper
retinopathy with coarse RPE mottling. This retinopathy is associated with severe
ffERG response depression that usually exhibits a rod—cone pattern of degeneration,
followed by non-recordable responses usually by the third decade of life. However, a
cone-rod pattern has also been reported in some NARP patients [27]. The picture is
often complicated further by optic atrophy and ophthalmoplegia.

In addition to these ophthalmic manifestations, NARP is associated with a
number of systemic findings, such as peripheral neuropathy, ataxia in conjunction
with corticospinal tract atrophy, hearing loss, short stature, proximal muscle
weakness, learning difficulties, seizures, sleep apnea, and/or cardiac arrhythmias
[28]. Recently, progressive kidney function compromise leading up to failure and
requiring dialysis has also been reported [29]. These systemic findings can vary
significantly in severity and age of onset, making the diagnosis of NARP (vs. non-
syndromic RP) potentially challenging, and the condition can be confused with
both Usher syndrome and Refsum disease.
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Maternally Inherited Diabetes and Deafness Syndrome

The maternally inherited diabetes and deafness (MIDD) syndrome is a condition char-
acterized by the constellation of insulin-dependent diabetes mellitus and hearing loss
with onset in the mid adulthood. MIDD is caused by mitochondrial DNA mutations
that in 85% of the cases are the A3243G point mutation in the MTTLI gene [30]. Its
symptoms typically include bilateral macular pattern dystrophy (MPD) existing in as
many as 85% of the cases and more rarely external ophthalmoplegia, ptosis, cardio-
myopathy, myopathy, renal problems, and neuropsychiatric symptoms [30-32].

The type, extent, and severity of macular involvement vary between patients and
within families [33-35]. The progression of the MIDD-MPD syndrome is relatively
slow [36, 37], and, in its earlier stages, it can remain asymptomatic for years until
functional loss around the fovea develop, causing reading difficulties even when acu-
ity may still be 20/20. In more advanced stages, MIDD patients can develop frank
macular atrophic areas resembling geographic atrophy and may progress to involve
the fovea, leading to severe decrease in central vision (Fig. 7.3). Importantly, despite

Fig. 7.3 Fundus features of the maternally inherited diabetes and deafness with macular pattern dystro-
phy (MIDD-MPD) syndrome. (a) Patient 1: Color fundus photographs from a 49-year-old Caucasian
woman with a 6-year history of light aversion and a 3-year complaint of blurred near vision and peri-
central scotomas despite 20/20 acuity in both eyes. This patient also has sloping sensorineural hearing
loss, a 5-year history of insulin-dependent diabetes mellitus, a 3-year history of nonalcoholic liver cir-
rhosis, and a 5-year history of bilateral acral peripheral neuropathy affecting both feet. Maternal history
of hearing loss, headaches, seizures, and developmental delay was documented. Note the bilateral mul-
tifocal atrophic perifoveal lesions at the posterior pole. (b) Late phase fluorescein angiograms show, in
addition to the large window defects due to the atrophic lesions, the diagnostic finding supporting the
diagnosis of macular pattern dystrophy (MPD) of linear, punctate, hypofluorescent lesions disposed in
a spoke-wheel pattern around the macula and between and outside of the patches of atrophy. (¢) Patient
2: Color fundus photographs from a Caucasian 44-year-old man with light-to-dark adaptation problems,
trouble reading at near, and constant image of “snowy TV screen” around fixation since his late 30s,
when he was found to have macular atrophy. Insulin-dependent diabetes mellitus (type 1) without evi-
dence of retinopathy and progressive sensorineural hearing loss had been diagnosed since age 32. The
macular region shows multiple patches of RPE atrophy sparing the fovea in the right eye. In the left eye,
the atrophy is more severe, and a yellowish central fibrotic lesion due to a neovascular complication
occurred 1 year earlier can be seen. (d) Fundus autofluorescence images show a large central area of
patchy hypo-autofluorescence due to RPE loss, surrounded by radially shaped hyper-autofluorescent
patterns, diagnostic for MPD. Both patients bear the molecularly confirmed diagnosis of MIDD-MPD
due to the common A3243G tRNA™" mtDNA mutation, confirmed on muscle tissue after a muscle
biopsy had been obtained, following evidence for elevated serum lactate and pyruvate
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Fig. 7.3 (continued)

the macular changes, these diabetic patients hardly ever develop diabetic retinopathy
changes [33]. In some cases, neovascular complications, mimicking in every way
AMD, can also occur, as it was the case of the patient shown in Fig. 7.3c, d who had
neovascular complications in the left eye, making the differential diagnosis with
AMD even more challenging. The triad of insulin-dependent diabetes mellitus, hear-
ing loss, and macular dystrophy, however, is usually seen by ages 40-50, an unusu-
ally early age of onset for AMD. Thus, whether associated with overt maternal
history of diabetes or not, this triad should invariably prompt as a minimum workup
for serum lactate and pyruvate levels usually elevated in MIDD-MPD syndrome
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patients, and then subsequent verification of the diagnosis via mitochondrial DNA
diagnostic testing.

From the visual electrophysiological standpoint, the ffERG is usually not a sen-
sitive diagnostic test in MIDD-MPD patients, although, in more advanced stages,
patients can show abnormal rod and cone responses. The multifocal electroretino-
gram (mfERG) usually shows early with decreased response amplitudes, corre-
sponding to the areas more affected by the retinal disease process (Fig. 7.4). In
addition, many MIDD-MPD patients also exhibit reduced pattern electroretino-
gram (PERG) P50 amplitudes [35, 38]. The EOG can also be abnormal, as it was the
case in the patient illustrated in Fig. 7.3a, b, reflecting a widespread RPE abnormal-
ity in these patients in keeping with the frequent RPE abnormalities that most mito-
chondrial retinopathies tend to exhibit. It is important to clarify neither one of these
visual electrophysiological tests is diagnostic for the MIDD-MPD syndrome, and
in addition to the noted pathognomonic clinical triad, from the ophthalmological
standpoint, fluorescein angiography, and fundus autofluorescence are typically
diagnostic for the linear spoke-wheel RPE macular changes characterizing the
MPD of the MIDD-MPD syndromic association (Fig. 7.3) and are essential in con-
firming the suspicion of this condition.

Recognition of this entity has important treatment implications because it has
been reported the insulin need of these diabetic patients are significantly reduced
while on pro-mitochondrial dietary regimens such as coenzyme Q-10 [33] and, in
our experience, can extend also to the macular phenotype.

Obesity Syndromes

Bardet-Biedl Syndrome

Bardet—Biedl syndrome (BBS), first described by Bardet in 1920 and Biedl in 1922,
is an autosomal recessive disease with a wide spectrum of clinical systemic features,
including congenital postaxial abnormalities of the extremities (polydactyly, syn-
dactyly, brachydactyly, and/or clinodactyly of the fifth finger), early onset obesity, a
wide range of renal abnormalities and dysfunction leading up, in more severe cases,
to kidney failure, abnormalities of the secondary sexual development, dental anom-
alies, and a wide range of smell sensory loss [39, 40]. Once believed to be a cardinal
feature of BBS, developmental delay can often be absent, although behavioral
abnormalities up to frank autistic features are usually manifest [41]. More rarely,
BBS is associated also with diabetes mellitus, other endocrinological disturbances,
and hepatic fibrosis [39, 42]. Over 20 genes responsible for BBS have been identi-
fied. These genes encode proteins involved in the development and the maintenance
of the primary cilium, the so-called BBSome [43].

The ophthalmic manifestations of BBS are typically characterized by a rod—cone
dystrophy pattern of the RP type, although commonly associated with delayed clini-
cally visible features of the disease that can significantly delay the diagnosis [44—
46]. Under typical circumstances, severe rod—cone patterns of ffERG dysfunction
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Fig. 7.4 Electrophysiologic findings in the MIDD-MPD syndrome. (a) The ffERG of Patient 2
(from Fig. 7.3) shows normal rod and transient cone responses: The mixed response a-wave is
reduced, and both the mixed b-wave and the flicker response are borderline low in amplitude. (b)
The mfERG shows a patchy asymmetric response depression and significant reduction of the cen-
tral peak in OS but not in OD, consistent with the pattern of fundus abnormalities shown in Fig.
7.3. The ffERG of Patient 1 (not shown) was normal in amplitude, but the cone ERGs were delayed.
In this patient, an EOG was also measured (not shown) that was frankly pathological bilaterally,
with an Arden ratio of 1.35, diagnostic for widespread RPE dysfunction
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Fig. 7.5 Findings in Bardet-Biedl syndrome (BBS). (a) Color fundus photograph of a 16-year-old
Middle-Eastern female BBS patient homozygous for a splice site BBS2 mutation, with vision loss,
diet-responsive obesity (BMI > 29), polydactyly and brachydactyly of both hands and feet, and
developmental delay. There is mild waxy disc pallor of the nerve, a beaten bronze appearance at
the macula, vascular attenuation, and salt and pepper peripheral appearance without visible bone
spicule-like deposits. (b) Fundus autofluorescence from the same patient reveals much more
overtly the extent of the macular involvement, with a bull’s eye-shaped perifoveal hypo-
autofluorescent ring attributable to RPE loss (arrows), a typical finding for BBS patients high-
lighted further in the inset, and a speckled hypo-autofluorescent mid-peripheral pattern
corresponding to the noted salt and pepper changes (asterisks). (¢) The ffERG of the same patient
shows dark-adapted rod-driven and mixed recordings that are non-recordable to dark-adapted rod-
driven stimuli and markedly diminished residual responses to all other stimuli

will be observed even when the typical findings of RP in fundus appearance is still
missing (Fig. 7.5). This is in line with the underlying ciliopathy etiology of BBS,
whereby the clinical appearance can be deceptively normal or near normal, while
outer segment dysfunction and loss may already be underway, consistent with the
observation that the ffERG in BBS tends to be far more frequently non-recordable
than non-syndromic RP [44]. However, cases of initially normal or near-normal
ffERG have been documented in molecularly confirmed cases of BBS [44, 46].
Furthermore, cases with a cone—rod phenotype matching best the Lawrence-Moon
spectrum of the disease have also been reported [44].

Since ciliopathies affect typically both rods and cones, macular damage and dys-
function is extremely common in BBS, whereby the mfERG response tends to be
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consistently abnormal, with or without foveal peak sparing, depending on the sever-
ity of the foveal involvement [47].

VEP testing can be informative about the health of the optic nerve in BBS
patients [48], that is more frequently abnormal than in non-syndromic RP [45],
although the interpretation of VEP abnormalities in BBS can be challenging.
Delayed and reduced flash and pattern VEP responses are very common in BBS, in
part contributed by the intrinsically defective macular photoreceptor function and in
part by a variety of optic abnormalities ranging from marked pallor/atrophy to
swelling [45, 46, 48].

Alstrom Syndrome

Alstrom syndrome is a rare autosomal recessive disease, first described in 1949,
with a broad spectrum of clinical symptoms, largely overlapping with BBS. To date
only one causal gene has been mapped and cloned, the ALMSI gene [49-51], with
approximately 950 reported cases in literature [52]. The ALMS protein is expressed
at the level of the centrosomes and the basal bodies of ciliated cells, suggesting the
role in microtubule organizing to assemble the mitotic spindle and forming the
microtubule scaffold guiding intracellular organelle and vesicle trafficking and in
anchoring the microtubular axoneme of cilia and flagella to help in the organization
of intraflagellar transport. This shared ciliopathy mechanism explains well the simi-
larity between Alstrom syndrome and BBS. A mouse model recapitulating fairly
well the human phenotype has also been created [53].

From a systemic standpoint, this obesity syndrome is characterized by
infantile-onset dilated cardiomyopathy, postverbal onset progressive sensorineu-
ral hearing loss, and delayed-onset diabetes mellitus (usually preceded by hyper-
insulinemia), in the absence of polydactyly or other dystrophic aspects of the
extremities (typically seen in BBS instead). Renal, hepatic, and pulmonary fail-
ure due to fibrosis can also occur and be the causes for a poor prognosis in
Alstrom syndrome patients. A French-Acadian variant of Alstrom syndrome,
found in Louisiana, has also been associated with developmental delay otherwise
typically absent (Fig. 7.6).

For all patients, an early-onset retinopathy with markedly reduced acuity, photo-
phobia, nystagmus, and a bull’s eye maculopathy appearance, is usually the main
ophthalmic finding of this rare syndrome. The ffERG shows both rod and cone
responses decrease considerably in Alstrom syndrome in a severe, progressive
cone-rod dystrophy pattern. In longitudinal studies, it has been also demonstrated
the decrease of cone-driven responses usually precedes the decrease of rod-driven
responses, indicating this condition follows a cone-rod pattern of retinal degenera-
tion longitudinally [54—-62].
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Fig. 7.6 Systemic and fundus findings in Alstrom syndrome. (a) Images of a 10-year-old over-
weight French-Acadian female patient with nystagmus, early-onset poor visual acuity, and light
aversion. Systemically she displayed infantile-onset dilated cardiomyopathy, mild obesity, devel-
opmental delay, progressive postverbal sensorineural hear loss requiring the use of a hearing aid
(white arrow), and recent onset insulin-dependent diabetes. (b) Color fundus photography shows a
perifoveal bull’s eye macular appearance, enhanced vitreoretinal interface reflexes, mild vascular
attenuation, and temporal disc pallor. No pigmentary deposits were observed. The ffERG of this
patient (not shown) exhibited a marked decrease in rod (5-10% of normal values) and mixed
responses (15% of normal values), with a barely recordable cone-driven ERG, consistent with a
severe cone—rod dystrophy pattern. The ensemble of these findings is diagnostic for Alstrom
syndrome

Cohen Syndrome

Cohen syndrome is an autosomal recessive disorder with multiple congenital anom-
alies and mental retardation caused by the mutation of COH (human homologue of
Saccharomyces cerevisiae VPS13B) gene [63, 64]. This condition was first reported
by Cohen in 1973 and is more common in Finland and among the Ashkenazi Jews
and the Amish, with over 100 cases reported to date in literature [63—68].

COHI is a very large gene and yields several different transcripts differentially
expressed in various tissues and have complex domain structure. All protein iso-
forms are thought to function in vesicle-mediated transport and sorting of proteins
within the cell and to play a role in the development and the function of the eye. Of
note, the vast majority of COHI mutations found in Cohen syndrome patients are
duplications [69], posing a significant diagnostic challenge if microarray-based
approaches or effective in-silico copy number variant (CNV) assessment of sequenc-
ing data is not used [70].

The following are considered the minimal diagnostic criteria for Cohen syn-
drome (Table 7.3): (1) characteristic facial gestalt (short philtrum with grimacing
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Table 7.3 Diagnostic criteria for Cohen syndrome

Systemic/laboratory
Facial gestalt* of:

Short philtrum with grimacing expression on smiling

Thick hair with low-set hairline, thick eyebrows

Prominent nose (often beak-shaped)

Microcephaly®
(cases with macrocephaly have been reported)

Joint hyperextensibility®

Truncal childhood-onset obesity with slender extremities®

Nonprogressive developmental delay with cheerful disposition
Short stature
(cases with tall stature have been reported)

Long hands with tapering fingers

Intermittent neutropenia®

Mild to moderate, not life-threatening

Ophthalmological

Down-slanting palpebral fissures with wave-shaped eyelids and thick eyelashes®

Chorioretinal dystrophy of the rod—cone type*
(absent in the Ashkenazi Jews?)

Early-onset, progressive myopia®

“Minimal diagnostic criteria set forth by Chandler et al. 2003
"Most common ancillary diagnostic findings in molecularly confirmed cases of Cohen syndrome
as per Chandler et al. 2003

expression on smiling and with thick hair with low-set hair line, thick eyebrows, and
prominent nose); (2) intermittent neutropenia (usually ranging from mild to moder-
ate and not life-threatening); (3) down-slanting palpebral fissures with wave-shaped
eyelids and thick eyelashes; and (4) chorioretinal dystrophy of the rod—cone type
(reportedly absent in patients of Ashkenazi-Jewish descent). Other ancillary ocular
and systemic findings are summarized in Table 7.3. While microcephaly and short
stature are typically observed, cases with macrocephaly and tall stature have also
been reported.

From a retinal and visual electrophysiological standpoint, Cohen syndrome
patients usually display an RP-like chorioretinal dystrophy of the rod—cone type
(Fig. 7.7), associated with an early-onset, progressive myopia. Studies performed
on younger patients demonstrate abnormal retinal findings, and ERG changes are
early signs in the Cohen syndrome. Attenuation of all ffERG responses is progres-
sive and can range from markedly attenuated to non-recordable [71]. As noted
above, this RP-like retinopathy is usually absent in the Ashkenazi Jews [63, 64,
71,72].
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Fig. 7.7 Fundus and imaging findings in Cohen syndrome. (a) Color fundus photograph of a
23-year-old Middle-Eastern male patient homozygous for a large novel duplication of the VPSI3B
(COHI) gene encompassing exons 40-43 with night blindness as a chief visual complaint of
2-3 years, showing peripheral bone spicule-like pigmentary deposits, paving stonelike degeneration
in the inferotemporal quadrant, waxy disc pallor, vascular attenuation, and a mild myopic macular
staphyloma with an otherwise fairly healthy macula. (b) Vertical scan of the macular OCT showing
excellent foveal EZ preservation, with mild surrounding retinal thinning and mild ONL attenuation.
The systemic conditions precluded obtaining a ffERG, which would be predicted to exhibit a rod—
cone pattern of retinal dysfunction of the RP type. His review of systems was remarkable for having
syndromic facies characterized by micrognathia, microcephaly, low-set large ears, beak-shaped nose,
thick philtrum, and abnormal teeth, developmental delay with very limited verbal skills, initially
attributed to cerebral palsy, slender fingers (arachnodactyly-like), and a very wide stance with tarsus
varus. His sister had a very similar facial gestalt and a more severe array of systemic symptoms

Other Syndromes

Cockayne Syndrome

Cockayne’s syndrome is a rare autosomal recessive disorder, first reported by
Cockayne in 1936, caused by mutation in several distinct genes appertaining at the
excision-repair cross-complementing groups, ERCC6 and ERCCS8 [73, 74]. This
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syndrome shows segmental premature aging due to a deficiency in transcription and
DNA repair mechanisms and shares pathogenetic mechanisms with xeroderma pig-
mentosum. The main cellular defect is linked to the cellular impossibility in repair-
ing oxidation-induced damage to DNA bases and the slow recovery of RNA and
DNA synthesis after UV irradiation [75, 76]. The diagnosis is based on clinical
assessment and lab DNA repair tests on fibroblast cell cultures from skin biopsies.
Two main types were described: type I (classical type) with postnatal onset and type
II (severe type) with prenatal onset, resulting in death by age of 6-7.

