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ABSTRACT

Introduction: Joubert syndrome (JS) is an
autosomal recessive disorder characterized by a
congenital malformation of the mid-hindbrain
and a large spectrum of clinical features
including congenital retinal dystrophy. The
function of different retinal elements (rod,

Digital Features To view digital features for this article
go to https://doi.org/10.6084/m9.figshare.12582653.

G. Ruberto - C. Bertone - R. Fausto - L. Quaranta
Department of Surgical and Clinical, Diagnostic and
Pediatric Sciences, Section of Ophthalmology,
IRCCS Fondazione Policlinico San Matteo,
University of Pavia, Pavia, Italy

V. Parisi (X))
IRCCS Fondazione Bietti, Rome, Italy
e-mail: vincenzo.parisi@fondazionebietti.it

S. Signorini - M. Antonini
Child Neurology and Psychiatry Unit, IRCCS
Mondino Foundation, Pavia, Italy

E. M. Valente - V. Serpieri
Department of Molecular Medicine, University of
Pavia, Pavia, Italy

E. M. Valente

Department of Molecular Medicine, IRCCS
Mondino Foundation, University of Pavia, Pavia,
Italy

F. Manzoni

Scientific Direction Clinical Epidemiology and
Biometry Unit, San Matteo Hospital Foundation,
Pavia, Italy

cone, bipolar cells) can be objectively evaluated
by electroretinogram (ERG) recordings. Our
work aims to evaluate the retinal function (by
ERG recordings) in patients with JS with or
without congenital retinal dystrophy. In addi-
tion, since clinical trials should be performed in
the near future in JS, our results could provide
information about the possible usefulness of
ERG recordings in the assessment of the efficacy
of treatments targeted to improve the retinal
involvement.

Methods: In this observational and prospective
study, 24 children with genetic identification for
JS (mean age 10.75 £ 6.59 years) and 25 healthy
age-similar normal control subjects (control
group, mean age 10.55 £ 3.76years) were
enrolled. On the basis of the presence/absence of
retinal dystrophy at fundus examination,
patients with JS were divided into two groups:
patients with JS with retinal dystrophy (16 chil-
dren, mean age 11.00 & 6.74 years, providing 16
eyes; JS-RD group) and patients with JS without
retinal dystrophy (8 children, mean age
10.50 £ 6.45 years, providing 8 eyes; JS-NRD
group). In patients with JS and controls, visual
acuity (VA), dark-adapted, light-adapted, and
30-Hz flicker ERGs were performed according to
International Society for Clinical Electrophysi-
ology of Vision (ISCEV) standard protocols.
Results: When compared to controls, patients
in the JS-RD and JS-NRD groups showed signif-
icant abnormalities of the values of dark-adap-
ted, light-adapted, and 30-Hz flicker ERG
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parameters. The ERG and VA changes were not
significantly correlated.

Conclusions: Our results suggest that a dys-
function of photoreceptors and bipolar cells
occurs in patients with JS with or without reti-
nal dystrophy. The retinal impairment can be
detected by ERG recordings and this method
should be proposed to evaluate the effectiveness
of adequate treatment targeted to improve the
retinal impairment in patients with JS.

Keywords: Electroretinogram; Joubert syn-
drome; Ophthalmology; Retinal dystrophy

Key Summary Points

Why carry out this study?

Joubert syndrome (JS) is an autosomal
recessive disorder characterized by
congenital malformation of the mid-
hindbrain and a large spectrum of clinical
features including congenital retinal
dystrophy.

The function of different retinal elements
(rod, cone, bipolar cells) can be objectively
evaluated by using different types (dark-
adapted, light-adapted, and 30-Hz flicker)
of electroretinogram (ERG) recordings.

This observational and prospective study
was carried out to evaluate the retinal
function (by ERG recordings) in patients
with JS with (JS-RD group) or without (JS-
NRD group) congenital retinal dystrophy.
Our results should provide information
about the possible usefulness of ERG
recordings in the assessment of the
efficacy of treatments targeted to improve
the retinal condition.

What was learned from the study?

When compared to controls, patients in
the JS-RD and JS-NRD groups showed
significant abnormalities of the values of
dark-adapted, light-adapted, and 30-Hz
flicker ERG parameters. The ERG and
visual acuity changes were not
significantly correlated.

