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Over the last decade, ophthalmology has significantly benefited from advances in vivo
non-invasive ophthalmic imaging techniques that play currently a fundamental role in the
clinical assessment, diagnosis, management, and monitoring of a wide variety of conditions
involving both the anterior and posterior segment [1–6]. Imaging technologies, including
anterior and posterior segment optical coherence tomography (OCT), OCT angiography,
wide-field retinal imaging, specular and confocal microscopy, corneal topography, and ocu-
lar ultrasound, have dramatically improved the morphological and functional evaluation
of ocular structures, both in healthy and pathological eyes [1–11].

The detection of tissue microstructural changes, even at the subclinical level, can
improve our ability to not only make an appropriate diagnosis, but also to elucidate
pathogenetic mechanisms and to plan an appropriate management strategy for several
pathological conditions. In this regard, for instance, an analysis of the retinal and corneal
changes associated with SO tamponade provided important information on the potential
effects of this compound on ocular tissues and facilitated the early detection of complica-
tions [12–15]. This aspect is of great clinical relevance, especially when considering that
SO-related complications can be severe and potentially sight-threatening [16]. Furthermore,
imaging techniques allow the identification of new biomarkers with different potential
applications, including the detection and prediction of progression or responses to the treat-
ment of common ocular diseases (e.g., age-related macular degeneration, AMD, diabetic
retinopathy, DR, and myopic choroidal neovascularization) [17–19]; the early detection
of systemic diseases, including hypertension [20] and multiple sclerosis [21]; the predic-
tion of functional outcomes after surgical procedures [22]; or the detection of potential
complications associated with systemic dugs [23].

With regard to the anterior segment, corneal topography and tomography have an
established role in the accurate evaluation of the corneal shape as well as in the preoperative
assessment for refractive and cataract surgery [24]. They are also relevant in the diagnosis,
surgical planning, and long-term monitoring of various corneal pathologies, including
keratoconus [25–27], ectatic corneal diseases, and pterygium or corneal scars [28,29]. It
worth noting that keratometry measurements may significantly differ on the basis of the
methodology used (e.g., anterior segment-OCT vs. Pentacam) [30]. Specular microscopy
is a fundamental tool in the assessment of corneal and diagnosis and in the management
of corneal endothelial disorders [31]. This technique can be also used to assess corneas
stored in cold storage or in organoculture using an active storage machine [32]. Confocal
microscopy allows for the detailed analysis of corneal nerves as well as for understanding
their important role in the corneal structure and function in common corneal diseases such
as keratoconus [33] but also as early markers of ocular involvement in systemic diseases,
such as type 2 diabetes [34].
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With regard to posterior segment, the advent of OCT and OCTA and their recent
developments has dramatically improved the assessment of retinal and choroidal disorders.
The diagnosis and the management of medical retinal diseases, including AMD, DR, and
retinal vein occlusion, has been optimized by the use of these techniques, and the need for
more invasive investigations, such as fluorescein angiography, has decreased [35–37]. This
shift has also been seen in the anterior segment [38–42]. The evaluation and management of
vitreoretinal interface diseases have particularly benefited from these imaging techniques,
which allow for detailed structural analysis of the retinal tissues and the identification of
multiple anatomical findings for classification [43,44], differential diagnosis [45–47], surgical
planning [48–50], prognosis [45,49,51], and long-term monitoring [50,52]. It has been
recently suggested that retromode imaging modalities, which rely on confocal scanning
laser ophthalmoscopic technology, may be a promising additional tool for the assessment
of ERMs [53].

The possibility of combining different imaging modalities can optimize the processes
of differential diagnosis, particularly in diseases sharing multiple common clinical aspects,
including macular oedema of different etiologies [54] or inflammatory pathologies [55–57], as
shown for chorioretinal lesions associated with Mycobacterium (M.) chimaera, M. tuberculosis,
and other ocular granulomatous infectious diseases [58].

Finally, there is a growing interest in the use of artificial intelligence (AI) and deep
learning in ophthalmology due to the promising results achieved in the detection of com-
mon ocular diseases such as AMD, diabetic retinopathy, and glaucoma, and the potential
applications for screening, diagnosis, and monitoring of these conditions [59]. The high ac-
curacy of a computer-aided diagnosis algorithm using deep convolutional neural networks
in recognizing and classifying high levels of myopia through fundus images has also been
reported [60]. Interestingly, an AI system based on transfer learning and deep learning has
been successfully applied for meibography analysis [61].

In this issue, we aimed to highlight the multiple potential applications of imaging
techniques in ophthalmology, and we hope that this will be appreciated by readers.
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Abstract: Background: We aimed to study the bilateral choroidal thickness (CT) symmetry and
difference in uncomplicated pachychoroid subjects using wide-field swept-source optical coherence
tomography (SS-OCT). Methods: All subjects underwent a wide-field 16-mm one-line scan using
SS-OCT. Bilateral CT was measured at, and compared among, the following 12 points: three points at
900-μm intervals from the nasal optic disc margin (nasal peripapillary area), one point at the subfovea,
six points at 900-μm intervals from the fovea to the nasal and temporal areas (macular area), and
two peripheral points 5400 and 8100 μm from the fovea (peripheral area). Results: There were no
statistically significant differences in CT between the right and left eyes in any area (all p > 0.05);
they all showed significant positive correlations (all p < 0.01). However, the correlation coefficients
(ρ) were smaller for the nasal peripapillary and peripheral areas compared to the macular area.
Conclusions: The CTs in each region were bilaterally symmetrical in subjects with uncomplicated
pachychoroid. However, interocular difference in CT increased from the center to the periphery,
indicating that the anatomical variation of the nasal peripapillary and peripheral choroid was greater
than that of the macula.

Keywords: choroidal thickness; interocular symmetry; uncomplicated pachychoroid; wide-field
swept-source optical coherence tomography

1. Introduction

The rapid development of optical coherence tomography (OCT) has shed light on the
morphological and pathophysiological features of various chorioretinal diseases [1]. In
particular, enhanced depth image (EDI)- and swept source (SS)-OCT enable more accurate
qualitative and quantitative analyses of the choroid than conventional SD-OCT [2–4].
Detailed analysis of the choroid using these state-of-the-art imaging techniques has led to
new concepts, such as “pachychoroid” and “pachychoroid disease spectrum”.

The pachychoroid disease spectrum, first introduced by Warrow et al. [5], is charac-
terized by increased focal or diffuse choroidal thickening, a pathologically dilated vein
in Haller’s layer (pachyvessel) and thinning in Sattler’s layer and the choriocapillary
layer [6–8]. The pachychoroid disease spectrum includes pachychoroid pigment epithe-
liopathy (PPE), central serous chorioretinopathy (CSC), pachychoroid neovasculopathy
(PNV), polypoidal choroidal vasculopathy (PCV), focal choroidal excavation, and peripap-
illary pachychoroid syndrome [7]. An abnormally thick choroid without these specific
findings on retinal imaging is referred to as uncomplicated pachychoroid [7–10]. Several
studies have proposed cutoff choroidal thickness (CT) values to define a thick choroid.
However, CT can be affected by various factors, including age [11,12], sex [13], axial length
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(AL) [13,14], spherical equivalent (SE) [11], intraocular pressure (IOP) [15], mean arterial
pressure [16], and diurnal variation [17]. There is no consensus regarding the cutoff value
for thick choroid, but many studies defined pachychoroid as CT > 300 μm [7,10,18].

The recently developed swept-source OCT (SS-OCT) uses a wavelength of 1040–1060 μm,
which enables deeper penetration. Therefore, SS-OCT can be used to obtain more detailed
and clearer images of deeper structures (e.g., the choroid and choroidoscleral junction) than
previous imaging modalities. The scan rate of commercially available SS-OCT is nearly
twofold higher than that of conventional SD-OCT, thus reducing motion artifacts and
enabling acquisition of wide-field B-scan images [19]. A number of studies on peripheral
retinal and choroidal morphology have been conducted using wide-field OCT [20–22].

In most healthy individuals, both eyes are not anatomically or functionally identical,
but have a generally similar appearance. Therefore, if there is a change in interocular
symmetry, the physician should seek to determine whether it is due to disease or constitutes
asymmetry within the normal range, as this has important implications for treatment
planning. To our knowledge, there have been no studies on the interocular symmetry of
CT in uncomplicated pachychoroid. In this study, we compared bilateral CT values among
the macular, nasal peripapillary, and peripheral areas using wide-field (16-mm) SS-OCT in
subjects with uncomplicated pachychoroid.

2. Materials and Methods

This retrospective, observational study was approved by the Institutional Review
Board of Chungnam National University Hospital (Daejeon, Republic of Korea). Informed
consent was obtained from all participants, and the study protocol adhered to the tenets of
the Declaration of Helsinki.

2.1. Participants

The study population consisted of young, healthy adults with uncomplicated pachy-
choroid, all of whom visited the retina clinic of Chungnam National University Hospital
for retina and vitreous evaluation between March 2018 and June 2020. Information on age,
sex, medical history, and history of previous ocular surgery were collected; all subjects
underwent comprehensive assessments of best-corrected visual acuity (BCVA), IOP (CT-80;
Topcon Corporation, Tokyo, Japan), SE (KR-1; Topcon Corporation), and AL (IOL Master®;
Carl Zeiss Meditec, Jena, Germany), as well as dilated fundus examinations. SS-OCT (PLEX
Elite 9000; Carl Zeiss Meditec, Dublin, CA, USA) was performed to evaluate baseline ocular
findings and measure CT. As in previous studies [7–10,18], uncomplicated pachychoroid
was defined as eyes with thick choroid (subfoveal CT > 300 μm or and extrafoveal focus
that exceeded subfoveal CT by at least 50 μm), pachyvessels (dilated choroidal vessels),
inner choroidal attenuation, and no abnormal findings (e.g., PPE, CSC, PNV, and PCV) on
OCT imaging. We also defined pachyvessels as dilated outer choroidal vessels observed on
SS-OCT en face slabs of outer choroid, which correlated with the areas of maximal CT with
increased Haller’s layer in cross-sectional OCT.

This study included subjects with bilateral uncomplicated pachychoroid and BCVA of
20/20 or better, none of whom had any medical history (e.g., diabetes or hypertension).
Subjects with unilateral uncomplicated pachychoroid, SE < −6.0 D, AL > 26.5 mm, ani-
sometropia > 3.0 D, IOP > 21 mmHg, chorioretinal disease, glaucoma, optic nerve disease,
or previous ocular surgery history (including refractive surgery) were excluded.

2.2. Image Acquisition

The Zeiss PLEX® Elite 9000 instrument is based on SS-OCT and uses a swept-source
tunable laser with a center wavelength between 1040 nm and 1060 nm as a light source. In
addition, it has a speed of 100,000 A-scans/s and, in tissue, provides an A-scan depth of
3.0 mm, an optical axial resolution of 6.3 μm, a digital axial resolution of 1.95 μm, and a
transverse resolution of 20 μm.
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The Zeiss PLEX® Elite 9000 instrument offers a variety of scan types. In this study,
the HD spotlight 1 (16 mm) (magnification, 10×–100×) scan was used. This provides
a single, high-definition scan with a depth of 3.0 mm, 100 B-scans, 1024 A-scans, and a
length of 16 mm anywhere on the fundus image. The examiner can set the number of scan
frames (scan repetitions) to 10–100 (10-scan interval). In this study, the HD spotlight 1 scan
(length of 16 mm, 100 scan frames) set the scan angle to 0 degrees to take a horizontal
scan including fovea, and it was performed twice for all participants by an experienced
examiner. The best scan with a signal strength ≥9 was selected for the analysis. The results
of individuals with an OCT scan signal strength <9 or scan artifacts were excluded.

2.3. CT Measurements

CT measurements were conducted in the same manner as described in our previous
report [23]. For the 16-mm HD spotlight scan, CT was measured from the outer part
of the hyperreflective line (corresponding to the retinal pigment epithelium RPE) to the
inner surface of the sclera, using a caliper and built-in review software. Measurements
were made at 12 points: 3 points at 900-μm intervals from the nasal optic disc margin
(nasal points 1–3; nasal peripapillary area), 1 point at the subfovea, 6 points at 900-μm
intervals from the fovea to the nasal and temporal areas (nasal points 4–6; temporal points
1–3; macular area), and 2 points at 2700-μm intervals from temporal point 3 (temporal
points 4 and 5; peripheral area) (Figure 1). All scans were assessed by two investigators
(M.S.K. and Y.K.W.). The reproducibility of the measurements was evaluated based on the
coefficient of variation (CV) and intraclass correlation coefficient (ICC). Mean values of two
measurements were used for the analysis.

 

Figure 1. A 16-mm wide-field (16-mm) optical coherence tomography image of a healthy individual. Choroidal thickness
was measured with a caliper at 12 points, i.e., at 900-μm intervals from the nasal optic disc margin (nasal points 1–3), at the
subfovea, at 900-μm intervals from the fovea (nasal points 4–6 and temporal points 1–3), and at 2700-μm intervals from
temporal point 3 (temporal points 4 and 5).

2.4. Statistical Analysis

All data analyses were performed with IBM SPSS Statistics for Windows (ver. 23.0;
IBM Corp., Armonk, NY, USA). The paired t test was used to compare mean CT between the
right and left eyes. Pearson’s correlation coefficient (ρ), ICC, and CV values were obtained
to determine the interocular symmetry of CT. The absolute differences in bilateral CT
measurements were determined in all measurement areas. One-way analysis of variance
(ANOVA) and Bonferroni correction were used to compare interocular CT differences
among the nasal peripapillary, macular, and peripheral areas. Linear regression analysis
was used to analyze the relationships of interocular CT differences in the nasal peripapillary,
macular, and peripheral areas with various clinical factors. All interocular difference values
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(e.g., in SE, IOP, AL, and CT) were obtained by subtracting the left eye values from the
right eye values. In all analyses, p < 0.05 was taken to indicate statistical significance.

3. Results

3.1. Demographics

Among a total of 154 healthy young adults without specific findings, 121 were ex-
cluded from the study due to high myopia, history of previous refractive surgery, subfoveal
CT < 300 μm, unilateral uncomplicated pachychoroid, absence of pachyvessel and inner
choroidal attenuation, etc. Thus, the final study population consisted of 33 subjects with
bilateral uncomplicated pachychoroid (22 men and 11 women) and an average age of
27.55 ± 2.74 years. SE, IOP, and AL were not significantly different between the right and
left eyes (all p > 0.05) (Table 1).

Table 1. Baseline characteristics of participants.

Characteristic p-Value

Number of patients (no. of eyes) 33 (66) N/A

Age (mean ± SD, years) 27.55 ± 2.74 N/A

Sex (male/female) 22/11 N/A

BCVA (mean ± SD, logMAR) * 0.670
Right −0.02 ± 0.05
Left −0.03 ± 0.06

Spherical equivalent (mean ± SD, diopters) * 0.988
Right −2.43 ± 2.00
Left −2.42 ± 2.01

Intraocular pressure (mean ± SD, mmHg) * 0.233
Right 15.52 ± 3.03
Left 16.39 ± 2.89

Axial length (mean ± SD, mm) * 0.927
Right 24.64 ± 1.05
Left 24.61 ± 1.10

* Comparison between right and left eyes using the paired t test. BCVA, best-corrected visual acuity; logMAR,
logarithm of the minimum angle of resolution; SD, standard deviation.

3.2. Symmetry of Choroidal Thickness at Different Measurement Points

The CT measurements obtained by two different investigators (M.S.K. and Y.K.W.)
showed excellent reproducibility (all ICCs > 0.9 and all CVs < 10%). The mean values of
subfoveal CT were 384.14 ± 67.20 μm (minimum-maximum, 302.50–564.00 μm) in the right
eye and 380.36 ± 71.23 μm (minimum-maximum, 305.50–595.00 μm) in the left eye. Table 2
summarizes the mean values of the bilateral CT measurements and interocular symmetry.
The average CT measurements of the right and left eyes in the nasal peripapillary area
(nasal points 1–3), macular area (nasal points 4–6, subfovea, temporal points 1–3), and
peripheral area (temporal points 4 and 5) showed no statistically significant differences
(all p > 0.05). In general, larger interocular correlation coefficients (ρ) were associated with
larger ICC values and smaller CV values; the reverse relation was also observed. The
interocular correlation coefficients of all points in the macular area (except nasal point 4
and temporal point 3; ρ = 0.577 and 0.667, respectively) were higher than those in the nasal
peripapillary area. In addition, the interocular correlation coefficients of all points in the
nasal peripapillary area were higher than those in the peripheral area (Figure 2).
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Table 2. Comparison of choroidal thickness between the right and left eyes at 12 measurement points.

Points

Choroidal Thickness (μm) (mean
± SD)

p-Value *

Measure of Symmetry

Right Eye Left Eye
Interocular Correlation (ρ)

(All, p < 0.01)
ICC

(All, p < 0.001)
CV

Nasal peripapillary
area

Nasal 1 277.64 ± 87.39 268.86 ± 77.63 0.446 0.685 0.815 13.52
Nasal 2 268.89 ± 81.61 257.08 ± 78.36 0.232 0.766 0.862 12.95
Nasal 3 232.56 ± 73.46 217.68 ± 68.22 0.130 0.701 0.699 15.34

Macular area Nasal 4 218.63 ± 66.06 221.58 ± 61.92 0.769 0.577 0.752 14.75
Nasal 5 294.79 ± 71.08 284.95 ± 70.26 0.199 0.850 0.898 8.93
Nasal 6 346.77 ± 71.04 341.77 ± 72.15 0.473 0.909 0.917 6.43

Subfovea 384.14 ± 67.20 380.36 ± 71.23 0.537 0.842 0.926 4.85
Temporal 1 375.33 ± 70.22 380.36 ± 71.23 0.483 0.919 0.910 6.11
Temporal 2 364.27 ± 62.61 377.90 ± 73.84 0.010 0.873 0.891 7.63
Temporal 3 358.05 ± 78.09 371.26 ± 78.76 0.253 0.667 0.791 11.59

Peripheral area Temporal 4 318.21 ± 73.61 320.58 ± 96.21 0.871 0.635 0.693 15.70
Temporal 5 278.15 ± 86.25 263.14 ± 68.13 0.287 0.530 0.644 15.98

* Comparison of choroidal thickness between the right and left eyes by paired t test. CV, coefficient of variation; ICC, interclass correlation
coefficient; ρ. Pearson’s correlation coefficient; SD, standard deviation.

Figure 2. Scatter plots showing bilateral CT in uncomplicated pachychoroid subject in the nasal
peripapillary (a), macular (b), and peripheral (c) areas. In the nasal peripapillary area (a), the scatter
plot indicates weaker correlations than in the macular area (b), but stronger correlations than in the
peripheral area (c) between right and left eye CT. CT, choroidal thickness.

3.3. Differences in CT Measurements by Points and Area

Table 3 shows the average absolute CT difference between the two eyes, measured at
each of the 12 points. Similar to the symmetry results, the mean CT difference at all points
in the macular area (except temporal point 3) was smaller than that at all points in the nasal
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peripapillary area. Furthermore, the mean CT difference was smaller at all points in the
nasal peripapillary area than at any point in the peripheral area (Figure 3).

Table 3. Differences in absolute choroidal thickness between the right and left eyes at 12 measure-
ment points.

Region
Difference in Choroidal Thickness (μm)

Mean ± SD 95% CI

Nasal peripapillary area Nasal 1 51.29 ± 40.45 38.73–66.32
Nasal 2 47.15 ± 30.87 37.42–59.07
Nasal 3 46.06 ± 32.58 36.41–57.71

Macular area Nasal 4 44.94 ± 34.36 33.14–56.45
Nasal 5 35.62 ± 25.47 26.99–44.29
Nasal 6 31.67 ± 23.62 23.49–40.12

Subfovea 27.11 ± 23.28 19.77–35.01
Temporal 1 33.15 ± 23.44 25.94–41.00
Temporal 2 39.94 ± 25.70 31.03–48.69
Temporal 3 56.52 ± 33.68 45.62–68.62

Peripheral area Temporal 4 66.12 ± 48.07 49.81–84.60
Temporal 5 60.59 ± 52.78 42.52–79.18

CI, confidence interval; SD, standard deviation.

Figure 3. Box and whisker plots (2.5–97.5 percentile) of absolute interocular differences in CT according to region. CT differ-
ences were generally greater in the nasal peripapillary and peripheral areas than in the macular area. CT: choroidal thickness.

The mean absolute difference in CT increased gradually from the macular to the nasal
peripapillary and peripheral areas (38.42 ± 28.59, 48.17 ± 34.60, and 63.36 ± 50.54 μm,
respectively; p < 0.001, one-way ANOVA). In the Bonferroni post hoc test, the interocular
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absolute CT difference between the nasal peripapillary and peripheral areas was statisti-
cally significant (p = 0.018). The interocular absolute CT difference between macular and
temporal areas was also statistically significant (p < 0.001). The absolute interocular CT
difference between the nasal peripapillary and macular area showed a near significance
(p = 0.058) (Table 4).

Table 4. Interocular difference in CT among the nasal peripapillary, macular, and peripheral areas.

Region Statistical Significance

Nasal Peripapillary
Area

Macular Area
Peripheral

Area
p * p † p ‡ p **

Difference in
CT (μm)

Mean ± SD 48.17 ± 34.60 38.42 ± 28.59 63.36 ± 50.54 <0.001 0.058 0.018 <0.001
95% CI 41.27–55.07 34.53–40.98 51.11–78.36

CI, confidence interval; CT, choroidal thickness; SD, standard deviation. * Among the nasal peripapillary area, macular, peripheral areas
(one-way analysis of variance). † Between the nasal peripapillary and macular areas (Bonferroni post hoc test). ‡ Between the nasal
peripapillary and temporal areas (Bonferroni post hoc test). ** Between the macular and temporal areas (Bonferroni post hoc test).

3.4. Clinical Factors Associated with Differences in Interocular CT According to Area

Simple linear regression analysis was performed to analyze the relationships of in-
terocular CT differences (right eye−left eye) in three different areas (nasal peripapillary,
macular, and peripheral areas) with other clinical factors (e.g., age, sex, SE, IOP, and AL)
(Table 5). In terms of macular area, the interocular CT difference showed a significant
negative correlation with the interocular AL difference (β = −6.226 ± 3.025, p = 0.048). In
the nasal peripapillary and peripheral areas, the difference in CT was not significantly
related to any clinical factor (all p > 0.10).

Table 5. Simple regression analysis of the relationships of clinical factors with the mean interocular difference in choroidal
thickness by area.

Simple Regression Analysis (β ± SD)

Area Nasal Peripapillary Area p Macular Area p Peripheral Area p

Age −5.058 ± 3.169 0.121 −0.185 ± 2.121 0.931 −5.235 ± 3.940 0.194
Sex (male = 0, female = 1) 9.538 ± 18.645 0.618 −1.792 ± 12.237 0.885 −18.966 ± 23.123 0.418

Interocular difference
Intraocular pressure −0.975 ± 1.908 0.613 −1.447 ± 1.205 0.239 −0.259 ± 2.354 0.913
Spherical equivalent 1.832 ± 2.816 0.520 3.069 ± 1.739 0.087 4.823 ± 3.374 0.163

Axial length 7.275 ± 4.839 0.143 −6.226 ± 3.025 0.048 −3.933 ± 6.118 0.525

Interocular differences were obtained by subtracting right eye values from left eye values. SD, standard deviation.

4. Discussion

In this study, we compared bilateral CT values among several points in the macular,
nasal peripapillary, and peripheral areas using wide-field SS-OCT in subjects with un-
complicated pachychoroid. The degree of symmetry was generally high in the macular
area (except nasal point 4 and temporal point 3) and low in the nasal peripapillary and
peripheral areas. The interocular difference in CT increased gradually from the macular
area to the nasal peripapillary and temporal areas (p < 0.001, one-way ANOVA), and the
interocular difference in CT between the macular and nasal peripapillary area showed a
near significance (p = 0.058) according to the post hoc Bonferroni test. This was assumed to
be due to the low interocular symmetry of CT for nasal point 4 and temporal point 3 in the
macular area.

According to a search of the PubMed database, no studies have analyzed interocular
symmetry and differences in CT in uncomplicated pachychoroid patients. In particular,
there have been no wide-field SS-OCT studies on the interocular symmetry of CT in
the nasal peripapillary and peripheral areas. Most previous studies on the interocular
symmetry of CT were mainly confined to foveal and parafoveal areas in healthy subjects
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rather than those with uncomplicated pachychoroid [2,24–27]. Therefore, this study is
important in that it is the first to compare the interocular symmetry of CT among the
nasal peripapillary, peripheral, and macular (foveal and parafoveal) areas using wide-field
(16-mm) SS-OCT in subjects with uncomplicated pachychoroid.

Most of the studies mentioned above using Early Treatment Diabetic Retinopathy Study
(ETDRS) maps or other methods reported that interocular CT in foveal and parafoveal areas
showed high correlation coefficients and ICC values (ρ > 0.8, ICC > 0.9) [26–28]. Similarly, in
the present study, CT measurements showed relatively high agreement (ρ > 0.8, ICC > 0.85)
at the subfoveal, nasal 5, nasal 6, temporal 1, and temporal 2 points, which correspond
to the center and inner ring (3-mm diameter area centered on the fovea) of the ETDRS
map. However, CT measurements showed relatively low agreement at nasal point 4 and
temporal point 3 (ρ = 0.577 and 0.667, respectively), corresponding to the outer ring of the
ETDRS map. It is difficult to determine the reason for the low interocular symmetry of CT
at these points. However, there have been several studies related to this issue. In the study
by Chen et al. (mean (min, max) subfoveal CT = 334 (172, 568) μm in the right eye and 333
(133, 555) μm in the left eye) [26], the correlation coefficient for CT in the temporal area
3 mm from the fovea was 0.490, which was the lowest value among all areas measured
in their study. In addition, other reports [29,30] posited that peripapillary CT variability
could result from the presence of watershed zones, primarily near the optic disc [31]. The
very low CT correlation coefficient for nasal point 4 compared to nasal point 5 in this study
could be attributable to watershed zones.

To measure CT in the nasal peripapillary and peripheral areas in subjects with uncom-
plicated pachychoroid, wide-field imaging is required. Several studies measured peripheral
choroidal CT using wide-field imaging [23,29,30,32,33]. However, to our knowledge, this
is the first study to investigate interocular differences in CT in nasal peripapillary and
peripheral areas in subjects with uncomplicated pachychoroid. In this study, the correlation
coefficients of CT in the nasal peripapillary and peripheral areas were lower than in the
macular area (except for nasal point 4 and temporal point 3), thus demonstrating that CT
symmetry in the nasal peripapillary and peripheral areas is generally lower than in the mac-
ular area. However, the reason for these differences is not clear. In our previous study [23],
CT measurements were compared between pachychoroid and “normochoroid eyes” using
wide-field SS-OCT. Even in pachychoroid eyes, pachyvessels were sometimes absent from
the nasal peripapillary and peripheral areas, leading to smaller than expected CT values.
This may partly explain the greater interocular CT variation in nasal peripapillary and
peripheral areas compared to the macular area.

CT is known to be affected by multiple factors. In this study, we also analyzed the
relationships of interocular differences of CT with other clinical factors. In the macular area,
interocular CT and AL differences had a significant negative correlation, i.e., the choroid
in the macular area becomes thinner as the AL increases, and vice versa. However, in
the nasal peripapillary and peripheral areas, no such correlations were seen. Thus, AL
may have a greater effect on CT in the macular area than in the nasal peripapillary and
peripheral areas, as suggested by previous studies [23,30]. Other factors, such as age, sex,
IOP, and SE, also showed no relationships with interocular CT differences. However, only
young adults were included in our study, and the age range was narrow (24–35 years; mean
age = 27.55 years), which limited the generalizability of the findings. Age is known to be
related to CT, but further research including detailed subgroup analyses is needed on this.

This study had some other limitations. CTs were measured manually, which can lead
to measurement inaccuracy. However, the ICC and CV values showed good reproducibil-
ity, suggesting that any inaccuracy was minimal. Nevertheless, obtaining automatic CT
measurements via software may be useful. We did not analyze other factors that may
affect CT, such as mean arterial pressure or diurnal variation. Despite these limitations,
this was the first study to compare CT among macular, nasal peripapillary, and peripheral
areas in subjects with uncomplicated pachychoroid. In addition, the wide-field (16-mm)
SS-OCT modality captured images without time lag, thus minimizing errors caused by
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time differences. Moreover, the image quality was higher, and the CT measurements were
more precise in this study compared to other studies using SD-OCT or EDI-OCT. This
study clearly demonstrated that interocular CT variation can occur in nasal peripapillary
and peripheral areas.

In conclusion, interocular CT generally showed bilateral symmetry in our patients
with uncomplicated pachychoroid, although this differed among areas. In addition, only
interocular CT and AL differences were significantly correlated in the macular area; there
were no significant associations for any other clinical factor. This suggests that the interocu-
lar CT difference in nasal peripapillary and peripheral areas is due to anatomical variation
alone, rather than other clinical factors. Physicians should be aware of the possibility
of interocular CT differences; when an uncomplicated pachychoroid patient exhibits an
abnormal CT difference, it is important to perform detailed examinations to identify the
factors, including other ophthalmic diseases, which may be responsible.

Author Contributions: Conceptualization: K.-Y.N. and J.-Y.K.; Data curation: M.-S.K., W.-H.L., and
Y.-K.W.; Formal analysis and methodology: M.-S.K. and H.-B.L.; Visualization: H.-B.L. and Y.-K.W.;
Writing—original draft: M.-S.K. and J.-Y.K.; Writing—review and editing: W.-H.L., K.-Y.N., and J.-Y.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
Chungnam National University Hospital (Daejeon, Republic of Korea) (IRB File no: 2021-03-073-001;
date of approval: 14 April 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fujimoto, J.; Swanson, E. The development, commercialization, and impact of optical coherence tomography. Invest. Ophthalmol.
Vis. Sci. 2016, 57, OCT1–OCT13. [CrossRef]

2. Spaide, R.F.; Koizumi, H.; Pozonni, M.C. Enhanced depth imaging spectral-domain optical coherence tomography. Am. J.
Ophthalmol. 2008, 146, 496–500. [CrossRef] [PubMed]

3. Potsaid, B.; Baumann, B.; Huang, D.; Barry, S.; Cable, A.E.; Schuman, J.S.; Duker, J.S.; Fujimoto, J.G. Ultrahigh speed 1050 nm
swept source/Fourier domain OCT retinal and anterior segment imaging at 100,000 to 400,000 axial scans per second. Opt.
Express. 2010, 18, 20029–20048. [CrossRef]

4. Waldstein, S.M.; Faatz, H.; Szimacsek, M.; Glodan, A.M.; Podkowinski, D.; Montuoro, A.; Simader, C.; Gerendas, B.S.;
Schmidt-Erfurth, U. Comparison of penetration depth in choroidal imaging using swept source vs spectral domain optical
coherence tomography. Eye 2015, 29, 409–415. [CrossRef]

5. Warrow, D.J.; Hoang, Q.V.; Freund, K.B. Pachychoroid pigment epitheliopathy. Retina 2013, 33, 1659–1672. [CrossRef] [PubMed]
6. Akkaya, S. Spectrum of pachychoroid diseases. Int. Ophthalmol. 2018, 38, 2239–2246. [CrossRef] [PubMed]
7. Cheung, C.M.G.; Lee, W.K.; Koizumi, H.; Dansingani, K.; Lai, T.Y.Y.; Freund, K.B. Pachychoroid disease. Eye 2019, 33, 14–33.

[CrossRef]
8. Yanagi, Y. Pachychoroid disease: A new perspective on exudative maculopathy. Jpn J. Ophthalmol. 2020, 64, 323–337. [CrossRef]
9. Ersoz, M.G.; Karacorlu, M.; Arf, S.; Hocaoglu, M.; Sayman Muslubas, I. Pachychoroid pigment epitheliopathy in fellow eyes of

patients with unilateral central serous chorioretinopathy. Br. J. Ophthalmol. 2018, 102, 473–478. [CrossRef] [PubMed]
10. Dansingani, K.K.; Balaratnasingam, C.; Naysan, J.; Freund, K.B. En face imaging of pachychoroid spectrum disorders with

swept-source optical coherence tomography. Retina 2016, 36, 499–516. [CrossRef]
11. Kim, M.; Kim, S.S.; Koh, H.J.; Lee, S.C. Choroidal thickness, age, and refractive error in healthy Korean subjects. Optom. Vis. Sci.

2014, 91, 491–496. [CrossRef]
12. Xiong, S.; He, X.; Zhang, B.; Deng, J.; Wang, J.; Lv, M.; Zhu, J.; Zou, H.; Xu, X. Changes in choroidal thickness varied by age and

refraction in children and adolescents: A one-year longitudinal study. Am. J. Ophthalmol. 2020, 213, 46–56. [CrossRef]
13. Li, X.Q.; Larsen, M.; Munch, I.C. Subfoveal choroidal thickness in relation to sex and axial length in 93 Danish university students.

Invest. Ophthalmol. Vis. Sci. 2011, 52, 8438–8441. [CrossRef]

14



J. Clin. Med. 2021, 10, 4253

14. Flores-Moreno, I.; Lugo, F.; Duker, J.S.; Ruiz-Moreno, J.M. The relationship between axial length and choroidal thickness in eyes
with high myopia. Am. J. Ophthalmol. 2013, 155, 314–319. [CrossRef]

15. Usui, S.; Ikuno, Y.; Uematsu, S.; Morimoto, Y.; Yasuno, Y.; Otori, Y. Changes in axial length and choroidal thickness after
intraocular pressure reduction resulting from trabeculectomy. Clin. Ophthalmol. 2013, 7, 1155–1161. [CrossRef]

16. Akay, F.; Gundogan, F.C.; Yolcu, U.; Toyran, S.; Uzun, S. Choroidal thickness in systemic arterial hypertension. Eur. J. Ophthalmol.
2016, 26, 152–157. [CrossRef]

17. Baek, S.U.; Kim, J.S.; Kim, Y.K.; Jeoung, J.W.; Park, K.H. Diurnal variation of choroidal thickness in primary open-angle glaucoma.
J. Glaucoma. 2018, 27, 1052–1060. [CrossRef] [PubMed]

18. Ersoz, M.G.; Karacorlu, M.; Arf, S.; Hocaoglu, M.; Sayman Muslubas, I. Outer nuclear layer thinning in pachychoroid pigment
epitheliopathy. Retina 2018, 38, 957–961. [CrossRef] [PubMed]

19. Klein, T.; Huber, R. High-speed OCT light sources and systems. Biomed. Opt Express. 2017, 8, 828–859. [CrossRef] [PubMed]
20. Choudhry, N.; Golding, J.; Manry, M.W.; Rao, R.C. Ultra-widefield steering-based spectral-domain optical coherence tomography

imaging of the retinal periphery. Ophthalmology 2016, 123, 1368–1374. [CrossRef]
21. Shinohara, K.; Shimada, N.; Moriyama, M.; Yoshida, T.; Jonas, J.B.; Yoshimura, N.; Ohno-Matsui, K. Posterior staphylomas

in pathologic myopia imaged by widefield optical coherence tomography. Invest. Ophthalmol. Vis. Sci. 2017, 58, 3750–3758.
[CrossRef]

22. Kakiuchi, N.; Terasaki, H.; Sonoda, S.; Shiihara, H.; Yamashita, T.; Tomita, M.; Shinohara, Y.; Sakoguchi, T.; Iwata, K.; Sakamoto, T.
Regional differences of choroidal structure determined by wide-field optical coherence tomography. Invest. Ophthalmol. Vis. Sci.
2019, 60, 2614–2622. [CrossRef]

23. Lim, H.B.; Kim, K.; Won, Y.K.; Lee, W.H.; Lee, M.W.; Kim, J.Y. A comparison of choroidal thicknesses between pachychoroid and
normochoroid eyes acquired from wide-field swept-source OCT. Acta Ophthalmol. 2021, 99, e117–e123. [CrossRef] [PubMed]

24. Akhtar, Z.; Rishi, P.; Srikanth, R.; Rishi, E.; Bhende, M.; Raman, R. Choroidal thickness in normal Indian subjects using swept
source optical coherence tomography. PLoS ONE 2018, 13, e0197457. [CrossRef] [PubMed]

25. Al-Haddad, C.; El Chaar, L.; Antonios, R.; El-Dairi, M.; Noureddin, B. Interocular symmetry in macular choroidal thickness in
children. J. Ophthalmol. 2014, 2014, 472391. [CrossRef] [PubMed]

26. Chen, F.K.; Yeoh, J.; Rahman, W.; Patel, P.J.; Tufail, A.; Da Cruz, L. Topographic variation and interocular symmetry of macular
choroidal thickness using enhanced depth imaging optical coherence tomography. Invest. Ophthalmol. Vis. Sci. 2012, 53, 975–985.
[CrossRef] [PubMed]

27. Orduna, E.; Sanchez-Cano, A.; Luesma, M.J.; Perez-Navarro, I.; Abecia, E.; Pinilla, I. Interocular symmetry of choroidal thickness
and volume in healthy eyes on optical coherence tomography. Ophthalmic Res. 2018, 59, 81–87. [CrossRef]

28. Yang, M.; Wang, W.; Xu, Q.; Tan, S.; Wei, S. Interocular symmetry of the peripapillary choroidal thickness and retinal nerve fibre
layer thickness in healthy adults with isometropia. BMC Ophthalmol. 2016, 16, 182. [CrossRef]

29. Rasheed, M.A.; Singh, S.R.; Invernizzi, A.; Cagini, C.; Goud, A.; Sahoo, N.K.; Cozzi, M.; Lupidi, M.; Chhablani, J. Wide-field
choroidal thickness profile in healthy eyes. Sci. Rep. 2018, 8, 17166. [CrossRef]

30. Hoseini-Yazdi, H.; Vincent, S.J.; Collins, M.J.; Read, S.A.; Alonso-Caneiro, D. Wide-field choroidal thickness in myopes and
emmetropes. Sci. Rep. 2019, 9, 3474. [CrossRef]

31. Hayreh, S.S. In vivo choroidal circulation and its watershed zones. Eye 1990, 4, 273–289. [CrossRef] [PubMed]
32. McNabb, R.P.; Grewal, D.S.; Mehta, R.; Schuman, S.G.; Izatt, J.A.; Mahmoud, T.H.; Jaffe, G.J.; Mruthyunjaya, P.; Kuo, A.N. Wide

field of view of swept-source optical coherence tomography for peripheral retinal disease. Br. J. Ophthalmol. 2016, 100, 1377–1382.
[CrossRef] [PubMed]

33. Mohler, K.J.; Draxinger, W.; Klein, T.; Kolb, J.P.; Wieser, W.; Haritoglou, C. Combined 60◦ wide-field choroidal thickness maps and
high-definition en face vasculature visualization using swept-source megahertz OCT at 1050 nm. Invest. Ophthalmol. Vis. Sci.
2015, 56, 6284–6293. [CrossRef] [PubMed]

15



Journal of

Clinical Medicine

Article

An Artificial Intelligent Risk Classification Method of High
Myopia Based on Fundus Images

Cheng Wan 1, Han Li 1, Guo-Fan Cao 2, Qin Jiang 2 and Wei-Hua Yang 2,*

Citation: Wan, C.; Li, H.; Cao, G.-F.;

Jiang, Q.; Yang, W.-H. An Artificial

Intelligent Risk Classification Method

of High Myopia Based on Fundus

Images. J. Clin. Med. 2021, 10, 4488.

https://doi.org/10.3390/jcm10194488

Academic Editors: Vito Romano,

Yalin Zheng, Mariantonia Ferrara

and Margaret M. DeAngelis

Received: 17 July 2021

Accepted: 29 September 2021

Published: 29 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Electronic and Information Engineering, Nanjing University of Aeronautics and Astronautics,
Nanjing 211100, China; wanch@nuaa.edu.cn (C.W.); lhlyx_mail@163.com (H.L.)

2 The Laboratory of Artificial Intelligence and Bigdata in Ophthalmology, The Affiliated Eye Hospital of
Nanjing Medical University, Nanjing 210029, China; caoguofan587@163.com (G.-F.C.);
jqin710@vip.sina.com (Q.J.)

* Correspondence: benben0606@139.com

Abstract: High myopia is a global ocular disease and one of the most common causes of blindness.
Fundus images can be obtained in a noninvasive manner and can be used to monitor and follow
up on many fundus diseases, such as high myopia. In this paper, we proposed a computer-aided
diagnosis algorithm using deep convolutional neural networks (DCNNs) to grade the risk of high
myopia. The input images were automatically classified into three categories: normal fundus
images were labeled class 0, low-risk high-myopia images were labeled class 1, and high-risk high-
myopia images were labeled class 2. We conducted model training on 758 clinical fundus images
collected locally, and the average accuracy reached 98.15% according to the results of fivefold cross-
validation. An additional 100 fundus images were used to evaluate the performance of DCNNs, with
ophthalmologists performing external validation. The experimental results showed that DCNNs
outperformed human experts with an area under the curve (AUC) of 0.9968 for the recognition of
low-risk high myopia and 0.9964 for the recognition of high-risk high myopia. In this study, we were
able to accurately and automatically perform high myopia classification solely using fundus images.
This has great practical significance in terms of improving early diagnosis, prevention, and treatment
in clinical practice.

Keywords: high myopia; fundus images; computer-aided diagnosis; risk classification

1. Introduction

High myopia is a global ocular disease. In recent years, its global incidence has
increased significantly. The increasing number of people suffering from myopia and high
myopia is not only a serious human health problem, but also a public management problem
that affects social development. The cost of preventing and treating eye complications and
vision loss in the nearly 1 billion people with high myopia is extremely high. Studies [1,2]
have shown that, on a global scale, the loss of productivity due to uncorrected vision
impairment is approximately USD 121.4 billion, while the cost of facilities and personnel
required to establish refractive treatment services is as high as USD 20 billion [2]. The
incidence of myopia in East Asia is significantly higher than that in Western countries,
especially among young people in East Asia [1]. High-myopia fundus disease has become
the second leading cause of blindness in China, and the trend tends towards a younger
population [3]. Studies [1,2] have shown that in 2000, 2010, 2020, 2030, 2040, and 2050, the
global prevalence of myopia for all age groups was/will be 22.9%, 28.3%, 34.0%, 39.9%,
45.2%, and 49.8%, respectively. Additionally, the prevalence of high myopia was/will
be 2.7%, 4.0%, 5.2%, 6.1%, 7.7%, and 9.8%, respectively. It is estimated that by 2050,
4.758 billion people will suffer from myopia, and of these, 938 million will suffer from high
myopia; this represents almost 50% and 10% of the world’s total population, respectively [1].
According to the statistics, the overall incidence of myopia in children and adolescents
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in China is 53.6%, and the overall incidence of myopia in college students exceeds 90%.
Among them, the prevalence of high myopia ranges from 6.69% to 38.4% [3]. Therefore,
prevention and control of high myopia is a matter of great importance for society as
a whole.

The difference between high myopia and low–medium myopia is that in high myopia,
the refractive power in diopters is very high, usually characterized by a refractive error of
≤−6.00 D. Moreover, it is mainly characterized by axial elongation. As myopia deepens
and the axis of the eye grows longer, the visible retinal choroidal disease at the fundus
becomes more severe, causing a range of serious complications, most of which lead to
blindness. For this reason, high myopia-related fundus disease is a common cause of
blindness worldwide and the second leading cause of blindness in China [3]. Although the
terms “high myopia” and “pathological myopia” are often used interchangeably in daily
life, they do not actually refer to the same disease. According to the consensus issued by
the Optometry Group of the Ophthalmology Branch of the Chinese Medical Association in
2017 [3], high myopia can be divided into simple high myopia and pathological myopia.
Although simple high myopia features high myopic diopters and has symptoms such as
decreased vision, asthenopia, floaters, etc., it is not accompanied by serious fundus damage.
However, the symptoms of pathological myopia include more serious impairment of visual
function, such as occlusion, deformation, and visual ghosting, in addition to decreased
vision, and the resulting fundus diseases are permanent and irreversible [3]. In addition,
the degree of simple high myopia tends to be stable in adulthood, while the degree of
pathological myopia deepens continuously as the course of disease progresses, accompany-
ing the patient for life [4]. The potential risks of these two diseases are completely different.
There is an urgent need for a standard risk-grading system with consistent nomenclature
with which to classify different levels of risk for high myopia. This can then be used in
different studies to assess the therapeutic utility. Therefore, we proposed an intelligent
classification method for high myopia images according to the degree of potential risk. The
specific classification rules are described in the Data Collection section below.

The traditional detection of high myopia mainly relies on artificial auxiliary methods
such as diopter detection, eye axis measurement, and fundus color photography. How-
ever, manual testing and analysis rely on ophthalmologists, which is time-consuming and
labor-intensive [4]. In addition, the shortage of ophthalmologists and medical equipment
in areas with relatively poor medical resources leads to patients missing the optimal treat-
ment period. For this reason, it is important to develop intelligent eye disease diagnostic
methods based on fundus images. Clinically, for common fundus diseases such as diabetic
retinopathy, macular degeneration, and glaucoma, fundus images have been widely used
in disease diagnosis because they are noncontact, nondestructive, low-cost, easy to obtain,
and easy to process.

In recent years, with the rapid development of the artificial intelligence technology and
deep learning methods, many researchers have applied them to various image processing
problems. New techniques and methods that analyze fundus images for high myopia have
been continuously emerging [5–10]. These methods use computer-aided technologies to
automatically analyze and diagnose lesions associated with high myopia in the absence of
experienced ophthalmologists and professional optometry instruments. For example, Liu
et al. [5] first proposed a system named PAMELA to detect pathological myopia. They used
the support vector machine (SVM) approach in the machine learning technology to extract
texture features in fundus images to diagnose pathological myopia. However, compared
with the relatively simple SVM, deep learning methods can extract more abstract high-
dimensional features, thus greatly improving recognition accuracy. Currently, most image
classification methods are based on the convolutional neural network (CNN) model in
deep learning. Varadarajan et al. [6], a research team from Google, introduced an attention
mechanism into a CNN and trained a deep learning model to predict the refractive error.
Through an attention heat map, it was shown that the fovea region of the retina has the
largest contribution to the prediction. Dai et al. [7] designed a CNN model with two
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branches. One branch was used to distinguish between normal and abnormal fundus
images, and the other branch was used to distinguish between simple high myopia and
pathological myopia images. However, this model required two-step judgment, which has
a lower prediction speed than the end-to-end direct classification method. The first task of
the 2019 PALM Color Fundus Photographic Pathological Myopia Challenge [8] was the
qualitative classification of pathological myopia. Participating teams used different CNN
models [9–11] to predict the risk of pathological myopia using fundus images. However,
these classifications only distinguished pathological myopia from nonpathological myopia,
and certain fundus images classified as nonpathological myopia still have a certain high
myopia risk (such as “simple high myopia” defined in [3]).

2. Materials and Methods

2.1. Data Collection

We referred to the rules of the International Photographic Classification and Grading
System for Myopic Maculopathy [12]. Fundus images were classified into three categories
according to the risk of disease: normal fundus, low-risk high myopia, and high-risk high
myopia. Specifically, the label of normal fundus was class 0, and there are no significant
lesions in this category. Low-risk high myopia was labeled class 1 based on the presence of
tessellated fundus. High-risk high myopia was labeled class 2 due to the presence of more
severe lesions in the fundus. These severe lesions include diffuse chorioretinal atrophy,
patchy chorioretinal atrophy, and macular atrophy. Additional features such as lacquer
cracks, choroidal neovascularization, and Fuchs spot were considered to be plus signs that
did not fit into any particular category and could develop from or occur in any category.

The dataset used in this study was provided by the Affiliated Eye Hospital of Nanjing
Medical University. All the images were obtained from multiple models of nonmydriatic
fundus cameras, and the resolution of each image ranged from 512 × 512 to 2584 × 2000.
There were no restrictions on the age or gender of the patients represented by the images.
Our study followed the principles of the Declaration of Helsinki. The collected images were
all anonymized, i.e., all the patient-related personal information was removed to avoid
infringing on patient privacy; thus, there were no relevant patient statistics. The true label
of each fundus image was decided upon by two ophthalmologists using the double-blind
approach. Two identical diagnoses from the physicians formed the final result. When
the two physicians provided different diagnoses, the judgment of an additional expert
ophthalmologist was used as the final result.

