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Abstract: Abnormalities in retinal vascularization and neural density have been found in many
neurodegenerative diseases; however, conflicting results are described in Amyotrophic Lateral
Sclerosis (ALS). The aim of the present study was, therefore, to systematically analyze retinal layers
and vascularization by means of spectral-domain (SD-OCT) and optical coherence tomography
angiography (OCT-A) in ALS patients. We enrolled 48 ALS patients and 45 healthy controls. ALS
patients were divided into three groups: slow progressors (n = 10), intermediate progressors (n = 24)
and fast progressors (n = 14), according to the disease progression rate. For SD-OCT, we evaluated
the Subfoveal choroidal thickness (SFCT), ganglion cell complex (GCC) and retinal nerve fiber layer
(RNFL). Regarding the OCT-A, we assessed the vessel density (VD) in superficial and deep capillary
plexuses, radial peripapillary capillary plexus, choriocapillary and the foveal avascular zone (FAZ)
area. SD-OCT exam did not show any significant differences in GCC and RNFL thickness between
patients and controls and among the three ALS groups. The SFCT was statistically greater in patients
compared with controls (357.95 ± 55.15 µm vs. 301.3 ± 55.80 µm, p < 0.001); interestingly, the SFCT
was thicker in patients with slow and intermediate disease progression than in those with fast disease
progression (394.45 ± 53.73 µm vs. 393.09 ± 42.17 µm vs. 267.71 ± 56.24 µm, p < 0.001). OCT-A did
not reveal any significant results. Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised
(ALSFRS-r) and disease duration did not correlate with any of the OCT parameters, except for SFCT
with ALSFRS-r (r = 0.753, p = 0.024). This study demonstrated the possible association between
choroidal thickness and disease activity in ALS. OCT could be a useful biomarker in the management
of the disease.

Keywords: ALS; biomarker; vascular; disease progression; inflammation; eye; OCT; angiography;
choroid; retinal nerve fiber layer

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is the most common adult-onset neurodegenera-
tive disease of the motor system, with a prevalence of 2–3/100,000 [1]. Despite intensive
research efforts, ALS remains an incurable disease and presents with a very severe progno-
sis, leading to patient death within 2 to 5 years following diagnosis. ALS is characterized
by the combined degeneration of both upper motor neurons located in the motor cortex
and lower motor neurons located in the spinal cord [1].

The cause of this poor prognosis is the absence of a common validated etiopathogenetic
theory capable of explaining the disease and, consequently, of a solving therapy. Nowadays,
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Riluzole is the only approved treatment, which can extend life expectancy but only by
about three months [2–4].

Etiopathogenesis is known for the familial cases, covering about 10% of ALS cases.
It is related to mutations (SOD1, TDP43, C9orf72, FUS, etc.) that directly promote motor
neuron degradation [5]. However, recent evidence challenged the neuron-centric theory,
suggesting that the dynamics of neurodegeneration in both sporadic and familial ALS are
also influenced by other cell-type functions, such as glia response [6], oligodendrocyte
metabolism [7] and integrity of blood vessels [8,9].

Specifically, central nervous system (CNS) blood vessels alterations have recently
emerged as a common distinct feature in the pathogenesis of several neurodegenerative
diseases, including ALS [10]. Indeed, microvascular alterations were reported in the brain
and spinal cord of mice models as well as of patients’ autopsies with ALS [9]. Vascular
abnormalities of CNS preceded degeneration of motoneurons and were associated with a
faster disease progression and reduced survival [8].

Moreover, the hypothesis of vascular involvement in etiopathogenesis can be taken
into consideration by evaluating the results of recent studies where abnormalities in retinal
vascularization and vessel density have been found in many neurodegenerative disease [11].
Indeed, as recently demonstrated, retinal vascularization has many similar features to the
cerebral vascularization [12]. In this respect, some authors suggest that metabolic demand
influences, in a proportional way, both cerebral and retinal vessel density. This is greater in
high-activity regions, such as the grey matter or posterior pole. Furthermore, cerebral and
retinal microvasculature, due to common anatomical features, have a barrier function and
shared self-regulating flow mechanisms [12]. Interestingly, it is possible to study, in vivo,
retinal and choroidal vascularization by using OCT angiography (OCT-A), a non-invasive
imaging technique that does not involve the injection of contrast agents but uses the blood
flow inside the eye [13].

A better understanding of the changes in features of the retinal and choroidal blood
flow could impact our ability to manage ALS and lead to new insights related to underlying
pathogenesis and, potentially, indicate new therapeutic targets.

Therefore, the main aim of this cross-sectional study is to evaluate retinal and choroidal
vascular plexuses in ALS patients, classified according to disease aggressiveness, using
OCT in order to shed light on the microvascular abnormalities underlying this disease.

2. Materials and Methods
2.1. Participants

Forty-eight patients (96 eyes) with ALS were enrolled at the Neurology Department of
the University of Naples “Federico II” from January to December 2021.

Patients met the “probable”, “probable laboratory-supported” or “definite” diagnostic
categories as per the revised El Escorial criteria [14] as well as the more recent Gold Coast
Criteria for ALS [15]. Genetic analysis was performed in all patients, exploring C9orf72
repeat expansion and mutations in SOD1, TARDBP and FUS genes.

Patients with history of neurologic disorders affecting cognition (major stroke, severe
head injuries, mental retardation), alcohol dependence or drug dependence, severe mental
illness or use of high-dose psychoactive medications were not included in data analysis.
Moreover, we excluded patients with diseases potentially affecting microcirculation such
as diabetes, autoimmune, neoplastic or infectious diseases.

