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Abstract

Optical coherence tomography (OCT) is a non-invasive imaging technique in the field of ophthalmology that has been increasingly rec-
ognized for its capability to identify potential biomarkers in neurodegenerative processes. While the retinal nerve fiber layer (RNFL)
has been vastly explored, this review focuses on the ganglion cell layer (GCL), highlighting its relevance and potential advantages in the
diagnostic approach and monitoring of neurodegenerative conditions. In the present review we explore the role of GCL changes detected
by OCT in Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS). We focus on these conditions due to their
prevalence and substantial social impact among neurodegenerative diseases. We summarize key findings on the changes in the GCL and
their correlations with disease progression and severity. Moreover, we highlight GCL measurements in the context of a multidisciplinary
diagnostic approach, and their potential in adapting tailored therapeutic strategies in neurodegenerative disease management. Challenges
such as methodological variability in OCT measurements, automatic instrumental output parameters, the limitations of GCL as a stan-
dalone diagnostic tool, and the impact of systemic and ocular factors are discussed. Finally, we propose that forthcoming advancements
in OCT technology, integration with other biomarkers, and longitudinal studies will likely further enhance the understanding of GCL
changes over time.

Keywords: ganglion cell layer; spectral domain optic coherence tomography; Alzheimer disease; Parkinson’s disease; multiple sclerosis;
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1. Introduction
Retinal tissue and the optic nerve share an embryolog-

ical origin with the central nervous system, as they both de-
rive from the neuroectoderm [1–9]. Given the similarities
in structure and characteristics, there is a growing interest
in utilizing retinal in vivo imaging as a potential diagnos-
tic and monitoring tool for neurological conditions, partic-
ularly neurodegenerative diseases [1–9].

Optical coherence tomography (OCT) delivers rapid,
non-invasive, cost-effective, and accessible imaging with
near-histological precision, facilitating the distinct identi-
fication of individual retinal layers. OCT evaluation of
the inner retinal structures, such as the retinal nerve fiber
layer (RNFL), inner plexiform layer (IPL), and ganglion
cell layer (GCL), is valuable in evaluating neurodegener-
ative diseases [1,6–13] (Fig. 1, Ref. [14]).

Traditionally, the diagnosis and follow-up of neu-
rodegenerative pathology often involves costly and time-
consuming neuroimaging examinations such as magnetic
resonance imaging (MRI) and positron emission tomog-
raphy (PET) scans. In contrast, in vivo retinal imaging
through OCT offers a quicker and more widely available

alternative. Moreover, OCT can capture micrometric vari-
ations that are not discernible with conventional neuroimag-
ing techniques [1–3,10,13]. Therefore, a significant quan-
tity of publications have recently emerged, exploring the re-
lationship between retinal imaging and traditional biomark-
ers of neurodegenerative diseases. While it is not antic-
ipated that retinal imaging will supplant neuroimaging as
the main diagnostic tool for neurodegenerative processes,
nor serve as a standalone diagnostic criterion, its potential
to efficiently deliver further insights is undeniable [1–3,6–
9,12,13,15]. The integration of OCT could prove instru-
mental during the diagnostic and screening phases—owing
to its rapidity and non-invasiveness—and throughout the
monitoring phases of disease, significantly enhancing pa-
tient care quality [1–3,6–9,12,13,15].

The three innermost layers of the retina are the RNFL,
the GCL and the IPL, also known as the ganglion cell com-
plex (GCC) [1,10]. The RNFL constitutes the axons, the
GCL contains the cell bodies of the inner retina’s third neu-
ron, making it a critical indicator of neuronal loss, and the
IPL contains the ganglion cell dendrites primarily consist-
ing of synaptic connections [11]. The RNFL has demon-
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Fig. 1. Retinal layers optical coherence tomography (OCT) depiction. Horizontal spectral domain optical coherence tomography
(SD-OCT) cross-sectional scan passing through the fovea. The various retinal layers are shown with added color overlayers on the left
side as follows: blue: retinal nerve fiber layer; green: ganglion cell layer; orange: inner plexiform layer; yellow: inner nuclear layer;
pink: outer plexiform layer; red: outer nuclear layer. The right side shows original SD-OCT output in scales of grey. From Di Pippo M,
Fragiotta S, Di Staso F, Scuderi L, Abdolrahimzadeh S. The Role of Alpha-Synuclein Deposits in Parkinson’s Disease: A Focus on the
Human Retina. International Journal of Molecular Sciences. 2023; 24: 4391. https://doi.org/10.3390/ijms24054391 [14].

strated a strong correlation with disease markers and has
been extensively studied [4,5,16–23], but the presence of
large retinal vessels in the peripapillary region can compli-
cate RNFL measurement, as these vessels may obscure or
alter the apparent thickness of the RNFL [24]. In contrast,
the GCL is not affected by vascular structures, potentially
offering more consistent measurements [25]. While this pa-
per focuses on the GCL, including the IPL may be ben-
eficial for understanding trans-synaptic degeneration and
other neurodegenerative mechanisms by offering a more
comprehensive view of retinal layer changes. Nevertheless,
analysis of the GCL reflects its prominence in the existing
literature and ensures consistency in synthesizing findings
[26,27].