Cockayne’s syndrome is characterized by deterioration in multisystem with
cachectic dwarfism and growth deficiency, resulting in a precociously senile appear-
ance. Sensorineural hearing loss, skin photosensitivity (as in xeroderma pigmento-
sum), mental retardation, marble epiphyses in some digits with disproportionately
long limbs with large hands and feet, and flexion contractures of joints (knee con-
tractures result in a “horse-riding” stance) are all clinical features of this severe
syndrome. Hypertension and renal disease are frequent complications, leading both
to an overall diminished life expectancy.

Ocular features of Cockayne’s syndrome include an RP-like (rod—cone dystro-
phy type) pigmentary retina degeneration, with a salt and pepper appearance ini-
tially and then progressing to severe degeneration thereafter, optic atrophy (possibly
secondary in nature), nystagmus, and cataracts (with difficult surgery due to miotic
pupils and high hyperopic, quasi-microphthalmic refractive defect). Furthermore,
patients can have corneal and eyelid features of xeroderma pigmentosum with
decreased lacrimation and dry eye syndrome, conjunctival hyperemia, corneal opac-
ities, keratitis, band-like keratopathy, pterygia, and neovascular pannus, similar to
squamous and basal cell carcinoma of the eyelid (more frequent at the margin);
eyelid freckling; (de)pigmentation; scarring, leading to ectropion and loss of eye-
lashes; and melanomas [77, 78]. From an electrophysiologic standpoint, the flash
visual evoked potential (fVEP) amplitude is markedly attenuated, while ffERG
responses can range from near normal to non-recordable [79, 80].

For Cockayne’s syndrome, only supportive treatments are available. A close der-
matologic and ophthalmologic monitoring is indispensable (and effective) in man-
aging the xeroderma pigmentosum-like manifestations, and protection of the skin
from sunlight is indispensable to avoid the damaging effects of UV light. The prog-
nosis, however, remains generally very poor, except for patients with deep intronic
genetic variations, who appear to have a better survival expectancy [81].

Alagille Syndrome (Arteriohepatic Dysplasia)

Alagille syndrome, also known as arteriohepatic dysplasia, is an autosomal domi-
nant (with high penetrance and variable expressivity) genetic disease first described
by Alagille et al. in 1975 [82]. It is caused by mutations mainly in the JAGI gene
[83] or, more rarely, in the NOTCH?2 gene [84]. Jagged-1, the protein derived from
JAGI, belongs to the Notch signaling pathway playing essential roles at multiple
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stages of hematopoiesis and regulates also the development or the homeostasis of
cells in many tissues and organs [85]. Notch-2 is part of the same signaling pathway.

The typical characteristics of Alagille syndrome are summarized in Table 7.4.
The hallmark of this syndrome is a major form of childhood-onset chronic liver
disease, usually from birth with neonatal jaundice [86, 87]. A combination of these
liver issues with typical facies characterized by broad and prominent forehead,
pointed mandible/chin, bulbous tip of the nose and deep-set eyes, skeletal anoma-
lies, cardiovascular disorders (cardiac murmur, pulmonary artery stenosis, and other
malformations), renal disease, and other less common findings characterize sys-
temically the majority of the patients. The 20-year predicted life expectancy for
these patients is 75%, and congenital heart disease is mainly associated with
increased mortality as well as increased risk for intracranial bleeding and hepatic
disease.

The ocular findings of Alagille syndrome include anterior and posterior segment
changes (Table 7.4), and the most common changes are posterior embryotoxon, iris
abnormalities, optic disc anomalies, diffuse fundus hypopigmentation, and other
changes to include a frank and widespread pigmentary retinopathy [88-91]. The
imaging findings of a patient with Alagille syndrome with disc and retinal findings
are illustrated in Figs. 7.8 and 7.9.

From a visual electrophysiology standpoint, when a retinopathy is seen in
patients with Alagille syndrome, the ffERG is markedly decreased (Fig. 7.9).
The VEP response may also be abnormally reduced and/or delayed, without
specific patterns of anomaly, in part due to the presence of the optic nerve head
drusen [92, 93], in part potentially due to other factors such as intracranial
hypertension or disc inflammation that need to be evaluated on a case-by-
case basis.

Senior-Loken Syndrome

Senior-Loken syndrome (SLS) is a rare autosomal recessive condition affecting
approximately 1:100,000 people, first reported independently by Senior et al. and
Loken et al. in 1961 [94, 95]. This syndrome is mainly characterized by renal
(medullar cystic disease called nephronophthisis that can lead to kidney failure) and
retinal manifestations (in its typical description, LCA-like, but this is by no means
the rule). Other non-cardinal features of SLS include cone-shaped deformity of long
bone epiphyses, sensorineural hearing loss, liver fibrosis, cerebellar ataxia, and
vasopressin-resistant diabetes insipidus.

At least nine genes have been implicated in causing SLS [42, 43], all of which
are involved in ciliogenesis and regulation of ciliary protein trafficking, character-
izing this disease as a ciliopathy [42, 96]. Unlike BBS and ALMS, though, SLS
patients are not obese and do not have abnormalities of the digits. These genes
interact with other ciliary genes involved in eye diseases, such as RPGR [96]. This
finding helps explain why SLS can be associated with both RP- and CORD-type
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Table 7.4 Characteristics of Alagille syndrome

Characteristic systemic features

Liver biopsy: Paucity of the interlobular ducts and fibrosis (85% of patients)*

Liver transplantation for hepatic decompensation necessary in 21% (19 of 92) of patients with
79% survival 1-year posttransplantation®

Chronic cholestasis — 96%*
Cardiac murmur (pulmonary valvular stenosis) — 97%*

Peripheral arterial stenosis also possible
Characteristic facial features (96%):*°

Broad and prominent forehead

Pointed mandible/chin

Bulbous tip of the nose

Deep-set eyes

Butterfly-shaped vertebrae — 51%*
Renal disease — 40%*
Intracranial bleeding or stroke — 14%*

Less common features:
Absent deep tendon reflexes
growth and mental retardation
high-pitched voice

Characteristic ocular features

Anterior segment:

Posterior embryotoxon — 78%* to 95%° of cases

Axenfeld anomaly in 13% of cases®

Microcornea also possible

Iris abnormalities — 45%°

Eccentric/ectopic pupils

Posterior segment:

Optic disc anomalies — 76%°

Optic nerve head drusen most frequently
Diffuse fundus hypopigmentation — 57%* ¢
Speckled RPE appearance — 33%* ¢
pigmentary retinopathy — 4.5%* ¢

“Prevalence figures based on Emerick et al. Hepatology 1999 (92 cases)
"From Kamath et al. Am. J. Med. Genet. 2002
‘Prevalence figures based on Hingorani et al. Ophthalmology 1999 (22 UK cases and 23 parents)

phenotypes, because RPGR is expressed in both photoreceptor types and it is well-
known mutations in RPGR can cause both RP and CORD type of signs.

Regarding the ocular manifestations of SLS, photophobia, nystagmus, and
hyperopia are common in these patients. Congenital cataracts and keratoconus can
also be present and may require surgery. When observed, the LCA-like retinopathy
is typically functionally severe at onset, although usually characterized by a mis-
match between function and retinal microanatomical integrity, as it is certainly the
case of SLS patients harboring NHPH6 mutations, also known as CEP290 [97-99],
a gene also causing allelic forms of pure, non-syndromic LCA (LCA10) and forms
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Fig. 7.8 OCT findings in Alagille syndrome. These are OCTs from a 13-year-old Hispanic female
patient with night blindness and difficulty with localizing objects since she was 4 years old and a
JAGI heterozygous disease-causing mutation. The systemic picture was remarkable for hydro-
cephalus at 5 years of age being treated with a shunt and liver transplant, managed with immuno-
suppression. (a) The macular OCT shows diffuse ellipoid zone (EZ) loss and outer nuclear layer
(ONL) thinning but good EZ preservation in the fovea, although the intensity of the EZ signal
appears very faint. (b) The optic nerve head OCT shows marked bilateral generalized retinal nerve
fiber layer (RNFL) thickening. The area of maximal thickening is highlighted by asterisks. An
enface thickness map centered on the optic nerve head is illustrated in (c), to show the large area
of RNFL swelling. (d) While this patient had papilledema from the hydrocephalus, a late fluores-
cein angiogram also shows mild but noticeable leakage in the area of maximal RNFL swelling seen
on OCT (arrows), suggesting at least a portion of the disc swelling may be attributable to optic
nerve inflammation. In this patient, there was no evidence for optic nerve drusen
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Fig. 7.9 Clinical and functional findings in Alagille syndrome. (a) Color fundus photography of
the same patient is shown in Fig. 7.8. Peripheral disseminated nummular RPE dropout, attenuated
vessels, thinned macular tissue with enhanced vitreoretinal interface reflexes, and optic nerve
swelling are visible. (b) Fundus autofluorescence reveals multiple rings of alternating hypo- and
hyper-autofluorescence with a bull’s eye-like maculopathy, pericentral dystrophy at the arcades
and peripheral RPE dropout with punctate hyper-AF deposits in the far temporal periphery. There
is also faint hyper-autofluorescence of the optic nerve head, but no clear evidence of optic disc
drusen. (¢) The ffERG shows non-recordable rod and mixed responses and residual cone responses,
consistent with an advanced rod—cone pattern of retinal degeneration of the RP family

of BBS (BBS14). A similar finding also characterizes the forms associated with
NPHP5 gene mutations [100, 101]. However, cases with fairly well-preserved
visual acuity, peripheral fields, and a CORD phenotype on ffERG testing have been
observed, as it is the case of the patient illustrated in Fig. 7.10, harboring a homozy-
gous NHNP whole-gene deletion.

Although SLS is rarer than LCA and BBS, due to the severity of the renal involve-
ment, prompt recognition of this disorder has important diagnostic and prognostic
implications, as kidney disease typically evolves toward failure and can require
transplantation within the first few decades of life. It should be noted presymptom-
atic screenings for renal abnormalities can be initially normal. Thus, when the index
of suspicion of SLS is high, molecular genetic diagnostic testing is essential to con-
firm the diagnosis. In the absence of access to genetic testing, at least yearly kidney
function profile testing and ultrasounds are strongly recommended to minimize the
risk of sudden-onset signs and symptoms of kidney failure. In addition, even though
for now limited to a very specific truncating mutation, the recent initial evidence of
possible therapeutic success with intravitreal injections of editing antisense oligo-
nucleotides in LCA 10 children makes the recognition of SLS due to NPHP6/CEP290
mutations an even greater priority from the treatment standpoint [102].
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Fig.7.10 Findings in Senior—Loken syndrome. (a) Fundus appearance of a 15-year-old Caucasian
male with a homozygous deletion encompassing the whole NPHPI gene. The patient had already
received a kidney transplant due to renal failure. He was referred for suspected Senior-Loken
syndrome due to a complaint of photophobia, reduced visual acuity (OD 20/80, OS 20/320), and
nystagmus with a strong latent component. In this young patient, fundus examination reveals no
obvious pathology. (b) Fundus autofluorescence imaging reveals, however, a clear perifoveal
hypo-autofluorescent ring and mild foveal hyper-autofluorescence. (¢) The macular OCT shows
only a loss in definition of the EZ with an otherwise normal retinal profile, lamination, and thick-
ness and only greater than usual prominence of the interdigitation zone between the EZ and the
RPE layers. (d) The full degree of the pathology in this patient is revealed only by ffERG testing,
where there are markedly diminished cone responses with good preservation of rod responses and
reduced mixed a-wave amplitude, configuring a virtually cone-only dystrophy pattern of retinal
degeneration. This manifestation of Senior—Loken syndrome due to a whole NPHPI gene deletion
is far less severe than what other patients usually exhibit (i.e., much more severe compromise of
both rods and cone ffERG responses), but the mismatch between apparently well-preserved micro-
anatomy of the retina and poor retinal function is a recurrent hallmark of this ciliopathy
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Joubert Syndrome

Joubert syndrome is a rare autosomal recessive ciliopathy with an estimated inci-
dence of 1 in 100,000, first identified in 1969 by pediatric neurologist Marie Joubert
[103]. Despite its rarity, Joubert syndrome exhibits remarkable genetic heterogene-
ity. The genes responsible for Joubert syndrome are over 30 and largely overlap
with those responsible for various forms of LCA, SLS, and BBS, with which this
condition is allelic, because they are for the most part all ciliary genes. In patients
with JS with ocular involvement, the genes most commonly involved are AIHI,
INPPSE, ARLI3B, and CC2D2A [104].

Joubert syndrome is characterized by brain abnormalities (the “molar tooth sign”
on MRI imaging is pathognomonic), with retinal and renal involvement. From a
neurological standpoint, this syndrome can manifest with ataxia, hyperpnea, sleep
apnea, abnormal eye and tongue movements, hypotonia, and seizures. Other devel-
opmental anomalies, such as polydactyly, cleft lip or palate, and tongue abnormali-
ties, can also occur.

As in other ophthalmic ciliopathies, Joubert syndrome has photoreceptor cells
damage as the main retinal feature causing variable retinal dystrophies, mainly
RP-like and LCA-like ones (Fig. 7.11), whereby the retinal phenotype can be indis-
tinguishable from other related forms of LCA, SLS, and BBS. Other described oph-
thalmic manifestations include chorioretinal colobomas and a Coat’s like phenotype
[104-106].

Metabolic Disorders

Abetalipoproteinemia (Bassen—Kornzweig Syndrome)

Abetalipoproteinemia (ABL), also called Bassen—Kornzweig syndrome [107], is a
rare autosomal recessive disease, characterized by deficiency in the absorption of fat
and fat-soluble vitamins (e.g., vitamin A, D, E, and K) from food [108]. It is caused
by mutations of the MTTP gene encoding the microsomal triglyceride transfer pro-
tein necessary for lipid metabolism [109-111].

From the systemic standpoint, ABL patients display intestinal fat malabsorption,
causing with failure to thrive, diarrhea, and vomiting, progressive spinocerebellar
degeneration ataxia, and typically abnormal erythrocytes on a blood smear (acan-
thocytosis, i.e., irregularly spiked red blood cells). At the serological level, ABL
patients exhibit absent or extremely low LDL-cholesterol, triglyceride, and apolipo-
protein (apo) B levels.

The ocular phenotype of ABL is characterized by a degenerative retinopathy
indistinguishable from the clinical and visual electrophysiological standpoint from
non-syndromic RP. In ABL patients, the rod and cone ffERG responses are mark-
edly decreased and can become non-recordable in late disease stage. Consistent
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Fig. 7.11 Imaging findings in Joubert syndrome. (a) Fundus photograph of a 30-year-old
Caucasian male patient with Joubert syndrome due to compound heterozygous mutations in the
AIH] gene. This patient was first diagnosed with RP at 3 years of age, at the time he also developed
nystagmus. His review of systems was positive for complete kidney renal failure, also developed
at 3 years of age, seizures, developmental delay, and speech impediment. Fundus examination
shows bone spicule-like pigment deposits, abnormally tortuous vessels (arrow), mild waxy disc
pallor, and a posterior staphyloma. At this stage of the disease, acuity was 20/160 in each eye. (b)
Fundus autofluorescence imaging shows a disseminated speckled hypo-autofluorescence at and
outside of the arcades and an internal smaller patch of macular hyper-autofluorescence around
macula. (¢) A macular OCT, rendered challenging by the nystagmus, shows diffuse EZ/ELM/ONL
loss, a significant posterior staphyloma, and marked choroidal thinning. The foveal region shows
fair EZ preservation (asterisk)
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with the significant neurodegenerative manifestations characterizing these patients,
the VEP P100 latency may also be delayed [112-114].

Systemic surveillance is essential for the management of these complex yet treat-
able patients [111]. Management includes maintaining adequate caloric intake to
alleviate growth deficiency, a low-fat diet inclusive of oral essential fatty acid supple-
mentation, and supplementation with vitamin A, vitamin D, vitamin E, and vitamin
K, preventing most of the more severe complications of ABL [111, 115]. Recognition
of this unique syndrome is essential not only because it is susceptible to response to
treatment but also because, unlike non-syndromic RP [116], ABL benefits exqui-
sitely well from vitamin E supplementation and also from the retinal standpoint [115].

