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Abstract

Purpose

To describe the nystagmus characteristics of steoyeith molecularly confirme@NGB3-
associated achromatopsia and report the spectraidaptical coherence tomography (SD-
OCT) findings in these individuals.

Methods

Adults and children witttNGB3-achromatopsia underwent visual acuity testinglavauotility
assessments, video nystagmography, and SD-OCTngaQualitative assessment of foveal
structure was performed by grading SD-OCT imag&sodne of five categories.

Results

A total of 18 subjects (11 adults) were includelde Thajority demonstrated a phoria, with
manifest strabismus present in only 3 subjects.pfadominant nystagmus waveform within the
cohort was pure pendular. Nine individuals demeanstt a mixture of waveforms. Nystagmus
frequencies were 4-8 cycles/second, with no notdiffierences in eye movements between
adults and children. SD-OCT imaging revealed ainaous ellipsoid zone (EZ) at the fovea in 2
subjects (grade 1) and EZ disruption (grade 2héremaining 16. Retinal structure
characteristics were symmetrical in both eyes oheabject.

Conclusions

In our study cohort, nystagmus@NGB3-associated achromatopsia had distinctive featares,
the majority of subjects had retinal abnormaliieshe fovea on SD-OCT. Early use of SD-OCT
in the clinical work-up may eliminate the need rfi@ore invasive investigations, such as neuro-

imaging.



Infantile nystagmus syndrome (INS) usually mangdst 3-6 months of age and has a
prevalence of approximately 14 per 10,600may be idiopathic or associated with ocular or
systemic pathology. Ocular causes include congesdtaracts, optic nerve hypoplasia, and
retinal diseases, such as achromatopsia and aibinis

Although history and examination may be stronglggastive of the etiology of
nystagmus, magnetic resonance imaging (MRI) isnafeed in cases where presentation is
atypical (eg, with a vertical or torsional elemettexclude a neurological caus®cular
pathologies (in particular, inherited retinal diders) are more frequently associated with INS
than is neurological dised'séhus, detailed assessment of the nystagmus &ne reay obviate
the need for neuroimaging in infants and youngdchit.

Optical coherence tomography (OCT) has been adeddat first-line imaging
investigation in INS, and the development of hatdispectral domain OCT (SD-OCT) has
enabled the identification of retinal pathologyirifants and young children with INS.Thus,
SD-OCT may aid in the early assessment and statiidin of young patients with retinal disease
for potential therapeutic interventidhis is relevant for achromatopsia, for which ar
intervention may yield better outconfesThe current study presents nystagmus charactsristi
as well as SD-OCT findings in a cohort of adultd ahildren with achromatopsia.
Subjectsand Methods
Adults and children with achromatopsia secondailikedy disease-causing variants in the
CNGB3 gene were included. All subjects were participamin unmasked clinical trial at
Moorfields Eye Hospital assessing gene theraggNG®B3-associated achromatopsia and were
drawn from a cohort of approximately 80 individut&ing part in an achromatopsia natural

history study. Only individuals with evidence ofative preservation of cone photoreceptors on



SD-OCT imaging were included, because it was gdted that such subjects would be the most
likely to benefit from gene supplementatibm addition, subjects <30 years of age were
prioritized, because it was felt that younger indlinals would receive optimum benefit from
treatment. The study adhered to the tenets of #adalbation of Helsinki and was approved by
the Moorfields Eye Hospital Ethics Committee. Imf@d consent was obtained from all adult
subjects prior to entering the study; informed emmsand assent were obtained from parents and
children (<16 years of age).

A full ophthalmic assessment of all participantswanducted at baseline, including slit-
lamp examination of the anterior and posterior sagm All subjects had baseline visual acuity
testing, ocular motility assessments, nystagmograguid SD-OCT scans between January 2017
and November 2018.