In this review, we aim to summarize the existing liter-
ature on the role of the GCL as a biomarker in Alzheimer’s
disease (AD), Parkinson’s disease (PD), and multiple scle-
rosis (MS), highlighting the GCL as a valuable biomarker
across neurodegenerative diseases. In AD the thinning of
the GCL correlates with cognitive decline, suggesting its
potential as a biomarker for integrating diagnosis and mon-
itoring disease [28]. In PD, GCL thinning is associated with
both motor and non-motor symptoms, reflecting broader
central nervous system involvement [29]. InMS,GCL thin-
ning correlates with disease activity and progression, par-
ticularly in cases of optic neuritis [30]. When integrated
appropriately into a diagnostic workflow, OCT imaging of
the GCL can significantly enhance the diagnostic process
and longitudinal neurodegenerative disease evaluation.

2. The Ganglion Cell Layer as a Biomarker
The complexity and frequently invasive nature of tra-

ditional diagnostic methods in the diagnosis and follow-up

of disease progression have posed significant challenges in
the management of neurodegenerative conditions. Given
the crucial need for early diagnostic approaches, there is
an ongoing imperative to develop and enhance techniques
for detecting initial pathological signs while ensuring they
are minimally invasive. Recent advances in medical imag-
ing have highlighted the role of retinal imaging methods
as a potential tool in the diagnostic workup of neurodegen-
erative diseases [2,3,14]. The retina, an accessible exten-
sion of the central nervous system, shares many anatomical
and physiological characteristics with brain tissue [28,31].
This has led to the hypothesis that changes occurring in cen-
tral degenerative diseases might be reflected, or even antici-
pated, at the retina [4,5,16,17,32]. The retinal GCL and the
RNFL contain the neuronal body and axons that connect
the photoreceptors with the pathways of vision in the cen-
tral nervous system. These structures can be analyzed using
OCT, which enables in vivo assessment of the GCL, IPL,
and RNFL thickness [18]. The basis for GCL evaluation as
a valid biomarker lies in the fact that retinal ganglion cells
(RGC) are neurons located in the GCL [1,11,33–38]. This
leads to a strong likelihood that, neurodegenerative changes
affecting the retina would have an impact on this specific
layer [26]. Indeed, it has been extensively reported that
cognitive impairment is related to thinning of the neuronal
retinal layers, specifically impacting the RGCs observed
through retinal layer segmentation provided by OCT soft-
ware [18,19,33–35]. Thinning of the GCL has been linked
to cognitive decline in AD, motor and non-motor symptoms
in PD, and disease activity in MS [29,30,33].
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3. GCL Changes in Alzheimer’s Disease
AD is a neurodegenerative disease that represents the

predominant cause of dementia. The condition primarily
starts with episodic memory deficits, and as the disease
progresses, patients experience difficulty in routine activ-
ity, cognitive status changes, and visual alterations, even-
tually leading to brain atrophy [39]. Historically, AD was
diagnosed at autopsy, while the clinical diagnosis was con-
sidered as “probable AD”. Over time, the definition of
AD has broadened, encompassing both a prototypical clin-
ical syndrome lacking neuropathological confirmation and
neurologically-defined AD [18,40].

Research on AD benefits from the ongoing develop-
ment of biomarkers indicative of critical neuropatholog-
ical changes such as β-amyloid (Aβ) deposition, patho-
logical tau, and neurodegeneration, where a definitive di-
agnosis currently relies on invasive procedures that aim
to identify these deposits [18,41]. Additionally, diagnos-
tic methods like MRI, PET, and cerebrospinal fluid (CSF)
for Aβ and tau detection, along with serological exams
for genetic markers, have proven valuable [42]. Mori-
naga et al. [43] reported that CSF biomarkers were most
sensitive at Clinical Dementia Rating (CDR) 0.5 (90.0%),
while fluorodeoxyglucose-PET (FDG-PET) (96.7%) and
CSF biomarkers (95.5%) were highly sensitive at CDR 1.
At CDR 2, all tools showed consistently high detection
rates. Despite their diagnostic utility, the disadvantages
of these methods are the high costs, invasive nature, and
variable sensitivity and specificity. Therefore, AD diagno-
sis is substantially clinical [18,42], predominantly through
anamnestic and clinical neurological assessment and evalu-
ation of cognitive status. The latter is through applications
such as the Mini-Mental State Examination (MMSE) and
the CDR scale, which can be time-consuming and challeng-
ing to carry out accurately, even by specialists [18,40,42].