In patients with JS with or without retinal
dystrophy, a dysfunction of
photoreceptors and bipolar cells occurs
and this can be detected by ERG
recordings. ERG methods should be
proposed to evaluate the effectiveness of
adequate treatment aimed to improve the
retinal impairment of patients with JS.

INTRODUCTION

Joubert syndrome (JS) is an autosomal recessive
disorder characterized by a congenital malfor-
mation of the mid-hindbrain and a large spec-
trum of clinical features; the disease was first
described by Marie Joubert [1] who observed
four siblings with cognitive impairment, ataxia,
episodic tachypnea, eye movement abnormali-
ties, and cerebellar vermis agenesis. At present,
the diagnosis is based on the presence of the
typical “molar tooth sign” on brain imaging,
characterized by cerebellar vermian hypoplasia,
thickened and horizontalized superior cerebel-
lar peduncles, and a deepened interpeduncular
fossa [2].

The prevalence of JS has been estimated at
approximately 1:100,000 in the USA [3]. The
pathology can occur as an isolated neurological
disorder or can be associated with variable
involvement of other organs like the liver, kid-
ney, and retina (defined as “Joubert syndrome
related-disorders” [2, 3]).

In patients with JS over 30 genes are known
[4, 5], all encoding proteins of the primary cil-
ium, a subcellular organelle found on the sur-
face of most cellular types, making JS part of the
expanding spectrum of “ciliopathies” [6].

The visual system is also involved [7] and, in
particular, congenital retinal dystrophy [8-10],
jerky eye movements, nystagmus, strabismus
[1], oculomotor apraxia [11, 12], coloboma
[13, 14], and ptosis and extraocular muscle
limitation [15] are described in these patients.

In genetic disorders involving the retinal
structures, a current and interesting goal is to
increase the retinal function by different types
of treatment, including gene therapy. At
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present, there are no reported clinical trials on
JS aiming to improve the retinal condition.

Since in JS the visual dysfunction is mainly
related to the presence of congenital retinal
dystrophy [7-9], a particular interest is to assess
the function of different retinal elements (rod,
cone, bipolar cells) by using an objective
approach such as the recordings of different
types (dark-adapted, light-adapted, and 30-Hz
flicker) of electroretinogram (ERG) responses, by
standardized International Society for Clinical
Electrophysiology of Vision (ISCEV) protocols
[16].

In rare diseases, such as JS, the monitoring of
retinal function over time and/or after specific
treatments is a debated topic, because it is not
easy to find appropriate tests that can evaluate
both visual function and retinal function at the
same time. Although ERG is a sensitive objec-
tive tool for evaluation of retinal function, it is
generally neglected in the list of instrumental
tests for accurately monitoring potential chan-
ges after targeted innovative treatments.
Therefore, our aim was to evaluate the func-
tional condition of different retinal elements
(by ERG recordings) in patients with JS with or
without congenital retinal dystrophy. In addi-
tion, since appropriate clinical trials could be
performed in the near future for JS, our results
might provide new information on the possible
usefulness of ERG recordings to evaluate the
efficacy of treatments targeted to improve the
retinal condition.

METHODS

Patients

In this observational and prospective study, 24
children (mean age 10.75 £ 6.59 years) with a
neuroradiologically proven “molar tooth sign”
and with genetic identification for JS and 25
healthy age-similar (mean age 10.55 +
3.76 years) control subjects were included.
Patients with JS were enrolled at the Depart-
ment of Child Neurology and Child Psychiatry
IRCCS C. Mondino, Pavia, and underwent
complete ophthalmological evaluation (see
below) at the Section of Ophthalmology,

University of Pavia, IRCCS Fondazione Poli-
clinico San Matteo, Pavia. Patients with JS
underwent a complete diagnostic workup
including a detailed assessment of renal, liver,
and heart function, and received genetic coun-
selling. DNA for genetic studies by a next-gen-
eration-sequencing-based analysis of 120 ciliary
genes, including 27 genes known to cause ]S
[17], were available for all 24 enrolled patients.

Patients with JS and controls had a complete
ophthalmological examination including best
corrected visual acuity (BCVA) assessment.
Anterior segment evaluation with a slit lamp
was performed depending on the patients’
cooperation. Cycloplegic refraction (cyclopen-
tolate 1%) and dilated fundus examination with
indirect ophthalmoscopy were performed on
each patient.