Nystagmography

Eye movements (monocular and binocular) of all scifsj were recorded using an EyeLink 1000
video-based eye tracker (SR Research, Mississ@MjaCanada) or the Jazz Integra Wireless
Headset (Ober Consulting, Poznan, Poland) and sahapll ms intervals. The stimulus was a
white circular target on a black background; backgd room luminance was 6-12 candela to
improve compliance with recording. The stimuluswssgce consisted of cycles in which each
target was displayed for 20 seconds in primarytmysand +15° horizontally and then repeated
at £15° vertically. The head was stabilized in phienary position using a chin rest. Calibration
was performed so that the foveating periods ofntheeform were fixated on the targets at 15°.
Where the waveform was a pure pendular subtyp&viibout a foveating period), fixation was
taken as the median position of the cycle. Analgmigines were implemented using the

software package Mathematica (Wolfram Research, Gttampaign, IL}°



Waveforms were classified according to the CEMASkm Group* with infantile
nystagmus waveforms defined by the presence efat bne accelerating exponential slow
phase, and fusion maldevelopment nystagmus syndfeimS) waveforms defined by the
presence of at least one decelerating exponeidialghase. Where the waveform was pure
pendular (ie, sinusoidal with no slow phase), Was documented. Waveforms were described
simply in terms of frequency, mean vertical andZartal amplitude, and phase disparity, as
described by Gottlob and ReinecKe.

D-0OCT

Standard table-mounted SD-OCT imaging was perforomeldoth eyes, following pupillary
dilation with tropicamide 1% and phenylephrine 2.8%& drops in adults, or cyclopentolate
0.5% in subjects <10 years of age. Line and volugtiaal scans were acquired with the
Spectralis device (Heidelberg Engineering, Heidglb&ermany). Qualitative assessment of
foveal structure was performed by grading SD-OC#&ges according to the five categories
described by Sundaram and colleagifesith the termellipsoid zone (EZ) used instead of the
authors'inner segment ellipsoid layer'* (1) continuous photoreceptor EZ, (2) EZ disrupti3)
EZ absence, (4) presence of a hyporeflective zdiRZ], and (5) outer retinal atrophy including
retinal pigment epithelium loss. The EZ is idestifias the second hyper-reflective band of the
outer retina and is located just below the extelimating membrane on SD-OCT. It is normally
a continuous smooth line of homogenous reflecti#¥ disruption indicates irregularity of this
band at the fovea, with loss of an even contounamition in reflectivity. EZ absence is
complete loss of a section of this hyper-reflectead at the fovea, without the presence of an
associated HRZ. The presence of an HRZ indicateplste loss of a section of the EZ at the

fovea, associated with a hypo-reflective (blacleedbetween the region of EZ loss and the



external limiting membrane above.

A number of techniques were used to minimize nystagyrelated artefacts on the scans.
Subjects who could voluntarily control their nystags were encouraged to do so during
scanning. Those who found it difficult to maintaisteady gaze were asked to fixate on an
external target (a white light) attached to thensgag device. They were instructed to focus on
the target with one eye while the fellow eye waansed in order to damp nystagmus. With
regard to the scanning protocol, in subjects watrese nystagmus, images were acquired in
high-speed mode as opposed to high-resolution ntadéermore, the automatic real-time
function on the device (which aims to ensure tlid-@cans required to cover the imaging area
of interest are acquired coherently despite eyeem@ants) was turned off. Signal strength was
defined as a quality score. The Spectralis deviteraatically generates a quality score of 0—40
dB for each scan, and only images with a qualityesof>25 dB were deemed acceptable.
Results
A total of 18 subjects (5 males) were includedadliilts and 7 children (8-13 years of age). The
mean age at time of review was 19.4 years (rangg, Y&ars). The mean best-corrected visual
acuity was 0.78 logMAR in the right eye (range,83-1.02 logMAR) and 0.79 logMAR in the
left eye (range, 0.5-1.02 logMAR). The Snellen gglgint of the mean best-corrected visual
acuity was 20/120 in the right eye (range, 20/58@29) and 20/123 in the left eye (range, 20/63-
20/209). Mean refractive error (spherical equivglaras +1.45 D in the right eye (median,
+1.25D; range, —5.25 to +7.25 D) and +1.48 D inldieeye (median, +1.25 D; range, —9.00 to
+6.625D). Table 1 summarizes patient charactesistil baseline clinical findings. In all
subjects, fundus appearance was normal bilaterailz,no obvious macular abnormalities.