The pathological finding in the retina of AD patients
is the deposit of Aβ plaques in the GCC [18]. AD patients
often report blurred vision and visual symptoms, including
alteration in spatial contrast sensitivity, motion perception,
and color discrimination [44–47]. These conditions were
thought to be secondary to impairment in the visual cor-
tex or degeneration in higher cortical areas [48]. As more
data has been gathered through the years and technology has
advanced it has become clear that the locus of the pathol-
ogy is not cortical but rather at a pre-cortical level. Iseri
et al. [49] reported physiological visual evoked potential
(VEP) responses, suggesting that although there is RNFL
loss, there is no contextual involvement of the primary cor-
tical region. Blanks et al. [34] identified a retinal correlate
for AD through histological examination. They reported
a 25% loss of GCL neurons in the foveal/parafoveal area.
This was the rationale for implementing OCT documenta-
tion for AD [49]. In a recent study, Kao et al. [18] analyzed
156 patients, dividing them into two groups based on their
MMSE scores. One group included patients with mild AD,

who had MMSE scores ranging from 21 to 26, while the
other group included those with moderate AD, with scores
from 14 to 20. These authors found that the ganglion cell-
inner plexiform layer (GC-IPL) was particularly vulnera-
ble to damage in AD, showing a reduction in overall thick-
ness [18]. This pattern alignedwith similar findings in other
studies [49–51]. The thinning of the retinal layers was par-
ticularly evident in the 1–3 mm ring of the macula due to
the distribution of the RGCs, the density of which is higher
in the central retina, diminishing centrifugally [18].

OCT evaluation could be useful in the diagnostic
phase and in monitoring disease activity. Although not well
established, Kao et al. [18] hypothesized that there could be
a correlation between disease severity, evaluated through
cognitive function impairment, and macular thickness as
they found that retinal thickness correlated with clinical dis-
ease severity measured with both MMSE and CDR but bet-
ter aligned with the CDR scores.

Wisely et al. [52], based on OCT and optical coher-
ence tomography angiography (OCTA), developed a con-
volutional neural network (CNN) to evaluate AD using
multimodal retinal images. These authors analyzed images
from 284 eyes of 159 subjects [52]. The CNN model suc-
cessfully distinguished AD from healthy controls. The GC-
IPL maps were identified as the most reliable value in dis-
cerning between AD subjects and healthy controls, achiev-
ing a high predictive accuracy (area under the curve (AUC)
of 0.809). The integration of multiple imaging modalities
and patient data further enhanced the model’s performance
(AUC of 0.836), showing the potential of retinal imaging
using OCT scans as a rapid and non-invasive method for
early AD monitoring [52]. Santangelo et al. [53] recently
studied a total of 137 patients: 43 with AD, 37 with mild
cognitive impairment (MCI), and 57 healthy controls as-
sessed through OCT examination to evaluate the RNFL,
GCL, and IPL. The authors found that the reduction in mac-
ular GCL thickness, serving as a biomarker, was more spe-
cific for AD, while the peripapillary RNFL was signifi-
cantly reduced in thickness both globally and in the superior
quadrant in MCI and in AD, with no major differences be-
tween the two, thus, making GCL a better fit as a diagnostic
biomarker [53]. The authors, however, did not report on ax-
ial eye length measurement, which can affect retinal layer
thickness values. Thinning of the GCL in AD was also ob-
served predominantly in the central and temporal regions of
the retina, aligning with the distribution of RGCs [54].

Wang et al. [55] conducted a cross-sectional study
including 159 patients with AD and 299 healthy control
subjects in order to assess the diagnostic role of a machine
learning (ML) model. The authors found a positive correla-
tion of GCL thickness with CSFAβ42/Aβ40 and a negative
correlation with CSF p-tau levels. IPL thickness showed a
positive correlation with CSF Aβ42 levels and a negative
correlation with CSF t-tau levels. The authors hypothe-
sized that retinal Aβ and tau levels could reflect brain levels
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[55]. However, these authors did not carry out a longitudi-
nal study in order to assess the progression of neurodegen-
eration and reported that patients with more advanced stage
AD (CDR = 3) were not included in the study based on a
lack of patient cooperation necessary for OCT imaging and
neurophysiological examinations. Indeed, while the GCL
offers a promising window as an effective biomarker in AD
progression, findings must be interpreted with caution, and
further longitudinal studies are necessary to better define
the utility of GCL measurements in the broader diagnostic
and monitoring strategies for AD.

The diagnosis of AD is predominantly clinical, given
the well-documented limitations of the methods required
for definitive instrumental and laboratory diagnosis [18,41,
42]. In this context, OCT analysis could serve as a valuable
tool in managing the disease. Several studies have shown
that a reduction in GCL thickness may serve as a marker not
only to differentiate between healthy and affected individ-
uals [52,53] but also to distinguish between different stages
of the disease [49,56]. A limitation lies in the nonspecific
nature of this finding, which can be addressed through a
comprehensive patient evaluation. Thus, retinal thickness
analysis should not be considered a standalone metric but
one of several parameters to observe in a global patient ap-
proach.

