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Purrosk. Progressive decline of psychophysical cone-mediated measures has been reported in
type 1 (USH1) and type 2 (USH2) Usher syndrome. Conventional cone electroretinogram
(ERG) responses in USH demonstrate poor signal-to-noise ratio. We evaluated cone signals in
USH1 and USH2 by recording microvolt level cycle-by-cycle (CxC) ERG.

MEerHODS. Responses of molecularly genotyped USH1 (n = 18) and USH2 (n = 24) subjects
(age range, 15-69 years) were compared with those of controls (77 = 12). A subset of USH1 (2
= 9) and USH2 (n = 9) subjects was examined two to four times over 2 to 8 years. Photopic
CxC ERG and conventional 30-Hz flicker ERG were recorded on the same visits.

Resurts. Usher syndrome subjects showed considerable cone flicker ERG amplitude losses
and timing phase delays (P < 0.01) compared with controls. USH1 and USH2 had similar rates
of progressive logarithmic ERG amplitude decline with disease duration (—0.012 log uV/y). Of
interest, ERG phase delays did not progress over time. Two USH1C subjects retained normal
response timing despite reduced amplitudes. The CxC ERG method provided reliable
responses in all subjects, whereas conventional ERG was undetectable in 7 of 42 subjects.

Concrusions. Cycle-by-cycle ERG showed progressive loss of amplitude in both USH1 and
USH2 subjects, comparable to that reported with psychophysical measures. Usher subjects
showed abnormal ERG response latency, but this changed less than amplitude with time. In
USH syndrome, CxC ERG is more sensitive than conventional ERG and warrants consideration
as an outcome measure in USH treatment trials.

Keywords: cone function, microvolt electroretinogram, Usher syndrome, Usher genes

Human Usher syndrome (USH) is characterized by congen-
ital or early age bilateral sensorineural deafness and later
onset of visual acuity loss, impaired night vision and constricted
visual field due to co-occurring retinitis pigmentosa (RP). Usher
syndrome is the most common cause of deaf-blindness and the
most frequent form of recessively inherited RP,'"> comprising
18% of all RP.# Three clinical subtypes can be recognized based
on the onset age and severity of hearing loss and RP symptoms.
Usher syndrome type 1 is the most severe, with deafness at
birth and prepubertal RP onset, with most subjects showing
vestibular dysfunction. Usher syndrome type 2 causes less
severe hearing loss, and RP is diagnosed somewhat later, usually
during puberty.>> Usher syndrome type 3 subjects show a
progressive deafness and age of RP onset in the second to
fourth decade, along with variable vestibular dysfunction.’#
Usher syndrome is genetically heterogeneous, and 10 causative
genes have been identified thus far. The six USH1 genes (and
the proteins they encode) are MYO7A (myosin VIIA, MIM
276900), USH1C (harmonin, MIM 276904), CDH23 (cadherin
23, MIM 601067), PCDH15 (protocadherin 15, MIM 605514

[602083 is MIM for USH1F], similar issues other genes), SANS
(SANS, MIM 606943), and CIB2 (CIB2, MIM 614869). There are
three USH2 genes: USH2A (usherin, MIM 276901), GPR98 (G
protein-coupled receptor 98, MIM 605472), and WHRN
(whirlin, MIM 607696) while mutations of USH3A (clarin-1,
MIM 276902) are responsible for type 3.5-8 These 10 different
“USH proteins” are each required for the normal function of
hair cells in the inner ear and retinal photoreceptors. In the
photoreceptors, many of the Usher proteins have been
immunolocalized to synaptic terminals of photoreceptors and
to the pericilliary membrane zone adjacent to the connecting
cilium where they may be involved in flux of molecules
between the inner and outer segments. The localization of the
Usher protein interactome to two common intracellular sites
may explain why the retinal phenotype is similar across
different genetic and clinical types of USH.>~8