Assessment of Eye Movements



Table 2 summarizes eye movement findings. The ntyjof subjects demonstrated a phoria;
manifest strabismus was present in only 3 subj&¢ith regard to nystagmus findings, subject
12 was excluded from analysis because of noisyrdaugs. The predominant nystagmus
waveform was decided using a combination of twbnéques, depending on the duration of eye
movement recordintf*> The method of closed returns is a visual technthaeallows for the
identification of periodicities by plotting the éifences between the eye position at tifeend
some other timé+ dt, over a range of time differences, with the défeze plotted on a gray
scale. This makes it easy to identify the segmédata where the waveform cycle length is
approximately uniform, correlating to the predonminaaveform:®*® The second method,
periodic orbit analysis, uses a four-step techniquédentify the underlying periodicity of the
waveform, which correlates with the predominant efavm%*’

The predominant waveform, present in the 17 subpih usable recordings, was pure
pendular. Nine subjects demonstrated a mixtureaafeforms with more than one subtype
present. A combination of accelerating and decetgy@xponential slow phases was seen in 5
subjects, reflecting a mixture of INS and FMNS.tké 9, an increasing velocity slow phase was
seen in 3 subjects; a decreasing velocity slowehag.

Subjects 2 and 14 had alternating exotropias. Tiaglya combination of pure pendular
and jerk nystagmus waveforms, with both increasimg decreasing exponential slow velocity
phases. Subjects 1, 7, and 13 were phoric anddratined pure pendular and jerk waveforms,
with both increasing and decreasing exponential sielocity phases. Subject 3 was phoric and
had a combination of pure pendular and jerk wave$owith decreasing exponential slow
velocity phases. The FMNS waveform subtype wasgmtas all of these subjects but was not

the predominant waveform. Although FMNS is typigaksociated with early-onset strabismus,



it has been documented to occur in large phoridsramdividuals with variable stereopsfsa
decreasing velocity slow phase has also been dotechén some of the orthotropic
achromatopsia subjects described by Gottlob andeRke'?

All subjects had a vertical element to their nystag (ie, oblique nystagmus seen on the
horizontal and vertical channels during eye movdmegordings). However, the horizontal
amplitude was typically greater than the verticapitude. Nystagmus frequencies varied from
4 to 8 cycles/second. The waveforms were in phad@ iof 17 subjects, in and out of phase in 4,
and out of phase throughout the entire recordirmnig 1 subject. There were no notable
differences in eye movements between adults andrehi
SD-OCT Findings
Scans with a quality score »25 dB were obtained from all subjects. SD-OCT imggf the
retina revealed a continuous EZ in 2 of 18 subjégisde 1) and EZ disruption in 16 (grade 2).
Retinal structure characteristics were symmetriedh the same grade recorded bilaterally in
each individual. No subjects had an SD-OCT grad& @fworse.

Representative nystagmus waveforms and SD-OCT isnageprovided in Figures 1 and
2. Subject 6 (Figure 1) demonstrated high-frequemzylow-amplitude torsional nystagmus.
Subject 16 (Figure 2) had a high-frequency and domglitude pendular nystagmus waveform
superimposed on a larger jerk waveform. Both subjglcowed disruption of the EZ at the fovea
(grade 2) on SD-OCT.

Discussion
This is the largest study to date of achromatopsigects in terms both of total cohort and
number of adults. In concordance with the work oft®b and Reineck¥ we found that the

amplitudes and frequencies of the nystagmus wanvefevere symmetrical between eyes in each



individual, with both horizontal and vertical conmamts to the waveform in all subjects. There
was no obvious correlation between nystagmus spefm and a subject’s visual acuity.
There are, however, notable differences betweemnesults and those of Gottlob and Reinetke.
It is difficult to be certain whether our cohontily differed from theirs in terms of severity,
because SD-OCT was unavailable at the time of gtedty. Gottlob and Reineckaeported that
a jerk waveform predominanted in adtftsve, on the contrary, observed pendular nystagmus
be universal in our cohort and the predominant icawe overall. It could be that the subjects in
our study were younger; it is believed that sulsj@ath INS acquire the more common jerk
waveforms (with foveating advantages) with dgadditionally, the Gottlob and Reinecke
cohort was likely more heterogeneous than ourssaritie two groups of subjects may not be
directly comparable in terms of the extent of raftidisruption.