Neuronal Ceroid Lipofuscinoses (Batten’s Disease)

Neuronal Ceroid Lipofuscinoses (NCLs), also collectively referred to as Batten’s
disease, are a class of genetically heterogeneous neurodegenerative disorders. The
first reported description of NCL was by Otto Christian Stengel in 1826, followed
by similar reports by Frederick Batten in 1903. Most forms of NCL are inherited in
an autosomal recessive fashion. However, a dominant adult-onset form of NCL,
termed CLN4, is caused by a distinct gene, DNAJC5 [117, 118]. The shared patho-
genetic event of all forms of NCL are genetically induced defects in lysosomal stor-
age, leading to accumulation of an autofluorescent lipopigment — called ceroid
lipofuscin — ultimately inducing neuronal degeneration of the affected tissues [119].
NCLs are generally characterized by progressive loss of vision, motor and cognitive
disfunctions, seizure, and premature demise. They are currently classified by the
age of disease onset as infantile NCL (INCL), late infantile NCL (LINCL), juvenile
NCL (JNCL), and adult NCL (ANCL).

JNCL is the most common form of NCLs mainly associated with mutations (the
most common being a 1.02 kb homozygous deletion) in the CLN3 gene, typically
showing a severe degenerative retinopathy affecting both the peripheral and the cen-
tral retina [118]. This retinopathy has characteristics of both a Stargardt-like macular
dystrophy and a form of RP sine pigmento (at least in the first two decades of life) and
usually lead to a severe vision loss by 10 years of age. Two representative cases of
JNCL with molecularly confirmed CLN3 mutations are shown in Fig. 7.12. The life
expectancy of INCL patients is typically up to the late third/early fourth decade of life
for patients whose disease is due to the common 1.02 kb homozygous deletion in the
CLN3 gene, whereas longer survival is expected for compound heterozygous patients.
Cardiac involvement due to storage accumulation usually affecting the conduction
system is relatively common and may be responsible for fatal arrhythmias. It can be
prevented with a pacemaker implantation [118]. In these patients, the mfERG has also
been investigated and, consistent with the severe macular involvement of JNCL,
mfERG responses are markedly abnormal as well [120].

INCL is the most severe form of NCLs and usually occurs before 2 years of age
with severe vision loss, psychomotor retardation, and reduced head growth that
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Fig. 7.12 Imaging and functional findings in Batten’s disease. Images from two patients with
molecularly confirmed Batten’s disease (JNCL) are shown. Patient 1 (PT1) is a 12-year-old male,
and patient 2 (PT2) is a 12-year-old female, both carrying CLN3 loss-of-function mutations
(homozygous 1.02 kb deletion in PT1 and compound heterozygote for the common 1.02 kb dele-
tion and an intronic splice site mutation in PT2). Both had, in association to a history of profound
and rapidly progressive vision loss, also a history of emerging neurological problems. (a) Color
fundus photograph of PT1, remarkable for disc pallor and macular sub-atrophy with a diffuse ring
of moth-eaten RPE loss with some pigment deposits across the post pole and along the arcades. (b)
Color fundus photograph of PT2, showing beaten bronze macular appearance with para-central
and nasal RPE mottling. A temporal metallic reflex is also seen. (¢) Macular OCT of PT2 shows
generalized neuroretinal thinning affecting both inner and outer retinal layers with a near bare
foveal region and intraretinal hyper-reflective deposits/fragments. (d) The ffERG findings of both
patients compared to a normal control are shown: PT1 exhibits more advanced diseases, with
markedly reduced rod ERGs and non-recordable mixed or cone-driven responses, PT2 shows less
severe disease, with moderately reduced rod and cone ERG responses, and electronegative mixed
ERG morphology, indicative of post-receptoral dysfunction, as reported already by others (see
text). In both cases, there is a pattern of cone>rod retinal degeneration
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can lead to microcephaly [121]. This form is mainly associated with the mutations
in the CLNI gene encoding for a palmitoyl-protein thioesterase-1 (PPT1) whose
loss results in severe cerebral degeneration [122]. INCL usually leads affected
children to death by 10 years of age. The retinal degenerative manifestations are
equally severe, but are characterized initially by electronegative ffERG due to
selective b-wave truncation suggestive of post-receptoral dysfunction in the earli-
est disease stages, followed by greater amplitude losses in response amplitudes
for both the a- and the b-wave with persistent mixed ffERG response electronega-
tivity. These findings, alongside histological and immunohistochemical studies
from the retinas of affected children who perished during the first decade of life,
support the existence early in the disease process of both a pre- and/or postsynap-
tic neurotransmission block from photoreceptors to bipolar cells in INCL [123].

LINCL is mainly associated with mutation in the CLN2 gene, encoding for the
tripeptidyl peptidase 1 (TPP1) enzyme, and occurs between 2 and 4 years of age,
when visual symptoms usually start and rapidly progress to bare light perception and
severe ffERG compromise [124]. Life expectancy of untreated LINCL is usually up
to no more than the early adolescence [124]. However, in 2017, cerliponase alfa
(Brineura, Biomarin Pharmaceuticals), a tripeptidyl peptidase enzyme replacement
therapy, became the first approved treatment for CLN2-linked Batten’s disease. Thus,
improved prognosis and prolonged survival for these patients can now be expected to
occur and also new data on the longer-term effects of CLN2 mutations on both neu-
rological and ophthalmological phenotypes to be generated. It is not clear whether
Brineura may also have an impact on the visual symptoms of LINCL patients, as the
treatment is currently administered only via intraventricular infusion.

ANCL is the rarest form of NCLs, and its symptoms typically appear around
30 years of age. Consistent with the late-onset nature of ANCL and the variable and
more limited disease expressivity, the life span of ANCL-affected patients can vary
considerably [124]. ANCL is currently classified in two different types: Type A is
associated with the mutations in the CLN6 or PPTI genes and is mainly character-
ized by neurological symptoms and associated ocular findings. In these patients, a
cone-only ffERG dystrophic pattern has been reported, with preservation of rod-
driven responses, associated with a markedly abnormal EOG Arden ratio, indicative
of widespread RPE dysfunction [125]. Type B ANCL is associated with mutations
in the CTSF or DNAJCS5 genes and is usually free of visual symptoms.

In addition to the noted Brineura treatment for CLN2-associated Batten’s dis-
ease, gene therapy human clinical trials are currently underway for CLN2-, CLN3-,
and CLN6-associated Batten’s disease [124].

Mucopolysaccharidosis

The mucopolysaccharidosis (MPS) syndromes are a group of lysosomal storage
diseases mainly affecting the central nervous system. Various forms of enzyme
replacement therapies have been recently developed for MPS and are promising to
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change significantly the prognosis and the clinical and functional landscape of this
group of disorders [126]. There are multiple ocular manifestations associated with
the various forms of MPS. Here we will focus only on the subtypes with reported
retinal manifestations or with visual electrophysiological findings.

Mucopolysaccharidosis I (MPS I, also known as Hurler—Scheie syndrome), is an
autosomal recessive condition caused by mutations in the IDUA gene encoding for
alpha-L-iduronidase [127]. Signs vary including type of retinopathy: in most cases,
the retinal disease is of the RP type with primary impairment of rod-driven responses
and possible evidence for electronegative mixed ffERGs and relatively normal
cone-driven responses. Cases with a bull’s eye maculopathy and abnormalities pri-
marily affecting the mfERG have also been reported [128, 129]. Retinopathy in
MPS T has been reported in about 43% of cases and delayed VEPs in 80% [130].
However, all patients investigated in the latter study also exhibited corneal clouding
that could confound VEP interpretation.

Mucopolysaccharidosis I (MPS II, also known as Hunter syndrome), is an
X-linked condition due to changes in the IDS gene encoding for iduronate
2-sulfatase [reviewed in [131]]. A retinopathy of the RP type with electronegative
ffERGs has been reported also in this subtype of MPS [132], as well as a dissemi-
nated retinal pigment epitheliopathy, found in as many as 50% of the investigated
patients [130]. In the latter study, delayed VEPs potentially attributable to impaired
optic pathway conduction was also found in 67% of cases and not attributable to
confounding from corneal clouding as this complication was not observed in
these patients.

Mucopolysaccharidosis III (MPS III), also called Sanfilippo syndrome, is an
autosomal recessive lysosomal storage disease mainly affecting the central nervous
system. Despite its rare occurrence, it accounts for up to 80% of all MPSs and is the
most common form of MPS in the United States [133]. Sanfilippo syndrome is
associated with a deficiency in lysosomal enzymes needed to break down the gly-
cosaminoglycan heparan sulfate. MPS Il is divided into four types (IIIA, IIIB, IIIC,
and IIID) according to their genetic cause (SGSH, NAGLU, HGSNAT, or GNS gene,
respectively). All four types have similar symptoms, except MPS IIIA which usu-
ally occurs earlier in life and progress more rapidly. MPS III typically appears dur-
ing early childhood with symptoms including delayed speech and behavior problems
such as anxious, aggressive, destructive, restless and sleep disturbances, progressive
intellectual disability, or difficulty with social interactions and communication
(autism). In later stages of MPS III, patients may also have hearing loss, progressive
movement disorders, dementia, and seizures (reviewed in [133]).

Vision problems are almost constantly associated with MPS III. The most com-
mon ocular manifestations of MPS III are optic nerve swelling and optic atrophy.
However, due to the deposition of heparan sulfate throughout virtually all ocular
structures, clinical findings may include corneal changes (that can require
transplantation), cataract formation, glaucoma, and pigmented retinopathy. In par-
ticular, in MPS IIIA, ffERG rod- and cone-driven responses decrease significantly
and can have an electronegative shape and a b-wave split as shown in Fig. 7.13.

MPS IV (Morquio syndrome) is another genetically heterogeneous autosomal
recessive form of MPS in which retinopathy is seldom found (6% of cases), whereas
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Fig. 7.13 Imaging and functional findings in Sanfilippo syndrome type IIIA. Findings in a
29-year-old Caucasian male with a 2-year history of progressive decline in vision (20/100 acuity
in OD, the better eye) and night blindness, bearing a preexisting diagnosis of Sanfilippo syndrome
type IIIA confirmed by molecular genetic diagnostic testing (compound heterozygote for SGSH
gene mutations). (a) Fundus examination shows coarse breadcrumb-like mid-peripheral retinal
pigmentary deposits, mild vascular attenuation, mild peri-papillary discoloration OU, and a ring of
peri-foveal pigmentary changes. (b) Macular OCT scans show generalized retinal thinning;
marked attenuation of the outer retinal layers with very little EZ, ELM, and ONL residual thick-
ness; disseminated fine hyperreflective deposits; and a thickened inner retina with an amorphous
appearance. Fine cystic changes (macular edema) can also be seen temporally to the fovea. (c)
Non-recordable rod-driven ERGs markedly reduced mixed responses, with a b-wave split in a
bl-like, presumably cone-driven response and a rod-driven b2-like one. Cone responses were all
markedly reduced in amplitude and markedly delayed, but still clearly recordable, configuring a
rod—cone RP-like pattern of retinal degeneration



140 A. Senatore et al.

delayed VEPs have been observed in 50% of cases [130]. Caution in interpreting the
latter findings remains in order, however, due to the almost invariable corneal
clouding.

Lastly, MPS VI (Maroteaux—Lamy syndrome) is another autosomal recessive
form of MPS due to mutations in the ARSB gene encoding for arylsulfatase B [134].
In MPS VI, it has been reported approximately 50% of the patients exhibit a reti-
nopathy [130]. Delayed VEPs have been reported in all cases investigated in the
latter study as well. However, also these patients exhibited invariably corneal cloud-
ing as well.
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Chapter 8
Characteristics of Visual Electrophysiology
in Inflammatory Disorders

Check for
updates

Alessandro Iannaccone, Alfonso Senatore, Wajiha Jurdi Kheir, Donnell Creel,
and Minzhong Yu

Acute Zonal Occult Outer Retinopathy (AZOOR)

Acute zonal occult outer retinopathy (AZOOR) was first reported by Gass [1]. It is
an acquired inflammatory condition with symptoms of acute and rapid loss of one or
more large zones of outer retinal function, photopsia, central scotomas, and normal
to minimally abnormal funduscopic appearance.

Significant progress has been made in recent years in identifying the imaging
characteristics of AZOOR, especially since the advent of fundus autofluorescence
(FAF) [2-6]. Dense areas of markedly abnormal FAF findings, especially around
the optic nerve head and along one or more of the vascular arcades, have been uni-
formly documented in AZOOR patients even when the ophthalmoscopic findings
are absent or minimal (Fig. 8.1).

The functional electroretinographic characteristics of AZOOR were initially
defined by Jacobson et al. [7], highlighting the presence of interocular asymmetry
in the ffERG compromise as a hallmark and, importantly, evidence of spontaneous
recovery or disease stabilization during the follow-up period in several patients.
Psychophysical testing on affected patients also revealed the patchy nature of the
outer retinopathy that AZOOR patients experience. These disease characteristics
have been expanded and refined further, to include evidence that AZOOR patients
also have abnormal EOG light peaks and Arden ratios, revealing the presence not
only of an outer retinopathy but also a pigment epitheliopathy in AZOOR [8].
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Fig. 8.1 Clinical and imaging findings in acute zonal occult outer retinopathy (AZOOR). Patient
(PT) 11is a 17-year-old female patient and PT2 a 36-year-old male patient, both with acute onset of
monocular left-sided vision loss, central/paracentral scotomas, and photopsia. (a) Fundus findings
in PT1 show a large area of discoloration along the superior arcade and around the disc. (b) Fundus
autofluorescence (FAF) imaging shows a large area of speckled hypo-autofluorescence along the
supero-temporal arcade with a wide hyper-autofluorescent halo enveloping the disc and wrapping
around the fovea, with faint foveal hyper-autofluorescence. (¢) A horizontal OCT scan shows
marked ellipsoid zone (EZ), ELM, and ONL loss nasal and temporal to the fovea, central EZ crum-
bling, but good preservation of all layers right around the fovea. A vertical scan (not shown) found
also significant EZ, ELM, and ONL loss superiorly but none inferiorly. (d) Fundus findings in PT2
show only faint peripapillary and superior patchy depigmentation (note how the superior hemiret-
ina appears hypopigmented compared with the inferior one). (e) FAF imaging was much more
informative and conclusive, revealing a large patch of speckled hypo-autofluorescence around the
disc and a fainter one centrally, surrounded by a halo of speckled/punctate hyper-autofluorescence.
(f) The OCT scan is remarkable not only for focal areas of EZ, ELM, and ONL loss that again
correspond well to the area of hypo-autofluorescence nasal to the fovea and for EZ fragmentation
temporal to the fovea but also for intraretinal hyporeflective cystic changes consistent with cystoid
macular edema (verified also by fluorescein angiography, not shown) (Images courtesy of Dr. Dilraj
Grewal, MD, Duke Eye Center)
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Evidence for attenuated and delayed flicker ERGs and abnormal ON- and OFF-
responses has also been identified [8], thereby pointing to a more global retinal
involvement in AZOOR than purely outer retinal one (Fig. 8.2). The multifocal
electroretinography (mfERG) is also informative in this condition, since patches
of decreased amplitude and delayed mfERG response tend to correspond well
with the areas of central visual field loss [6, 9-13] (Fig. 8.3). Accordingly, also
the pattern ERG, a sensitive indicator of macular health, is usually attenuated in
AZOOR [8].

There is significant clinical and symptomatic overlap between AZOOR, mul-
tiple evanescent white dot syndrome (MEWDS), ocular histoplasmosis syndrome
(OHS), multifocal choroiditis and panuveitis, acute macular neuroretinopathy
(AMN), acute idiopathic blind spot enlargement syndrome (AIBSES), punctate
inner choroiditis (PIC), and autoimmune retinopathy (AIR), to the point that several
authors have raised the possibility these conditions may represent different facets of
the same disease spectrum, and many refer to AZOOR as the “AZOOR complex”,
reflecting well the great of overlap between AZOOR and these other conditions
[8, 14-17]. To add to the degree of overlap between these entities, and especially
with AIR, in recent years evidence has been provided that AZOOR patients exhibit
antiretinal and anti-RPE autoantibodies (AAbs) [13, 18, 19]. Furthermore, a history
of autoimmune disease has been ascertained in nearly one third of AZOOR patients
[20, 21]. While symptoms may slightly differ, there may be specific diagnostic cri-
teria to point more in the AZOOR direction than in that of AIR, and AZOOR may
have a greater inclination to being a self-delimiting condition than AIR; these con-
ditions may share an autoimmune pathogenesis, similar to other related and better
established conditions such as birdshot chorioretinopathy [17, 22-25] and the para-
neoplastic syndromes, cancer-associated retinopathy (CAR), melanoma-associated
retinopathy (MAR) [17, 26-30], and the recently identified basal cell carcinoma-
associated retinopathy and optic neuropathy (BARN) complex which, in its full
expression, includes also a pigment epitheliopathy (BARRN) [31]. There is still no
consensus to this date as to these conditions should be all lumped under the grand
umbrella of the autoimmune retinopathies or whether splitting them each into inde-
pendent categories as they were initially identified remains the most appropriate
approach.