The time course of USH retinal degeneration has been
characterized for several of the genetic subtypes®!® and is
generally described as having rapid functional and anatomic
loss of rods followed by relatively slower loss of cones. The
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onset and rate of clinical disease progression differ among
subtypes, and the onset typically is earlier for USH type 1
(USH1) compared with types 2 (USH2) and 3 (USH3). The rate
of cone functional loss in USH has been evaluated mainly by
psychophysical methods (e.g., Jacobson et al.!'!), with annual
progression in the range of 10% to 14% for both USH1 and
USH2. Although cone-mediated electroretinogram (ERG) re-
sponses have been used successfully to monitor progressive
functional loss in many types of RP (e.g., Berson et al.'2), the
ERG is used less frequently to track progression in USH. One
factor limiting the use of ERG is the frequent severe reduction
of amplitudes early in the disease course. For example, the
cone flicker ERG can be affected so severely that it is difficult
to isolate signal from noise. Seeliger et al.'® recorded 33-Hz
flicker Ganzfeld ERGs and found a major amplitude loss and
timing phase delays in USH2 subjects, whereas USH1 subjects
showed amplitude losses but retained normal phase, leading
the authors to suggest using flicker ERG phase to differentiate
USH1 from USH2 subjects. Sandberg et al.'* reported the
disease course of cone dysfunction in USH2 by recording cone
flicker ERGs with the aid of digital filtering and extensive
averaging and found that cone flicker ERG amplitude declined
at 13% per year, similar to that observed for cone function in
psychophysical studies of USH1 and USH2 subjects.!®

The problem remains, however, that recording cone flicker
ERG is difficult in USH subjects. We addressed this issue by
exploring a method for recording small-amplitude flicker ERG
using “CxC analysis” with discrete Fourier analysis to isolate
response harmonic components.'® This (1) provides a robust
statistical estimate of the measurement uncertainty, (2) is
applicable to any periodic flicker response, and (3) appears
particularly useful for evaluating quite small responses from
advanced retinal degeneration. This study evaluated flicker
ERG recordings in molecularly genotyped USH1 and USH2
subjects using CxC analysis of the fundamental harmonic
component to quantify retinal cone function. We also
evaluated rate of change to compare the ERG temporal
properties between the two groups of subjects.

METHODS

Subjects

Forty-two subjects (age 15-69 years) affected by USH1 (7= 18)
or USH2 (n = 24), with identified genotypes (Table) were
included in the study. All subjects were seen as part of National
Eye Institute protocol 05-EI-0096/clinicaltrials.gov
NCT00106743. The study protocol conformed to the tenets
of the Declaration of Helsinki and was approved by the
National Institutes of Health Combined Neuroscience institu-
tional review board. Written informed consent was obtained
from all adult subjects and the parents of minor subjects.
Molecular genotyping was performed for all subjects, and two
mutant alleles were found for 36 of 42 subjects (Table). All
subjects underwent complete eye examination including Early
Treatment Diabetic Retinopathy Study (ETDRS) visual acuity,
Goldmann visual field, dilated fundus examination, and flash
ERGs recorded according to International Society for Clinical
Electrophysiology of Vision (ISCEV) standard protocols.!”
Protocol participants with ISCEV 30-Hz flicker amplitudes less
than 15 pV also had CxC ERG recorded. Diagnosis of RP was
based on nyctalopia, visual field constriction, observable
retinal pigmentary changes, and an abnormal ERG. Sensori-
neural hearing loss was confirmed and characterized by
audiometry. Subjects were asked about the age when they
first noticed vision problems of nyctalopia or visual field
constriction. This was considered as the age of disease onset,
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and disease duration was calculated as time between onset of
visual symptoms and examination date.

Nine USH1 and nine USH2 subjects underwent two to four
clinical and ERG follow-up examinations across a 2- to 8-year
span, with a 2-year average interval. The Table also shows the
amplitude and phase SDs derived from the three consecutive
measurements obtained for each patient in each recording
session (see also Results). For those subjects who underwent
clinical and ERG follow-up, ERG values are reported for their
final visit. The data from one eye of 12 healthy subjects (age
20-60 years) were used as control values.