We calculated diagnostic delay as the time interval between the time of symptom onset
and date of diagnosis (in months) and the progression rate as ∆FS = (48 − Amyotrophic
Lateral Sclerosis Functional Rating Scale Revised (ALSFRS-r) score at diagnosis)/diagnostic
delay [16]. Patients were divided into three groups according to their ∆FS and based
on a previous study [17]. Specifically, patients with ∆FS less than 0.32 (<25th percentile)
represented group 1 of slow progressors, ∆FS between and including 0.32 and 0.97 (between
25th and 75th percentile) were group 2 of intermediate progressors and, lastly, patients
with ∆FS more than 0.97 (>75th percentile) were group 3 of fast progressors.
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Forty-five healthy subjects matched for age and sex, without any ophthalmological
and neurological diseases, were recruited as control group.

Each participant underwent a complete ophthalmological examination including
evaluation of best-corrected visual acuity (BCVA) according to Early Treatment of Diabetic
Retinopathy Study (ETDRS), slit-lamp biomicroscopy, fundus examination with a +90 D
lens, spectral domain (SD)-OCT and OCT angiography (OCT-A).

Exclusion criteria included congenital eye disorders, myopia greater than 6 dioptres,
history of ocular surgery, significant lens opacities or any macular disease, previous diag-
nosis of glaucoma, vitreoretinal disease, uveitis and diabetic retinopathy, history of other
neurological or psychiatric disorders and low-quality images obtained with OCT.

The study was approved by the Institutional Review Board of the University of
Naples “Federico II” (N: 100/17/ES01) and all investigations adhered to the tenets of the
Declaration of Helsinki. Signed informed consent was obtained from each subject.

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

Spectral domain-OCT (software RTVue XR version 2018.1.1.60, Optovue Inc., Fremont,
CA, USA) calculated retinal nerve fiber layer (RNFL) and ganglion cell complex (GCC)
thickness. The circumpapillary RNFL was calculated by the optic nerve head map protocol
using a 3.45 mm radius ring centered on the optic disc. The GCC thickness was evaluated in
macular region by the scan 1-mm temporal to the fovea and covering a 7 × 7 mm2 area [18].

2.3. Subfoveal Choroidal Thickness Measurement (SFCT)

The Subfoveal Choroidal Thickness (SFCT) was evaluated by means of the SD-OCT
(Spectralis, Heidelberg Engineering, Heidelberg, Germany). It was measured in the sub-
foveal region as a manual linear measurement between the outer border of Bruch’s mem-
brane and the most posterior identifiable aspect of the choroidal–scleral interface [19].

2.4. Optical Coherence Tomography Angiography (OCT-A)

Optovue Angiovue System (software ReVue XR version 2018.1.1.60, Optovue Inc., Fre-
mont, CA, USA), based on a split-spectrum amplitude de-correlation algorithm, evaluated
OCT-A images [20].

The retinal vascular networks (superficial and deep capillary plexuses) and choriocap-
illaris were evaluated in a 6 × 6 mm2 scan centered on the fovea and the VD, the percentage
area occupied by the vessels in the analyzed region, was automatically calculated by
AngioAnalytics™ software [21].

Angiovue software automatically calculated the foveal avascular zone (FAZ) area in
square millimeters over the 6 mm x 6 mm macular area in the full retinal plexus. The
“non-flow” option was selected from a drop-down menu and the area was automatically
selected when the FAZ area was clicked.

The Angio-Vue disc mode analyzed the whole papillary region with a scanning area
of 4.5 × 4.5 mm2 centered on the optic disc. Moreover, it automatically calculated the VD
of radial peripapillary capillary plexus in the superficial retinal layers and extended from
the inner-layer membrane to the retinal nerve fiber layer posterior boundary [22].

The OCT-A device included a 3D Projection Artifact Removal algorithm to remove pro-
jection artifacts, for improving depth resolution on OCT-A signal and then distinguishing
vascular plexus-specific features.

OCT-A images with a signal strength index less than 80 and residual motion artifacts
were excluded from the analysis.

2.5. Statistical Analysis

All statistical analyses used the Statistical Package for Social Sciences (IBM SPSS
Statistics, Version 25 for Windows; SPSS Inc, Chicago, IL, USA). The Shapiro–Wilk test
confirmed that all variables were normally distributed. Moreover, we graphically checked
the distribution of our measures by means of violin plots (Figure S1).
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Chi-squared test was used to determine sex differences among groups. Linear mixed
models, including age, sex and disease duration as covariates, were used to evaluate VD
differences in each retinal vascular network (superficial capillary plexus, deep capillary
plexus, radial peripapillary capillary plexus), in choriocapillaris and in FAZ area, using
group as factor of interest. The same model was used to analyze differences in structural
OCT parameters (ganglion cell complex average, retinal nerve fiber layer average and
SFCT) among the groups.

Subject was included in all models as random factor to account for within-subject
inter-eye correlation.

Finally, we performed the correlations between Amyotrophic Lateral Sclerosis Func-
tional Rating Scale revised (ALSFRS-r), disease duration and both structural OCT and
OCT-A parameters using Pearson’s correlation. All correlations were graphically repre-
sented by using a matrix form with color coding based on strength and sign of correlations
(i.e., red for positive correlations and blue for negative correlations).

A p value < 0.05 was considered statistically significant.

3. Results
3.1. Demographic and Clinical Features

Forty-eight patients (96 eyes) with ALS (15 females, 33 males; mean age 59.7 ± 11 years)
and forty-five healthy controls (20 females, 25 males; mean age 58.9 ± 10 years) were analyzed.

Group 1 included 10 patients (20 eyes) (10 males; mean age 60.2 ± 5 years), group 2
included 24 patients (48 eyes) (11 females, 13 males; mean age 61.6 ± 10 years) and group
3 included 14 patients (28 eyes) (4 females, 10 males; mean age 56 ± 15 years). Genetic
analysis was negative in all patients but two, the first one harboring C9orf72 expansion
and belonging to the intermediate progressor group and the second one a SOD1 patient
belonging to the fast-progressor group.