4. GCL Changes in Parkinson’s Disease
PD is a progressive neurodegenerative disorder char-

acterized by degeneration of dopaminergic neurons in the
substantia nigra, and abnormal protein aggregates (mainly
alpha-synuclein) known as Lewy bodies [57,58]. The ab-
normal aggregates cause progressive neuronal loss and,
consequently, decreased dopamine, resulting in a multitude
of motor and non-motor symptoms [59,60]. The etiology
of PD is not completely understood, and only a small per-
centage of defined monogenic mutations have been shown
[61]. Therefore, most forms are idiopathic, and recognizing
characteristic symptoms, even in the early stages, is cru-
cial for the diagnosis. However, PD presents with a wide
range of clinical features, including motor and non-motor
symptoms, reflecting its heterogeneous nature [62]. While
the classical motor triad of tremor, rigidity, and bradykine-
sia is often used for diagnosis, non-motor symptoms such
as cognitive decline, sleep disturbances, autonomic dys-
function, and impaired olfaction frequently precede motor
symptoms by years. The variability in symptom presenta-
tion and progression has led to subclassifications, including
tremor-dominant and non-tremor-dominant PD, each with
distinct clinical features and treatment responses. This di-
versity underscores the complexity of diagnosing and man-
aging PD [59,62]. Given the multiplicity of possible clini-
cal presentations, misdiagnoses often occur, leading to de-
lays in the therapy and management of these patients.

Documented retinal changes in PD patients were ex-
tensively studied through histopathological investigations

on both human and animal models. These studies sug-
gested that retinal damage and subsequent layer atrophy pri-
marily arose from deposits of α-synuclein (αS) [63] and
depletion of levodopa [64]. The presence of αS was ob-
served as abnormal deposits in the retina in numerous ani-
mal studies [65–67]. However, although there is evidence
of the presence of αS and beta-synuclein in the IPL, this
does not appear to be the only layer where these deposits
can be found, and it is not clear whether the IPL represents
the first layer in which these lesions appear; the exact lo-
cation and progression over time of these deposits are still
not completely defined [68]. αS is believed to influence
neurotransmission among photoreceptors, amacrine cells,
and bipolar cells [69]. Furthermore, the presence of in-
tracytoplasmic inclusions of αS positively correlated with
similar ubiquitin inclusions, allowing further parallels be-
tween the eye and the brain [70]. According to Archibald
et al. [71], the impact of these αS deposits includes di-
rect damage to retinal layers and, together with dopamin-
ergic deficits, leads to significant remodeling of amacrine
cell connectivity circuits and reduced trophic support at the
retinal level. These effects collectively contribute to RGC
dystrophy. Furthermore, histological studies on PD patients
showed the presence of a phosphorylated form of αS, de-
nominated p-syn, within the RNFL, GCL, and inner layers
of the IPL [63,72–74]. Notable are intraneuronal globular
Lewy bodies within the inner nuclear layer (INL), diffuse
αS in the IPL, and both intra- and extracellular inclusions
of αS in the GCL [73]. These inclusions within the GCL
seemed to result from overexpression of the αS gene or in-
creased endosome/exosome-mediated transport by the INL
and IPL [74] (Fig. 2, Ref. [14]). The evidence of these
accumulations within the RGCs, particularly related to p-
syn, enabled to demonstrate a strong correlation between
the density of these accumulations and the extent of cere-
bral pathology in PD patients, affecting both motor scores
and disease stages [63]. This suggested a synchronized pro-
gression of pathology between the brain and retina, sup-
porting the use of retinal imaging as a potential biomarker
[63]. Among the various studies [5,12,13,16,17,32,58] un-
dertaken on this biomarker, the primary focus was on elu-
cidating the correlation between GCL and PD, establishing
an association between these variables.

While a broader literature concerning other OCT-
related PD biomarkers exists [60], the GCL received com-
paratively less attention, but it’s increasing potential future
significance has made it one of the main biomarkers in the
diagnostic and therapeutic evaluation of this neurodegener-
ative disorder. Numerous studies identified a global thin-
ning of the RNFL and GCL in PD patients [75–80]. The
thickness reduction at these levels appeared to correlate
with disease severity and duration, providing a rationale for
OCT as a follow-upmethod [81]. In a longitudinal study in-
cluding 129 PD patients, Garcia-Martin et al. [51] demon-
strated RNFL and GCL thinning to be progressive. This
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Fig. 2. Schematic representation of the main localization of α-
syn and p-syn in retinal tissue. α-syn, α-synuclein; p-syn, phos-
phorylated α-synuclein; MLI, internal limiting membrane; NFL,
nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer; MLE, external limiting membrane; RPE, reti-
nal pigment epithelium. FromDi PippoM, Fragiotta S, Di Staso F,
Scuderi L, Abdolrahimzadeh S. The Role of Alpha-Synuclein De-
posits in Parkinson’s Disease: A Focus on the Human Retina. In-
ternational Journal of Molecular Sciences. 2023; 24: 4391. [14].