On the basis of the presence/absence of
retinal dystrophy at fundus examination,
patients with JS were divided into two groups:

— DPatients with JS with retinal dystrophy: 16
children, providing 16 eyes (JS-RD group)

— Patients with JS without retinal dystrophy: 8
children, providing 8 eyes (JS-NRD group)

Demographic data, identified mutation,
observed type of retinal dystrophy, and visual
acuity detected in controls and JS-RD and JS-
NRD groups are reported in Table 1.

All procedures performed in this study were
in accordance with the ethical standards of the
institutional and/or national research commit-
tee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical
standards. The study was approved by the local
institutional review board (Scientific Commit-
tee of Section of Ophthalmology, University of
Pavia, IRCCS Fondazione Policlinico San Mat-
teo, Pavia, Italy). Informed consent was
obtained from all individual participants inclu-
ded in the study.

Visual Acuity Evaluation

In verbal children, BCVA was assessed by the
modified Early Treatment Diabetic Retinopathy
Study (ETDRS) charts (Lighthouse, Low vision
products, Long Island City, NY, USA) and
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Table 1 Demographic, identified mutation, type of retinal dystrophy, and visual acuity observed in control subjects and in
patients with Joubert syndrome with (JS-RD group) or without (JS-NRD group) retinal dystrophy

Controls JS-RD group JS-NRD group

Number 25 16 8
Age (years, mean =+ standard deviation) 10.55 + 3.76 11.00 + 6.74 10.50 + 6.45
Sex (male/female) 16/9 10/6 8/0
Identified mutation

CSorf42 0 2 4

cC2D24 0 2 4

KIF7 0 2 0

INPPSE 0 4 0

TMEM67 0 4 0

AHII 0 2 0
Retinal dystrophy

Chorioretinal coloboma 0 4 0

Retinal pigment (peripheral and/or macula) 0 8 0

Thinning of retinal vessels 0 4 0
Visual acuity (logMAR, mean =+ standard deviation) 0.046 £ 0.072 0.621 +£ 0.361 0.040 £ 0.001

expressed in logMAR values obtained at the
distances of 4, 2, 1, and 0.5 m. In preverbal and
nonverbal children, BCVA was measured with
Teller acuity cards (TACs) and the values were
converted to logMAR.

Electroretinography Assessment

Dark-adapted, light-adapted, and 30 Hz flicker
ERGs (flicker ERG) were performed according to
ISCEV standard protocols by using skin elec-
trodes [16].

In the analysis of dark-adapted and light-
adapted ERGs we considered a- and b-wave
implicit time (IT) and a- and b-wave peak-to-
peak amplitude (A). In the analysis of flicker
ERG the peak-to-peak amplitude (A) was con-
sidered (Fig. 1).

Statistical Analysis

The Anderson-Darling and Kolmogorov-Smirnov
tests were applied to verify that data were normally
distributed. Only one eye was chosen for each
patient.

Differences of values of BCVA and of all ERG
parameters between controls and both JS groups
were evaluated by the one-way analysis of vari-
ance (ANOVA). Pearson’s test was used to assess
the relationship between the values of BCVA
and those of all ERG parameters. All statistical
analyses were performed using SPSS version 26
(Statistical Package for Social Science IBM) and a
p value less than 0.01 was considered as statis-
tically significant.
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Fig. 1 Examples of dark-adapted clectroretinogram (D-A
ERG), light-adapted ERG (L-A ERG), and 30-Hz flicker
ERG (F-ERG) responses assessed in one control subject
(C#12 eye), in one representative patient with Joubert
syndrome with retinal dystrophy (JS-RD#9 eye), and in
one representative patient with Joubert syndrome without

retinal dystrophy (JS-NRD#6 eye). With respect to control

RESULTS

Visual Acuity Data

On average, a significant (p < 0.01) reduction in
BCVA values was observed when data from the
JS-RD group were compared to those of controls
and of the JS-NDR group. In the JS-RD group,
the greatest BCVA reduction was detected in
patients with INPPSE, TMEM67, and CSorf42
mutations. In the JS-NDR group, no significant
(p > 0.01) differences in BCVA values were
found with respect to those of controls.