ERG Recordings

Pupils were dilated with topical phenylephrine HCL 2.5%
and tropicamide 1%. Ganzfeld ERGs were elicited and
recorded according to a described technique,'®'® using a
Burian-Allen contact lens bipolar electrode (Hansen Oph-
thalmic Instruments, Iowa City, IA, USA) with topical
proparacain 0.5% anesthesia. The 32-Hz flash train had a
time-averaged luminance of 1.92 log cd/m2 in the Ganzfeld.
Subjects were light-adapted at 40 cd/m? for 10 minutes prior
to recording. The recording strategy has been described in
detail elsewhere.'® Briefly, it implements a discrete Fourier
transform of the response during each flash cycle, with the
series coefficient limited to the first six harmonics, which
contain the relevant biological information. Given the small
responses of the USH cohort, the second harmonic is not
reliable and was not tracked. The signal is digitized and
multiplied point-for-point with the sine and cosine functions
within a single 32-Hz flicker cycle (i.e., 31.25 ms). The ERG
signal is digitized at 12.288 kHz across two channels (for
right and left eyes, respectively), which provides 192 points/
cycle. Recording periods of 15 seconds were used for each
run, and three to five runs were recorded during each
session.

Molecular Analysis

Genomic DNA was sheared to approximately 400 bp using a
Covaris S2 sonicator (Covaris, Woburn, MA, USA) and
hybridized to a custom designed SureSelect library (Agilent
Technologies, Santa Clara, CA, USA) comprising 101 genes
known to cause hereditary hearing loss (detailed in the
Supplementary Methods). The DNA was sequenced on an
AB5500 sequencer (AB SCIEX, Framingham, MA, USA),'%2° and
the resulting 75 nucleotide reads mapped to the reference
human genome (hgl9) using LifeScope software (LifeTech,
Carlsbad, CA, USA). Variants were identified using LifeScope.
Suspected pathological variants were confirmed by conven-
tional PCR and Sanger sequencing in a Clinical Laboratory
Improvement Amendments (CLIA)-approved laboratory in the
National Institute on Deafness and other Communication
Disorders (NIDCD).2! Ninety-three percent of the targets had
greater than or equal to 20-fold coverage. The average depth of
target coverage was 482.

Statistical Analysis

Electroretinogram data were evaluated by elliptical statistics
using the sine and cosine values of the fundamental 32-Hz
harmonic derived from each ERG record. Both eyes were
tested, but only right-eye data were analyzed to avoid
overestimation of significance. Response amplitude and
phase were compared across patient groups and with
healthy controls by a multivariate analysis of variance with
Hotelling’s T? statistics. Amplitude data were normalized to
log,, values to better approximate a normal distribution.
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FiGure 1.

Typical CxC ERG results obtained from a healthy subject and a USH1 patient (#22 in the Table). Three records obtained in the same

session lasting a few minutes are shown for both the control and the patient. The patient’s response are plotted either on the same scale as the
control’s response (fop) or on a magnified scale (bottom). The cosine and sine values of the fundamental harmonic of each cycle of ERG response
are plotted as scatters of data points on rectangular coordinates. The average response vectors and the 95% confidence ellipses of the estimated

means are also depicted in each plot.

Phase data were converted into implicit time values using
the formula (phase degrees/360) X (1000 ms/32 cycles), and
values were bracketed to between 20 and 54 ms??> The ERG
data were also evaluated in relation to clinical data,
including age of disease onset and duration, visual field
grade (assessed according to Jacobson et al.'') and ETDRS
visual acuity. Pearson’s correlation was employed for this
analysis except for visual field grade correlation, which was
assessed by nonparametric ANOVA. Longitudinal analysis
was performed by plotting the log amplitude values and
timing phase as a function of disease duration.!! The rate of
log amplitude change was determined individually by linear

regression fits to the data. In all analyses, P less than 0.05
was considered statistically significant.

