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Abstract: It remains unresolved whether central nervous system involvement in treated classical
galactosemia (CG) is a progressive neurodegenerative process. This study aimed to investigate retinal
neuroaxonal degeneration in CG as a surrogate of brain pathology. Global peripapillary retinal nerve
fibre layer (GpRNFL) and combined ganglion cell and inner plexiform layer (GCIPL) were analysed
in 11 CG patients and 60 controls (HC) using spectral-domain optical coherence tomography. Visual
acuity (VA) and low-contrast VA (LCVA) were acquired to test visual function. GpRNFL and GCIPL
did not differ between CG and HC (p > 0.05). However, in CG, there was an effect of intellectual
outcome on GCIPL (p = 0.036), and GpRNFL and GCIPL correlated with neurological rating scale
scores (p < 0.05). A single-case follow-up analysis showed GpRNFL (0.53-0.83%) and GCIPL (0.52—
0.85%) annual decrease beyond the normal aging effect. VA and LCVA were reduced in CG with
intellectual disability (p = 0.009/0.006), likely due to impaired visual perception. These findings
support that CG is not a neurodegenerative disease, but that brain damage is more likely to occur
early in brain development. To clarify a minor neurodegenerative component in the brain pathology
of CG, we propose multicenter cross-sectional and longitudinal studies using retinal imaging.

Keywords: classical galactosemia; optical coherence tomography (OCT); neurodegeneration; brain
damage; retina; visual acuity

1. Introduction

Classical galactosemia (CG, OMIM #230400) is an autosomal recessive disorder of
galactose metabolism caused by bi-allelic variations in the GALT gene, leading to a galactose-
1-phosphate uridyltransferase (GALT) enzyme activity of less than 1% [1]. Untreated
patients with CG manifest in the newborn period with poor feeding, failure to thrive,
jaundice, liver disease, cataracts, E. coli sepsis, and neonatal death [2]. Newborn screening
for galactosemia enabling an early initiation of a galactose-restricted diet, prevents the
life-threatening acute complications of the disease [3].

However, irrespective of timing of treatment initiation and degree of galactose restric-
tion, most affected patients have an involvement of the central nervous system (CNS) [4-7].
The majority of the patients present with cognitive difficulties [8,9], speech and language
disorders, including apraxia of speech or verbal dyspraxia [10-12], delay in social devel-
opment [13,14], and motor dysfunction, such as abnormal muscular tone, tremors, and
ataxia [15-18]. The long-term intellectual and neurological outcomes vary widely from
normal to severely impaired, even within families with identical GALT gene variations [5].
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The pathogenesis of CNS involvement in CG still remains unclear. There is an ongoing
debate as to whether CG is a neurodegenerative disease caused by long-term exposure to en-
dogenously produced galactose, poor dietary control, a combination of both, and/or other
undetermined factors [19-22]. This is in contrast to the hypothesis that CNS involvement
in CG is due to developmental abnormalities that are initiated in utero [15,23].

To understand whether CNS involvement in CG is a progressive neurodegenerative
process or results from brain damage occurring early in brain development is crucial when
considering new treatment strategies. To date, all potential new treatment strategies [24-31]
aim to influence the postnatal effects of the disease. Subsequently, long-term sequelae that
may be due to prenatal brain damage are not addressed.

Taken together, there is a need to better understand the pathogenesis of CNS involve-
ment in early treated CG patients. This requires further creative research approaches to
help clarify whether CG is a neurodegenerative disease.

One approach to study neurodegenerative processes in the CNS is to examine the
retina [32]. Anatomically and developmentally, the retina is known as an extension of the
CNS [32]. Several well defined neurodegenerative conditions that affect the brain also
manifest in the retina [32]. The retina, therefore, has been postulated as a surrogate of brain
health and a valuable model to study the CNS [33-35].