No significant difference was found in terms of sex, age and visual acuity among the
groups. Demographic and clinical features are summarized in Tables 1 and 2.

Table 1. Demographic and clinical characteristics of ALS patients and healthy controls.

Controls ALS Patients p Value

Eyes (N.) 90 96 -
Age (years) 58.9 ± 10 59.7 ± 11

Sex (female/male) 20/25 15/33
ALSFRS-r - 36 ± 3.6 -
∆FS score - 0.64 ± 0.63 -

Disease duration (months) - 40.2 ± 40 -
Diagnostic delay (months) 26.5 ± 29.1

OCT-A parameters (%)
SCP Whole 48.81 ± 3.44 48.26 ± 4.34 0.875
DCP Whole 49.45 ± 4.92 50.10 ± 5.47 0.764
CC Whole 71.59 ± 4.83 70.27 ± 4.55 0.768

RPC Whole 48.57 ± 2.99 47.70 ± 3.12 0.896
FAZ area (mm2) 0.278 ± 0.08 0.281 ± 0.07 0.922

SD-OCT parameters (µm)
GCC average 98.45 ± 7.01 98.37 ± 6.80 0.914

RNFL average 100.9 ± 9.63 101.74 ± 8.32 0.862
SFCT average 301.3 ± 55.80 357.94 ± 55.15 <0.001

BCVA (logMAR) 0.06 ± 0.05 0.07 ± 0.03 0.789
ALSFRS-r: Amyotrophic Lateral Sclerosis Functional Rating Scale Revised; ∆FS score= rate of disease progression;
OCT-A: Optical Coherence Tomography Angiography; SD-OCT: spectral domain OCT; SCP: Superficial Capillary
Plexus; DCP: Deep Capillary Plexus; CC: Choriocapillaris; RPC: Radial Peripapillary Capillary; FAZ: Foveal
Avascular Zone; GCC: Ganglion Cell Complex; RNFL: Retinal Nerve Fiber Layer; SFCT: Subfoveal Choroidal
Thickness; BCVA: best-corrected visual acuity; logMAR: logarithm of the minimum angle of resolution. Data are
expressed as mean ± standard deviation.
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Table 2. Demographic and clinical characteristics of ALS groups.

Group 1 Group 2 Group 3

Eyes (N.) 20 48 28
Age (years) 60.2 ± 5 61.6 ± 10 56 ± 15

Sex (female/male) -/10 11/13 4/10
ALSFRS-r 36.5 ± 4.2 32.1 ± 5 33.7 ± 4.3
∆FS score 0.13 ± 0.04 0.48 ± 0.18 1.43 ± 0.73

Disease duration (months) 96.3 ± 65 37 ± 15 11.6 ± 5
Diagnostic delay (months) 54.15 ± 44.66 21.4 ± 10.3 8.3 ± 4.0

OCT-A parameters (%)
SCP Whole 48.80 ± 4.26 48.26 ± 4.15 46.8 ± 6.55
DCP Whole 50.58 ± 6.60 48.93 ± 7.08 48.7 ± 7.44
CC Whole 70.95 ± 6.94 70.03 ± 3.16 68.7 ± 6.44

RPC Whole 47.53 ± 2.63 46.11 ± 3.44 47.5 ± 5.14
FAZ area (mm2) 0.279 ± 0.08 0.280 ± 0.12 0.281 ± 0.11

OCT parameters (µm)
GCC average 98.45 ± 6.93 97.25 ± 11.54 95.1 ± 10.33

RNFL average 101.07 ± 8.44 99.51 ± 10.38 98.5 ± 12.25
SFCT average 394.45 ± 53.73 393.09 ± 42.17 267.71 ± 56.24

BCVA (logMAR) 0.07 ± 0.04 0.01 ± 0.03 0.03 ± 0.05
ALSFRS-r: Amyotrophic Lateral Sclerosis Functional Rating Scale Revised; ∆FS score= rate of disease progression;
OCT-A: Optical Coherence Tomography Angiography; SCP: Superficial Capillary Plexus; DCP: Deep Capillary
Plexus; CC: Choriocapillaris; RPC: Radial Peripapillary Capillary; FAZ: Foveal Avascular Zone; GCC: Ganglion
Cell Complex; RNFL: Retinal Nerve Fiber Layer; SFCT: Subfoveal Choroidal Thickness; BCVA: best-corrected
visual acuity; logMAR: logarithm of the minimum angle of resolution. Data expressed as mean ± standard
deviation. Group 1: ALS slow progressors; Group 2: ALS intermediate progressors; Group 3: ALS fast progressors.

3.2. SD-OCT and OCT-A Findings

At SD-OCT exam, GCC and RNFL were not different between patients and controls,
similarly among the three ALS groups (Tables 1 and 3).

Table 3. Differences in SD-OCT and OCT-A parameters among ALS subgroups.

Group 1 vs. Group 2

SD-OCT β p-Value
GCC average 1.445 0.622
RNFL average 2.371 0.694
SFCT average 1.321 0.824

OCT-A
SCP Whole 0.130 0.784
DCP Whole 2.142 0.344
CC Whole 0.240 0.633

RPC Whole 1.342 0.405
FAZ area −0.011 0.626

Group 1 vs. Group 3
SD-OCT β p-Value

GCC average 3.621 0.514
RNFL average 3.469 0.531
SFCT average 126.32 <0.001

OCT-A
SCP Whole 2.417 0.534
DCP Whole 2.342 0.426
CC Whole 2.602 0.524

RPC Whole −0.047 0.726
FAZ area −0.019 0.844

Group 2 vs. Group 3
SD-OCT β p-Value

GCC average 2.134 0.663
RNFL average 1.247 0.752
SFCT average 125.41 <0.001

OCT-A
SCP Whole 2.345 0.431
DCP Whole 0.034 0.741
CC Whole 2.311 0.524
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Table 3. Cont.