REsULTS

Typical results of CxC ERG analysis from a healthy subject and
an USH1 patient (#22 in the Table) are shown in Figure 1, with
three consecutive records obtained in each session that lasted
5 to 10 minutes. Recording for 5 seconds gives 160 responses
for analysis. The cosine and sine values of the fundamental
harmonic of each cycle of ERG response are plotted as the
scatter of the 160 data points on rectangular coordinates. The
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Ficure 2. Individual amplitude and phase data of the cone ERG

fundamental harmonic, recorded from all USH1 and USH2 patients.
Data from one USH2A patient (#20 in the Table) are not shown since
the response amplitude (27 uV) considerably exceeded the amplitudes
of all other patients. Normal control timing phase was 340° = 20° (SD),
corresponding to 29.5 *= 1.7 msec (SD). Subjects from both USH
subtypes showed latency timing phase delays that did not correlate
with the severity of amplitude loss.

average response vectors and the 95% confidence ellipses of
the estimated means (based on standard error of the mean
[SEM]) are also depicted in each plot. The difference in plot
amplitude makes the data scatter appear larger for the USH1
subject when in reality the scatter is comparable to the
controls. On a corresponding polar plot (not shown), each data
point would represent a vector whose length indicates the
component amplitude and the counter-clockwise orientation is
the phase angle (with 360° equal to the 31.25-msec interflash
interval at 32-Hz flicker). The fundamental harmonic responses
of the healthy subject are clustered in the lower right quadrant,
with 74-uV amplitude and 328° timing phase angle (values on
three repeat measurements were 72.6, 74.5, 77.6 puv; 331.1,
327.2, 329.5° (28.7, 28.4, 28.6 msec). USH1 responses have
major amplitude loss and are clustered in the upper right
quadrant, corresponding to a phase angle of 360° 4 30°, which
represents a delay of approximately 70°, or approximately 6-ms
delay, compared with the heathy subject. The confidence
ellipses estimate the statistical reproducibility.'® A reliability
analysis was performed for responses recorded in the same
session (n = 3) for USH1 or USH2 subjects by using the
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Ficure 3. Log ERG amplitudes versus disease duration for USH1 and
USH2 patients.

intraclass correlation coefficient. The intraclass correlation
coefficient was 0.903 (95% confidence interval [CI]: 0.80-0.96)
for USH1 subjects and 0.98 (95% CI 0.96-0.99) for USH2
subjects. Therefore CxC analysis provided highly repeatable
outcomes in the same session due to signal averaging of many
responses in the face of considerable noise even for small
amplitudes.

Figure 2 depicts amplitude and timing phase data of the
cone ERG fundamental harmonic of 42 USH1 and USH2
subjects as reported in the Table. One USH2A patient (#20, age
29 years, Table) is not shown, as her 27-uV response amplitude
considerably exceeded the depicted plotting range. The USH1
and USH2 groups show a substantial overlap, and MANOVA did
not reveal a significant difference between them (F[1,42]: 0.04,
P =0.8). Mean normal timing phase of controls is 340° = 20°
(SD; i.e., 29.5 £ 1.7 msec). Many USH subjects of both
subtypes had significant timing delay (P < 0.05). However,
timing delay did not correlate with severity of amplitude loss.
Many subjects with relatively larger amplitudes had timing
delays, while others with relatively smaller amplitudes
continued to have normal timing. Consistent with the report
of Seeliger et al,'> some of our USH1 subjects (Table) retained
normal timing despite substantially reduced amplitudes of less
than 4 pV. However, unlike the data reported by Seeliger and
coauthors,'® we also found abnormal timing in 11/18 USH1
subjects (61%) and normal timing for 9/24 USH2 subjects (37%
of our pool), indicating that ERG timing provided poor
diagnostic discrimination between the two subject groups.

Electroretinogram amplitudes plotted on a log scale
decreased progressively with disease duration for both USH1
and USH2 subjects (P < 0.05) at a rate of 0.012 log unit
amplitude/y (Fig. 3). This corresponds to an annual rate of
decline of 10.3% and is consistent with the range of 10% to 14%
found by cone psychophysical measurements. The log-linear
relation is consistent with an exponential decay model with
estimated mean slopes of —0.007 (SE=0.02) and of —0.07 (SE=
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Ficure 4. Scatterplot showing the implicit time values of the flicker
response fundamental component obtained with CxC recordings in
both USH1 and USH2 patients plotted as a function of the
corresponding values obtained with ISCEV standard ERG. Dasbed line
depicts 1:1 timing.