The dataset used in this study included 858 color fundus images of patients of all ages.
In order to exclude subjective factors, we used a random number seed to randomly divide
all the fundus images into dataset A and dataset B. Dataset A was used to train the deep
convolutional neural networks (DCNNs), and dataset B was the external validation dataset,
which was used to compare the diagnostic performance of the intelligent model with that
of the human expert. The intuitive distribution of data categories is shown in Table 1.

Table 1. Distribution information of datasets. Dataset A was used for training, and dataset B was
used for external validation.

Dataset A Dataset B

Class 0 233 26

Class 1 339 53

Class 2 186 21

Total 758 100

2.2. Model Development

A total of 758 fundus images from dataset A were used to train the assisted diagnostic
model. The trained DCNNs model can be used to efficiently obtain diagnostic results,
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i.e., for an input fundus image, the model automatically outputs the category to which
the image belongs, namely the risk level of high myopia as predicted by the model. As
the clinical data were collected from different camera instruments, the image resolution
varied. Therefore, we first adjusted the size of all images to 224 × 224 for normalization,
and carried out a series of preprocessing operations to enhance feature expression. These
preprocessing operations mainly consisted of the following steps: quality assessment,
contrast enhancement, image denoising, mean normalization, and variance normalization.
Thereafter, we used the designed DCNNs for feature extraction and classification. The
architecture of our proposed DCNNs is shown in Figure 1. Its basic network structure
includes a convolution layer, a maximum/average pooling layer, a batch normalization
layer, an activation layer, and a fully connected layer. Because the sample size of dataset
A (which was used for training) was relatively small, there was a high risk of overfitting
when the network model had too many parameters or too many layers. That is to say that
when the accuracy of a network model on the training set is very high but the accuracy on
a new dataset that has not been seen is very low, it does not have a powerful generalization
ability. Therefore, the proposed DCNNs are mainly composed of a head convolution
layer Conv1 and four continuous convolution modules named BasicBlocks. There are
additional shortcut connections between the four convolution modules. Adding a shortcut
connection is equivalent to adding all the information of the image of the previous layer
in each block. To some extent, more original information is retained, and the possibility
of a vanishing gradient problem in back propagation can be reduced. The final output
of the fully connected layer was changed to three categories to accommodate the risk
classification task of this study.

Figure 1. The architecture of the proposed deep convolutional neural networks. The grey block represents the input
convolutional layer. The yellow blocks represent the maximum pooling layer or the average pooling layer. The blue blocks
are four convolutional basic blocks whose detailed structure is shown at the bottom of the figure. The green block is the
final full connected layer used for classification.

Experimental hardware: the CPU used was 3.60 GHz Intel(R) Core (TM) i7-7700
(Intel, Santa Clara, CA, USA); the GPU was NVIDIA GeForce RTX 2080-Ti (Micro-Star,
Xinbei, China) with 16 GB of memory. Experimental software: the operating system used
was Windows 7 × 64 (Windows 7, Microsoft, Redmond, WA, USA). The DCNNs model
was built based on Pytorch (https://pytorch.org/, accessed on 17 July 2021) with Python

19



J. Clin. Med. 2021, 10, 4488

(Python 3.6.5, Python Software Foundation, Delaware, DE, USA). In the training process,
the limited amount of training data increased the probability of an overfitting problem.
In order to prevent overfitting and enhance the robustness of the model, we augmented
the training data in many different ways, including random horizontal and vertical flips,
rotating in random directions, and modifying the brightness, contrast, and saturation to
cause color disturbances, etc. A total of 758 images from dataset A were augmented, and
the number of samples after augmentation was five times the original, that is, a total of
3790 samples were utilized in the training process. The training process used fivefold
cross-validation, with 80% of the samples used for training and 20% used for validation
in each iteration. Furthermore, we adopted the label-smoothing regularization [13] and
dropout [14] methods to further prevent overfitting. The total number of epochs in the
training process was set to 100, and the initial learning rate was 0.000002. The learning rate
was updated by adopting a strategy combining warm-up [13] and cosine annealing. The
optimizer was RAdam [15], and the weight decay was set to 0.001.

2.3. Statistical Analysis

The collected data were randomly divided into two datasets: dataset A and dataset
B. Model training was carried out on dataset A (a total of 758 images). Since the number
of collected fundus images was relatively small, we needed to make full use of the data
information to train DCNNs. Therefore, we adopted fivefold cross-validation in the training
process. The specific steps were as described further. Dataset A was randomly divided
into five parts. Each time, four parts were selected as the training set, and the remaining
part was used as the test set. The cross-validation was repeated five times, and the average
accuracy after the five cross-validations was taken as the final evaluation result of the
DCNNs. The variance was reduced by averaging the results of the five different training
groups. This way, the performance of the model was less sensitive to the division of data,
and overfitting was reduced. On the other hand, cross-validation went through more
iterations and thus avoided underfitting to some extent. The process of fivefold cross-
validation is shown in Figure 2. This can effectively avoid the occurrence of overfitting and
underfitting problems.

Figure 2. The process of fivefold cross-validation.

The 100 fundus images in dataset B were not used in the training process; instead, they
were used as an additional test set for external validation. The 100 images were randomly
selected by a computer program without any subjective bias, and the sample size of this
study was calculated based on the sample size of previous studies. In order to evaluate the
diagnostic level of our proposed algorithm in the real world, we compared the DCNNs
model with another human expert. The human expert that participated in the external
validation was a Chinese practicing physician who specialized in the clinical diagnosis
and treatment of ophthalmic diseases. It should be noted that this human expert classified
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the cases independently and did not overlap with the group of ophthalmologists that
annotated the dataset during the data collection process. To reduce the risk of prejudice
caused by prior knowledge, the human expert was only allowed to observe the fundus
lesions to determine the risk level of high myopia, without knowing the label information
of the images or the patients’ medical history. The label of each fundus image was judged
as “normal” (class 0), “low-risk high myopia” (class 1), or “high-risk high myopia” (class 2),
which was consistent with the classification standard of the DCNNs model. Finally, we
recorded the diagnosis results of the human expert and compared them with the results of
the DCNNs model.

We used a confusion matrix and receiver operating characteristic (ROC) curves to
evaluate the classification performance. The confusion matrix placed the predicted labels
and the true labels in the same table by category. In this table, we could clearly see the
number of correct identifications and misidentifications in each category. Moreover, the
area under the curve (AUC) value calculated using ROC curves could be used to evaluate
the performance of a classifier. The closer the AUC is to 1.0, the better the classification
effect. The number of true-positive (TP), true-negative (TN), false-positive (FP), and false-
negative (FN) samples from each category was calculated using the confusion matrix, and
accuracy, sensitivity, specificity, positive predicted value (PPV), and negative predicted
value (NPV) could be easily calculated.

This was a multiclass (class 0, 1, 2) classification task. However, most of the afore-
mentioned evaluation indicators are applicable to binary classification with only positive
and negative classes. Therefore, we used two methods to evaluate the results of the multi-
class classification task. One of the methods involved transforming the multiclassification
problem into multiple separate binary classification problems, i.e., for the identification of
low-risk high myopia, we only regarded the images labeled class 1 as positive samples;
other images (class 0 and class 2) were regarded as negative samples. Similarly, for the
identification of high-risk high myopia, only images labeled class 2 were treated as positive
samples, while other images (class 0 and class 1) were treated as negative samples. Another
method involved using multiclassification indicators directly defined by the kappa score
and the Jaccard score to assess the overall performance. The calculation of the kappa score
was based on the confusion matrix; its definition is as follows:

kappa =
po − pe

1 − pe
(1)

where po represents the total classification accuracy, and the representation of pe is:

pe =
a1 × b1 + a2 × b2 + . . . + ac × bc

n × n
(2)

where ai is the number of real samples of class i; ai is the number of predicted samples of
class i; and n is the total number of samples.

The Jaccard score measures the similarity between two sets of A and B as follows:

Jaccard(A, B) =
|A ∩ B|
|A ∪ B| =

|A ∩ B|
|A|+ |B| − |A ∩ B| (3)

where the sets A and B represent the true label set and the predicted label set of all the
samples, respectively.

2.4. Diagnosis Visualization

In order to more intuitively analyze the influence of each area in a fundus image on
the classification results, analyze the causes of wrong classification, and reasonably explain
certain seemingly unreasonable results output by the model, we used gradient weighted
class activation mapping (Grad-CAM++) [16] to perform visual analysis of the DCNNs.
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Class activation mapping (CAM) is a visual analysis method that expresses the impor-
tance of each pixel to the image classification in the form of a heat map by performing a
weighted summation on the feature maps corresponding to the network weights. How-
ever, CAM needs to modify the network structure and retrain the model. Considering
the simplicity of the practical application, we used Grad-CAM++ to conduct the visual
analysis in this study. Grad-CAM++ does not need to modify the network structure, and
the characteristics learned by the model can be intuitively displayed without reducing the
classification accuracy, which makes the model more transparent and interpretable. Specif-
ically, Grad-CAM++ removes the fully connected layer in DCNNs and uses the output
of the second-to-last convolutional layer to complete the visualization. It can intuitively
display the important areas that are helpful for classification. The more important areas are
represented by the warmer colors in the heat map.

3. Results

The model training process was carried out on dataset A (which had 758 images,
including 233 normal images, 339 low-risk high myopia images, and 168 high-risk high
myopia images) The advantage of cross-validation is that the randomly generated sub-
samples are repeatedly used for training and validation at the same time, and the results
are validated once each time. Thus, the accuracy of the algorithm can be estimated more
accurately, and a more reliable and robust model can be obtained. The detailed quantitative
results of our proposed DCNNs are shown in Table 2.

Table 2. Quantitative results of the proposed model on dataset A. Fold 0, fold 1, fold 2, fold 3, and
fold 4 are the respective results in the fivefold cross-validation experiment.

Training Loss Training Accuracy Valid Loss Valid Accuracy

Fold 0 0.0026 100% 0.0369 98.68%

Fold 1 0.0026 100% 0.1295 96.69%

Fold 2 0.0044 100% 0.0560 98.01%

Fold 3 0.0042 100% 0.0423 98.68%

Fold 4 0.0017 100% 0.0401 98.00%

Average 0.0031 100% 0.0618 98.15%

In this study, 100 fundus images (26 normal images, 53 low-risk high myopia images,
and 21 high-risk high myopia images) were randomly chosen for external validation. The
vertical axis of the confusion matrix in Figure 3 is the true label, while the horizontal axis
is the predicted label. In the confusion matrix in Figure 3, we can see that the number of
correctly classified images located on the main diagonal in the confusion matrix of the DC-
NNs is significantly higher than that corresponding to the confusion matrix of the human
expert. For the classification of the 26 normal fundus images, the results of the DCNNs
were all correct, whereas the human expert only correctly classified 23 images and wrongly
classified three images as low-risk high myopia. Using the confusion matrix, we were able
to easily calculate the sensitivity, specificity, and other indicators. The performances of the
DCNNs were compared with those of the human expert using descriptive statistics. All of
the statistical tests in our study were two-sided, and a p-value less than 0.05 was considered
significant. In terms of the overall classification accuracy, the correct and incorrect samples
in the human expert diagnosis accounted for 93% and 7%, respectively. After using the
DCNNs, the correct rate of diagnosis increased to 99% and the incorrect rate decreased to
1%. Seven samples that were incorrectly diagnosed by the human expert were correctly
diagnosed using the DCNNs, and one sample that was correctly diagnosed by the human
expert was incorrectly diagnosed after using DCNNs. McNemar’s test showed that there
was a statistically significant difference in the proportion of correct diagnoses before and
after the DCNNs were used.
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(a) (b) 

Figure 3. Comparison of the classification performance of the DCNNs and the human expert in the
external validation of dataset B. The results are shown as a confusion matrix in which the vertical axis
represents the true labels and the horizontal axis represents the predicted labels. (a) The confusion
matrix of the human expert. (b) The confusion matrix of the DCNNs.

Since the purpose of this study was to correctly identify high myopia images and
decide upon risk classification, we only show the performance comparison between the
DCNNs and the human expert as regards predicting low-risk high myopia (class 1) and
high-risk high myopia (class 2). The specific results are shown in Tables 3 and 4. For the
recognition of low-risk high myopia images (class 1), the DCNNs model had a superior
performance in most indicators; the sensitivity and the NPV of the DCNNs were both
100%, while the sensitivity and the NPV of the human expert were 94.34% and 93.48%,
respectively. For the recognition of high-risk high myopia images (class 2), the DCNNs
model had a comparable sensitivity of 97.83% and an NPV of 98.75%, which is equivalent
to those of the human expert. However, the DCNNs performed very well in specificity and
PPV, both of which were 100%. It can also be seen from the ROC curves in Figure 4 that our
proposed DCNNs had an AUC of 0.9968 for the recognition of low-risk high myopia and
0.9964 for the recognition of high-risk high myopia. Moreover, the sensitivity–specificity
points corresponding to the human expert were all below the black curves corresponding
to the DCNNs, which indicates that the DCNNs achieved a superior performance as
compared to the human expert.

Table 3. Accuracy, sensitivity, specificity, PPV, and NPV of the recognition of low-risk high myopia
(class 1).

Accuracy Sensitivity Specificity PPV NPV

Human 93.00% 94.34% 91.48% 92.59% 93.48%
DCNNs 99.00% 100.00% 97.87% 98.14% 100.00%

Table 4. Accuracy, sensitivity, specificity, PPV, and NPV of the recognition of high-risk high myopia
(class 2).

Accuracy Sensitivity Specificity PPV NPV

Human 98.00% 95.24% 98.73% 95.23% 98.73%
DCNNs 99.00% 95.24% 100.00% 100.00% 98.75%

23



J. Clin. Med. 2021, 10, 4488

 
(a) (b) 

 
(c) (d) 

Figure 4. Evaluation results in the external validation dataset B. (a) Accuracy, sensitivity, specificity, PPV, NPV of the
recognition of class 1; (b) ROC curves and AUC value of the recognition of class 1; (c) accuracy, sensitivity, specificity, PPV,
NPV of the recognition of class 2; (d) ROC curves and AUC value of the recognition of Class 2.

In addition to transforming the multiclassification problem into several separate binary
classification problems, we also directly introduced two multiclassification indicators to
assess the overall performance: the kappa score and the Jaccard score. The kappa score
is a method used in statistics to evaluate consistency. The higher the kappa value, the
higher the classification accuracy of the algorithm. The Jaccard score is used to compare
the similarities and differences between finite sample sets. In this study, we compared the
similarities between the ground-truth set of the validation images and the corresponding
prediction set. The larger the Jaccard score, the higher the sample similarity. We compared
the performance of the DCNNs with that of the human expert in Table 5. The experimental
results showed that both the kappa and Jaccard scores of the DCNNs were significantly
better than those of the human expert.

Table 5. Overall performance of the multiclassification task.

Kappa Score Jaccard Score

Human 0.8842 0.8693
DCNNs 0.9834 0.9801

As shown in Figure 5, we used gradient activation heatmap Grad-CAM++ to analyze
the fundus image area. From left to right, we can see the original fundus image, the corre-
sponding heatmap, and the corresponding gradient activation heatmap (Grad-CAM++)
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superimposed on the original image area. The warmer the color in the heatmap, the greater
the influence on the classification prediction result. Figure 5a shows a high-risk high
myopia fundus image with severe lesions, including diffuse chorioretinal atrophy, patchy
chorioretinal atrophy, and macular atrophy. We can see that the DCNNs mainly focused on
the macular area and the area of choroidal atrophy, rather than the background or other
parts in the fundus.

(a) (b) (c) 

Figure 5. Visualization-based diagnosis by the DCNNs. (a) Original image. (b) Heatmap. (c) Grad-CAM++. Heatmaps and
Grad-CAM++ showed that the DCNNs model focused on the macular area and the area of choroidal atrophy rather than
the background.

4. Discussion

This study shows that the DCNNs model can be trained to detect high myopia and
identify subtle lesion features in retinal fundus images in order to diagnose the risk of
high myopia. Traditionally, myopia is diagnosed and classified through functional exami-
nations (e.g., eye tests, optometry, microscopic field of vision tests, electrophysiological
assessments) [17] or ocular coherence tomography (OCT), retinal autofluorescence (AF),
fluorescein angiography (FA), or indocyanine green angiography (ICGA), which analyze
the morphological changes of suspected pathological myopia [17]. Experimental results
show that the DCNNs model is superior to or equivalent to a human expert in terms
of accuracy, sensitivity, specificity, PPV, NPV, and other indicators. As compared with
time-consuming and labor-intensive manual assisted examinations, the proposed method
can reduce costs and improve diagnostic efficiency and accuracy. In addition, regarding
the risk classification of high myopia, ophthalmologists are susceptible to subjective cogni-
tion and empirical impressions, which can lead to great differences in classification. The
DCNNs model only performs feature extraction and prediction from the image level. It
only needs to specify a standardized grading standard when labeling the training data,
and the DCNNs model can give a prediction result that meets the grading standard.

As can be seen from Table 1, the fivefold training losses were very small, and the train-
ing accuracy remained at 100%, which indicates that the network model could adequately
fit the training data. As a result of the relatively small size of the training dataset, we must
pay attention to the possible overfitting problem. The average validation accuracy of the
DCNNs was 98.15% according to the results of fivefold cross-validation, indicating that the
model has good robustness. In the external validation set, we performed a classification
performance comparison between the DCNNs and the human expert, which highlights
the progress and practical significance of our method. In the randomly acquired external
validation set, low-risk high myopia (class 1) accounted for more than half of the images.
The unbalanced category distribution greatly increased the difficulty of classification. The
confusion matrices in Figure 3 show that the human expert misdiagnosed three normal
images as low-risk high myopia, missed two low-risk myopia cases and confused two im-
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ages of low-risk and high-risk high myopia. The DCNNs correctly identified almost all the
images, except for one that was considered to be a high-risk case image when in fact it was
low-risk. On the one hand, when transforming the multiclassification problem into several
separate binary classification problems, whether using the quantitative indicators such as
accuracy, specificity, sensitivity, NPV, and PPV or the intuitive comparison of ROC curves,
the DCNNs achieved a better or equal classification level as compared with the human
expert. On the other hand, when directly using the kappa and Jaccard scores for the overall
assessment of multiclassification problems, the scores of the DCNNs were both above 0.98,
i.e., significantly better than those of the human expert. Since there are no clinical “gold
standards” for the risk classification of high myopia, different ophthalmologists may have
very different judgments due to the influence of subjective cognition and experience. As
compared with ophthalmologists, DCNNs can always give prediction results that meet the
given grading standards, which are not susceptible to other subjective factors and have
higher generalization ability. The visualization results in Figure 5 show that the DCNNs
model is hardly affected by the background when performing classification and mainly
focuses on the macular area and the surrounding area of the optic disc in the fundus image.
These areas are also the focus of the pathological characteristics of the fundus with high
myopia, indicating that the classification of DCNNs is interpretable.

Most computer-aided algorithms for detecting high myopia are designed for binary
classification. There are algorithms that only distinguish between normal and high myopia,
or algorithms that only distinguish between normal and pathological myopia. However,
it is also of great practical significance to classify the risk grade of high myopia. High
myopia has obvious clinical manifestations, and physicians can easily judge whether there
is high myopia based on the level of vision. However, assessing the severity of high
myopia is a more challenging task. Even experienced ophthalmologists need to take great
care in their observations in order to make a diagnosis. As compared with the model
proposed by Dai [7] that judges the severity of high myopia according to two branches, our
method achieves direct end-to-end classification and has significant advantages related
to prediction speed. The real-world clinical value and utility of this study are as follows:
the proposed intelligent classification model can be used in community hospitals and eye
health institutions, such as physical examination institutions, and optician shops. When
community doctors or staff at an institution collect fundus images, they will be able to
predict the risk of high myopia and make recommendations to the patient, including certain
recommendations regarding referrals.

Our study has several advantages. First, our DCNNs model can automatically deter-
mine the risk classification of high myopia. Using only retinal fundus images, it achieved a
better diagnostic accuracy than a human expert. Moreover, it can automatically process
data without manual assistance and with higher execution efficiency. Second, our model
focuses on extracting morphological features from the image and making a prediction.
This is not easily affected by subjective cognition and experience. No matter what grading
standard is given, the prediction results of the network model are always consistent with
the grading standard used to label the training data. Third, we applied the deep learning
technology for the first time to classify the risk of high myopia. Not only did we automati-
cally detect high myopia in the fundus images, but we also predicted its severity, which
has a great clinical significance in real-life situations.

This study has several limitations. First, the distribution of sample categories was
uneven. Low-risk high myopia images accounted for the largest proportion in the dataset,
but normal fundus images would be the most common in real-life screening scenarios.
In the confusion matrix, it can be seen that the diagnosis accuracy of the human expert
for low-risk high myopia was lower than for high-risk high myopia. In future research,
a larger sample size, a more balanced sample distribution, and more increased training
data are required in order to improve the classification accuracy of our model. Second,
the application of the DCNNs model needs to be evaluated using different ethnic groups
in order to verify the robustness of our model in the risk classification of high myopia.
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The research objects in this paper were all Asian, and, due to the limited dataset, no
validation experiments on other races were conducted. Third, as a result of differences
in the symptoms of high myopia in adolescents and elderly people, in the future, age,
gender, family genetic history, and other factors should be considered when building
intelligent models in order to improve the algorithm performance in the high myopia risk
classification task.

5. Conclusions

Herein, we propose a method for risk classification of high myopia based on a DCNNs
deep learning model which can automatically classify fundus images into three categories:
normal, low-risk high myopia, and high-risk high myopia. The proposed method achieved
a diagnosis accuracy superior to that of a human expert. Moreover, we applied the deep
learning technology to the risk classification of high myopia for the first time. We believe
that this method can be widely used in myopia screening and could be of great significance
to clinical practice. This approach allows for the efficient and effective prediction of
high myopia severity, which is conductive to assessing the potential risk and providing
timely treatment.
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Abstract: Due to their non-specific diagnostic patterns of ocular infection, differential diagnosis
between Mycobacterium (M.) chimaera and tuberculosis can be challenging. In both disorders, ocular
manifestation can be the first sign of a systemic infection, and a delayed diagnosis might reduce
the response to treatment leading to negative outcomes. Thus, it becomes imperative to distinguish
chorioretinal lesions associated with M. chimaera, from lesions due to M. tuberculosis and other
infectious disorders. To date, multimodal non-invasive imaging modalities that include ultra-
wide field fundus photography, fluorescein and indocyanine green angiography, optical coherence
tomography and optical coherence tomography angiography, facilitate in vivo examination of retinal
and choroidal tissues, enabling early diagnosis, monitoring treatment response, and relapse detection.
This approach is crucial to differentiate between active and inactive ocular disease, and guides
clinicians in their decisional-tree during the patients’ follow-up. In this review, we summarized
and compared the available literature on multimodal imaging data of M. chimaera infection and
tuberculosis, emphasizing similarities and differences in imaging patterns between these two entities
and highlighting the relevance of multimodal imaging in the management of the infections.

Keywords: mycobacterium; multifocal choroiditis; fundus photography; biomicroscopy; multimodal
imaging; fundus fluorescein angiography; indocyanine green angiography; fundus autofluorescence;
optical coherence tomography angiography; optical coherence tomography

1. Introduction

Mycobacterium (M.) belongs to the genus of Actinobacteria, which consists of over
190 species, some of them causing serious health diseases in humans [1]. The most common
pathogen is M. tuberculosis, which has a panoply of systemic manifestations, including
ocular manifestations [1,2]. First discovered in 1882 by Robert Koch, M. tuberculosis is an
intracellular slow-growing pathogen transmitted via the inhalation of aerosolized, bacteria-
containing droplets. It is the etiologic agent of tuberculosis (TB), which remains a significant
global public health burden [2–4].

In the last few years, Mycobacterium chimaera, a non-tuberculous mycobacterium
(NTM), has gained awareness because of a worldwide hospital-acquired outbreak of dis-
seminated infections following open-heart surgery [5–10]. M. chimaera is a non-tuberculous,
slow-growing, mycobacterium that belongs to the Mycobacterium avium complex
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(MAC) [6,11,12]. Before its first identification, owing to ambiguous genetic features char-
acterizing its strains, it had been wrongly identified as M. avium, M. scrofulaceum, or M.
intracellulare by most of the clinical microbiology laboratories [5,11]. M. chimaera acts as
an opportunistic pathogen. Before 2013, this mycobacterium was known to cause respi-
ratory infections in immunocompromised individuals [5,6]. Since 2013, there has been
an unprecedented increase in the incidence of M. chimaera infections, especially among
individuals undergoing cardiopulmonary bypass surgery. It is primarily transmitted via
thermoregulatory components of extracorporeal membrane oxygenation (ECMO) systems
and water tanks of heater-cooler units (HCUs) [5,6]. With increased usage of ECMO sys-
tems and the ability to distinguish M. chimaera from other MAC bacteria, more attention
has been given to this strain [5,11]. The first cases were observed in Switzerland in 2013.
However, since then, M. chimaera affected cases have been reported in 11 other countries,
including Canada, the USA, Europe, and Australia [11,12].

Both M. chimaera and M. tuberculosis cause disseminated infections, inducing granu-
lomatous inflammation in multiple organs [6,13]. Tuberculosis (TB) generally affects the
lungs, but can also affect other parts of the body. Only 10% of TB infections are symp-
tomatic, manifested as a chronic cough along with fever and weight loss. If other organs
are involved, a wide range of extra-pulmonary manifestations can also occur [4,13]. For
example, ocular TB is a rare extrapulmonary manifestation of TB infection and a great
imitator of other ocular pathologies [2]. The reported prevalence of tubercular uveitis varies
widely, ranging from 0.2–2.7% in non-endemic regions to 5.6–10.5% in highly endemic
regions [6,14,15]. If left untreated, progressive tuberculous infections kill about 50% of
those affected [4]. Systemic symptoms and laboratory features of M. chimaera infections are
also often non-specific and include unexplained low-grade fever, fatigue and sometimes
also dyspnea [6]. Similarly, to a TB infection, if other organs are infected, additional organ-
specific symptoms can occur [5,13,16,17]. In particular, it has been shown that the infection
has a very strong proclivity for the eyes [7–10,18]. If not promptly diagnosed and treated,
M. chimaera infections often become life-threatening [5,7,9].

While for TB infections, ocular and extraocular involvements have been described
(including uveitis, retinal-choroidal lesions, optic neuropathy and endophthalmitis but
also orbital, corneal, scleral, eyelid, conjunctival and lacrimal gland involvements) [2], for
M. chimaera the most common ocular manifestation are chorioretinal lesions; mild anterior
and intermediate uveitis and optic disc swelling. Secondary complications include macular
and retinal neovascularization. Zweifel et al. [7,9] have demonstrated that choroidal
manifestation lesions seem to reflect systemic disease activity and can be used as an early
diagnostic biomarker for assessment of treatment efficacy [6–10].

To date, limited data exists about M. chimaera infections, a rare and often-lethal
disease. Ophthalmologists should be aware of this recently described entity and its systemic
and ocular findings. They may play a key role for differential diagnosis, for monitoring
treatment response and detection of recurrences after discontinuation or adjustment of
treatment due to adverse drug effect.

Differential diagnosis of ocular lesions can be often challenging, thus in this review
we summarized and compared the available literature on ocular multimodal imaging
data of M. chimaera and TB, emphasizing similarities and differences in imaging patterns
between these two entities and highlighting the relevance of multimodal imaging in the
management of the infections.

2. Materials and Methods

2.1. Search Methods for Identification of Studies

This systematic review was conducted and reported in accordance with the preferred
reporting items for systematic reviews and meta-analyses guidelines [14]. The review
protocol was not recorded at study design, and no registration number is available for con-
sultation.
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The methodology used for this comprehensive review consisted of a systematic search
of all available articles exploring the current available diagnostic tools on M. tuberculosis
and chimaera.

A comprehensive literature search of all original articles published up to August 2021
was performed in parallel by two authors (S.Z. and M.D.T.) using the PubMed, Cochrane
library, Embase, and Scopus databases.

For the search strategy, we used the following keywords and Mesh terms: “M. tu-
berculosis”, “M. chimaera”, “Fundus photography”, “Biomicroscopy”, Fundus Fluorescein
angiography”, Indocyanine green angiography”, “Fundus autofluorescence”, “Ocular
coherence tomography”, and “Optical coherence tomography angiography”. Furthermore,
the reference lists of all identified articles were examined manually to identify any potential
studies that were not captured by the electronic searches.

The search workflow was designed in adherence to the preferred reporting items
for systematic reviews and meta-analyses (PRISMA) statement and according previous
reports [14–17,19,20].

2.2. Eligibility Criteria

All studies available in the literature, reporting on original data on M. tuberculosis and
chimaera infection with ocular involvement, were included, without restriction for study
design, sample size, and intervention performed. Review articles or articles not written in
English were excluded.

2.3. Data Collection

After preparation of the list of all electronic data captured, two reviewers (N.F. and
M.R.J.W.) examined the titles and abstracts independently and identified relevant articles
according to the eligibility criteria. Any disagreement was assessed by consensus and a
third reviewer (A.C.) was consulted when necessary.

The reference lists of the analyzed articles were also considered as potential sources of
information. For unpublished data, no effort was made to contact the corresponding au-
thors.

3. Results

The results of the search strategy are summarized in Figure 1. From 510 articles
extracted from the initial research, 425 abstracts were identified for screening and 41 of
these met the inclusion/exclusion criteria for full-text review (Figure 1).

No data synthesis was possible for the heterogeneity of available data and the design
of the available studies (i.e., case reports or case series). Thus, the current systematic review
reports a qualitative analysis, detailed issue-by-issue below in narrative fashion.

3.1. Fundus Photography and Biomicroscopy

Using both fundus photography and biomicroscopy, chorioretinal lesions can be
detected among patients infected by M. chimaera, but the extent of these lesions can vary
widely [7,9,10]. Some patients have few inactive choroidal lesions, but others develop
widespread lesions (progressive ocular disease). The lesions appear white/yellowish and
usually have a round or ovoid shape. At the beginning they are usually small (50–300 mm
diameter), but their size typically increases over 4 to 8 weeks in active disease. The
lesions appear diffusely over both the posterior pole and the retinal periphery and have
a particular uniform distribution [7,9,10]. In few patients, a stable period with clinically
inactive lesions before progression to active ocular disease can occur. Indistinct borders on
fundus photography represent a sign of activity, whereas inactive or quiescent patients have
well-defined borders and appear as “punched-out” lesions. Active and inactive lesions, as
well as atrophic lesions, can be observed close to each other in the same eye in patients with
active ocular disease. Inactive lesions should be monitored as well, as many of them remain
quiescent over time, however, after adaptation/stopping of antimycobacterial treatment,
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recurrence can be observed [9]. Nevertheless, the activity status of M. chimaera infection
should not be determined only on the basis of biomicroscopy or color fundus photography
findings. A comprehensive ophthalmological examination using multimodal imaging
is required. Indeed, the diagnosis and monitoring of M. chimaera choroiditis require a
detailed ophthalmic including wide-angle fundus photography, FA/ICG (if possible, using
a wide-angle camera), EDI OCT, FAF and OCTA (if available) as proposed by Böni et al.,
should be performed [9].

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA 2009) flowchart [14].

Biomicroscopy can be used to examine the anterior segment masses, single choroidal
masses, or multifocal lesions, serpiginous-like choroiditis (SLC) and retinal vasculitis in
intraocular TB patients [21,22]. Tubercle granulomas appear as ill-defined, yellowish,
round-to-oval nodules that primarily involve the posterior pol. Furthermore, multiple,
non-contiguous choroiditis might develop into a contiguous, diffused pattern called a
serpiginous-like lesion, since it looks like serpiginous choroiditis. However, unlike ser-
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piginous choroiditis, the serpiginous-like lesions tend to spare the fovea, are multifocal,
and non-contiguous to the optic disc. In addition, unlike serpiginous choroiditis, the
tuberculous serpiginous-like choroiditis (TB-SLC) cases exhibit an inflamed vitreous [2,23].
Usually, SLC develops in early to middle aged individuals. Choroidal granulomas are
usually unilateral, large, solitary, elevated yellowish subretinal masses resembling a tumor.
These granulomas are usually associated with an overlying exudative retinal detachment
and located in the posterior fundus.

However, the diagnosis of ocular TB is still challenging, owing to the involvement
of mixed tissues and heterogenous infections [24]. The emergence of more advanced TB
diagnostic tools, such as IFN-γ release assays, radiodiagnostics, and molecular biology
techniques has markedly improved the specificity of ocular TB diagnosis [25]. However,
the sensitivity and specificity of current diagnostic tools is still suboptimal, which delays
ocular TB diagnosis and treatment. The diagnosis of ocular TB is confirmed only when
the causal bacteria are isolated from the ocular tissue. The status of presumed TB uveitis
is determined if any of the following signs is observed: choroidal granuloma, retinal
vasculitis with or without choroiditis, broad-based posterior synechiae, or serpiginous-like
choroiditis (SLC) with a positive tuberculin skin test or QuantiFERON-TB Gold test, or any
other relevant tests [26].

The ocular M. chimaera infection-induced chorioretinal lesions resemble ocular TB-
induced multifocal choroiditis [27,28]. However, M. chimaera infection-induced lesions
are uniformly distributed and rounded, whereas the TB-induced lesions are irregularly
distributed and have variable shapes [9]. In addition, although ocular TB is manifested in
several ways, none of the ocular M. chimaera cases exhibit any of these manifestations that
are indicative of TB.

3.2. Fundus Fluorescein Angiography (FA)

FA shows potential in differentiating active from inactive disease, characterizing
choroidal, optic disc, and retinal involvement, detecting complications, and monitoring
treatment response [9,23].

The FA analysis of M. chimaera-infected cases shows the presence of active choroidal
lesions that are hypofluorescent in early frames and stained in the later ones. However, early
phase of FA usually shows hyperfluorescence of inactive lesions with hyperfluorescence in
late phase according to a window defect. The fluorescent pattern for active and inactive
lesions seems to be similar for both diseases. However, the shape and type of lesions,
and also their distribution, differs between the two entities [9,22,24]. Contrary to the TB
cases, the M. chimaera-infected cases do not present capillary nonperfusion, cystoid macular
edema, or retinal vasculitis [7,9,10].

FA of choroidal granulomas and tubercles in ocular TB reveals active tubercles with
hypofluorescence in early phases and hyperfluorescence in late phases, and inactive tuber-
cles (healed) that exhibit transmission hyperfluorescence [23]. Large choroidal granulomas
might exhibit hyperfluorescence in early phases and a dilated capillary bed, followed by
a progressive increase in hyperfluorescence, and finally, pooling of dye in the subretinal
space in the late phase. FA can also be used to diagnose retinal angiomatous proliferation
(type 3 macular neovascularization) that develops alongside acute choroidal tubercle or
granuloma and might require intravitreal antivascular endothelial growth factor (VEGF)
therapy along with the usual therapy [23]. In SLC patients, FA reveals hypofluorescence in
early phases and hyperfluorescence in the late phases. The lesions that are healed might
exhibit either transmission hyperfluorescence or hypofluorescence in the early phase and
staining in the late phase owing to late scleral staining through the thin choroid. During FA
analysis, active lesions exhibit hypofluorescence in early phases with hyperfluorescence
in late stages, while the inactive lesions exhibit hypofluorescence towards the center and
hyperfluorescence towards the periphery [23]. Tuberculous retinal vasculitis is another
manifestation of ocular TB. It primarily affects the veins and is occlusive in nature. Active
vasculitis manifests in the form of severe perivenular cuffing with thick exudates, and is
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generally associated with focal choroiditis lesions, moderate vitritis, and retinal hemor-
rhages [16,24,27]. Occlusive retinal vasculitis might even lead to retinal neovascularization.
Furthermore, this technique can also be used to diagnose cystoid macular edema, which
is characterized by dye leakage and accumulation in cystic spaces around fovea, in a
“petaloid” pattern, or to diagnose macular neovascularization that emerges at the border of
an inactive choroidal lesion or optic disc neovascularization [22,24,25,27,28].

Clinically, tuberculous optic neuropathy is manifested as papillitis, retrobulbar optic
neuropathy, and neuroretinitis. In cases with neuroretinitis or papillitis, FA reveals optic
disc hyperfluorescence in early phases followed by leakage during the late phases [23].

The FA presentation of the chorioretinal lesions due to ocular M. chimaera is similar to
multifocal choroiditis related to ocular TB. The fluorescent pattern for active and inactive
lesions seem to be similar for both diseases. However, the shape and the type of lesions, and
their distribution, differs between the two entities [9,22,24]. Additionally, retinal vasculitis
was not observed in any of the patients with disseminated M. chimaera infection.

These aspects are summarized in Table 1, Figures 2 and 3.

Table 1. Classification and comparison of choroidal lesions due to M. tuberculosis and M. chimaera based on multimodal imaging.

M. chimaera M. tuberculosis

Active Lesion
Inactive Lesion/Lesion

in Regression
Active Lesion

Inactive Lesion/Lesion
in Regression

Fundus Photography
shape ovoid to round ovoid to round ovoid to round ovoid to round
border Indistinct well-demarcated indistinct well-demarcated

size <1 optic disc diameter <1 optic disc diameter variable variable

color yellowish-white whitish grayish-white or
yellowish variable pigmentation

distribution Uniform uniform SLC-like single or
multifocal lesion

SLC-like single or
multifocal lesion

FA
early Hypofluorescent hyperfluorescent hypofluorescent hyperfluorescent
late Hyperfluorescent hyperfluorescent hyperfluorescent hyperfluorescent

ICGA Hypocyanescent
hypocyanescent

(in atrophic areas)/
isocyanescent

hypocyanescent hypocyanescent

FAF hypoautofluorescent
hypoautofluorescent
(in atrophic areas)/
isoautofluorescent

hypoautofluorescent hypoautofluorescent

EDI-OCT

shape full-thickness, round,
well-defined borders poorly defined margins full-thickness, round,

well defined borders
outer retinal, RPE

irregularity

internal reflectivity Hyporeflective similar to the choroid hyporeflective
similar to the choroid
(complete resolution

possible)
choroidal

hypertransmission Present present present present

OCTA

CC flow reduction in
the corresponding area

of the lesions

CC flow reduction
(in atrophic lesion)

CC flow reduction with
few preserved islands

in the center of the
lesion

CC atrophy with
visualization of

medium-to-large
choroidal vessels in the

corresponding area

Abbreviations: M.: Mycobacterium; SLC: serpiginous like chorioiditis; FA: Fluoresceine angiography; ICGA: Indocyanine green angiogra-
phy; FAF: Fundus autofluorescence; EDI-OCT: enhanced depth imaging optical coherence tomography angiography; RPE: retinal pigment
epithelium; OCTA: optical coherence tomography angiography; CC: choriocapillaris.
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Figure 2. Multimodal imaging findings of patients suffering from multifocal choroiditis due to M. tuberculosis (TBC, A–E)
and M. chimaera (F–K). In both scanning laser ophthalmoscopy images (SLO, A,F) choroidal granulomas can be observed.
Note that panel A was acquired using an OPTOS device (OPTOS Inc., Marlborough, MA, USA) using a green and red
laser, while panel F was acquired using a ZEISS Clarus device (Carl Zeiss Meditec, Inc., Dublin, CA, USA) with red,
green and blue lasers, hence the difference in false color scheme. Fundus autofluorescence imaging (FAF, B,G) shows
hypoautofluorescence at the location of choroidal granulomas, indicating loss of retinal pigment epithelium. In fluorescein
angiography imaging at 1 min and 10 min (FA, C,D,H,I) early hypofluorescence in active lesions (panel C, inside white
frame) and late-stage staining of choroidal granulomas can be appreciated. Note that in M. chimaera-associated multifocal
choroiditis (MFC), hyperfluorescence seems to be more focused on the choroidal lesions while in M. tuberculosis-associated
MFC the hyperfluorescences are more diffuse. In indocyanine green angiography imaging (ICGA, E,K), hypocyanescent
lesions indicate the location of choroidal granulomas.

 

Figure 3. Typical imaging findings of ocular tuberculosis. Late stage fluoresceine angiography (FA; A) and optical coherence
tomography (OCT; B1–near infrared fundus image; B2–OCT- B scan) of a 60-year-old female patient’s left eye illustrating
a hot disc and macular leakage in FA which corresponds to a cystoid macular edema with sub- and intraretinal fluid in
the OCT images. OPTOS false-color scanning laser ophthalmoscopy (SLO; C1,C3) and FA (C2,C4) of a 46-year-old female
patient. In the SLO color image of the right eye, optic disc edema, and multiple non-continuous choroidal granulomas
are visible, the vitreous seems to be inflamed in the right eye. In the FA of the right eye (C2), a hot disc, vascular wall
hyperfluorescence and staining of choroidal granulomas can be observed. However, there are no signs of vascular occlusion.
The left eye shows no sign of infection (C3,C4).
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3.3. Indocyanine Green Angiography (ICGA)

Because of its unique properties, ICGA lends itself to study the choroidal vasculature.
In M. chimaera-infected eyes, multiple hypocyanescent lesions can be detected in ICGA in
both early and late phases, many more compared to fundus photography or FA. ICG reveals
the total lesion number and is, therefore, better suited to detect overall disease progression.

During the late phases of the ICGA examination, compared to inactive lesions, active
lesions exhibit a stronger hypocyanescence for a longer duration. However, hypocyanes-
cence of the lesions usually does not regress completely, even in clinically quiescent patients
with clearly demarcated lesions on fundus photography. The persistence of hypocyanes-
cence of these lesions is probably due to atrophy of the choriocapillaris/stromal choroid [9].

In TB posterior uveitis cases, ICGA reveals the presence of tubercular choroidal
granulomas in choroidal stroma in the form of rounded hypocyanescent lesions during the
dye transit and isocyanent lesions in the later phase [29,30]. In cases where the granuloma is
present across the whole thickness of choroidal stroma, the lesions appear hypocyanescent
throughout the course of the analysis. More than 90% of tuberculous granulomas are
full thickness. Those granulomas have the same hypocyanescent behavior as M. chimaera
lesions. As in multifocal choroiditis due to M. chimaera, most of the time, the tubercular
granulomas visible on ICGA correspond to the hyporeflective lesions visible on EDI-
OCT [23,31].

Compared to FA, ICGA is more efficient in examining the TB-SLC lesions. Even very
subtle lesions can be identified on ICGA [22,29,30,32]. This is due to the involvement of
the retinal pigment epithelium cells (RPE) that occurs later during the course of the disease.
The SLC lesions are hypothesized to develop due to the occlusion of choriocapillaris that
are visible in the form of irregularly-shaped hypocyanescent lesions during the early phase
of the dye transit. They are still visible as hypocyanescent lesions during the late phases,
because choriocapillaris are occluded and retain the dye. The healed stage is characterized
on ICGA by better delineation of atrophic choroid [28,32].

3.4. Fundus Autofluorescence (FAF)

When using FAF in M. chimaera-infected eyes, active chorioretinal lesions appear as
hyperautofluorescent areas in patients with progressive disease, whereas inactive lesions
are usually hypoautofluorescent [7,9]. The hypoautofluorescence of the lesions is indicative
of death of RPE and overlying photoreceptors. On the other hand, hyperautofluorescence
of the lesions is indicative of loss of function. As in fundus photography, new active
hyperautofluorescent lesions can often be observed close to atrophic hypoautofluorescent
lesions. In the very late stages, lesions frequently show a confluent hypoautofluorescence,
indicating a convergent loss of RPE [9].

Few studies have focused on the FAF patterns of TB granulomas. Gupta et al. [33]
classified TB-SLC progression into four stages.

• Stage I: Acute lesions; poorly-demarcated amorphous hyperautofluorescence halo;
lasts for 2 to 4 weeks

• Stage II: Lesions with a well-demarcated hypoautofluorescent border; lasts for 6 to
8 weeks

• Stage III: Lesions with mottled hypoautofluorescence and dispersed granular hyper-
autofluorescence

• Stage IV: Completely healed lesions with uniform hypoautofluorescence

The initial hyperautofluorescence has been attributed to the choroidal inflammation-
induced fluorophore accumulation in the retina [34]. FAF has emerged as a powerful tool
to monitor the TB serpiginoid lesion progression. It is advantageous over conventional
angiography since the conventional technique is invasive and makes it difficult to interpret
the results when the lesions comprise both active and inactive elements. FAF is also more
efficient than ICGA, since ICGA cannot demarcate between healed and active lesions.
Moreover, FAF can also provide the status of the RPE-photoreceptor complex [23].
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3.5. Ocular Coherence Tomography (OCT)

In cases with progressive M. chimaera infection, enhanced depth imaging ocular coher-
ence tomography (EDI-OCT) reveals rounded hyporeflective areas with significantly de-
creased choroidal vascularity. In EDI-OCT, the active lesions are generally well-demarcated
and well correlated with hyporeflective regions, whereas inactive lesions are poorly demar-
cated and do not always correlate with hyporeflective regions. The thick lesions impact
the adjoining RPE, making it irregularly shaped and attenuated. Choroidal hypertransmis-
sion can be observed in both inactive and active lesion. Choroidal lesions often underlie
ellipsoid zones with altered integrity. In a previous case study, progressively large granu-
loma led to a Type 2 macular neovascularization with subretinal fluid development and
concomitant visual decrease [9].

To date, no studies regarding the anterior segment OCT in patients with M. chimaera in-
fection are available. In ocular TB, OCT of the anterior segment reveals a poorly-demarcated
amorphous lesion, and synechiae and narrowing of anterior chamber exudates, corneal
edema, and iridocorneal angle. The treatment of the condition usually leads to corneal
edema regression and corneal thickness and exudate reduction [35].

In the case of intraretinal TB granuloma, OCT reveals a rounded, hyperreflective
lesion in the neurosensory retina, which comprises a partially hyporeflective core under-
lying a hyperreflective area with surrounding neurosensory retinal detachment [36]. The
presence of hyperreflective dots in the outer retina are attributed to proliferating RPE.
Non-homogenous localized thickening is observed in the RPE/choriocapillaris complex
under the retinal lesion devoid of any dome-shaped retinal elevation [23,36].

While describing the OCT characteristics of tuberculous choroidal granulomas, Salman
et al. reported a local adhesion area (known as “contact sign”) between the RPE–choriocapillaris
layer and the overlying neurosensory retina [37]. Another study revealed the presence
of nonhomogeneous lobulated patterns in tubercular choroidal granulomas [38]. This
finding could be instrumental in the identification of smaller granulomas and in the dif-
ferentiation between granulomas and normal large choroidal vessel lumens [39]. The
proliferating RPE cells and granularity of outer photoreceptor layer reportedly contribute
to the pathophysiology of choroidal granulomas [40,41].

In a previous study, EDI-OCT revealed choroidal infiltration with RPE elevation
in lesion regions of TB-SLC patients [42]. In addition, SD-OCT can be used to reveal
differences between active multifocal choroiditis and serpiginous choroiditis. In cases
with serpiginous choroiditis, the structural alterations are limited to the outer retina. On
the other hand, active multifocal choroiditis lesion is characterized by an increase in the
reflectivity of inner retina [42]. Post-choroiditis treatment, the healed lesions exhibited
increased reflectivity of only the outer retina region.

In the active choroiditis phase, there is either no change or a slight increase in the
thickness of the retina; however, its thickness decreases mildly after the lesion has healed,
which might be attributed to retinal atrophy [41]. With an increase in the thickness of the
choroid, its reflectivity increases (also known as “waterfall effect”), which is attributed
to inflammatory cell infiltration [43]. In a previous study, Bansal et al. [44] described the
SD-OCT changes in the outer retina of an SLC patient. Their findings showed a correlation
between the OCT and FAF findings. For instance, the spread of hyperreflectivity into the
outer retina on OCT corresponded to the alterations in the photoreceptor outer segment
tips, the RPE layers, and photoreceptor ellipsoid and myoid junction. They also reported a
thickening of RPE/Bruch’s membrane complex in the areas with lesions [44].