Accordingly, there is currently no clear management and treatment consensus
for AZOOR. Initially, the condition was not treated and purely observed. A long-
term follow-up study by Gass et al. showed that the majority of patients, while
often affected initially in unilateral fashion, experience involvement of the fellow
eye and recurrences [20]. In addition, while the disease did not exhibit a major
tendency to progress over time after the initial insult, with stabilization of vision
and visual field loss in about three-fourth of the patients, all investigated patients
experienced permanent sequelae from the disease, and spontaneous improvement
was seen in about one-fourth of the patients [20]. Thus, more recently, drawing also
from the evidence for an autoimmune component in AZOOR, attempts to actively
treat AZOOR patients to prevent the development of permanent visual deficits
have been made, and success has been reported with steroids administered either
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Field view

Fig. 8.3 Perimetric and multifocal ERG findings in acute zonal occult outer retinopathy (AZOOR).
Multifocal ERGs (yellow traces) superimposed on Humphrey 30-2 central visual field plot of the
right eye of a 17-year-old male patient with acute monocular vision loss associated with a viral
prodrome and was diagnosed with AZOOR. The overlay shows mfERG abnormalities matching
the visual field loss experienced by the patient

systemically or intravitreally [32-34]. In one case of presumed AZOOR that had
not been responsive to steroids, marked visual recovery was attained with the anti-
TNF-a adalimumab (Humira) [34]. Thus, permanent visual sequelae in AZOOR
may be potentially avoided by formulating an early correct diagnosis and instituting
an immunosuppressive treatment. These initial results, however, very encouraging
and evidence-driven, may require further confirmation.
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Multiple Evanescent White Dot Syndrome

Multiple evanescent white dot syndrome (MEWDS) was first described in 1984 [35],
involves acute, painless unilateral reduction of visual acuity as low as 20/200, visual
field loss, fluorescein leakage from disc capillaries and staining in retinal pigment
epithelium (RPE), peripapillary hypofluorescence in indocyanine green angiogra-
phy, photopsias, floaters, and dyschromatopsia [36—40]. The ocular fundus shows
multiple white dots with diameter of 100-200 um at RPE or the outer retina, and
RPE granularity that usually spare the fovea, and are often subclinical and best
appreciated on FAF imaging (Fig. 8.4a, b). Optical coherence tomography (OCT)
shows disruption of the outer retinal layers in MEWDS (Fig. 8.4c). Most of the
MEWDS patients are female, from about 15 to 50 years old. About one-third to half
of MEWDS patients suffer from flu-like prodromes. This disease is self-limiting,
improves spontaneously, and no treatment is usually needed. Most MEWDS patients
regain good visual acuity in 3-9 weeks. Photopsias and scotomata gradually disap-
pear. The fundus lesions are gradually replaced by mild pigment mottling or cho-
rioretinal scarring (Fig. 8.4). Recurrence occurs in about 10% of MEWDS patients.
Some MEWDS patients may have persistent blind spot enlargement [36—40].

The differential diagnosis of MEWDS includes acute idiopathic blind spot
enlargement syndrome (AIBSES), acute macular neuroretinopathy (AMN),
AZOOR, multifocal choroiditis and panuveitis (MCP), punctate inner choroidopa-
thy (PIC), and sarcoidosis. Some of these diseases, such as AIBSES and AMN, can
be associated with MEWDS [36—40].

Some of the following electrophysiologic tests can be selected to assist the differ-
ential diagnosis according to the results of other examinations. In MEWDS, mfERG
N1 amplitudes increase in day 1 to day 7 of the onset of the disease and decrease
after 2 weeks of the onset of the MEWDS. The implicit times of mfERG are normal
in the course of the disease [41, 42]. OPs are abnormal in some MEWDS patients,
reduced in the affected eye with normal scotopic, maximum, photopic, and flicker
ERG responses. The multifocal ERG OP amplitudes reduce in the retinal area of
the affected eye with normal mfERG N1 and P1 amplitudes [43]. The ratio of the
S-cone ERG b-wave amplitude of the affected eyes to that of the normal fellow eyes
is significantly lower than the corresponding ratio for the L- and M-cone ERG [44].
The EOG of MEWDS is abnormal. The electrophysiologic tests can recover to nor-
mal after the symptoms of MEWDS abate in several weeks [42].

Acute Posterior Multifocal Placoid Pigment Epitheliopathy
(APMPPE)

Acute posterior multifocal placoid pigment epitheliopathy (APMPPE) is an inflam-
matory chorioretinopathy, first described by Gass in 1968 [45], and characterized
by multiple yellow-white placoid subretinal lesions of the posterior pole (Fig. 8.5).
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Baseline 1-mo follow-up

Fig. 8.5 Clinical and imaging example of APMPPE. This 29-year-old female patient with an acute
bilateral pericentral visual disturbance, encroaching the center of her vision including the left eye
(20/125 in this eye). (a) Left fundus appearance at baseline and 1 month later. Disseminated
patches of deep yellowish changes can be seen initially, involving also the foveal area, regressing
in part already within 1 month. (b) Fundus autofluoscence imaging shows disseminated spots of
coalescent patches of speckled hypo- and hyper-autofluorescence, partially resolved 1 month later
with disseminated sequelae of pigmentary mottling. The visual acuity has spontaneously recovered
to 20/25 in this eye. (¢) SD-OCT scans show, at baseline, focal disseminated areas of thinning of
the RPE/photoreceptor junction and development of a thick central band of hyporeflective signal
at the interdigitation zone between the RPE and the EZ. There are also scattered hyper-reflectivities
overlying the areas of RPE and EZ damage. All these findings appear much improved at 1 month
(Images courtesy of Dr. Dilraj Grewal, MD, Duke Eye Center)

APMPPE affects women and men between 20 and 50 years old. APMPPE is often
associated with systemic conditions. The patients usually have a rapid onset of
blurred vision with central or paracentral scotomas. Visual acuity can decrease to
the range of 20/40 to count-fingers. Photopsias can occur before the vision loss. The
symptoms usually occur in both eyes but may manifest in each eye in several days
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apart. Multiple bilateral yellow-white placoid lesions of 1-2 disc diameters at the
level of RPE and choroid can be found throughout the fundus from posterior to the
equator. The lesions are gradually replaced by RPE atrophy or hyperpigmentation
(Fig. 8.5). New lesions may appear in the periphery up to 3 weeks after the onset of
APMPPE [46-48].

APMPPE is usually self-delimiting (Fig. 8.5) and resolve in 4-8 weeks (up to
6 months in some patients). The majority of APMPPE patients can recover their
visual acuity to 20/40 or better, while foveal involvement is related to a worse prog-
nosis [49]. Approximately one-third of APMPPE patients have a preceding viral or
flu-like illness before the onset of APMPPE [50]. This disease may be associated
with retinal vasculitis, optic disc edema, subhyaloid hemorrhage, choroidal neovas-
cular membrane formation, and vein occlusion [48, 51].

The etiology of APMPPE is unknown. However, some believe that it is secondary
to a delayed-type hypersensitivity vasculitis, due to the inflammation at the level of
the choriocapillaris resulting in hypoperfusion and ischemia of the RPE and photore-
ceptors, causing RPE atrophy and hyperpigmentation in later stage [52, 53]. Genetics
may be related to the risk for APMPPE associated with HLA-B7 and HLA-DR2
genetic haplotypes. Viral infection may be another cause of APMPPE [54, 55].

From the electrophysiological standpoint, it has been reported that in APMPPE,
the ffERG a- and b-wave amplitudes are slightly decreased in the acute phase [56].
However, the mfERG can show significant decrease in response density in the
acute phase and recovery of the amplitudes after the disease reaches the scar stage
[57]. Deutman et al. studied EOG and ERG recordings in APMPPE patients. EOG
responses were recorded as highly abnormal in the acute phase of the disease, con-
sistent with a severe and widespread dysfunction of the RPE, whereas in the scar
stage, the EOG recordings were significantly improved compared to baseline. Thus,
the EOG is perhaps the most specific and diagnostic test of all to establish the diag-
nosis of APMPPE and assess the recovery process after the acute phase.

Birdshot Chorioretinopathy

Birdshot chorioretinopathy was first described in 1949 by Drs. Franceschetti and
Bable, when it was first described as “Candle Wax Spot Chorioretinopathy” [58—
60]. Subsequently, the terms birdshot chorioretinopathy and vitiliginous chorio-
retinitis were first used by Drs. Ryan and Maumenee in 1980 and by Dr. Gass in
1981, respectively [58, 60]. While the currently most used term is birdshot cho-
rioretinopathy (or retinochoroidopathy), all three descriptive terms illustrate well
the main ophthalmoscopic characteristic of the disease, an acute-onset, relapsing,
chronic, bilateral, posterior uveitis with characteristic yellow-white lesions of the
fundus. Affected patients most often complain of decreased visual acuity (68%),
floaters (29%), nyctalopia (25%), dyschromatopsia (20%), glare (19%), and pho-
topsia (17%) [61].

Birdshot chorioretinopathy is relatively common, accounting for 1-2% of all types
of uveitis. It affects primarily Caucasian females between the age of 40 and 60 years
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old and is strongly associated with a genetic risk factor, HLA-A29, where 80-98% of
patients are positive (vs. 7% in the general population) [62]. Despite this clear associa-
tion, the etiology of this disease remains in part unclear, as it has been hypothesized
that the disease may be due to an autoimmune response against arrestin [25].

The term “birdshot” comes from the pattern of the lesions, resembling the gun-
shot spatter of birdshot. The chorioretinal lesions of birdshot chorioretinopathy are
usually approximately 0.25-0.50 disc diameters in size, most often clustered around
the optic nerve and the posterior pole, radiating toward the periphery, and most
commonly involve the inferonasal peripapillary area (Fig. 8.6). The distribution of
the lesions across the fundus can be diffuse, can involve predominantly the macula
(or, in fact, spare the macula altogether), and are often asymmetric between the two
eyes in both location and amount [25, 58, 60, 61].

In its early (acute) stage, the disease is usually characterized by retinal vascular
leakage at or away from the optic disc and by the presence of hypofluorescent lesions
on ICG angiography that is usually the optimal imaging test to use at this stage of
the disease. In subsequent phases, the so-called middle stage, the condition becomes
characterized by prominent birdshot lesions, those are noticeable ophthalmoscopi-
cally, by FAF, and fluorescein angiography. In the late stages of the disease, cystoid
macular edema (seen in 84% of birdshot chorioretinopathy) [25, 58, 60, 61], disc
leakage, RPE changes, retinal atrophy, vascular attenuation, and optic nerve atro-
phy and subretinal neovascularization can develop and contribute significantly to the
vision loss of the birdshot chorioretinopathy patient. Diagnostic criteria have been
set at an international workshop [63], and these criteria are summarized in Table 8.1.

Fig. 8.6 Clinical example of birdshot chorioretinopathy. Typical disseminated faint “candle wax-"
like depigmented spots near and around the disc and also in the far temporal periphery characterize
this patient with birdshot chorioretinopathy. Subtler findings were seen in the left eye



8 Characteristics of Visual Electrophysiology in Inflammatory Disorders 157

Table 8.1 Diagnostic criteria for birdshot chorioretinopathy

Required characteristics

Disease in both eyes

> 3 peripapillary birdshot lesions (cream-colored, irregular, or elongated choroidal lesions
with long axis radiating from optic disc)

< 1+ anterior vitreous cells

< 2+ vitreous haze

Supportive findings:
HLA-A29 positive
Retinal vasculitis

Cystoid macular edema

Exclusion criteria:

Keratic precipitates

Posterior synechiae

Other causes (i.e., infectious, neoplastic, paraneoplastic, inflammatory)

Visual electrophysiology testing plays an essential role in the diagnosis and man-
agement of birdshot chorioretinopathy, both in recognizing — even when the char-
acteristic lesions have not developed yet — the presence of ffERG abnormalities, the
most typical charactertistic is an electronegative mixed response with low b-wave
amplitude and normal a-wave amplitude (Fig. 8.7) [60]. The light peak of the EOG
and the Arden ratio are also reduced fairly consistently in birdshot chorioretinopa-
thy, perhaps reflecting an inflammatory involvement of the RPE at the chorioretinal
interface [60]. Visual field testing also plays an important role in the diagnosis and
management of birdshot chorioretinopathy, usually revealing multifocal scotomas,
arcuate scotomas, enlarged blind spot, and/or central or centrocecal defects.

Unlike the previously described entities, in which treatment is not usually neces-
sary and spontaneous improvement is the rule, birdshot chorioretinopathy is a type
of noninfectious posterior uveitis leading to progressive vision loss if left untreated.
Thus, treatment is necessary, and it typically includes oral or intravitreal/subtenon
steroids, but the vast majority of affected patients is treated systemically with some
other form of immunomodulatory therapy (IMT), with which it has been shown that
both visual acuity and visual fields loss can stabilize or improve in as many as 89%
of the cases [61, 62, 64]. Success has been reported as of late also in recalcitrant
cases with many of the newer biologic IMT agents more recently available [65-74].
Thus, promptly recognizing and correctly diagnosing birdshot chorioretinopathy
have important prognostic and therapeutic implications.

Autoimmune Retinopathy and Neuroretinopathy

Autoimmune retinopathy (AIR) and neuroretinopathy (AINR, also known as
autoimmune-related retinopathy and optic neuropathy or ARRON) are an acquired
group of diseases of the retinal and/or the optic nerve caused by autoantibody (AAb)-
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Fig. 8.7 Electroretinographic findings in birdshot chorioretinopathy. The ffERG response of this
patient (same as shown in Fig. 8.6) shows bilateral reduction of all responses, which is more severe
in rod responses than in cone responses, with marked electronegativity of the mixed responses. The
cone-driven responses are also delayed, including the ON and the OFF responses that confirm the
ON-bipolar cell compromise in both eyes, but all findings are more severe in the right eye. This
pattern of ffERG abnormalities alongside the typical fundus changes is diagnostic for birdshot
chorioretinopathy

mediated inflammation and damage to the targeted tissues [17, 18, 29, 75-89]. AIR
and AINR/ARRON include two main groups: the paraneoplastic (pAIR/AINR) and
non-paraneoplastic (npAIR/AINR) ones. The npAIR forms are considerably more
common than the pAIR ones [17, 90, 91]: in our own personal experience, only
approximately 20-25% of the cases can be demonstrated to be paraneoplastic. The
pAIRs/AINRs can be mainly classified into cancer-associated retinopathy (CAR)
and melanoma-associated retinopathy (MAR). A recently recognized pAIR entity
is unusual to the extent that it is a special form of CAR, related to a nonmetastatic
form of cancer, the basal cell carcinoma-associated retinopathy, and optic neu-
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ropathy (BARN) complex. In its fullest expression, this entity also encompasses
a significant retinal pigment epitheliopathy, in which case the broader acronym of
BARRN has been proposed [31]. Another special case of CAR is the very rare
teratoma-associated one [92, 93].

The symptoms of AIR do not differ between npAIR and pAIR except for the lat-
ter ones having a plausible temporal connection with a diagnosis of cancer, when
this information is available. However, it must be noted that, not infrequently, the
visual symptoms can precede the diagnosis (but not the onset) of cancer and, thus,
the ophthalmologist and the visual electrophysiologist in particular play a pivotal
role in raising the suspicion of a diagnosis of AIR/CAR and spearheading the gen-
eral health workups in patients who are not yet aware of having a hidden cancer in
their body. This can lead to a life-saving discovery for the affected patients. Thus,
awareness of these conditions and raising attention to the possible diagnosis on the
differential can play a huge role in the well-being and often survival of an affected
patient, if the condition turned out to be pAIR.

The manifestations of AIR vary significantly and may include acute to subacute
decrease of visual acuity, visual field deficits, photophobia, night blindness, photop-
sias, and other vague visual disturbances such as seeing wavy “things” in the visual
field or other phenomena such as a snowy TV screen and dyschromatopsia [17, 85,
90, 91]. It has been our consistent experience that while the vast majority of AIR
patients is affected binocularly, they will most often display asymmetric findings
between the two eyes and greater severity in one eye over the other. AIR can be
fully monocular too, although usually, to an in-depth evaluation of the patient, some
signs of dysfunction will also come to surface in the seemingly unaffected fellow
eye even in presumed unilateral cases. With the exception of manifesting female
carriers of X-linked RP [94] or other such dystrophies, the vast majority, if not all
of the so-called “unilateral RP” cases, reported in the literature should be presumed
inflammatory and, most likely, a form of AIR until proven otherwise.

The age of the onset of AIR varies considerably. For the most part, it is an adult-
onset problem, and it has been reported that patients with pAIR (CAR) tend to be sig-
nificantly older than npAIR ones [17, 91]. Childhood-onset cases have been reported
[95]. We have confirmed repeatedly both findings in our personal experience. Once
the symptoms of AIR begin, especially in the case of npAIR, the progression can be
relatively rapid and, again, asymmetric between the two eyes, but it can also be more
indolent and chronic, mimicking RP or one of the other retinal dystrophies [17, 85,
90, 91]. The latter cases are particularly challenging to differentiate from true RP, and
thus in these cases, it is important to pursue diagnostic tests to address both options.