RPC Whole −1.674 0.423
FAZ area −0.015 0.647

GCC: Ganglion cell complex; RNFL: Retinal nerve fiber layer; SFCT: Subfoveal choroidal thickness SCP: Superficial
Capillary Plexus; DCP: Deep Capillary Plexus; CC: Choriocapillaris; RPC: Radial Peripapillary Capillary; FAZ:
Foveal avascular zone. Group 1: ALS slow progressors; Group 2: ALS intermediate progressors; Group 3: ALS
fast progressors.

The SFCT revealed a statistically significant increase in ALS patients with respect to
controls (357.95 ± 55.15 µm vs. 301.3 ± 55.80 µm, p < 0.001) (Table 1); the comparison
among the three patient subgroups disclosed that subfoveal choroid appeared to be thicker
in patients with slow and intermediate disease progression than in those with fast disease
progression (394.45 ± 53.73 µm and 393.09 ± 42.17 µm vs. 267.71 ± 56.24 µm, both
p < 0.001), shown in Table 3 and Figure 1. In addition, the ALS fast progressor subgroup
(group 3) also showed lower SFCT values compared with healthy controls, although this
comparison was not statistically significant (p = 0.066).

Biomedicines 2022, 10, x FOR PEER REVIEW 7 of 13 
 

 

Figure 1. Spectral domain optical coherence tomography (SD-OCT) images from a healthy subject’s 
right eye (male, 58 years) with normal thicknesses of ganglion cell complex (GCC) (A) and retinal 
nerve fiber layer (RNFL) (B). The OCT B-scan shows normal retinal and choroidal thickness (C). 
Patient’s right eye (female, 60 years) affected by amyotrophic lateral sclerosis (ALS) with slow 
disease progression. SD-OCT shows normal GCC and RNFL thickness (A1,B1). The OCT B-scan 
shows normal retinal thickness and a thicker choroid (C1). Patient’s right eye (female, 61 years) 
affected by ALS with intermediate disease progression. SD-OCT shows normal GCC and RNFL 
thickness (A2,B2). The OCT B-scan shows normal retinal thickness and an increased choroidal 
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shows normal retinal and a thinner choroid (C3). 

Figure 1. Spectral domain optical coherence tomography (SD-OCT) images from a healthy subject’s
right eye (male, 58 years) with normal thicknesses of ganglion cell complex (GCC) (A) and retinal
nerve fiber layer (RNFL) (B). The OCT B-scan shows normal retinal and choroidal thickness (C).
Patient’s right eye (female, 60 years) affected by amyotrophic lateral sclerosis (ALS) with slow disease
progression. SD-OCT shows normal GCC and RNFL thickness (A1,B1). The OCT B-scan shows
normal retinal thickness and a thicker choroid (C1). Patient’s right eye (female, 61 years) affected
by ALS with intermediate disease progression. SD-OCT shows normal GCC and RNFL thickness
(A2,B2). The OCT B-scan shows normal retinal thickness and an increased choroidal thickness (C2).
The bottom row reveals a patient’s left eye (female, 57 years) affected by ALS with fast disease
progression. SD-OCT shows normal GCC and RNFL thickness (A3,B3). The OCT B-scan shows
normal retinal and a thinner choroid (C3).
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The OCT-A evaluation showed that the VD in macular vascular networks (superficial
and deep vascular networks) did not differ between ALS subjects and controls and among
the three ALS subgroups. Further, choriocapillaris, FAZ area and radial peripapillary
capillary plexus did not show any statistically significant difference between ALS subjects
and controls and among the three subgroups (Tables 2 and 3, Figure 2).
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Figure 2. OCT-A from a healthy subject’s right eye (male, 58 years) shows normal vasculature texture
in macular region (retinal superficial, deep capillary plexuses and in coriocapillary) and in papillary
region (A–C,E). The foveal avascular zone (FAZ) area shows a normal size (D). The second row shows
the patient’s right eye (female, 60 years) affected by amyotrophic lateral sclerosis (ALS) with slow
disease progression. OCT-A images reveal absence of abnormalities in retinal and choriocapillary
vascular plexuses in macular and papillary regions (A1,B1,C1,E1). The FAZ shows a normal area (D1).
The third row shows a patient’s left eye (female, 61 years) affected by ALS with intermediate disease
progression. OCT-A reveals absence of abnormalities in retinal and choriocapillary vascular plexuses
in macular and papillary regions (A2,B2,C2,E2). The FAZ shows a normal area (D2). The bottom row
reveals the patient’s left eye (female, 57 years) affected by ALS with fast disease progression. OCT-A
images show normal retinal and choriocapillary vascular plexuses in macular and papillary regions
(A3,B3,C3,E3). The FAZ shows a normal area (D3).

To improve the accuracy in the classification of the data, we also performed k-means
clustering that confirmed a cluster separability in the three subgroups (Figure S2).
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ALSFRS-r and disease duration did not correlate with OCT-A and GCC, RNFL pa-
rameters, whereas the SFCT showed a significant positive relationship with ALSFRS-r (r =
0.753, p = 0.024) (Table 4).

Table 4. Pearson’s correlations between OCT measures and clinical findings represented as visual
matrix form with color coding based on strength and sign of correlations (shades of red for posi-
tive correlations and shades of blue for negative correlations). Please note the positive significant
relationship between ALSFRS-r and subfoveal choroidal thickness (SFCT).

Disease
Duration ALSFRS-r SCP DCP CC RPC FAZ GCC RNFL SFCT

Disease Duration 1
ALSFRS-r −0.1149 1

SCP 0.0707 0.1413 1
DCP −0.1326 0.2561 0.3858 1
CC −0.1048 0.0976 0.2002 0.1941 1

RPC −0.0103 0.0760 0.4693 0.0301 0.2016 1
FAZ 0.2218 −0.2739 −0.1753 0.0719 −0.0130 −0.0080 1
GCC 0.0843 0.2179 0.4119 0.1434 0.1148 0.3980 −0.1272 1
RNFL 0.0701 0.2469 0.3771 0.3122 0.1507 0.4082 0.1271 0.6505 1
SFCT 0.2443 0.7526 0.0728 0.0827 0.0472 −0.1976 −0.0603 0.0754 0.0009 1

4. Discussion

To our best knowledge, this is the first study that evaluates, using OCT-A, the char-
acteristics of the retinal and choroidal vascular plexuses in ALS patients with different
disease aggressiveness.