Furthermore, OCT can be used for the diagnosis and monitoring of uveitic macular
edema too. Individuals with presumed ocular TB exhibit varied patterns of macular edema,
such as serous retinal detachment, diffuse macular edema, and cystoid macular edema.
The central macular thicknesses observed on OCT can be used as an indicator of treatment
response [45].
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3.6. Optical Coherence Tomography Angiography (OCTA)

Before the emergence of OCTA, ICGA was the only imaging modality available for
the assessment of choroidal circulation. OCTA proved to be highly efficient non-invasive
imaging technique that could be used to attain high resolution in vivo images. With disease
progression, a reduction in the flow could be observed in the choriocapillaris/inner choroid
image obtained using OCTA for the regions containing lesions observed in the images
from ICGA. Similar to ICGA, OCTA could detect a higher number of lesions compared to
that detected using other conventional techniques, such as FA and fundus photography.
Böni et al. [9] reported that OCTA was able to reveal neovascular flow overlying a large
chorioretinal lesion in their case study. The OCTA image corroborated the presence of
neovascular flow in the area of subretinal hyperreflective material (SHRM), as detected
using the structural OCT. The OCTA image of the neovascular lesion revealed the presence
of small- and medium-caliber vessels with branched tiny vessels and arcades at vessel
termini. Intravitreal anti–vascular endothelial growth factor (anti-VEGF) treatment was
administered, which led to significant amelioration of the neovascular membrane. Follow-
up assessment revealed a reduction in retinal thickness, SHRM, and area and density of
the neovascular membrane [9].

Intraocular TB induces an inflammatory choriocapillopathy [37,40]. As in M. chimaera
eyes, OCTA reveals a choriocapillaris flow reduction in the corresponding area of the ICGA-
detected lesions in TB-SLC patients. These regions appear as well-delineated hyporeflective
regions dispersed with few choriocapillaris spots towards the center of the lesion. The
affected regions could be more precisely determined using OCTA than ICGA. During
lesion healing, some patients may develop choriocapillaris atrophy [46,47].

In addition, OCTA facilitates vascular abnormality detection among these patients [48].
Previously, OCTA was used for the detection of macular neovascularization in a TB-SLC
patient [49]. In this study, OCTA could efficiently differentiate between the neovascular
membrane and the various retinochoroidal layers of the abnormal vascular network [49].
OCTA has also been deemed to be useful to monitor TB-SLC progression and its worsening
post-therapy (unpublished data). Taken together, OCTA holds great potential in the
diagnosis and management of posterior uveitic entities. Future studies with large sample
sizes using OCTA could further elucidate the pathophysiology of this disease [23,49].

4. Conclusions

M. chimaera and M. tuberculosis infections can be very aggressive and can lead to death.
A timely diagnosis of those infections is not always easy. Multimodal imaging of ocular
findings can lead to an early diagnosis and a prompt initiation of anti-tuberculosis therapy,
preventing poor patient outcomes. Furthermore, it gives the possibility to differentiate
active and inactive ocular lesion and, because of the likely association with systemic disease
activity, it plays a critical role for monitoring patients under treatment and for evaluation
in the follow-up after discontinuation of treatment or treatment adjustment due to adverse
drug effect.
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Abstract: This study examines agreement between the devices Anterion® and Pentacam HR® used for
corneal and pupil measurements in healthy eyes. The parameters compared between the two devices
were: anterior Km (D), anterior K2 (D), anterior K1 (D), anterior K1 axis (◦), anterior astigmatism
(D), anterior K max (D), posterior Km (D), posterior K2 (D), posterior K1 (D), posterior K1 axis (◦),
posterior astigmatism (D), CCT (μm), thinnest point thickness (μm), thinnest point X-coordinate
(mm), thinnest point Y-coordinate (mm), pupil diameter (mm), pupil center-corneal vertex distance
(mm) (angle kappa), pupil centroid angle (◦), pupil centroid X-coordinate (mm), and pupil centroid
Y-coordinate (mm). The Student’s t test for independent samples identified significant differences
(p < 0.005) between devices for the measurements anterior and posterior flat K axis, posterior flat K,
steep K, and mean K. For these last three measurements, although significant, none of the differences
were clinically relevant. Corneal power and thickness measurements except Kf axis showed excellent
agreement between Anterion and Pentacam. In a clinical setting we would not recommend the
interchangeable use of Pentacam and Anterion for measurement of pupil parameters.

Keywords: anterior-segment swept-source; ocular coherence tomography; Scheimpflug imaging;
agreement analysis; pupil measurements

1. Introduction

Precise measurement of both corneal power and pupil diameter has progressively
gained importance in parallel with the development of cataract and refractive surgery
procedures [1]. Central corneal thickness (CCT), and mean (Km), flat (Kf) and steep (Ks)
keratometry, along with pupil diameter (PD), are main determining factors for excimer laser
ablation and/or multifocal intraocular lens (MIOL) implantation [2,3]. One of the devices
most used in clinical practice for these measurements is the Pentacam® HR (OCULUS
Optikgeräte GmbH), a rotating Scheimpflug camera system designed to visualize the
anterior segment that is able to measure corneal topography, elevation of the anterior and
posterior corneal surface, corneal thickness, and anterior chamber angle [1,4].

Based on a completely different technology, the Anterion® (Heidelberg Engineering,
Heidelberg, Germany) is a multimodal imaging device introduced in 2019 [5]. Through
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anterior segment swept-source optical coherence tomography (OCT), it can be used to mea-
sures axial length for ocular biometry and can also be used to image the anterior segment.
The cornea display of the device offers a wide range of anterior segment parameters such
as anterior and posterior keratometry, central corneal thickness, elevation measures, and
pupil size.

For anterior segment measurements, studies have shown variable repeatability and
reproducibility between Pentacam® HR and Anterion, and between Anterion and other
OCT-based devices, such as CASIA (Tomey Corporation, Nagoya, Japan) [6–10]. With
regard to the latest research, Brunner et al. [11] investigated repeatability coefficients and
limits of agreement comparing Pentacam HR, Orbscan IIz, and Tomey Casia SS-1000
measurements. However, to the best of our knowledge, no investigation has compared
pupil measurements provided by Anterion and Pentacam HR. The aim of the present study
was to determine agreement between these two devices for both keratometry and pupil
measurements in healthy individuals.

2. Materials and Methods

This was a prospective cross-sectional study. The study protocol was approved by the
Ethics committee of the Hospital Clinic de Barcelona (HCB/2021/0388) and adhered to
the principles of the Declaration of Helsinki. Informed consent was obtained from each
participant at the time of enrollment.

2.1. Study Population

Participants were 56 healthy volunteers recruited among hospital staff and their
relatives. While examinations were performed in both eyes, only data for one eye were
analyzed. Inclusion criteria were age ≥18 years, no history of ocular surgery or contact
lens use, and no corneal disease, ocular trauma, or systemic collagen disease.

2.2. Devices

The Anterion device uses swept-source AS-OCT technology with a 1300 nm wave-
length light source, and speed of 50,000 A-scans/second. This device images the anterior
segment of the eye at an axial depth of 14 mm, lateral width of 16.5 mm, in-tissue axial
resolution less than 10 μm and lateral resolution 30–45 mm [12]. All measurements are
assisted by eye-tracking technology centered on the corneal vertex [12].

The Pentacam HR uses a rotating Scheimpflug camera which takes 100 images
of 500 measurement points on the anterior and posterior corneal surfaces over 180 de-
grees of rotation [13]. Elevation data from all these images are combined to form a
three-dimensional reconstruction of corneal shape within the same diameter optic zones
as Anterion.

2.3. Examination Protocol

All patients underwent a complete ophthalmic examination, including distance-
corrected visual acuity measurement, anterior segment bio-microscopy and fundus exam-
ination. After three minutes of dark adaptation, the same experienced ophthalmologist
performed a single scan of both eyes, first using the cornea mode of Anterion and then the
Pentacam HR in standard light conditions.

Subjects were instructed to maintain the imaged eye on the central fixation target built
into each device. Only scans of optimal quality indicated as over 95% by the Pentacam HR
and as “green” by the Anterion were included in the analysis. Subjects with eye conditions
that could affect fixation and the quality of data acquisition such as corneal disease, cataract
or any maculopathy were excluded. Scans obtained in subjects with suspected or confirmed
keratoconus (Kmax index >48 D, irregular astigmatism, infero-temporal displacement of
the thinnest corneal point or an abnormal Belin-Ambrosio Pentacam analysis) or another
corneal ectasia were also discarded.
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Data from the Anterion wavefront analysis were exported to an excel sheet. From each
device, 20 parameters were automatically exported: 11 related to both anterior and posterior
corneal surface measurements: Kf, Km, Ks, Kf axis and astigmatism; four related to corneal
thickness: CCT, thinnest point and its location; five related to pupil measurements: PD,
center from visual axis (angle kappa), pupil center angle (between pupil center plane and
corneal surface) and position with vectors X and Y. The same parameters of the Pentacam
were manually entered in the same excel sheet used for the Anterion data. Both eyes were
examined, but only right eye data were included. If right eye was not suitable for inclusion,
left eye data was included.

2.4. Statistical Analysis

All data were analyzed using SPSS (version 22.0, IBM Corp., Armonk, NY, USA) and
Excel software (2016, Microsoft Corp., Redmond, WA, USA). Results are expressed as the
mean ± standard deviation (SD). Significance was set at p < 0.05. The Shapiro-Wilk test
was used to confirm the normal distribution of data (p > 0.05). Initially, the Student’s t test
for independent samples was used to identify differences between devices.

Inter-device agreement for each corneal aberration parameter was assessed through
mean differences, paired t-test for mean differences, and 95% confidence intervals and limits
of agreement (LoA). Bland-Altman plots were also constructed using the LoAs to compare
both devices. Sample size calculation was based on recent studies that have analyzed agree-
ment between AS-OCT and Scheimpflug devices [6,7]. For a 2-sided level of significance
(α) at 0.05 and power (β) of 80%, the sample-size calculation indicated that a minimum of
50 participants was required to detect a difference of 0.1 μm in all measurements.

3. Results

The 56 subjects recruited were 32 women (57.14%) and 24 men (42.85%) of mean age
52.35 years ± 20.2 SD (21–78). Table 1 provides a descriptive analysis of the study sample.
The Student’s t test for independent samples identified significant differences (p < 0.05)
between devices for the measurements of anterior and posterior flat K axis, posterior flat K,
steep K, and mean K. For these last three measurements, although significant, none of the
differences were clinically relevant.

Table 1. Descriptive analysis. Comparison of corneal parameters between the Anterion and Pentacam HR devices.

Parameter Anterion Pentacam HR p Value

Anterior Km (D) 43.52 ± 1.54 (40.50–47.25) 42.93 ± 1.52 (40.00–46.20) 0.43

Anterior K2 (D) 44.01 ± 1.64 (40.65–47.81) 43.92 ± 1.59 (41.00–47.70) 0.80

Anterior K1 (D) 43.07 ± 1.56 (40.21–46.71) 42.93 ± 1.52 (40.00–46.20) 0.68

Anterior K1 axis (◦) 109.93 ± 62.71 (1.00–180) 76.61 ± 69.64 (0.30–179.90) 0.01 *

Anterior astigmatism (D) 0.93 ± 0.81 (0.05–4.70) 0.98 ± 0.66 (0.00–3.40) 0.77

Anterior K max (D) 44.51 ± 1.72 (40.98–47.56) 44.59 ± 1.76 (41.30–47.40) 0.83

Posterior Km (D) −6.14 ± 0.27 (−6.94–−5.55) −6.30 ± 0.28 (−7.00–−5.70) <0.01 *

Posterior K2 (D) −6.29 ± 0.30 (−7.38–−5.66) −6.57 ± 0.86 (−12.00–−5.80) 0.04 *

Posterior K1 (D) −5.99 ± 0.25 (−6.54–−5.44) −6.14 ± 0.27 (−6.80–−5.60) <0.01 *

Posterior K1 axis (◦) 124.56 ± 71.69 (0.00–180) 75.87 ± 76.74 (1.10–179.30) <0.01 *

Posterior astigmatism (D) −0.30 ± 0.13 (−0.84–−0.04) 0.32 ± 0.13 (0.00–0.60) 0.61

CCT (μm) 546.41 ± 32 (474–615) 552.17 ± 38.05 (479–702) 0.43

TPT (μm) 541.52 ± 31.91 (472–613) 547.06 ± 36.49 (477–674) 0.44
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Table 1. Cont.

Parameter Anterion Pentacam HR p Value

TPP X (mm) −0.49 ± 0.63 (−1.64–1.04) −0.38 ± 0.49 (−1.06–0.95) 0.37

TPP Y (mm) −0.37 ± 0.35 (−1.43–0.44) −0.33 ± 0.28 (−1.31–0.37) 0.47

Pupil diameter (mm) 5.74 ± 1.34 (2.90–7.80) 3.82 ± 1.60 (1.66–7.06) <0.01 *

PCP (mm) angle kappa 0.37 ± 0.18 (0.07–1.05) 0.26 ± 0.14 (0.05–0.71) 0.003 *

PCA (◦, degrees) 162.89 ± 69.38 (3.00–347) 194.99 ± 78.87 (18.90–359) 0.04 *

PCP X (mm) −0.22 ± 0.28 (−0.89–0.57) −0.13 ± 0.23 (−0.63–0.46) 0.12

PCP Y (mm) 0.04 ± 0.20 (−0.55–0.48) −0.01 ± −0.14 (−0.33–0.29) 0.10

Data were presented as mean ± standard deviation (range) * Statistically significant differences with Student’s t test for independent
samples. Km = mean keratometry, K1: flat keratometry, K2: steep keratometry, CCT: central corneal thickness, D: diopters TPT: thinnest
point thickness, TPP: thinnest point posterior, PCD: pupil center distance, PCA: pupil center angle, PCP: pupil center posterior, μm: microns,
mm: millimeters.

Overall, mean differences were small, with narrow limits of agreement (LOA) (Table 2,
Figures 1 and 2). Although the paired t-test revealed significant differences for all the
parameters studied (except posterior steep K, p = 0.051), differences in absolute values were
generally close to 0. Thus, overall, good agreement was found between the Anterion and
Pentacam measures. Nonetheless, we found some exceptions. Both anterior and posterior
Kf axis showed poor agreement between devices (large mean difference with wide LOA)
(Table 2 and Figure 1). For pupil measurements, positions in the X and Y axis were highly
concordant, but PD, pupil center from visual axis (angle kappa) and pupil center angle
were not (Table 2 and Figure 3).

Table 2. Inter-device measurement agreement between Anterion and Pentacam HR.

Parameter Difference 95% LoA p Value CI (95%)

Anterior Km (D) 0.09 ± 0.26 −0.41–0.60 <0.01 * 0.67–0.90

Anterior K2 (D) 0.08 ± 0.41 −0.72–0.89 <0.01 * 0.97–0.99

Anterior K1 (D) 0.13 ± 0.27 −0.39–0.66 <0.01 * 0.98–0.99

Anterior K1 axis (◦) 33.32 ± 65.57 −95.19–161.83 <0.01 * 0.41–0.82

Anterior astig. (D) −0.04 ± 0.45 −0.92–0.84 <0.01 * 0.81–0.94

Anterior K max (D) −0.07 ± 0.53 −1.13–0.97 <0.01 * 0.95–0.98

Posterior Km (D) 0.16 ± 0.10 −0.03–0.36 <0.01 * 0.93–0.98

Posterior K2 (D) 0.28 ± 0.80 −1.29–1.85 0.051 −0.10–0.66

Posterior K1 (D) 0.15 ± 0.08 −0.01–0.32 <0.01 * 0.94–0.98

Posterior K1 axis (◦) 48.69 ± 88.68 −125.12–222.50 0.02 * −0.00–0.69

Posterior astig. (D) 0.014 ± 0.10 −0.18–0.21 <0.01 * 0.67–0.90

CCT (μm) −5.76 ± 18.22 −41.47–29.95 <0.01 * 0.87–0.96

TPT (μm) −5.54 ± 18.08 −40.99–29.91 <0.01 * 0.86–0.95

TPP X (mm) −0.10 ± 0.35 −0.79–0.58 <0.01 * 0.80–0.94

TPP Y (mm) −0.04 ± 0.20 −0.44–0.34 <0.01 * 0.80–0.93

Pupil diameter (mm) 1.92 ± 1.16 −0.35–4.20 <0.01 * 0.67–0.90

PCP (mm) angle kappa 0.10 ± 0.15 −0.19–0.40 <0.01 * 0.46–0.83

PCA (◦, degrees) −32.10 ± 115.72 −261.20–197.02 <0.01 * 0.46–0.78

PCP X (mm) −0.08 ± 0.14 −0.36–0.19 <0.01 * 0.85–0.95

PCP Y (mm) 0.05 ± 0.16 −0.27–0.39 <0.01 * 0.43–0.82

Data were presented as mean ± standard deviation * Statistically significant differences with Student’s t test for paired samples.
CI: confidence interval, LoA: limits of agreement, Km: mean keratometry, K1: flat keratometry, K2: steep keratometry, CCT: central
corneal thickness. TPT: thinnest point thickness, TPP: thinnest point posterior, PCD: pupil center distance, PCA: pupil center angle,
PCP: pupil center posterior, D: diopters, μm: microns, mm: millimeters.
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Figure 1. Bland-Altman plots of mean differences against averages of anterior and posterior corneal surface keratometry
readings. Mean, lower and upper limits of agreement (±1.96 SD, standard deviation). Left: anterior vertical coma. Right:
total vertical coma.
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Figure 2. Bland-Altman plots of mean differences against averages of pachy-metric measurements. Mean, lower and upper
limits of agreement (±1.96 SD, standard deviation).

Figure 3. Bland-Altman plots of mean differences against averages of pupil measurements. Mean, lower and upper limits
of agreement (±1.96 SD, standard deviation).
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4. Discussion

Anterior segment measurements are used as cut-offs for patient and ocular surgical
method selection. In this study, excellent agreement was observed between both devices
for kerato-metric and pachy-metric measurements, while pupil parameter measurements
usually differed significantly. PD has been described as a main factor in indicating refrac-
tive surgery [2,3]. In addition, scotopic larger pupils can overlap ablation optic zones and
optic diameters of MIOL resulting in poor night vision and halos [14]. PD is influenced
by the light of the media and undergoes size reduction with accommodation [4]. There-
fore, it is not clear whether the Pentacam is able to provide clinically useful information
prior to refractive surgery as it uses a 450-nm visible blue light-emitting diode which can
induce miosis. In effect, here we recorded a smaller PD with the Pentacam (3.82 ± 1.6
vs. 5.74 ± 1.34) (Table 1). Being based on OCT technology, Anterion does not induce
such intense miosis and could theoretically be a better method to measure mesopic PD.
Güçlü et al. [15] reported that IOL-Master 700, another OCT-based biometer, is a useful
device that is interchangeable with Pentacam for keratometry values and axis, but not
for white-to-white distance (WTW), anterior chamber depth (ACD), and CCT. In their
study, mean PD determined in healthy eyes was 6.4 ± 1.4 mm with IOL-Master 700 and
4.5 ± 1.3 mm with Pentacam [15]. In our study, slightly smaller PDs were recorded but
with the same trend, probably because we included older subjects. Our Bland-Altman plots
indicated great disparity with wide LOAs (−0.35–4.2) for our PD measurements (Figure 3).
Therefore, we would not recommend the interchangeable use of Pentacam and Anterion
for PD measurements.

Recently, besides PD, much attention has been paid to other causes of disturbing
ocular symptoms after MIOL implantation, such as glare and halos. Studies so far have
shown that any large deviation between the optical center or visual axis and the pupillary
axis of the MIOL can lead to higher-order aberrations postoperatively, compromising visual
quality [16–19]. Both Pentacam and Anterior are able to determine the position of the pupil
center through two vectors (X and Y), the angle kappa (radial distance between visual axis
and the center of the pupil) and the pupil center angle (angle between the pupil center
plane and corneal surface). Above all, angle kappa has emerged as a useful parameter
to consider when planning MIOL implantation. Berdahl and Waring suggested that a
MIOL should not be implanted if the preoperative angle kappa is larger than one half the
diameter of the central optical region of the multifocal IOL [20]. Fu et al. analyzed 57 eyes
of 29 patients undergoing MIOL implantation and concluded that an angle kappa distance
greater than 0.5 mm could influence objective visual quality (optical scattering) [21].

In our study sample, mean angle Kappa measurements were 0.37 ± 0.18 mm with the
Anterion and 0.26 ± 0.14 mm (p < 0.005) with Pentacam, and Bland Altman plots revealed
slight dispersion and a small mean difference (0.1 mm ± 0.15). Both devices could be
useful in measuring this parameter in clinical practice, but again they should not be consid-
ered interchangeable. Likewise, significant differences were found for pupil center angle
(Table 1), with a large mean difference (−32.1◦ ± 115.72) and wide LOAs (−261.2–197.02).
On the contrary, pupil center positions X and Y showed excellent agreement and a low
mean difference between devices.

Overall excellent agreement was observed for both kerato-metric and pachy-metric
measurements. Posterior Kf, Ks and Km differed significantly between devices, but mean
differences were small and clinically irrelevant. Several studies have compared the per-
formance of Anterion and other devices [6–10], but only one has provided agreement for
posterior corneal surface readings [8]. Overall, for biometric measures, Anterion seems
to be more interchangeable with other OCT devices such as CASIA or IOL-Master 700.
Tañá-Rivero et al. detected significant differences in WTW measurements taken with the
Anterion, IOLMaster 700 (Carl Zeiss Meditec AG, Carl Zeiss Meditec, Jena, Germany)
and Pentacam HR, yet concluded that, in clinical terms, Anterion could be considered
interchangeable with both these devices [6]. Recently, this group obtained comparable
values of keratometry, J0 and J45 vectors, lens thickness, and axial length using the same
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three devices, but, again, significant differences emerged for anterior chamber depth and
central corneal thickness data [7]. Showing the same trend as our results, average posterior
corneal power (PCP) and PCP astigmatism were highly repeatable, and agreement was
good between the four devices.

Our study has some limitations. While a repeatability analysis was beyond the scope of
this study, we only accepted optimal quality images, and all were taken by an experienced
ophthalmologist in similar conditions of darkness. While a larger sample would have
allowed us to detect more subtle differences, we believe that our sample was sufficiently
large to detect clinically meaningful variations. Future research should include an inter-
observer analysis in order to improve anterior segment pathologies specificity without
reducing the sensitivity [11].

5. Conclusions

In summary, corneal power and thickness measurements, except Kf axis, showed
excellent agreement between Anterion and Pentacam. Agreement for pupillary position in
X and Y vectors x and y components of the pupil-glint vectors was good, but pupil center
distance (angle Kappa), PD and pupil center angle showed poor agreement and, overall,
differed significantly between both devices.

By way of overall conclusion, in a clinical setting we would not recommend the
interchangeable use of Pentacam and Anterion for measurement of pupil parameters; we
would only recommend the interchangeable use of Pentacam and Anterion for corneal
measurements.
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Abstract: The aim of this study was to determine the factors associated with visual field (VF)
deterioration after trabeculectomy, including the peripapillary vessel density (pVD) and macular
vessel density (mVD) changes assessed by optical coherence tomography angiography (OCT-A).
Primary open-angle glaucoma patients with more than two years of follow-up after trabeculectomy
were included. pVD was calculated in a region defined as a 750 μm-wide elliptical annulus extending
from the optic disc boundary. mVD was calculated in the parafoveal (1–3 mm) and perifoveal
(3–6 mm) regions. VF deterioration was defined as the rate of mean deviation (MD) worse than
−1.5 dB/year. The change rates of pVD and mVD were compared between the deteriorated VF
and non-deteriorated VF groups. The factors associated with the rate of MD were determined by
linear regression analyses. VF deterioration was noted in 14 (21.5%) of the 65 eyes that underwent
trabeculectomy. The pVD (−2.26 ± 2.67 vs. −0.02 ± 1.74%/year, p ≤ 0.001) reduction rate was
significantly greater in the deteriorated VF group than in the non-deteriorated VF group, while that of
parafoveal (p = 0.267) and perifoveal (p = 0.350) VD did not show a significant difference. The linear
regression analysis showed that the postoperative MD reduction rate was significantly associated
with the rate of pVD reduction (p = 0.016), while other clinical parameters and preoperative vascular
parameters did not show any association. Eyes with greater loss of peripapillary retinal circulation
after trabeculectomy tended to exhibit VF deterioration. The assessment of peripapillary vascular
status can be an adjunctive strategy to predict visual function after trabeculectomy.

Keywords: primary open-angle glaucoma; optical coherence tomography angiography; vessel
density; visual field; progression

1. Introduction

Glaucoma causes progressive structural abnormalities in the optic nerve head (ONH)
and the loss of visual function [1]. The mainstay of glaucoma treatment is slowing down
the disease progression by preventing further ONH damage. The lowering of intraocular
pressure (IOP) is the only proven way to slow down the disease progression [2,3]. Elevated
IOP is a well-known risk factor for glaucoma [4–7]; however, several vascular factors also
play a role in the pathophysiology of glaucoma development and progression [8]. Previous
studies have evaluated the changes of the ocular hemodynamic in the ophthalmic artery,
ONH, and retinal vasculature [9,10] after medical or surgical IOP reduction.

OCT angiography (OCT-A) is a non-invasive technique that can provide quantitative
and reproducible vascular information of the ONH and retina [11]. OCT-A allows the
precise visualization of the retinal capillary network [12] layer by layer, and a reduction of
the vessel density (VD) assessed by OCT-A showed a correlation with the structural and
functional parameters in glaucoma patients [13–15].

Increased or stable microcirculation after the surgical lowering of IOP has been re-
ported [16–20]. However, research outcomes evaluating the clinical implication of postop-
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erative microvascular changes in association with the visual prognosis are limited. Hence,
we aimed to evaluate the longitudinal peripapillary and macular microcirculation changes
after the surgical IOP reduction and their association with the postoperative visual field
(VF) changes.

2. Materials and Methods

In this retrospective observational study, we recruited primary open-angle glaucoma
(POAG) patients who underwent trabeculectomy by a single surgeon (KRS) at the glaucoma
clinic of Asan Medical Center (Seoul, Korea) between November 2016 and January 2019. All
the study procedures were performed in accordance with the principles of the Declaration
of Helsinki. The Institutional Review Board of Asan Medical Center approved this study.
The requirement for written informed consent was waived due to the retrospective design.

2.1. Participants

At the baseline examination, all the participants underwent complete ophthalmo-
logic examinations; best-corrected visual acuity (BCVA), refractometry, slit-lamp biomi-
croscopy, Goldmann applanation tonometry, gonioscopy, stereoscopic optic disc/retinal
nerve fiber layer (RNFL) photography, ultrasound pachymetry, standard automated perime-
try (Humphrey Field analyzer with Swedish Interactive Threshold Algorithm standard
24-2 test; Carl Zeiss Meditec, Dublin, CA, USA), and OCT-A (AngioVue, Optovue Inc.,
Fremont, CA, USA).

The inclusion criteria of this study were as follows: patients diagnosed with POAG,
with BCVA of logMAR +0.30 (Snellen 20/40) or better, a spherical refraction of –8.0 to
+3.0 diopters (D), a cylinder correction within ±3 D, and clear ocular media. POAG
was defined as having an open angle on gonioscopy, RNFL defects, or glaucomatous
optic disc changes (neuroretinal rim thinning, disc excavation, or disc hemorrhage), and
corresponding VF defects. Participants with any ophthalmic or neurological disease other
than glaucoma that can affect ONH were excluded. If both eyes met the inclusion criteria,
one eye was selected at random. The participants were followed-up for ≥2 years after the
trabeculectomy.

Trabeculectomy was performed in patients with progressive glaucomatous changes
that could not be controlled with maximum tolerated medical therapy (MTMT) and in
those with an elevated IOP that could cause additional ONH damage. A single experienced
glaucoma specialist (KRS) performed all surgical interventions. All glaucoma medications
were continued up to the time of the surgery. Eyes with persistent hypotony maculopathy
after trabeculectomy or eyes with other macular abnormalities, such as an epiretinal
membrane or age-related macular degeneration, were excluded from the study. Patients
who received other intraocular surgery during the 2-year follow-up period were also
excluded from the study.

2.2. Trabeculectomy

Trabeculectomy was performed by a single surgeon (KRS). A 6- to 7-mm horizontal
incision was made in the superior area, and the conjunctiva and Tenon’s capsule were
carefully dissected for preparation of the fornix-based conjunctival flap. A limbus-based
half-thickness scleral flap (2.5 × 2 mm) was then prepared. 0.2% mitomycin C-soaked
sponge was applied under the sub-Tenon space for 2 min and copious irrigation with
balanced salt solution (BSS) was performed in order to wash out the mitomycin C. The
sclerectomy was made with the Kelly Descemet punch under the partial scleral flap, and
the peripheral iridectomy was performed through the sclerectomy site. The scleral flap was
closed with a single 9-0 nylon suture. The conjunctiva and Tenon’s capsule are secured with
a 8-0 vicryl interrupted suture followed by running sutures. Bleb elevation and integrity
of the conjunctival closure were checked. Topical corticosteroid (1.0% prednisolone),
cycloplegics, and an antibiotic (0.5% moxifloxacin) were prescribed for approximately
1 month postoperatively, depending on the eye condition.
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2.3. VF Assessment

Only the reliable VF test results were included in the analysis. A reliable VF test result
was defined by the presence of false-positive errors < 15%, false-negative errors < 15%, and
fixation loss < 20%. A glaucomatous VF defect was defined as the presence of a cluster of
three or more non-edge contiguous points on a pattern deviation plot with a p-value < 5%
(one of which had a p-value < 1%), confirmed by at least two consecutive examinations;
pattern standard deviation with a p-value < 5%; or glaucoma hemifield test result outside
normal limits. The VF was assessed before the surgery, and 6 months, 1 year, 1.5 years, and
2 years postoperatively. VF progression was defined as the rate of mean deviation (MD)
worse than −1.5 dB annually [21]. At least five qualified VF examinations were required to
be included.

2.4. OCT-A Imaging

The AngioVue OCT-A imaging system enables non-invasive visualization of the
ophthalmic microvasculature. The dynamic motion of the moving particles, such as red
blood cells, was captured using this system, with a split-spectrum amplitude-decorrelation
angiography algorithm used to identify the perfused vessels. In this study, the peripapillary
vasculature was measured in a 4.5 × 4.5 mm region centered on the optic disc, and within
a slab from the internal limiting membrane to the posterior border of the RNFL. The
peripapillary VD (pVD) was calculated in a region defined as a 750 μm-wide elliptical
annulus extending from the optic disc boundary. The macular vasculature was measured
in a 6.0 × 6.0 mm region centered on the fovea, and within a slab from the internal limiting
membrane to the posterior border of the inner plexiform layer. The macular VD was
calculated in the parafoveal and perifoveal regions, defined as concentric circular areas
with an inner and outer diameter of 1 mm and 3 mm, and 3 mm and 6 mm, respectively.
All the scans were evaluated for quality. The reasons for exclusion were poor image quality,
defined as the signal strength index < 48; poor clarity; localized weak signals caused by
artifacts, such as floaters; residual motion artifacts visible as irregular vessel patterns or
disc boundaries on the en face angiogram; or segmentation failure. At least five qualified
OCT-A examinations were required to be included. The circumpapillary retinal nerve fiber
layer (RNFL) thickness and ganglion cell complex (GCC) thickness were also assessed
using the same device.

2.5. Statistical Analysis

The normality was tested using the Kolmogorov-Smirnov test for all continuous
variables. The baseline clinical characteristics were compared between the eyes with
relatively stable VF and those with deteriorated VF after trabeculectomy using either
an independent t-test or Mann-Whitney test as appropriate. A linear mixed model was
performed to determine the postoperative change rate of IOP, and the OCT-A driven
vascular and structural parameters. Repeated measures ANOVA was used to compare the
postoperative changes of each parameter. Univariate and multivariate linear regression
analyses, including the OCT-A driven vascular parameters, were used to determine the
factors associated with the VF MD change rate after the trabeculectomy. A p-value < 0.1 in
the univariate analysis was included in the multivariate analysis. The statistical analysis
was performed using the SPSS software, version 20 (IBM Corp., Armonk, NY, USA).
p-value ≤ 0.05 was considered statistically significant.

3. Results

Of the 81 eyes of 81 patients initially enrolled, 16 eyes were excluded due to the
poor quality, poor clarity, and segmentation failure of the OCT-A image. Sixty-five eyes
of 65 patients (38 male, 27 female) with successful trabeculectomy and qualified visual
field tests were included in the final analysis. The baseline characteristics are described in
Table 1. Postoperative VF deterioration was observed in 14 eyes (21.5%) when assessed
for two years postoperatively. The preoperative clinical characteristics, including age, VF
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MD, and IOP did not differ between the two groups. VD parameters, RNFL, and GCC
thickness, which were assessed before surgery, also did not differ between the groups. No
significant postoperative complications, such as prolonged hypotony and inadequate IOP
control, were observed in both groups. Topical medications were prescribed based on the
patients’ postoperative condition. 1.59 ± 1.03 topical medications were used in the total
population after the surgery, while 1.57 ± 1.02 in the progression group, and 1.59 ± 1.04
in the non-progression group were used, respectively. The difference in the number of
postoperative topical medications between the progression and non-progression groups
was not statistically significant (p = 0.957).

Table 1. Baseline demographics and the clinical characteristics of the VF progression and non-progression group.

Variables
Total

(n = 65)
Progression

(n = 14)
Non-Progression

(n = 51)
p-Value *

Age (years) 54.8 ± 13.3 55.7 ± 13.5 54.6 ± 13.4 0.778
Sex, male/female 38/27 8/6 30/21 0.911

Topical medications, n 2.8 ± 0.6 2.6 ± 0.5 2.8 ± 0.6 0.322
Self-reported history of HTN, n (%) 20 (30.8%) 4 (28.6%) 16 (31.4%) 0.842
Self-reported history of DM, n (%) 8 (12.3%) 2 (14.3%) 6 (11.8%) 0.801

VF MD (dB) −16.6 ± 7.9 −13.8 ± 6.7 −17.4 ± 8.1 0.137
IOP (mmHg) 19.9 ± 8.4 20.5 ± 7.9 20.0 ± 9.2 0.860

SE (D) −2.3 ± 3.1 −3.0 ± 3.6 −2.1 ± 2.9 0.301
Axial length (mm) 24.9 ± 1.8 25.1 ± 1.8 24.9 ± 1.7 0.675

Central corneal thickness (μm) 530.1 ± 45.5 513.1 ± 51.5 533.8 ± 43.8 0.195
Peripapillary VD (%) 34.75 ± 5.85 34.25 ± 5.55 34.86 ± 5.98 0.780

Foveal VD (%) 15.99 ± 6.46 15.45 ± 5.37 16.14 ± 6.77 0.728
Parafoveal VD (%) 41.73 ± 4.99 39.77 ± 4.78 42.27 ± 4.96 0.098
Perifoveal VD (%) 37.75 ± 3.80 36.25 ± 3.53 38.16 ± 3.80 0.096

RNFL thickness (μm) 65.92 ± 8.83 66.23 ± 6.35 65.84 ± 9.41 0.889
GCC thickness (μm) 69.59 ± 7.48 67.54 ± 5.22 70.12 ± 7.92 0.271

Independent t-test for numerical variables; Mann-Whitney test for non-numerical variables. * p ≤ 0.05 was considered statistically
significant. Abbreviations: HTN, Hypertension; DM, Diabetes mellitus; VF MD, Visual field mean deviation; SE, Spherical equivalence; VD,
vessel density; RNFL, Retinal nerve fiber layer; GCC, Ganglion cell complex.

The postoperative change rate of clinical parameters is described in Tables 2 and 3,
and Figure 1. The VF MD rate of the deteriorated VF group was −2.46 ± 0.77 dB/year,
while that of the non-progression VF group was 0.06 ± 0.89 dB/year (p < 0.001). The rate
of pVD (p ≤ 0.001) and RNFL thickness (p = 0.039) differed between the two groups, while
foveal VD (p = 0.054) showed marginal difference. The parafoveal VD (p = 0.267) and
perifoveal VD (p = 0.350) did not show significant difference. The rate of IOP (p = 0.672)
and other structural parameters, such as GCC (p = 0.198) thickness, did not differ between
the groups.

The baseline clinical characteristics and postoperative change rates of each OCT-A
parameter were analyzed using univariate and multivariate linear regression analyses to
determine the factors associated with the VF MD change rate after trabeculectomy (Table 4).
None of the preoperative parameters showed an association with the postoperative VF
MD rate. However, the rate of pVD (p = 0.006) and foveal VD (p = 0.057) in the univariate
analysis showed a possible association with the postoperative VF MD rate; additionally, the
multivariate analysis revealed that only the postoperative reduction rate of pVD showed a
correlation (p = 0.016).

A representative case example is shown in Figure 2. A 43-year-old woman with
POAG exhibited a gradual loss of peripapillary microcirculation after trabeculectomy
along with progressive glaucomatous VF progression (a). A 25-year-old woman with
POAG showed stable peripapillary retinal microcirculation and VF after trabeculectomy
when assessed for two years with a similar level of preoperative VF MD and IOP reduction
after trabeculectomy (b).
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Table 2. Comparison of the postoperative change rate of the parameters between the VF progression
and non-progression group.

Variables,
Mean ± SD [95% CI]

Total
(n = 65)

Progression
(n = 14)

Non-Progression
(n = 51)

p-Value *

VF MD change rate
(dB/year)

−0.49 ± 1.35
(−0.82, −0.15)

−2.46 ± 0.77
(−2.91, −2.01)

0.06 ± 0.89
(−0.19, 0.30) <0.001 *

IOP reduction rate
(mmHg/year)

−3.43 ± 4.56
(−4.56, −2.30)

−3.89 ± 4.13
(−6.28, −1.51)

−3.30 ± 4.70
(−4.63, −1.98) 0.672

Peripapillary VD
change rate (%/year)

−0.50 ± 2.17
(−1.04, 0.04)

−2.26 ± 2.67
(−3.81, −0.72)

−0.02 ± 1.74
(−0.51, 0.47) <0.001 *

Foveal VD change rate
(%/year)

−0.28 ± 3.55
(−1.16, 0.60)

−1.62 ± 2.52
(−3.08, −0.17)

0.09 ± 3.73
(−0.96, 1.13) 0.054

Parafoveal VD change
rate (%/year)

−0.80 ± 2.97
(−1.54, −0.07)

−1.59 ± 2.71
(−3.15, −0.02)

−0.59 ± 3.03
(−1.43, 0.26) 0.267

Perifoveal VD change
rate (%/year)

−0.72 ± 1.97
(−1.21, −0.23)

−1.16 ± 1.55
(−2.06, −0.27)

−0.60 ± 2.06
(−1.18, −0.02) 0.350

RNFL thickness change
rate (μm/year)

−0.70 ± 3.82
(−1.66, 0.26)

−2.64 ± 3.80
(−4.93, −0.34)

−0.20 ± 3.70
(−1.25, 0.85) 0.039 *

GCC thickness change
rate (μm/year)

0.59 ± 3.51
(−0.31, 1.47)

1.72 ± 3.52
(−0.41, 3.85)

0.31 ± 3.49
(−0.67, 1.29) 0.198

Independent t-test. * p ≤ 0.05 was considered statistically significant. Abbreviations: VF MD, Visual field mean
deviation; IOP, intraocular pressure; VD, vessel density; RNFL, Retinal nerve fiber layer; GCC, Ganglion cell complex.

Table 3. Comparison of the postoperative changes of VF MD, IOP and peripapillary VD between the
VF progression and non-progression group.

Variables,
Mean ± SD

Total
(n = 65)

Progression
(n = 14)

Non-Progression
(n = 51)

p-Value *

VF MD (dB)

Pre-op −16.62 ± 7.92 −15.32 ± 5.91 −17.19 ± 8.01

<0.001 *
Post-op 0.5yr −16.88 ± 8.01 −17.49 ± 7.23 −16.47 ± 8.27
Post-op 1yr −17.01 ± 7.81 −18.88 ± 5.88 −16.39 ± 8.06

Post-op 1.5yr −16.98 ± 7.80 −19.43 ± 6.75 −16.44 ± 8.05
Post-op 2yr −17.36 ± 8.16 −20.07 ± 6.55 −16.65 ± 8.10

IOP (mmHg)

Pre-op 19.85 ± 8.42 20.50 ± 7.92 19.67 ± 8.62

0.789
Post-op 0.5yr 11.55 ± 2.92 11.57 ± 2.53 11.55 ± 3.04
Post-op 1yr 12.42 ± 2.97 12.71 ± 2.89 12.33 ± 3.01

Post-op 1.5yr 12.78 ± 2.92 12.57 ± 2.82 12.84 ± 2.98
Post-op 2yr 12.98 ± 2.87 12.71 ± 2.52 13.06 ± 2.98

Peripapillary
VD (%)

Pre-op 34.75 ± 5.85 34.36 ± 5.55 34.86 ± 5.98

0.001 *
Post-op 0.5yr 33.92 ± 6.33 31.13 ± 4.93 34.62 ± 6.51
Post-op 1yr 35.79 ± 6.18 30.42 ± 3.89 36.24 ± 6.50

Post-op 1.5yr 34.54 ± 6.62 31.18 ± 3.20 35.45 ± 6.96
Post-op 2yr 32.27 ± 4.22 30.28 ± 3.01 32.47 ± 4.35

Repeated measures ANOVA * p ≤ 0.05 was considered statistically significant. Abbreviations: VF MD, Visual
field mean deviation; IOP, intraocular pressure; VD, vessel density.
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Figure 1. Comparison of postoperative parameter changes between the VF progression and non-progression group.
Repeated measures ANOVA was used to compare the post-operative changes of each parameter, and the p-values of
repeated measures ANOVA were presented. X: average value, horizontal line: median value, dots: outliers. Abbreviations:
GCC, ganglion cell complex; IOP, intraocular pressure; RNFL, retinal nerve fiber layer; VD, vessel density; VF MD, visual
field mean deviation.
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Table 4. Univariable and multivariable linear regression analyses to determine the factors associated with the visual field
change rate after trabeculectomy.

Variables
Univariable

Multivariable
(p < 0.1 in Univariable)

B ± SD p-Value * B ± SD p-Value *

Age (years) 0.003 ± 0.013 0.814
SE (D) 0.018 ± 0.055 0.739

Central corneal thickness (μm) 0.005 ± 0.004 0.135
Baseline IOP (mmHg) −0.001 ± 0.019 0.961
Baseline VF MD (dB) −0.034 ± 0.021 0.112

Baseline peripapillary VD (%) −0.013 ± 0.029 0.648
Baseline foveal VD (%) −0.024 ± 0.026 0.369

Baseline parafoveal VD (%) 0.009 ± 0.034 0.800
Baseline perifoveal VD (%) 0.024 ± 0.045 0.586

Baseline RNFL thickness (μm) −0.013 ± 0.019 0.499
Baseline GCC thickness (μm) 0.022 ± 0.023 0.341

Postoperative IOP reduction rate (mmHg/year) 0.011 ± 0.037 0.771
Postoperative peripapillary VD change rate (%/year) 0.209 ± 0.074 0.006 0.186 ± 0.075 0.016

Postoperative foveal VD change rate (%/year) 0.090 ± 0.046 0.057 0.065 ± 0.046 0.160
Postoperative parafoveal VD change rate (%/year) 0.078 ± 0.056 0.175
Postoperative perifoveal VD change rate (%/year) 0.059 ± 0.086 0.496

RNFL thickness change rate (μm/year) 0.075 ± 0.044 0.098
GCC thickness change rate (μm/year) −0.047 ± 0.048 0.335

* p ≤ 0.05 was considered statistically significant. Abbreviations: SD, standard deviation; VF MD, visual field mean deviation; IOP,
intraocular pressure; SE, spherical equivalence; VD, vessel density; RNFL, retinal nerve fiber layer; GCC, ganglion cell complex.

  
(a) (b) 

Figure 2. (a) A 43-year-old woman with POAG exhibited a gradual loss of peripapillary microcirculation after trabeculec-
tomy along with progressive glaucomatous VF progression. (b) A 25-year-old woman with POAG showed stable peripapil-
lary retinal microcirculation and VF after trabeculectomy when assessed for 2 years with a similar level of preoperative VF
MD and IOP reduction after trabeculectomy. Abbreviations: POAG, primary open angle glaucoma; VF, visual field; IOP,
intraocular pressure.
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4. Discussion

Our study demonstrated a two-year VF change after trabeculectomy in POAG eyes
and the factors associated with the postoperative VF deterioration. The deteriorated VF
group showed a faster rate of pVD than the non-deteriorated VF group. Furthermore,
the rate of pVD was the only factor associated with that of VF MD. The baseline clinical
characteristics or the change rates of other structural parameters, or macular area VD were
not relevant to postoperative VF changes.

Trabeculectomy is the most commonly performed glaucoma surgery in patients with
inadequate IOP control or progression of glaucoma despite MTMT. Trabeculectomy can
slow the rate of glaucomatous deterioration; however, it does not completely stop the dis-
ease progression in the long term, and some studies reported the continuous deterioration
of VF despite successful IOP control after trabeculectomy [22–24]. Hence, factors other
than IOP should be sought and considered for the care of glaucoma patients who have
undergone trabeculectomy. This study demonstrated the association between the postoper-
ative pVD change and VF MD rates, which indicates that peripapillary retinal circulation
change could provide insight into postoperative VF change in glaucoma patients.

Studies [16–20,25] have evaluated the change of peripapillary and retinal microvas-
culature following a large amount of IOP reduction in glaucoma patients. Some stud-
ies [17,18,20] reported limited or no significant VD change, while others [16,19,25] have
documented microvascular improvement after IOP reduction. Zeboulon et al. [20] reported
a limited change in the whole peripapillary VD change and increased focal peripapillary
vascular loss 1 month after deep nonpenetrating sclerotomy. Lommatzsch et al. [18] re-
ported that no significant changes were detectable in the papillary or macular VD, RNFL,
or macular ganglion cell layer thickness after trabeculectomy in open-angle glaucoma
patients. Kim et al. [17] showed no significant change in the microcirculation of the peripap-
illary retina and choroid 3 months postoperatively after trabeculectomy in POAG patients.
Contrarily, Shin et al. [19] showed that 19 (61.3%) of 31 eyes exhibited peripapillary mi-
crovascular improvement in the circumpapillary capillary dropout area three months after
the trabeculectomy. Hollo et al. [16] also observed pVD improvement after large IOP
reduction by topical medication in young patients with high untreated IOP. Liu et al. [25]
reported the increase of vessel densities in the optic nerve head and the peripapillary area
after applying prostaglandin analog for more than three weeks in the treatment-naïve eyes.

These studies demonstrated peripapillary and macular VD changes after trabeculec-
tomy or large IOP reduction during a relatively short follow-up period (three to six months).
However, in this study, we followed up with the patients who underwent trabeculectomy
for two years and investigated the correlation between VD change and VF deterioration.
To the best of our knowledge, this is the first study describing the association of VD with
VF outcome after trabeculectomy. The diagnostic potential of macular and peripapillary
OCT-A-determined VD loss in early glaucoma has been reported [11,15,26]. Along with
these studies, our study showed that the assessment of peripapillary retinal circulation
can be used as a predictor of visual function after IOP lowering surgery. GCC thickness
change rate and the change rates of other vascular parameters did not show any difference
between the deteriorated and the non-deteriorated VF groups and were not related to the
postoperative VF MD change rate. Considering that most glaucoma patients who have
undergone trabeculectomy already have a substantial loss of VF, a biomarker reflecting
visual function change is important in the care of advanced glaucoma patients.

It is unclear why some eyes showed a decrease of peripapillary VD despite success-
ful IOP reduction. A significant IOP decrease after trabeculectomy is known to reduce
the depth of the lamina cribrosa [27–29]. Additionally, this level of LC depth reduction
has shown an association with microvascular improvement after trabeculectomy [17,19].
However, in another study on the long-term shape and depth of LC after trabeculectomy,
although most eyes showed long-term flattening and shallowing of the LC, some eyes
showed a deepened LC from the baseline. Therefore, the authors concluded that a re-
duction of IOP plays an important role in the early phase of LC change; however, LC
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remodeling may play a crucial role in a stable IOP in the later phase [30]. Hence, such
remodeling of LC may lead to VD reduction and glaucomatous VF deterioration.