Optical coherence tomography (OCT) is a noninvasive examination technique of the
retina that allows to visualize the different layers of the retina at very high resolution, thus
providing a direct measure of neuronal integrity in neurodegenerative conditions [33,36-38].
The assessment of the peripapillary retinal nerve fiber layer (pRNFL), which contains
unmyelinated axons, and the combined ganglion cell and inner plexiform layer (GCIPL),
which contains retinal ganglion cell bodies, have been suggested as markers of subtle brain
changes and have been used to monitor disease progression and aid in diagnostics of
neurodegenerative diseases [39,40].

The aim of this study was to investigate by OCT whether patients with CG show signs
of retinal neuroaxonal degeneration in comparison to a healthy control cohort. Furthermore,
to investigate a possible association between axonal layers (pRNFL thickness) and neuronal
layers (GCIPL volume) with intellectual and neurological outcome parameters.

2. Methods
2.1. Study Population

All patients who had been diagnosed with CG by neonatal or selective screening, and
who were under regular care at the metabolic center of the Ludwig-Maximilians-University
hospital in Munich, Germany, were invited to participate in this study. Inclusion crite-
ria were confirmed CG and age six years and older. Exclusion criteria were: (i) ocular
comorbidities potentially confounding the interpretation of OCT results (spherical equiv-
alent >+5.5 diopters and <—5.5 diopters, astigmatism >+3 and <—3 diopters, history of
ocular disease e.g. cataract, macular degeneration, glaucoma, and intracranial hyperten-
sion), (ii) history of systemic disease known to affect the retina, e.g. diabetes, (iii) history
of any neurological disease unrelated to CG, (iv) prematurity <36 weeks of gestational
age, and (v) current pregnancy. Exclusion criteria were identified based on the patients’
medical history.

An amount of 25 eligible patients were identified and offered to participate in the
study. Thirteen patients decided to participate, and 11 of them met the inclusion criteria
and were included in the study between October 2021 and June 2022 (see Table 1). Two
patients could not be included due to exclusion criteria (cataract, recurrent headache).
Sixty age matched healthy controls (HC) from our OCT database (NeuroVisionLab, LMU
Hospital) were also included in the study.

The study was performed in accordance with the Helsinki II Declaration and approved
by the ethics committee of the Ludwig-Maximilians-University of Munich, Medical Faculty
(project no 19-0453). All participants and/or their legal representatives gave written
informed consent.



J. Clin. Med. 2023, 12, 2030

30f13

2.2. Clinical Data

The following clinical data were obtained from the patients’ records (Table 1): method
of diagnosis, age at start of treatment, genotype, GALT enzyme activity, erythrocyte
galactose-1-phosphate (G1P) concentration at diagnosis, and lifetime G1P concentration.
For the latter, the mean of all documented erythrocyte G1P concentrations after the age of
12 months was calculated. Measurements before 12 months of age were excluded, because,
as expected [6], G1P concentrations in our cohort were relatively stable from 12 months of
age, but not within the first year of life.

2.3. Outcome Data

To assess the intellectual outcome, information was obtained from the patient’s record.
The individual’s school and professional career, everyday life skills, and the results of
standardized age-specific intelligence tests if available were considered. The intelligence
tests used were the Wechsler Preschool and Primary Scale of Intelligence, the Wechsler
Intelligence Scale for Children, the Snijders-Oomen Non-verbal Intelligence test, the Kauf-
man Assessment Battery for Children, and the Wechsler Adult Intelligence Scale [41-45].
Patients were classified as intellectually disabled if they had an IQ < 75 [46], attended a
special needs school, were employed in sheltered workshops, and were unable to live
independently because of their cognitive impairment.

The neurological outcome was defined mainly by the presence or absence of movement
disorder. A neurological examination, including a standardized tremor rating scale, the
Fahn-Tolosa-Marin Clinical Rating Scale for tremor [47], and a standardized dystonia rating
scale, the Fahn-Marsden Rating scale for dystonia [48], were performed by one trained
examiner. In addition, data on speech development, ataxia, seizures, and the development
of gross and fine motor skills reported by the treating physician were retrieved from the
medical records.