In the past few years, several OCT studies assessed retinal nerve fibers as well as vas-
culature involvement in ALS patients. Indeed, some authors focused on the analysis of the
state of the optic nerve by measuring the thickness of RNFL and conflicting observations
have emerged. The initial evidence that suggested a thinning of the RNFL was subse-
quently countered by other evidence with the opposite orientation [23]. Specifically, some
studies found a significant thinning of the RNFL in ALS patients without previous known
ophthalmic diseases [24–27]. On the other side, other authors [28–30], including larger
ALS samples [28], showed no significant alterations in RNFL. Similar conflicting results
are also described for the other retinal layers [23]. In detail, while few works described no
significant changes, three studies have shown that it is possible to detect modifications in
them [23]: two studies reported alterations in the thickness of the INL [24,30] and the other
demonstrated a significant thinning of the ONL [29]. However, none of the mentioned
studies correlated ocular findings with the disease progression rate.

Another aspect assessed in the literature is related to abnormalities in retinal vascula-
ture. The unique significant information in this regard relates to changes in vessel thickness.
As previously shown for dermal blood vessels and muscular capillaries [31–33], Abdelhak
et al. further found a thickening of the vessel walls in the retina [29]. It has been postulated,
because of similarities with systemic vessels, that this is a consequence of the duplication
of basement membranes or the deposition of amyloid B-protein [34]. The latter cause
would induce narrowing of blood vessels through inflammatory vasculopathy. Similar
alterations have been found in the brain and spinal cord in mouse models of ALS [8]. In this
scenario, we developed this study. Our results, in fact, confirmed the absence of statistically
significant variations in the GCC and RNFL values between patients and controls and
among the three ALS groups. This trend was the same for choriocapillaris, FAZ area and
radial peripapillary capillary plexus. On the contrary, an interesting result comes from the
evaluation of the SFCT, which resulted to be increased in patients compared to controls.
It is also remarkable that the SFCT was different among the three patient subgroups. It
appeared to be thicker in patients with slow and intermediate disease progression than in
those with fast disease progression.
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We hypothesized that patients with a slow and intermediate disease progression
may display a vasculopathy determining an increased leakage of inflammatory cells in the
parenchyma of choroid with a consequent increase in SFCT. Conversely, for fast progressors,
we speculated that a different and more destructive inflammatory profile [35] may thin
the choroid, because of massive insult to the microvasculature with a subsequent atrophy.
Indeed, choroid plexus plays a pivotal role in the recruitment of immunoregulatory cells
to the central nervous system [36] and such “immunological filtering” can determine
the different disease aggressiveness and, therefore, distinct survival trajectories among
ALS patients.

Notably, T cells, monocytes and other peripheral immune cells can directly access
and/or indirectly influence the central nervous system via the choroid plexus [37]. T cell
infiltration to the CNS has for a long time been linked only to severe pathology, but it is
now evident that CD4 T cells, in particular Tregs, also exert an important neuroprotective
function. Therefore, the theory that disease progression in ALS is shaped by immune
factors is now widely accepted [35]; indeed, higher levels of IL-6 and IL-6R or reduced Treg
numbers and function are linked to rapid disease progression [35].

During inflammation, the choroidal thickness may change. Indeed, patients with
multiple sclerosis, especially those with optic neuritis, display a thinner choroid compared
with healthy controls, suggesting the role of active and destructive inflammation in the
choroidal vascular alterations [38]. Conversely, choroidal thickness might also increase due
to the occurrence of neovascularization phenomena secondary to inflammatory insults [39].
Interestingly, preclinical data show that in ALS, angiogenesis can help prevent oxidative
stress and, hence, promote cell survival [40].

Therefore, we can speculate that choroidal thickness in ALS patients could reflect the
different intensity of inflammation, which results in a different degree of neurodegeneration
and vascularization, mirroring disease aggressiveness.

In addition, the alteration in choroidal thickness did not affect the blood flow signal
detected at the OCT-A and, for this reason, the choriocapillary VD did not show any sig-
nificant change in different disease stages. The latter finding might be explained by the
fact that in ALS, there is a selective involvement of the larger choroidal vessels, belonging
to the external and medium layers and keener to inflammatory insult coming from the
systemic circulation. Importantly, the integrity of inner layers, represented by choriocapil-
laris vessels, might also explain the relative preservation of retinal layers. This result is of
importance, since in other neurodegenerative diseases, retinal layers are usually affected
early in the disease course.

The increased inflammatory vasculopathy was also confirmed by a previous study
that reported a significant alteration in cerebral vascular integrity in choroid plexus of ALS
patients, resulting in structural and functional disruptions to the blood–cerebrospinal fluid
barrier, without defining any association with disease activity or progression, however [41].

Our findings strengthen the similarity between ocular and cerebral vasculature. In-
deed, choroidal vasculature supports metabolic demand of retinal pigment epithelium and
photoreceptors [42]. Analogously, the choroid plexus, localized within ventricles, produces
cerebrospinal fluid that provides protection and nourishment to the brain [43].

The choroidal vasculature is becoming a crucial factor for understanding the patho-
genesis and improving the follow-up of neurodegenerative diseases.