Although the frequencies we recorded were similaange to what Gottlob and
Reineckeé?’ reported, the overall amplitudes we observed weraller (ie, suggestive of very fine
nystagmus). This may be attributed to our userairecontact eye tracking system, which is
better tolerated than the magnetic search coihigcie used in earlier work and is thus less
likely to cause a worsening of nystagmitt.is also feasible that the smaller amplitudes
observed in our group may be a result of our stbjeaving lesser degrees of retinal disruption
than those in the Gottlob and Reinecke sttfdyhich was conducted prior to OCT classification.
Of note, the subjects within our cohort were atrthieler end of the spectrum with regard to SD-
OCT appearance; hence, finer nystagmus may pebeapdeature of less retinal disruption at
the fovea. This may account for the universal figdof low-amplitude pendular nystagmus in
our subjects, ie, the less-disrupted fovea presldide development of foveation strategies to

utilize extrafoveal regions. Further work investigg eye movements in achromatopsia subjects



with more marked SD-OCT disturbance may help estalwhether there is a correlation
between the severity of nystagmus and the extertiofal disruption, although no difference
was observed between our subjects with normaltstrei¢grade 1) and mild disruption (grade
2); however, only 2 subjects had grade 1 SD-OCeaggnces. It has been suggested that
nystagmus becomes damped with age in achromatdpBia. study supports the findings of
Gottlob and Reineck&in showing no marked difference between adultschildren in the
frequency or amplitude of waveform.

Our results suggest that nystagmus in achromat@psianmetrical between an
individual’s eyes with regard to frequency and atade (amplitude typically <2°) and has
horizontal and vertical elements. Furthermore,airbe disconjugate. These characteristics may
enable nystagmus secondary to achromatopsia tstiegdished from other forms of
nystagmus, which differ in these parameférBypically, infantile nystagmus is conjugate,
predominantly horizontal, and of larger amplitugarticularly in early infancy). If a patient
presented with any other profile, investigationdarunderlying neurological cause would ensue.
Our results highlight the importance of considemegnal disease in an otherwise well infant
presenting with atypical nystagmus. In additiome¢alar motility findings, we present the foveal
SD-OCT appearances of our subjects. The retinahiroanatopsia frequently appears normal on
clinical examination, but detailed imaging typigaleveals abnormalities in the integrity of the
photoreceptor layer at the fov&&?*The structural changes in the retina vary in deyend of
note, the subjects in our cohort were at the naittge of the spectrum, with 2 subjects showing
no significant disruption of the photoreceptor layd the remainder showing relatively mild
disruption. Notably however, our patients were éhsslected to participate in a gene therapy

trial for CNGB3-associated achromatopsia. In accordance wittriddeariclusion criteria, only



those individuals with grade 1 or grade 2 SD-OC#&ges were selected. More marked
abnormalities of the photoreceptor layer may beenkes! in subjects with achromatopsia, and
foveal hypoplasia may be an additional feature BRCECT *2>2" Further studies investigating
subjects with achromatopsia who have more extemsiugal disturbance (grade 3 or higher on
SD-OCT) may shed new light on whether there isreetation between the extent of retinal
disruption and various parameters of visual fumgtiocluding the type and severity of
nystagmus.

Our study has several limitations. First, our samgite of 18 subjects is relatively small,
and our results may not be generalizable to a widpulation of affected individuals. Second,
our cohort did not include young babies and childyEthe age where an underlying diagnosis
would typically be sought in cases of infantile taggnus. We note, however, that a recent work
investigating changes in retinal structure in géacohort of subjects with achromatopsia over an
extended time period has demonstrated that stal@ppearances are relatively stable over
time 2>?° Accordingly, we have assumed that the retinal aibabties observed in our cohort of
older subjects would have been similar to thoseif@sted earlier in their childhood. Finally, our
study included only those withBNGB3-associated achromatopsia. It is possible thagmifft
nystagmus characteristics may be observed in itddals that have achromatopsia secondary to
alternative genetic variants. Further work assgssystagmus in a genotypically heterogeneous
cohort of affected individuals may demonstrate.this

In spite of these limitations, our findings suggéstt SD-OCT may aid the diagnosis of
achromatopsia in young individuals with nystagmiog that early establishment of retinal
disease as the underlying cause may eliminateabe for further, more invasive investigations.