2.4. Spectral-Domain Optical Coherence Tomography (SD-OCT)

OCT examination was performed using a SD-OCT (Spectralis, Heidelberg Engineering,
Heidelberg, Germany) with automatic real time (ART) function for image averaging as
described before [49]. The global pRNFL (GpRNFL) was measured with activated eye
tracker using 3.4 mm ring scans around the optic nerve (12°, 1536 A-scans). Macular layers
were calculated for a 6 mm diameter cylinder around the fovea from a macular volume
scan (20° x 20°, 25 vertical B-scans). Segmentation of the ganglion cell (GCL) and inner
plexiform layer (IPL) was performed semi-automatically using software provided by the
OCT manufacturer (Eye Explorer 1.9.10.0 with viewing module 6.3.4.0, Heidelberg Engi-
neering, Heidelberg, Germany). Based on the proposed consensus nomenclature [50,51],
the combined GCIPL (GCL + IPL) volume was calculated (Supplementary Figure S1).
The GCIPL thickness was derived from the GCIPL volume x1000/9 x 7. All scans were
checked for sufficient quality and segmentation errors and corrected by the authors (TC),
if necessary. OCT scans were acquired for both eyes in one participant. OCT data are
reported according to the APOSTEL (2.0) and OSCAR-Ib recommendations [50-52].

2.5. Visual Function Tests

Visual function tests were performed at the time of OCT examination. Visual acu-
ity (VA) was tested with the standard Snellen chart. Habitually corrected low-contrast
monocular visual acuity (LCVA) was acquired using 2.5% low-contrast Sloan letter charts
placed in a retro-illuminated light box at 2 m distance. Each chart consisted of 14 lines
with five letters per line that were standardized with equal difficulty per line and equal
spacing between the lines. The total number of correct letters identified on each chart was
tested to determine LCVA (maximum 70 letters). VA and LCVA were tested for both eyes
in one participant.
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Table 1. Demographic and disease-related information of classical galactosemia patients.
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Abbreviations: GALT; erythrocyte galactose-1-phosphate uridylyltranserase, G1P; galactose-1-phosphate, # Fahn-
Tolosa-Marin Clinical Rating Scale for tremor (maximum possible total score of 144), $ Fahn-Marsden Rating scale
for dystonia (maximum possible total score of 120), n.a., not available, * first family, ¥ second family.

2.6. Statistical Analyses

Statistical analyses were performed using SPSS Statistics 26 (IBM) by the lead author
(ASL-H).

Comparison of demographic data between the patient and control group was analyzed
by chi-square test. To analyze an association between clinical data and clinical outcome
parameters of CG patients, bivariate correlation analysis was performed, and subgroups
were compared using the Kruskal-Wallis test.

Mean values (mean) and standard errors (SE) of SD-OCT data and VA/LCVA were
calculated using a linear mixed effects model, which accounted for clustering because two
eyes were evaluated for each participant. The effects of disease status, age, and intellectual
disability on SD-OCT data and VA /LCVA were evaluated using generalized estimating
equation (GEE) regression models to account for within-patient inter-eye correlation. The
correlation matrix parameter was set to ‘exchangeable’. In these models, SD-OCT data and
VA /LCVA were the dependent variables, while patient’s disease status and/or intellectual
outcome status were the independent variable. Age was added as independent covariate.
To evaluate the association of SD-OCT data and neurological rating scale scores within the
CG cohort, partial correlation analysis controlling for age was applied.

For all analyses, p-values < 0.05 were considered significant.
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3. Results
3.1. Patients Characteristics and Disease Features

Eleven CG patients (age 17-48 years, mean =+ SD; 27.3 + 8.5 years) were included in
the study. The CG cohort included two families with two and three siblings, respectively.
The matching of patients and controls based on the age resulted in 60 HC (age 16-50 years,
mean =+ SD 28.9 & 8.9 years, x> = 46.3, p = 0.338).