100 0

eye, both JS-RD and JS-NRD eyes showed light-adapted
ERG and dark-adapted ERG with a delay in a- and b-wave
implicit times (dashed lines) and with a reduction in a- and

100 ms

b-wave peak-to-peak amplitudes (arrows) and a reduction
of F-ERG peak-to-peak amplitudes (arrows). ms millisec-
onds, UV microvolt

ERG Analysis

In Fig. 1 are reported representative examples of
dark-adapted ERG, light-adapted ERG, and
flicker ERG responses assessed in one control
subject (C#12 eye), in one JS patient with retinal
dystrophy (JS-RD#9 eye) and in one patient
without retinal dystrophy (JS-NRD#6 eye).

On Table 2 are reported the correlation
between the individual values of dark-adapted
ERG, light-adapted ERG, and flicker ERG
parameters and the corresponding values of
BCVA observed in JS-RD and JS-NRD groups.

Table 3 presents the mean data of light-
adapted ERG, dark-adapted ERG, and flicker
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Table 3 Mean values of dark-adapted electroretinogram (ERG), light-adapted ERG, and 30-Hz flicker ERG (F-ERG)
responses assessed in control subjects (C) and in patients with Joubert syndrome with (JS-RD group) or without (JS-NRD

group) retinal dystrophy

Dark-adapted ERG Light-adapted ERG F-ERG
a-wave b-wave a-wave b-wave A (log pv)
IT A (logpv) IT A (logpv) IT A (logpv) IT A (log pv)
(log ms) (log ms) (log ms) (log ms)
C (N =25)
Mean 13.271 46.125 28.875 71.542 11.042 12.933 28.813 29.355 34.063
SD 0.766 2.597 2.849 4.688 1.444 2.083 1.131 3.852 2.288
JS-RD (N = 16)
Mean 15.613 26.081 41.738 38.110 13.069 8.819 34.047 16.469 15.806
SD 3.111 10.369 10.333 20.099 2.786 4486 8.827 10.498 9.138
AV vs C
f(1,40) 13.101 86.142 35.053 64.561 9.392 16.332 8.692 31.444 92.022
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 < 0.001
JS-NRD (N = 8)
Mean 15.275 29.325 37.938 43.066 15.000 8.625 29.188 18.425 20.613
SD 2.647 14.336 5.421 18.930 4.520 4211 1.624 5.129 14.102
AV vs C
f(L,32) 11951 33.133 45.644 50.182 15.252 15.283 0.543 41.543 22.392
p 0.002 < 0.001 <0.001 < 0.001 <0.001 < 0.001 0469 < 0.001 < 0.001
AV vs JS-RD
f(1,23) 0.073 0.402 0.944 0.345 1.692 0.954 2.330 0.241 1.032
? 0.795 0.531 0.343 0.567 0.208 0.341 0.141 0.626 0.322

ANOVA statistical evaluation by one-way analysis of variance between groups. p values less than 0.01 were considered as

statistically significant (in bold)

N number of eyes, SD standard deviation, /7" implicit time, 4 amplitude, 7s milliseconds, ¥ microvolt

ERG parameters detected in controls and JS-RD
and JS-NRD groups together with a relative sta-
tistical analysis between groups.

The ERG results are reported separately in
the following subsections.

Dark-Adapted ERG
On average, in the JS-RD group a-wave and
b-wave ITs and A values were respectively

significantly (p < 0.01) increased and reduced
when compared to control ones.

In the JS-RD group, the greatest delay of
a-wave and b-wave IT and the greatest reduction
of a-wave and b-wave A were observed in
patients with INPPSE mutation.

Considering individual patients with JS-RD,
the a-wave and b-wave ITs and A values were
not significantly (p > 0.01) correlated with the
corresponding values of BCVA.

I\ Adis



3834

Adv Ther (2020) 37:3827-3838

On average, when compared to those of
controls, in the JS-NRD group a significant
(p <0.01) increase in a-wave and b-wave IT
values and a significant (p < 0.01) reduction in
a-wave and b-wave A values were found. JS-NRD
and JS-RD groups showed no significant
(p > 0.01) differences between the mean values
of all dark-adapted ERG parameters. When
considering the individual JS-NRD values, the
greatest delay of a-wave IT, the greatest reduc-
tion in b-wave A, and the greatest reduction of
a-wave A were found in patients with CC2D2A
mutation, whereas the greatest reduction of
a-wave A and delay of b-wave IT were detected
in patients with C50rf42 mutation.