This principle may be applied to ocular motilitynaiomalities arising from a range of ocular



disorders. Bertsch and colleagtiund that retinal disorders were the most comoarse of
infantile nystagmus in their pediatric cohort, aed MRI of the brain was the most common
first-line imaging. In practice, this may in pag httributed to difficulties obtaining adequate
SD-OCT imaging, particularly in infants. Howeveretauthors concluded that retinal imaging
may have a higher yield in patients without othemnelogical signs and thus advocated its use at
an earlier stage in the work-up for nystagmus.

SD-OCT has been used to identify the morphologituiees of a range of retinal
dystrophies associated with nystagmus, includitigitis pigmentosa, Leber congenital
amaurosis, and cone or cone-rod dystrophies andriased the identification of a range of
retinal disorders in children with nystagmus, imthg albinism and retinal dystrophy associated
with PAX6 mutations, in addition to achromatop$i&.spectrum of foveal morphological
abnormalities have been identified with SD-OCT ubjscts with ocular albinism or suspected
ocular albinism and nystagmus. These anomalieadedhe persistence of an abnormal, highly
reflective band across the fovea, the presenceutifpie inner retinal layers normally absent at
the center of the fovea, and the loss of the ndyntlsickened photoreceptor nuclear layer at the
fovea?® Subjects witHPAX6 mutations generally show foveal hypoplasia sirhilaut usually
less severely than that seen in albinfsm.

SD-OCT may unmask retinal disease in patients pusly diagnosed with idiopathic
congenital nystagmus or unexplained/functional ali$oss? It is particularly important in
establishing a diagnosis in retinal conditions|udang achromatopsia, where there may be no
significant abnormality on fundus examination an@¢onditions that may have a wide
expressivity and heterogeneity, such as albinisccufate diagnosis will allow better overall

management, including optimal visual rehabilitatimfiormed advice on the course and



prognosis of the disease, and prioritization ofgjentesting and counselling where appropriate.
Prompt diagnosis is increasingly important in aawehere potential gene therapies for inherited

retinal disorders are emerging, and where eargnention is considered key.
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Legends

FIG 1. Representative nystagmus waveform and spectrahishooptical coherence tomography
(SD-OCT) from subject 6. Horizontal (A) and vertipasition (B) profiles of the right eye. The
nystagmus was of the pure pendular subtype, opthase and with a small amplitude (mean,
<1°) and high frequency (6-8 cycles/sec). Horizbatel vertical elements were approximately
equal. Disruption of the ellipsoid zone at the fawveay be seen in the lower panel (grade 2,
white arrow).

FIG 2. Representative nystagmus waveform and SD-OCT irfragesubject 16. Horizontal
and vertical position profiles (upper and middigufies, respectively) of the left eye. The
nystagmus was a mixture of in and out of phases pandular and dual jerk subtype (dual jerk
shown for example). The jerk subtype was of mo@eaatplitude (mean, 4.7° horizontal plane;
3.2° vertical plane) with a higher frequency peadwaveform superimposed on the slow phase.

The lower figure shows disruption of the ellipsamhe at the fovea (grade 2, white arrow).