Demographic data and disease-related parameters of the CG patients are shown in
Table 1. Four patients were diagnosed by selective screening within the newborn period
after the onset of disease-typical symptoms. Four patients were diagnosed by newborn
screening. At the time of admission to the metabolic center, all four patients showed signs
and symptoms of GC ranging from jaundice to liver failure, tubulopathy, and incipient
cataract, all completely resolved during the course of treatment. The remaining three
patients were diagnosed by family screening before the onset of symptoms. In all patients,
treatment was started within the newborn period between birth and 23 days.

The diagnosis of CG was confirmed by genotype and/or enzymatic analysis. Geno-
typing was available in nine of the eleven patients and showed the prevalent pathogenic
variant p.GIn188Arg as either homozygous (N = 6) or in a compound-heterozygous state
with the pathogenic variants p.Lys285Asn (N = 1) or p.GIn212Ter (N = 1). GALT enzyme
activity in erythrocytes was available in 10 of the eleven patients and was below the limit
of quantification in all of them.

All patients had elevated G1P concentrations at diagnosis (range 5-80 mg/dL). Of
note, three patients received lactose-free formula from birth due to a positive family history.
All patients followed dietary treatment consequently throughout life, demonstrated by
lifetime G1P concentrations within the therapeutic range (range 1.9-3.1 mg/d, mean + SD
2.4+ 0.4 mg/dL) [53,54].

Concerning the long-term clinical outcome, six patients were categorized as intellectu-
ally disabled. Of the remaining five patients, three had been found to have a low-average
IQ (80-89), three needed additional support during their school career, and all pursued
occupations that did not require higher cognitive performance.

A total of ten patients were diagnosed with movement disorders ranging from tremor
only (N = 4) to tremor with additional dystonia (N = 6) and ataxia (N = 3) affecting activities
of daily living. One patient was treated for seizures. Speech disorders ranging from
developmental speech delay to scanning speech and verbal dyspraxia were reported in
eight patients.

As expected, there were no significant correlations between time of treatment start or
GI1P concentration at diagnosis and tremor (start of treatment; r = 0.144, p = 0.672/G1P
concentration at diagnosis; r = —0.034, p = 0.931) or dystonia (start of treatment; r = 0.094,
p = 0.782/GI1P concentration at diagnosis; r = —0.220, p = 0.569) rating scale scores or
the intellectual outcome (start of treatment; r = —0.048, p = 0.888/G1P concentration at
diagnosis; r = —0.178, p = 0.646). Tremor (p = 0.578) and dystonia (p = 0.624) rating scale
scores were not significantly different in CG patients subgrouped according to the method
of diagnosis (family screening, newborn screening, or selective screening).

3.2. SD-OCT Parameters Related to Disease Status and Age

Twenty-two eyes of eleven CG patients were compared with 119 eyes of 60 HC.

There was no significant effect of disease status on the GpRNFL thickness and the
GCIPL volume (for both p > 0.05) (Table 2). Furthermore, there was no significant interaction
effect of disease status and age on GpRNLF thickness and on GCIPL volume (for both
p > 0.05) (Table 2). The range of GpRNFL thickness of all CG patients (86112 pm) was
within the range of the HC cohort (85-128 pm). The volumes of GCIPL were below the
HC range in N = 2 eyes of one patient (CG vs. HC range 1.59-2.28 mm? vs. 1.76-2.40 mm?
corresponding to a GCIPL thickness of 56.2-80.6 pm vs. 62.3-84.9 um).
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Table 2. Optical coherence tomography findings of classical galactosemia patients compared to

healthy controls.
SD-OCT HC cG Effect Effect
Parameters Disease Status Disease Status x Age
N =119 N=22
o o Wald Wald
Mean + SE 95% CI Mean + SE 95% CI Chi-Square p Chi-Square
GpRNFL [um] 1008 £1.0 98.8-102.8 102.4+1.8  98.8-105.9 0.62 0.431 0.31 0.579
GCIPL [mm®]  2.07 +0.02 2.03-2.1 2.01 £ 0.05 1.9-2.1 0.70 0.401 2.82 0.244

Abbreviations: SD-OCT; spectral-domain optical coherence tomography, HC; healthy controls, CG; classical
galactosemia patients, N; number of eyes, GpRNFL; global peripapillary retinal nerve fiber layer, GCIPL; ganglion
cell and inner plexiform layer. SE; standard error, 95% CI; 95% confidence interval.