study was among the first to suggest that the observed reti-
nal thinning could be due to axonal loss resulting from PD
lesions within the posterior visual pathways and the direct
degeneration of RGCs. Modestino et al. [82] and Bayhan
et al. [83] used the Hoehn-Yahr scale (the scoring system
used to evaluate the extent of clinical disability), theUnified
Parkinson’s Disease Rating Scale (UPDRS) total, and mo-
tor score as indicators of disease severity. These authors ex-
amined the correlation between average GCC thickness and
disease severity and introduced novel parameters such as
the ganglion cell volume (GLV) measuring the average vol-
ume loss across the entire GCC and focal loss volume (FLV)
detecting focal losses adjusting for absolute changes similar
to corrected pattern standard deviation [83]. This enabled
the precise measurement of GCC volume loss, drawing par-
allels to traditional visual field assessments. These find-
ings revealed significant differences in the GLV and FLV
between PD patients, particularly in evaluating the eye ip-
silateral to the body’s most affected side and control sub-
jects [83]. This asymmetry supported the theory of uneven
neurodegeneration in PD, impacting both the substantia ni-
gra and the eye [83]. Notably, this study also highlighted
that GCC thinning was more pronounced in the eye oppo-
site to the body’s most affected side, suggesting a neurode-
generative spread pattern. Despite the small sample size,

which might limit general conclusions, these observations
underscored the potential of OCT in the diagnostic workup,
evaluating the efficacy of new treatments, and monitoring
disease progression [83].

Murueta-Goyena et al. [84] elucidated that dimin-
ished parafoveal thickness, particularly within the 1–3 mm
ring of the GC-IPL, was directly correlated with a higher
risk of cognitive decline progression over a 3-year period.
However, the authors highlighted that this correlation was
likely attributable to the reliance of a significant portion of
cognitive assessments on visual input, which may conse-
quently be compromised. Indeed, the authors did not re-
port a relationship between GC-IPL thinning and a decline
in UPDRS motor score, suggesting divergent underlying
mechanisms for these respective impairments [84].

Sari et al. [85], in a longitudinal analysis demon-
strated that disease duration correlated significantly with
a progressive reduction in thickness in the GC-IPL that
was more evident in the inferior and inferotemporal sectors.
These findings suggested an evolving nature of the neurode-
generation process and its reflection in a retinal setting, pro-
viding the rationale for OCT implementation in themanage-
ment of PD. Other studies highlighted the importance of the
inferior sector in correlation with disease severity. Živković
et al. [86], besides identifying a clear statistical relevance
in the association between PD and thinning of the GC-IPL
in all sectors, reported that the areas most associated with
disease duration were the inferotemporal and inferior sec-
tor of the GC-IPL, and those most associated with disease
severity were the inferior and inferonasal sectors. Simi-
larly, as previously observed, Sari et al. [85] highlighted
the stronger correlation between disease duration and infe-
rior GC-IPL thinning. A key study on the relationship be-
tween retinal atrophy and disease severity was reported in
the meta-analysis by Ahn et al. [87], in which the authors
reported that thinning of inferior GCL correlated with the
Hoehn-Yahr disease severity scale. This study was focused
on de novo, drug-naive PD patients and showed that inner
retinal layer thinning, particularly in the inferior sector of
the GCL, strongly correlated with Hoehn and Yahr stag-
ing of PD, dopamine transporter (DAT) loss in the substan-
tia nigra, and microperimetry damage [87]. According to
these authors, the inferior localization of this thinning was
likely due to the loss being focal rather than diffuse in the
early stages [87]. Lee et al. [88] demonstrated significant
thinning across the GCC, with marked variations between
different sectors. The authors showed that the parafoveal
region exhibited the most substantial thinning, correlating
with reduced visual acuity. The inferior and inferotemporal
sectors of the GCC were particularly affected, suggesting a
differential vulnerability among RGCs based on their loca-
tion. Furthermore, the extent of thinning was linked to both
the severity and duration of PD, highlighting the potential
of sector-specific GCC thinning as a valuable biomarker in
disease progression [88].
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However, these retinal changes suffer from limited
specificity, as similar findings do indeed appear in other
neurodegenerative conditions [54,89,90]. There have been
a few studies in which no direct correlation between the
thickness of the GCL in PD was found [91,92]. The sig-
nificance of the correlation between GCL/GCL-IPL/GCC
and PD has emerged relatively recently, but it is increas-
ingly gaining attention due to the potential applications of
this parameter in disease management. It holds promise
for facilitating novel assessments of ocular pathogenesis
[93] in this disease and providing new insights into the vi-
sual mechanisms underlying cognitive impairment [88] and
their association with disease severity and duration. Partic-
ularly noteworthy is the necessity to establish a parallelism
between retinal-brain damage in preclinical PD patients to
conduct more extensive studies investigating correlations
with disease duration, severity, and cognitive decline [94].
Further research is warranted to validate OCT as a diag-
nostic tool in PD; as imaging technology advances, retinal
imaging could potentially be included in the comprehen-
sive assessment of PD and increase our understanding of
this neurodegenerative disorder.