This study has some limitations. First, we excluded 16 eyes due to the poor image
quality, poor clarity, and segmentation failure of OCT-A. This could be a limitation of the
current OCT-A technology. Second, the study population was of a single ethnicity; thus,
the results may not be directly applied to other ethnic groups. Third, the sample size was
relatively small, suggesting the need for further study with a larger population. Lastly, the
follow-up period was two years postoperatively, which may be relatively short considering
that glaucoma is a progressive degenerative disease. A study with a longer duration may
confirm our findings.

5. Conclusions

This study demonstrated that a greater loss of peripapillary microvasculature after tra-
beculectomy is associated with visual function deterioration up to two years after surgery.
This is the first study showing the relationship between the retinal microvasculature and
visual function change after trabeculectomy. POAG patients with greater peripapillary cap-
illary decrease after the IOP lowering surgery may experience VF deterioration; therefore,
careful monitoring is warranted in these patients. Additionally, our results suggest the
potential use of OCT-A measured peripapillary VD as a biomarker for predicting the visual
function after trabeculectomy.
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Abstract: Keratoconus is the most common primary corneal ectasia characterized by progressive
focal thinning. Patients experience increased irregular astigmatism, decreased visual acuity and
corneal sensitivity. Corneal collagen crosslinking (CXL), a minimally invasive procedure, is effective
in halting disease progression. Historically, keratoconus research was confined to ex vivo settings.
In vivo confocal microscopy (IVCM) has been used to examine the corneal microstructure clinically.
In this review, we discuss keratoconus cellular changes evaluated by IVCM before and after CXL.
Cellular changes before CXL include decreased keratocyte and nerve densities, disorganized subbasal
nerves with thickening, increased nerve tortuosity and shortened nerve fibre length. Repopulation
of keratocytes occurs up to 1 year post procedure. IVCM also correlates corneal nerve status to
functional corneal sensitivity. Immediately after CXL, there is reduced nerve density and keratocyte
absence due to mechanical removal of the epithelium and CXL effect. Nerve regeneration begins after
1 month, with nerve fibre densities recovering to pre-operative levels between 6 months to 1 year
and remains stable up to 5 years. Nerves remain tortuous and nerve densities are reduced. Corneal
sensitivity is reduced immediately postoperatively but recovers with nerve regeneration. Our article
provides comprehensive review on the use of IVCM imaging in keratoconus patients.

Keywords: keratoconus; corneal nerves; in-vivo confocal microscopy (IVCM); cornea cross-linking
(CXL); corneal sensitivity

1. Introduction

Keratoconus is an ectatic condition of the cornea that is characterised by progressive
thinning and steepening, causing significant visual morbidity. Reported prevalence ranges
from 0.3 to 3300 per 100,000, depending on diagnostic criteria and geographic location [1].
The pathophysiology of keratoconus is multifactorial. Environmental (microtrauma), genet-
ics, and biochemical factors play a role in disease [1]. Eye rubbing is one of the important
environmental factors of keratoconus. Repetitive, prolonged and greater force of eye rub-
bing is associated with its progression [2]. Patient factors include atopy such as asthma
and hay fever [3], and usage of contact lens wear [4,5]. As for genetic factors, alterations
in Lysyl oxidase (LOX), Collagen Type V Alpha 1 Chain (COL5A1), and Forkhead box
protein O1 (FOXO1) gene have been correlated to keratoconus pathogenesis [6–8]. Other
studies have also shown that relatives of patients with keratoconus have a high prevalence
of undiagnosed keratoconus [9,10]. In addition, biochemical factors such as increased
protease activity cause collagen cross-linkages in the stroma to be broken down [11].
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There has been much interest in corneal nerve structure, function and their role in
corneal health and disease [12]. Corneal nerves beside their sensory function also secrete
neuromediators that are vital to the development and maintenance of the cornea. It is hence
important to understand the function and morphology of corneal nerves in diseased states.
In keratoconus, attempts to understand corneal nerves were previously confined to ex vivo
studies or cornea buttons with severe disease with staining techniques [13]. Most recently,
the use of confocal microscopy in analysing keratoconic corneas have been instrumental in
understanding the microstructural changes in vivo.

In vivo confocal microscopy (IVCM) is a non-invasive imaging modality that has been
used to examine and quantify the cellular structure of the cornea in vivo [14,15]. It attains
images by optical sectioning, where a light is focused via a small aperture onto the tissue,
and in focus light is processed while light from out of focus planes are attenuated. The term
“confocal” means that there is a common focal point between the illumination and collection
systems. An en face image can be processed once the scan proceeds serially through
the cornea depth. This allows microstructures such as corneal epithelium, and stromal
keratocytes to be imaged at a cellular level [16,17]. Although the field of view of a single
image is small (typically 0.16 mm2), multiple IVCM images can be constructed into a mosaic
image using automatic tissue classification algorithms for large-area visualisation and
analysis [18]. The laser scanning confocal microscope is the most advanced of these and is
the only design that is commercially available currently. It achieves 800 times magnification,
lateral resolution of 1 μm, and axial resolution of 4 μm [14]. IVCM has thus emerged as a
promising tool to study ocular and systemic diseases causing corneal neuropathies [19].
With the advancement of analytic tools, it allows for reliable longitudinal assessment on
corneal nerve changes with good measurement repeatability and reproducibility [20–22].

The introduction of crosslinking in 2003 provided a minimally invasive treatment
option for patients with keratoconus to halt disease progression [23]. This procedure has
also shown good long-term results, effectively halting the progression of corneal ectasia,
with stabilization of refractive status and topographical changes [24–26]. In conventional
protocols, the epithelium is removed for better riboflavin and UV-A absorption. Other
variations such as transepithelial CXL in which the corneal epithelium is left intact, have
also been suggested to reduce the risk of infection, improve postoperative patient comfort
and aid visual recovery.

Many studies have now depicted corneal nerve changes in the keratoconic cornea
before and after crosslinking using in vivo confocal microscopy images. With increasing
recognition of the important role corneal nerves play in maintaining structure and function
of the cornea, we aim to summarize the literature regarding the use of in vivo confocal
microscopy in the keratoconic cornea before and after CXL in this review. Aspects related
to corneal nerve morphology, corneal sensation, and protocols in CXL are presented.

2. Systematic Review Methodology

Four international databases (Web of Science, PubMed, Scopus, and Google Scholar)
were searched for relevant articles. All cross-sectional and longitudinal studies discussing
keratoconus, cross linking and corneal sensitivity in the body, figures, or tables of the article
were accepted without any restrictions.

2.1. Search Strategy

Key words such as “keratoconus”, “corneal sensitivity”, “cross-sectional studies”,
“longitudinal studies”, “in vivo confocal microscopy” “cornea collagen cross-linking”, and
“corneal nerves” were used to search the databases of Web of Science, PubMed, Google
Scholar, and Scopus from inception to December 2021. Relevant articles had their reference
lists reviewed for articles of interest as well.
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2.2. Inclusion Criteria

All stages of the study followed the PRISMA guidelines. Observational epidemi-
ological studies including cross-sectional, case–control, and cohort studies that had a
population-based design were included in the study. If several studies were conducted in
a certain population, the higher quality study was included in the analysis. Studies from
2010 were preferably chosen to ensure the review is updated. Studies which did not meet
one or more inclusion criteria were excluded from the study. The outcome of the study
was the function and morphology of corneal nerves, in vivo confocal microscopy, collagen
crosslinking and corneal sensitivity.

Two reviewers (A.W.J.T. and Y.C.L.) screened all retrieved articles by title and abstract
initially. Only original research articles written in English were included. Analysis reviews,
editorials, opinions were excluded. The articles retrieved were then curated manually to
assess relevance to the study’s objective. Additionally, the reference lists of remaining
studies were checked to identify further relevant articles that may have been overlooked
during the initial process. All the eligible articles were obtained and fully read.

We excluded articles where IVCM findings were not mentioned in the results of the
full text article. Studies where recovery of full text was not possible, even after searching the
available medical databases and/or contacting the corresponding authors, were excluded.
Disagreements were settled through discussion with an expert for arbitration.

2.3. Data Extraction and Quality Evaluation of the Studies

The initial database search with the above keywords identified 265 papers. After
excluding articles where full text was not available (21), 244 articles were left. After going
through title and screening through the abstract and applying our inclusion/exclusion
criteria (26 were reviews) 218 studies were left. After full text-retrieval and further curation,
84 studies remained.

3. Corneal Nerve Function and Anatomy

The cornea is a highly innervated structure. Corneal nerves originate from the oph-
thalmic branch of the trigeminal nerve [27]. The main stromal nerve bundles enter the
human cornea radially at the corneoscleral limbus at a distance of 293 ± 106 μm from the oc-
ular surface and are distributed uniformly throughout the corneal circumference [28]. Soon
after entering the cornea, each stromal nerve bundle gives rise through repetitive branching
to varying numbers of progressively smaller and smaller stromal nerves that anastomose
frequently, often at highly acute branch points, to form a moderately dense midstromal
plexus. Most midstromal nerve fibres turn abruptly 90 degrees and continued into the
narrow band of anterior stroma located immediately beneath bowman’s membrane, and
gives rise to a dense, roughly two-dimensional, subepithelial plexus [29]. The subepithelial
plexus has a characteristic plexiform appearance due to the anastomosis of tortuous nerve
fibres, with it being denser in the peripheral and intermediate cornea than the central region.
Straight fibres from the subepithelial plexus generally penetrate Bowman’s membrane and
continued into the corneal epithelium, with other nerves becoming subbasal nerves that
course parallel to the ocular surface near the interface of Bowman’s membrane and the
basal epithelium (Figure 1). Subbasal nerves form a gentle spiral-like clockwise assemblage
of long, curvilinear nerve fibres that converge on an imaginary center, or vortex, located
inferior and slightly nasal to the corneal apex. This assembly is believed to be influenced
by the electromagnetic fields of the eye [30]. They then form intraepithelial terminals that
are distributed abundantly throughout the epithelium.
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(a) (b) 

Figure 1. Anatomy of corneal nerves. (a) Whole mount staining with anti-class β III tubulin of mice
cornea showing the distributions of corneal nerve. Scale bar: 500 μm. (b) Cross section of corneal
nerves. (b) is created by Biorender.

Corneal nerves have afferent and efferent function, conveying touch and pain, as well
as producing neuromediators such as neurotrophins and neuropeptides that is thought
to play a role in its pathophysiology. These serve as trophic factors in ocular homeostasis
and maintaining corneal microstructure. Corneal epithelial, stromal cells and endothe-
lial cells also contribute to the diversity of neuromediators in the cornea by producing
neurotrophins [31]. Neurotrophins, such as nerve growth factor (NGF), regulate neuronal
development, survival, death and plasticity [12]. In keratoconus, the high affinity receptor
of NGF, tyrosine kinase receptor A, was found in high levels and is thought to be due to
heterologous upregulation for maintenance of unmyelinated corneal nerves [32]. Another
neurotrophin, ciliary neurotrophic factor (CNTF) which is important for protection of the
cornea from oxidative radical damage, had a higher expression of its mRNA in keratoconus
as compared to normal eyes [32].

Neuropeptides are released slowly, act over an extended period, involved in neu-
rotransmission and have a paracrine function. Calcitonin gene-related peptide (CGRP)
plays an important role in the nociceptive pathway in the cornea, by activating factors
such as bradykinin and stimulating the release of nitrous oxide [33]. These effects help
produce a favorable neurochemical environment that enhances neural activity. Vasoactive
intestinal peptide (VIP) is another important neuropeptide, playing a role in corneal wound
healing [34] by exerting anti-inflammatory effects in a signaling pathway dependent man-
ner [12,35]. Work by Sacchetti and colleagues analysed 12 keratoconic corneas obtained
post keratoplasty and found that keratoconic corneas showed significantly higher CGRP
and VIP levels as compared to controls. This increase is thought to be due to an attempt by
sensory nerves to counteract degenerative changes in keratoconus [36].

4. Cellular and Corneal Nerve Morphological Changes in Keratoconus

4.1. Microstructural Changes

A lack of animal models for keratoconus renders investigation into the cellular
changes difficult, and excised corneas usually represent severe disease. In ex-vivo studies,
Brookes et al., found an increase in enzymatic activity in stromal keratocytes with immuno-
histochemical staining, and this change leads to destruction of the cornea [13]. In a study
analysing corneal buttons with severe keratoconus using the acetylcholinesterase technique,
stromal nerves were thickened, increasingly tortuous and disorganised with looping and
coiling. Subbasal nerves showed loss of their radial, clockwise whorl configuration with

63



J. Clin. Med. 2022, 11, 393

tortuosity and localized thickening [37]. These staining techniques, however, can only be
applied to in-vitro or ex-vivo corneas but not study corneas in vivo [38].

Several changes of the corneal cell and nerve microstructure in patients with kera-
toconus have been observed on IVCM images (Figure 2). Corneal stromal keratocytes
(CSKs) are a population of quiescent mesenchymal-derived cells residing between collagen
lamellae [39]. The cell density is the highest in the anterior 10% of the stroma and decreases
posteriorly. CSKs possess dendritic processes to connect with neighboring cells, forming
a highly organized syncytium throughout the stroma [40]. Some keratocytes are located
in the vicinity of stromal nerves and occasionally enwrap nerve fibres with cytoplasmic
extensions, suggesting an interdependence of the two [29]. Studies comparing keratoconic
corneas and healthy controls found that there was generally lower stromal keratocyte
density (Figure 2e,f) [41,42], with pronounced reflectivity and irregular arrangement of the
stromal keratocytes [41,43]. There is loss of corneal stromal thickness over time, postulated
to be due to a release of degradative enzymes [44]. These changes in cell densities may also
be secondary to other factors such as contact lens wear [42,45,46].

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. In-vivo confocal microscopy (IVCM) imaging of the corneal epithelium, anterior stromal
keratocytes and posterior stromal keratocytes in healthy (a–c, respectively) and keratoconic eyes (d–f,
respectively). Cell densities of the corneal epithelium, anterior stromal keratocytes and posterior
stromal keratocytes are reduced in keratoconic eyes relative to healthy subjects. Scale bar: 100 μm.

IVCM images of the corneal nerve plexus in keratoconic eyes showed that nerve fibre
bundles were tortuous and formed closed loops within the apex of the cone. In severe
keratoconus, there was abrupt termination of the nerve fibres in the region of the cone. The
subbasal nerve architecture was also abnormal, with predominantly oblique and horizontal
orientation of subbasal nerve fibres at the apex, and the curvilinear orientation at the
base of the cone differed markedly from the normal inferocentral whorl-like region seen
in the normal cornea. Mean densities were also reduced at 10,478 ± 2188 μm/mm2 as
compared to normal corneas (21,668 ± 1411 μm/mm2) [47]. An increase in nerve fibre
tortuosity and diameter were observed [42,46]. The mean diameter of stromal nerve fibres
was reported to be significantly greater in subjects with keratoconus compared to control
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subjects (10.2 ± 4.6 μm versus 5.5 ± 1.9 μm) [46]. These findings were supported in a larger
study of 145 patients in which participants were stratified into the manifest keratoconus
group, the subclinical keratoconus group, the relatives of keratoconus group and the
control group. They found that there was no significant difference between the subbasal
nerve diameter amongst all groups, but the mean stromal nerve diameter in all three
keratoconus groups (8.0 ± 3.5 μm to 8.8 ± 3.5 μm) was significantly higher than the control
group (5.4 ± 2.1 μm; p < 0.001) [48]. Enlargement of nerves were thought to be related to
impairment of nerve function, while increased nerve tortuosity was a morphologic marker
of nerve regeneration [49]. A comparison of corneal nerve morphology between healthy
and keratoconic corneas is demonstrated in Figure 3.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. Morphology of corneal nerves evaluated by IVCM imaging in healthy and keratoconic
corneas. (a) Subbasal nerve plexus with almost parallel nerve fibre bundles as observed in healthy
corneas. (b) Normal stromal nerves in healthy corneas. (c–e) IVCM images demonstrate decreased
nerve fibre density, thickened subbasal nerves and tortuous nerve paths in keratoconic corneas,
respectively. (f) Thickened stromal nerves in keratoconic corneas. Scale bar: 100 μm.

Changes to the corneal nerve fibre length and subbasal nerve plexus were also
noted in patients with keratoconus. The nerve fibre length was reduced significantly
(16.4 ± 1.9 mm/mm2) compared to healthy corneas (23.8 ± 3.3 mm/mm2), and the sub-
basal nerve plexus was significantly more tortuous [50].

There is an increased risk in the first 6 years for young, unilateral keratoconus patients
with a normal eye developing keratoconus in that eye subsequently [51,52]. However,
our current imaging tools have not yielded any methods used to screen for keratoconus
efficiently. IVCM analysis so far does not show any predictive factors. Studies analysing the
fellow normal eye of a patient with keratoconus in one eye compared with normal controls
showed that there were no significant differences between corneal nerve fibre densities,
length, and branch densities [53]. Another study showed that there was a significant
difference in the stromal keratocyte densities of subclinical keratoconus and controls, but
there were no significant differences in subbasal nerve densities and diameters [48].

The corneal cellular and nerve changes in keratoconus are summarized in Table 1.
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Table 1. Results of main studies investigating cellular and corneal nerve changes in keratoconus.

Author Assessment Number of Eyes Findings

Brookes et al. [13]
2003 Excised corneas 10 KCN, 3 controls

• Using immunohistochemistry,
localised nerve thickenings and
anterior keratocyte nuclei were
seen wrapping around corneal
nerves—postulated to play a
role in disease pathology.

Aqaba et al. [37]
2011 Excised corneas 14 KCN, 6 controls

• Using acetylcholinesterase
staining technique, 71% of
keratoconic corneas
demonstrated central stromal
nerve changes such as
thickening, tortuosity, nerve
spouting and overgrowth.

Mocan et al. [42]
2008 IVCM assessment 68 KCN, 22 controls

• Lower anterior stromal,
mid-stromal and posterior
stromal keratocyte density,
lower endothelial cell density,
subbasal long nerve density
and thicker corneal nerves
were found in keratoconus.

Patel et al. [47]
2006 IVCM assessment 4 KCN

• Abnormal subbasal nerves
with a tortuous network of
nerve fibre bundles were
present at the apex.

• Central subbasal nerve density
was significantly lower in
keratoconus corneas.

Flockerzi et al. [50]
2020 IVCM assessment 23 KCN

• Subbasal nerves are shorter
and are more tortuous in the
keratoconus cornea.

Mannion et al. [46]
2007 IVCM assessment 1 KCN

• Thicker nerve fibre bundles in
the stroma and reduced nerve
fibre density were found in the
subepithelial plexus of the
keratoconus cornea.

Mannion et al. [54]
2005 IVCM assessment 13 KCN, 13 controls

• Mean diameter of nerve fibres
in stroma was found to be
greater in subjects with
keratoconus compared to
controls.

• There was altered orientation
of the nerve fibres in
keratoconus.

Ozgurhan et al. [48]
2013 IVCM assessment

30 KCN, 32
subclinical KCN,
53 KCN relatives,

30 controls

• Stromal keratocyte densities
were significantly lower in all
KCN groups as compared to
controls.

• Significantly higher mean
stromal nerve diameter was
noted in all KCN groups as
compared to controls.

Patel et al. [55]
2009 IVCM assessment 27 KCN, 31 controls

• Subbasal nerve density and
basal epithelial density were
significantly lower than
controls in all keratoconic eyes.
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Table 1. Cont.

Author Assessment Number of Eyes Findings

Pahuja et al. [53]
2016 IVCM assessment 33 normal eyes of

KCN, 30 controls

• Significant difference in corneal
nerve fibre densities and length
between keratoconus eyes and
control eyes.

• No significant difference
between unaffected eye of
keratoconus patient and
controls

KCN, keratoconus; IVCM, in-vivo confocal microscopy.

4.2. Relationship between Corneal Nerves and Corneal Sensitivity in Keratoconus

Evaluation of corneal sensitivity in diseased states is important as it serves as a
functional measure of corneal nerves, which have important role in maintaining normal
cellular structure and function as described earlier. However, it is known that clinical
function and nerve alterations may not always correlate. Clinical symptoms can be present
in the absence of visible nerve pathology and vice-versa [12].

Despite substantial nerve remodeling, the effect on corneal sensitivity is equivocal.
Early studies using the Cochet–Bonnet aesthesiometer suggested that corneal sensitivity
in keratoconus patients decreased in proportion to worsening disease severity [56,57].
However, the contact aesthesiometer is relatively crude and has certain limitations such as
a limited stimulus range and an inability to distinguish subtle changes in corneal sensitiv-
ity [58,59]. A newer way of measuring corneal sensation such as the Belmonte non-contact
gas aesthesiometer was developed to overcome these limitations. Using gas aesthesiometry,
corneal sensation was found to be significantly reduced in keratoconus patients with me-
chanical, chemical and thermal stimulation, independent of severity of disease [60]. Hence,
results in the literature may vary with the use of different aesthesiometers. Moreover,
the use of rigid contact lens, a common management for keratoconus, is a confounding
factor. The contact lens is known to reduce corneal sensitivity in normal and keratoconus
corneas [61,62]. This has given rise to varying results, with some studies showing reduced
corneal sensation in keratoconus patients [57,60,62], while some showed no difference
between keratoconus patients and controls after adjusting for contact lens wear [54,55].

5. Corneal Nerve and Cellular Changes, and Corneal Sensitivity after Crosslinking

5.1. Corneal Nerve and Cellular Changes

A number of studies showed initial nerve degeneration that occurred immediately
after CXL but nerves regenerated over time [63–65]. In a rabbit study, Xia et al., showed an
initial absence of subepithelial nerve plexus with nerve fibre debris and nerve degeneration
within 7 days of undergoing epithelium-off CXL. Fine nerve fibres were then found to
be sprouting from neighboring non-injured nerve fibres in the deeper corneal stroma
7 days after CXL. The regenerating nerves made a tortuous progression toward the centre
of the cornea to penetrate the denervated areas. They were found in excess throughout
the anterior stroma, with the corneal nerve fibre density returning to normal levels by
180 days. Although there was a reduction in corneal sensitivity in the first 7 days after CXL,
significant corneal nerve regeneration resulted in restoration of corneal sensitivity 90 days
after the procedure. Rabbit corneas that underwent transepithelial CXL had no changes to
the corneal nerves [63].

Clinical studies subsequently analysed IVCM images of keratoconus patients who
underwent CXL at intervals of 1, 3, 6-months and 1-year post procedure. At one month after
CXL, there is rarefaction of keratocytes associated with honeycomb-like stromal edema in
the anterior 300 μm of the cornea (Figure 4). Hyper-reflective microparticles, representing
keratocyte apoptotic bodies, are also visible (Figure 4d) [64]. After 3 months, there is
keratocyte repopulation with increased density of the extracellular matrix and resolution
in stromal haze after 3 months. There is also collagen compaction by new structured
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fibres in the anterior-mid stroma [64–66]. The subepithelial nerve fibres regenerated more
rapidly than the stromal nerve fibres from the surrounding non-irradiated area between
the second and third postoperative months. At 6 months postoperatively, there is a dense
keratocyte population with increased extracellular matrix density. Subepithelial nerve
regeneration is almost complete with restored corneal sensitivity [65,67]. However, not all
eyes follow the same timeframe, with a study finding a slight delay in the regeneration
of the subepithelial plexus in 68.8% of eyes at 6 months after CXL [68]. In another study,
disconnected neural fibres were observed under the Bowman’s lamina 6 months post-
CXL [64]. However, the number of fibres increased progressively, and interconnections
began to resemble the preoperative sub-epithelial plexus structure 12 months after CXL.
The nerve fibre regeneration process is characterized by the presence of native subepithelial
nerve flocks simulating Langerhans cells in a “pseudodendritic pattern”. Langerhans
cells were detectable between the second and third month after CXL, suggesting transient
postoperative inflammation or an initial reinnervation process characterized by sprouting
nerve fibres (Figure 5) [64]. At 12 months, the subepithelial nerve plexus and densities
recover to preoperative values with repopulation of keratocytes [69,70].

Figure 4. IVCM images of the anterior corneal stroma after CXL. (a) Rarefaction of keratocytes and
elongated nuclei (masked necrotic keratocytes) are observed. (b) Reduction in keratocyte density
with the presence of a fine needle-like opacity (yellow arrow), suggestive of apoptosis of keratocytes.
(c) Anterior stromal honeycomb similar to edema, comprising of hyper-reflective cytoplasm and
extracellular lacunae are evident (d). Repopulation of the cross-linked area with activated keratocytes.
A needle-like opacity (yellow arrow) is also detectable, indicating apoptotic keratocytes. Scale bar:
100 μm.
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(a) (b) 
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Figure 5. IVCM images demonstrating corneal nerve architecture before and after CXL. (a) Thickened
subbasal nerves as noticed in a keratoconic cornea before CXL. (b) There is decreased nerve fibre
density 1-month post-CXL. (c) At 4-months after CXL, there is an initial re-innervation process
characterized by sprouting nerve fibres. Langerhans cells are also detectable, suggestive of transient
post-CXL inflammation. (d) Increased nerve fibre density and tortuosity 1-year after CXL. Scale bar:
100 μm.

In a 5-year prospective study, patients with early-stage keratoconus who under-
went conventional CXL had similar changes in the first year as described earlier. Af-
ter 1 year, there was a continual increase in the median nerve fibre density with nerves
adopting configurations of increasing loops, crossings and tortuosity. They also adopted
radial, circumferential, or mixed orientations as they regenerated. Final nerve densities
matched preoperative nerve densities but remained reduced relative to healthy corneas [71]
(Figure 5).

In corneas thinner than 400 μm, it was traditionally thought to be a contraindication
due to the potential for endothelium toxicity. Various methods utilizing contact lens [72],
Hypotonic riboflavin solution [73,74], and epithelial island cross linking techniques [75]
have been used to overcome this limitation. The effect on corneal nerves were found to be
similar as compared to conventional CXL protocols. There was an absence of the subbasal
nerve plexus and significant keratocyte apoptosis in the first postoperative month. By six
months, near total recovery of the subepithelial nerve plexus had occurred [72,73]. Anterior
stromal keratocyte density were reduced with corneas showing significant keratocyte
apoptosis [73,75]. There was gradual recovery of keratocytes but this did not reach pre
op levels (572 vs. 368, p < 0.007) at the end of 6 months [73]. Endothelial cell density
were similar pre- and post-operatively in contact lens assisted CXL and epithelial island
CXL [72,75] but there was a decrease in protocol utilizing hypotonic riboflavin from 2895
to 2660 (p < 0.005) [73]. Endothelial cell morphology remained the same, with no corneal
edema [73]. While these results are promising, they are limited by their small study
population and relatively short study follow up, with long term studies needed to prove
their safety and efficacy.
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The effect on corneal nerves following accelerated CXL or transepithelial CXL has also
been studied. The subbasal nerve densities of 153 eyes undergoing accelerated and conven-
tional epithelium-off CXL were investigated using IVCM images. There was a significant
decrease in subbasal nerve density of the conventional CXL group than the accelerated
CXL throughout the study period except on the final visit of 15 months postoperatively.
This difference was thought to be due to the longer time of ultraviolet light exposure in the
conventional protocol [76].

Studies evaluating the effect of transepithelial CXL on corneal nerves show less consis-
tent results. Studies found that unlike the conventional epithelium-off treatment, subepithe-
lial and anterior midstromal nerve fibres in transepithelial CXL remained present [77,78].
On follow-up visits within 6 months with IVCM, the nerves showed increased reflectivity
with a granular appearance, and had irregular paths with branch anomalies. However,
other studies report a significant decrease in the number of nerve fibres at one month after
transepithelial CXL, with recovery to pre operative densities at 6 months [79–81]. This
suggests that mechanical removal of the epithelium in CXL is not the only explanation
for the reduction in corneal nerve densities. CXL itself may have a role in altering the
cornea nerve plexus. Subsequent studies used iontophoresis, a technique used to drive
negatively charged riboflavin across the intact epithelium, in transepithelial crosslinking
protocols [79,82]. With regards to the corneal stroma, lacunar edema, apoptotic keratocytes
and activated keratocytes with elongated membrane processes are seen 3 months postop-
eratively. The effect of newer variations on corneal nerves such as pulsed transepithelial
CXL [83] or the usage of supplemental oxygen is yet to be investigated [84]. Table 2 sum-
marises the main studies investigating corneal nerve and cellular changes after CXL in
keratoconus.

Table 2. Results of main studies investigating corneal cell and nerve alternations after CXL in
keratoconus.

Author
Study and CXL

Protocol
N. of Eyes Follow Up Findings

Xia et al. [63]
2011

Longitudinal study,
transepithelial or

epithelium-off
conventional CXL

108 rabbit eyes 180 days

• Immediate reduction of corneal
sensitivity and decrease in nerve density
after conventional CXL.

• Gradual recovery to normal levels
occurred at 90 days and 180 days
respectively.

• Rabbits that underwent transepithelial
CXL showed no significant difference in
cornea sensitivity.

Mazzotta et al.
[64]
2015

Longitudinal study;
epithelium-off CXL 84 eyes 12 months

• Regeneration of subepithelial and
stromal nerves was complete with fully
restored corneal sensitivity 12 months
after CXL.

Mazzotta et al.
[65]
2008

Longitudinal study;
epithelium-off CXL 44 eyes 3 years

• Immediate disappearance of
subepithelial plexus and anterior-mid
stromal nerve fibres after CXL, with
restoration of nerve plexus and full
corneal sensitivity at one year after CXL.

Parissi et al. [71]
2016

Longitudinal study;
epithelium-off CXL 19 eyes 5 years

• Nerves continued to regenerate 5 years
after CXL but remained reduced relative
to normal corneas.

• More nerve loops, crossings and greater
crossing angles were observed.
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Table 2. Cont.

Author
Study and CXL

Protocol
N. of Eyes Follow Up Findings

Al-aqaba et al.
[78]
2012

Cross-sectional study;
transepithelial or

epithelium-off CXL
8 eyes N/A

• Absence of subbasal nerves in the
epithelium-off CXL group was
attributed to mechanical removal of
epithelium.

• Subbasal nerves were detected
immediately after transepithelial CXL.

• Stromal nerves had localised swellings
with disruption of axonal membrane
and loss of axonal continuity within the
treatment zone.

Zare et al. [68]
2016

Longitudinal study;
epithelium-off CXL 32 eyes 6 months

• At 1 month, subepithelial nerve plexus
was absent in 25 eyes (78.1%) and was
reduced in 7 eyes (21.9%). The plexus
was absent in 22 eyes (68.8%) and
reduced in 10 eyes (31.3%) at 6 months.

Jordan et al. [70]
2014

Longitudinal study;
epithelium-off CXL 38 eyes 12 months

• Mean subbasal nerve density decreased
significantly at 1, 3, and 6 months, with
a return to preoperative values at
12 months postoperatively.

Mazzotta et al.
[72]
2016

Longitudinal study;
contact lens assisted
epithelium-off CXL

10 eyes 6 months

• Corneal reinnervation was fully restored
at 6 months.

• Keratocyte apoptosis occurred after the
procedure but this recovered at
6 months.

• No changes to endothelial cell count.

Sufi et al. [73]
2021

Longitudinal study;
epithelium-off CXL

with hypotonic
riboflavin

10 eyes 6 months

• Absence of the subbasal nerve plexus at
the first postoperative month. There was
nearly total regeneration of subepithelial
nerve plexus at end of 6 months.

• Anterior stromal keratocyte densities
were reduced even at the end of
6 months.

• Endothelial cell densities decreased from
2895 to 2660 cells/mm2.

Mazzotta et al.
[75]
2014

Longitudinal study;
epithelial island CXL 10 eyes 12 months

• Keratocyte apoptosis and nerve fibre
loss under the epithelial island and
de-epithelialized ring at 1 month
postoperatively.

• No change in endothelial cell densities
after the procedure.

Kymionis et al.
[69]
2009

Longitudinal study;
epithelium-off CXL 5 eyes 12 months

• The subepithelial nerve plexus was
absent within the CXL treatment zone at
the first postoperative month.

• There was reinnervation at 3 months,
with keratocyte repopulation at
6 months.
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Table 2. Cont.

Author
Study and CXL

Protocol
N. of Eyes Follow Up Findings

Hashemian et al.
[76]
2014

Longitudinal study;
epithelium-off or AXL 153 eyes 15 months

• Anterior stromal keratocyte density and
subbasal nerve density decreased
significantly in AXL and CXL groups
1 month postoperatively.

• Both nerve parameters were
significantly decreased in the
conventional CXL group for 1 year but
were comparable with AXL at
15 months.

Caporossi et al.
[77]
2012

Longitudinal study;
transepithelial CXL 10 eyes 6 months

• Subepithelial and stromal nerve fibres
were present immediately post
procedure. There was limited apoptosis
of keratocytes.

Bouheraoua et al.
[81]
2014

Longitudinal study;
transepithelial CXL,

epithelium-off CXL or
AXL

45 eyes 6 months

• Compared to preoperative values, the
mean corneal subbasal nerve and
anterior stromal keratocyte densities
were significantly lower at 6 months in
the epithelium-off CXL and AXL groups.

• Postoperative values of subbasal nerve
and anterior stromal keratocyte densities
were comparable to the preoperative
values in the transepithelial group.

Filippello et al.
[80]
2012

Longitudinal study;
transepithelial CXL 20 eyes 18 months

• Stromal Keratocytes and nerve fibres
decreased in number (approximately
25%) after transepithelial CXL. They
returned to pretreatment levels about
6 months after the procedure.

Jouve et al. [79].
2017

Longitudinal study;
transepithelial CXL

using iontophoresis or
Epithelium-off CXL

80 eyes 24 months

• Mean corneal subbasal nerve and
anterior stromal keratocyte densities
were significantly lower than
preoperative values in both groups, but
there was faster recovery to preoperative
levels in the transepithelial group
(6 months vs. 12 months).

Ozgurhan et al.
[85]
2015

Longitudinal study
epithelium-off AXL 30 eyes 12 months

• Corneal sensitivity significantly
decreased at 3 months but increased to
preoperative ranges after 6 months.

• There was still a significant decrease in
mean subbasal nerve fibre density at
6 months postoperative but restored to
preoperative values at 12 months.

Unlu et al. [86]
2017

Longitudinal study;
epithelium-off CXL 30 eyes 6 months

• Mean corneal sensation decreased in the
first month and recovered to
preoperative levels at 6 months.
Subbasal nerve plexus gradually
regenerated to almost preoperative
levels at 6 months.

CXL, corneal crosslinking; AXL, accelerated crosslinking.
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5.2. Changes in Corneal Sensitivity in Relation to Corneal Nerve Status after CXL

Besides evaluating corneal nerve metrics, ocular surface sensitivity and integrity
are functional measures of corneal nerve status. Wasilewski and colleagues analysed
corneal tactile sensitivity using the Cochet–Bonnet aesthesiometer in patients after CXL.
The median sensitivity was 53.0 ± 8.7 mm preoperatively, 20.0 ± 16.2 mm at 7 days,
33.0 ± 16.4 mm at 30 days, 40 ± 12.6 mm at 90 days and 45 ± 9.2 mm at 180 days [87].
Decreased sensation was thought to be due to removal of the epithelium, and recovery
of sensation was thought to correlate to nerve regeneration as described earlier in this
review. In another study reporting the time course of ocular surface sensitivity changes
using the Cochet–Bonnet aesthesiometer, the mean sensitivity was 59.0 ± 3.0 mm before
CXL, decreased to 52.0 ± 13.0 mm at 3 months, and recovered to preoperative levels at
6 months with no further change at 12 months and at 5 years [71].

With regards to accelerated CXL, a study showed that the mean corneal sensation,
measured by the Cochet–Bonnet aesthesiometer, decreased from 56.0 ± 5.4 mm before
surgery, to 11.0 ± 4.5 mm and 33.0 ± 10.3 mm, in the first and third month after CXL, but
recovered to preoperative values at 6 months. The mean subbasal nerve densities were
significantly decreased up to 6 months postoperatively and recovered to preoperative levels
only 12 months after procedure. This suggested that the recovery of corneal sensitivity
preceded recovery of subbasal nerve densities to preoperative levels [85], implying that
clinical function and nerve morphology may not always correlate.

Tolerance to RGP lenses after CXL has also been investigated by comparing corneal
sensation, corneal nerve changes and lens wearing times. The mean corneal sensation,
assessed by the Cochet–Bonnet aesthesiometer, decreased from 0.44 ± 0.05 g/mm2 to
1.19 ± 0.72 g/mm2 at 1 month, but improved to 0.48 ± 0.06 g/mm2 and 0.44 ± 0.05 g/mm2

at 3 to 6 months postoperatively. No subepithelial plexus could be visualised at one month
but there was gradual restoration of corneal innervation with comparable preoperative
levels at 6 months. Patients were more tolerant of RGP lenses with increased wearing times
at the end of the 6-month study. Contribution of the flattening effect of CXL and a potential
decrease in corneal sensitivity was thought to improve wearing of contact lenses [86].

6. Future Applications of IVCM in Keratoconus

IVCM images have been thought to be usable as a screening tool in patients with
diabetic corneal neuropathy. Corneal nerve length and thickness have been reported
to be early markers of eye involvement in patients with type 2 diabetes [88]. With the
incorporation of deep learning techniques, artificial intelligence-based algorithm could
provide rapid and good localisation performance for the quantification of corneal nerve
biomarkers [89]. At this time of writing, there has not been any articles utilizing artificial
intelligence techniques to analyse IVCM images in keratoconus. Although the prevalence
of keratoconus is less than diabetes, we believe it could play a supplemental role to the
armament of methods used to screen keratoconus.

The evaluation of subclinical or forme fruste keratoconus currently does not have any
consensus. Although advances in corneal tomography and biomechanical assessments
have made keratoconus diagnosis easier in the early stages, evaluation of these cases remain
challenging [90]. Current evidence in the literature using IVCM images of corneal nerves
taken from eyes with forme fruste keratoconus is limited. Larger study populations with
well-defined inclusion criteria would possibly allow us to better understand nerve changes
occurring in this subset of patients with very early keratoconus and possibly provide an
opportunity for screening.

As described earlier, neuromediators secreted by corneal nerves play an important
role in corneal health. There have been attempts to correlate neuromediator profiles with
the severity of keratoconus [91]. We postulate that analysis of IVCM images along with
neuromediator profiles and proteomic or metabolomic studies may uncover new insights
into the pathophysiology of keratoconus.
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7. Conclusions

Keratoconus presents with cornea ectasia that causes significant visual disability from
a young age. Recent research has shown the possible role of corneal nerves in the patho-
physiology of the disease. Aside from clinical examination, keratometric, topographical and
biomechanical assessments that demonstrate clinical severity, IVCM has allowed accurate
and reliable in-vivo evaluation of keratoconus at a cellular level, replacing the need for
pathologic studies to understand the cellular and tissue changes. On IVCM evaluation,
keratoconic corneas showed lower stromal keratocyte densities, thicker corneal nerves,
reduced nerve fibre length, increased nerve tortuosity and irregular orientation, leading
to decreased corneal sensitivity. However, the decreased sensitivity may not be positively
correlated with the severity of the disease. Immediately after CXL, the subbasal nerve
plexus, anterior and mid-stromal nerve densities were significantly reduced in the first six
months, but these recovered gradually with restoration to preoperative levels by 12 months.
The continued study of keratoconus with IVCM will allow us to further investigate the
role that corneal nerves play in its pathophysiology, as well as the corneal nerve changes
secondary to keratoconus. This has potential to allow further treatments on modulating
corneal neuropathic changes to be developed in the future.
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Abstract: Background: Retinal microvasculature assessment at capillary level may potentially aid the
evaluation of early microvascular changes due to hypertension. We aimed to investigate associations
between the measures obtained using optical coherence tomography (OCT) and OCT-angiography
(OCT-A) and hypertension, in a southern Italian older population. Methods: We performed a cross-
sectional analysis from a population-based study on 731 participants aged 65 years+ subdivided
into two groups according to the presence or absence of blood hypertension without hypertensive
retinopathy. The average thickness of the ganglion cell complex (GCC) and the retinal nerve fiber
layer (RNFL) were measured. The foveal avascular zone area, vascular density (VD) at the macular
site and of the optic nerve head (ONH) and radial peripapillary capillary (RPC) plexi were evaluated.
Logistic regression was applied to assess the association of ocular measurements with hypertension.
Results: GCC thickness was inversely associated with hypertension (odds ratio (OR): 0.98, 95%
confidence interval (CI): 0.97–1). A rarefaction of VD of the ONH plexus at the inferior temporal
sector (OR: 0.95, 95% CI: 0.91–0.99) and, conversely, a higher VD of the ONH and RPC plexi inside
optic disc (OR: 1.07, 95% CI: 1.04–1.10; OR: 1.04, 95% CI: 1.02–1.06, respectively) were significantly
associated with hypertension. Conclusion: A neuroretinal thinning involving GCC and a change
in capillary density at the peripapillary network were related to the hypertension in older patients
without hypertensive retinopathy. Assessing peripapillary retinal microvasculature using OCT-A
may be a useful non-invasive approach to detect early microvascular changes due to hypertension.

Keywords: hypertension; older adults; optical coherence tomography; optical coherence tomography
angiography; ganglion cell complex; optic nerve head; radial peripapillary capillary

1. Introduction

Hypertension, a major risk factor for cardiovascular deaths globally, is expected to
affect 1.56 billion adults worldwide by 2025 [1]. It can cause end-organ damage, in the
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form of cardiovascular disease and nephropathy, resulting in 9.4 million deaths per year
around the world [2]. Moreover, many studies have indicated a link between obesity and
hypertension, particularly in older people [3]. The prevalence of hypertension rises with
age, but it is an easily treatable risk factor for the most prevalent causes of multimorbidity
and death in older adults. In particular, hypertension also causes microvascular damage in
both the cerebral and retinal circulations [4]. Because the retinal and cerebral vessels share
embryological and anatomical characteristics, they may show similar patterns of damage
attributable to hypertension.

The value of retinal imaging as a tool to evaluate the ocular effect of hypertension and
its importance in making an early prediction of patients’ risk of developing cerebrovascular
disease has previously been described [5]. In recent years, hypertensive subjects without
hypertensive retinopathy have been shown through optical coherence tomography (OCT)
to have a lower thickness of ganglion cell complex (GCC) [6,7] and retinal nerve fiber
layer (RNFL) [6–8]. Moreover, OCT-angiography (OCT-A) revealed a reduced macular
capillary density in hypertensive subjects without related retinopathy [8–10]. Previous
OCT-A studies have also reported a decreased macular perfusion, along with GCC thin-
ning, in subjects with essential hypertension [9,11]. Those studies were only focused on
macular vascular plexi. However, the optic nerve head (ONH) and radial peripapillary
capillary (RPC) plexi at the peripapillary site have a key role in the vascular supply of inner
neuroretinal layers, including the ganglion cell layer (GCL) and RNFL [12,13]. In recent
OCT-A studies, RPC plexus impairment was more evident in older subjects [14], diabetic
patients with and without diabetic retinopathy [15], and hypertensive patients with and
without retinopathy [8,10].

The aim of the present study was to investigate linear relationships between the retinal
features obtained on both OCT and OCT-A scans and blood hypertension, in an older
population (aged 65+ years), without related retinopathy, of a cross-sectional study in
southern Italy.

2. Materials and Methods

2.1. Study Population and Design

Data used in the present study were drawn from the population based GreatAGE
Study conducted on subjects aged over 65 years, residents of Castellana Grotte, Bari (Puglia
Region, southern Italy) participating in the Salus in Apulia Study. The general sampling
population was the 19,675 residents listed in the health registry office on 31 December 2014,
of whom 4021 subjects were aged 65 years or older. The study design and data collection
methods have been described in detail elsewhere [16].

This study presents data from a subpopulation of the study that underwent ophtalmo-
logical assessment including OCT and OCT-A (n = 731) and were without diabetes mellitus,
demyelinating disorders, cardiac diseases. All participants signed informed consent, and
the study was approved in 2014 and again in 2019 by the IRB of the National Institute
of Gastroenterology “S. De Bellis”, where all the examinations described in this study
were performed. The present study adhered to the “Standards for Reporting Diagnostic
Accuracy Studies” (STARD) guidelines (http://www.stard-statement.org/, accessed on
1 December 2021, the “Strengthening the Reporting of Observational Studies in Epidemiol-
ogy” (STROBE) guidelines (https://www.strobe-statement.org/, accessed on 1 December
2021) and is in accordance with the Helsinki Declaration of 1975.

2.2. Clinical and Anthropometric Assessment

Height was measured to the nearest 0.5 cm using a wall-mounted stadiometer (Seca
711; Seca, Hamburg, Germany). Body weight was determined to the nearest 0.1 kg using a
calibrated balance beam scale (Seca 711; Seca, Hamburg, Germany). BMI was calculated by
dividing body weight (kg) by the square of height (m2). Waist circumference (WC) was
measured at the narrowest part of the abdomen, or area between the tenth rib and the
iliac crest (minimum circumference). Office blood pressure measurement was performed
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four times at 3-h intervals, from 8 am to 5 pm on a single day, following the Hypertension
Clinical Practice Guideline [17]. The mean values of the systolic (SBP) and diastolic (DBP)
blood pressure for each patient were used in this study. Hypertension was defined as
present in participants with elevated BP at the time of examination (SPB ≥ 130 mm Hg or
DBP ≥ 80 mm Hg) according to American Heart Association criteria [17]. Education was
defined by years of schooling. Smoking was assessed with the single categorized question
“Are you a current smoker?”. All participants underwent standardized neuropsychological
tests as detailed elsewhere [18] and the Mini-Mental State Examination (MMSE) to assess
global cognition [18]. The diagnosis of mild cognitive impairment (MCI) was made accord-
ing to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)
criteria, as detailed elsewhere [18], A blood sample was collected in the morning after
overnight fasting to measure fasting blood glucose (FBG), glycated hemoglobin (HbA1c),
total cholesterol, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein
(LDL) cholesterol and triglycerides.

2.3. Ophthalmological Assessment

Each participant underwent a complete ophthalmic examination including best-
corrected visual acuity (BCVA) measurement, slit-lamp biomicroscopy, intraocular pressure
(IOP) measurement, and funduscopy. BCVA was recorded as Snellen visual acuity and
converted to the logarithm of minimal angle of resolution (LogMar) units for statistical
analysis. Then, we performed OCT and OCT-A using Optovue RTVue XR 100 AVANTI,
Optovue, Inc. (Fremont, CA, USA). OCT-A analyzes retinal vasculature after identification
and segmentation of multiple retinal layers using the AngioVue module with Optovue
RTVue AVANTI software (version 2015.100.0.35, Optovue, Inc., Fremont, CA, USA). The
Angio Retina mode (3 × 3 mm2) and the Angio Disc (4.5 × 4.5 mm2) mode were employed.
RTvue software includes the Optovue’s Motion Correction Technology (MCT™, Optovue,
Inc., Fremont, CA, USA) and 3D Projection Artifact Technology. Furthermore, the software
provided the signal strength index (SSI), which represents the scan’s reflectance signal
strength, and a quality index (Q-score), representing the overall quality of the image,
taking into account factors like SSI and motion artefacts [19]. In the present study, we
only included images with a Q-score of 6 or above, SSI above 60, and without motion or
shadow artefacts. The examinations were performed blinded by trained ophthalmologists.
The vessel density (VD, %), defined as the percentage area occupied by the vessels in the
corresponding region, was automatically measured by the built-in OCT device software.
VD measurement was undertaken in the optic disc area, in the total peripapillary area, and
in each of the six peripapillary sectors in two different layers, the ONH layer (Figure 1A,E)
and the RPC layer (Figure 1B,F). Each layer corresponds with an en-face structural image.
The software defines the peripapillary area as a 1.0 mm wide round annulus extending from
the optic disc boundary and the inside optic disc area as a 2.0 mm diameter circle involving
the optic disc. The peripapillary and the inside optic disc areas together composed the
whole peripapillary area (4.0 mm-diameter round whole image). The peripapillary area, in
turn, was divided into six peripapillary sectors. (Figure 1A,B,E,F). The software-provided
peripapillary sectors are based on the Garway–Heath map [20]. The OCT angiograms
centered on the fovea were automatically segmented to define the superficial plexus from
3 μm below the internal limiting membrane to 15 μm below the inner plexiform layer and
the deep plexus from 15 to 70 μm below the inner plexiform layer. The VD at each macular
plexus, superficial VD (SVD) and deep VD (DVD), was calculated for the whole 3 mm circle
area centered on the fovea (whole retina), for the area between the outer 3 mm circle and
the inner 1 mm circle (parafoveal quadrant), and for the area inside the central 1 mm circle
(foveal quadrant) (Figure 1C,D,G,H).