The clinical manifestations of AIR vary significantly as well. In many patients,
especially in early stage, the fundus examination can be completely normal or have
only subtle abnormalities so that they can escape a cursory examination of the ret-
ina. These are the most difficult cases to diagnose, and it has been our experience
that their diagnosis can unfortunately be delayed by years because of the lack of
fundus findings. Fortunately, the increasing awareness of these conditions and the
nowadays widespread availability of imaging studies such as OCT and, in a more
limited fashion, FAF, are rendering the earlier recognition of the organic nature of
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the complaints patients have, and referrals for suspected AIR or CAR are nowadays
much more timely than in the relatively recent past. When observed, fundus find-
ings in AIR patients can include the entire gamut of the manifestations of a retinal
degenerative and inflammatory disease (Fig. 8.8), such as bone spicule-like, punc-
tate, or nummular pigment deposits, and RPE abnormalities — again variable from
subtle to severe. Both frank retinal and RPE atrophy are possible, and these changes
are usually patchy and often distributed in a different pattern distribution between
the two eyes. The retinal vasculature can be attenuated in AIR, but it more often
exhibits vasculitic changes in association to that, such as sheathings and/or strictly
paravascular pigment deposits tracking the larger blood vessels. Macular edema is
often seen in AIR and CAR patients, which are the changes at the optic nerve head
level, and, as noted above, the other signs of optic neuropathy (see below for further
discussion of this particular aspect).

The diagnosis of AIR can be challenging, because demonstrating the presence
of the circulating antiretinal AAbs alone, even if performed by an accredited diag-
nostic laboratory, is not sufficient per se to formulate the diagnosis of AIR or CAR
[29, 77, 96, 97]. For example, AAbs directed against macular antigens have been
detected in AMD. However, some level of autoreactivity is also observed in unaf-
fected control subjects [98—100]. Thus, any detected reactivity must be interpreted
into appropriate context, and the clinical and functional workup of suspected AIR or
CAR patients is of paramount importance in the differential diagnostic process and
in the interpretation of the outcome of serological testing.

»
|

Fig. 8.8 Clinical ophthalmoscopic findings in autoimmune retinopathy. (a—f) The commonest
ophthalmoscopic chorioretinal manifestations seen in AIR/AINR patients are illustrated in these
panels. Typical nummular changes, characterized either by full-thickness punched out chorioreti-
nal lesions (thick arrows) that can be completely depigmented (asterisk in a), deeply pigmented,
resembling PRP laser scars (asterisks in b and ¢), or partially depigmented with a surrounding
pigmented ring (thick arrows in d). The cases illustrated in e and f exhibit focal patches of bone
spicule-like changes (thin arrows) but some of the pigmentary deposits tracking large vessels sug-
gesting the sequelae of vasculitic events in these cases. In the case in f, there are some nummular
depigmented changes associated with these focal patchy peripheral changes (thick arrows). (g—k)
The commonest ophthalmoscopic papillary and peripapillary manifestations seen in AIR/AINR
patients are illustrated in these panels. Various degrees of peripapillary atrophy are shown in g—i,
in g also associated with significant pigmentary changes, in h mainly associated with depigmenta-
tion (small arrows), a parapapillary pigment deposit (asterisk), and focal vascular pigmentary
sheathings (small arrowheads). The case in Panel I with an admixture of focal pigmentary (thin
arrow) and atrophy (asterisk) alongside fuzzy disc margins and hyperemia nasally (thick arrow).
The case in j shows pigmentary deposits at the disc margin reminiscent of multifocal juxtapapil-
lary chorioretinitis surrounding all sides of the disc, whereas the one in k is notable for frank disc
hyperemia. All cases experienced subacute vision loss at various ages, ranging from the late teens
to the late 60s, some of the cases were paraneoplastic in nature, and each had evidence of both reti-
nopathy and optic neuropathy (AINR) and positive AAbs consistent with both findings
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From a strict retinal standpoint, the ffERG in both pAIR and npAIR usually
shows abnormalities of either the rod responses, the cone ones, or both (Fig. 8.9).
In addition, there is often evidence for post-receptoral involvement as well, exem-
plified by electronegative mixed ffERGs and/or evidence of ON- and/or OFF-
bipolar cell compromise [76, 91, 101]. Electronegative mixed ffERGs have been
reported to be especially common in MAR patients, due to the presence of AAbs
directed against bipolar cell antigens [102-104]. However, MAR patients can also
have other electroretinographic phenotypes [105], and the electronegative mixed
ffERG is truly more specific only of AAbs recognizing bipolar cell antigens, and
not any disease in particular. As such, other forms of CAR can display this particu-
lar waveform [106]. Furthermore, it has been reported that the ffERG of patients
with anti-enolase AAbs tends to show cone-predominant, if not exclusive, func-
tional compromise [76]. Consistent with this finding, most of these patients usually
complain of photophobia. The mfERGs in AIR can be informative as well, as it can
reveal the decrease of macular cone responses in the central field, providing more
evidence for the diagnosis in cases whose ffERG may be only subtly compromised
[76, 91, 101]. Lastly, in patients exhibiting anti-bestrophin AAbs, other vitelliform
paraneoplastic manifestations, or other forms of autoimmune manifestations linked
to widespread RPE compromises, the Arden ratio of the EOG is usually abnormally
low. All ffERG, mfERG, and EOG findings usually mirror any existing asymmetry
in retinal and/or RPE disease, if the asymmetry in the vision loss is in fact attribut-
able to a retinal etiology.

However, one fundamental problem in the workup of AIR and CAR patients
is that approximately 70% of them have serological evidence of anti-optic nerve
AADs, and these findings are matched by evidence of an optic neuropathy from
a functional and imaging point of view and at times also by clinical observation
[84]. The extent the patients exhibit an “optic neuropathy” is even higher when one
takes into account the fact that AAbs recognizing antigens expressed in the retinal
ganglion cell (RGCL) or nerve fiber layer (RNFL) will be “read” technically as anti-
retinal AAbs both from a diagnostic serology and a retinal immunohistochemistry
(IHC) standpoint. However, from a functional standpoint, they will cause an optic
neuropathy and either a measurable dysfunction of the optic nerve/visual pathways,
microanatomical imaging changes seen on OCT that can and will reveal the neu-
ropathy overlay in these patients (AINR/ARRON if non-paraneoplastic or CARON
if cancer-associated), or both. The presence of isolated cancer-associated optic neu-
ropathy has also been well documented [28, 87].

Thus, the workup of the AIR/CAR patient usually needs to also involve direct
and indirect measures of the RGCL, RNFL, and optic nerve/pathways health and
function (Fig. 8.10) to ensure the full breadth of the manifestations affecting AIR/
CAR patients are captured and that potential inconsistencies in the findings (type of
symptoms, asymmetry, type of visual field defects) are resolved effectively, allow-
ing the eye care provider and the visual electrophysiologist to raise the possible
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Fig. 8.9 Electroretinographic findings in autoimmune retinopathy. The ffERG of this 80-year-old
Caucasian male patient is remarkable for an asymmetric retinopathy, affecting cone responses more
than rod responses (note the different scale of the cone responses of the patient). Both of rod and
cone responses in the right eye show a marked post-receptoral component (electronegative mixed
and cone right ffERGs, dark gray arrows). This patient had a 2-year-old history of subacute pro-
found vision loss, following a 5-year-old history of bladder cancer. Despite the all in all very robust
ffERG response preservation and cone-only compromise in the left eye, this patient has count fin-
ger vision in each eye, due to a concomitant severe paraneoplastic optic neuropathy. His pattern
VEPs were markedly delayed in the left “good eye” (from a ffERG standpoint) and virtually non-
recordable in the right. He tested positive not only for anti-retinal AAbs but also for numerous
anti-optic nerve AAbs, accounting well for the severity of his optic nerve compromise, which in
his case was mainly retrobulbar. An MRI was also performed, ruling out other intracranial pro-
cesses that may account for the profound central vision loss
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Fig. 8.10 Evidence for optic neuropathy in autoimmune retinopathy. (a—c) Peripapillary RNFL
analyses of cases of AINR (a, b) and CARON linked to a newly diagnosed colon cancer discovered
after the diagnosis of CARON (c) illustrating the range of RNFL anomalies seen in these condi-
tions: (a) asymmetric RNFL swelling (almost exclusively in the left eye); (b) bilateral RNFL thin-
ning; and (c) bilateral but asymmetric RNFL thickening. (d) Pattern VEP evidence for asymmetric
optic neuropathy (much more in the right eye) in a case of CARON linked to multiple myeloma,
explaining a markedly asymmetric visual field loss in the presence of a symmetric retinopathy by
ffERG criteria. (e) Morphological PVEP response abnormalities with P100 splitting (black and
gray arrows) at larger check sizes, followed by increasing P100 delays (gray arrows) to smaller
checks. (f) In a patient with marked disc pallor, asymmetric and oddly shaped visual field loss, and
cone-only response delays of ffERG testing (“‘cone dysfunction syndrome” type of ffERG anom-
aly), the RGC-derived PhNR can be localized but its amplitude markedly reduced (gray arrows).
This case also exhibited pure acquired blue-yellow axis dyschromatopsia on Panel D15 testing (not
shown). (g-h) Various patterns of kinetic visual field loss indicative of optic nerve/disc compro-
mise: the fields shown in g belong to the patient whose RNFL OCT is shown in ¢ (CARON). The
enlarged blind spot case shown in Fig. 8.10h belongs to a case with npAINR in which the optic
neuropathy is the main driver of the vision loss. Neither one of these cases had peripapillary atro-
phy or other chorioretinal changes sufficient to explain the findings
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diagnosis of AIR/CAR and an appropriate serological workup can follow. In our
experience [31, 84, 85, 107, 108], indications a patient may have a concomitant
optic neuropathy include the following: Upon color vision testing (with Panel
D15 confrontation method or others that can gauge also axes other than the red-
green one similar to what the Ishihara plates do) and dyschromatopsia along the
blue-yellow axis found in visual field testing are bundle-like or arcuate defects or
enlarged blind spot(s) in the absence of retinal/RPE peripapillary changes that may
account for optic neuropathy. Additionally, delayed or otherwise morphologically
abnormal pattern VEP waveforms can be found even in patients whose acuity may
be 20/20 — in our experience. The most common morphological findings include
the presence of positive—negative—positive (PNP) complex resulting usually either
from marked P100 delay shifting the entire PVEP response over to the right or from
P100 peak splits. Most often changes are attributable to bundles of nerve fibers fir-
ing asynchronously from one another due to sectoral RGCL/RNFL defects; thinned
or, more commonly, thickened RNFL; or other disc changes such as notching and
focal pigment deposits seen ophthalmoscopically, reminiscent of a juxtapapillary
chorioretinitis. Also observed are changes in the RGCL or RNFL overall thickness
across the macular region upon OCT volume scan segmentation analyses. We first
provided evidence of this when automated segmentation options did not exist yet
[107], and this phenomenon can now often be shown by simply using the built-in
algorithms of the imaging software.

Upon ffERG testing, indirect evidence for optic nerve/pathway compromise
can come from ascertaining symmetric ffERG losses in patients with significantly
asymmetric visual field losses that cannot be accounted for simply by retinal etiol-
ogy. Additional evidence of RGCL compromise can often be found in these patients
by recording the photopic negative response (PhNR), a component of the ffERG
originating from RGC-driven responses and that has now become an established
measure of RGC health in a number of optic neuropathies and part of the extended
ISCEV standard protocol [109-114]. The PhNR is especially helpful in those
patients whose central acuity may be too low and/or central scotomas too dense to
permit reliable PVEP measurements. Utilization of the PhNR, however, becomes
challenging when the extent of the retinal disease in AIR is such that the responses,
especially the photopic ones, are profoundly reduced or non-recordable. Patients
who exhibit one or more of these features supporting the suspicion of an optic nerve/
pathway involvement, either as the sole reason for the autoimmune-mediated vision
loss or as an added layer of complexity to a case of AIR (AINR or ARRON) or CAR
(CARON), will typically exhibit positive serologies specifically for anti-optic nerve
AADs and/or exhibit positive anti-retinal AAbs with staining pattern on diagnostic
retinal IHC affecting the RGCL, the RNFL, or both [31, 84, 87, 108].

Aside from the potential life-saving implications of detecting paraneoplastic
vision loss in patients who are not yet aware of having a hidden cancer in their
body as the trigger to their visual symptoms, recognition and confirmation of cases
of AIR/AINR/ARRON or CAR/CARON has also important implications from a
treatment standpoint, because many of these patients, especially if identified suffi-
ciently early in the course of the disease, can respond well to treatment, and further
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vision loss can be averted, if not partial recovery can be achieved [91]. It has been
our experience that the initial benefits of subtenon or intravitreal steroids can be
extended beyond the initial “run in phase” and can be used long-term to manage
successfully these patients. The local treatment regimen is the treatment of choice
in paraneoplastic vision loss, because it has been reported systemic IMT can pose a
risk to the cancer patient and potentially facilitate the growth, metastatic potential,
and/or recurrence of malignancies. In non-paraneoplastic cases, however, systemic
IMT is definitely effective and often necessary. Many instances of documented ben-
efit have been reported with rituximab (Rituxin) [115-120], and recently success
has been reported also from other biologic agent-based approaches, such as tocili-
zumab (Actemra) [121] and adalimumab (Humira) [122], the latter being already
indicated for noninfectious posterior inflammatory diseases [123].
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Chapter 9
Characteristics of Visual Electrophysiology
in Retinal Toxicities

Check for
updates

Minzhong Yu, Alfonso Senatore, Alessandro Iannaccone, Wajiha Jurdi Kheir,
and Donnell Creel

Vigabatrin

Vigabatrin (VGB), sold under the brand name Sabril, is an anticonvulsant medica-
tion inhibiting gamma-aminobutyric acid (GABA) degradation for the treatment of
epilepsy. It is an irreversible inhibitor of GABA transaminase. By irreversibly bind-
ing to GABA-transaminase, thus metabolism of GABA is hurdled. The accumula-
tion of GABA then damages the neurons in the eye and brain. It can reduce visual
acuity, contrast sensitivity, retinal thickness, the a-wave and b-wave of scotopic and
photic electroretinography (ERG), oscillatory potential (OP) amplitudes, 30-Hz
flicker ERG amplitude, multifocal electroretinography (mfERG) amplitudes, elec-
trooculography (EOG) Arden ratio, and the VEP amplitude from central or periph-
eral visual field and increase the latencies of ERG a-wave and b-wave [1-11].
Reduction in b-wave amplitudes and 30 Hz flicker amplitudes are usually the first
signs of toxicity. There is also evidence that light exposure in mice administered
VGB produces the taurine deficiency, causing the retinal degeneration [2, 12].
Dysregulated expression of transcripts in the mTOR pathway, GABA/glutamate
transporters GABA 5 receptors, and metabotropic glutamate receptors 1/6 in the
eye are associated with the reduction of VEP amplitude after VGB administra-
tion [13].

Complex full-field electroretinography (ffERG) changes can be found in
children placed on vigabatrin for intractable epilepsy (Fig. 9.1). However,
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importantly, some ffERG changes can precede exposure to vigabatrin, under-
scoring that these patients may have preexisting changes in their retinal function
related to their underlying condition. Thus, to correctly assess vigabatrin-medi-
ated toxicity, obtaining baseline ffERGs is essential. With this caveat in mind,
toxic effects during exposure to vigabatrin onto retinal function can affect both
receptoral and post-receptoral responses and can vary from patient to patient
(Fig. 9.1).

Hydroxychloroquine (Plaquenil) and Chloroquine

Hydroxychloroquine (HCQ) and chloroquine (CQ) are antimalarial agents com-
monly used in the treatment of lupus erythematosus, Sjogren’s disease, rheumatoid
arthritis, and dermatological inflammations. HCQ is also used in the treatment of
uncomplicated malaria caused by chloroquine-sensitive strains of Plasmodium
species or in the prophylaxis in regions with chloroquine-resistant strains. HCQ
inhibits movements of neutrophils and eosinophils and also impairs complement-
dependent antigen—antibody reactions. Its antirheumatic properties are proposed to
result from their interference with “antigen processing” in macrophages and other
antigen-presenting cells [14].

Both HCQ and CQ belong to the quinolone family and have similar clinical
indications and side effects, including retinal toxicity. Hobbs et al. first described
the CQ-induced retinal toxicity in 1959 [15], and Shearer et al. first described the
HCQ toxicity to retina in 1967 [16]. HCQ has much less retinal side effect so that
CQ has almost been replaced by HCQ for the treatment of inflammatory diseases.
The retinal damage induced by these medications is usually irreversible. In a por-
tion of patients with long-term HCQ/CQ treatment, HCQ-/CQ-induced toxicity
can be found in cornea and macula, possibly related to the factors of cumulated
dosage, duration of use, age, concomitant use of certain medications (e.g., tamoxi-
fen), and health status (e.g., renal disease). In the retina, it may cause bilateral
Bull’s eye pattern of maculopathy (Fig. 9.2a), parafoveal damage of retina in early
stage, and extramacular damage of retina in later stage. It affects ganglion cell
layer, photoreceptors, and retinal pigment epithelium (RPE) by the inhibition of
protein synthesis [17, 18] and peroxidation of lipid [19]. The risk of HCQ-/
CQ-induced maculopathy is associated to the daily dose and the duration of HCQ/
CQ administration [20, 21]. More damage may occur after the initial damage with
continued use of HCQ/CQ [22]. Therefore, early screening of HCQ/CQ toxicity in
these patients is necessary.