In JS-NRD, no significant (p > 0.01) linear
correlation between the individual values of
a-wave and b-wave ITs and A values with the
corresponding values of BCVA was observed.

Light-Adapted ERG

On average, in the JS-RD group a significant
(p < 0.01) increase in a-wave and b-wave ITs
and a significant (p < 0.01) reduction in a-wave
and b-wave A values were found with respect to
control ones.

Considering the individual values detected
in patients with JS-RD, the greatest increase of
a-wave and b-wave IT and the greatest reduction
of a-wave and b-wave A values were found in
patients with INPPSE mutation.

The increase of a-wave and b-wave ITs and
the reduction of a-wave and b-wave A values
observed in individual patients with JS-RD were
not significantly (p > 0.01) linearly correlated
with the corresponding values of BCVA.

On average, in the JS-NRD group a signifi-
cant (p < 0.01) increase in a-wave IT values and
a significant (p < 0.01) reduction in a-wave and
b-wave A values with respect to those of control
ones were detected. No significant (p > 0.01)
differences were observed for the b-wave IT
values between JS-NRD and control groups. No
significant (p > 0.01) differences of the mean
values of all light-adapted ERG parameters were
found between the JS-RD and JS-NRD groups.

In the JS-NRD group, when considering the
individual values, the greatest delay of a-wave
and b-wave IT in the greatest reduction of
a-wave A were found in patients with C5orf42

mutation, whereas the greatest reduction of
b-wave A was observed in patients with CC2D2A
mutation. In the JS-NRD group, no significant
(p > 0.01) linear correlations were observed
between the individual values of a-wave and
b-wave ITs and A values and the corresponding
values of BCVA.

Flicker ERG

On average, in the JS-RD group, significantly
(p < 0.01) reduced amplitude values were found
with respect to control ones. In this group, the
greatest reduction of amplitude was observed in
patients with INPP5 mutation. Considering
individual patients with JS-RD, amplitudes were
not significantly (p > 0.01) linearly correlated
with the corresponding values of BCVA. On
average, when compared to controls, in the JS-
NRD group a significant (p < 0.01) reduction in
amplitude was found. JS-RD and ]JS-NRD groups
showed no significant (p > 0.01) differences in
amplitude values.

Considering individual JS-NRD values, the
greatest reduction of amplitude was detected in
patients with CC2D2A mutation. In JS-NRD, no
significant (p > 0.01) linear correlations were
observed between the individual amplitude
values and the corresponding values of BCVA.

DISCUSSION

The aim of our work was to evaluate the retinal
function (by ERG recordings) in patients with JS
with or without retinal dystrophy. As a conse-
quence of the ERG findings, this technique
could be suggested as an objective method for
the evaluation of effectiveness of credible
treatment in future clinical trials.

In our study, we performed three different
types of ERG recordings that allowed us to
evaluate selectively the function of different
retinal elements. In particular, in accordance
with ISCEV standards for clinical elec-
troretinography, we recorded dark-adapted ERG
that is a combined response arising from pho-
toreceptors (a-wave) and bipolar cells (b-wave)
of both the rod and cone systems (rod domi-
nated), light-adapted ERG that reflects the bio-
electrical activity of the cone (a-waves), and
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cone ON and OFF bipolar cells (b-wave), and
light-adapted 30-Hz flicker ERG that evaluates
the cone-pathway-driven response [16].

In our patients with JS-RD we found signifi-
cant abnormal dark- and light-adapted ERG and
flicker ERG responses when compared to con-
trols. Our findings are consistent with the very
few articles present in the literature [7, 18, 19].
Our results suggest that in patients with JS-RD
there is a dysfunction of both rod and cone
systems and ON and OFF bipolar cells [16]. The
observed dysfunction can be ascribed to both
rod and cone disorganization of photoreceptor
outer segments. This is suggested by the find-
ings obtained in animal models with an elec-
tron microscopy evaluation [20, 21], and by
morphological evidence in human studies per-
formed by using optical coherence tomography
assessment [22, 23].