The measurement of the foveal avascular zone (FAZ, mm2) at the deep capillary plexus
(Figure S1) was performed as described in detail elsewhere [21]. The thickness (μm) of
the GCC, composed of the thickness of RNFL, GCL and inner plexiform layer (IPL), at the
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macular area, and, separately, of the RNFL, were measured at the same time using the same
OCT (Figure S2).

 

Figure 1. Optical coherence tomographic (OCT) angiographic images of the papillary region and
macular region and corresponding structural OCT scans. The papillary vessel density measurement
included measurements of the optic nerve head (ONH) (A) and radial peripapillary capillary (RPC)
(B) plexi in an area of 4.5× 4.5 mm2. The papillary area was subdivided into an optic disc area
(inside optic disc, surrounded by the inner green circle) and six peripapillary regions (nasal, inferior
nasal, inferior temporal, temporal, superior temporal, superior nasal) between the two green rings
(A,B). The macular vessel density measurement included measurements of the superficial (C) and
deep vascular (D) plexi in an area of 3× 3 mm2. The macular area was divided into a foveal and
parafoveal area between two concentric circles with a 1 mm diameter and 3 mm diameter, respectively
(C,D). The colored lines (red and green) in horizontal OCT B-scans show segmentation lines defining
the different depths in the retinal tissue. The ONH plexus is segmented from the inner limiting
membrane to 150μm below the inner limiting membrane (E). The RPC plexus is segmented from
the upper boundary of the inner limiting membrane to the lower boundary of the nerve fiber layer
(F). The superficial capillary plexus is segmented from approximately 3μm below the inner limiting
membrane to 15μm below the inner plexiform layer (G). The deep capillary plexus is segmented
from 15μm below the inner plexiform layer to 70μm below the inner plexiform layer (H).

Exclusion criteria for all study participants were IOP > 22 mmHg, history of glaucoma,
optic neuropathies, retinal diseases including any fundus findings suggesting hypertensive
retinopathy (Grade 1–2 (Mild), 3 (Moderate), 4 (severe), according to the Keith–Wagener–
Barker or Mitchell–Wong classification system) [22], a recent history of intraocular surgery,
ocular trauma, and an obvious media opacity that could interfere with the OCT analysis.

2.4. Statistical Analyses

Continuous variables were expressed as mean ± standard deviation (SD) and categor-
ical variables as proportion (%). Statistical significance was set with a p-value lesser than or
equal to 0.05, with 95% confidence intervals (CI).

The whole sample was subdivided into two groups according to the presence or absence
of hypertension. Due to the diffuse non-normal distribution of all variables (using the Shapiro
distribution test), Wilcoxon rank sum test was performed to assess differences between the
groups for continuous variables and Chi squared test for categorical variables. Logistic
regression models were applied to assess associations between the unitary increases of OCT-A
parameters that showed significant differences among the groups, as independent variables,
and a hypertensive status as outcome. We built two hierarchical nested models: an unadjusted
model and a fully adjusted model, adjusted for age, sex, BMI, MMSE, and IOP.

To reduce selection bias and simplify the reading of results we used a complete
randomization algorithm for the eye selection assigning the corresponding value (left or
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right eye) to the new variable thus created. Moreover, we performed the Bonferroni
corrected p-value in every model for every single OCT covariate.

Statistical analysis was performed with RStudio software, Version 1.4.1106 using
additional packages: idyverse, randomizeR, rstatistix, Epi, kable.

3. Results

3.1. Descriptive Analysis

From 2016 to 2019, 892 of the 1929 participants in the Salus in Apulia Study underwent
ophthalmological examinations. In addition, 124 subjects were excluded due to lack of data
about hypertension, 20 due to glaucoma, 12 to hypertensive retinopathy, and 5 to erroneous
scans including scans with segmentation failure. Overall, 731 participants were eligible for
the final analysis presented in this study.

The average age of the participants was 73.4 ± 6.1 years, with a higher percentage of
females (n = 434, 59.4%). The main sociodemographic and clinical characteristics of the whole
sample, subdivided according to the presence/absence of hypertension, are shown in Table 1.

Table 1. Sociodemographic and clinical variables in subjects with and without hypertension. The
Salus in Apulia Study (n = 731).

Without Hypertension With Hypertension p *
Mean ± SD/
Sample Size

Median
(Min to Max)

Mean ± SD/
Sample Size

Median
(Min to Max)

Sociodemographic Assessment

Subjects (%) 114 (15.6) 617 (84.4)

Age (years) 73.2 ± 5.8 71.5 (65 to 89) 73.4 ± 6.1 72 (65 to 95) 0.93

Sex 0.23χ2

Males (%) 52 (45.6) – 245 (39.7) –
Females (%) 62 (54.4) – 372 (60.3) –

Male/Female (%) 83.9 65.9

Smokers 9 (7.9) – 36 (5.8) – 0.40χ2

Waist circumference (cm) 99.7 ± 11.9 98 (70 to 127) 103.8 ± 10.2 104 (70 to 139) <0.01

BMI (kg/m2) 27.3 ± 4.6 27.3
(18.4 to 43) 28.3 ± 4.7 27.9

(18.5 to 47.7) 0.04

MMSE 26.1 ± 3.9 27 (13 to 30) 26.5 ± 4.1 28 (1 to 30) 0.33

MCI 9 (7.9) – 117 (19) – <0.01

Metabolic Assessments

SBP (mmHg) 115.3 ± 6.4 120 (100 to 125) 136.1 ± 13 140 (100 to 180) <0.01

DBP (mmHg) 68.2 ± 4.6 70 (50 to 75) 79.6 ± 6.7 80 (40 to 100) <0.01

HbA1c (mmol/mol) 39.7 ± 9.5 39 (18 to 92) 39.6 ± 9.2 38 (19 to 128) 0.77
HbA1c (%) 5.8 5.7 (3.8 to 10.6) 5.8 5.6 (3.9 to 13.9)

Total cholesterol (mg/dL) 178.4 ± 34.7 178 (85 to 270) 186.6 ± 37.2 186 (79 to 386) 0.04

Triglycerides (mg/dL) 93 ± 47.8 84.4 (17 to 292) 104.7 ± 55.6 92 (30 to 520) 0.02

RBC (106 cells/mm3) 4.7 ± 0.5 4.6 (3.2 to 6.8) 4.8 ± 1.5 4.8 (2.9 to 40.8) <0.01

Hemoglobin (g/dL) 13.4 ± 1.3 13.4 (9.5 to 16.9) 13.9 ± 1.5 13.9 (9 to 18.5) <0.01

BMI: body mass index; MMSE: Mini Mental State Examination; MCI: mild cognitive impairment; SBP: systolic
blood pressure; DBP diastolic blood pressure; HbA1c: glycated hemoglobin; RBC: Red Blood Cell. All data are
shown as mean ± standard deviation (SD)/sample size, median (min to max) for continuous variables and as (%)
for proportions. * Wilcoxon sum rank test; χ2 Chi squared test.

Older people with hypertension (higher SBP and DBP; p < 0.01, respectively) had a
significantly greater waist circumference (p < 0.01) and BMI (p = 0.04). Moreover, the MCI
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prevalence was higher in subjects with hypertension (p < 0.01). Regarding blood tests,
older people with hypertension had higher serum total cholesterol (p = 0.04), triglycerides
levels (p = 0.02), Red Blood Cell count (p < 0.01), and hemoglobin (p < 0.01). Other
sociodemographic characteristics of the whole population study, subdivided according
to the presence/absence of hypertensive condition, not significantly different among the
groups, are shown in the Table S1.

3.2. Analysis of Ophthalmological Parameters

Table 2 shows the ophthalmological parameters in older subjects with and without
hypertension. BCVA and IOP were not significantly different between the groups.

Table 2. Ophthalmological variables in subjects with and without hypertension. The Salus in Apulia
Study (n = 731).

Without Hypertension With Hypertension

Mean ± SD
Median

(Min to Max)
Mean ± SD

Median
(Min to Max)

p Value *

BCVA (LogMar) 0.13 ± 0.3 0.03 (0 to 1.6) 0.11 ± 0.2 0.03 (0 to 1.8) 0.70

IOP (mmHg) 14.9 ± 3.4 14.4 (10 to 22) 14.7 ± 3.1 14.5 (9 to 21) 0.14

GCC thickness (μm) 99.2 ± 18 96.5
(65 to 237.8) 95.4 ± 12.6 94.5

(44.7 to 180.1) 0.04

RNFL thickness (μm) 97.6 ± 10.7 98 (62 to 128) 95.5 ± 11 96 (57 to 127) 0.06

ONH peripapillary inferior
temporal VD (%)

63.7 ± 4.8 64.5
(46.2 to 71.9) 62.2 ± 5.8 62.8

(38.9 to 72.3) 0.02

ONH inside Optic Disc VD (%) 58.6 ± 8.2 59.4
(28.7 to 72.6) 60.8 ± 6.4 62.1

(35.7 to 72.9) <0.01

RPC inside Optic Disc VD (%) 38.7 ± 10.6 37.8
(13.3 to 67.2) 42.9 ± 10.8 43

(13.3 to 67.2) <0.01

SSI 61.3 ± 10.4 62
(34 to 87.6) 62.6 ± 11.1 63.7

(2.1 to 87.6) 0.20

BCVA: best-corrected visual acuity; IOP: intraocular pressure; GCC: ganglion cell complex; RNFL: retinal nerve
fiber layer; ONH: optic nerve head; VD: vascular density; RPC: radial peripapillary capillary; SSI, signal strength
index; * Wilcoxon sum rank test.

The mean GCC thickness was slightly lower in patients with hypertension (p = 0.04).
Mean RNFL thickness was slightly lower in the hypertension group than in subjects
without hypertension with a significance rather close to the value 0.05 (p = 0.06). VD
of ONH plexus at the inferior temporal sector was significantly lower in subjects with
than without hypertension (p = 0.02). Conversely, VD of the ONH and RPC inside the
optic disc was significantly higher in subjects with than without hypertension (p < 0.01).
No significant difference was found between the groups regarding VD of ONH and RPC
networks at the other sectors analyzed, FAZ area, and SVD and DVD at the foveal and
parafoveal sites. However, all measurements of VD at the macular site revealed slightly
higher values in hypertensive patients (Table S2).

3.3. Regression Models

The increase of GCC thickness was inversely associated with hypertension (OR: 0.98;
95% CI: 0.97–1). Also, the unitary increase of VD of the ONH plexus at the inferior temporal
sector of the peripapillary area (OR:0.95, 95% CI: 0.91–0.99) was inversely associated with
hypertensive condition. Conversely, the increase of VD of the ONH (OR:1.07, 95% CI:
1.04–1.10) and RPC inside Optic Disc (OR:1.04, 95% CI: 1.02–1.06) were directly associated
with hypertension (Table 3).
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Table 3. Logistic regression models on hypertension status (Yes/No) as dependent variable and
regressors. N: 731.

Raw Model Adjusted Model

OR CI 95%
Stand.

Err.
OR CI 95%

Stand.
Err.

p Adj.
p

GCC Thickness (μm) 0.98 0.97 to 0.99 0.01 0.98 0.97 to 0.99 0.01 0.01 0.04

Age (years) 1 0.97 to 1.04 0.01 0.58 0.99

Sex (Female) 1.26 0.83 to 1.82 0.21 0.42 0.99

BMI (Kg/m2) 1.04 1.00 to 1.09 0.02 0.06 0.36

IOP 1.07 0.96 to 1.19 0.05 0.21 0.99

MMSE 1.03 0.98 to 1.09 0.02 0.22 0.99

ONH peripapillary
Inferior Temporal VD (%)

0.95 0.91 to 0.99 0.02 0.95 0.91 to 0.99 0.02 0.01 0.05

Age (years) 1.01 0.97 to 1.05 0.01 0.61 0.99

Sex (Female) 1.17 0.77 to 1.79 0.21 0.45 0.99

BMI (Kg/m2) 1.04 1.00 to 1.09 0.02 0.07 0.49

IOP 1.07 0.96 to 1.19 0.05 0.20 0.99

MMSE 1.04 0.98 to 1.09 0.02 0.18 0.99

ONH Inside Optic Disc VD
(%)

1.06 1.03 to 1.10 0.01 1.07 1.04 to 1.10 0.06 <0.01 <0.01

Age (years) 1.02 0.98 to 1.06 0.02 0.27 0.99

Sex (Female) 1.22 0.80 to 1.88 0.20 0.34 0.99

BMI (Kg/m2) 1.04 0.99 to 1.09 0.04 0.06 0.42

Mean IOP 1.07 0.96 to 1.19 0.07 0.18 0.99

MMSE 1.02 0.97 to 1.08 0.02 0.32 0.99

RPC Inside Optic Disc VD (%) 1.04 1.02 to 1.05 0.01 1.04 1.02 to 1.06 0.01 <0.01 <0.01

Age (years) 1.03 0.99 to 1.07 0.01 0.18 0.99

Sex (Female) 1.11 0.72 to 1.71 0.21 0.63 0.99

BMI (Kg/m2) 1.04 0.99 to 1.09 0.02 0.08 0.56

IOP 1.09 0.98 to 1.21 0.05 0.10 0.70

MMSE 1.04 0.98 to 1.09 0.02 0.17 0.99

GCC: ganglion cell complex; BMI: Body Mass Index; IOP: intraocular pressure; MMSE: Mini Mental State
Evaluation; ONH: optic nerve head; VD: vascular density; RPC: radial peripapillary capillary.

All other OCT-A parameters not associated with hypertension in the models are
reported in Table S3.

4. Discussion

In the present study conducted in an older population-based sample, on OCT, thin-
ner GCC was observed in hypertensive subjects. On OCT-A, a capillary rarefaction at
the inferior temporal sector of the ONH peripapillary plexus and, conversely, a higher
density of the ONH and RPC network inside optic disc were significantly associated with
hypertensive condition.

In our population-based sample, older people with hypertension had a higher BMI and
waist circumference, suggesting the relationship between obesity and blood hypertension in
older adults, as recently reported [23]. The MCI prevalence was also higher in hypertensive
subjects, confirming the potential role of hypertension as risk factor for MCI (reduced
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function in memory, thinking, and other cognitive domains, but not affecting everyday
functioning), as previously reported [24].

In the present study, the lowest average value for GCC and RNFL, was observed
in older individuals with blood hypertension as compared to the control group. These
findings were consistent with previous studies [6,10,11]. The reduced thickness of the
inner neuroretinal layers observed, suggesting neural damage, was hypothesized to be
related to microvascular abnormalities in patients with blood hypertension [10], similar to
the proposed mechanism underlying the reduction of RNFL in diabetic patients without
retinopathy [25]. An association with the hypertensive condition was mainly observed
for GCC thickness, and this could be explained by the early damage of the GCL-IPL,
containing ganglion cells bodies and dendrites, that precedes the damage of the axons in
RNFL [26], as well as by the exclusion from the present study of patients with hypertensive
retinopathy. On OCT-A, the larger difference in the average VD of the peripapillary
networks between hypertensive patients and control subjects was reported at the inferior
temporal sector of the ONH network and inside the optic disc of the RPC plexus. The
vessels of ONH and RPC vascular networks have a relatively constant caliber and few
anastomoses, paralleling the RNFL in the peripapillary area, which display a characteristic
linear morphological pattern [27]. In healthy subjects, these networks are more prominent
in the peripheral arcuate nerve fiber layer region, as well as in the temporal sectors, where
the thinnest RNFL was located [27,28]. This opposite distribution could be due to the
activity-vascular related mechanism by which denser temporal RPC exists to fulfill the
highly metabolic requirements of photoreceptors, ganglion cells, and retinal pigment
epithelial cells within the macular area [28], despite the reported association between RNFL
thickness and peripapillary VD [29] supports the idea that the perfusion of RPC may be
proportional to the quantity of RNFL supplied [12]. The peripapillary plexus is considered
to be crucial for the homeostasis and function of the ganglion cells and their axons in the
RNFL [30], and a reduced VD has been observed in early glaucoma [31] and non-arteritic
ischemic optic neuropathy [32], associated with a reduced RNFL and GCC thickness [33].
Therefore, we may hypothesize that in the hypertensive condition the reduced thickness
of GCC and RNFL could be related to the vascular rarefaction in a peripapillary sector
with a high metabolic requirement. An increased vascular density inside the optic disc was
recently observed in hypertensive subjects without related retinopathy [8,34], consistent
with our finding. This is probably due to the increased reflux venous resistance related to
hypertension vascular damage and the poor regulatory capacity of papillary ONH and RPC
networks causing blood flow restriction and consequent vessels dilatation interpreted as an
increased capillary density by OCT-A [8,34]. In contrast with previous results [8,11,34], we
found a slightly lower vascular density of the macular superficial and deep vascular plexi
and a slight enlargement of deep FAZ in normotensive individuals, with no significant
difference as compared to hypertensive patients. Although these differences between the
groups fall in the range of normal variation of macular vessel density measurements, as
previously reported [35], they deserve some consideration. The mechanism underlying the
association between blood hypertension and macular capillary density remains unclear.
Previous studies have indicated a reduced retinal VD in hypertension as a possible effect
of vascular narrowing due to an increased vascular resistance [4,11,36,37], which may
impair blood flow. However, first of all, we should consider some technical limits of
OCT-A whereby a slow blood flow above a minimum threshold detected by the machine
may be wrongly reflected as a vascular rarefaction or even an area of non-perfusion on
OCT-A images [37], and some optical parameters, such as the axial length of the eye,
and in particular myopic condition, that could induce noise in the image, making the
vascular network appear artificially denser because of the larger area being scanned under
smaller magnification [38]. Furthermore, the results of 11 studies on macular vessels
rarefaction reported in a recent meta-analysis [39] should be analyzed considering the
Asiatic ethnicity of most of the study populations (9 out of 11 studies considered Asiatic
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populations) [8,10,11,34,40–44], and the inclusion of patients with hypertensive retinopathy
in the study groups [10,44].

In the present study, the differences in VD between older subjects with and without
hypertension showed a different trend at peripapillary and macular sites. Peripapillary
vessels originate from two systems, the central retinal artery and the short posterior ciliary
arteries, whereas macular vessels originate only from the central retinal artery [45]. The
posterior ciliary arteries might suffer more severe damage than the retinal vascular system
in glaucoma [46], diabetic retinopathy [15], and obstructive sleep apnea syndrome [45],
because they are probably more prone to structural alterations due to high intraocular
pressure, microangiopathy and hypercapnia, respectively. Therefore, the different origins
and sizes of the vessels between the peripapillary and parafoveal areas might explain
our findings, suggesting different damage to the vessels in different vascular systems
attributable to hypertension.

The strengths of the present study included: a standardized measurement of daytime
blood pressure in office setting, which might better reflect the hemodynamic load over the
24 h period than one single blood pressure measurement and could be more correlated
with end-organ damage of arteries and heart [47,48]; OCT scanning combined with an
ophthalmological clinical examination to avoid optical interferences due to ocular media
abnormalities. Furthermore, we considered randomly the measurements of one eye for
each subject as a good practice for statistical analysis [49] although, in all age groups,
a moderate degree of interocular asymmetry in retinal layer thickness, including GCC
and RNFL [50,51], and retinal vascular features [52], in both normotension and hyperten-
sion [53], was previously reported. However, some limitations and questions need to be
considered. ONH parameters (rim, cup, etc.) were not analyzed in this study. We did not
measure the ocular perfusion pressure as the net pressure gradient causing blood to flow
to the eye, because of its limitations in reflecting the true perfusion pressure at the ONH,
influenced by several variables as diurnal variations in the blood pressure and IOP [54],
diurnal-to-nocturnal decreases in retinal and ONH blood flow in older patients [55], and
intracranial pressure [56]. Moreover, the RPC plexus contains multilayered capillaries that
are overlapping on en-face OCT images, complicating the ability to detect small capil-
lary losses [31]. The macular deep vascular plexus is notoriously affected by projection
artefacts which may lead to erroneous findings; one of these measures is the axial length,
that was lacking in this study setting. Nor did we analyze in OCT-A the choriocapillaris,
which appears as a mesh-like homogeneous tissue whose single vessels are usually not
discernible. Measurement of the choriocapillaris network could be less precise than that of
the intraretinal vascular networks [57]. A limit in methodology of the present study include
the definition of the hypertensive status that was not based on previous clinical diagnosis
as well as the presence of hypertensive medication, and the cross-sectional nature of the
data, preventing assessment of the direction of the association, with a high risk of reverse
causality bias.

In conclusion, the present findings confirmed a thinner GCC and microvascular
changes at the peripapillary area in older hypertensive individuals than in age-matched
healthy subjects. This conclusion and the higher MCI prevalence in hypertensive subjects
suggests a link between central and peripheric neural damage with systemic vascular
disregulation. Assessment of the peripapillary retinal microvasculature using OCT-A
may be a useful non-invasive technique to detect early microvascular changes due to
hypertension. Further larger studies, particularly with longitudinal cohort or randomized
clinical trial designs, are needed to test the effectiveness of retinal capillary density as
a novel biomarker in predicting the incidence and progression of hypertension-related
microvascular complications, also at the population level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11041098/s1, Table S1. Sociodemographic and clinical vari-
ables in subjects with and without hypertension. The Salus in Apulia Study (n = 731). Table S2.
Ophthalmological variables in subjects with and without hypertension. The Salus in Apulia Study
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(n = 731). Table S3. Logistic regression models on Hypertension status (Yes/No) as dependent
variable and regressors. N:731. Figure S1. Optical coherence tomographic angiographic (OCT-A)
image of the foveal avascular zone (FAZ) areas at the deep vascular plexus. The FAZ area border
(inner yellow line) was outlined automatically, and the surface area was then measured in square
millimeters using built-in software under the flow option of the instrument in the deep vascular
plexus (A) The colored lines (red and green) in horizontal OCT B-scans show segmentation lines
defining the depths in the retinal tissue (B). Figure S2. Optical coherence tomographic images of the
ganglion cell complex (GCC) and retinal nerve fiber layer (RNFL) thickness. The device measures
GCC and RNFL thickness within an automatically rendered 7 mm2 area, centered 1 mm temporally to
the fovea. The system produces a color-coded thickness map for interpretation. (A,C) Thicker regions
of GCC and RNFL are displayed as yellow and orange, whereas thinner regions are displayed as blue
and green. Acquired thicknesses are compared with values from a normative database and displayed
as a significance map. The color-coded map shows the corresponding probabilities of deviation from
the normal range based on comparison with an age-matched control group of healthy subjects. (B,D)
Cross-sectional B-scan displays the segmentation used for GCC and RNFL analysis. (B) The traced
boundaries for the GCC scan (white lines) include the inner limiting membrane and the outer IPL.
(D) The traced boundaries for the RNFL scan (colored lines) include the inner limiting membrane
and the outer IPL.
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Abstract: Background: Corneal collagen cross-linking (CXL) has become the gold standard for mild
and moderate stages to stop the progression of keratoconus. We analyzed some corneal topography
indices to compare iontophoresis epi-on and iontophoresis epi-off techniques throughout a two-year
follow-up. Methods: A total of 64 eyes of 49 patients who underwent CXL were recruited. In
30 eyes the epi-off technique was performed, whereas the remaining 34 eyes were treated with the
epi-on technique. All patients underwent a complete ophthalmologic examination that included
CDVA, central and thinnest corneal thickness, Schirmer test I, TBUT test, and the Ocular Surface
Disease Index. Results: In both groups, a significant improvement in visual function was recorded.
No statistically significant differences between Kmax, Mean K, Flat K, Steep K values were found.
Statistically significant differences (p < 0.05) between the epi-on and epi-off groups’ pachymetry before
and after 24 months follow-up as well as between the epi-on and epi-off groups’ topographically
thinnest point in the immediate post-surgery and 24 months after surgery were recorded. Conclusion:
Our study highlighted that both techniques are valid in mid-term corneal stabilization. The advantage
of the new iontophoresis epi-off cross-linking technique could be found in a faster imbibing time of
the cornea, therefore reducing surgical times, with a lower risk of complications.

Keywords: corneal collagen cross-linking; keratoconus; epi-on technique; epi-off technique; iontophoresis;
cornea; pachymetry; thinnest point; CXL; OSDI

1. Introduction

Keratoconus (KC) is a corneal ectasia and diverse genetic, environmental, and bio-
chemical factors have been associated with it. Increased systemic levels of pro-inflammatory
factors, including interleukin-6, tumor necrosis factor-α, and matrix metalloproteinase-9
were found, suggesting that KC may have an inflammatory component [1]. Nevertheless,
the etiopathological mechanisms are still not completely elucidated [2]. Keratoconus is
characterized by the thinning of the corneal stroma, which leads to the cornea taking a
conical shape, generating irregular astigmatism, and increasing the level of higher-order
aberrations, with the consequent progressive deterioration of vision [2]. The typical onset
of KC is puberty [3,4], with pediatric patients showing the highest rate and speed of pro-
gression [5]. In this light, prompt surgical intervention has been suggested in children and
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adolescents [6,7]. Corneal collagen cross-linking (CXL) has become the gold standard for
mild and moderate stages to stop the progression of ectasia [6,8]. This technique aims to
strengthen the stromal collagen by induction of collagen bonds activated by ultraviolet
light. Thanks to the use of riboflavin-soaked cornea [9], the cross-links between corneal
lamellae can increase the biomechanical strength and stability of the cornea or slow the
progression of keratoconus. The standard Dresden cross-linking protocol has been shown
to lead to keratoconus stabilization over a mid-term and long-term follow-up [10,11]. The
standard corneal cross-linking procedure includes the removal of corneal epithelium to
achieve adequate penetration of riboflavin into the stroma. Unfortunately, epithelial re-
moval may be responsible for crosslinking-related complications, i.e., vision impairment,
risk of infection, and postoperative pain [12]. In the attempt to avoid the side effects
induced by epithelial debridement, a trans-epithelial cross-linking technique has been
recently introduced [13–15].

For both techniques, the first step is represented by a corneal soak. This step is
realized with or without epithelial debridement and requires about 30 min. Iontophoresis
guarantees a faster delivery (5 min) of charged molecules into corneal stroma through a
small electric current. The second step consists of the activation of penetrated riboflavin
with ultraviolet A (UVA) light for about 9 min; the intensity of the UVA light source is
10 mW/cm2. The last step is the same for both techniques [10,15,16].

This study has aimed to analyze some corneal topography indices comparing, after
corneal collagen crosslinking, iontophoresis epi-on (without epithelial debridement) and
iontophoresis epi-off (with epithelial debridement) techniques throughout the two-year
follow-up period.

2. Materials and Methods

A prospective interventional study, approved by the institution’s review board and
in accordance with the Declaration of Helsinki, was conducted on patients affected by
keratoconus, referred to the Unit of Ophthalmology of the University of Naples “Federico
II” from January 2018 to December 2020. We included patients affected by KC and listed
for CXL surgery according to the following criteria: (1) patients with progressive kerato-
conus (1 diopter increase in the steepest meridian during a 6-month observation period);
(2) Stage 2 or 3 of keratoconus (Amsler–Krumeich classification); (3) Corrected distance
visual acuity (CDVA) < 0.4 logMAR; and (4) central clear cornea and minimum corneal
thickness of at least 450 μm.

We divided patients into two groups through the block randomization method of
treatment depending on the treatment performed: CXL by iontophoresis with or without
epithelium removal.

2.1. Surgical Procedure

Corneal cross-linking was performed by instilling dextran-free hypo-osmolar ri-
boflavin containing benzalkonium chloride (Ricrolin+, SOOFT, Montegiorgio, Italy) on the
cornea by iontophoresis to increase the permeability of the epithelium for 5 min.

A return electrode was placed on the skin of the frontal region; meanwhile, the corneal
iontophoresis electrode was attached to the cornea through a vacuum adsorption device.
The corneal electrode was filled with approximately 0.5 mL Ricrolin+ to fully immerse the
stainless-steel mesh. To follow, the device was connected to a current generator (I-ON XL,
SOOFT, Montegiorgio, Italy) with 1 mA current.

At the end of iontophoresis, a UVA light was then focused on the apex of the cornea,
10 mW/cm2 (UV-X 2000; IROC Innocross AG, Zug, Switzerland) for 9 min. During irradia-
tion, drops of balanced solution were applied to the cornea every 1 min to keep moisture to
avoid complications.

When the epi-off CXL technique was performed, the corneal epithelium was me-
chanically removed with a blunt spatula immediately before the application of Riboflavin.
Subsequently, the CXL throughout iontophoresis was performed as an epi-on technique as
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explained before, and a contact lens was placed onto the ocular surface and removed after
one week [17].

Postoperatively, an ophthalmic gel of 0.15% sodium hyaluronate, 1% xanthan gum,
and 0.3% netilmicin (Xanternet Gel, SIFI, Catania, Italy) was prescribed 6 times a day until
complete epithelial regrowth (epithelial integrity was assessed with fluorescein staining).
In patients who underwent epi-on iontophoresis CXL, in whom a contact lens was not
used, dexamethasone 21-phosphate 0.15% drops were prescribed 4 times a day for 10 days
and 0.15% sodium hyaluronate, Riboflavin, L-Leucin, L-Prolin, L-Glycin, and L-ysin drops
(Ribolisin free, Sooft) 6 times daily for 45 days. In patients who underwent epi-off ion-
tophoresis CXL, after contact lens removal, dexamethasone 21-phosphate 0.15% drops were
prescribed 4 times a day for 10 days and 0.15% sodium hyaluronate, Riboflavin, L-Leucin,
L-Prolin, L-Glycin, and L-Lysin drops (Ribolisin free, Sooft) 6 times daily for 45 days. In
addition, all patients received oral amino acid supplements (Aminoftal; Sooft) for the first
7 postoperative days in effort to promote epithelial healing.

2.2. Ophthalmic Examination

Each patient underwent clinical preoperative examination, including manifest re-
fraction, Slit Lamp Examination, and corneal topography (Pentacam, Oculus, Wetzlar,
Germany), recorded at 1 month, 3 months, 6 months, 12 months, and 24 months after
surgery. Several topographic parameters were analyzed including Kmax; Mean K; Steep
K; Flat K; True Net Power; Mean Corneal Thickness; and Thinnest corneal point. Corneal
Tomography was also focused on the presence/absence of inflammatory cells and the
activation of corneal keratocytes which is related to the development of fibrosis [18–20].
The considered Pentacam parameters provide information about corneal refractive power,
calculated thanks to the Sheimpflug principles. The Scheimpflug system consists of a
rotational slit camera producing a three-dimensional model of the anterior segment of the
eye from 138,000 elevation points. Studying this model, the operator is able to measure
the dioptric corneal power in each point and axis of the anterior segment (Kmax, Mean K,
Steep K, Flat K) and measure corneal power in total (true Net Power) by computing the
power of the anterior and posterior corneal surface without taking in consideration corneal
thickness. The study of Corneal Thickness profile enables one to collocate the reduction in
corneal depth in the corneal profile, allowing one to correlate them with the highest and
steepest points of the cornea.

Symptoms evaluation was performed before and one month after surgery using the
Ocular Surface Index (OSDI) questionnaire.

2.3. Statistical Analysis

The statistical analysis was carried out using IBM SPSS 25 for Mac (SPSS Inc., Chicago,
IL, USA). The averages were compared by an ANOVA test unchanged according to Bonfer-
roni. In all the statistical tests, 5% was used as a significant value.

3. Results

A total of 64 eyes of 49 patients underwent CXL, 30 using the epi-off technique, and
34 eyes the epi-on (Table 1). The mean age of patients was 26 ± 4.2. In the epi-off group,
CDVA converted in logMAR were at baseline 0.3 ± 0.1 and improved to 0.22 ± 0.14 at
2 years follow-up clinical examination. In the epi-on group, the visual acuity values
converted in logMAR improved from 0.22 ± 0.1 at baseline to 0.09 ± 0 at the last follow-up.
We found no statistically significant differences between the two groups (p = 0.9).

The statistical analysis performed (Table 2) showed no statistically significant differ-
ence between Kmax, Mean K, Flat K, Steep K values before and 24 months after surgery in
both groups.

The mean K at baseline was 47.20 ± 2.90 D and 48.00 ± 2.50 D in the epi-off and
epi-on groups, respectively. After two years of follow-up, these two values remained
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unchanged, 47.16 ± 3.15 D in the epi-off group and 48.82 ± 4.06 D in the epi-on group,
with no statistically significant differences between the groups (p = 0.57).

Table 1. Patients’ Demographics.

Frequency Percentage

Gender

Male 32 65.30%
Female 17 34.69%

Age

Mean age of all patients 26 ± 4.2
Mean age of Epi-on group 25 ± 5.6
Mean age of Epi-off group 27 ± 6.3

Eyes

Treated 64 65%
Untreated 34 34.70%

Technique

Epi-on 34 53%
Epi-off 30 47%

Table 2. Postoperative Outcomes.

T0 T3 T6 T12 T24 ANOVA

Differences with Respect to Preoperative
CDVA (Logmar)

Epi-on 0.22 ± 0.1 0.15 ± 0.2 0.09 ± 0 0.09 ± 0
0.9Epi-off 0.3 ± 0.1 0.3 ± 0.1 0.22 ± 0.14 0.22 ± 0.14

Kmax (D)

Epi-on 53.6 ± 1.4 54.2 ± 0.8 53.2 ± 3.5 55.6 ± 0.7 55.9 ± 0.7
0.96Epi-off 58.1 ± 9.2 58.8 ± 1.76 58.8 ± 7 55.9 ± 1.8 56.2 ± 1.8

Mean K (D)

Epi-on 48.00 ± 2.50 47.96 ± 3.25 48.2 ± 1.75 48.96 ± 2.80 48.82 ± 4.06
0.57Epi-off 47.20 ± 2.90 46.89 ± 4.15 47.1 ± 1.75 47.00 ± 2.40 47.16 ± 3.15

Steep K (D)

Epi-on 46.75 ± 3.87 46.55 ± 2.97 46.15 ± 4.07 45.75 ± 4.17 47.05 ± 2.82
0.69Epi-off 47.75 ± 3.20 47.45 ± 2.79 47.15 ± 3.00 47.62 ± 4.20 47.55 ± 3.12

Flat K (D)

Epi-on 45.62 ± 2.09 44.92 ± 2.09 45.23 ± 3.12 45.11 ± 2.65 45.42 ± 1.83
0.44Epi-off 44.62 ± 2.63 44.99 ± 2.74 45.10 ± 3.00 44.92 ± 1.68 45.02 ± 2.03

True net power (d)

Epi-on 2.8 ± 1.7 3.2 ± 1.2 2.5 ± 0.1 3.2 ± 0.1 3.4 ± 0.4
0.67Epi-off 4.5 ± 2.8 5 ± 0.6 3.7 ± 0.07 5.6 ± 0.7 5.7 ± 1.2

Mean corneal thickness (μm)

Epi-on 491.5 ± 11.3 484.8 ± 24 495.9 ± 19 489.5 ± 13.4 490.5 ± 13.4
0.7Epi-off 500.5 ± 22.6 481 ± 24.5 499.7 ± 63.6 513 ± 3.1 515 ± 4

Thinnest point (μm)

Epi-on 466.2 ± 15.5 463 ± 26.1 473.2 ± 4.2 463 ± 22.6 467 ± 19
0.72Epi-off 475.8 ± 21.9 452.1 ± 19 463.2 ± 31.8 491 ± 12 497 ± 27

OSDI score

Epi-on 4.89 ± 1.32 5.78 ± 1.2 6.89 ± 0.1 9.87 ± 2.5 11.62 ± 2.12
0.98Epi-off 4.58 ± 1.18 8.01 ± 0.6 9.12 ± 0.23 12.45 ± 1.32 13.65 ± 2.15

T0 = baseline; T3 = 3 months postoperatively; T6 = 6 months postoperatively; T12 = 12 months postoperatively;
T24 = 24 months postoperatively; ANOVA= p value of the difference between groups; CDVA = corrected distance
visual acuity; CXL = corneal cross-linking; I-CXL =transepithelial iontophoresis; I-SCXL = iontophoresis with
epithelial debridement.
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Steep K and flat K at baseline were 47.75 ± 3.20 D and 44.62 ± 2.63 D, respectively,
in the epi-off group. After two years of follow-up, these values remained unchanged
at 47.55 ± 3.12 D and 45.02 ± 2.03 D with no statistically significant differences between
the two groups (p = 0.69). In the epi-on group, Steep K and flat K at baseline were
46.75 ± 3.87 D and 45.62 ± 2.09 D, respectively. After two years of follow-up, these values
remained unchanged at 47.05 ± 2.82 D and 45.42 ± 1.83 D with no statistically significative
differences between the two groups (p = 0.44).

On the contrary, the Kmax mean values were 53.6 ± 1.4 D for the epi-on technique
and 58.1 ± 9.2 D in the epi-off group at baseline and of 55.9 ± 0.7 D and 56.2 ± 1.8 D,
respectively, with a statistically significant difference (p < 0.05) between the epi-on and
epi-off groups’ pachymetry before and after 24 months follow up.

After 2 years, the mean corneal thickness was not significantly changed in both
groups, from 491.5 ± 1.3 μm to 467.41 ± 19 μm for the epi-on group (p = 0.7) and
from 475.41 ± 21.9 μm to 497 ± 27 μm for the epi-off group (p = 0.7).

Contrarily, a statistically significant difference (p < 0.05) of the topographically thinnest
point immediately post-surgery and 24 months after surgery emerged. Thickness average
values were higher in patients who underwent epi-off surgery; indeed, the mean pre-
surgery thinnest point was 478 μm, and after 24 months of follow-up, it was 518 μm
(Figure 1). Particularly, no significant changes in both groups, from 466.2 ± 15.5 μm to
467.41 ± 19 μm for the epi-on group (p = 0.7) and from 475.41 ± 21.9 μm to 497 ± 27 μm
(p = 0.7) in the epi-off group, occurred after 2 years of follow-up.

 
Figure 1. Kmax (A), Pachymetry (B), thinnest point (C), and cornea back (D) topographic outcomes
before surgery and after one year of follow-up in the epi-on and epi-off groups.

The ANOVA Univariate analysis highlighted no statistically significant differences in
the Average Pachymetry and the Topographically Thinnest Point between groups during
the follow-up period; this is best displayed in Figure 1. Moreover, statistically significant
differences between Kmax values before surgery and after 1 month (p < 0.008), 3 months
(p > 0.001), and 6 months of the follow-up period (p > 0.002) were identified. On the one
hand, during the follow-up period, Kmax values were on average higher than time zero.
On the opposite side, the Kmax values came back to the before surgery values at the last
follow-up after 24 months.
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Lastly, the data collected from the OSDI© questionnaire highlighted at the baseline a
score of 4.58 ± 1.18 and 4.89 ± 1.32, respectively, in the epi-off and epi-on groups. After
2 years of follow up, the score increased to 13.65 ± 2.15 in epi-off group (p < 0.01) and
11.62 ± 2.12 in epi-on (p < 0.04). We also found a statistically significant difference between
the two groups (p < 0.02).

4. Discussion

Corneal collagen cross-linking stops the progression of keratoconus through new
covalent bonds between collagen fibers, which increase the strengthens and the rigidity of
the cornea by more than 300% [21], with a parallel improvement in both the refractive and
topographic features of treated corneas [22,23]. Wollensak et al. [15], in a non-randomized
pilot study conducted on 22 patients, described a clinical technique to halt the KC progres-
sion in all treated eyes. The study highlighted a halt in the progression of all treated eyes.
Thereafter, several studies confirmed the Wollensak results, demonstrating the efficacy of
corneal cross-linking in halting the progression of keratoconus. One of the largest trials
including 241 eyes was conducted by Raiskup-Wolf et al. [10], who emphasized that the
treatment was able to decrease the steepness of the cone, improving subjective visual
symptoms, and, consequently, uncorrected (UDVA) and corrected (CDVA) distance visual
acuities [16].

Most of the complications related to standard CXL are associated with epithelial
removal, i.e., postoperative pain, stromal haze, infection, and corneal melting [24,25]. Other
alternatives, avoiding total removal of the epithelium, have been suggested in order to
improve safety, including partial de-epithelialization, epithelial disruption, the creation of
an epithelial flap (Epi-Flap CXL), and several trans-epithelial CXL techniques. The potential
advantages of trans-epithelial techniques are reduced treatment time, prevention of slow
visual recovery, and less risk of serious side effects and complications (postoperative pain,
infection) while maintaining the same efficacy of the standard epi-off procedure [26–31].
Shalchi et al. [32] compared the results of standard epi-off CXL with a metanalysis of
45 papers referred on transepithelial CXL with a total of 5 papers in the management
of progressive keratoconus. The majority of studies on standard CXL have shown a
reduction in the maximum simulated keratometry, whereas transepithelial corneal CXL
did not halt keratoconus progression in about 75% of cases within 1 year [33]. Moreover,
the shortening riboflavin delivery time from 30 to 5 min is not negligible. Our study
supports the concept that CXL with Iontophoresis is effective in halting the progression
of keratoconus without the side effects of epithelial removal, encountered the performing
standard epi-off CXL procedure. In addition, the comparison between epi-on and epi-
off techniques, both with the iontophoretic corneal soak in our series, confirmed their
efficacy in halting keratoconus progression. With the epi-off iontophoretic approach, we
guaranteed a deep penetration of riboflavin with a shorter time of delivery. Moreover,
epithelial debridement and repair can determine a better quality of vision with a reduction
in higher-order aberration thanks to a better distribution of the epithelium from the base
to the apex of the cone [34] Furthermore, unlike standard treatment, we found a great
recovery of the corneal shape and thickness in patients who underwent epithelium removal
before iontophoresis CXL. These outcomes could be related to the epithelium reparative
process that regularizes the corneal surface [35].

In addition, keratocyte repopulation is related to stromal growing factors influencing
the correct orientation of stromal lamellae and nerve regeneration. In fact, survived ker-
atocytes were stimulated by stromal fibroblast through neurotrophic and inflammatory
factors [18–20,36]. This regenerative process requires new structural and enzymatic protein
to be available. The obtainability of amino acids becomes essential for the correct stromal
and nerve regeneration. As a result, the topical and oral supplementation of essential
amino acids may contribute to a better and faster corneal restoration [37].

Standard Dresden protocol CXL (S-CXL) is used as a treatment of progressive kerato-
conus in pediatric and adult patients, and its efficacy is widely reported in numerous stud-
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ies [38–41]. Nevertheless, this technique presents two disadvantages: It is time-consuming
(about 60 min for each surgery) and requires epithelial debridement. With the introduction
of transepithelial CXL and subsequently of Iontophoretic cross-linking (I-CXL), the same
outcomes were achieved with shorter surgery time and no corneal manipulation. Cantemir
et al. [42], with a 3-year follow-up study, showed that I-CXL is not inferior to S-CXL for stop-
ping the progression of keratoconus with faster recovery of visual acuity. Jouve et al. [43]
reported that I-CXL halted the progression of keratoconus more efficiently compared to
S-CXL with regard to the flattening effect. The introduction of I-CXL with epithelial de-
bridement (SI-CXL) was designed as an improvement in S-CXL. The main outcome of
the study underscored the non-statistically significant difference between the protocols
about visual acuity, topographic indices, keratometry, and OSDI after 2 years of follow-up.
SI-CXL induced less corneal thinning and a significantly higher reduction in higher-order
aberrations and coma with a better visual outcome. In 2019, Vinciguerra et al. [35] com-
pared S-CXL, I-CXL, and SI-CXL focusing on refractive, topographic, tomographic, and
aberrometric outcomes demonstrating that SI-CXL was not inferior compared to the other
techniques. Cifariello et al. [44] were the first to analyze OSDI© (Ocular Surface Disease
Index) differences in patients who underwent CXL. According to their previous study, we
evaluated the degree of ocular discomfort in patients treated with I-CXL and SI-CXL. The
results showed an increase in OSDI score to 13.65 ± 2.15 in the epi-off group (p < 0.01) and
11.62 ± 2.12 in the epi-on group (p < 0.04) at 2 years of follow-up. A statistically significant
difference between the two groups (p < 0.02) was found.

5. Conclusions

In conclusion, we brought to light that both techniques are valid in long-term corneal
stabilization. Moreover, the mechanical removal of the corneal epithelium would still seem
the most valid method to obtain a better saturation of corneal stroma with the photosen-
sitizer and better postoperative results. The advantage of the new iontophoresis epi-off
cross-linking technique could be the faster corneal imbibing related to the iontophoretic
soak and the better visual acuity with a reduction in higher-order aberration linked to
epithelium debridement.
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Abstract: Recently, a minimally invasive treatment for lacrimal passage diseases was developed using
dacryoendoscopy. Good visibility of the lacrimal passage is important for examination and treatment.
This study aimed to investigate whether image processing can improve the dacryoendoscopic visi-
bility using comb-removal and image-sharpening algorithms. We processed 20 dacryoendoscopic
images (original images) using comb-removal and image-sharpening algorithms. Overall, 40 images
(20 original and 20 post-processing) were randomly presented to the evaluators, who scored each
image on a 10-point scale. The scores of the original and post-processing images were compared
statistically. Additionally, in vitro experiments were performed using a test chart to examine whether
image processing could improve the dacryoendoscopic visibility in a turbid fluid. The visual score
(estimate ± standard error) of the images significantly improved from 3.52 ± 0.26 (original images)
to 5.77 ± 0.28 (post-processing images; p < 0.001, linear mixed-effects model). The in vitro experi-
ments revealed that the contrast and resolution of images in the turbid fluid improved after image
processing. Image processing with our comb-removal and image-sharpening algorithms improved
dacryoendoscopic visibility. The techniques used in this study are applicable for real-time processing
and can be easily introduced in clinical practice.

Keywords: dacryoendoscopy; lacrimal passage diseases; lacrimal sac; image enhancement;
algorithms; image processing; lacrimal passage; dacryocystitis

1. Introduction

Lacrimal passage obstruction may be congenital or acquired [1,2]. Its occurrence is
concerning, because it can lead to lacrimal duct infections (such as dacryocystitis [3,4] and
chronic conjunctivitis [5]) and significantly reduce the patient’s quality of life. Even in the
absence of an obvious infection, epiphora due to lacrimal passage obstruction can reduce
the vision quality and vision-related quality of life [6,7]. Surgical treatments include dacry-
ocystorhinostomy [8] and the insertion of a silicone tube [9–11] or the Jones tube [12,13];
however, the exact location of the obstruction must be identified for appropriate treatment
selection [14–17].

In addition to classical diagnostic methods (such as lacrimal irrigation, blind probing,
and dacryocystography), dacryoendoscopy has been recognized as an effective diagnos-
tic tool [18,19]. In dacryoendoscopy, the lacrimal passage is directly visualized using a
dacryoendoscope, which is inserted into the lacrimal passage through the lacrimal punc-
tum. This is useful for the diagnosis and treatment of various lacrimal passage diseases,
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such as congenital [1,20], acquired [10,21], and secondary [22,23] lacrimal duct obstruction;
canaliculitis [24]; tissue granulation [25]; and tumors [26]. Fiberscope-type dacryoendo-
scopes were introduced in the 1990s and had a pixel count of 1800–3000 [27–29]. Subse-
quently, 6000-pixel dacryoendoscopes were introduced in 2002 [30], while 10,000-pixel and
15,000-pixel dacryoendoscopes were introduced in 2009 [16].