In mfERG test, HCQ-/CQ-induced maculopathy shows paracentral decrease of
mfERG amplitude and prolongation of latency (Fig. 9.2b) [21, 23-30]. The ffERGs
can be abnormal in some patients [31]. In the late stages of HCQ-induced retinopa-
thy, ffERGs and other tests can be used together for the differential diagnosis [32].
For early detection of HCQ/CQ toxicity, mfERG, spectral domain optical coherence
tomography (SD-OCT) (Fig. 9.2c), and fundus autofluorescence (FAF) (Fig. 9.2d)
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Fig. 9.1 Electroretinographic findings in vigabatrin-mediated retinal toxicity. Importantly, both
patients exhibited baseline abnormalities, highlighting the importance of obtaining baseline mea-
surements to ascertain potential retinal toxicities of this or any other medication. A normal set of
ERGs, shown on the top row of the figure. Patient 1. This boy was tested first at baseline before the
age of 2 years old, when he had first been placed on vigabatrin for intractable epilepsy linked to
subdural hematomas and encephalopathy, and signs of toxicity emerged 14 months later. Dark- and
light-adapted flash ERGs demonstrated at baseline mixed a-wave amplitude reduction, a mild elec-
tronegative shape of the 10.0 cd-s-m response, and borderline low amplitudes for all cone-driven
responses. After 14 months of follow-up, there was evidence of rod-driven b-wave attenuation,
further reduction in mixed a-wave, lack of a-wave growth at 10 cd-s-m™ (consistent with dimin-
ished photoreceptor sensitivity), and loss of cone-driven b-wave and flicker ERG amplitudes (note
the different scale for flicker responses compared to normal). ON-OFF ERGs performed at follow-
up (not shown) indicated also OFF > ON response compromise. Taken together, these findings
suggested adverse vigabatrin-mediated effects at the photoreceptor and post-receptoral levels (on
bipolar cells themselves or at the photoreceptor-to-bipolar-cell synapse). Patient 2. This girl was
tested first at baseline before the age of 2 years old, when she had first been placed on vigabatrin
for intractable epilepsy, and signs of toxicity emerged after 33 months. ERGs at baseline show
delayed rod-driven ERGs, borderline low mixed dark-adapted a- and b-wave response amplitudes,
delayed mixed b-waves, reduced photopic a-wave amplitudes, and attenuated and delayed flicker
ERG responses. Compared to baseline, follow-up flash ERGs 33 months later demonstrate rod-
driven and mixed b-wave amplitude loss (electronegative ERG), reduction in the photopic b-waves
[arrows] with an artifactual a-wave increase (due to increased electronegativity in the light-adapted
responses as well) attributable to ON>OFF post-receptoral response compromise (not shown). The
flicker ERG was overall stable
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Fig. 9.2 Fundus imaging and mfERG in hydroxychloroquine retinopathy. (a) Fundus image of a
hydroxychloroquine user showing Bull’s eye pattern of maculopathy. (b) mfERG result of a
hydroxychloroquine user demonstrates marked reduction of mfERG response density and prolon-
gation of mfERG implicit time in the parafoveal region (Adapted from Figure 1 [21]). (¢) SD-OCT
of a hydroxychloroquine user that shows significant decrease of the thickness of outer retina in the
parafoveal region. (d) Fundus autofluorescence displays higher signal in the parafoveal region

may have higher sensitivity than perimetry [24, 28, 33-37] and are part of the
standard Plaquenil patient workup. In addition, mfERG can provide objective data
of the retinal function across visual field [20].
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Fig. 9.2 (continued)

Antipsychotics

Chlorpromazine (CPZ) and thioridazine are members of the first-generation anti-
psychotic class, also known as typical antipsychotics. Their mechanism of action
depends on the blockage of postsynaptic D2 receptors in the mesolimbic and meso-
cortical pathways. Typical antipsychotics may also block muscarinic, alpha
1-adrenergic, histamine, and 5-HT2 receptors.
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CPZ administration can cause latency prolongation of the ffERG mixed response
and cone response, decrease of rod and cone b-wave amplitude, and latency prolon-
gation of the oscillatory potentials (OPs). However, CPZ is not known to change
parameters of the fVEP, pERG, and the retinocortical times calculated from the
difference of pERG and pVEP latencies [38].

Thioridazine (also known as Mellaril) is a dopaminergic antagonist (similar to
CPZ) first used as antipsychotic with indication for the management of schizo-
phrenic patients who fail to respond adequately to the treatment with other first-line
antipsychotic drugs.

Because of its serious retinal and cardiac side effects (thioridazine may increase
the risk of potentially fatal ventricular arrhythmias), its use is presently recom-
mended only for selected cases. Probably due to an idiosyncratic response, retinal
toxicity has also been reported for short-term and low-dose administrations [39].
However, long-term thioridazine treatments are usually associated with the highest
risk of retinopathy.

The earliest signs of thioridazine retinal toxicity is RPE mottling of the macula
and perimacular regions. Full-blown retinopathy is characterized by nummular
(coin shaped) patches of RPE loss in both posterior pole and periphery, with a
RP-like appearance [40, 41] (Fig. 9.3). Decreased visual acuity, night blindness,
paracentral scotomas, and loss of peripheral vision can all occur in thioridazine reti-
nopathy. In more advanced stages of the disease, there is definite electrophysiologi-
cal (ffERG, EOG, and mfERG) evidence of diffuse retinal compromise (Figs. 9.4
and 9.5).

The mechanism of retinal damage is still unclear, but it is thought to be similar
to chlorpromazine, accumulating mainly in pigmented cells including the uveal
level [42]. This presumed mechanism may explain the extensive choriocapillaris
loss and RPE dysfunction and damage co-contributing to the retinal damage. Direct
dopaminergic mechanisms have also been suspected, but not proven.

Thioridazine discontinuation is the only treatment available. Regression has
been described, but only in early-diagnosed cases, and further progression of retinal
damage over several years after discontinuation can (more commonly) occur [43].

Cis-Platinum

Cis-platinum is a medicine used for the chemotherapy of bladder, testicular, ovar-
ian, small and non-small cell lung, esophageal, breast, prostate, stomach, and cervi-
cal cancers. It is also used to treat mesothelioma, sarcomas, melanoma, multiple
myeloma, neuroblastoma, and Hodgkin’s and non-Hodgkin’s lymphomas. Cis-
platinum is an alkylating agent active during resting phase of the cell. Therefore,
this drug is cell cycle nonspecific. The manifestation of electrophysiology of cis-
platinum side effect includes reduction of ERG dark-adapted and light-adapted
b-wave amplitudes, amplitude of OPs, amplitude of 30 Hz flicker ERG, and dark-
adapted a-wave amplitude (Fig. 9.6) [44-46].
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Fig. 9.3 Clinical and imaging findings in thioridazine retinopathy. (a) A large area of depigmenta-
tion across the entire posterior pole characterizes the fundus examination of this 70-year-old
Caucasian woman with a previous longstanding history of treatment with thioridazine for a psy-
chotic disorder. (b) Fundus autofluorescence imaging reveals much more clearly the nummular
patches of hypo-autofluorescent lesions corresponding to the clinically visible atrophy of the RPE
around the fovea and throughout the posterior pole, extending well beyond the arcades. There is
central sparing but marked hyper-autofluorescence around the disc and in the foveal region. The
nummular hypo-autofluorescent lesions are surrounded by a large halo of speckled hypo-
autofluorescence indicative of further RPE suffering also in the periphery. (¢) The OCT scan shows
excellent central preservation of all layers, including the RPE, but sharp and discrete near-complete
loss of RPE, EZ, ELM, and ONL just nasal to fovea and farther out in the temporal periphery. These
clinical findings in the context of the thioridazine exposure are typical for thioridazine retinopathy
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Fig. 9.5 Multifocal electroretinography findings in thioridazine retinopathy, compared with nor-
mal values. (a) 3D plots of the response densities. (b) Average responses in 5 rings of different
eccentricities. The grey bars indicate the normal ranges of the N1 and P1 components with 95%
confidence interval, respectively. The mfERG response of this patient (same as in Figs. 9.3 and 9.4)
reveals patchy loss of the response density across the macular region, with relative preservation of
the foveal peak, accounting for the excellent visual acuity. An EOG was also measured (not
shown), and the Arden ratio was <1.35 in each eye, consistent with widespread RPE compromise,
again consistent with the history of thioridazine exposure. Had this patient not had this history, a
workup for a possible autosomal recessive bestrophinopathy would have been in order

Deferoxamine

Deferoxamine (DFO) is an IV detoxification agent used in both acute iron intoxica-
tion and chronic iron overload. It is also used for the detoxification of aluminum
intoxication. DFO chelates iron from ferritin and hemosiderin and enhances its elimi-
nation. Both ocular and auditory disturbances have been reported with this agent,



182 M. Yu et al.

Fig. 9.6 Electroretinography Cis-platinum Normal b
findings in cis-platinum
retinopathy. ffERG of b
cis-platinum retinopathy

demonstrates the reduction scotopic __,\__J/\

of ffERG amplitudes in both blue

rod and cone pathways b
b
i | \,4—)(\//\
scotopic M
red a a b
b
|
scotopic
white
a
a
30 Mz ANV NPV !
flicker \/\j\/\
b b
photopic |
white T M —
a
a

suggesting pigmentary retinopathy and optic neuropathy can be caused by DFO. The
ocular symptoms of its side effects include vision loss, dyschromatopsia, nyctalopia,
and scotomas that can be partially recovered after the cessation of DFO administra-
tion. Electrophysiology can be used to monitor this side effect seen in the reduction of
ERG responses of rod and cone pathways (Fig. 9.7), EOG Arden ratio, mfERG ampli-
tude in central field, and the prolongation of VEP latency [47-51]. The visual function
may be recovered after the cessation of the DFO administration.

Digoxin

Digoxin is a drug in the cardiac glycoside family of medications for the treatment of
some cardiac disorders, including heart failure, atrial fibrillation and atrial flutter. Its
side effects include abnormal vision, irregular heartbeat, nausea, loss of appetite,
confusion, and breast enlargement. The symptoms of the visual disorder include
blurry vision, central scotomas, photopsia, abnormal color vision, and xanthopsia
[52-55]. Studies show ERG or mfERG in the central field in some patients treated
with digoxin is abnormal [56-59]. Some studies with animals also confirmed the
side effect of digoxin on retinal cone and rod photoreceptors displayed as abnormal
ERG results and other tests of visual function and morphology [60—63].
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Ethambutol

Ethambutol (EMB) is mainly used to treat tuberculosis. Its side effects include
ethambutol-induced optic neuropathy and retinopathy. For early detection of
ethambutol-induced retinopathy, mfERG can show the decrease of P1 amplitudes
and/or prolonged P1 latencies in the central, bitemporal, peripheral, nasal, or the
whole tested field even before the visual symptoms occur [64—69]. These papers
suggest mfERG is probably suitable for early diagnosis of ethambutol-induced
retinopathy.

Indomethacin

Indomethacin is a nonsteroidal, anti-inflammatory drug that can be used to treat
fever, pain, and inflammation. Indomethacin is a reversible inhibitor of cyclooxy-
genase 1 and 2, leading to decreased production of prostaglandins. Indomethacin
can cause retinopathy reflected in significant reduction of rod and cone responses of
ERG and the Arden ratio of EOG [70].



184 M. Yuet al.
Isotretinoin

Isotretinoin is a medication primarily used to treat severe acne unresponsive to con-
ventional therapy and occasionally used in the treatment and prevention of cancer.
Isotrentinoin’s exact mechanism of action is unknown. However, isotretinoin may
induce apoptosis. Due to its high teratogenicity, isotretinoin is distributed under a
risk evaluation and mitigation strategy (REMS) program called iPledge, intended to
prevent fetal exposure to the drug. The ocular side effect of isotretinoin can be
manifested by the reduction of scotopic ERG amplitudes and Arden ratio of EOG
[71-73].

Ocular Siderosis

Ocular siderosis (OS) is caused by retained iron-containing intraocular foreign body
after a penetrating ocular injury (Fig. 9.8a) that can cause significant vision loss.
Pigmentary retinopathy and cataract are common in OS. The degree of retinal dam-
age and recovery is affected by many factors, such as location and size of the foreign
body, which can be monitored by the decrease and improvement of ffERG ampli-
tudes (Fig. 9.8b) [74-79], mfERG latency [80], the relationship of a-wave and
b-wave amplitudes [81], or the Arden ratio of EOG [82].

Phosphodiesterase (PDE) Type 5 Inhibitors (Erectile
Dysfunction Medication)

Phosphodiesterase (PDE) type S inhibitors, such as sildenafil, tadalafil, vardenafil,
udenafil, and avanafil, are commonly used in erectile dysfunction and pulmonary
hypertension. PDES5 inhibition leads to decreased degradation of cGMP leading to
vasodilation. Sexual stimulation leads to a physiological release of nitric oxide acti-
vating guanylate cyclase and production of cGMP. Increased levels of cGMP from
the medication leads to smooth muscle relaxation and increased blood flow to the
penis. However, these drugs may cause transient retinal disorders or optic neuropa-
thy [83, 84].

The side effect in patients includes abnormal color vision, blurred vision, photo-
phobia, ocular pain, and conjunctival hyperemia [85]. Decrease of amplitude and
prolongation of latency in ffERG and mfERG were observed in some subjects or
animals without preexisting ocular disorders after sildenafil administration [86-91].
Decrease of response in retinal ganglion cells in rat after sildenafil administration
was also observed [92]. However, sildenafil increased the a-wave and b-wave ampli-
tude in a rat model of neonatal hypoxia-ischemia [93] and the b-wave amplitude in a
mouse carrier of retinitis pigmentosa [88]. In addition, both sildenafil and tadalafil
may cause central serous chorioretinopathy [94, 95] and damage photoreceptors
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Fig. 9.8 A case of fundus and ffERG findings in ocular siderosis. (a) A foreign body in the retina.
(b) ffERG shows that the rod responses are reduced while cone responses are relatively intact
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[96]. Sildenafil, tadalafil, and udenafil may cause optic neuropathy [91, 97-108].
Therefore, it is complicated to explain the electrophysiologic results of the users of
PDES inhibitor for the diagnosis of other ocular disorders.

Quinine

Quinine is used in the treatment of uncomplicated malaria where resistance to chlo-
roquine has been documented. Quinine is also used in the prevention of nocturnal
leg cramps. The exact mechanism of antimalarial activity is not known. However, it
is thought quinine can inhibit nucleic acid synthesis, protein synthesis, and glycoly-
sis. The amplitudes of ffERG, mfERG, VEP, and EOG can be reduced after the
administration of quinine [109-114].
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Chapter 10

Characteristics of Visual Electrophysiology
in the Diseases of Optic Nerve or Visual
Pathway

Check for
updates

Minzhong Yu and Donnell Creel

Multiple Sclerosis

Multiple sclerosis (MS) is a chronic disease that usually causes demyelination of
the axons of nerve cells and brain cells due to autoimmune disease. The optic nerve
is composed of retinal ganglion cell axons and glial cells. The axons are covered
with myelin, which is usually disrupted in MS.

The myelin sheath insulates the axon of nerve cell between the nodes, which
increases conduction velocity of signals transferred along the axon. Demyelination
disrupts the myelin sheath and reduces the velocity of signal conduction.

In most patients with MS, the pattern reversal VEP latencies are prolonged, and
the amplitudes are reduced in later stages of MS (Fig. 10.1) [1]. The b-wave of the
photopic ERG can show attenuation of amplitude and prolongation of implicit time.
The amplitude of flicker ERG can be reduced [2].

Ischemic Optic Neuropathy

Ischemic optic neuropathy (ION) is a group of disorders of the optic nerve due to
the restricted blood supply [3]. The blood supply to the optic disc in the anterior
portion of optic nerve is provided by the pial plexus and the central retinal artery,
which do not provide blood supply to the rest of the optic nerve [4]. The blood
supply of the retrobulbar portion of optic nerve is only provided by the circumfer-
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Fig. 10.1 Pattern reversal P100
VEPs recorded from an adult l
female with MS and
unilateral optic neuritis. N75,
P100, and N145 waves are
labeled. VEP traces of right
and left eye stimulation are
displayed. The vertical tick
marks are 1 pV intervals. The
VEP peak times of right eye
are in normal range. The VEP
peak times of left eye are
significantly slow. Time
epoch for VEP is 250 msec

ential pial capillary plexus derived from collateral distal branches of the ophthal-
mic artery that surrounds it [5]. ION includes anterior ischemic optic neuropathy
(AION) and posterior ischemic optic neuropathy (PION), according to the loca-
tion of ischemia. However, PION may have disruption in the anterior portion of
optic nerve as well in addition to the posterior portion. The most common causes
of ION include hypertension, high cholesterol level, diabetes, and anatomically
crowded disc. Some surgeries may induce ION as well. In cardiac surgeries,
AION occurs more frequently than PION [6] while PION is more common in
spinal procedures and radical neck dissections, especially in prolonged spinal sur-
geries in prone position [7-9].

AION is distinguished from PION by the fact that AION occurs spontaneously
and unilaterally in patients with predisposing anatomic or cardiovascular risk fac-
tors. Eyes with AION show optic disc edema acutely, while eyes with PION mani-
fest a normal appearance of fundus. The diagnosis of PION is more difficult because
the optic nerves initially appear normal.

In AION, OPs, pERG, and VEP are abnormal. The decrease of VEP amplitude
and the normal to mild prolongation of VEP latency are more common
in AION [10, 11]. PION shows the similar characteristics of electrophysiology
as AION so that one cannot use electrophysiology to distinguish between AION
and PION [12, 13]. However, the latency prolongation in ION is much less than
those in optic neuritis and compressive optic neuropathy, which can assist the
differentiation of these diseases [14].
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Optic Neuritis

Optic neuritis (ON) is an inflammation in the optic nerve. The symptoms include
pain, temporary vision loss, flashes of light, and visual field loss in the affected eye.
ON can also happen during the development of multiple sclerosis or with other
infections or immune diseases. Symptoms of optic neuritis may be the first indica-
tion of multiple sclerosis.