3.3. SD-OCT Parameters Related to Clinical Outcome

GEE analysis with disease status and intellectual outcome as independent variables
showed no interaction effect on GpRNFL thickness (Wald Chi-square 2.13, p = 0.545)
(Figure 1a). As the number of CG patients without any movement disorder was limited to
two eyes from one patient resulting in inadequate power, cross-sectional subgroup analysis
with neurological outcome as independent variable was not performed. Partial correlation
analysis adjusted for age resulted in significant negative correlations between GpRNFL
thickness and tremor (r = —0.657, p = 0.001) and dystonia (r = —0.825, p = 0.000) rating scale
scores (Figure 1b).

Regarding GCIPL volumes, there was a significantly reduced GCIPL volume in those
CG patients with intellectual disability (mean £ SE 1.92 £ 0.07, 95% CI 1.8-2.05) compared
to HC (mean =+ SE 2.07 £ 0.02, 95% CI 2.03-2.1, p = 0.036) and CG without intellectual
disability (mean = SE 2.11 £ 0.04, 95% CI 1.8-2.05, p = 0.019) (Figure 1a). Partial correlation
analysis adjusted for age resulted in a significant negative association between the GCIPL
volume and tremor (r = —0.479, p = 0.028) and dystonia (r = —0.748, p = 0.000) rating scale
scores (Figure 1b).

3.4. Longitudinal Single Case Observation

In one single-case (patient No. 2), we had the opportunity to perform SD-OCT follow-
up analysis after 5.7 years. A comprehensive neurological workup performed as part of
clinical care was available in the records of this patient. Cranial magnetic resonance imaging
revealed frontal and parietal white matter hyperintensities, subcortical abnormal cerebral
white matter signal intensity, as well as cerebellar atrophy, all findings consistent with CG.
Cerebrospinal fluid examination revealed no evidence of an inflammatory abnormality or
barrier disruption.

Comparing baseline SD-OCT data and follow-up, GpRNFL decreased by right 0.88/left
0.52 um per year (annual decrease of right 0.83%/left 0.53%) between 19 and 25 years of
age (Table 3, Supplementary Figure S2). The GCIPL volume decreased by right 0.01/left
0.02 mm?, corresponding to an annual decrease in thickness of right 0.36/left 0.63 um
(annual decrease of right 0.52%/left 0.85%) (Table 3, Supplementary Figure S2).

Table 3. Longitudinal single-case observation of change in optical coherence tomography parameters.

SD-OCT Parameters Baseline Follow-up Annual Decrease Annual %
Decrease
GpRNFL [pm] right eye 106 101 —0.88 —0.83
left eye 99 96 —0.53 —0.53
GCIPL [mm3/(um)] right eye 2.02 (71.4) 1.96 (69.3) —0.01 (-0.37) —0.52
left eye 2.06 (72.9) 1.96 (69.3) —0.02 (—0.63) —0.85

Abbreviations: SD-OCT; spectral-domain optical coherence tomography, GpRNFL; global peripapillary retinal
nerve fiber layer, GCIPL; ganglion cell and inner plexiform layer.
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Figure 1. Effect of clinical outcome on global peripapillary retinal nerve fibre layer (GpRNFL)
thickness and combined ganglion cell and inner plexiform layer (GCIPL) volume. (a) Interaction
effect of diagnosis (HC; healthy controls, CG; classical galactosemia) and intellectual outcome on
GpRNFL thickness and GCIPL volume. (b) Association of GpRNFL thickness and GCIPL volume
with the Fahn-Tolosa-Marin Clinical Rating Scale scores for tremor and the Fahn-Marsden Rating

Scale scores for dystonia.