Better visualization of the lacrimal canal with a dacryoendoscope improves the analy-
sis of the lacrimal passage conditions and allows the precise identification of the obstructing
lesions, both of which are key to a successful surgery [16,17]. The increase in the number
of pixels has led to an improvement in the diagnostic performance of dacryoendoscopes;
however, the image quality still requires improvement for an enhanced therapeutic perfor-
mance [18].

Two main factors limit the quality of fiberscope-type dacryoendoscopic images. One is
the limited number of individual fiberlets, which define the number of pixels. The other is
the small amount of perfusion fluid that is needed to sufficiently flush away the blood and
pus clouding the lacrimal duct. The number of fiberlets and amount of perfusion fluid are
determined by the diameter of the dacryoendoscope probe. Increasing the probe diameter
can improve the image quality by placing more fiberlets and providing a larger perfusion
channel. However, the probe diameters of the current mainstream dacryoendoscopes range
from 0.7 mm to 1.1 mm; it is difficult to increase the diameter further due to the small size
of the punctum.

We proposed that the imaging quality of fiberscope-type dacryoendoscopes can be
improved by image processing. Images obtained from fiberscope-type endoscopes contain
black fine mesh noise (a comb artifact), which is caused by the opaque cladding between
the fiberlets; this artifact adversely affects the visibility [31,32]. This problem is especially
critical in case of dacryoendoscopes, which have a limited number of pixels as compared to
the endoscopes used for other organs.

This study aimed to remove the aforementioned comb artifact from dacryoendoscopic
images and reduce visibility loss due to blood- or pus-associated opacity in the lacrimal
duct by using an algorithm capable of real-time image processing. Thus, we visually
evaluated and compared the dacryoendoscopic visibility before and after image processing
to assess the usefulness of this algorithm.

2. Materials and Methods

This single-center, observational study was approved by the Ethics Committee of
the Faculty of Medicine, University of Tsukuba (R03-101). It adheres to the tenets of the
Declaration of Helsinki.

We used images that had already been acquired previously and did not contain any
personal information; therefore, patient consent was obtained in an opt-out format.

2.1. Image Samples

The images were arbitrarily extracted from the dacryoendoscopic images acquired and
recorded within the scope of standard medical care at the University of Tsukuba Hospital
between April 2019 and March 2021.

The dacryoendoscopic images were acquired by five surgeons (T.H., S.H., K.T., H.M.
and S.T.). A close-up dacryoendoscope with a focal length of 1.5 mm (LAC-06NZ-HS;
MACHIDA Endoscope Co., Ltd., Chiba, Japan) and a high-definition camera (MVH-2010A;
MACHIDA Endoscope Co., Ltd., Chiba, Japan) were used for the imaging; this setting
produced 16,000-pixel images.

Twenty original images were prepared by arbitrarily extracting five sample images
of the canaliculus, lacrimal sac, nasolacrimal duct, and intra-canal materials; the exposure
time for each was 10–20 s. In case of the canaliculus, lacrimal sac, and nasolacrimal ducts,
images were selected after confirming that the luminal structure was visible and that there
was very little or no bleeding- or pus-associated opacity. Images of the intra-canal materials
included images of a foreign body straying into the lacrimal canal, those of a silicone
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tube implanted in the lacrimal canal, and those taken during sheath-guided endoscopic
probing [33]. A total of 40 images were subjected to visual evaluation; these comprised the
20 original images and their post-processing versions (n = 20).

2.2. Image Processing

The dacryoendoscopic images were processed using comb-removal (WipeFiber®;
Logic & Design Inc., Tokyo, Japan, and MACHIDA Endoscope Co., Ltd., Chiba, Japan) and
image-sharpening (Medical Image Enhancer: MIEr®; Logic & Design Inc., Tokyo, Japan)
algorithms. The image captured by a fiberscope is a collection of small circular images
that are captured in turn by the fiberlets, and the fiberlets’ boundaries are visible as a
comb-structured artifact. This comb-structured artifact is considered the main cause of
a reduced visibility during dacryoendoscopy. Comb removal was originally developed
as a technique for improving the imaging quality of endoscopes for other organs, such as
gastrointestinal endoscopes; however, similar techniques can be applied to dacryoendo-
scopes. The noise caused by the comb structure appears as a high-frequency component in
the spatial frequency domain and can be removed by a low-pass filter. In this study, we
used a Gaussian filter, which is a high-performance and an easy-to-implement low-pass
filter. Subsequently, the image was sharpened by applying contour enhancement only
in the specific frequency region according to the fiberlet diameter, while simultaneously
suppressing the restoration of the removed comb structure. The image sharpening process
was also used to improve the visibility in low-contrast areas.

The algorithm used in this study could perform real-time image processing; however,
real-time processing was not implemented in this study.

2.3. Image Visibility Evaluation

Visual evaluation was performed for all images, and the visibility was scored on a
10-point scale by the evaluator. Three evaluators were presented with the 20 original and
the 20 processed images in a random order, one at a time. The images were presented on
a 13.3-inch monitor (2560 × 1600-pixel resolution), and the images (>15 cm in diameter)
were sequentially displayed on a black background.

The results were analyzed statistically, and comparisons were performed between the
images before and after image processing. These comparisons were made separately for all
images, including those of the canaliculus, lacrimal sacs, nasolacrimal ducts, and intra-canal
materials. A linear mixed-effects model was applied, which included the visibility score as
the outcome variable; the processing, image type, and their interaction as the fixed effects;
and the image ID and evaluator as the random effects. Subsequently, inferences on the least
square mean differences between before and after processing were drawn for all data and
each image type. The statistical significance was set at p < 0.05. All statistical analyses were
performed using the SAS software (version 9.4; SAS Institute, Cary, NC, USA) and SPSS
(version 23.0; IBM, Armonk, New York, NY, USA).

2.4. In Vitro Experiments

Image processing comprised comb removal and image sharpening. In vitro experi-
ments were performed to assess the effects of image processing on the deterioration of
dacryoendoscopic image quality due to opacity caused by the presence of blood and pus in
the lacrimal duct lumen.

We prepared diluted milk saline (DMS), at concentrations of 1%, 2%, and 3%, to simu-
late turbidity in the lacrimal pathway. We then prepared 50% diluted blood (defibrinated
sheep blood, AS ONE Corporation, Osaka, Japan) to simulate hemorrhage in the lacrimal
pathway. Saline was used as a control for the test solution. We evaluated the image resolu-
tion (line pairs/mm) by imaging a test chart (3M550, Pearl Optical Industry, Tokyo, Japan),
as described previously [17].

The test solution was placed on the test chart under a cover glass, and the dacryoen-
doscope was fixed such that the tip of its probe was positioned 1.5 mm above the test chart.
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The images were acquired after confirming that the probe’s tip was in contact with the
test solution. The power of resolution in each condition from the test chart images were
evaluated by two examiners (S.H. and K.T.).

3. Results

Figure 1 shows the original and post-processing images from a representative case;
further details are available in Video S1.

 

Figure 1. Original and post-processing representative images of the canaliculus (a,b), lacrimal sacs
(c,d), nasolacrimal ducts (e,f), and intra-canal materials (g,h). The comb-structured artifact was
observed in the original images, which were uneven and difficult to observe (a,c,e,g). However,
in the post-processing images, this artifact was removed by image processing, and the visibility
was improved (b,d,f,h). The blood vessels in the lacrimal sac mucosa were more highlighted in the
processed image than in the original image (c,d). On comparing the nasolacrimal duct images, the
luminal structures that were obscured in the original image (e) were visible in the processed image (f).

The comb-structured artifact was observed in the original images, which were uneven
and difficult to observe (Figure 1a,c,e,g; Video S1a,c,e,g). However, this artifact was
removed by image processing, and the visibility was improved in the post-processing
images (Figure 1b,d,f,h; Video S1b,d,f,h).

For example, Figure 1c shows the original image of the lacrimal sac (Figure 1c;
Video S1c); the blood vessels in the lacrimal sac mucosa are more highlighted in the corre-
sponding processed image (Figure 1d; Video S1d).

A comparison of the nasolacrimal duct images revealed that the luminal structures
that were obscured in the original image (Figure 1e; Video S1e) were visible in the processed
image (Figure 1f; Video S1f).

Figure 2 shows a graph comparing the visual scores of all images. The visual score
(estimate ± standard error) significantly improved from 3.52 ± 0.26 (original images) to
5.77 ± 0.28 (post-processing images; p < 0.001, linear mixed-effects model). Similarly, the
visual scores of the original and post-processing images were 2.73 ± 0.45 and 5.07 ± 0.60 for
the canaliculus, 4.07 ± 0.47 and 6.33 ± 0.48 for the lacrimal sac, 4.33 ± 0.51 and 6.47 ± 0.47
for the nasolacrimal duct, and 2.93 ± 0.46 and 5.20 ± 0.53 for the intra-canal materials,
respectively. After image processing, all scores improved significantly (p < 0.001, linear
mixed-effects model).

The apparent visibility-improvement effect of image processing was confirmed in the
in vitro experiment (Figure 3).
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Figure 2. A graph comparing the visual scores of all images before and after image processing,
including those of the canaliculus, lacrimal sacs, nasolacrimal ducts, and intra-canal materials.

Figure 3. Settings and images of the in vitro experiment conducted to assess the effects of image
processing on dacryoendoscopic images, whose quality deteriorated due to opacity caused by blood
and pus in the lacrimal duct lumen. The test solution was placed on the test chart with a cover
glass, and the endoscope was positioned such that the tip of its probe rested 1.5 mm above the test
chart (a,b). Under saline, the original images (c) showed prominent comb artifacts. However, in the
processed images (d), these comb artifacts were eliminated, and the visibility was improved. The
image resolution of the original image was 25 line pairs/mm (c), whereas that of the processed image
was 28 line pairs/mm (d). Images observed with 1%, 2%, and 3% diluted milk saline (DMS) showed
an improved contrast and resolution after image processing. The resolutions of the original and
post-processing images were as follows: (1) 1% DMS, 10 line pairs/mm (e) vs. 22 line pairs/mm (f);
(2) 2% DMS: 10 line pairs/mm (g) vs. 16 line pairs/mm (h); and (3) 3% DMS: not evaluable (i) vs.
3 line pairs/mm (j). The resolution of the original and processed images in 50% blood was 18 line
pairs/mm (k,l).
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Under saline, the original image (Figure 3c) showed prominent comb artifacts; how-
ever, in the processed image (Figure 3d), the comb artifacts were eliminated, and the
visibility was improved. The image resolution of the original image was 25 line pairs/mm
(Figure 3c), whereas that of the processed image was 28 line pairs/mm (Figure 3d).

The images observed with 1%, 2%, and 3% DMS showed an improved contrast and
resolution after image processing. The resolutions of the original and processed images
were as follows: 1% DMS, 10 line pairs/mm (Figure 3e) vs. 22 line pairs/mm (Figure 3f);
2% DMS, 10 line pairs/mm (Figure 3g) vs. 16 line pairs/mm (Figure 3h); and 3% DMS, not
evaluable (Figure 3i) vs. 3 line pairs/mm (Figure 3j).

The image observed with 50% blood showed an improved visibility after image
processing. However, the resolution barely differed between the original and processed
images (18 line pairs/mm (Figure 3k) vs. 18 line pairs/mm (Figure 3l)).

4. Discussion

The image-processing algorithm used in this study improved the dacryoendoscopic
visibility for every region of the lacrimal duct lumen. The dacryoendoscope has a small
diameter and can deliver a limited amount of light; thus, light cannot reach regions as deep
as the nasolacrimal duct. It is often difficult to observe the details in a deep duct (Figure 1e).
However, the contrast between components can be improved by image processing. As
shown in Figure 1f (post-processing image), it was possible to visualize the details in the
luminal structure that were not visible in Figure 1e (original image). Accurate identification
of the site of lacrimal passage obstruction is important for its successful treatment with
lacrimal endoscopy [16]. Image processing allows a clear visualization of the dimple sign,
which indicates an obstruction of the lacrimal duct; this in turn is expected to prevent the
creation of false passages and enable an accurate recanalization of the lacrimal duct.

Recently, various microendoscopic transcanalicular therapies have been developed
for the management of lacrimal passage obstruction; these include transcanalicular en-
doscopic dacryoplasty, dacryoendoscopic-assisted nasolacrimal duct intubation [9–11],
electrocautery-based techniques [34], and laser or microdrill dacryoplasty [35]. To perform
these techniques adequately, it is important to improve the visibility of the dacryoendo-
scope. Enhancement of the luminal structure images by image processing is expected to
improve dacryoendoscopic treatment outcomes for lacrimal passage diseases.

Dacryoendoscopy is attracting increasing attention for performing detailed observa-
tions of the lacrimal duct lumen mucosa. Mimura et al., demonstrated that staining of the
lacrimal canal mucosa with indigo carmine during dacryoendoscopic examination enabled
the assessment of fibrosis and inflammation [36]. In the present study, the blood vessels
in the lacrimal sac images were more clearly visible after image processing (Figure 1c,d).
Thus, this technique would allow a deeper understanding of lacrimal duct pathologies by
enabling a more detailed observation of the lacrimal duct mucosa.

The reduced visibility due to blood- or pus-associated clouding during dacryoen-
doscopic observation was reportedly improved by using the dacryoendoscope under air
perfusion [37]. However, performing lacrimal endoscopy under air perfusion requires a
special setting, which is not available commercially and is difficult to establish in general
practice. Conversely, the algorithms used in this study can be easily introduced into clinical
practice. They can be integrated into an existing video system to perform real-time image
processing. In addition, the in vitro experiments performed in our study demonstrated
a high image-sharpening effect of these algorithms on the blood- and saline-associated
opacity; this is expected to be useful in actual clinical practice.

This study had some limitations. First, the study design did not facilitate the direct
evaluation of the improvements in the diagnostic accuracy and treatment outcomes fol-
lowing image processing. Further studies will be needed to clarify whether the proposed
algorithms contribute to improved clinical outcomes. Second, other expected benefits,
such as a shortened treatment time and reduced surgeon stress, could not be determined
due to the study’s retrospective nature. Therefore, prospective studies on patients are
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desirable in order to investigate this. Furthermore, to ensure that this modality benefits the
patients, it is important that the image processing device becomes widely available at low
additional costs.

5. Conclusions

In conclusion, this study demonstrated that image-processing and image-sharpening
algorithms for comb artifact removal could improve the dacryoendoscopic visibility and
thus potentially improve the diagnostic accuracy and treatment outcomes in patients with
lacrimal passage obstruction.
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mdpi.com/article/10.3390/jcm11082073/s1, Video S1: Original and post-processing representative
images of the canaliculus (a,b), Video S2: Original and post-processing representative images of
the lacrimal sacs (c,d), Video S3: Original and post-processing representative images of the naso-
lacrimal ducts (e,f), Video S4: Original and post-processing representative images of the intra-canal
materials (g,h).
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Abstract: We aimed to establish an artificial intelligence (AI) system based on deep learning and
transfer learning for meibomian gland (MG) segmentation and evaluate the efficacy of MG den-
sity in the diagnosis of MG dysfunction (MGD). First, 85 eyes of 85 subjects were enrolled for AI
system-based evaluation effectiveness testing. Then, from 2420 randomly selected subjects, 4006 mei-
bography images (1620 upper eyelids and 2386 lower eyelids) graded by three experts according to
the meiboscore were analyzed for MG density using the AI system. The updated AI system achieved
92% accuracy (intersection over union, IoU) and 100% repeatability in MG segmentation after 4 h of
training. The processing time for each meibography was 100 ms. We discovered a significant and
linear correlation between MG density and ocular surface disease index questionnaire (OSDI), tear
break-up time (TBUT), lid margin score, meiboscore, and meibum expressibility score (all p < 0.05).
The area under the curve (AUC) was 0.900 for MG density in the total eyelids. The sensitivity and
specificity were 88% and 81%, respectively, at a cutoff value of 0.275. MG density is an effective index
for MGD, particularly supported by the AI system, which could replace the meiboscore, significantly
improve the accuracy of meibography analysis, reduce the analysis time and doctors’ workload, and
improve the diagnostic efficiency.

Keywords: meibomian gland dysfunction; meibomian gland density; deep learning; transfer learning;
artificial intelligence

1. Introduction

Meibomian gland dysfunction (MGD) is a chronic, diffuse abnormality of the meibo-
mian glands (MGs), commonly characterized by terminal duct obstruction and/or qualita-
tive/quantitative changes in glandular secretion and also a major cause of dry eye [1,2]. It
can cause tear film instability and ocular surface inflammation, resulting in ocular irritation
symptoms, and may even damage the cornea and affect visual function in severe cases.
In the absence of a gold-standard diagnostic test, finding effective diagnostic parameters
for MGD is imperative. Currently, an intuitive index for assessing MGD is the degree of
MG atrophy, which is both common and subjective. In addition, morphological changes
in the MGs can also predict the severity of MGD [3,4]. Studies have also confirmed that
morphological indices of the MGs, such as their length, width, and tortuosity, are related
to their function [5,6]. Ban et al. found that MG morphology in the upper eyelid was
significantly correlated with the condition of the tear film or ocular surface epithelium [4].
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MG atrophy grading has been proven to be an effective diagnostic index for MGD [7–10].
Based on the findings of these studies, further studies used ImageJ and other software to
manually label the MG for a quantitative analysis. However, manual labeling of MGs is sub-
ject to insurmountable subjective errors and is time-consuming, resulting in low efficiency.

In subsequent studies, image-processing algorithms have become popular research
tools for MG image analysis. Some analytical methods showed superiority in MG mor-
phological analysis. Arita et al. reported an image processing system that could analyze
the MG morphology and obtain relatively accurate results [11,12]. Llorens-Quintana et al.
reported a new methodology for analyzing, in an automated and objective fashion, infrared
images of the MG [13]. Ciężar et al. reported that global 2D Fourier transform analysis of
infra-red MG images provides values of two new parameters: mean gland frequency and
anisotropy in gland periodicity. Their values correlate with MGD [14]. Yeh et al. reported a
nonparametric instance discrimination approach that automatically analyses MG atrophy
severity from meibography without prior image annotations and categorizes the MG char-
acteristics through hierarchical clustering [15]. However, traditional image algorithms still
have some limitations, such as unstable region detection and weak characterization of the
extracted features. In addition, the overall evaluation index is based on the dropout grade
classification of MGs, and it is impossible to extract and analyze each gland separately [16].

Previous studies on artificial intelligence (AI), such as convolutional neural networks,
have proven effective in the automatic evaluation of meiboscore [17–19]. However, these
studies focused on MG dropout grade classification and did not segment each MG. Conse-
quently, they could not be further analyzed.

The purpose of this study was to develop an AI-based evaluation system for MG
morphology based on deep learning and transfer learning for segmenting each MG and
evaluating MG morphological indices accurately. Furthermore, the study also aimed
to make it possible to diagnose MGD using MG density, an index that requires many
annotations and calculations.

2. Materials and Methods

2.1. Patients and Materials

The subjects used in the AI model training were the same as those in our previous
report [20], and a total of 60 randomly selected subjects were recruited. Sixty original
annotated meibography images of the upper eyelids were used in this study. Of these, 40
were used as the original training images. A total of 245,760 images were generated from
these 40 images as a training set using image enhancement software. Another 20 annotated
meibography images were used as validation sets. Subsequently, we adjusted the parame-
ters and trained the AI to apply it to the lower eyelid. Sixty original annotated meibography
images of the lower eyelids were used for the validation.

First, 85 eyes from 85 subjects (age, 8–83 years) were enrolled for the AI system
analysis and evaluation of the efficacy of MG density for MGD diagnosis. Only one eye of
each subject was randomly selected and included for the comprehensive dry eye and MG
examination. The exclusion criteria were as follows: (1) history of ocular trauma or surgery;
(2) systemic drugs or eye drops affecting MG function or tear film used in the last 2 weeks;
(3) contact lenses worn in the last 2 weeks; and (4) ocular or systemic diseases known to
affect tear film or MG function. A total of 53 subjects with obstructive MGD (20 males and
33 females; median age, 35.00 (30.00–50.00) years) were included in the MGD group, and
32 healthy subjects (13 males and 19 females; median age, 25.00 (16.25–32.75) years) in the
control group.

All 53 subjects with obstructive MGD were diagnosed by two experienced ophthal-
mologists when any two of the three scores were abnormal: (I) ocular symptom score
≥ 3; (II) lid margin abnormality score ≥ 2; and/or (III) meiboscore ≥ 3 [21]. Subjects
diagnosed with obstructive MGD by both ophthalmologists were included in this study.
If the ophthalmologists provided different diagnoses, the subjects were excluded from
the study.
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A total of 4006 meibography images (including 1620 upper eyelids and 2386 lower
eyelids) from 2420 randomly selected subjects (age ≥18 years) were used for MG density
analysis using the AI system. All 4006 meibography images were graded according to
the meiboscore (range, 0–3) by three experienced ophthalmologists, and their majority
opinion was obtained. A qualified meibography image needed to meet two requirements:
(1) the tarsal plates must be entirely exposed, and (2) the meibography image must be
focused correctly and clearly. Unqualified meibography images would interfere with the
meiboscore and MG density results. The correlation between MG density obtained by the
AI system and meiboscore from ophthalmologists was analyzed.

All subjects were from the Eye Hospital, Wenzhou Medical University. The study
was conducted in accordance with the Declaration of Helsinki and was approved by
the Research Ethics Committee of the Eye Hospital, Wenzhou Medical University (ap-
proval number: 2020-209-K-191). This study is registered on http://www.chictr.org.cn
(ChiCTR2100052575, 31 October 2021). Informed consent to publish was obtained from all
participants before their inclusion in the study.

2.2. Methods
2.2.1. Data Collection and Processing of Samples

Samples were collected, optimized, and processed using the previously reported
method [20]. First, images of both the upper and lower MGs were captured using the
Oculus Keratograph 5M (K5M; Oculus, Wetzlar, Germany). Second, these images were
optimized, converted to grayscale, and then standardized and normalized.

2.2.2. Network Structure and AI Training

The tarsus segmentation model was based on Mask R-CNN [22]. Based on the pre-
trained Mask R-CNN model (https://github.com/matterport/Mask_RCNN, 20 March
2018), we used 100 annotated images of upper and lower tarsus for fine-tuning and obtained
fine-tuned model parameters after iterating 200 epochs. Another 20 sample images were
used to test the fine-tuned model. Finally, we used the fine-tuned Mask R-CNN model to
segment the tarsus.

Transfer learning was used to apply the pretrained model and parameters on Im-
ageNet [23] to our previously reported deep learning model (Figure 1A). The residual
neural network (ResNet) exhibits excellent performance in image classification and target
detection [24]. The 50-layer ResNet (ResNet50) was replaced with the max-pooling layers
of the previous U-net model; however, the upsampling layer remained the same (Figure 1B).
We call this the ResNet50_U-net.

Forty annotated meibography images of the upper eyelids were included as the
basis for the training set. In each iteration of training, four images of these 40 original
meibography images were randomly selected. The data enhancement model (https://
github.com/aleju/imgaug#citation, 6 February 2020, Figure 2) was used to enhance the
input of four images with random use of algorithms and parameters, with four new images
generated. The final version of the model was iterated a total of 61,440 times in all training
and generated 245,760 new images as the training set. The amount of data can preliminarily
meet the needs of training a deep convolutional neural network.

The original meibography (Figure 3A) was preprocessed to show the glands more
clearly (Figure 3B). Compared to the manually annotated result (Figure 3C), the AI system
exhibited superior recognition ability (Figure 3D). Figure 4 shows a sample of the original
meibography, manual annotation, and AI segmentation of the MGs.
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Figure 1. Network Structure. (A) The network structure of the modified U-net model as we reported
previously; (B) the network structure of the ResNet50_U-net model in this study.

 

Figure 2. The image enhancement model example. (A) Original training image. (B–L) Output
images with 11 enhancement methods.
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Figure 3. The samples of image processing, annotation and segmentation. (A) The original mei-
bography. (B) The preprocessed image. (C) The manually annotated MGs in yellow outline. (D) The
segmented MGs by AI system are shown in yellow.

 

Figure 4. The comparisons of manual annotation and AI automatic segmentation. (A1,B1,E1,F1)
The original meibography of the upper eyelid. (A2,B2,E2,F2) The manual annotation of the upper
eyelid (yellow outline). (A3,B3,E3,F3) The AI segmentation MGs of the upper eyelid (yellow part).
(C1,D1,G1,H1) the Original meibography of the lower eyelid. (C2,D2,G2,H2) The manual annotation
of the lower eyelid (yellow outline). (C3,D3,G3,H3) The AI segmentation MGs of the lower eyelid
(yellow part).

We used another 20 annotated original upper eyelid meibography images apart from
the training set as the validation set. We used the intersection of unions (IoU) to evaluate the
accuracy of the MG recognition model (Figure 5). It can be simply understood as the ratio
of the intersection of the ground truth (manual annotation) and AI result (AI segmentation)
to their union.
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Figure 5. The intersection (green part) of the ground truth (manual annotation, blue part) and the AI
result (AI segmentation, yellow part) divided by their union (red part) is IoU.

2.2.3. Clinical Parameters

The clinical assessments were performed sequentially as follows [20]. All subjects
completed the Ocular Surface Disease Index (OSDI) questionnaire and were asked whether
they had any of the 14 MGD-related ocular symptoms (symptom score) [25]. Images of
both the upper and lower MGs were captured using the Keratograph 5M. The central
tear meniscus height (TMH) of the lower eyelid was measured 5 s after blinking using
the Keratograph 5M. Tear break-up time (TBUT) was measured and corneal fluorescein
staining (CFS) was performed after the instillation of fluorescein. TBUT was measured three
times, and the mean value was recorded. CFS was graded according to the Baylor grading
scheme from 0 to 4 [26]. Four lid margin abnormalities (irregular lid margin, vascular
engorgement, plugged meibomian gland orifices, and anterior or posterior replacement of
the mucocutaneous junction) were scored from 0 to 4, according to the number of these
abnormalities present in each eye [21]. The MG expressibility scores ranged from 0 to 45 by
assessing the meibum quality and quantity of the 15 glands on each lower eyelid [27].

2.2.4. MG Indices

To assess the degree of MG dropout, we used the method described by Arita et al. to
calculate the meiboscore: 0, no loss of MGs; 1, the lost area was less than one-third of the
total area of the MGs; 2, the lost area was between one-third and two-thirds of the total area
of the MGs; and 3, the lost area was over two-thirds of the total area of the MGs [9]. The
total meiboscore of the upper and lower eyelids ranged from 0 to 6.

MG density was automatically calculated by the AI system using the following for-
mula [28]: the sum of the area of MGs divided by the total area of the tarsus in pixels.
∑n

i=1 SMGi = the sum of pixels of all MGs, St = the total pixels of the tarsus.

MG density =
∑n

i=1 SMGi

St

2.2.5. Statistical Analysis

The normality of data distributions was analyzed using the Kolmogorov–Smirnov test,
and the abnormal data distributions were analyzed using the non-parametric statistical
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analyses. Values are expressed as the mean ± standard deviation (SD) or (range) or median
(interquartile range [IQR]). Either the independent samples t-test or the Mann–Whitney
U-test was used to compare differences between MGD subjects and normal control subjects.
The generalized estimating equation was used to adjust the age difference. Kruskal–Wallis
H-test was used to compare the MG density and the severity score of the meiboscore
scale. The correlations between various MG morphological parameters and MG function
parameters (i.e., OSDI, TBUT, CFS, lid margin score, meiboscore, and meibum expressibility
score) were determined using Pearson’s or Spearman’s correlation analysis. The χ2 test was
used to compare the sex ratios between the two groups. Receiver operating characteristic
(ROC) curve analysis was used to determine the predictive value of MG density for the
diagnosis of MGD. A two-sided p < 0.05 was considered statistically significant. All
statistical analyses were performed using SPSS Statistics 23.0 (IBM, Armonk, NY, USA).

3. Results

3.1. AI Training and Testing

The AI system of Mask R-CNN achieved 93% accuracy (IoU) and 100% repeatability
for tarsus segmentation. The AI system of ResNet50_U-net training lasted for 4 h, a signifi-
cant reduction from the duration of our previous U-Net model training (15 h). Additionally,
the ResNet50_U-net model achieved 92% accuracy (IoU) and 100% repeatability for MG
segmentation. Subsequently, we adjusted the parameters and trained the AI to automati-
cally segment the lower MGs and achieved the same level of IoU. The processing time of
each meibography was 100 ms with a GTX 1070 8G GPU.

3.2. Characteristics

A total of 85 eyes from 85 randomly selected subjects were enrolled for AI system
effectiveness testing. These included 53 subjects with obstructive MGD (20 males and
33 females, median age, 35.00 (30.00–50.00) years) and 32 normal volunteers (13 males and
19 females, median age, 25.00 (16.25–32.75) years). Because the age difference between pa-
tients with MGD and the normal control group was significant, the generalized estimating
equation was used to adjust for age. No significant difference in sex was observed between
patients with MGD and normal controls. The baseline characteristics of the 85 subjects are
summarized in Table 1.

Table 1. Clinical parameters of the 85 subjects.

Parameter Normal (n = 32) MGD (n = 53) p p *

Age (years), Median (IQR) 25.00 (16.25–32.75) 35.00 (30.00–50.00) <0.001 -

Sex (n, male/female) 13/19 20/33 0.794 -

OSDI (0–100), Median (IQR) 4.47 (0.30–12.35) 25.00 (13.24–37.80) <0.001 <0.001

Symptom score (0–14), Median (IQR) 2.00 (0–4.00) 7.00 (5.00–8.00) <0.001 <0.001

TBUT (s), Median (IQR) 5.00 (5.00–7.75) 2.50 (1.33–3.67) <0.001 <0.001

CFS (0–20), Median (IQR) 0 (0–0) 0 (0–0) 0.058 0.021

TMH (mm), Median (IQR) 0.19 (0.16–0.23) 0.20 (0.17–0.24) 0.461 0.871

Lid margin score (0–4), Median (IQR) 0 (0–1.00) 2.00 (1.00–2.00) <0.001 <0.001

Meiboscore (0–6), Median (IQR) 2.00 (1.00–2.00) 3.00 (2.00–4.50) <0.001 <0.001

Meibum expressibility score (0–45), Median (IQR) 38.50 (30.00–45.00) 18.00 (5.50–34.50) <0.001 <0.001

MGD = meibomian gland dysfunction; IQR = interquartile range; OSDI = Ocular Surface Disease Index;
TBUT = tear break-up time; CFS = corneal fluorescein staining; TMH = tear meniscus height; Values are ex-
pressed as the median (IQR). Mann–Whitney U-test was used to compare differences between MGD subjects and
normal control subjects. * p values adjusted for age by generalized estimating equation.
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3.3. MG Density and Functions

The MG density in the upper eyelid was significantly correlated with OSDI (r = −0.320,
p = 0.003), TBUT (r = 0.484, p < 0.001), lid margin score (r = −0.350, p = 0.001), meiboscore
(r = −0.749, p < 0.001), and meibum expressibility score (r = 0.425, p < 0.001). The MG
density in the lower eyelid was significantly correlated with OSDI (r = −0.420, p < 0.001),
TBUT (r =0.598, p < 0.001), lid margin score (r = −0.396, p < 0.001), meiboscore (r = −0.720,
p < 0.001), and meibum expressibility score (r = 0.438, p < 0.001). The MG density in the
total eyelid was significantly correlated with OSDI (r = −0.404, p < 0.001), TBUT (r = 0.601,
p < 0.001), lid margin score (r = −0.416, p < 0.001), meiboscore (r = −0.805, p < 0.001),
and meibum expressibility score (r = 0.480, p < 0.001). However, there were no significant
correlations between MG density and CFS or TMH in upper eyelid, lower eyelid and total
eyelid (all p > 0.05). These results are shown in Table 2.

Table 2. Correlations of MG density with tear film functions and MG status in 85 subjects.

OSDI TBUT CFS TMH
Lid Margin

Score
Meiboscore

Meibum
Expressibility Score

MG density
Upper eyelid −0.320 † 0.484 ‡ −0.162 −0.059 −0.350 † −0.749 ‡ 0.425 ‡
Lower eyelid −0.420 ‡ 0.598 ‡ −0.177 −0.058 −0.396 ‡ −0.720 ‡ 0.438 ‡
Total eyelid −0.404 ‡ 0.601 ‡ −0.166 −0.070 −0.416 ‡ −0.805 ‡ 0.480 ‡

MG = meibomian gland; OSDI = Ocular Surface Disease Index; TBUT = tear break-up time; CFS = corneal
fluorescein staining; TMH = tear meniscus height; Spearman’s rank correlation coefficient test. † p < 0.005.
‡ p < 0.001.

3.4. MG Density with Meiboscore

After analyzing 4006 random meibography images using the AI system, it was ob-
served that the MG density in the upper eyelid was significantly negatively correlated
with the meiboscore (r = −0.707, p < 0.001), as was that in the lower eyelid (r = −0.472,
p < 0.001). The corresponding relationship between the MG density and meiboscore is
shown in Figure 6.

Figure 6. Corresponding relationship between MG density and meiboscore. (A) The corresponding re-
lationship between the upper eyelid MG density and meiboscore. (B) The corresponding relationship
between lower eyelid MG density and meiboscore. The “hot” red areas represent data-intensive areas.
The maximum number was 80 and 60 meibography images on the upper eyelid and lower eyelid,
respectively. The “cold” green areas are the opposite. The minimum value is 1 meibography image.
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3.5. MG Density to Meiboscore

We compared the correspondence between the MG density and meiboscore, as shown
in Table 3. The MG density distribution in the upper eyelid on each meiboscore scale
was not the same, and the difference was significant (H = 882.932, p < 0.001). The MG
density distribution in the lower eyelid on each meiboscore scale was not the same, and the
difference was significant (H = 596.815, p < 0.001). Figure 7 depicts meibography images
with varying MG densities and corresponding meiboscores to help readers gain insight
into the relationship between MG density and meiboscore.

Table 3. Comparison table of MG density and meiboscore.

MG Density

Upper Eyelid (1620) Lower Eyelid (2386)

Median (IQR) H-Value p Median (IQR) H-Value p

Meiboscore 0 0.30 (0.25–0.33)

882.932 <0.001

0.19 (0.14–0.23)

596.815 <0.001
Meiboscore 1 0.25 (0.21–0.29) 0.17 (0.13–0.21)

Meiboscore 2 0.15 (0.12–0.18) 0.13 (0.10–0.17)

Meiboscore 3 0.10 (0.06–0.12) 0.07 (0.04–0.11)

MG = meibomian gland; IQR = interquartile range; p: compare distributions across groups; H-value: test statistic.

Figure 7. Meibography images with MG densities and meiboscores. Rows 1 to 4 refer to meibography
images with meiboscore 0 to 3, respectively. MG density was calculated from the meibography
images by our AI system.
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3.6. Sensitivity and Specificity of MG Density

Figure 8 shows the results of the ROC curve analyses, which indicated the sensitivity
and specificity of MG density for the diagnosis of MGD. The area under the curve (AUC)
was 0.836 for MG density in the upper eyelid. The sensitivity and specificity were 73% and
81%, respectively, at a cut-off value of 0.265. The AUC was 0.888 for MG density in the
lower eyelid. The sensitivity and specificity were 82% and 88%, respectively, at a cut-off
value of 0.255. The AUC was 0.900 for MG density in the total eyelids. The sensitivity and
specificity were 88% and 81%, respectively, at a cut-off value of 0.275.

Figure 8. ROC curve analysis of MG density for the diagnosis of MGD.

4. Discussion

Diagnosis of MGD is difficult because most of the diagnostic criteria are subjective
and are usually based on a combination of a high meiboscore, dry eye symptoms, and
lid margin abnormalities [29]. A comprehensive analysis of MG morphology is the key
for determining the severity of MGD. Currently, the most widely used MG morphology
criterion is a qualitative MG dropout grading index similar to the meiboscore, and its
effectiveness has been proven by a large number of studies. However, the meiboscore and
other qualitative grading indices also have the limitations of strong subjectivity and poor
repeatability, especially regarding the results adjacent to the grading transition zone. For
example, when the MG dropout ratio is 1/3 or 2/3, the meiboscore becomes unstable. This
study proposes a novel MG dropout index, the MG density. It is a linear quantitative index
that extracts the image of each MG gland and calculates the ratio of the precise gland area
relative to the tarsus area. This novel index greatly improves the accuracy compared with
the traditional MG atrophy grade method, but it also shows instability and inaccuracy
owing to anthropogenic annotation errors, limiting its effectiveness when using manual
calculations. This MG density index requires many calculations, which limits its clinical
application. AI has a quick mathematical calculation ability and high reliability, which is
suitable for calculating MG density. There was no need to control between-group variance
and repeatability, such as within-subject SD (SW), within-subject coefficient of variation
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(CVw), and intraclass correlation coefficient (ICC), as in our previous study [20,28]. In this
study, the AI system achieved a 92% IoU and 100% repeatability.

The AI model used in this study is the latest iteration of the CNN model used in
our previous study [20]. To further improve the recognition accuracy of AI systems, a
large training dataset is required. To overcome the dilemma of fewer MG images, we
selected a data enhancement model to manipulate MG images and a combination of deep
and transfer learning for AI model building. Transfer learning techniques attempt to
transfer knowledge from previous tasks to a target task when the latter has less high-
quality training data. This can be accomplished using a network that has already been
pretrained on millions of general-purpose images (ImageNet [30]) without any additional
retraining needed for the deep convolutional neural networks on our specific dataset. Using
transfer learning, we were able to use a pretrained neural network in our image recognition
network, which greatly reduced the dependence on training data and improved the training
speed (from 15 h for the U-Net model to 4 h for the ResNet50_U-net model) and accuracy.
Transfer learning has been used to study ophthalmic diseases, such as age-related macular
degeneration [31] and glaucoma [32]. Although a small number of subjects were used to
train AI in this study, the detection accuracy was very high owing to the combination of
deep learning and transfer learning.

After comparing the relationship between the MG morphological indices extracted by
the AI system and clinical parameters, as previously reported [3,33,34], the AI system in
this study revealed that MG dropout was significantly correlated with MGD symptoms,
tear film stability, lid margin abnormality, and meibum expressibility. One step further
than previous research [7,9,18,19,35,36], our study used MG density instead of meiboscore
to evaluate the degree of MG dropout successfully. ROC curve analysis revealed that MG
density showed high diagnostic efficiency for MGD. MG density in the total eyelids showed
good efficiency, sensitivity, and specificity for the diagnosis of MGD, with a sensitivity and
specificity of 88% and 81%, respectively, at a cut-off value of 0.275.

Furthermore, regarding MG atrophy evaluation, a quantitative index based on the con-
tinuous numerical result of MG density is a better criterion than a qualitative index based
on the MG dropout grade of the meiboscore. It is difficult to provide precise meiboscores
when MG atrophy is near the grading transition limits (0%, 33%, and 66%), whereas MG
density can be used in such situations. MG density can be used to effectively assess the
atrophy condition of the MG in each grading transition area. Simultaneously, we also pro-
posed the corresponding and conversion relation between the MG density and meiboscore
by analyzing 4006 meibography images. There was a significant linear correlation between
the MG density and meiboscore, especially in the upper eyelid. The MG density of the
lower eyelid was slightly less correlated with the meiboscore, which may be related to the
fact that the lower palpebral conjunctiva was mistakenly identified as the tarsus by the
AI system because of the excessive turnover of the lower eyelid. In the future, based on
AI assistance, the quantitative index of MG density can be used to replace the qualitative
index of MG dropout, such as the meiboscore.

This study has some limitations. The sample size for AI training was small. Even
though we used imgaug, a data enhancement library, which could partially obtain a large
amount of information from the original meibography used for AI training and greatly
reduce the workload of annotation, it still could not change some basic information of the
meibography, such as the number of glands. Therefore, it could not completely replace the
newly annotated images. In addition, the sample size for evaluating the diagnostic efficacy
of MG density was small. In future studies, the author’s team will recruit more subjects for
AI system training and testing.

5. Conclusions

MG density is an accurate and effective evaluation index that can completely replace
the meiboscore for the quantitative diagnosis of MG dropout. We propose MG density as a
novel quantitative index for AI-based diagnosis of MGD. Simultaneously, the AI system
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can reduce the subjective bias of the observer and doctors’ workload, improve efficiency,
and assist nonprofessional doctors with MGD diagnosis.
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14. Ciężar, K.; Pochylski, M. 2D fourier transform for global analysis and classification of meibomian gland images. Ocul. Surf. 2020,
18, 865–870. [CrossRef]

15. Yeh, C.H.; Yu, S.X.; Lin, M.C. Meibography Phenotyping and Classification From Unsupervised Discriminative Feature Learning.
Transl. Vis. Sci. Technol. 2021, 10, 4. [CrossRef]

119



J. Clin. Med. 2022, 11, 2396

16. Koh, Y.W.; Celik, T.; Lee, H.K.; Petznick, A.; Tong, L. Detection of meibomian glands and classification of meibography images. J.
Biomed. Opt. 2012, 17, 086008. [CrossRef]

17. Wang, J.; Yeh, T.N.; Chakraborty, R.; Yu, S.X.; Lin, M.C. A Deep Learning Approach for Meibomian Gland Atrophy Evaluation in
Meibography Images. Transl. Vis. Sci. Technol. 2019, 8, 37. [CrossRef]

18. Zhou, Y.W.; Yu, Y.; Zhou, Y.B.; Tan, Y.J.; Wu, L.L.; Xing, Y.Q.; Yang, Y.N. An advanced imaging method for measuring and
assessing meibomian glands based on deep learning. Zhonghua Yan Ke Za Zhi 2020, 56, 774–779.

19. Maruoka, S.; Tabuchi, H.; Nagasato, D.; Masumoto, H.; Chikama, T.; Kawai, A.; Oishi, N.; Maruyama, T.; Kato, Y.; Hayashi, T.;
et al. Deep Neural Network-Based Method for Detecting Obstructive Meibomian Gland Dysfunction with In Vivo Laser Confocal
Microscopy. Cornea 2020, 39, 720–725. [CrossRef]

20. Dai, Q.; Liu, X.; Lin, X.; Fu, Y.; Chen, C.; Yu, X.; Zhang, Z.; Li, T.; Liu, M.; Yang, W.; et al. A Novel Meibomian Gland Morphology
Analytic System Based on a Convolutional Neural Network. IEEE Access 2021, 9, 23083–23094. [CrossRef]

21. Arita, R.; Itoh, K.; Maeda, S.; Maeda, K.; Furuta, A.; Fukuoka, S.; Tomidokoro, A.; Amano, S. Proposed diagnostic criteria for
obstructive meibomian gland dysfunction. Ophthalmology 2009, 116, 2058–2063.e1. [CrossRef]

22. He, K.; Gkioxari, G.; Dollar, P.; Girshick, R. Mask R-CNN. IEEE Trans. Pattern. Anal. Mach. Intell. 2020, 42, 386–397. [CrossRef]
23. Deng, J.; Dong, W.; Socher, R.; Li, L.; Kai, L.; Li, F. Imagenet: A large-scale hierarchical image database. In Proceedings of the 2009

IEEE Conference on Computer Vision and Pattern Recognition, Miami, FL, USA, 20–25 June 2009; pp. 248–255.
24. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the IEEE Conference on

Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27–30 June 2016; pp. 770–778.
25. Markoulli, M.; Duong, T.B.; Lin, M.; Papas, E. Imaging the Tear Film: A Comparison Between the Subjective Keeler Tearscope-

Plus™ and the Objective Oculus® Keratograph 5M and LipiView® Interferometer. Curr. Eye Res. 2018, 43, 155–162. [CrossRef]
26. De Paiva, C.S.; Pflugfelder, S.C. Corneal epitheliopathy of dry eye induces hyperesthesia to mechanical air jet stimulation. Am. J.

Ophthalmol. 2004, 137, 109–115. [CrossRef]
27. Cochener, B.; Cassan, A.; Omiel, L. Prevalence of meibomian gland dysfunction at the time of cataract surgery. J. Cataract. Refract.

Surg. 2018, 44, 144–148. [CrossRef]
28. Lin, X.; Fu, Y.; Li, L.; Chen, C.; Chen, X.; Mao, Y.; Lian, H.; Yang, W.; Dai, Q. A Novel Quantitative Index of Meibomian Gland

Dysfunction, the Meibomian Gland Tortuosity. Transl. Vis. Sci. Technol. 2020, 9, 34. [CrossRef]
29. García-Marqués, J.V.; García-Lázaro, S.; Talens-Estarelles, C.; Martínez-Albert, N.; Cerviño, A. Diagnostic Capability of a New

Objective Method to Assess Meibomian Gland Visibility. Optom. Vis. Sci. 2021, 98, 1045–1055. [CrossRef]
30. Russakovsky, O.; Deng, J.; Su, H.; Krause, J.; Satheesh, S.; Ma, S.; Huang, Z.; Karpathy, A.; Khosla, A.; Bernstein, M.; et al.

Imagenet large scale visual recognition challenge. Int. J. Comput. Vis. 2015, 115, 211–252. [CrossRef]
31. Burlina, P.; Pacheco, K.D.; Joshi, N.; Freund, D.E.; Bressler, N.M. Comparing humans and deep learning performance for grading

AMD: A study in using universal deep features and transfer learning for automated AMD analysis. Comput. Biol. Med. 2017,
82, 80–86. [CrossRef]

32. Asaoka, R.; Murata, H.; Hirasawa, K.; Fujino, Y.; Matsuura, M.; Miki, A.; Kanamoto, T.; Ikeda, Y.; Mori, K.; Iwase, A.; et al.
Using Deep Learning and Transfer Learning to Accurately Diagnose Early-Onset Glaucoma From Macular Optical Coherence
Tomography Images. Am. J. Ophthalmol. 2019, 198, 136–145. [CrossRef]

33. Green-Church, K.B.; Butovich, I.; Willcox, M.; Borchman, D.; Paulsen, F.; Barabino, S.; Glasgow, B.J. The international workshop
on meibomian gland dysfunction: Report of the subcommittee on tear film lipids and lipid-protein interactions in health and
disease. Investig. Ophthalmol. Vis. Sci. 2011, 52, 1979–1993. [CrossRef]

34. Nelson, J.D.; Shimazaki, J.; Benitez-del-Castillo, J.M.; Craig, J.P.; McCulley, J.P.; Den, S.; Foulks, G.N. The international workshop
on meibomian gland dysfunction: Report of the definition and classification subcommittee. Investig. Ophthalmol. Vis. Sci. 2011,
52, 1930–1937. [CrossRef]

35. Pflugfelder, S.C.; Tseng, S.C.; Sanabria, O.; Kell, H.; Garcia, C.G.; Felix, C.; Feuer, W.; Reis, B.L. Evaluation of subjective
assessments and objective diagnostic tests for diagnosing tear-film disorders known to cause ocular irritation. Cornea 1998,
17, 38–56. [CrossRef]

36. Nichols, J.J.; Berntsen, D.A.; Mitchell, G.L.; Nichols, K.K. An assessment of grading scales for meibography images. Cornea 2005,
24, 382–388. [CrossRef]

120



Citation: Mencucci, R.; Cennamo, M.;

Alonzo, L.; Senni, C.; Vagge, A.;

Ferro Desideri, L.; Scorcia, V.;

Giannaccare, G. Corneal Findings

Associated to Belantamab-Mafodotin

(Belamaf) Use in a Series of Patients

Examined Longitudinally by Means

of Advanced Corneal Imaging. J. Clin.

Med. 2022, 11, 2884. https://doi.org/

10.3390/jcm11102884

Academic Editors: Vito Romano,

Yalin Zheng and Mariantonia Ferrara

Received: 22 April 2022

Accepted: 18 May 2022

Published: 19 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Corneal Findings Associated to Belantamab-Mafodotin
(Belamaf) Use in a Series of Patients Examined Longitudinally
by Means of Advanced Corneal Imaging

Rita Mencucci 1,†, Michela Cennamo 1, Ludovica Alonzo 1, Carlotta Senni 2, Aldo Vagge 3,4,

Lorenzo Ferro Desideri 3,4, Vincenzo Scorcia 5 and Giuseppe Giannaccare 5,*,†

1 Department of Neurosciences, Psychology, Pharmacology and Child Health, Eye Clinic, University of
Florence, 50134 Florence, Italy; rita.mencucci@unifi.it (R.M.); michelacennamo@libero.it (M.C.);
ludovica.alonzo@gmail.com (L.A.)