In ON, flash ERGs can be normal; pERG amplitude decreases significantly; pat-
tern reversal VEP amplitude decreases as disease progresses, and the P100 latency
increases significantly (Fig. 10.2) [15].

Optic Nerve Hypoplasia

Optic nerve hypoplasia (ONH), also known as “De Morsier syndrome” or “septo-
optic dysplasia,” is a congenital disease due to the underdevelopment of the optic
nerve. The optic disc is smaller than normal in ONH. This disease is often associ-
ated with developmental delay, brain or pituitary malformations or other endocri-
nopathies, and related to the lack of growth hormone. ONH patients usually have
nystagmus with visual acuity from no light perception to normal.

ONH shows significant decrease of amplitude in pERG and VEP, while flash
ERG a- and b-wave can be abnormal or normal [16-18].

Fig. 10.2 Pattern reversal

VEPs recorded from a patient
with later-stage optic neuritis
showing both the marked
prolongation of VEP latency R
and reduction of VEP

amplitude in the left optic

nerve. Time epoch for VEP

is 250 msec
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Traumatic Optic Neuropathy

Traumatic optic neuropathy (TON) is an acute injury of the optic nerve caused by
trauma. The axons of optic nerve may be disrupted that causes partial or complete
visual loss. An indirect injury to the optic nerve occurs from the forces transmitted
from blunt eye trauma to the optic canal. In contrast, a direct TON is caused by an
anatomical disruption of the optic nerve fibers from penetrating orbital trauma, such
as bone fragments within the optic canal, or optic nerve sheath hematomas. Patients
with TON usually have severe loss of vision.

pVEP is sensitive to TON, which usually shows significant prolongation of P100
latency and reduction of VEP amplitude [19].

Neurofibromatosis

Neurofibromatosis (NF) is a group of diseases in which tumors form on nerve tissue
anywhere in the nervous system. NF is usually diagnosed in childhood or early
adulthood. There are three types of NF, including neurofibromatosis type 1 (NF1),
neurofibromatosis type 2 (NF2), and schwannomatosis. NF1 and NF2 are related to
genetic mutation. Schwannomatosis is related to genetic mutation or unknown
causes. In all types of NF, the tumors are usually benign. However, the tumors in
some patients can become malignant. NF can cause loss of vision, hearing loss,
severe pain, cardiovascular diseases, and impairment of learning.

Electrophysiology can detect the change of visual function in NF. The latency of
the P100 peak of pVEP is usually prolonged even without detectable gliomas
(Fig. 10.3). If gliomas develop on the optic nerves, then pVEPs can monitor the
progression as pressure from the gliomas reduces optic nerve function. The P2 com-
ponent of fVEP in dark-adapted condition can be absent in a portion of asymptom-
atic NF patients with normal visual acuity, visual fields, and ophthalmoscopic
examination results, which provides a sensitive screening test for asymptomatic
patients with NF [20-22]. In NF1 patients, the Arden index of EOG test is signifi-
cantly higher mainly due to the reduction of dark trough amplitude, which is present
in 60% of NF1 patients [23, 24]. The flash ERG does not show significant change in
these patients [24].

Optic Nerve Toxicities

Ethambutol

Ethambutol is an oral medication used to treat tuberculosis in combination with
other medications. It diffuses into active mycobacterium cells and impairs cellular
metabolism, leading to cell death. Optic neuritis is a known adverse effect of this
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Fig. 10.3 Pattern reversal
VEPs recorded from a
5-year-old patient with NF1
showing slowing of VEP
components in left optic
nerve. Time epoch for VEP is
250 msec

medication and can lead to decrease in visual acuity and irreversible blindness. To
prevent damage to the optic nerves during the treatment with ethambutol, it is
recommended that visual acuity be tested before and during the therapy. pVEP
can also be used to monitor optic nerve function by showing the component P100
delay even while visual acuity, appearance of the ocular fundus, visual fields,
color vision, contrast sensitivity, and pupillary light reflex are still normal
(Fig. 10.4) [25-27].

Neonatal Hyperbilirubinemia

Neonatal hyperbilirubinemia causes jaundice (a yellow discoloration of the skin and
eye’s sclera). Jaundice usually becomes visible on sclera at a serum bilirubin level
of 2-3 mg/dL, on face at about 4-5 mg/dL, at the umbilicus at about 15 mg/dL, and
at the feet at about 20 mg/dL. Hyperbilirubinemia may or may not be harmful
depending on its cause and the degree of increase of serum bilirubin level. Some
causes of jaundice are harmful no matter what the bilirubin level.

Neurotoxicity is the main concern of neonatal hyperbilirubinemia. fVEP can
detect the functional change of the optic nerve. The level of maximal serum biliru-
bin is positively related to the prolongation of latencies of fVEP [28].
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Fig. 10.4 Pattern reversal . : : : : :

VEPs recorded from an adult : : : " 1pioo '

with ethambutol toxicity ’ ) ’ ' / ’ ) )

showing prolonged P100 ’ ’ ' ' \ ' '

implicit times of both optic [

nerve pathways. Time epoch . X .

for VEP is 250 msec . : X
j %4}3 L7
P100 . . ; .

Radiotherapy

Head and neck radiotherapy can cause radiation-induced optic neuropathy (RION)
[29, 30]. Therefore, detection and monitoring the functional decrease of the optic
nerves during radiotherapy for nasopharyngeal carcinoma is necessary to prevent
and treat the optic nerve degeneration. pVEP can show prolongation of latency and
attenuation of amplitude in VEP in this type of patients many months after radio-
therapy (Fig. 10.5) [31].

Leber’s Hereditary Optic Neuropathy

Leber’s hereditary optic neuropathy (LHON) or Leber’s optic atrophy is an inher-
ited disease that causes degeneration of retinal ganglion cells (RGCs) and optic
nerve, and loss of central vision. This disease affects young adult males, which
often starts as acute and painless loss of central vision. This type of vision loss usu-
ally occurs in one eye first. After some weeks, the other eye will have loss of central
vision as well. After the acute phase, both eyes continue to have poor central vision.
The fundus of LHON can show optic atrophy (Fig. 10.6).

LHON is mainly related to mitochondrial DNA (mtDNA) point mutations [32,
33]. Around 50-70% of LHON cases have G11778A, the position 11778 guanine
(G) to adenine (A) mutation. About 30-40% have T14484C, the position 14484
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Fig. 10.5 Typical pattern 1 year after radiotherapy
reversal VEP waveforms of

a patient before and 1 year

after head and neck P100
radiotherapy for 0s

nasopharyngeal carcinoma

showing the adverse effect

on optic nerve N75 N145
pathways (Adapted from
Figure 5 [31])

Before radiotherapy

1 year after radiotherapy

W

ob Before radiotherapy

thymine (T) to cytosine (C) mutation or G3460A mutation. Moreover, about 5-10%
have other mutations [34, 35]. Because mtDNA mainly exists in egg instead of
sperm, LHON mutations may only be passed to the children by the mother and not
by the father.

LHON causes optic atrophy. This disease shows prolonged VEP peak times or
double-positive peak in VEP waveform after the onset of LHON. With the develop-
ment of the disease, the VEP amplitude will decrease, and finally the peaks of VEP
become indistinguishable (Fig 10.6b) [36, 37]. The amplitude of light-adapted sin-
gle flash ERG and 30-Hz flicker ERG may also be reduced, implying that the cone
photoreceptors are affected by LHON, although there is no change in the appear-
ance of the fundus (Fig 10.6¢) [37].

Amblyopia

Amblyopia (lazy eye) is a disease of the visual system due to the abnormal develop-
ment of retina, optic nerve chiasm, and visual cortex during childhood. Babies are
born with visual acuity worse than 20/20 in each eye. Vision improves from birth to
about 8 years of age if both eyes are used with the identical focused images project-
ing onto the retinas. If clear images cannot be received from the retina in one or both
eyes, then vision will not develop normally during that period, and the affected
eye(s) becomes amblyopic. The abnormal image received by the retina can be
caused by strabismus, anisometropia, ametropia, or any disorder that prevents an
image to be clearly projected onto the retina (e.g., cataract, clouded cornea, eye
bleeding, droopy eyelids).
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Amblyopia must be diagnosed and treated as early as possible to avoid perma-
nent vision loss and to allow the development of stereo vision. After about 8 years
of age, treatment of amblyopia is unlikely to improve vision.

In all tests of electrophysiology of vision, pVEP is the most sensitive test to detect
the functional change in amblyopia from retina to visual cortex, which is usually
reflected in latency prolongation and amplitude reduction (Fig. 10.7) [38, 39]. fVEP,
used with patients who cannot maintain fixation, might show some change in amblyo-
pia, but it is not as sensitive as pVEP [40]. For the examination of the functional defect
in different parts of visual field in amblyopes, multifocal VEP can be used although
limited in children because maintaining fixation is required. In 1998, Yu et al., for the
first time, explored multifocal VEP in clinical application and found that the multifo-
cal VEP latencies are delayed and amplitudes are reduced in the central/ temporal field
in esotropic amblyopia and in central field in anisometropic amblyopia [41], which is
consistent with the neural mechanism of suppression in amblyopia [42, 43]. Part of
these findings has been confirmed by further studies [44, 45]. pERG can also objec-
tively evaluate the visual function of amblyopic eyes at the level of ganglion cells.
ffERGs, focal ERGs, and oscillatory potentials (OPs) are normal in amblyopia [46—
48]. The above tests can be selected for differential diagnosis and for the monitoring
of functional change in amblyopic eye and the fellow eye during the treatment.

Fig. 10.6 Typical fundus
and electrophysiologic
waveforms of LHON. (a)
Representative fundus of
male with LHON that
shows late stage of optic
atrophy. (b) VEP
waveforms of a LHOH
patient. (¢) ERG
waveforms of a LHOH
patient. (Figure 10.6b and ¢
are adapted from Figure 3
and 4 [37])

“ N1

0 50 100 150 200



10  Characteristics of Visual Electrophysiology in the Diseases of Optic Nerve or... 199

Fig. 10.6 (continued) c
200 —

100 =

-100 =

200 =

FAN
AN
I
W~
VA

Amplitude (V)

| I

Rod
Ps

0]

|

|

Single flash cone

Flicker

0 100 200

Time (ms)



200 M. Yu and D. Creel

Fig. 10.7 Typical VEP wave-
forms showing delayed and
attenuated P100 in a patient
with amblyopia. Time epoch
for VEP is 250 msec
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Chapter 11
Characteristics of Visual Electrophysiology
in Albinism

Check for
updates

Donnell Creel, Minzhong Yu, and Alessandro Iannaccone

A feature of the mammalian visual system is the development of optic fibers origi-
nating in temporal retina that do not cross at the optic chiasm. Most vertebrates
originating prior to mammals have complete crossing of optic fibers at the chiasm.
In mammals, eyes move forward on the head from those species with laterally
placed eyes, such as in guinea pigs, through rodents and lagomorphs, horses, dogs,
and cats as examples, reaching maximum frontal placement in primates. With this
progression is an increase in number of optic nerve fibers remaining uncrossed at
the chiasm as the proportion of temporal retina increases, along with binocular
overlap of the visual fields. In humans, the proportion of optic nerve retinal ganglion
cells not crossing at the chiasm is near 45%.

Around 90-99% of rodent and lagomorph retinal ganglion cells cross at the optic
chiasm (Fig. 11.1). When terminating in the geniculate nuclei, they do not exhibit
the laminated dorsal lateral geniculate nucleus (ALGN) seen in carnivores and pri-
mates including human beings. Carnivore and primates’ dorsal lateral geniculate
nuclei (ALGN) contain up to six alternating monocular layers with point-to-point
representation of visual space passed on to the primary visual cortex. The 90%+
crossed RGCs at the optic chiasm in rodents and lagomorphs fill the contralateral
dLGN, with only a pocket of the ipsilateral dLGN devoted to the fewer uncrossed
fibers. The small number of uncrossed fibers in albino rodents project to the dLGN
in a fragmented fashion as opposed to a well-organized pattern in pigmented
rodents [1].
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Fig. 11.1 Schematic of RODENT
range of crossed and
uncrossed optic projections
at the chiasm in rodents

1-10%

The organization of the path retinal ganglion cells take at the chiasm also changes
as the uncrossed optic system progresses up the phylogenetic scale from rodents to
primates. In rodents, the uncrossed optic fibers haphazardly start the older phyloge-
netic route to the center of the chiasm, and then a few appear to bounce back cours-
ing to the ipsilateral side of the brain (Fig. 11.2). As the organization of the
non-crossing optic system evolves to primates, the non-crossing fibers become an
organized bundle in the lateral portion of the optic chiasm [2].

Until 1965, no one suggested there might be dramatic difference in the visual
systems within a species. After comparing the interocular visual pathways in “split
brain” hooded rats with ocular pigmentation and albino rats, Sheridan concluded
that “Perhaps the paucity of uncrossed fibers that characterized rodents in general is
even further reduced in the albino” [3]. Lund verified Sheridan’s hypothesis ana-
tomically. Lund stated albino rats display no organized uncrossed optic fibers [4].

For several years, the anatomical anomaly of few uncrossed retinal ganglion
cells (RGCs) at the optic chiasm in albinos appeared to be limited to rats and rabbits
[5]. In 1969, Guillery described aberrant retinogeniculate organization in Siamese
cats, but the connection to albinism was not recognized [6]. The first link between
Siamese cats and albinism, and the hypothesis that reduced uncrossed optic fibers is
likely a “highly general transspecies phenomenon in albinic mammals” was sug-
gested by Creel in 1971 [7, 8]. Siamese cats possess a tyrosinase-locus mutation that
is a temperature-sensitive pigmentation defect (i.e., pigment forms only on the cold
parts of the body similar to Himalayan mice, rats, and rabbits). This mutation is
referred to as the Siamese—Himalayan temperature effect. The best figures showing
the consequences of reduced uncrossed retinal ganglion cells in Siamese cats includ-
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RODENT UNCROSSED PRIMATE UNCROSSED
OPTIC NERVES OPTIC NERVES

OPTIC TRACTS OPTIC TRACTS

Fig. 11.2 In rodents, the uncrossed optic fibers are disorganized starting the older phylogenetic
route to the center of the chiasm mixing with RGCs from other eye and then reverting to the ipsi-
lateral side of the brain. In primates, the non-crossing fibers are an organized bundle in the lateral
portion of the optic chiasm (Adapted from Neuveu & Jeffery. Figure owned by Springer)

ing lateral geniculate to visual cortex are in Guillery’s 1974 review article in
Scientific American [9].

All mammals studied that lack embryonic retinal melanin pigment in the devel-
oping retina have excessive crossing of retinogeniculate optic fibers at the chiasm.
This misrouting is associated with a number of visual system abnormalities that are
most apparent in primates including humans: the fovea of the retina is not normally
developed, vascular microcapillaries intrude into foveal avascular zone, the brain-
stem centers controlling eye movement receive abnormal input from the retina, the
laminations of the dorsal lateral geniculate are fragmented, and at the cortical level,
the connections for stereovision are sparse. These anomalies appear in all mammals
with insufficient embryonic retinal melanin pigment in the pigment epithelium from
mouse to humans. Only ocular albinism (OA) is required to reduce uncrossed optic
nerve fibers at the chiasm.

The two most common types of albinism are Type 1 associated with errors in
oxidation of tyrosine and DOPA located on chromosome 11q 14-21 and Type 2
associated with errors in melanosomal membrane protein metabolism. This is the
most common gene associated with albinism in sub-Saharan Africa located long
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arm 15q 11-12. Nearby genes on chromosome 15q extending from 15q 13-21,
including Prader—Willi syndrome, Angelman syndrome, and possibly some with
Asperger syndrome, have been found to have optic misrouting.

Classification of forms of albinism is based on genetic locus. Chromosomal loca-
tion has been identified for over 20 forms of human albinism on 12 different chro-
mosomes: oculocutaneous albinism (OCA1-7), ocular albinism (OA1), 10 forms of
Hermansky—Pudlak syndrome (HPS1-10) [10], Chediak—Higashi syndrome (CHS),
and Griscelli syndrome (GS) [11, 12]. An additional syndromic form of albinism
added is the rare Vici syndrome (VICIS) [13, 14]. Phenotypic expression varies
considerably within genetic forms of albinism and even between siblings [15, 16].

Visual abnormalities described in albinism do not include disorders of hypopig-
mentation due to embryonic migration defects of pigment cells from the neural crest
such as in Waardenburg syndrome and deaf white cat (W gene), vitiligo or piebald
spotting, nor other forms of hypopigmentation such as phenylketonuria. These
hypopigmenting conditions do not show the visual anomalies.

Individuals with chiasmic misrouting are not required to be classic forms of albi-
nism. Currently, over 20 genetic forms of albinism in humans are recognized, with
more likely to be discovered, because more have been identified in mouse models.
Misrouted optic fibers at the chiasm are constant in all forms of retinal hypopigmen-
tation. Individuals with these visual abnormalities, particularly those associated
with rare syndromes such as the Vici Syndrome, are likely underdiagnosed.
Occasionally, patients with misrouted optic fibers are likely due to linkage between
nearby albinism genes on same chromosome (e.g., Prader—Willi syndrome) [17].
Recording monocular VEPs across occipital cortex is the easiest albino concomitant
to measure. Albino genetic panels are expensive and only available at a couple of
institutions.