5. GCL Changes in Multiple Sclerosis
MS is a chronic neurodegenerative demyelinating

condition of the central nervous system, causing a plethora
of symptoms varying from cognitive and motor impairment
to visual alterations. It typically manifests between the ages
of 20 and 30 and is more prevalent in females, affecting
nearly two females for every male [95]. Diagnosis is con-
firmed via the McDonald criteria, which integrate clinical,
imaging, and laboratory findings but are only applicable in
the advanced stages of the disease [96].

One frequent acute manifestation of MS is optic neu-
ritis (ON), which can affect the entire visual pathway from
the retina to the cortex [97–99]. Acute ON is the initial
symptom in about 20% of MS patients, and symptomatic
ON attacks occur in 30–70% of patients throughout the
disease course [97–99]. Axonal loss in the optic nerve
and retina can even be detected in patients without a his-
tory of ON, indicating the sensitivity of these structures to
MS pathology [98]. Acute inflammation in ON can cause
axonal damage at the retrobulbar level, possibly spread-
ing to RGCs [100]. Histopathological and imaging studies
showed that when ON is present, retrograde axonal degen-
eration of the RGCs can determine residual optic nerve head
pallor and thinning of the RNFL [101,102]. This degen-
eration results in pronounced GCL, IPL, and RNFL thin-
ning. Özbilen et al. [103] found consistent GCL thinning
across all macular sectors, significantly more pronounced
in MS patients with ON. This was confirmed in a system-
atic review and meta-analysis by Britze et al. [104]. These
authors suggested that this thinning may result from retro-
grade transsynaptic degeneration of RGCs and their axons,
triggered by MS lesions in the posterior visual pathways or
by subclinical episodes of ON [104].

Despite the absence of previous ON episodes, GCL
thickness evaluation is reported to be more sensitive in de-
tecting damage with respect to peripapillary RNFL anal-
ysis, particularly in patients with relapsing-remitting MS
(RRMS). Unlike peripapillary RNFL analysis, which may
underestimate damage when measured soon after an acute
ON episode due to swelling, macular GCL thickness mea-
surements remained unaffected by optic nerve edema, of-
fering more accurate assessments of structural changes
early in the disease course [103].

Relapse episodes and inflammation in MS can re-
sult in extensive neurodegeneration. Neuronal and axonal
damage are common outcomes, with damage occurring
through mechanisms such as acute axonal injury, Walle-
rian degeneration (anterograde), or retrograde degeneration
[105]. These factors underscore the importance of monitor-
ing structural changes in the retina, particularly the GCL, to
understand and track the progression of MS [103]. Further-
more, RNFL thickness is not as well correlated with visual
dysfunction, while macular GCL-IPL thickness correlates
with visual acuity, low-contrast letter acuity, visual field
mean deviation, vision-related quality of life, and disability
[104]. This makes GCL-IPL thinning a valuable marker of
disease and visual function in MS patients, surpassing tra-
ditional RNFL measurements in predictive reliability and
utility [106].

Research by Lee et al. [107] demonstrated that base-
line and six-month follow-up measurements of RNFL and
GCL-IPL thickness can effectively predict the likelihood
of progression in disability based on Expanded Disability
Status Scale (EDSS)-plus score at one-year follow-up. The
EDSS-plus system is a tool designed to evaluate the func-
tional systems of the central nervous system, using a score
from 0 to 10, where the lowest represents a normal status
and the highest death from MS [108]. Therefore, under-
standing and monitoring GCL-IPL thickness through OCT
may serve as a critical prognostic tool for assessing the pro-
gression of MS. However, further longitudinal studies are
required to provide a deeper and more precise understand-
ing of GCL reliability and validity as a biomarker in moni-
toring disease progression over time.

The reduction in GCL thickness observed in MS ap-
pears to have a well-defined cause, primarily linked to
episodes of ON, whether clinically evident or subclinical
and thus harder to detect. While this explanation holds
true, it is equally valid that changes in the GCL have been
observed in patients without documented episodes of ON
[104]. This has been particularly noted in patients with
RRMS, where the thinning seems to be associated with the
pro-inflammatory characteristic of this disease, leading to
axonal injury and degeneration, both anterograde (Walle-
rian) and retrograde [107]. Furthermore, the extent of thin-
ning appears to correlate with differences in disease pro-
gression [107].
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Table 1. Key optical coherence tomography findings examining the ganglion cell layer in AD, PD, and MS, detailing findings, sample sizes, methods, significant correlations with
disease markers, and limitations.