0.03) for USH1 and USH2 subjects, respectively. This difference
is not significant (P < 0.07).

Implicit time measurements of the ERG fundamental
harmonic of CxC recordings were highly correlated with
implicit times measured for the standard ISCEV Ganzfeld
flicker ERG (Fig. 4). Standard ERG flicker responses, however,
measured below 1 pnV in seven subjects (four USH1 and three
USH2). Implicit times were uncertain in an additional six
subjects (four USH1 and two USH2) because the small
amplitudes and considerable noise produced ambiguous
waveforms. For the remaining 26 subjects the correlation
between the two techniques was significant (r = 0.72, P <
0.001). Nonetheless, the individual values showed consider-
able scatter, and in one case the fundamental harmonic was 40
vs. 28 msec for the standard flicker. The 40-msec value was
reproducible in three subsequent recordings. As the funda-
mental component is thought to reflect input of cone
photoreceptors to bipolar cells,?? this difference implies that
proximal retinal activity varies widely across the spectrum of
USH subjects.

Amplitude decline with disease duration was seen in 15 of
the 18 subjects. Fewer show longer implicit time with disease
duration, however, as six of nine with USH1 exhibit
progressive amplitude decrease, but only four of nine have
progressively longer implicit times. Figure 5 shows the
longitudinal changes in amplitude and implicit time for the
study population. For USH2 subjects, nine show a progressive
amplitude decrease, but only four of these nine have
progressively longer implicit times. A McNemar’s test compar-
ing amplitude and implicit time changes in both groups of
subjects showed that amplitude was more sensitive than
implicit time in detecting ERG progressive loss over time (% =
5.14, P = 0.023). We conclude that amplitude is more likely
than implicit time to show a change for individual subjects over
shorter intervals. However, in general, the data for single
subjects are too sparse to judge whether they follow linear or
exponential kinetics over these short intervals.

Electroretinogram amplitude data also correlated with
visual field grade and visual acuity (Table). There was a trend
(nonparametric ANOVA, P = 0.07) for amplitude to decline as
visual field grade of subjects increased. Electroretinogram
amplitude also tended to increase as visual acuity of subjects
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increased (r = 0.45, P < 0.07), suggesting that CxC flicker ERG
losses are associated with clinical functional losses in USH
subjects.

DISCUSSION

This study used a CxC technique to record and analyze flicker
ERG responses'® in order to assess retinal cone-mediated
function in genetically characterized USH subjects. Psycho-
physical assessment of cone function has included visual
acuity, light-adapted kinetic perimetry,?4 color vision, and
automated light-adapted sensitivities at different retinal loci.!!
Relatively few ERG studies are available on cone function in
Usher subjects,'31425 as they generally have small amplitude
photopic responses that make differentiation of signal from
noise difficult. We found that the CxC method provided a
robust measurement of response amplitude and timing from
the Fourier-derived fundamental harmonic compared with
standard ERG recording techniques. Further, it gives a
statistical estimate of measurement uncertainty. Although the
ERG amplitudes were severely reduced in most of our USH1
and USH2 subjects, the measurements were reproducible and,
as shown by the confidence ellipses, could be statistically
differentiated from noise levels (Fig. 1). Intratest repeatability
yielded a high intraclass correlation coefficient in both USH1
and USH2 subjects (0.90 and 0.98, respectively).

USH1 and USH2 both showed a decrease of log ERG
amplitude with disease duration, at a rate of 0.012 log unit/y.
Similarly, for most individual subjects, longitudinal measures
showed a progressive loss of log amplitude that was
independent of genotype. This progressive loss of cone ERG
function is comparable to that observed with psychophysical
measures of cone function, including kinetic perimetry for
USH2 subjects?®27 and light-adapted cone sensitivity for USH
1C subjects.!! Our rate measurement also corresponds well
with that from the only other study using the cone ERG!%
(USH2 subjects). Electroretinogram latency timing for the
fundamental showed less change over time. Note also that this
rate of decrease is comparable to that found for a generalized
RP population.'>

Most USH1 and USH2 subjects showed delayed implicit time
compared with those of controls. A notable exception was
seen for two unrelated subjects with mutations in USHIC
encoding harmonin. These two USHIC subjects had an
amplitude loss without a delay. A previous study?® reported
that two siblings with homozygous 238_239insC USHIC
mutations had reduced cone ERG amplitude without delay
when tested at age 25 and 32 years. Further study is needed to
learn whether USH1C cone dysfunction presents with specific
pathophysiological aspects that could be used to differentiate
mutations of USHIC from other causes of USH and thus may
serve as a clinical marker.