In normally pigmented individuals, the ganglion cell axons originating from the
nasal side of the fovea cross to the contralateral side at the optic chiasm, and those
from temporal side of the fovea stay on the same side at the optic chiasm. However,
in humans with hypopigmented retinas, almost all retinal ganglion cells originating
from up to 15° in temporal retina also cross to the contralateral side at the optic
chiasm (Fig. 11.3). The exact proportion of these ganglion cells in humans is not
known, which likely varies considerably due to amount of residual pigment plus
individual genetic differences including number of loci with mutations.

In many albino animals, essentially all optic neurons from nasal and temporal
retina cross at the optic chiasm. As shown in Fig. 11.3, it is estimated that 80% of
the ganglion cells cross to contralateral side with a 15-degree shift of vertical merid-
ian to temporal side in human albinos, based on extrapolating from animal anatomi-
cal studies and multifocal visually evoked potential studies [18].

Ocular albinism (OA) and oculocutaneous albinism (OCA) are characterized by
photophobia, nystagmus, and reduced visual acuity. On anterior segment examina-
tion, there are often iris transillumination defects, and on fundus examination, there
is foveal hypoplasia and a hypopigmented fundus (Fig. 11.4). While OCA has auto-
somal recessive inheritance, ocular albinism has both X-linked (XLOA) and reces-
sive forms (OAR) [19, 20]. As indicated by the name, OCA causes skin
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PIGMENTED ALBINO

Nasal Nasal

Temporal Temporal

Chiasm Chiasm

55% Crossed 45% Uncrossed 80% Crossed 20% Uncrossed

Fig. 11.3 Diagram of approximate distribution of the optic nerve ganglion cells at the optic chi-
asm in normal and albino human beings

Fig. 11.4 Clinical and imaging findings in ocular albinism. Patients with ocular albinism have (a)
iris transillumination defects, (b) foveal hypoplasia on OCT, and (¢) a hypopigmented fundus on
extended ophthalmoscopy
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Fig. 11.5 Disorganization of central visual pathways in albinism. Schematic example of disrup-
tion and fragmentation of the lamination of LGNd in Siamese cat producing serious misrepresenta-
tion of the visual field to cortex reducing the number of cortical binocular cells. Figure from
R.W. Guillery article in Scientific American, May, 1974. We thank the estate of the artist Bunji
Tagawa for permission to use this figure

Fig. 11.6 Typical Pigmented
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hypopigmentation in addition to ocular manifestations. Skin pigmentation is usually
normal in all forms of ocular albinism, but unlike OAR, OA has macromelanosomes
in both skin and retinal pigment epithelium (RPE) [21].

In XLOA, OAR, and OCA, {ffERGs are typically normal to supernormal due to
an eye with less pigment. Thus, since achromatopsia (ACHM) and blue cone mono-
chromacy (BC) are part of the differential diagnostic process in patients affected by
OA, the ffERG is essential in distinguishing OA from the former conditions. The
only consistent and typical visual electrophysiological abnormality in OA and OCA
patients is an asymmetric cortical VEP response distribution due to the abnormal
visual pathway decussation at the chiasm that characterizes all these conditions
[22]. Cats and primates have distinct segregation of crossed and uncrossed retinal
ganglion cell terminating in layers of dorsal lateral geniculate nuclei (LGNd). The
consequences of retinal ganglion fibers from temporal retina also crossing at the
chiasm is they encroach into and fragment the adjacent layer. In normally pigmented
cats and primates, the points in the visual field are maintained in columns through
the layers of crossed and uncrossed ganglion cell terminations, such as points 13 and
14 in Fig. 11.5. Ganglion cell terminations originating from temporal retina crossing
abnormally invade the adjacent layer, such as points 5, 6 and 7 that is carried on to
cortex disrupting the anatomical basis for cortical binocular stereovision.

In 1974, using scalp-recorded visually evoked potentials (VEPs), Creel et al.
reported four genetic forms of human oculocutaneous albinism exhibited
electrophysiologic evidence of reduced uncrossed optic fibers [22]. Similar results
were published for human ocular albinos [23] and replicated in early studies by
Taylor (1978) [24] and Coleman et al. (1979) [25]. Reviews of research in this area
include Guillery (1974, 1996) [26], Hoffmann et al. (2006) [18], Neveu and Jeffery
(2007) [2], and Bridge et al. (2014) [27].

The best visual stimulus for recording VEPs from albinos is a pattern onset/off-
set with individual checks subtending 1° of arc or larger. For individuals with very
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Albino
Pattern onset/offset VEPs
recorded across occipital scalp

Right

Left

Fig. 11.7 Typical monocular VEP waveforms recorded across occipital scalp of an albino show-
ing reversal of polarity when each eye is stimulated. This reflects that almost all optic nerve fibers
cross at the optic chiasm to opposite hemisphere in albino mammals. Time epoch for VEP 250 msec

poor vision and infants, flash stimuli are preferred. In some albinos, comparing
evoked potentials recorded from the International 10-20 System locations O1 and
02 [28] demonstrate the misrouting. In albinos, other more lateral scalp locations
along the same Oz plane about halfway to TS and T6 (i.e., H3 and H4), often better
demonstrate misrouting. An early finding was that, with monocular stimulation, the
“difference” potential between 10 and 20 International System scalp locations O1—
02 or H3-H4 across the midline was an efficient way to exhibit chiasmic misrout-
ing in albinos [29]. The most discriminating VEP components are the found in the
50-200 millisecond time window of pattern onset or flash VEP. The worst stimulus
is pattern reversal that exacerbates nystagmus in albinos and consequently blurs
the image.
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To detect misrouting at the chiasm, the following two recording sites are required:
one positive electrode and one negative location in each occipital hemisphere about
3 cm above the inion and 4 cm or more off the midline in an adult. This bipolar
montage records the “difference” potential between the right and left hemispheres,
requiring no additional reference location. The ground electrode can be attached
anywhere.

In normal subjects with pigmented retinae, innervation of visual cortex from
nasal and temporal retinas is comparable, so the “difference” potential recorded
between hemispheres would be nearly zero or appear similar no matter which eye is
stimulated. In most cases, the recorded VEP in normal subjects is not completely
flat because the projection of visual fields on occipital poles is usually a little asym-
metrical displayed in the VEPs in Fig. 11.6.

In contrast, the majority of central retinal RGC fibers cross to the contralateral
hemisphere in albinos so there is a marked “difference” potential recorded between
the two occipital hemispheres showing opposite polarity of the VEP waveforms
across the occipital area between stimulating the right eye and the left eye (Fig. 11.7).

Mechanisms affecting visual system development are well known. See Jeffery
and Erskine (2005) and Herrera et al. (2019) for theories of molecular mecha-
nisms directing ganglion cell routing at chiasm. Many candidate agents, including
signaling and transcription factors, have been suggested to be associated with reti-
nal ganglion cells coursing through the chiasm and other visual features in albi-
nism. Likely many of these conclusions are correct within the model studied, but
not a general solution within mammals. Sprinkled through publications since the
1970s are suggestions that genetic effects are paramount. A genetic argument sug-
gested by Creel [30] proposes that the lack of melanin pigment initiates atavistic
expression of visual and auditory embryogenesis. Melanin pigments in the nascent
retina, or likely genetic coding for melanin pigment, are the positive inductive
signal launching normal retinal development and retinal ganglion cell targeting.
When retinal melanin is reduced, retinal embryogenesis defaults to the conserved
genetic package existing when the species first evolved with a cascade of
consequences.

The vertebrate genome includes coding of genetic past. Mammals retain the evo-
lutionary base instruction package for complete crossing of the retinal ganglion
cells in ancestral vertebrates, and little genetic information concerning the develop-
ment of area centralis, fovea, or vascular sparing of the foveal area. The essence of
this theory is that mammals with nondecussating retinal ganglion cells are geneti-
cally unstable. Retinal melanin pigment is so fundamental to retinal vascular cells
and early retinal ganglion cells that insufficient retinal melanin triggers a switch
resulting in the phylogenetically new genetic instructions not to be completed. In
albinos, genetic instruction defaults to the simpler and more entrenched platform.
Phylogenetically late genetic addendums to conserved instructions are vulnerable to
not being expressed if genetic cues, such as sufficient retinal melanin pigmentation,
are not present to support variation from highly conserved coding.
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focal ERG, 10
full-field ERGs
dark-adapted rod-driven scotopic and
mixed flash ERGs, 7-8
light-adapted ERG responses, 9
hypothetical ERG, 6
implicit times, 5
late receptor potential, 5
multifocal ERG, 10, 11
pattern electroretinogram, 9
PI, PII and PIII components, 3, 4
recording method
dilation, dark-adaptation and topical
anesthesia, 13
testing infants, 14
stimulation, 12, 13
Enhanced S-cone syndrome (ESCS), 79, 81,
83-85
ERG-Jet electrode, 11
Ethambutol (EMB), 183, 194, 196

F

Fast oscillation (FO) waveform, 30, 31, 33
Flash or pattern VEPs, 23, 24

Focal electroretinography (fERG), 10
Fundus albipunctatus, 41-43

Fundus autofluorescence (FAF), 147
Fundus flavimaculatus, 52, 53

G

Ganzfeld (globe), 6, 7

Goldmann—Favre vitreoretinal dystrophy, see
Enhanced S-cone syndrome (ESCS)

Griscelli syndrome (GS), 206

Gyrate atrophy, 87, 90

H
HCQ/CQ-induced maculopathy, 174
Head and neck radiotherapy, 196, 197
Hearing loss syndromes
Refsum disease, 114, 115
Usher syndrome, 111-113
Wolfram syndrome, 115
Heredopathia atactica polyneuritiformis, 114
Hermansky—Pudlak syndrome (HPS1-10),
206
Hunter syndrome, see Mucopolysaccharidosis
1I
Hurler—Scheie syndrome, see
Mucopolysaccharidosis I
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Hydroxychloroquine (HCQ), 174
Hydroxychloroquine retinopathy, 176

1

Immunomodulatory therapy (IMT), 157
Indomethacin, 183

Infantile NCL (INCL), 135, 137
Intensity-response (I-R) curve, 14, 15
Ischemic optic neuropathy (ION), 191, 192
Isotretinoin, 184

J
Joubert syndrome, 133, 134
Juvenile NCL (JNCL), 135, 136

K
Kearns—Sayre syndrome (KSS), 116, 117

L

Late infantile NCL (LINCL), 137

Late-onset retinal degeneration (L-ORD), 90, 91

Leber’s congenital amaurosis (LCA), 79

Leber’s optic atrophy, 196

Leber’s hereditary optic neuropathy (LHON),
196-198

Light peak (LP), 29, 32

Light peak:dark trough ratio (LP:DT ratio), 32

Light trough, 30

Lipofuscin deposits, 53

M
Macular dystrophies
Doyne honeycomb macular dystrophy, 69
fundus flavimaculatus, 52, 53
North Carolina macular dystrophy, 70, 72
occult macular dystrophy, 70, 71
pattern dystrophies, 66—69
Stargardt’s disease, 51-58
vitelliform macular dystrophy, 60, 62-65
X-linked retinoschisis, 55, 59-61
Macular pattern dystrophy (MPD), 66
Malattia Leventinese, see Doyne honeycomb
macular dystrophy
Mammalian visual system, 203
Maroteaux—Lamy syndrome, see
Mucopolysaccharidosis VI
Maternally inherited diabetes and deafness
(MIDD) syndrome, 118-121
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Melanoma-associated retinopathy (MAR), 158
Metabolic disorders
abetalipoproteinemia, 133, 135
mucopolysaccharidosis syndromes,
137-140
neuronal ceroid lipofuscinoses, 135-137
Mitochondrial diseases
Kearns—Sayre syndrome, 116, 117
maternally inherited diabetes and deafness
syndrome, 118-121
Neuropathy—ataxia—retinitis pigmentosa
syndrome, 117
Monopolar electrode, 11
MPS IV (Morquio syndrome), 138
Mucopolysaccharidosis (MPS) syndromes,
137-140
Multifocal Best’s disease lesions, 63
Multifocal electroretinography (mfERG), 10,
11
Multifocal visually evoked potentials
(mfVEP), 25-27
Multiple evanescent white dot syndrome
(MEWDS), 152, 153
Multiple sclerosis (MS), 191, 192

N
Neonatal hyperbilirubinemia, 195
Neurofibromatosis (NF), 194, 195
Neuronal ceroid lipofuscinoses (NCLs),
135-137
Neuropathy—ataxia—retinitis pigmentosa
(NARP) syndrome, 115, 117
Night blinding disorders
congenital stationary night blindness,
38-40
fundus albipunctatus, 41-43
Oguchi disease, 39, 41
Noninfectious posterior inflammatory
diseases, 166
North Carolina macular dystrophy (NCMD),
70,72

(0]
Obesity syndromes
Alstrom syndrome, 123
Bardet-Biedl syndrome, 120, 122, 123
Cohen syndrome, 124-126
Occult macular dystrophy (OMD), 70, 71
Ocular albinism (OA), 206, 207
Ocular siderosis (OS), 184, 185
Oculo-cutaneous albinism (OCA), 206

Index

Oguchi disease, 39, 41
Optic nerve ganglion cells, 206, 207
Optic nerve hypoplasia (ONH), 193
Optic nerve/visual pathway
amblyopia, 197, 198, 200
ethambutol, 194, 196
head and neck radiotherapy, 196, 197
ischemic optic neuropathy, 191, 192
Leber’s hereditary optic neuropathy,
196-198
multiple sclerosis, 191, 192
neonatal hyperbilirubinemia, 195
neurofibromatosis, 194, 195
optic nerve hypoplasia, 193
optic neuritis, 193
traumatic optic neuropathy, 194
Optic neuritis (ON), 193
Oscillatory potentials (OPs) analysis, 5,
15, 16

P
Paired box gene 6 (PAX6), 46, 47
Palmitoyl-protein thioesterase-1 (PPT1), 137
Paraneoplastic (pAIR/AINR) and non-
paraneoplastic (npAIR/AINR) ones,
158
Pattern dystrophies, 66—69
Pattern electroretinogram (PERG), 9
Pattern onset stimuli, 24
Pattern onset visually evoked potential
waveform, 24
Pattern reversal stimuli, 28
Pattern reversal visually evoked potential, 24
Peripheral retinal detachments, 58
Phosphodiesterase type (PDE) 5 inhibitors,
184, 186
Photophobia disorders
achromatopsia (rod monochromatism),
43-45
Blue Cone monochromatism, 44, 46
paired box gene 6 (PAX6), 46, 47
Photopic hill, 55
Photopic negative response (PhNR), 165
Phytanic acid storage disease, 114
Posterior ischemic optic neuropathy (PION),
192
Pre-vitelliform stage, 62
Pseudohypopion stage, 63

Q
Quinine, 186
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R

Radial Drusen, see Doyne honeycomb macular
dystrophy

Ragged red fibers (RRF), 116

Raradiation-induced optic neuropathy (RION),
196

Recording electrophysiology, 14

Refractive errors, 27

Refsum disease, 114, 115

RetEval system, 12

Retinal melanin pigment, 211

Retinal pigment epithelium (RPE), 29

Retinal toxicity, 175

Retinitis pigmentosa (RP), 62, 77-80, 111, 113

Rod-cone dystrophy, see Retinitis pigmentosa

S

Sanfilippo syndrome, see
Mucopolysaccharidosis 111

Schubert-Bornschein type, 38

Senior—Loken syndrome (SLS), 128, 129, 131

Severe early childhood-onset retinal
degeneration (SECORD), 79

Siamese—Himalayan temperature effect, 204

Signal averaging, 19

Skin electrode, 12, 31

Slowly progressive central vision loss, 66

Stargardt’s disease (STGD), 51-58

Steady state visually evoked potentials, 23

T

Thioridazine, 178

Thioridazine discontinuation, 178
Thioridazine retinal toxicity, 178
Thioridazine retinopathy, 179-181
Transient visually evoked potentials, 23
Traumatic optic neuropathy (TON), 194

U
Usher syndrome, 111-113

v

Vici syndrome (VICIS), 206

Vigabatrin (VGB), 173

Visual electrophysiology
antipsychotics, 177-178
chloroquine, 174
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cis-platinum, 178
deferoxamine, 181, 182
digoxin, 182
ethambutol, 183
hydroxychloroquine, 174
indomethacin, 183
isotretinoin, 184
ocular siderosis, 184
optic nerve/visual pathway
amblyopia, 197, 198, 200
ethambutol, 194, 196
head and neck radiotherapy, 196, 197
ischemic optic neuropathy, 191, 192
Leber’s hereditary optic neuropathy,
196-198
multiple sclerosis, 191, 192
neonatal hyperbilirubinemia, 195
neurofibromatosis, 194, 195
optic nerve hypoplasia, 193
optic neuritis, 193
traumatic optic neuropathy, 194
phosphodiesterase type 5 inhibitors, 184,
186
quinine, 186
vigabatrin, 173
Visual electrophysiology testing, 157
Visual system abnormalities, 205
Visually evoked potentials (VEPs), 209
abnormality, 20
amplifier, 23
electrode placement, 22
flash/pattern VEPs, 23, 24
MRI, 20, 21
multifocal VEP, 25-27
steady-state and transient, 23
stimuli and protocol, 27, 28
surgical-depth anesthesia, 25
typical normal pattern reversal VEP
waveform, 20
Vitelliform macular dystrophy, 60, 62—-65
Vitelliform stage, 62
Vitelliruptive/scrambled egg stage, 63

W
Wolfram syndrome (DIDMOAD), 115

X
X-linked cone dystrophy, 99
X-linked retinoschisis (XLRS), 55, 59-61
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