Study Disease
focus

Main findings on GCL Sample
size

OCT model used Significant correlations Limitations

Kao et al., 2023 [18] AD Thinning of GC-IPL particularly
vulnerable to AD

156 Spectralis OCT (Heidelberg Engineering,
Heidelberg, Germany)

Thinning correlated with MMSE scores Limited longitudinal data

Wisely et al., 2022 [52] AD Developed a CNN using OCT to
detect AD with high accuracy

284 Zeiss Cirrus HD-5000 Spectral-Domain
OCT with AngioPlex OCT Angiography
(Carl Zeiss Meditec, Dublin, CA, USA)

GC-IPL maps most useful; AUC 0.836
with full data model

Cross-sectional study

Santangelo et al., 2020 [53] AD GCL thinning specific for AD
compared to MCI and controls

137 Spectralis OCT (Heidelberg Engineering,
Heidelberg, Germany)

GCL thinning more pronounced in AD;
aligned with CDR

Axial eye length not reported

Querques et al., 2019 [109] AD Thinning of the GCL 56 Spectralis high-resolution imaging (HRA)
+ OCT device (Heidelberg Engineering,
Heidelberg, Germany)

Thinning is mainly confined to the central
and temporal regions

Employment of a single time
point for each patient

Garcia-Martin et al., 2014 [51] PD Progressive thinning of RNFL
and GCL

129 Spectralis OCT (Heidelberg Engineering,
Heidelberg, Germany)

Thinning correlated with disease progres-
sion

Only early-stage PD; limited
to a specific cohort

Murueta-Goyena et al. 2021 [84] PD Diminished parafoveal thickness
linked with cognitive decline

89 OCT Angiography Module (Heidelberg
Engineering, Germany)

Correlation between parafoveal GCL-IPL
thinning and cognitive decline

Correlation with motor
symptoms not reported

Sari et al. 2015 [85] PD Progressive reduction in GC-IPL
thickness, especially in inferior
and inferotemporal sectors

108 Cirrus high-definition (HD)-OCT Model
4000 (Carl Zeiss Meditec, Dublin, CA,
USA)

GC-IPL thinning correlated with disease
duration and severity

Focus on specific sectors

Živković et al. 2017 [86] PD Thinning of GC-IPL in all sectors,
particularly in inferotemporal and
inferior sectors

92 Cirrus spectral domain (SD)-OCT device
4000 (software version 6.0, Carl Zeiss
Meditec, Dublin, CA, USA)

Strong correlation between GC-IPL thin-
ning and disease severity and duration

Cross-sectional analysis

Knier et al., 2017 [110] MS Low GC-IPL volumes 312 Not applicable Association between low GC-IPL vol-
umes and increased intrathecal B-cell fre-
quencies and intrathecal IgG synthesis

Observational cohort study

AD, Alzheimer disease; GC-IPL, ganglion cell-inner plexiform layer; OCT, optical coherence tomography; MMSE, Mini Mental Status Examination; CNN, convolutional neural network; MCI, mild cognitive
impairment; GCL, ganglion cell layer; CDR, Clinical Dementia Rating; PD, Parkinson’s Disease; RNFL, retinal nerve fibers layer; MS, multiple sclerosis; AUC, area under the curve; IgG, immunoglobulin G.
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6. Retinal Changes Detected by OCT in AD,
PD, and MS

Detailed findings on GCL and GC-IPL thinning in
AD, PD, andMS, emphasizing the diagnostic value of OCT
in neurodegenerative diseases, are shown in Table 1 (Ref.
[18,51–53,84–86,109,110]). Studies underscore the speci-
ficity of GCL thinning in distinguishing between AD and
other conditions like MCI and controls. This specificity is
supported by findings such as those reported by Santangelo
et al. [53], who demonstrated a strong alignment between
GCL thinning and CDR stages, underscoring its associa-
tion with disease severity. Complementing these results,
Kao et al. [18] found significant correlations between GCL
thinning and MMSE scores, although their findings were
limited by cross-sectional analysis. Further studies, such
as those by Querques et al. [109], localized GCL thinning
predominantly to the central and temporal macular regions,
emphasizing the structural specificity of these changes. To-
gether, these findings point to GCL thinning as a promis-
ing biomarker for both early detection and disease progres-
sion monitoring in AD [18,52,53,109]. GCL thinning in
PD shows a progressive pattern, with studies identifying
strong correlations with motor and cognitive impairments.
Research by Garcia-Martin et al. [51] and Živković et al.
[86] highlights the inferotemporal and inferior sectors as
key regions of thinning, correlating closely with disease du-
ration and severity. Similarly, Murueta-Goyena et al. [84]
linked parafoveal GCL thinning to cognitive decline, re-
flecting PD’s dual motor and cognitive dysfunctions. The
consistent evidence of focal thinning in PD further supports
the relevance of GCL as a biomarker for disease monitoring
[51,84–86]. In MS, GCL thinning has been strongly asso-
ciated with markers of neuroinflammation and disease pro-
gression. Knier et al. [110] demonstrated correlations be-
tween GCL thinning, intrathecal immunoglobulin G (IgG)
synthesis, and disability scores, emphasizing the link be-
tween retinal structural changes and central nervous system
inflammation.