Indeed, the use of retinal scanning, especially OCT-A, to quantify retinal vascular net-
work abnormalities, including choroidal vasculature, is a promising tool to evaluate disease
severity in numerous neurodegenerative disorders, such as multiple sclerosis, Parkinson’s
disease, Alzheimer’s disease, and Huntington’s disease [11]. Interestingly, dysregulation
of the choroid plexus, which shares functional and morphological similarities with the
choroidal vasculature [12], reflects a common underlying mechanism in the pathophysiol-
ogy of such neurodegenerative diseases, since it represents a unique neuro-immunological
interface, positioned to integrate signals it receives from the cerebral parenchyma with
signals coming from circulating immune cells [44].
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The results of our study, considering the similarities between retinal and cerebral
vascularization [12], could lead to a search for an etiopathogenetic theory of the disease
based on vascular alterations, as an alternative perspective to the classic neuron-centric
hypothesis. Furthermore, OCT is a simple and non-invasive tool that can be easily repeated
over time and, therefore, could be potentially used as a biomarker to evaluate the efficacy of
new therapies targeting brain microcirculation to improve the prognosis of these patients.

There are some shortcomings in our research, which should be considered. First,
even if the ALS fast progressor subgroup had the lower SFCT value compared to healthy
controls, such a difference was not statistically significant. We think that a significant result
could likely be evident only by recruiting more ALS patients in each subgroup. Second,
the cross-sectional design of our study may have limited our findings; therefore, future
longitudinal studies are needed to confirm the results of the present study. Third, the lack
of inflammatory profile estimation in patients and controls does not allow one to directly
relate retinal vascular change to inflammatory process. However, studies in multiple
sclerosis suggested that the impaired retinal microcirculation could be a consequence of
direct inflammatory damage to the vessels [45].

5. Conclusions

This study demonstrated the possible association between SFCT value and disease
activity in ALS, suggesting that this parameter might be a new possible biomarker of
disease aggressiveness and treatment response.
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Wouters, S.; et al. Altered perivascular fibroblast activity precedes ALS disease onset. Nat. Med. 2021, 27, 640–646. [CrossRef]
[PubMed]

10. Ahmad, A.; Patel, V.; Xiao, J.; Khan, M.M. The role of neurovascular system in neurodegenerative diseases. Mol. Neurobiol. 2020,
57, 4373–4393. [CrossRef]

11. Tsokolas, G.; Tsaousis, K.T.; Diakonis, V.F.; Matsou, A.; Tyradellis, S. Optical Coherence Tomography Angiography in Neurode-
generative Diseases: A Review. Eye Brain 2020, 12, 73–87. [CrossRef]

12. Patton, N.; Aslam, T.; Macgillivray, T.; Pattie, A.; Deary, I.J.; Dhillon, B. Retinal vascular image analysis as a potential screening
tool for cerebrovascular disease: A rationale based on homology between cerebral and retinal microvasculatures. J. Anat. 2005,
206, 319–348. [CrossRef] [PubMed]

13. Roisman, L.; Goldhardt, R. OCT angiography: An upcoming non-invasive tool for diagnosis of age-related macular degeneration.
Curr. Ophthalmol. Rep. 2017, 5, 136–140. [CrossRef]

14. Brooks, B.R.; Miller, R.G.; Swash, M.; Munsat, T.L. World Federation of Neurology Research Group on Motor Neuron Diseases. El
Escorial revisited: Revised criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Mot. Neuron
Disord 2000, 1, 293–299. [CrossRef] [PubMed]

15. Shefner, J.M.; Al-Chalabi, A.; Baker, M.R.; Cui, L.Y.; de Carvalho, M.; Eisen, A.; Grosskreutz, J.; Hardiman, O.; Henderson, R.;
Matamala, J.M.; et al. A proposal for new diagnostic criteria for ALS. Clin. Neurophysiol. 2020, 131, 1975–1978. [CrossRef]

16. Kimura, F.; Fujimura, C.; Ishida, S.; Nakajima, H.; Furutama, D.; Uehara, H.; Shinoda, K.; Sugino, M.; Hanafusa, T. Progression
rate of ALSFRS-R at time of diagnosis predicts survival time in ALS. Neurology 2006, 66, 265–267. [CrossRef] [PubMed]

17. Poesen, K.; De Schaepdryver, M.; Stubendorff, B.; Gille, B.; Muckova, P.; Wendler, S.; Prell, T.; Ringer, T.M.; Rhode, H.; Stevens,
O.; et al. Neurofilament markers for ALS correlate with extent of upper and lower motor neuron disease. Neurology 2017, 88,
2302–2309. [CrossRef] [PubMed]

18. Hirashima, T.; Hangai, M.; Nukada, M.; Nakano, N.; Morooka, S.; Akagi, T.; Nonaka, A.; Yoshimura, N. Frequency doubling
technology, and retinal measurements with spectral-domain optical coherence tomography in preperimetric glaucoma. Graefes.
Arch. Clin. Exp. Ophthalmol. 2013, 251, 129–137. [CrossRef]

19. Margolis, R.; Spaide, R.F. A pilot study of enhanced depth imaging optical coherence tomography of the choroid in normal eyes.
Am. J. Ophthalmol. 2009, 147, 811–815. [CrossRef]

20. Jia, Y.; Tan, O.; Tokayer, J.; Potsaid, B.; Wang, Y.; Liu, J.J.; Kraus, M.F.; Subhash, H.; Fujimoto, J.G.; Hornegger, J.; et al. Split-
spectrum amplitude-decorrelation angiography with optical coherence tomography. Opt. Express. 2012, 20, 4710–4725. [CrossRef]

21. Huang, D.; Jia, Y.; Gao, S.S.; Lumbroso, B.; Rispoli, M. Optical Coherence Tomography Angiography Using the Optovue Device.
Dev. Ophthalmol. 2016, 56, 6–12. [PubMed]