The mean implicit time for the USH1 population (nz = 18)
was not different from that of the USH2 cohort (7 = 24). Our
data disagree with those of Seeliger et al.'®> who reported that
USH1 subjects have normal timing of the 33-Hz cone flicker,
unlike USH2 and typical RP subjects. Our results indicate a more
complex picture, as only seven (38.9%) of 18 USH1 subjects
with specific mutant alleles involving USHI1C and USH1B may
show normal response timing of their residual cone signals.

The ERG implicit time estimated using the CxC technique
was significantly correlated with implicit times measured by
the standard ISCEV flicker ERG. However, several subjects in
both the USH1 and USH2 groups, for whom the ISCEV standard
ERG was submicrovolt or the waveform was ambiguous
leading to an uncertain measurement of implicit time, had
reproducible values of CxC ERG. The CxC approach yielded far
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(A) Longitudinal flicker ERG response latency timing of USH1 and USH2 patients. Values were calculated from the phase measurements

(phase degrees/360 X 31.25 msec) and bracketing the resulting values between 20 and 54. The horizontal dashed lines in the plots denote the
normal 95% confidence limits for implicit time values. (B) Longitudinal ERG amplitude. Individual log ERG amplitude values plotted as a function of

time after diagnosis for USH1 and USH2.

fewer of these results and was more sensitive in following cone
function over time.

In considering the cellular locus of the prolonged response
timing, this might originate with the cone photoreceptors, in
which case one would expect to see change over time in USH
subjects. Some models of flicker ERG analysis posit that
interaction of signals from depolarizing and hyperpolarizing
bipolar cells, located postsynaptically to the cones themselves,
contributes to implicit time of the primate 30-Hz flicker
response.?? If this is the case, the stability of latency with
disease progression in USH may reflect a stable synapse-level
abnormality, consistent with some studies that indicate that
expression of USH proteins occurs in the synaptic terminal.”

A limitation of our study is that we identified only a single
allele mutation in 6 of 42 subjects (14%). This is not surprising,
as the large size and complexity of the USH genes limits
identifying biallelic mutations to 80% to 90% of cases.?9-3!
Screening for duplications, deletions and intronic mutations
finds a second allele in approximately 35% of USH2A patients
only.3? The yield with next generation sequencing is compa-

rable to Sanger sequencing.’® For this study, we made the
assumption that subjects with a characteristic clinical Usher
phenotype, plus at least one mutation allele in a known Usher
gene, were suitable for inclusion.

The present study presents several novel outcomes. To our
knowledge, this is the first longitudinal study to use the cone
flicker ERG to follow USH1 subjects with known mutations of
genes reported to be associated with USH. This complements a
previous study of USH2A.'# It also provides new information
on cone ERG timing versus genotype, as subjects were not
genotyped in the study by Seeliger et al.!> No previous Usher
syndrome study reports ERG latency phase changes over time.
The present results support the use of CxC ERG to evaluate
retinal cone dysfunction and monitor its progression in USH
subjects. This could be a useful adjunct to standard psycho-
physical techniques, and offers the opportunity to evaluate
some aspects of retinal cone function, such as processing
phase delay, which cannot be captured with other methods.
The significant delays found in both USH1 and USH2 subjects,
together with relative stability over time, suggest a temporal
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abnormality at the synaptic level that merits further investiga-
tion. Cycle-by-cycle ERG is a reliable method to measure and
follow small amplitude cone responses and is therefore
valuable as an outcome measure in USH clinical trials.
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