These studies demonstrate the potential of OCT in
capturing disease-specific patterns of GCL thinning across
neurodegenerative conditions [18,53,84,109,110], and con-
sistent correlations with disease severity, cognitive impair-
ment, and functional outcomes emphasize its relevance in
the diagnostic work-up and monitoring of disease.

7. Additional OCT Parameters in
Neurodegenerative Research

OCT technology advancements have significantly ex-
panded its capacity to assess additional parameters beyond
retinal layer thickness, including volume, cell density, and
structural integrity. These parameters offer a more com-
prehensive understanding of neuronal health, enhancing the
utility of OCT in the assessment of neurodegenerative dis-
eases. For example, GCL volume measurements provide
a three-dimensional evaluation that captures neuronal loss

more holistically than thickness alone. Studies such as that
by Al-Hawasi et al. [111] demonstrated that GCL volume
changes can detect subtle retinal alterations associated with
neurodegeneration, offering potential as early biomarkers,
particularly in AD. Their findings highlight how volumet-
ric metrics enhance the sensitivity of OCT in capturing reti-
nal changes that might otherwise go unnoticed in traditional
two-dimensional thickness assessments.

Furthermore, combining OCT with adaptive optics
(AO) has enabled the visualization and quantification of
individual retinal cells, offering indirect measures of cell
density [112]. This technology allows researchers to gain
novel insight into neuronal loss at a cellular level, partic-
ularly in neurodegenerative diseases such as AD. For in-
stance, Soltanian-Zadeh et al. [113] utilized AO-OCT to
segment and quantify ganglion cell density, demonstrating
its potential as a diagnostic tool in assessing neuronal dam-
age.

In addition to volume and density, OCT has proven
useful in assessing the structural integrity of retinal lay-
ers by detecting microstructural abnormalities in retinal ar-
chitecture. This application is particularly relevant in MS,
where disruptions in retinal layer structure correlate with
disease activity and progression. Saidha et al. [106].
demonstrated that OCT can identify subtle microstructural
damage within the GCL and other layers, highlighting its
ability to act as a biomarker for neurodegeneration. Fur-
thermore, Sharma et al. [114] reviewed the broader appli-
cations of OCT in neurodegenerative diseases, emphasizing
its role in assessing trans-synaptic degeneration and visual
pathway abnormalities.

These advancements underscore the potential of OCT
tomove beyond simple thickness measurements, enabling a
more comprehensive analysis of retinal health. Incorporat-
ing metrics such as GCL volume, cell density, and struc-
tural integrity into routine OCT assessments may signif-
icantly enhance diagnostic accuracy and disease monitor-
ing in neurodegenerative conditions [106,111–114]. These
developments expand the scope of OCT in clinical and re-
search settings and provide a promising foundation formore
precise and personalized approaches to understanding and
managing neurodegeneration.

8. Conclusions
This review highlights the potential of the GCL as a

biomarker in AD, PD, and MS. Data in the literature show
that OCT imaging provides evidence of the relationships
between GCL thinning and disease progression. This sug-
gests the value of implementing OCT imaging in research
and in the clinical setting owing to the advantages of per-
forming a rapid, non-invasive, and cost-effective exami-
nation to monitor disease activity. However, the use of
GCL as a standalone diagnostic tool is currently limited
by variability in measurement techniques owing to the use
of different OCT devices and systemic and ocular factors
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that affect the specificity and sensitivity of this biomarker.
Additionally, the limitations of the existing studies in the
literature, such as small sample sizes and the predomi-
nantly cross-sectional nature of research, do not provide
information regarding GCL changes over time. In order
to enhance OCT technology and improve diagnostic accu-
racy, future research should prioritize the standardization of
imaging protocols across devices and explore the develop-
ment of higher-resolution OCT platforms. Emerging inno-
vations, such as AO and deep learning algorithms, could
improve both the sensitivity and precision of GCL mea-
surements. Advanced image analysis techniques, such as
automated segmentation and three-dimensional mapping of
retinal structures, may further refine diagnostic workflows.
Integrating GCL measurements with molecular biomark-
ers, such as neurofilament light chain, Aβ, and tau pro-
teins, could provide a more comprehensive understanding
of neurodegenerative processes. These biomarkers, in com-
bination with OCT findings, could improve the diagnostic
and follow-up process by correlating structural changes in
the retina with biochemical markers of neurodegeneration.
Additionally, OCT could complement neurological imag-
ing, such as PET and high-field MRI, possibly linking reti-
nal changes to central nervous system degeneration. Future
studies should focus on validating these integrative meth-
ods through large-scale, longitudinal research, ultimately
enhancing patient outcomes in neurodegenerative diseases.
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