22. Rao, H.L.; Pradhan, Z.S.; Weinreb, R.N.; Reddy, H.B.; Riyazuddin, M.; Dasari, S.; Palakurthy, M.; Puttaiah, N.K.; Rao, D.A.;
Webers, C.A. Regional Comparisons of Optical Coherence Tomography Angiography Vessel Density in Primary Open-Angle
Glaucoma. Am. J. Ophthalmol. 2016, 171, 75–83. [CrossRef]

23. Cerveró, A.; Casado, A.; Riancho, J. Retinal changes in amyotrophic lateral sclerosis: Looking at the disease through a new
window. J. Neurol. 2021, 268, 2083–2089. [CrossRef] [PubMed]

24. Ringelstein, M.; Albrecht, P.; Südmeyer, M.; Harmel, J.; Müller, A.K.; Keser, N.; Finis, D.; Ferrea, S.; Guthoff, R.; Schnitzler, A.; et al.
Subtle retinal pathology in amyotrophic lateral sclerosis. Ann. Clin. Transl. Neurol. 2014, 1, 290–297. [CrossRef] [PubMed]

25. Simonett, J.M.; Huang, R.; Siddique, N.; Farsiu, S.; Siddique, T.; Volpe, N.J.; Fawzi, A.A. Macular sub-layer thinning and
association with pulmonary function tests in Amyotrophic Lateral Sclerosis. Sci. Rep. 2016, 6, 29187. [CrossRef]

26. Mukherjee, N.; McBurney-Lin, S.; Kuo, A.; Bedlack, R.; Tseng, H. Retinal thinning in amyotrophic lateral sclerosis patients
without ophthalmic disease. PLoS ONE 2017, 12, e0185242. [CrossRef]

27. Rohani, M.; Meysamie, A.; Zamani, B.; Sowlat, M.M.; Akhoundi, F.H. Reduced retinal nerve fiber layer (RNFL) thickness in ALS
patients: A window to disease progression. J. Neurol. 2018, 265, 1557–1562. [CrossRef]

28. Roth, N.M.; Saidha, S.; Zimmermann, H.; Brandt, A.U.; Oberwahrenbrock, T.; Maragakis, N.J.; Tumani, H.; Ludolph, A.C.; Meyer,
T.; Calabresi, P.A.; et al. Optical coherence tomography does not support optic nerve involvement in amyotrophic lateral sclerosis.
Eur. J. Neurol. 2013, 20, 1170–1176. [CrossRef]

29. Abdelhak, A.; Hübers, A.; Böhm, K.; Ludolph, A.C.; Kassubek, J.; Pinkhardt, E.H. In vivo assessment of retinal vessel pathology
in amyotrophic lateral sclerosis. J. Neurol. 2018, 265, 949–953. [CrossRef]

http://doi.org/10.1038/s41593-018-0083-7
http://www.ncbi.nlm.nih.gov/pubmed/29463850
http://doi.org/10.1038/nn.3357
http://www.ncbi.nlm.nih.gov/pubmed/23542689
http://doi.org/10.1038/nn2073
http://doi.org/10.1038/s41591-021-01295-9
http://www.ncbi.nlm.nih.gov/pubmed/33859435
http://doi.org/10.1007/s12035-020-02023-z
http://doi.org/10.2147/EB.S193026
http://doi.org/10.1111/j.1469-7580.2005.00395.x
http://www.ncbi.nlm.nih.gov/pubmed/15817102
http://doi.org/10.1007/s40135-017-0131-6
http://doi.org/10.1080/146608200300079536
http://www.ncbi.nlm.nih.gov/pubmed/11464847
http://doi.org/10.1016/j.clinph.2020.04.005
http://doi.org/10.1212/01.wnl.0000194316.91908.8a
http://www.ncbi.nlm.nih.gov/pubmed/16434671
http://doi.org/10.1212/WNL.0000000000004029
http://www.ncbi.nlm.nih.gov/pubmed/28500227
http://doi.org/10.1007/s00417-012-2076-7
http://doi.org/10.1016/j.ajo.2008.12.008
http://doi.org/10.1364/OE.20.004710
http://www.ncbi.nlm.nih.gov/pubmed/27022989
http://doi.org/10.1016/j.ajo.2016.08.030
http://doi.org/10.1007/s00415-019-09654-w
http://www.ncbi.nlm.nih.gov/pubmed/31792674
http://doi.org/10.1002/acn3.46
http://www.ncbi.nlm.nih.gov/pubmed/25590041
http://doi.org/10.1038/srep29187
http://doi.org/10.1371/journal.pone.0185242
http://doi.org/10.1007/s00415-018-8863-2
http://doi.org/10.1111/ene.12146
http://doi.org/10.1007/s00415-018-8787-x


Biomedicines 2022, 10, 2390 12 of 12

30. Hübers, A.; Müller, H.P.; Dreyhaupt, J.; Böhm, K.; Lauda, F.; Tumani, H.; Kassubek, J.; Ludolph, A.C.; Pinkhardt, E.H. Retinal
involvement in amyotrophic lateral sclerosis: A study with optical coherence tomography and diffusion tensor imaging. J. Neural.
Transm. 2016, 123, 281–287. [CrossRef]

31. Buckley, A.F.; Bossen, E.H. Skeletal muscle microvasculature in the diagnosis of neuromuscular disease. J Neuropathol Exp Neurol.
2013, 72, 906–918. [CrossRef] [PubMed]

32. Kolde, G.; Bachus, R.; Ludolph, A.C. Skin involvement in amyotrophic lateral sclerosis. Lancet 1996, 347, 1226–1227. [CrossRef]
33. Nolano, M.; Provitera, V.; Manganelli, F.; Iodice, R.; Caporaso, G.; Stancanelli, A.; Marinou, K.; Lanzillo, B.; Santoro, L.; Mora, G.