2 Department of Ophthalmology, University Vita-Salute, IRCCS Ospedale San Raffaele, 20132 Milan, Italy;
senni.carlotta@hsr.it

3 IRCCS Ospedale Policlinico San Martino, University Eye Clinic of Genoa, 16132 Genova, Italy;
aldo.vagge@gmail.com (A.V.); lorenzoferrodes@gmail.com (L.F.D.)

4 Department of Neurosciences, Rehabilitation, Ophthalmology, Genetics, Maternal and Child
Health (DiNOGMI), Università di Genova, 16126 Genova, Italy

5 Department of Ophthalmology, University Magna Græcia of Catanzaro, 88100 Catanzaro, Italy;
vscorcia@unicz.it

* Correspondence: giuseppe.giannaccare@unicz.it; Tel.: +39-09613647041
† These authors contributed equally to this work.

Abstract: Belantamab mafodotin (belamaf) is a novel antibody–drug conjugate developed for the
treatment of patients with relapsed or refractory multiple myeloma (RRMM). Although the drug
has demonstrated a good efficacy, corneal adverse events have been reported. In this prospective
study, consecutive patients with RRMM who received belamaf infusions were included. The standard
ophthalmological visit was implemented with anterior segment (AS)-optical coherence tomography
(OCT) and in vivo confocal microscopy (IVCM). Five patients (three males, two females; mean age
66 ± 6.0 years) with MMRR and unremarkable ocular findings at baseline who received belamaf
infusion were included. After a median time of 28 days from the first infusion, four of them developed
corneal alterations with transient vision reduction to a variable extent. In particular, corneal deposits
of microcyst-like epithelial changes (MECs) were detected centrally in one patient and peripherally in
three patients. AS-OCT scans showed a bilateral heterogeneous increase in signal intensity, together
with hyper-reflective lesions confined within the epithelium in all cases, except for one case in which
they also involved the stroma. Corneal maps showed a transient increase in epithelial thickness in
the first phase that was followed by a diffuse decrease in the subsequent phase. IVCM scans showed
MECs as hyper-reflective opacities located at the level of corneal epithelium, largely intracellular.
Multimodal corneal imaging may implement the current clinical scale, helping us to detect corneal
abnormalities in patients under belamaf therapy. This workup provides useful data for monitoring
over time corneal findings and for optimizing systemic therapy.

Keywords: belantamab mafoditin; belamaf; multiple myeloma; cornea; side effects; vision

1. Introduction

Ocular surface diseases are common among hematological patients, either due to the
underlying diseases or the therapies employed for their treatment [1–3]. Multiple myeloma
(MM) is a hematologic cancer characterized by uncontrolled proliferation and subsequent
accumulation of malignant plasma cells in bone marrow. Despite the continuous attempt at
improving management by investigating new classes of therapeutic agents, unfortunately,
MM is still characterized by a poor prognosis. Indeed, a significant number of patients
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develop relapsed or refractory MM (RRMM) that is resistant to current standard-of-care
options, pointing out the widespread problem of an unmet medical need [4].

Belantamab mafodotin (balamaf) is a first-in-class antibody–drug conjugate developed
for the treatment of patients with RRMM. It consists of an anti-BMCA mAb conjugated
to the microtubule inhibitor monomethyl auristatin F. Belamaf eliminates MM cells by
multiple mechanisms of action, including apoptosis, antibody-dependent cell-mediated
anti-myeloma responses, accompanied by the release of markers characteristic of immuno-
genic cell death [5]. Although the drug has demonstrated a deep and durable response
in this type of patients, various corneal alterations have been reported so far, making the
multidisciplinary management even more challenging.

Herein, we present a series of patients who developed corneal adverse events associ-
ated with belamaf use and describe features, clinical outcomes, and potential importance to
oncologists as a harbinger of serious ocular sequelae. Furthermore, a multimodal imaging-
based diagnostic workup used in this series to detect and monitor over time corneal
alterations is presented.

2. Materials and Methods

This is a prospective observational study conducted at the Careggi University Hospital
(Florence, Italy) that included consecutive patients who received belamaf infusions at the
recommended dose (2.5 mg/kg) every 3 weeks for the treatment of RRMM between January
2021 and March 2021. All patients underwent an ophthalmological visit before starting
treatment, including best corrected visual acuity (BCVA) testing, slit lamp evaluation of the
cornea with photograph, intraocular pressure measurement and fundoscopy. The standard
visit was implemented with a diagnostic workup focused on cornea that included anterior
segment (AS)-optical coherence tomography (OCT) for the studying of corneal maps
and in vivo confocal microscopy (IVCM). In particular, corneal epithelial thickness was
measured in 5 sectors: one central 3 mm diameter and four inner sectors (inferior, superior,
nasal, and temporal) within a ring (3–6 mm in diameter). Patients were followed-up for at
least 12 months and underwent serial ophthalmological visits before each drug infusion.

3. Results

Overall, five patients (three males, two females; mean age 66 ± 6.0 years) with MMRR
were screened for belamaf infusion during the study period. At baseline, all of them pre-
sented full vision (mean pre-belamaf BCVA of 20/20) and did not present any remarkable
corneal findings; thus, they were treated with belamaf according to drug protocol. Follow-
ing a mean time of 28 days from the first belamaf infusion, four patients developed corneal
alterations with a variable degree of vision reduction (mean post-belamaf BCVA of 20/32).
On slit lamp examination, corneal deposits with microcyst-like epithelial changes (MECs)
were detected bilaterally in the center of the cornea in one patient and in the peripheral
cornea in three patients (Figure 1). Of note, the patient with central MECs complained of
blurred vision, while two of the remaining patients with peripheral MECs reported only
dry-eye-like symptoms. Two patients switched to a modified therapy regimen, delaying
by a week the treatment due to corneal adverse events. In two cases, the epithelial lesions,
which were initially small and located in corneal periphery and mid-periphery, migrated
towards central cornea, becoming progressively more numerous; afterwards, they slowly
decreased in number, as demonstrated both clinically and instrumentally.

AS-OCT scans showed a bilateral heterogeneous increase in signal intensity, together
with hyper-reflective lesions corresponding to visible corneal alterations at slit lamp. These
lesions were confined within the epithelium, but in one case, they migrated deeper, involv-
ing the stroma (Figure 2).

Corneal epithelial maps showed a transient CET increase soon after the first infu-
sion, followed by a progressive decrease during the following infusions (“plateau phase”)
(Figures 3 and 4).
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Figure 1. Slit-lamp photograph of the cornea in a patient with belamaf keratopathy. (A): Diffuse
microcystic-like epithelial changes (MECs) in the central cornea. (B): Better visualization of MECs
aided by retroillumination and pupil dilation.

Figure 2. Anterior segment optical coherence tomography (AS-OCT) in a patient with belamaf
keratopathy showing heterogeneous, diffuse corneal epithelium hyper-reflectivity corresponding to
MECs (arrowheads), with a small hyper-reflective area extending to the anterior stroma associated
with a focal interruption of the Bowman layer (arrow).

Figure 3. Corneal epithelial thickness (CET) mapping during monthly infusions of belamaf in a
patient with belamaf keratopathy. (A): Before the second infusion showing a localized transitory CET
increase; (B–D): Progressive reduction in CET over time, respectively, before the third, fourth and
fifth infusion (“plateau phase”).
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Figure 4. Graph showing the changes of average values of corneal epithelial thickness (CET) mea-
sured in 5 sectors according to the infusion of belamaf in a representative patient. After the first
dose, an increase in CET with the appearance of central MECs and vision reduction were found.
The second dose was therefore delayed by one week. After the third and the fourth dose, a diffuse
decrease in CET was assessed, followed by a “plateau phase” after the fifth dose. CET values are
expressed in micron.

Using IVCM, MECs appeared as hyper-reflective opacities, sometimes arranged in
clusters, resembling a “pseudo-rosette” pattern, located at the level of corneal epithelium,
largely intracellular. In particular, in one patient, multiple hyper-reflective deposits were
detected inside corneal epithelium at the level of alar and basal corneal cells rather than
superficial cells; in another patient, completely asymptomatic, isolated peripheral sub-
epithelial opacities were detected that subsequently were also found at the level of anterior
stroma by means of IVCM (Figure 5).

Figure 5. In vivo confocal microscopy (IVCM) of the cornea in a patient with belamaf keratopathy.
(A): MECs appeared as hyper-reflective (at least predominantly) intracellular opacities present at
the level of basal epithelium. (B): Hyperreflective lesions arranged in clusters, resembling “pseudo-
rosette” pattern at the level of sub-basal nerve plexus. (C): Activated keratocyte network detected in
the anterior stroma. (D): Normal endothelial cells morphology.
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4. Discussion

Since the introduction of belamaf therapy for RRMM, a number of corneal side effects
have been attributed to its use. These mostly include superficial punctate keratopathy
and/or MECs detectable at slit lamp examination. Of note, ocular adverse events such as
blurred vision, dry-eye-like symptoms and keratopathy have been reported in 69% to 74%
of patients in the DREAMM-1 and DREAMM-2 trials, requiring dose reduction or even
interruption in 27% to 46% of cases [6,7]. Remarkably, other off-label drugs previously
adopted for the treatment of MM were shown to induce corneal epithelial alterations,
probably resulting from drug accumulation in the epithelium and subsequent cellular
apoptosis. Among these, depatuximab mafoditin, which acts as an epidermal growth
factor receptor inhibitor, caused a reversible corneal epitheliopathy in treated patients,
characterized by multiple and diffuse hyper-reflective spots, progressive sub-basal nerve
plexus fragmentation and by the appearance of cystic structures at the level of corneal
epithelium [8–10].

Belamaf-related corneal alterations usually originate in the peripheral region of the
cornea and then gradually migrate towards the center (“centripetal pattern”) [4]. The
localization of corneal opacities in the central cornea along with the related irregular
astigmatism determine changes in vision, including subjective blurred vision. However,
a linear relationship between the severity of keratopathy and the reduction in vision has
not been observed. More recently, corneal staining patterns suggestive of limbal stem cell
deficiency have been described in a cohort of patients receiving prolonged therapy [11].

Corneal toxicity is more likely to occur when the drug is used at higher doses, and
the proposed mechanism is thought to derive from the off-target effect of its cytotoxic
component (i.e., the microtubule-disrupting monomethyl auristatin-F [MMAF]) [6].

Efforts are being made to understand the etiology behind this clinical entity in order
to identify potential mitigation strategies. For this task, multimodal imaging is of crucial
importance, as it helps to better characterize the nature of such findings. Of note, the
involved areas of corneal epithelium were found to contain hyper-reflective material, rather
than microcysts on IVCM. The solid nature of these epithelial lesions is also corroborated
by AS-OCT, where they appear once again hyper-reflective. Therefore, this material could
potentially represent the accumulation of apoptotic end products in the intercellular spaces
of corneal epithelium. Similarly, hyper-reflective lesions on AS-OCT may be the conse-
quence of the accumulation of either pre-apoptotic or degenerated cells caused by the
internalization of belantamab [11]. Specifically, it has been hypothesized that belamaf could
reach the cornea through limbal vessels or tears and could then undergo cellular uptake
into the corneal basal epithelial layer. Once internalized into epithelial cells, it may induce
their apoptosis via microtubulin inhibition during their travel from the basal layer towards
the surface and the center of cornea [12]. Nevertheless, belamaf deposits were identified
also in the sub-Bowman layer, suggesting that other mechanisms of toxicity might also be
involved [13].

In order to provide a common standardized and repeatable tool for clinical evaluation,
an expert board has recently proposed a keratopathy and visual acuity scale (KVA scale)
based on the worst finding of either keratopathy subjectively graded on slit lamp exami-
nation (the deeper is the corneal involvement the worst is the grade of the keratopathy)
or visual acuity testing. Recommendations for the management of corneal events have
been formulated according to the KVA scale as follows: continue treatment at the current
dose for grade 1/mild events; delay treatment for grade 2/moderate events until the event
improves to a grade 1/mild event or resolves, or for grade 3/4 (severe) events, until these
improve to a grade 1/mild event [6].

Our report aimed at describing corneal findings of patients receiving belamaf infusions
for RRMM, especially focusing on clinical course monitored by different corneal imaging
techniques. Thanks to advances in multimodal corneal imaging including IVCM and
AS-OCT, ophthalmologists may benefit from these techniques by easily detecting corneal

125



J. Clin. Med. 2022, 11, 2884

abnormalities, even at a subclinical stage, and subsequently defining and monitoring over
time the entity of corneal involvement [11–14].

Using IVCM, MECs appear as hyper-reflective opacities, sometimes arranged in a
“pseudo-rosette” pattern, located within the basal epithelium and the sub-basal nerve
plexus; the stroma shows only non-specific signs of inflammation with sporadic activated
keratocytes, while the endothelium is typically unaffected; specific lesions at the sub-
basal nerve plexus layer were also recently detected and characterized [13]. However,
although IVCM is very sensitive to identify potential preclinical findings, it does not
provide quantitative measurements of biomarkers useful for monitoring over time corneal
changes, especially when few modifications must be detected. Using AS-OCT, corneal
alterations can be detected as hyper-reflective lesions, usually located within the corneal
epithelium. In one case of our series, it allowed for the identification of lesions located
deeper in the stroma (Figure 2). To the best of our knowledge, this AS-OCT finding is
reported here for the first time. Furthermore, corneal maps allowed us to measure the
thickness of the corneal epithelium that was found to be increased in the initial phase of
the keratopathy and then tended to decrease to baseline values (Figure 3) [11].

However, it should be pointed out that, since half of the patients may present ob-
jective signs of keratopathy without reporting any symptoms, ophthalmic examination
should be performed at baseline and before each dose of the drug in order to detect early
corneal changes.

The management of belamaf-induced toxicity requires a multidisciplinary approach
involving a hematologist and an ophthalmologist, and the clinical decision should be
reached together taking into account the individual benefit/risk ratio according to both
ocular and systemic conditions. Overall, single-agent belamaf (2.5 mg/kg) has shown a
manageable safety profile. Ocular alterations usually recover spontaneously once treatment
is discontinued or may be successfully reversed with dose tapering or by delaying the time
interval of suspension between two cycles. This evidence is based on the experience of
a DREAMM-2 study that reported the need for drug discontinuation due to keratopathy
in only 1 out 95 patients who received the 2.5 mg/kg dose, indicating that patients were
able to remain on treatment while these events were monitored [5]. In this regard, the
recent flow chart of multidisciplinary approach created by an expert board for managing
corneal events with belamaf will assist physician to better cope with this condition [6].
The implementation of the KVA scale with a multimodal corneal imaging may further
help to detect corneal abnormalities, even at a subclinical stage, providing useful data
for monitoring over time corneal findings and for optimizing belamaf therapy. Although
both AS-OCT and IVCM represent two valuable tools for this task, the former examination
and, in particular, corneal topography with specific focus on the epithelial map could be
incorporated in the current clinical scale (KVA) in order to quantify corneal involvement
and provide a reliable biomarker. Furthermore, unlike IVCM, this technique is completely
noninvasive and is available in almost the totality of ophthalmic departments.

Future prospective trials are needed to provide more comprehensive information
about belamaf-associated keratopathy as well as for identifying the most appropriate
diagnostic workup able to optimize therapy in RRMM patients.
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Abstract: Purpose: Unlike corneas stored in cold storage (CS) which remain transparent and thin,
corneas stored in organoculture (OC) cannot be assessed by specular microscopy (SM), because
edema and posterior folds occur during storage and prevent from specular reflection. We previ-
ously developed an active storage machine (ASM) which restores the intraocular pressure while
renewing the storage medium, thus preventing major stromal edema. Its transparent windows allow
multimodal corneal imaging in a closed system. Aim: to present SM of corneas stored in this ASM.
Methods: Ancillary study of two preclinical studies on corneas stored for one and three months in
the ASM. A prototype non-contact SM was developed (CMOS camera, ×10 objective, collimated LED
source, micrometric stage). Five non-overlapping fields (935 × 748 μm) were acquired in exactly the
same areas at regular intervals. Image quality was graded according to defined categories (American
Cornea Donor Study). The endothelial cell density (ECD) was measured with a center method. Finally,

SMECD was also compared to Hoechst-stained cell nuclei count (HoechstECD). Results: The 62 corneas
remained thin during storage, allowing SM at all time points without corneal deconditioning. Image
quality varied depending on donors and days of control but, overall, in the 1100 images, we observed
55% of excellent and 30% of good quality images. SMECD did not differ from HoechstECD (p = 0.084).
Conclusions: The ASM combines the advantages of CS (closed system) and OC (long-term storage).
Specular microscopy is possible at any time in the ASM with a large field of view, making endothelial
controls easy and safe.

Keywords: active storage machine; cornea; endothelium; endothelial cell density; eye bank; long-term
storage; specular microscopy; viable endothelial cell density; image analysis

1. Introduction

Short-term cold storage (CS) at 4 ◦C and long-term organ culture (OC) at 31–37 ◦C, the
two storage methods in use worldwide, have a mandatory step of endothelial assessment.
Endothelial cell density (ECD) remains the main quality criterion of a stored cornea because
endothelial cells (EC), which ensure the stability of corneal transparency, do not renew in
humans and because donor EC die faster during storage [1–5] and in recipients than do
native, healthy EC [6].

To acquire images of the EC in these two storage systems, different methods exist.
During CS, specular microscopy (SM) can provide non-invasive images of the EC through
the wall of the corneal storage-viewing chamber or the vials, because the hyperosmolar
medium keeps the cornea thin, and thus, its endothelial surface remains folded very little.
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Specular reflection is therefore possible on this nearly smooth surface. During OC, SM
is impossible because the cornea quickly becomes edematous (its thickness can double),
which induces numerous and deep posterior folds. To see the EC, it is therefore essential to
use a transmitted light microscopy method (bright-field or phase-contrast) and to make
the EC visible by temporarily dilating the intercellular spaces through a brief exposure to
0.9% sodium chloride, 1.8% sucrose, or hypotonic sodium-balanced salt. This endothelial
control is therefore more restrictive and invasive. The two methods are therefore neither
interchangeable nor equivalent.

To reproduce a more physiological corneal environment and break the vicious circle of
hypotonia—corneal edema—deep posterior folds—endothelial lesion [2,3], we developed
an active storage machine (ASM), also called a bioreactor, that reproduces a transcorneal
pressure gradient equivalent to the intraocular pressure (IOP) and produces a renewal of
the nutrient medium [7]. In two successive ex vivo experiments on pairs of fresh human
corneas, we compared the ASM and OC using the same commercial storage medium for
1 month [8] and 3 months [9]. We demonstrated that, contrary to OC, the ASM prevented the
corneas from majorly swelling, allowing them to be permanently ready for transplantation
with significantly more viable EC than in OC. Furthermore, the better control of corneal
thickness in the ASM allowed endothelial controls to be performed by SM.

In our ancillary study of two preclinical studies on corneas stored in the ASM for one
and three months, we analyzed the quality of endothelial images obtained by SM.

2. Materials and Methods

2.1. Study Design: Ancillary Study of 1-Month and 3-Month Storage Experiments in the ASM

We analyzed all the SM images obtained on corneas stored in the ASM during the
2 validation studies of this new device [8,9]. All procedures conformed to the tenets
of the Declaration of Helsinki for biomedical research involving human subjects. The
French Agence de la Biomédecine specifically authorized the retrieval of corneas for these
preclinical studies (PFS15-008 and PFS16-010). For the fifty corneas stored in the ASM for
one month, EC counts were performed on day (D) 2, 26, and 28. For the twelve corneas
stored in the ASM for three months, EC counts were performed on D2, 23, 44, 65, 86, and
88. The complete system of the ASM, control panels excepted, was placed in a 31 ◦C dry 5%
CO2 incubator. The medium used was CorneaMax, a CE marked OC Dulbecco’s Modified
Eagle Medium–based medium containing 2% FCS, penicillin, and streptomycin (Eurobio,
les Ulis, France). The medium flow rate was set at 2.6 μL/min (normal aqueous humor
flow rate) and the transcorneal pressure gradient at 21.5 mmHg (upper limit of normal IOP
in humans) with atmospheric pressure as a reference.

In these two studies, we performed a measurement of viable ECD (vECD) by a
destructive technique known as triple Hoechst-Ethidium-Calcein-AM staining, which we
had previously described, at the end of storage [10,11] (detailed in part 2.5). We therefore
used the images of the Hoechst staining of all nuclei to obtain a very accurate HoechstECD
measurement of very large areas. We then compared the SM endothelial counts (SMECD)
with the HoechstECD, which was considered our gold standard.

2.2. Building of a Customized Specular Microscope

A custom SM was built because the 3 commercial eye bank SMs (ebSM) available
in our laboratory were not adapted for the ASM. The standard equipment of the HAI
EB-2000xyz (HAI, Lexington, KY, USA) and of the EB-10 and Cell-ChekD(+) (KONAN,
Nishinomiya, Japan) could not accept the ASM cassette on their stage and/or the working
distance of their objective was too short.

Our non-contact SM comprised (Figure 1): an optical bench (Thorlabs, Newton, MA,
USA), a CMOS camera (DCC3240M, Thorlabs) equipped with a long working distance
(10×/0.25, N Plan,∞/−/B) objective (Leica, Wetzlar, Germany) and driven by Scientific
Imaging Thorcam v2.6.7064 software, an LED driver on constant current mode (LEDD1B,
Thorlabs), an external LED source (MCWHL5-C2, Thorlabs) mounted and collimated with
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a diaphragm (SM1D12, Thorlabs) and a plano-convex lens (f30mm LA1805-A, Thorlabs),
and a certified micrometric translation XYZ stage (M-UMR5.16A; sensitivity 0.1 μm for
the Z axis (SM-13); 1 μm for the XY axis (BM11.10), Newport, Irvine, CA, USA) activated
manually and connected to a 3D-printed support intended to receive the ASM. Accuracy
in XYZ was verified using calibrated ceramic gage blocks (Mitotoyo, Roissy, France). The
resulting field of view of our SM was 935 × 748 μm, with 1280 × 1024 pixels TIFF images’
acquisition (2.6Mo). Image calibration was verified using a 10 mm scale with 50 μm
divisions (R1L3S1P, Thorlabs).

 

Figure 1. Custom-made specular microscope prototype adapted for our active storage machine

(ASM). (A) General view of the optical bench, the camera and its objective, the led source, and the
3D-printed support intended to receive the ASM. Note the working distance, the collimated source,
and the diaphragm produce a light beam focused on endothelial side of the cornea. (B) The ASM
could be moved precisely thanks to the micrometric translation XYZ stage. (C) Close-up view, with
one quadrant. (D) Schematic view of specular reflection from endothelial side of the cornea. The
collimated source illuminated a corneal area, and the camera recorded the specular reflection.

Although no direct comparison was possible between the 3 commercial microscopes
and our prototype, we used an additional cornea stored at 4 ◦C in Optisol-GS (Bausch &
Lomb, Laval, QC, Canada) in a corneal storage viewing chamber (Krolman, Boston, MA,
USA) to indirectly compare the surface of the observation fields (Figure 2).
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Figure 2. Comparison between our prototype and 3 eye banks’ specular microscopes (SM).

(A) The custom-made prototype SM with 935 × 748 μm and 1280 × 1024 pixels TIFF image. The
entire surface could be analyzed. (B) The HAI EB-2000xyz had a 368 × 490 μm field of view
(480 × 640 pixels BMP image) and analysis (3.9 times smaller). (C) The KONAN EB-10 had a
480 × 600 μm field of view (595 × 794 pixels BMP image) and a 280 × 200 μm field of analysis
(respectively 2.4 and 12.5 times smaller). (D) The KONAN Cell-ChekD(+) had a 1000 × 750 μm
field of view (1296 × 972 pixels BMP image) and up to 4 areas of 400 × 300 μm field of analysis
(respectively 1.1 times larger but 1.5 times smaller).

2.3. Image Acquisition

Endothelial images were acquired through the endothelial glass window (flat sapphire
glass, diameter 23.7 mm, thickness 0.9 mm, France Fourniture Horlogerie, Vence, France)
of the ASM without deconditioning the corneas. Both ends of the endothelial chamber
tubes were temporarily clamped to maintain pressure inside the endothelial chamber and
allow the ASM’s removal from the CO2 incubator (in this experimental version of the ASM,
tubes were permeable to gas, and the OC medium used a bicarbonate buffer, making it
mandatory to use a 5% CO2 atmosphere to maintain a physiologic pH).

We standardized the image acquisition: To retrieve specular reflection, the LED source
was placed on the endothelial side of the cornea at 31 ± 4◦ from the camera optical axis.
To modulate the contrasts and observe either the EC or the epithelium, the LED source
was also specifically inclined on the Y axis (15 ± 4◦). The camera software settings were
presettled to optimize image quality: pixel clock (20 MHz), fixed frame rate (4.20FPS), fixed
exposure time (16.70 ms), pixel data format 8-bit monochrome, gamma software (1.00),
automatic image gain, and black level offset auto-adaptation according to each LED source
position. Five non-overlapping fields of EC—one in the center and one per quadrant—were
acquired inside the 8 central mm (the area usually grafted) (Figure 3). For each cornea,
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exactly the same area of each field was manually acquired, thanks to our calibrated device,
by certified micrometers in this prototype version (position recorded for each cornea), at
different periods for the 1-month [8] and 3-month [9] storage periods. Image acquisition
took fewer than 10 min.

 

Figure 3. Image acquisition methods. (A) Five non-overlapping fields were captured with our
non-contact specular microscope. (B) Pancorneal triple Hoechst-Etidium-Calcein staining. Five
non-overlapping fields were analyzed. In the present study, we used the Hoechst staining image
(100% visible nuclei) as a gold standard to analyze the accuracy of specular count. (C) Each field was
analyzed with validated variable-frame center method [12,13]. (D) A close-up view of one of the
fields, nuclei of the endothelial cells were counted thanks to the CorneaJ plugin [10,11].

2.4. Image Quality Classification

Endothelial SM images were classified in reference to the Specular Microscopy Ancil-
lary Study (SMAS) of the American Cornea Donor Study [14,15]. We categorized images
as either analyzable (subclassified as excellent, good, and fair) or unanalyzable. Briefly,
excellent images had at least 50 and as many as 150 cells contiguous to each other that could
be counted, with all distinct cell borders, boundaries, and centers across a single image.
Good images had at least 50 and as many as 150 cells from variable frames encompassing
a minimum of 15 cells contiguous to each other for each variable frame, with sufficient
distinct cell borders, boundaries, and centers across a single image. Fair images had at least
50 cells from variable frames encompassing a minimum of 15 cells contiguous to each other
for each variable frame, with up to 25% indistinct borders, boundaries, and centers of cells
across a single image. Unanalyzable images had an uncountable ECD: fewer than 50 cells
with distinct borders, boundaries, and centers from a single image of the endothelium
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could be counted from variable frames encompassing a minimum of 15 cells contiguous to
each other for each variable frame.

2.5. Endothelial Cell Count Methods

To determine the ECD, cells were counted on each field, and the mean of the five was
calculated. We used the ImageJ freeware (https://fiji.sc (accessed on 1 November 2016))
with a customized plugin ECD3D [16]. The observer chose areas where EC were most
clearly visible and avoided folds when present. The reconstructed full-field image ECD was
determined using a validated variable-frame center method [12,13]. Briefly, the center of all
EC constituting a continuous group was pointed manually, and the group’s boundaries
were drawn manually. Cell borders were then automatically reconstructed using Vonoroi
segmentation and carefully verified by one skilled observer (TG), who made all necessary
corrections. The process was similar to that used in numerous eye banks except for the
number of EC manually pointed, which in this study was dramatically elevated (at least
200 EC per field captured–4 times more than in SMAS—and as many as possible in the
greatest cell area) to increase cell count reliability [14,15]. The mean ± standard deviation
(SD) of the ECD determined in the five fields was calculated for each cornea in the ASM at
different time points.

In addition, a final measurement was performed at the end of storage (D28 or D88) in
order to determine the vECD by using a triple HEC staining with the CorneaJ plugin for
image analysis, as previously reported [10,11]. Pancorneal viability was measured thanks
to the mean of five non-overlapping fields of EC acquired inside the 8 central mm (the
area usually grafted) by one skilled observer (TG). To assess the accuracy of ECD counted
by SM (SMECD), we compared it with ECD measured by counting Hoechst-stained cell
nuclei in large variable frames (HoechstECD) (hereafter referred to as the “histology count”)
(Figure 3). All specular and Hoechst counts were blinded. They were compared later.

2.6. Statistics

The normality of continuous data distribution was analyzed with the Shapiro-Wilk
test, with a non-normality threshold set at 5%. Normally distributed data were described
by their mean ± SD. Continuous abnormally distributed variables were summarized as
median (10–90 percentiles). The non-parametric Wilcoxon signed-rank test was used when
the variable followed an abnormal distribution, and a t-test was used when the variable
followed a normal distribution. All tests were two-tailed and paired. Rejection of the null
hypothesis was defined as α < 0.05. The Holm–Sidak method was used when multiple
comparisons occurred (ANOVA). Statistical analyses were performed using SPSS 25.0 (IBM
Corp, Armonk, NY, USA).

3. Results

3.1. Baseline Donor Characteristics

Overall, 62 corneas were analyzed: 50 and 12 from one- and three-months’ storage,
respectively. Donors were 29 females and 35 males, with a mean age of 79 ± 12 years
(range 49–97). Mean time from death to procurement was 16 ± 5 h (range 4.30–24). Of the
total, 32 eyes (26%) had undergone cataract surgery (same proportion in both groups, ASM
and OC).

3.2. Image Quality Classification

Of the 1110 images, 1060 (95%) were analyzable—615 (55%) were excellent, 335 (30%)
good, 110 (10%) fair—and 50 (5%) unanalyzable (Figure 4). Seven hundred and fifty images
were analyzed for the 1-month study and 360 for the 3-month study. The percentages of
the different image quality groups (excellent, good, fair, and unanalyzable) did not differ
significantly between the two studies (p = 0.240): 59%, 28%, 9%, 4% for the 1-month study;
and 47%, 36%, 11%, 6% for the 3-month study. Table 1 shows the details of image quality
classification for both studies.
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Figure 4. Representative image quality obtained with the prototype specular microscope on

corneas stored in the active storage machine. Grading was done using criteria of the Specular
Microscopy Ancillary Study [14,15]. (A) Excellent-quality image with an ECD of 3022 cell/mm2.
(B) Good-quality image with an ECD of 2637 cell/mm2. (C) Fair-quality image with an ECD of
2689 cell/mm2. (D) Unanalyzable image.

Table 1. Image quality classification obtained with specular microscopy of corneas stored in the
active storage machine.

1-Month Study [8] 3-Month Study [9]

D2 D26 D28 D2 D23 D44 D65 D86 D88
1 Month

n (%)
3 Months

n (%)
Total
n (%)

n Excellent 146 150 149 26 33 32 30 25 24 445 (59) 170 (47) 615 (55)
n Good 65 70 70 19 20 21 24 23 23 205 (28) 130 (36) 335 (30)
n Fair 27 22 21 10 5 4 4 8 9 70 (9) 40 (11) 110 (10)
n Unanalyzable 12 8 10 5 2 3 2 4 4 30 (4) 20 (6) 50 (5)
TOTAL 250 250 250 60 60 60 60 60 60 750 360 1110

n = number of images analyzed per category; D = day.

3.3. Number of Cells Counted per Image

The mean number of EC counted per image was 1360 ± 433 (range 224–3022), depend-
ing on the ECD. In both the 1- and the 3-month studies, the number of counted cells per
field/image increased over time (ANOVA, p < 0.001). Figure 5 shows an example of the
follow-up of the same area at different times during one month. Details for each study are
provided in the Supplemental Data (Table S1, Figure S1, Video S1).
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Figure 5. Example of specular microscopy images of the same area of the same cornea stored in

the active storage machine for one month. An accurate monitoring of endothelial cell density was
possible at day (D) 2, 26, and 28. n = number of cells counted; ECD endothelial cell density in
cells/mm2. At D2, (A) raw image with endothelial cells, (B) each center was pointed according to the
center method, (C) cells borders and each center were marked thanks to ImageJ plugin ECD3D [16].
At D26, (D) comparative raw image showed larger cells, (E) ECD count was determined with the
same method, (F) reconstruction allowed global view of the studied sample. At D28, (G) progressive
redistribution of cells occurred, (H) more cells were counted on a larger area inside the same field of
view (less endothelial folds), (I) reconstruction highlighted polymegethism and pleiomorphism.

3.4. Comparison of the SM Counts with the Histology Count

Overall, at the end of storage, SMECD did not significantly differ from HoechstECD, with
2209 ± 363 versus (vs.) 2251 ± 414 cells/mm2, respectively (p = 0.084). For the 1-month stor-
age study, ECD were 2299 ± 332 (SMECD) vs. 2344 ± 392 cells/mm2 (HoechstECD) (p = 0.138).
For the 3-month storage study, ECD were 1831 ± 213 (SMECD) vs. 1863 ± 248 cells/mm2

(HoechstECD) (p = 0.081).

3.5. Others Options of the Prototype Specular Microscope

The prototype non-contact SM allowed movie recording in the same area by modu-
lating depth on the Z axis to explore the greatest area of endothelium and to choose the
most representative area for each field (Video S2). In addition, epithelial cells could also be
observed with the same field of view as the endothelial imaging (Figure 6).
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Figure 6. Specular microscopy images of the epithelium of corneas stored in the active storage

machine. Thanks to the precision of the Z axis of the microscope stage and the variation of angulation
of the LED source, we were able to record epithelium images at different depths: superficial layers
(A) and more basal layers (B).

4. Discussion

The ASM is the first device for corneal graft storage that restores transcorneal pressure
gradient equivalent to the IOP while renewing the storage medium. We reported better
endothelial survival in the ASM versus the OC and demonstrated its superiority over OC
in terms of the preservation of endothelial survival [8,9]. These two initial studies allowed
us to transfer the intellectual property to a company that aims to industrialize the ASM so
that all the eye banks that wish to use it can do so in the near future. Since the ASM was
designed as a totally closed system, it would be inappropriate to have to extract the cornea
from the ASM to perform the endothelial controls. Because IOP is involved in the control of
corneal hydration ex vivo, the ASM limits the development of stromal edema during long-
term storage in a conventional OC medium. In this study carried out before the transfer of
the ASM to an industrial company and fully independently of the industrial company, we
showed that the endothelium and the epithelium of long-term-stored corneas in the ASM
can be observed by SM. To evaluate the quality of the SM images, we used all 1100 images—
almost two times as many images as in SMAS [14]—from the two ASM validation studies
(1 and 3 months), acquired and analyzed with a standardized method. We decreased
sampling fluctuations with at least 200 EC counted per image, meaning 1000 EC counted
per cornea at different time points. Our SM counts were reliable: the SMECD of the last
count performed at the end of storage was comparable to the histological count.

The association of the ASM and our prototype SM that we developed has several
advantages over existing systems, particularly: (1) The field of view is wider, and the
image can be analyzed on its entire surface; (2) The sealed cornea in the ASM and the
micrometric stage allow it to have exactly the same position as the ASM along the storage.
If the observer wishes, it is thus possible to acquire and analyze, for each cornea, exactly the
same endothelial area at different times and to calculate a cell loss rate precisely; (3) With
the ASM, it is not necessary to warm up the cornea to see the EC. We showed that SM
was possible at any time. When stored at 4 ◦C, it is essential to warm up the cornea
for several hours to acquire satisfactory SM images [17]. It is likely that, at 4 ◦C, the EC
themselves exhibit edema that prevents imaging of cell borders, while the EC are in a more
physiological status in the ASM.

During the endothelial controls of corneas in OC, many European eye banks use
trypan blue staining to highlight dead EC. However, this counting is not standardized: the
staining of the nuclei is often very low, and the count methods do not allow the counting
of all the stained cells on a representative surface. The percentage of dead EC is therefore
very imprecise. In practice, trypan blue is mainly used to identify large areas of dead cells
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that may indicate trauma or herpetic infection. Vital staining is impossible in a closed
system; thus, it is advisable to repeat EC controls by SM just before corneal graft delivery.
Endothelial necrosis at 31–34 ◦C destroys the endothelium within a few days by cytopathic
effect and progression by contiguity, and it will be detected by SM where no EC is visible.

We used the image-quality classification system defined in the SMAS of the CDS,
which was referenced in terms of SM image analysis [14]. Interestingly, this prospective
study analyzed 688 endothelial images of corneas stored in Optisol-GS, in corneal storage-
viewing chambers, submitted by 23 eye banks, acquired with 5 different SM (BioOptics
Inc. (Portland, OR, USA); CooperVision (no longer manufactured); HAI Laboratories, Inc.
(Lexington, MA, USA); Konan Inc. (Phoenix, AZ, USA); or Tomey (Phoenix, AZ, USA)),
and analyzed by a central reading center. They obtained 663 (96%) analyzable images
(versus 95% in the present study). However, their image quality seemed inferior, with 6%
excellent, 44% good, and 47% fair (versus 55%, 30%, and 10% respectively in our study).

There are limitations to our study. Our experimental prototype SM is not CE-marked
or FDA-approved and does not include dedicated cell count software. Conversely, the
commercial ebSM are not compatible with the ASM without modifications. It should be
possible to adapt the ebSM, requiring FDA or CE approbation: the stages must be modified
to receive the ASM cassette, which is much bigger than a conventional corneal storage-
viewing chamber; in some cases, the objective must be to adapt its working distance and
likely the lighting mode, taking into account the distances between the ASM window and
the corneal endothelium. Finally, despite our standardized image acquisition, the settings
required rigorous experience to acquire and count images. An all-in-one, more automated
commercial version should be developed for routine use in eye banks.

5. Conclusions

Thanks to the control of corneal hydration and the reduction of endothelial folding,
corneal grafts stored long-term in our ASM can benefit from endothelial controls with SM at
any time, with an image quality comparable to or better than short-term cold-stored corneas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11113000/s1, Table S1: Number of cells counted per image in
the 1- and 3-month studies; Figure S1: Time lapse of the same endothelial area during three months
in the active storage machine. The same area for each field was precisely acquired repeatedly from
Day 2 to Day 86, thanks to the micrometric stage of our specular microscope. Green arrow indicates
the redistribution of endothelial cells at the same point of the field. Endothelial cell density decreased
over time with larger cells and a progressive slight increase in polymegethism and pleiomorphism;
Video S1: Time lapse showing EC redistribution over three months; Video S2: Movie recording
example on a defined area.
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Abstract: We aimed to determine whether retinal vessel diameters and retinal oxygen saturation
in newly diagnosed patients with multiple sclerosis (pwMS) are different from those of a healthy
population. Retinal blood vessel diameters were measured using imaging with a spectrophotometric
non-invasive retinal oximeter. Twenty-three newly diagnosed untreated relapsing-remitting MS
(RRMS) patients (mean age: 32.2 ± 7.5 years, age range = 18–50 years, 56.5% female) were measured
and compared to 23 age- and sex-matched healthy controls (HCs) (mean age: 34.8 ± 8.1 years).
Patients with Optic Neuritis were excluded. Retinal venular diameter (143.8 μm versus 157.8 μm:
mean; p = 0.0013) and retinal arteriolar diameter (112.6 μm versus 120.6 μm: mean; p = 0.0089) were
smaller in pwMS when compared with HCs, respectively. There was no significant difference in the
oxygen saturation in retinal venules and arterioles in pwMS (mean: 60.0% and 93.7%; p = 0.5980)
compared to HCs (mean: 59.3% and 91.5%; p = 0.8934), respectively. There was a significant difference
in the median low contrast visual acuity (2.5% contrast) between the pwMS and the HC groups
(p = 0.0143) Retinal arteriolar and venular diameter may have potential as objective biomarkers
for MS.

Keywords: retinal vessel diameter; retinal oximetry; multiple sclerosis; fundus imaging

1. Introduction

Multiple sclerosis (MS) is the most common cause of neurological disability in young
adults, affecting approximately 2.8 million people worldwide, with variable progression
and prognosis [1]. MS is a chronic, immune-mediated disease of the CNS that often
results in visual morbidity [2–4]. Early features of MS may include eye motility difficulties
and optic neuritis (ON) as presenting ocular sign in 20% of patients, and, as the disease
progresses, inter-nuclear ophthalmoplegia [5]. Other ocular conditions, including retinal
vasculitis and uveitis, have been associated with MS [6,7].

The retinal ganglion cells (RCGs) and the optic nerve are commonly affected in MS
in the form of optic neuritis ON; chronic MS can cause RGC atrophy, which can occur
independently from ON [4,8–11].

Retinal involvements in MS have included qualitative changes in the retinal blood
vessels, such as histopathological changes remarkable of vascular inflammation in 20% of
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the patients with MS (pwMS) in post mortem specimens [12], as well as clinical changes
remarkable of retinal phlebitis in 16% of pwMS [13].

Quantitative retinal blood vessel metrics are potential markers of MS due to a known
clinical relationship between MS and retinal vessel inflammation [13–15], and between
MS and RGC loss, which potentially decreases the metabolic demand [16,17]. Structural
and physiological abnormalities have been reported in the retina in pwMS [18]. Although
retinal vasculitis is common in MS, it is not known if MS is associated with quantitative
retinal blood vessel abnormalities.

In MS, low-contrast letter acuity (LCLA) of 2.5% contrast level has proven to be a
valuable marker of residual deficits after ON, and serving as a marker of disease progression
and an outcome measure in clinical MS research [19]. As visual dysfunction is one of the
most common manifestations of MS, and sensitive visual outcome measures are important
in examining the effect of treatment.

Spectrophotometric non-invasive retinal oximeter imaging is a technique that gen-
erates high-resolution images of the retinal blood vessels; it can measure the oxygen
saturation inside the retinal vessels, as well as the vessel diameters. Only a single pilot
study exists about the relationship between MS and retinal vessel diameters, which was
based on pwMS with history of ON [20].

We hypothesized that the oxygen saturation and retinal vessel diameter in newly
diagnosed pwMS would be significantly different from those of HCs.

This study is an important initial step in evaluating measurements of retinal vessel
structure as a possible measurable in vivo biomarker of MS, and represents a novel method
for assessment of retinal blood vessel metrics in this patient population.

2. Materials and Methods

This is a cross sectional study on pwMS diagnosed and followed at Oslo University
Hospital (OUH), Oslo, Norway. In a collaboration between the Departments of Ophthalmol-
ogy and Neurology at OUH, patients enrolled in Oslo in the MultipleMS study (Horizon
2020 programme, grant agreement 733161) were also referred to an eye examination (in the
period 2018–2021). The MS study was approved by the regional committee for research
ethics (Ref. 2011/1846-41). Written consent was obtained from the subjects.

The patients were approached to join the study by their treating neurologist, and
referred to the ophthalmology department if they consented within two weeks of diagnosis
and before starting any disease-modifying therapies. Inclusion criteria were a confirmed
diagnosis of MS according to the revised diagnostic McDonald criteria [21,22], as well as age
18–50 years and fluency in Norwegian. Exclusion criteria were no prior ophthalmological,
neurological, or psychiatric disease, no head injury, and no substance abuse. Eyes with
ON were also excluded from eye examinations. Twenty-three newly diagnosed pwMS
were included and compared to twenty-three healthy individuals that were age- and sex-
matched. We excluded some of the eyes (1 control, 1 eye from each of 2 different patients)
due to missing data or ON.

At the time of diagnosis, all pwMS underwent an MRI of the brain and spine, a lumbar
puncture, and detailed neurological examinations, including the Expanded Disability Status
Score (EDSS) [23]. EDSS ranges from 0 to 10 in 0.5 unit increments that represent higher
levels of disability. EDSS steps 1.0 to 4.5 refer to people with MS who are able to walk
without any aid.

Full ophthalmic examination was performed by an experienced ophthalmologist,
including indirect ophthalmoscopy. In addition, digital fundus imaging was performed
with the fundus camera of the oximeter (Oxymap T1, Oxymapehf., 102 Reykjavik, Iceland),
andretinal vessel diameter measurements and oximetry of the retinal blood vessels were
performed with using the Oxymap analyses software, as explained later.

Both Corrected Distance Visual Acuity (CDVA) and low contrast letter acuity (LCLA)
of 2.5% were measured by an optometrist with an Early Treatment Diabetic Study (ETDRS)
visual acuity chart in both eyes and presented as logarithm of the minimum angle of
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resolution (logMAR) [24]. The recommended test distance of 4 m was respected. The same
examination room was used for all study participants and light was lit with approximately
100 lux.

2.1. Oximetry Imaging and Measurements

The retinal oximetry procedure has been described previously [25,26]. The patient
was positioned in front of the fundus camera of the oximeter (Oxymap T1, Oxymapehf.,
Reykjavik, Iceland), and images were taken from both eyes. Two or more fundus pho-
tographs centered on the optic disc were taken, and the image with the best quality was
used for the analyses. Image quality higher than 6 on the scale from 0 to 10 was considered
acceptable. Retinal blood vessel diametersand oxygen saturations were measured by an
experienced ophthalmologist (DDN) using the Oxymap analyses software (Oxymap T1,
software 2.2.1., version 5436, Reykjavik, Iceland) according to a standardized protocol
(Version 21, November 2013; Oxymap Inc., Reykjavik, Iceland) [26,27].

The algorithm for vessel detection and diameter measurements utilizes a supervised
classifier that classifies each pixel as belonging to a vessel or background. The algorithm
recognizes the pixels in the center of each vessel, evaluates a vessel vector perpendicular to
vessel direction, and calculates vessel diameter from the center to the last pixel belonging
to the vessel in each direction [28]. Each pixel is approximately 9.3 μm.

Arterioles and venules wider than 8 pixels (74 μm) and longer than 50 pixels (480 μm)
were measured in a peripapillary annulus within a standard grid of 1.5 to 3.0 disc diameters
from the optic disc center. The right eye from each patient was measured; however, if
the image quality was poor or the vessels were ungradable, the left eye was measured
instead. The oxygen saturation results are influenced by the vessel diameter, but that is
automatically corrected by the analysis software [27].

2.2. Statistics

Data analysis was performed using descriptive statistical analysis; percentage distri-
bution, and mean and standard deviation (SD). In case of non-normality of continuous
variables, median and interquartile ranges (IQR, measure of variability) were calculated.
Normality of continuous variables was tested on a Q-Q-plot and by the Shapiro–Wilk and
Kolmogorov–Smirnov test. When the normality assumption was satisfied, the student
t-test was used to compare means of continuous and numerical variables; otherwise, the
Mann–Whitney test was used. Homogeneity of variance was analyzed with Levene’s test;
if the Levene’s test was not satisfied, the Welch test was used instead. Chi-square (χ2)
test was used to test the differences of the distribution of categorical variables. Level of
significance was set to p < 0.05.

Statistical Package for STATA (Stata version 14.0; College Station, TX, USA) was used
for the statistical analysis.

3. Results

Some of the eyes (one control, one eye from each of two different patients) were
excluded due to missing data or ON. (Table 1).

The retinal venular diameter (mean: 143.8 μm versus 157.8 μm; p = 0.0013) and retinal
arteriolar diameter (mean: 112.6 μm versus 120.6 μm; p = 0.0089) were smaller in pwMS
when compared with HCs, respectively (Table 2).

There was no significant difference in the oxygen saturation in retinal venules and
arterioles in pwMS (mean: 60.0% and 93.7%, respectively) compared to HCs (mean: 59.3%
and 91.5%, respectively) (Table 2).

There was, however, a significant difference in the median low contrast visual acuity
(2.5% contrast) between the pwMS and the HC groups (p = 0.0143) (Table 2).

141



J. Clin. Med. 2022, 11, 3109

Table 1. Subject demographics and study group characteristics.