3.5. VA/LCVA Related to Disease Status and Intellectual Outcome

Twenty eyes of eleven CG patients were evaluated compared to 56 eyes of HC. One
CG patient (two eyes) had to be excluded because he could not read and was unable to
participate in the examination due to cognitive impairment. Visual acuity was not available
in all HC included in the study.

In the CG cohort, VA (mean =+ SE 0.66 + 0.08) and LCVA (mean =+ SE 25.6 £ 3.24)
were significantly lower compared to the HC cohort (VA; mean =+ SE 0.87 &£ 0.03, p = 0.009,
LCVA; mean + SE 34.8 4= 1.2, p = 0.006). GEE analysis revealed a significant interaction
effect of disease status and intellectual status on VA and LCVA (Table 4), with a significantly
lower VA and LCVA in those CG patients with intellectual disability.
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Table 4. Visual acuity of classical galactosemia patients compared to healthy controls.
HC CG Effect Disease Status x
Wlthou‘t Infe.llectual With Intellectual Disability Intellectual Disability
Disability
Wald
Mean =+ SE Mean + SE p Mean + SE p Chi-Square p
VA 0.87 £0.03 0.84 £ 0.05 0.613 0.48 £0.26 <0.001 * 13.5 0.001 *
LCVA 348+12 342+19 0.787 17.0 £7.63 <0.001 * 30.8 <0.001 *

[raw letters]

Abbreviations: HC; healthy controls, CG; classical galactosemia patients, VA; visual acuity, LCVA; low-contrast
visual acuity, SE; standard error, * p < 0.05.

4. Discussion

To contribute to the unresolved issue of whether CNS involvement in treated CG
is a progressive neurodegenerative process or a consequence of brain damage occurring
early in brain development [15,23], we examined CG patients for signs of neuroaxonal
degeneration using retinal imaging by SD-OCT. Overall, our data show no evidence of reti-
nal neuroaxonal degeneration in treated GC patients as a surrogate of neurodegenerative
disease compared to HC. However, we found significant associations between GpRNFL
thickness and GCIPL volume in CG patients with intellectual and/or neurological out-
come parameters.

Based on current knowledge, we hypothesize that, if GC was a neurodegenerative
disease, we would observe significant atrophy of GpRNFL and GCIPL compared with age-
matched HC, depending on disease status and duration. [39,40]. However, the GpRNFL
thickness was within the range of our HC cohort for all CG patients included in the study
and there was no significant effect of disease status on GpRNFL thickness. Supporting
this, the mean global pRNFL thickness of our CG cohort was comparable to the mean
PRNFL thickness of larger normative datasets in the literature [55,56]. There was also
no significant difference in GCIPL volume between CG patients and our HC cohort, and
the mean GCIPL volume (or corresponding mean GCIPL thickness) was comparable to
that of large normative data sets [55,56]. Taken together, we could not show evidence
of relevant retinal neuroaxonal degeneration for the group of patients with GC, neither
in comparison to our healthy control cohort nor in comparison to published normative
databases, although all of our patients had intellectual and/or neurological complications.

Thus, according to our hypothesis, our findings do not suggest that CG is a neurode-
generative disease. Rather, they support that brain damage occurs early during brain
development [15]: the major morphologic development of the retina takes place prenatally
and the newborn retina is composed of the different layers as in adults. However, the mat-
uration of the retina occurs postnatally [57,58], and it has been demonstrated in vivo that
central retinal and foveal thickness increase logarithmically between birth and four years
of age, and foveal development is not complete until the age of 12 years [59]. Therefore,
potential effects of brain damage that occur early in brain development might be minimized
by the ability of the retina to develop until adolescence.