Non-motor involvement in amyotrophic lateral sclerosis: New insight from nerve and vessel analysis in skin biopsy. Neuropathol.
Appl. Neurobiol. 2017, 43, 119–132. [CrossRef] [PubMed]

34. Jaiswal, M.K. The Role of Mitochondria, Oxidative Stress and Altered Calcium Homeostasis in Amyotrophic Lateral Sclerosis: From Current
Developments in the Laboratory to Clinical Treatments, 1st ed.; Frontiers in Cellular Neuroscience: Lausanne, Switzerland, 2017.

35. Béland, L.C.; Markovinovic, A.; Jakovac, H.; De Marchi, F.; Bilic, E.; Mazzini, L.; Kriz, J.; Munitic, I. Immunity in amyotrophic
lateral sclerosis: Blurred lines between excessive inflammation and inefficient immune responses. Brain Commun. 2020, 2, fcaa124.
[CrossRef] [PubMed]

36. Kunis, G.; Baruch, K.; Miller, O.; Schwartz, M. Immunization with a Myelin-Derived Antigen Activates the Brain’s Choroid
Plexus for Recruitment of Immunoregulatory Cells to the CNS and Attenuates Disease Progression in a Mouse Model of ALS. J.
Neurosci. 2015, 35, 6381–6393. [CrossRef]

37. Baruch, K.; Deczkowska, A.; David, E.; Castellano, J.M.; Miller, O.; Kertser, A.; Berkutzki, T.; Barnett-Itzhaki, Z.; Bezalel, D.; Tony,
W.-C.; et al. Aging-induced type I interferon response at the choroid plexus negatively affects brain function. Science 2014, 346,
89–93. [CrossRef]

38. Esen, E.; Sizmaz, S.; Demir, T.; Demirkiran, M.; Unal, I.; Demircan, N. Evaluation of Choroidal Vascular Changes in Patients with
Multiple Sclerosis Using Enhanced Depth Imaging Optical Coherence Tomography. Ophthalmologica 2016, 235, 65–71. [CrossRef]

39. Agarwal, A.; Invernizzi, A.; Singh, R.B.; Foulsham, W.; Aggarwal, K.; Handa, S.; Agrawal, R.; Pavesio, C.; Gupta, V. An update on
inflammatory choroidal neovascularization: Epidemiology, multimodal imaging, and management. J. Ophthalmic. Inflamm. Infect.
2018, 8, 13. [CrossRef]

40. Thakur, K.; Tiwari, A.; Sharma, K.; Modgil, S.; Khosla, R.; Anand, A. Angiogenesis-Centered Molecular Cross-Talk in Amyotrophic
Lateral Sclerosis Survival: Mechanistic Insights. Crit. Rev. Eukaryot. Gene Expr. 2020, 30, 137–151. [CrossRef]

41. Saul, J.; Hutchins, E.; Reiman, R.; Saul, M.; Ostrow, L.W.; Harris, B.T.; Van Keuren-Jensen, K.; Bowser, R.; Bakkar, N. Global
alterations to the choroid plexus blood-CSF barrier in amyotrophic lateral sclerosis. Acta Neuropathol. Commun. 2020, 8, 92.
[CrossRef]

42. Lewandowski, D.; Sander, C.L.; Tworak, A.; Gao, F.; Xu, Q.; Skowronska-Krawczyk, D. Dynamic lipid turnover in photoreceptors
and retinal pigment epithelium throughout life. Prog. Retin. Eye Res. 2021, 89, 101037. [CrossRef]

43. Lun, M.P.; Monuki, E.S.; Lehtinen, M.K. Development and functions of the choroid plexus-cerebrospinal fluid system. Nat. Rev.
Neurosci. 2015, 16, 445–457. [CrossRef] [PubMed]

44. Schwartz, M.; Baruch, K. The resolution of neuroinflammation in neurodegeneration: Leukocyte recruitment via the choroid
plexus. EMBO J. 2014, 33, 7–22. [CrossRef] [PubMed]

45. Marrie, R.A.; Reider, N.; Cohen, J.; Stuve, O.; Trojano, M.; Cutter, G.; Reingold, S.; Sorensen, P.S. A systematic review of the
incidence and prevalence of cardiac, cerebrovascular, and peripheral vascular disease in multiple sclerosis. Mult. Scler. 2015, 21,
318–331. [CrossRef] [PubMed]

http://doi.org/10.1007/s00702-015-1483-4
http://doi.org/10.1097/NEN.0b013e3182a7f0b8
http://www.ncbi.nlm.nih.gov/pubmed/24042201
http://doi.org/10.1016/S0140-6736(96)90737-0
http://doi.org/10.1111/nan.12332
http://www.ncbi.nlm.nih.gov/pubmed/27288647
http://doi.org/10.1093/braincomms/fcaa124
http://www.ncbi.nlm.nih.gov/pubmed/33134918
http://doi.org/10.1523/JNEUROSCI.3644-14.2015
http://doi.org/10.1126/science.1252945
http://doi.org/10.1159/000441152
http://doi.org/10.1186/s12348-018-0155-6
http://doi.org/10.1615/CritRevEukaryotGeneExpr.2020031020
http://doi.org/10.1186/s40478-020-00968-9
http://doi.org/10.1016/j.preteyeres.2021.101037
http://doi.org/10.1038/nrn3921
http://www.ncbi.nlm.nih.gov/pubmed/26174708
http://doi.org/10.1002/embj.201386609
http://www.ncbi.nlm.nih.gov/pubmed/24357543
http://doi.org/10.1177/1352458514564485
http://www.ncbi.nlm.nih.gov/pubmed/25533300

	Introduction 
	Materials and Methods 
	Participants 
	Spectral-Domain Optical Coherence Tomography (SD-OCT) 
	Subfoveal Choroidal Thickness Measurement (SFCT) 
	Optical Coherence Tomography Angiography (OCT-A) 
	Statistical Analysis 

	Results 
	Demographic and Clinical Features 
	SD-OCT and OCT-A Findings 

	Discussion 
	Conclusions 
	References