Table 1. Summary of patient characteristics and clinical findings

Subject Sex Age, BCVA, Refraction SE, D SD-OCT
years  logMAR grade®

Right Left Right Left Right Left Right Left

eye eye eye eye eye eye eye eye
1 M 30 0.86 0.80 +4.50-0.50x70 +4.00-1.00 x95 +4.25 +3.50 2 2
2 F 18 0.70 0.64 +4.00-1.50x90 +3.50-0.50 x120 +3.25 +3.25 2 2
3 F 24 0.74 0.78 +1.75-1.75x180 +2.75-3.00 x180 +0.875 +1.25 2 2
4 F 33 0.78 0.78 +4.75-3.00 x65  +3.75-2.00x80 +3.25 +2.75 2 2
5 F 18 0.68 0.72 -1.00 +1.00 -1.00 +1.00 2 2
6 F 26 0.78 0.82 +0.50-2.00 x125 -1.25 -0.50 -1.25 2 2
7 F 30 0.88 0.86 -4.50 -9.00 -4.50 -9.00 2 2
8 M 30 0.76 0.76 -4.25-2.00x180 -1.50-0.50x180 -5.25 -1.75 2 2
9 F 21 0.46 0.50 -0.75-1.00x180 Plano/+0.25x30 -1.25 +0.125 1 1
10 F 16 0.70 0.74 +0.50 -0.25 x5 +0.75 -0.25 x175 +0.375 +0.625 2 2
11 M 12 1.02 1.02 +3.50-1.00x145 +7.00-0.75x120 +3.00 +6.625 1 1
12 F 9 0.82 0.82 +1.00 +0.75-0.50 x40 +1.00 +0.50 2 2
13 M 22 0.78 0.78 -0.50-0.50x110 -1.50 -0.75 -1.50 2 2
14 F 13 0.84 0.90 +6.25-2.00x180 +7.00-2.50x180 +5.25 +5.75 2 2
15 M 13 0.78 0.82 +8.00-1.50 x180 +4.25-1.00 x180 +7.25 +3.75 2 2
16 F 13 0.94 0.86 +2.00-1.00x110 +1.75-1.00x70 +1.50 +1.25 2 2
17 F 13 0.76 0.70 +5.50-3.00 x180 +7.50-3.00 x145 +4.00 +6.00 2 2
18 F 8 0.80 0.86 +6.00-1.25x170 +4.50-1.25x160 +5.375 +3.875 2 2

BCVA, best-corrected visual acuity; SD-OCT, spectral domain optical coherence tomography; SE,

spherical equivalent.

#SD-OCT grade: 1, continuous ellipsoid zone (EZ); 2, EZ disruption; 3, EZ absence; 4, HRZ present; 5,

outer retinal atrophy.



Table 2. Summary of eye movement findings

Subject Orthoptic findings

Nystagmus findings

Predominant waveform Mean amplitude, deg Frequency of Phase
Horizontal Vertical predominant disparity
waveform,
cycles/sec
1 X Pure P; J, incr/decr vel <2 <2 4-6 In phase
2 Alternating XT Pure pendular; jerk, 2-4 <2 4-6 In phase
(moderate) incr/decr vel
3 X Pure P; J, decr vel <2 <2 4-6 In phase
4 X P; J, incr vel <2 <2 4-6 In phase
5 X Pure P <2 <2 4-6 In phase
6 E Pure P <2 <2 6-8 Out of phase
7 E Pure P; J, incr/decr vel <2 <2 4-6 In phase
8 X Pure P 2-4 <2 4-6 In phase
9 X Pure P <2 <2 4-6 In phase
10 X/IE Pure P <2 <2 4-6 In phase
11 X Pure P <2 <2 4-6 In phase
12 X Pure P N/A N/A N/A In phase
13 X/IE Pure P; J, incr/decr vel <2 <2 4-6 In/out of phase
14 Alternating XT Pure P; J, incr/decr vel 4-6 4-6 6-8 In phase
(moderate)
15 E + primary IOOA Pure P; J, incr vel >6 <2 4-6 In phase
16 XT/ET (small) Pure P; J, incr vel 4-6 2-4 4-6 In/out of phase
17 X + secondary Pure P <2 <2 4-6 In/out of phase
IOOA
18 X Pure pendular <2 <2 4-6 In/out of phase

Decr, decreasing; E, esophoria; ET, esotropoia; Incr, increasing; IOOA, inferior oblique overaction; J, jerk;
N/A, not available; P, pendular; Vel, velocity; X, exophoria; XT, exotropia.
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