In our cohort of patients with JS-RD, the
greatest ERG abnormalities were detected in
patients with INPPSE mutation and this may
represent a novel finding since in other previous
similar published works [7, 18, 19] there is a lack
of information about the relationship between
the increase of a- and b-wave ITs and the
reduction of a- and b-wave A values and the
specific detected mutation.

The genetic mutation can impact at different
levels and times in retinal development and
metabolism, resulting in a retinal functional
and morphological involvement. All this can be
explained by the data that in all JS genetic
types, the mutation implies a Wnt or hedgehog
(Shh) signal dysfunction and it is the role of
Wnt and Shh genes as regulator for normal
laminar organization of the retinal elements is
well known [24-27]. In addition, the lack or a
dysfunction of Wnt may induce a retinal pig-
mented epithelium hypertrophy or hyperplasia
(as observed in 8 of our 16 patients with JS-RD)
and failure of ventral retinal development
originating in a retinal coloboma (as observed
in 4 of our 16 patients with JS-RD) [27].

In our JS-RD group, large BCVA reduction
was detected in patients with INPPSE, TMEM67,
and C5o0rf42 mutations and this is consistent
with all data previously reported by Brooks et al.
[19].

In the JS-RD group, no significant correla-
tions were found between the reduction of
BCVA and ERG abnormalities. This can because
the data we obtained by performing different
types of ERG recordings reflect the bioelectrical
activity of different retinal elements of the
whole retina with a negligible contribution of
the macular region, which is strictly implicated
in the wvisual acuity assessment. For this
requirement, it would be useful to perform
multifocal ERG recordings that, by applying the
“ring analysis” [28-33], allow a functional
evaluation of cones and bipolar cells located in
the macular area [34]. Nevertheless, the multi-
focal ERG recordings require a particular ability
to maintain a stable fixation for the entire
duration of the examination and we believe
that cannot be correctly performed in children
with a low visual acuity such as our patients
with JS-RD.

An interesting finding of our work is that
significant abnormal ERG values (dark- and
light-adapted and flicker responses) were also
detectable in patients with JS without retinal
dystrophy (JS-NRD group). Such as for other
diseases (i.e., diabetes without retinopathy)
[35], a retinal dysfunction, in the absence of
retinal dystrophy at fundus examination, may
also occur.

The observed ERG findings may suggest that
all previously cited retinal development and
metabolism changes [24-27] can also occur
patients in the JS-NRD group, inducing a dys-
function of both rod and cone systems and ON
and OFF bipolar cells.

Since in the JS-NRD group no significant
changes in BCVA with respect to controls were
found, it is likely that the macular area is spared
from this involvement; however, to exclude this
possibility a multifocal ERG assessment would
be required. Also in this case, the same afore-
mentioned limitation (ability to maintain a
stable fixation) persists.

Our cohort of patients with JS-NRD com-
prised only eight children whereas there were
16 patients with JS-RD enrolled; this is in
accordance with data reporting a less frequent
absence of retinal dystrophy in this syndrome
[5, 20]. The greatest ERG abnormalities were
found in patients with both CC2D2A and
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C5orf42 mutations, whereas in the JS-RD group
it was in patients with INPPSE mutation. It is
worth noting that none of our enrolled patients
with JS-NRD had INPP5SE mutation. Our ERG
findings are similar to that reported in only one
case by Brooks et al., although the mutation was
not specified [19].

All ERG findings detected in our patients
with JS were similar to those observed in
patients with other retinal dystrophies (see
Creel for a review [36]). Recently, to obtain an
increase of retinal function, several clinical tri-
als have been performed in patients with
inherited retinal dystrophies by using different
types of treatments. In many of these studies
[37-44] the efficacy of the treatment was eval-
uated by measuring the changes of the ERG
responses. Actually, no similar studies have
been performed or are ongoing in patients with
JS with retinal functional or morphological
involvement.

CONCLUSION

Our results suggest that a dysfunction of pho-
toreceptors and bipolar cells occurs in patients
with JS with or without retinal dystrophy. The
retinal impairment can be detected by ERG
recordings, evaluating objectively the retinal
function changes; this method, associated with
psychophysical visual function measures (visual
acuity and visual field), may be proposed as a
tool able to evaluate the effectiveness of ade-
quate treatment, targeted to improve the retinal
impairment in patients with JS.
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