Alternative explanations for our findings, which show no evidence of relevant retinal
neuroaxonal degeneration, could be that the neurodegeneration in GC is not generalized
but is restricted to specific brain regions (e.g., cerebellum, basal ganglia) or that the CNS
involvement in CG is due to functional disorders, both pathologies that are not detected
by retinal imaging. However, we consider it unlikely that these are the sole explanations
for our findings, as decreased cerebral grey and white matter volume has been found in
CG [21].

Although we did not find evidence of retinal neuroaxonal degeneration in our CG
cohort compared to the HC cohort, there was a significant correlation of GpRNFL thickness
and neurological (tremor, dystonia) rating scale scores. The correlation effect was mainly
driven by two eyes of one patient who had the most marked movement disorder. For the
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GCIPL, findings were more pronounced: the same patient had a GCIPL volume below the
HC range and there was a significant association of GCIPL volumes in the overall CG cohort
not only with the neurological rating scale scores for tremor and dystonia but also the
intellectual outcome. For other neurodegenerative diseases, it has been demonstrated that
the GCIPL is superior to distinguish affected and healthy individuals [60-63]. Furthermore,
we had the opportunity to perform a SD-OCT follow-up study in one single CG patient with
intellectual disability and marked movement disorder. This revealed an annual decrease
in GpRNFL and GCIPL thickness that was higher than the proportion of GpRNFL and
GCIPL thinning attributed to normal aging in published healthy cohorts [64,65]. Whether
these observations point to a partial progressive neurodegenerative component in the
pathogenesis of CNS involvement in CG is merely speculative based on this pilot research
project. However, our data motivate multicentre cross-sectional and longitudinal studies in
larger CG cohorts to further evaluate neurodegeneration in CG using the retinal model.

Results of visual function revealed a significantly reduced VA and LCVA in CG patients
with intellectual disability. This outcome may be biased by impairments in visual percep-
tion and spatial processing, as has been demonstrated for patients with CG [66-68]. To our
knowledge, visual function impairment independent of cataract has not been described
in patients with CG, a patient population that is regularly monitored by ophthalmolo-
gists [3,69,70]. Considering this, the poor performance of CG patients with intellectual
disability in terms of VA and LCVA observed in the present study is likely due to cognitive
dysfunction per se rather than decreased visual dysfunction.

Limitations of the Study

The main limitation of this study is the relatively small sample size due to the low
prevalence of this rare disease, which is about 1:77,000 in Germany [71]. This may have
resulted in an underestimation of a possible small effect (considering the distribution
of the GCIPL volume in our CG cohort) or an overestimation of random distribution
(considering the correlation between pRNFL thickness or GCIPL volume and neurological
rating scale scores).

Another limitation is that standardized MRI scans were not included in this study.
However, abnormal cerebral white matter signal intensity, white matter hyperintensities,
cerebral atrophy, and cerebellar atrophy have repeatedly been described in patients with
CG with the underlying molecular mechanisms remaining elusive [19,21,67,72-74].

5. Conclusions

This exploratory study of retinal imaging in CG patients supports the hypothesis that
CNS involvement in treated CG patients is not primarily a progressive neurodegenerative
process, but that brain damage is more likely to occur early in brain development. If this
holds true, it will raise questions about future treatment approaches in CG with respect to
CNS involvement, as all new treatment strategies to date aim to influence the postnatal
effects of the disease. However, given the significance of our main statement, it is impor-
tant to emphasize that we cannot exclude a minor neurodegenerative component in the
pathogenesis of CNS involvement in CG. Multicenter cross-sectional studies on larger CG
cohorts and longitudinal research that reveals the course of retinal neuroaxonal degenera-
tion parameters could clarify a partial contribution of progressive neurodegeneration to
the pathogenesis of CNS involvement in CG. For this purpose, we propose retinal imaging
by SD-OCT as a sensitive, reliable, safe, low-burden, low-cost, and easy-to-use tool.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm12052030/s1, Figure S1: Spectral-domain optical coherence
tomography macular scan with retinal structures highlighted according to the consensus nomencla-
ture.; Figure S2: Baseline and follow-up spectral-domain optical coherence tomography in patient
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