Healthy Controls People with MS

Eyes, n (Patients, n) 45 (23) 44 (23)

Mean Age, years
(SD) 34.8 (8.1) 32.2 (7.5)

Female sex, n (%) 13 (56.5) 13 (56.5)

Time since diagnosis, weeks
(SD) - 2 (SD)

Optic Neuritis, n (Patients, n) 0 (0) 2 (2)

EDSS, n (Patients, n):
0; 1.0; 1.5; 2,0; 2.5; 3.0 - 3; 6; 6; 3, 4, 1

EDSS: Expanded Disability Status Scale.

Table 2. Vessel diameters, oxygen saturation, and 2.5% contrast visual acuity in the healthy controls
and people with MS.

Variable
Healthy Controls

(n = 23)
People with MS (n = 23) p-Value

Retinal arteriolar diameter (μm)
Mean (±SD)

95% CI
120.6 (11.5)
115.4–126–0

112.6 (10.7)
108.1–11.0 0.0013

Retinal venular diameter (μm)
Median, Range (IQR) 157.8

(148.0–171.5)
143.8

(123.3–186.8) 0.0089

A-V difference in %
Mean (SD)

95% CI
38.3 (14.8)
31.5–45.0

31.8 (12.0)
27.0–37.0 0.0527

Arteriolar O2 saturation (%)
Mean (±SD)

95% CI
91.5 (7.3)
88.2–95.0

93.7 (4.2)
92.0–95.5 0.8934

Venular O2 saturation in%
Mean (±SD)

95% CI
59.3 (9.5)
55.0–64.0

60.0 (4.6)
92.0–95.5 0.5980

2.5% contrast visual acuity, number of letters
Left eye

Median, Range (IQR)
31

(27.0–34.0)
23

(18.5–30.0) 0.0143

High contrast visual acuity
Right eye
/Left eye

Mean (±SD)
95% CI

0.43 (0.09) 0.38–0.47/
0.44 (0.12) 0.38–0.50

0.35 (0.23) 0.25–0.45/
0.43 (0.24) 0.33–0.53

0.0722
0.04022

Retinal venular diameter was wider in healthy controls (HC) compared with patients
with MS groups (Figure 1).

Box chart of 2.5% contrast visual acuity (letters) in the left eye between the healthy
controls (HC) and MS patients’ groups is presented in Figure 2.

A higher proportion of participants in the study were males. Time since MS diagnosis
was 2 weeks. We excluded some of the eyes (one control, one eye from each of two different
patients) due to missing data or ON.
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Figure 1. Distribution of retinal venular diameter between the healthy controls (HC) and patients
with MS groups. Data presented are in the form of median (IQR: Interquartile range). HC: Healthy
Controls; MS: Multiple sclerosis, p < 0.05.

Figure 2. Box chart of 2.5% contrast visual acuity (letters) in the left eye between the healthy controls
(HC) and MS patients’ groups. Data presented are in the form of median (IQR, Interquartile range).
HC: Healthy Controls; MS: Multiple sclerosis, p < 0.05.
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4. Discussion

This study indicates the existence of narrower retinal vessel diameters in newly diag-
nosed pwMS compared with HCs. The measurement of the vessel diameter and retinal
oximetry has been previously shown to be reliable and repeatable [29], with older age
possibly affecting retinal oximetry parameters, which seems irrelevant to the younger
population studied here.

A potential explanation for the smaller diameter of retinal vessels in MS subjects may
be the presence of RGC loss, leading to lower metabolic demands on the retinal circulation.
Wang et al. showed lower ON head blood flow in pwMS with history of ON, compared
with both pwMS without a history of ON, and HCs, which stands in support of such a
mechanism [29]. Bhaduri et al. used optical coherence tomography (OCT) to show that MS
eyes had a lower total blood vessel diameter (BVD) and blood vessel number (BVN) than
control eyes [18].

The relationship between the disturbances in cerebral venous outflow and neurolog-
ical disorders remains an open issue that requires further studies. The high degree of
comorbidity between vascular diseases and MS suggest that vascular pathology may be
an important factor causing neuronal dysfunction or degeneration in MS [30,31]. There is
also evidence suggesting that pwMS are more susceptible to cardiovascular risk factors
than HCs, some having demonstrated regional cerebral perfusion abnormalities in these
patients [20,30,31].

The decrease in blood vessel diameter has been related to qualitative changes resem-
bling inflammatory pathology in the retinal vessels in MS. Furthermore, retinal phlebitis has
been reported to correlate with MS activity, which is similar in pattern to the associations we
found for retinal blood vessel diameter [18]. It could be possible that peripapillary changes
represent adaptive mechanisms related to present or past phlebitis in the peripheral retina.
This evidence is indirect, since the location of the qualitative pathology (in the retinal
periphery) is distant from the location of our blood vessel measurements (found around
the ON). However, the connected nature of the retinal blood vessels means changes in the
proximal vessels are possibly associated with distal pathology. Future studies are needed to
compare the clinical and imaging findings in pwMS in order to determine if retinal blood
vessel diameter is associated with current or past retinal phlebitis.

There was a significant average difference in low-contrast visual acuity between the
HCs and pwMS groups, while no significant difference was found between the oxygen
saturation in retinal arterioles and retinal venules in the two groups. There is insufficient
knowledge about newly diagnosed MS and its relation to oxygen and vascular supply
parameters in the eye. One cohort study on eight pwMS with history of ON found the
mean retinal venular oxygen saturation to be higher in pwMS than in HCs [20].

Overall, changes in the retinal vessel diameter, in particular smaller arterioles, have
been related to cardiovascular mortality (from coronary heart disease and stroke) [32,33].
In addition, such changes have been found to contribute to the development of diabetic
retinopathy, in particular, early stages, and considered to be prognostic markers of the
disease [34]. Similarly, we have found that retinal venular oxygen saturation is associated
with early stage non-proliferative diabetic retinopathy in type 1 diabetes patients [26].

To our knowledge, our study represents the first application of objective, in vivo
ascertainment of retinal oxygenation and vessel diameter in newly diagnosed MS patients,
and it confirmed differentiation of parameters measured in controls. A study on newly
diagnosed MS patients and retinal oxidative/vascular risk factors has not been performed
previously in a Norwegian population, and no large international studies exist either.

Our study has several limitations. It was a pilot study with low number of participants.
Blood pressure (BP) was not measured at the same. Retinal venular diameter was not
statistically normally distributed, probably due to the low number of participants.

Further studies are needed to confirm our findings, and to explore the implications
and biological basis of the decreased blood vessel diameter and vessel density in MS.
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5. Conclusions

In conclusion, we found smaller retinal venular and arteriolar diameters in pwMS.
If confirmed by longitudinal follow-up, this may be a useful and objective biomarker for
neurodegeneration in MS.
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Abstract: Background: This study investigates the incidence and risk factors for the development of
Berger’s space (BS) after uneventful phacoemulsification based on swept-source optical coherence
tomography (SS-OCT). Methods: Cataractous eyes captured using qualified SS-OCT images before
and after uneventful phacoemulsification cataract surgery were included. Six high-resolution cross-
sectional anterior segment SS-OCT images at 30◦ intervals were used for BS data measurements. BS
width was measured at three points on each scanned meridian line: the central point line aligned
with the cornea vertex and two point lines at the pupil’s margins. Results: A total of 223 eyes that
underwent uneventful cataract surgery were evaluated. Preoperatively, only two eyes (2/223, 0.9%)
were observed to have consistent BS in all six scanning directions. BS was observed postoperatively
in 44 eyes (44/223, 19.7%). A total of 13 eyes (13/223, 5.8%) with insufficient image quality, pupil
dilation, or lack of preoperative image data were excluded from the study. A total of 31 postoperative
eyes with BS and 31 matched eyes without BS were included in the final data analysis. The smallest
postoperative BS width was in the upper quadrant of the vertical meridian line (90◦), with a mean
value of 280 μm. The largest BS width was observed in the opposite area of the main clear corneal
incision, with a mean value >500 μm. Conclusions: Uneven-width BS is observable after uneventful
phacoemulsification. Locations with a much wider BS (indirect manifestation of Wieger zonular
detachment) are predominantly located in the opposite direction to the main corneal incisions.

Keywords: anterior hyaloid detachment; Berger’s space; phacoemulsification; swept-source optical
coherence tomography

1. Introduction

Berger’s space (BS), also termed the vitreolenticular interface, hyaloid–capsular inter-
space, or patellar fossa, is a space located between the posterior lens capsule and anterior
hyaloid of the vitreous. These structures attach in a circular manner via thickened hyalo-
capsular zonules of the Wieger ligament, the outer limit of which is defined by Egger’s line.
Growing evidence suggests that BS is a real and clinically significant space in pathological
conditions that can be detected using slit-lamp biomicroscopy [1,2]. Further, Weidle [3]
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identified the presence of BS in infants by filling the space with an ophthalmic viscosurgical
device (OVD) after a small posterior capsulotomy during congenital cataract surgery.

In terms of clinical application, to sever attachments and create a wide interspace,
Menapace [4] attempted transzonular capsulo-hyaloidal hydroseparation by rinsing the
zonular fibers with fluid or additional triamcinolone acetonide (TA) to initiate or complete
anterior hyaloid detachment (AHD). This procedure may improve the patency and visibility
of BS to augment the control and feasibility of primary posterior laser capsulotomy (PPLC)
in femtosecond laser-assisted cataract surgery (FLACS) with an intact anterior hyaloid
membrane that acts as a major barrier between the anterior and posterior segments of the
eye. In this regard, adequate imaging of the posterior lens capsule and anterior hyaloid
membrane is a prerequisite for safe and effective PPLC. Similarly, viscodissection of BS is
also greatly important for manual primary posterior capsulorhexis during the surgery of
pediatric cataracts, to avoid vitreous prolapse and destabilization of the intraocular lens [5].

Recently, the importance of BS as an anatomical structure for microsurgery has in-
creased. Partial AHD and BS opening are sometimes intentionally induced using hydro-
static pressure to safely and completely remove anterior vitreous hemorrhage [6]. BS can
be used as a surgical plane for viscodelamination of the interface between the posterior
lens capsule and anterior hyaloid membrane. Lyu et al. [7] reported that retrolental plaques
in eyes with pediatric tractional vitreoretinopathy were successfully separated from the
posterior lens capsule by blunt tension of cohesive viscoelastic injection into BS with an
intact posterior capsule during lens-sparing vitrectomy, because these plaques attach to the
anterior hyaloid membrane before invading the BS and posterior lens capsule. Moreover,
Kam et al. [8] reported a canal of Petit pneumodissection technique via endoscopy-guided
dissection of anatomical planes using filtered air to enable safe and complete separation of
the anterior hyaloid of the vitreous from the posterior lens capsule in phakic or pseudopha-
kic eyes. Therefore, both the cataract and vitreoretinal specialist should pay attention to
and use this interesting finding to assist or notice the importance of BS or AHD in clinic.

Phacoemulsification is a widely used and safe procedure for the treatment of cataracts.
However, rare accidents, such as acute aqueous misdirection syndrome and Descemet mem-
brane detachment, may occur during surgery. In a previous published case of traumatic
cataract surgery involving a 41-year-old man with moderate myopia and angle recession in
his left eye [9], a large air bubble running into Berger’s space (BS) was noticed during the
cortex removal procedure. It is, therefore, of importance to cataract surgeons that BS is a
noteworthy anatomical structure and has a possible influence on phacoemulsification.

More recently, BS has been visualized intraoperatively during cataract surgery via
real-time intraoperative optical coherence tomography (iOCT) attached to femtosecond
laser cataract systems [10,11], or with an operating microscope [12]. Detecting BS before
and after cataract surgery using advanced noninvasive optical technology is crucial, as
these eyes could be at risk of aqueous misdirection [13]. Studies using spectral-domain
optical coherence tomography (SD-OCT) with an anterior segment module have identified
BS in pseudophakic patients due to the thinner interface of the intraocular lens compared to
that of the natural lens [1]. However, it is insufficient to capture images of BS with SD-OCT
in most patients with their natural lenses because SD-OCT imaging fails to reach the depth
necessary to visualize the interface between the posterior lens capsule and anterior hyaloid.

Compared to SD-OCT, swept-source optical coherence tomography (SS-OCT) employs
a longer wavelength and has a greater scanning depth. Accordingly, it is a more appropriate
method to evaluate the anterior hyaloid interface [14–17]. Currently, the number of SS-OCT
devices commercially available in clinical settings is increasing, which may improve our
understanding of the physiology and pathology of BS.
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The growing number of published articles has signified increasing interest in this
anatomical space in recent years. The main objective of this study was to evaluate the
influence of phacoemulsification surgery on the change in the postoperative structure of the
hyaloid–capsular interspace using a commercially available SS-OCT device with anterior
imaging in a relatively large sample, to further clarify the incidence of pre- and post-BS
and potential risk factors for the change in postoperative BS.

2. Materials and Methods

This retrospective observational study included patients who were willing to undergo
cataract surgery at Shanxi Eye Hospital between November 2020 and December 2021.
The study was registered online on the International Standard Randomized Controlled
Trials website (http://www.controlled-trials.com; accessed on 8 November 2021) with the
registration number ISRCTN13860301. All participants provided written informed consent
for participation in the clinical examination program and to undergo cataract surgery. This
study was conducted in accordance with the tenets of the Declaration of Helsinki. The
Institutional Review Board of Shanxi Eye Hospital affiliated with Shanxi Medical University
approved the protocol (No. 2019LL130).

The medical records of patients with cataracts who consented to surgery were re-
viewed. Patients undergoing phacoemulsification cataract surgery were enrolled. Inclusion
criteria were as follows: diagnosis of cataracts prepared for surgery, dilated pupil size of
7 mm or larger, no pathological alteration in the anterior segment (such as keratoconus,
pseudoexfoliation syndrome, or corneal opacity), no retinal diseases impairing visual
function, no previous anterior or posterior segment surgery, and no intraoperative or post-
operative complications. Multiple parameters were extracted to determine BS and analyze
the related factors. All included patients underwent conventional phacoemulsification.
Before and after cataract surgery, each patient underwent complete ocular examination,
including best-corrected visual acuity (BCVA), non-contact tonometry, slit-lamp exami-
nation, and indirect ophthalmoscopy. Axial length was measured using IOLMaster 700
(Carl Zeiss Meditec, Dublin, CA, USA). All included patients underwent anterior segment
SS-OCT using the ANTERION device (software version 1.3.4.0; Heidelberg Engineering,
Heidelberg, Germany) with a 1300 nm light source [18,19].

SS-OCT anterior segment imaging pre- and post-surgery was performed by the
same technician in a semi-dark room without pupillary dilation, with the patient in the
seated position, as reported in a previous study [18]. The ANTERION Metrics App in
conjunction with a high-resolution SS-OCT imaging device provides 6 high-resolution
(axial resolution < 10 μm and lateral resolution < 30 μm) cross-sectional anterior segment
images at 30◦ intervals (0–180◦, 30–210◦, 60–240◦, 90–270◦, 120–300◦, and 150–330◦) cen-
tered on the corneal vertex (Figure 1). The quality of each measurement was examined
by an expert, and images that revealed BS were used for further analysis. BS width was
manually measured at three points on each scanned meridian line: the central point and
two point lines aligned with the corneal vertex and pupil margins, respectively (Figure 2).
To identify risk factors for the development of BS after surgery, the 31 matched eyes without
postoperative BS were selected for comparison analysis.
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Figure 1. Six high-resolution, cross-sectional anterior segment images with 30◦ intervals centered on
the corneal vertex in a 48-year-old myopic cataract patient with an axial length of 28.70 mm. Yellow
arrows indicate Berger’s space with a natural lens. Of note, the size of Berger’s space in all directions
is relatively symmetrical and uniform (around 254 μm).

Figure 2. The measurement locations used to determine the width of Berger’s space. The width of
Berger’s space, defined as the vertical distance between posterior lens capsule (pink arrows) and
anterior vitreous hyaloid (white arrows), was manually measured at three points of each scanned
meridian line: the central point line (a) and the two point lines (b,c) at the margins of the pupil
(yellow solid lines).
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3. Surgical Procedure

All phacoemulsification surgeries were performed under local anesthesia by a single
surgeon (X.G.W.). Phacoemulsification parameters were set as follows: continuous linear
mode was used with ultrasound (US) power up to 40%, vacuum was linear to 500 mmHg,
and bottle height (recorded as irrigation pressure), to provide passive infusion, was set at
95–110 cm above eye level. A 2.2 mm clear corneal incision was made superior-temporally
in the right eye or superior-nasally in the left eye (120◦). After the creation of a contin-
uous curvilinear capsulorhexis, phacoemulsification (horizontal phaco-chop technique;
angle 30◦ phaco tip No. DP8730 with outer diameter of 0.9 mm and inner diameter of
0.70–0.5 mm) was followed by aspiration of the cortical remnants using the Stellaris®

MICSTM system (Bausch + Lomb, Rochester, NY, USA). A foldable monofocal hydrophobic
acrylic intraocular lens (IOL HOYA PY60AD) was implanted into the capsular bag. In all
patients, no sutures were used to close the incisions.

4. Statistical Analyses

Statistical analyses were performed using SPSS software (version 21.0, SPSS, Chicago,
IL, USA). The normality of the distribution of continuous variables was assessed using a
one-sample Kolmogorov–Smirnov test prior to significance testing. Normally distributed
data were analyzed with an independent Student’s t-test. Non-normally distributed data
were analyzed using the Mann–Whitney U-test. Correlations were assessed using Pearson’s
correlation analysis. All normally distributed values of continuous variables are expressed as
the mean ± standard deviation (SD), and non-normally distributed values are expressed as
median and interquartile ranges (IQR). All tests were two-tailed with a significance level of 5%.

5. Results

All 223 eyes that underwent uneventful cataract surgery have undergone a preliminary
analysis. In 44 eyes (19.7%), BS could be visualized using an SS-OCT device postoperatively;
however, 13 eyes were excluded from the study, as the OCT images demonstrated low
quality (4 eyes), had pupil dilation (5 eyes), or had no preoperative data (4 eyes). Ultimately,
31 eyes of 30 patients (21 eyes of 20 patients with age-related cataracts, 3 eyes of 3 patients
with metabolic cataracts, 3 eyes of 3 patients with complicated cataracts, 2 eyes of 2 patients
with glucocorticoid-induced cataracts, 1 eye of 1 case with high myopia, and 1 eye of 1 case
with congenital cataracts) with clearly defined BS after uneventful phacoemulsification
were included in the study. These results were matched with 31 eyes from 25 patients
(16 eyes of 12 patients with age-related cataracts, 9 eyes of 8 patients with metabolic
cataracts, 4 eyes of 3 patients with glucocorticoid-induced cataracts, and 2 eyes of 2 patients
with high myopia) without preoperative BS to analyze the risk factors for the development
of BS. The clinical characteristics of 30 patients with and 25 patients without postoperative
BS are presented in Table 1. Preoperative BS was observed in only two eyes (0.9%). No
significant differences were observed in age, axial length, lens thickness, and intraocular
pressure between eyes with and without BS. BS development was associated with a higher
irrigation pressure (p < 0.001) and shorter surgery duration (p = 0.021).

The mean follow-up time for anterior SS-OCT imaging after cataract surgery was
24.1 days postoperatively. The mean times of OCT imaging for eyes with and without
BS were 14.0 days (range, 1–57 days) and 34.2 days (range, 1–395 days) after surgery,
respectively. BS persisted for more than 25 days after cataract surgery in 10 of these eyes.
The smallest BS width was observed in the upper vertical meridian line (90◦), with a mean
value of 280 ± 202 μm. The largest BS width was observed in the opposite area of the
main clear corneal incision (240◦), with a mean value of 557 ± 352 μm (Figures 3 and 4).
Hyperreflective postoperative material was noted in BS in six eyes (Figure 5).

Pearson correlation analysis revealed no significant correlation between postopera-
tive BS width at all meridians and ocular parameters (axial length, lens thickness, and
intraocular pressure), surgical parameters (surgery time and irrigation pressure), or age (all
p values > 0.05).
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Table 1. Clinical characteristics of patients with and without postoperative Berger’s space (BS).

With BS Without BS p

N 30 25

Eyes (OD/OS) 31 (18/13) 31 (18/13)

Age (years) 66.0 ± 14.2 64.1 ± 14.3 0.635 *

Axial length (mm) 23.22 ± 1.14 23.70 ± 1.91 0.239 *

Lens thickness (mm) 4.13 ± 0.50 4.26 ± 0.56 0.443 *

Intraocular pressure (mmHg)

Before surgery 15.87 ± 2.50 16.81 ± 2.37 0.136 *

After surgery 17.61 ± 1.61 17.03 ± 1.58 0.157 *

Surgical time (min) † 12.48 ± 3.95 14.58 ± 2.98 0.021 *

Irrigation pressure (cm H2O, median (IQR)) 110 (110–105) 105 (110–101) <0.001 #

* Independent Student’s t-test, # Mann–Whitney U test. † Surgical time was calculated from the beginning of the
side incision to the end of the watertight incision closure.

Figure 3. The mean ± standard deviation (SD) width of Berger’s space at three points (as illustrated in
Figure 2) at each meridian line. The green curved line indicates the main clear corneal incision for the
phacoemulsification tip. The region indicated by the two yellow arrows represents the main impact
area of irrigation fluid during cataract surgery. The mean width of Berger’s space opposite to the main
clear corneal incision was the largest, which impacted the influence of irrigation fluid circulations.
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Figure 4. A representative eye postoperatively presented with uneven Berger’s space. Berger’s space
lost its symmetry in all directions and the larger width was predominantly observed in the opposite
area of the main clear corneal incision (red arrows in cross-sectional optical coherence tomography
(OCT) images and red stars in eye plane image).

Figure 5. Scattered hyperreflective material (yellow arrows) in Berger’s space was observed in six
eyes postoperatively in less than 7 days.

6. Discussion

Evidence of direct communication between the anterior chamber and BS during
phacoemulsification cataract surgery has been inconclusive. The current findings support
the hypothesis that uneventful cataract surgery may induce AHD and provides evidence
of the volume characteristics of the created space. We observed that 44 eyes (19.7%)
presented with BS after phacoemulsification. A previous study reported that BS can
be clearly visualized in 81% of cataract cases immediately after IOL implantation with
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femtosecond laser-integrated SD-OCT [10]. More recently, Anisimova et al. [20] successfully
identified BS in 21 cases (75%) via intraoperative optical coherence tomography (iOCT)
during phacoemulsification, and in 23 cases (82%) with SD-OCT postoperatively. This
difference may be due to the different characteristics of the included populations, different
equipment employed, and different time intervals for scanning. For instance, the study
by Anisimova et al. [20] included many patients with pseudoexfoliation syndrome (PEX)
whose ciliary zonule was inherently weakened [21]. Of note, BS persisted for more than
25 days (maximum of 57 days) after cataract surgery in 10 eyes in our study, suggesting
that AHD cannot recover once it occurs either partially or completely.

In the two eyes with preoperative BS, the size of BS in all directions was relatively
symmetrical and uniform (Figure 1). However, BS lost its symmetry in all directions, and
the largest width appeared in the area opposite the main corneal incision (Figure 4). This
phenomenon could predominantly be due to the impact force of the irrigation fluid flow,
which may cause a local crevice of the Wieger ligament in the opposite area through the
ciliary zonule, resulting in local AHD (Figure 6). We speculate that BS width is related to
the extent of Wieger ligament damage, whereby greater BS width indicates greater extent
of Wieger ligament damage.

Figure 6. Schematic diagram of Wieger zonular damage and increasing width of Berger’s space
during phacoemulsification. (A) The yellow arrow indicates Berger’s space with natural lens before
surgery (the green line indicated as the anterior hyaloid of the vitreous; the purple lines indicated the
Wieger zonular). (B) The curved dash line indicates extensive irrigation fluid through the zonular
network, resulting in partial Wieger zonular damage (red arrow).

Phacoemulsification cataract surgery may cause posterior vitreous detachment
(PVD) [22,23]. However, there is growing interest in AHD after uneventful cataract
surgery [20]. Based on visualization using TA, BS has been recognized as a sac-like struc-
ture with a septum located behind the lens that divides BS into a two-thirds temporal and
one-third nasal formation [24]. The advent of advanced imaging technology, particularly
SS-OCT, has facilitated in vivo visualization of the anatomical structure of the vitreolentic-
ular interface [25].

Despite its rare involvement in ocular pathology, BS can be visualized in certain patho-
logical conditions, such as ocular trauma [26,27], spontaneous vitreous hemorrhage [1],
ocular surgeries [3,28,29], pigment dispersion syndrome [30], and idiopathic conditions [31].
Accordingly, BS is an actual space that may constitute a key site of pathology. Shah et al. [32]
reported a preterm neonate with type 1 retinopathy of prematurity who presented with
hemorrhage in BS immediately after intravitreal bevacizumab injection. The hemorrhage
resolved completely at 18 weeks postoperatively, and the crystalline lens remained clear.
Therefore, specific attention should be paid to disease or surgical manipulations potentially
related to BS.

BS is too narrow to be identified in the presence of a natural crystalline lens, even
with modern diagnostic tools. As such, this space is unobservable in most cataract patients
preoperatively because the posterior capsule of the lens adheres throughout its extension
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to the anterior vitreous. As reported in a previous study using SD-OCT with the anterior
pole module (Cirrus Lumera 700 Carl Zeiss Meditec), only 3 out of 90 patients presented
with BS [25]. Similarly, we only identified 2 eyes with preoperative BS out of 223 eyes
using SS-OCT. However, potential BS may develop into an obvious space with varying
widths immediately after lens extraction from the capsular bag, accompanied by forward
movement of the posterior lens capsule. This would increase the probability of occurrence
of BS during and after cataract surgery.

Crucially, BS may be enlarged by excessive irrigation fluid circulation that moves
through weakened zonules and incomplete attachment of the Wieger ligament during
phacoemulsification. Vasavada et al. [33] reported that using high fluidic parameters during
phacoemulsification caused partial AHD with an intact posterior lens capsule. We observed
that eyes with BS had higher irrigation pressures (p < 0.001, Table 1). However, higher
irrigation per se may cause higher pressure and damage to zonular fibers, which facilitates
the entry of irrigation fluid into BS. Therefore, in cataract patients with weakened zonular
fibers, such as high myopia and PEX, irrigation pressure should be reduced appropriately
to mitigate damage to zonules and decrease AHD incidence. Surgeons should also carefully
adjust the ratio between the bottle height and flow rate to achieve a balanced state, which
may enhance the stability of fluid circulation and safety during surgery.

The presence or increasing width of BS or AHD may lead to complications during or
after cataract surgery. Vasavada et al. [33] reported that the use of high bottle heights and as-
piration flow rates may have detrimental consequences on the anterior vitreous face, which
are clinically undetectable. This causes decompartmentalization and allows the diffusion
of infectious microbes and inflammatory mediators through zonules into BS, consequently
increasing the risk of vitritis, macular edema, or even endophthalmitis. However, in this
study, no significant correlation was identified between BS width and ocular parameters
(axial length, lens thickness, and intraocular pressure), surgical parameters (surgery time
and irrigation pressure), or age, although eyes with BS had higher irrigation pressure. This
could be due to the small sample size, which may have obscured any statistical correlation.
Notably, longer surgical time was observed in the group without postoperative BS. This
may be attributed to the recording of surgical time as the whole operation time, rather than
just the phaco and irrigation/aspiration time. Ideally, a comprehensive consideration of
irrigation pressure and surgical time (phaco and irrigation/aspiration) may better reflect
the effects of cataract surgery on the vitreolenticular interface.

AHD is associated with increased instability of the posterior lens capsule (due to loss of
Wieger ligament fixation), and is a latent risk factor for posterior capsule rupture during the
irrigation/aspiration step of phacoemulsification, thereby increasing the risk of posterior
capsule rupture. Partial AHD may also partly contribute to the pathogenesis of acute
aqueous misdirection syndrome; however, no cases of BS or AHD after phacoemulsification
presenting with acute aqueous misdirection syndrome were noted in our study or previous
studies [12,20]. Nevertheless, the complex nature of this syndrome may involve changes in
the anatomical structure of the anterior vitreolenticular interface as well as the collection of
irrigation fluid or OVD in BS.

Previous studies have reported the presence of material in BS after uneventful cataract
surgery [20,34]. Lenticular zonular insufficiency or partial AHD may provide access
to BS from the anterior chamber during irrigation and aspiration, resulting in the en-
try of medication, residual lens material, and blood cells into this space. Using iOCT,
Anisimova et al. [20] reported the presence of BS and penetration of lens fragments into
the hyaloid–capsular interspace. In 767 consecutive phaco cases, Kam et al. [34] identified
material in BS in 386 eyes (50.3% of cases), the majority of which was putative lens material
(46.5% of all cases), with two cases confirmed by histological investigation. In contrast,
another study reported that no retrocapsular lens fragments could be identified cytopatho-
logically after uneventful phacoemulsification [35]. Although we could not confirm that
the material (uniformly hyper-reflective signal in SS-OCT images) was in BS in the six
eyes analyzed herein, we speculate that the material may be OVD or small residual lens
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fragments migrating from the anterior chamber through the zonular network and detached
Wieger ligament (Figure 5).

Due to its retrospective nature, this study had several limitations. First, the limited
field of view was a study limitation due to the lack of mydriasis for imaging. Nonetheless,
the effective scan captured useful information from the zone within the pupil diameter, as
the iris prevented deeper light propagation. Second, we did not evaluate the stability of
the anterior chamber depth during phacoemulsification, which is a factor affecting zonular
fiber function.

7. Conclusions

The Berger’s space can be visualized by SS-OCT not only before but one day or more
than one month after cataract surgery. The presence of postoperative BS may be due to the
partial AHD during cataract surgery, and the largest width appeared in the opposite area to
the main corneal incision, unlike the size of it in all directions being relatively symmetrical
and uniform preoperatively.
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Abstract: Background: The imaging and analysis of the ciliary body (CB) are valuable in many
potential clinical applications. This study aims to demonstrate the anatomy characteristics of CB using
radial and transverse imaging of ultrasound biometric microscopy (UBM) in healthy Chinese subjects,
and to explore the determining factors. Methods: Fifty-four eyes of 30 healthy Chinese subjects were
evaluated. Clinical data, including age, body mass index (BMI), intraocular pressure (IOP), axial
length (AL), and lens thickness (LT), were collected. Radial and transverse UBM measurements of
the ciliary body were performed. Anterior chamber depth (ACD), ciliary sulcus diameter (CSD),
ciliary process length (CPL), ciliary process density (CPD), ciliary process area (CPA), ciliary muscle
area (CMA), ciliary body area (CBA), ciliary body thickness (CBT0, CBT1, and CBTmax), anterior
placement of ciliary body (APCB), and trabecular-ciliary angle (TCA) of four (superior, nasal, inferior,
and temporal) quadrants were measured. Results: The average CPL was 0.513 ± 0.074 mm, and
the average CPA was 0.890 ± 0.141 mm2. CPL and CPA tended to be longer and larger in the
superior quadrant (p < 0.001) than in the other three quadrants. Average CPL was significantly
correlated with AL (r = 0.535, p < 0.001), ACD (r = 0.511, p < 0.001), and LT (r = −0.512, p < 0.001).
Intraclass correlation coefficient (ICC) scores were high for CPL (0.979), CPD (0.992), CPA (0.966),
CMA (0.963), and CBA (0.951). Conclusions: In healthy Chinese subjects, CPL was greatest in the
superior quadrant, followed by the inferior, temporal, and nasal quadrants, and CPA was largest in
the superior quadrant, followed by the tempdoral, inferior, and nasal quadrants. Transverse UBM
images can be used to measure the anatomy of the ciliary process with relatively good repeatability
and reliability.

Keywords: ciliary body; radial scan; transverse scan; UBM; healthy Chinese subjects

1. Introduction

The ciliary body (CB) is the middle part of the anterior uvea. Anatomically, the CB
spans the portion of the eye between the scleral spur and the ora serrata. In the sagittal
section, the CB is triangular and divided into two parts: the pars plicata, characterized
by a longitudinal radial process called the ciliary process (CP), and the pars plana, which
is flat and approximately 4 mm behind the CP [1]. The CB has an important relationship
with neighboring structures and has a variety of functions, including aqueous humor
production, regulation of aqueous humor output through the uveal sclera pathway, and
regulation via the ciliary muscle and suspensory ligament [2]. However, the CB and CP
cannot be directly visualized due to the posterior position.
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Ultrasound biometric microscopy (UBM) has been widely used to analyze anterior
chamber structures, especially the structure behind the iris, such as the CB [3,4]. The UBM
imaging and analysis of the CB, based on the radial scan, is valuable in many potential
clinical applications, such as analyzing the pathogenesis of different types of angle-closure
glaucoma [5–8]; describing the effects of pharmacologic agents on CB [9–11]; revealing
the relationship between CBT and refractive error [12]; and assessing the development of
uveitis, tumors, and cysts [13–15].

In radial UBM images, only one CB can be seen at one time, and only the pars plana
and plicata of the CB can be visualized. In addition, it cannot clearly characterize the mor-
phological features of the CPs due to their irregular arrangement, similar to protuberance.
However, a transverse scan of CB is available by UBM. In transverse images, the transducer
probe can be aligned with an entire row of CPs to illustrate the complex anatomy of the
CB. Such images provide the ability to analyze a group of CPs rather than a single CP
as in a radial scan. However, as far as we know, an objective and repeatable protocol of
transverse scanning of UBM has never been reported. In this study, we aim to demonstrate
the anatomy characteristics of the ciliary body using both radial and transverse scans of
UBM in healthy Chinese subjects, and to explore the determining factors for further study
of the pathogenesis, prevention, and follow-up of CB-related disease in vivo.

2. Materials and Methods

2.1. Participants

This was a cross-sectional study consisting of healthy Chinese subjects. The research
conformed to the Helsinki Declaration’s guidelines; was approved by the Ethics Board
of the Zhongshan Ophthalmic Center (ZOC), Sun Yat-Sen University; and participants
signed informed consents. All subjects underwent detailed ocular examinations, including
slit-lamp examination, fundus examination with a 90-diopter lens, and intraocular pressure
(IOP) measurement by Goldmann applanation tonometry. Axial length (AL), lens thickness
(LT), white-to-white (WTW) corneal diameter, and central corneal thickness (CCT) were
measured by the same trained observer (X.G.) via IOL Master 700 (Carl Zeiss Meditec AG,
Jena, Germany, version 1.7). High-definition images of the anterior segment and the CB
structures were provided by UBM.

The inclusion criteria were: (1) Chinese ethnicity, (2) age ≥ 18 years, (3) IOP < 21 mmHg
by Goldmann applanation tonometry, and (4) normal optic disc and macular appear-
ance. The exclusion criteria were: (1) any intraocular disease except moderate cataracts,
(2) history of ocular trauma, (3) history of eye surgery, (4) ocular surface active inflamma-
tion, (5) refractive error exceeding 5.00 diopters of hyperopia/myopia or 2.00 diopters of
astigmatism, and (6) systemic disorders that affect visual functions.

2.2. Image Acquisition

UBM imaging was performed using an sw-3200L UBM and 50 MHz linear transducer
(Tianjin Suowei Electronic Technology Co., Ltd., Tianjin, China). The highest axial and
lateral resolutions of the UBM were no less than 40 μm. All images included in this study
were obtained by the same examiner (L.C.). Radial scans were performed in the positions of
9, 12, 3, and 6 o’clock centered over the corneal limbus, and perpendicular sulcus-to-sulcus
scans were obtained over the pupil center.

Specifically, transverse scans of UBM images were obtained as follows. The probe was
perpendicular to the corneal limbus, and the first and most precise CPs image at the time
of disappearance of the ciliary sulcus was obtained from four different quadrants (superior,
nasal, inferior, and temporal) of each eye. Measurements of the superior quadrant were
performed repeatedly over for 1 h by the same physician while masking the initial results.
The images were analyzed by the same observer. Figure 1A–D show the probe directions.
Figure 1E shows a transverse (superior) CPs image sample.
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Figure 1. UBM was used to obtain the images of the ciliary body. The ultrasound beam appears
in yellow. (A) Enface view with the probe position at 9, 12, 3, and 6 o’clock perpendicular to the
limbus in red. (B,C) These images show the position of probes and eyes when obtaining superior
radial and transverse UBM images, respectively. The red arrow shows the direction in which the
probe swings during the examination. (D) This UBM image shows the relationship of the ultrasound
beam to the CB when the transverse scan is performed. (E) This image depicts a transverse (superior)
UBM image.

2.3. Image Measurement

As Figure 2A shows: (1) the ciliary process length (CPL) was determined by calculating
the average length of each individual CP within a 3-mm line in a row; (2) the ciliary process
density (CPD) was defined as the overall number of ciliary processes in a 3-mm segment of
the transverse CB; (3) the ciliary process area (CPA), ciliary muscle area (CMA), and ciliary
body area (CBA) were measured by calculating the area of ciliary processes, ciliary muscle,
and CB, respectively, calculating the area within the boundaries of CPs within a 3-mm
linear distance using ImageJ software 1.51 (ImageJ Software Inc., Bethesda, MD, USA). The
method and the parameters, such as CPL, CPA, CPD, CMA, and CBA of transverse UBM
scans, were first defined in this study, so we analyzed the intra-observer reproducibility.

As Figure 2B shows: anterior chamber depth (ACD) was defined as the axial distance
between the corneal endothelium and the anterior lens surface. Ciliary sulcus diameter
(CSD) was the perpendicular sulcus-to-sulcus distance from 12 to 6 o’clock.

As Figure 2C shows: (1) CBT0 was the CBT at the point of the scleral spur, and CBT1
was the CBT at a distance of 1 mm from the scleral spur; (2) maximum CBT (CBTmax) was
defined as the distance between the innermost point of the CB and the inner surface of
the sclera; (3) anterior placement of the ciliary body (APCB) was the distance from the
most anterior point of the CB to the vertical line drawn from the inner surface of the scleral
spur; (4) the trabecular-ciliary angle (TCA) refers to the angle between the posterior corneal
surface and the anterior surface of the CB.
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Figure 2. Measurement of ciliary parameters in UBM images. (A) Within the boundaries of CPs and
a 3-mm linear distance, the ciliary process length (CPL) was measured by calculating the average
length of each individual CP. Each individual CPL is shown by the red arrow. The CPD was defined
as the number of ciliary processes. The CPA, shown as the shaded area, was measured by calculating
the area of ciliary processes. The CMA, the area above the CPA, circled by yellow lines, was measured
by calculating the area of the ciliary muscle. The CBA was the sum area of the CPA and the CMA.
(B) ACD, anterior chamber depth; CSD, ciliary sulcus diameter. (C) CBT0, ciliary body thickness
at the point of the scleral spur; CBT1, ciliary body thickness at a distance of 1 mm from the scleral
spur; CBTmax, maximum ciliary body thickness; APCB, anterior placement of the ciliary body; TCA,
trabecular-ciliary angle.

2.4. Statistical Analysis

All data were imported and sorted by two authors. The statistical analysis and
description were performed in SPSS 23 (IBM Corporation, Chicago, IL, USA). One-way
analysis of variance (ANOVA) was performed to compare the CPL, CPD, CPA, CMA, CBA,
CBT, and APCB in each of the four quadrants. The CPL, CPD, CPA, CMA, CBA, CBT, and
APCB values obtained in the four quadrants were averaged, and the Pearson’s correlation
coefficient test was used to assess the relationships of average CPL, CPD, CPA, CMA, CBA,
CBT, and APCB with the following parameters: age, BMI, AL, ACD, LT, and CSD. The
intraclass correlation coefficient (ICC) and the Bland–Altman plots were used to analyze
the consistency of each parameter for two repeat examinations of the superior CP. p < 0.05
was considered to be statistically significant.

3. Results

3.1. Patient Characteristics

Data for this study consisted of 54 eyes of 30 healthy adults. The mean age of the
participants was 38.07 ± 12.58 years (range: 18–65 years). Subjects included 14 females
and 16 males, with an average BMI of 23.27 ± 3.14 (range: 17.67 to 29.27). Table 1
shows that the mean IOP, CSD, AL, ACD, LT, WTW, and CCT were 14.59 ± 2.13 mmHg,
11.56 ± 0.53 mm, 24.46 ± 1.09 mm, 3.41 ± 0.30 mm, 3.93 ± 0.37 mm, 11.99 ± 0.30 mm, and
528.84 ± 29.81 mm, respectively.

Table 1. Demographic, clinical examination, and ocular biometric parameters of subjects.

Variables Mean ± SD Median Range

Age(years) 38.07 ± 12.58 39 18–65
Female gender% 53.33% - -

BMI (kg/m2) 23.27 ± 3.14 23.27 17.67–29.27

161



J. Clin. Med. 2022, 11, 3696

Table 1. Cont.

Variables Mean ± SD Median Range

IOP (mmHg) 14.59 ± 2.13 14.45 10.00–19.70
CSD (mm) 11.56 ± 0.53 11.64 10.07–12.49
AL (mm) 24.46 ± 1.09 24.50 22.45–26.49

ACD (mm) 3.44 ± 0.30 3.40 2.78–4.01
LT (mm) 3.93 ± 0.37 3.96 3.33–4.69

WTW (mm) 11.99 ± 0.30 12.00 11.40–12.70
CCT (μm) 528.84 ± 29.81 527.00 478.00–579.00

SD, standard deviation; BMI, body mass index; IOP, intraocular pressure; CSD, ciliary sulcus diameter; AL axial
length; ACD, anterior chamber depth; LT, lens thickness; WTW, white-to-white; CCT, central corneal thickness.

3.2. Intra-Observer Reproducibility of the Parameters in Transverse UBM Scans of CB

Intraclass correlation coefficient (ICC) scores describe the level of absolute agreement
between two examinations and provide a measure of reproducibility. In our study, there
were 44 images in total. ICC scores were high for CPL (0.979), CPD (0.992), CPA (0.966),
CMA (0.963), and CBA (0.951) (Table 2). For all parameters measured, there was good
agreement between the two examinations. The mean difference and 95% limits of agreement
(LoA) in CPL, CPD, CPA, CMA, and CBA between the first and second examinations were
−0.002 (−0.029, 0.024), −0.018 (−0.183, 0.147), 0.001 (−0.064, 0.066), 0.030 (−0.108, 0.169),
and 0.031 (−0.140, 0.203), respectively. Differences were plotted against the mean, as shown
by the Bland–Altman plots in Figure 3.

Table 2. ICC and 95% LoA results for ciliary body anatomy measured in the superior quadrant from
the transverse scan.

Measurement
Mean ± SD

ICC, 95%CI p 95%LoA No. of Images
Examination 1 Examination 2

CPL (mm) 0.553 ± 0.069 0.555 ± 0.065 0.979(0.962,0.988) <0.001 −0.029, 0.024 44
CPD (number) 5.641 ± 0.669 5.660 ± 0.645 0.992(0.985,0.995) <0.001 −0.183, 0.147 44

CPA (mm2) 0.964 ± 0.127 0.962 ± 0.128 0.966(0.939,0.982) <0.001 −0.064, 0.066 44
CMA (mm2) 2.399 ± 0.288 2.368 ± 0.268 0.963(0.923,0.981) <0.001 −0.108, 0.169 44
CBA (mm2) 3.362 ± 0.291 3.333 ± 0.297 0.951(0.907,0.974) <0.001 −0.140, 0.203 44
CBA (mm2) 3.362 ± 0.291 3.333 ± 0.297 0.951(0.907,0.974) <0.001 −0.140, 0.203 44

p < 0.05, F test of ICC with true value 0; SD, standard deviation; ICC, intraclass correlation coefficient; CI,
confidence interval; LoA, limits of agreement; CPL, ciliary process length; CPD, ciliary process density (in 3-mm
linear distance); CPA, ciliary process area; CMA, ciliary muscle area; CBA, ciliary body area.

Figure 3. Bland–Altman plots for two repeat examinations of the superior CP. Differences for CPL
(A), CPD (B), CPA (C), CMA (D), and CBA (E) generally fell within the repeatability coefficient limit
(black dashed line), suggesting that the mean parameter was generally repeatable. The red dashed
line shows the mean.
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3.3. Anatomy Characteristics of the CB Both from Radial and Transverse Imaging of UBM

Table 3 showed that the average CPL was 0.513 ± 0.074 mm, the average CPA
was 0.890 ± 0.141 mm2, and the average CMA was 2.381 ± 0.280 mm2 in the four
quadrants. The CPL was 0.558 ± 0.070 mm, 0.490 ± 0.062 mm, 0.505 ± 0.075 mm,
and 0.498 ± 0.072 mm in the superior, inferior, temporal, and nasal quadrants, respec-
tively. The CPA was 0.964 ± 0.130 mm2, 0.841 ± 0.112 mm2, 0.865 ± 0.142 mm2, and
0.889 ± 0.148 mm2, whereas the CMA was 2.327 ± 0.312 mm2, 2.483 ± 0.245 mm2,
2.355 ± 0.270 mm2, and 2.361 ± 0.271 mm2, respectively. There were significant differ-
ences in the CPL (p < 0.001), CPA (p < 0.001), and CMA (p = 0.019) among the four different
quadrants (Table 3). However, no statistically significant differences in the average CPD,
CBA, CBT0, CBT1, CBTmax, APCB, and TCA (p > 0.05) among the four different quadrants
were found.

The correlations between average CPL, CPD, CPA, CMA, CBA, CBT0, CBT1, CBTmax,
APCB, TCA, and various other clinical parameters are shown in Table 4. Scatter plots of
average CPL and other ocular and systemic parameters are shown in Figure 4. Average CPL
was significantly correlated with age (r = −0.436, p = 0.001), BMI (r = −0.318, p = 0.019),
AL (r = 0.535, p < 0.001), ACD (r = 0.512, p < 0.001), LT (r = −0.512, p < 0.001), and CSD
(r = 0.345, p = 0.011). Average CPD was positively correlated with age (r = 0.354, p = 0.013)
and LT (r = 0.421, p = 0.002), and negatively correlated with AL (r = −0.445, p = 0.001),
ACD (r = −0.343, p = 0.009), and CSD (r = −0.375, p = 0.005). There was no significant
correlation between the average CPA and other clinical parameters (p > 0.05) or the CBTmax.
Average CMA showed a significant correlation with age (r = 0.488, p < 0.001), BMI (r = 0.349,
p = 0.010), AL (r =−0.279, p = 0.041), and LT (r = 0.519, p < 0.001), but not with ACD and
CSD (p > 0.05). Average CBA was not related to AL, ACD, or CSD in all eyes (p > 0.05),
except for a significant positive correlation with age (r = 0.439, p < 0.001), BMI (r = 0.307,
p = 0.024), and LT (r = 0.432, p < 0.001). Average CBT0 showed a significant correlation with
LT (r = 0.357, p = 0.008), but not with age, BMI, AL, ACD, or CSD (p > 0.05). There was
only a statistically significant correlation between the average CBT1 and CSD (r = 0.287,
p = 0.035). Average APCB was significantly correlated with age (r = 0.483, p < 0.001), AL
(R = −0.513, p < 0.001), ACD (r = −0.542, p < 0.001), LT (r = 0.491, p < 0.001), and CSD
(r = −0.566, p < 0.001), but not with BMI (p > 0.005). There was a significant correlation
between average TCA and age (r = −0.512, p < 0.001), BMI (r = −0.352, p = 0.009), AL
(r = 0.464, p < 0.001), ACD (r = 0.649, p < 0.001), LT (r = −0.508, p < 0.001), and CSD
(r = 0.569, p < 0.001).

Table 3. Ciliary body and ciliary process parameters measured in the four quadrants.

Quadrant Average Superior Nasal Inferior Temporal p-Value

CPL (mm) 0.513 ± 0.074 0.558 ± 0.070 0.490 ± 0.062 0.505 ± 0.075 0.498 ± 0.072 <0.001
CPD (number) 5.779 ± 0.832 5.596 ± 0.702 5.752 ± 0.790 5.800 ± 0.937 5.969 ± 0.863 0.139

CPA (mm2) 0.890 ± 0.141 0.964 ± 0.130 0.841 ± 0.112 0.865 ± 0.142 0.889 ± 0.148 <0.001
CMA (mm2) 2.381 ± 0.280 2.327 ± 0.312 2.483 ± 0.245 2.355 ± 0.270 2.361 ± 0.271 0.019
CBA (mm2) 3.271 ± 0.292 3.291 ± 0.328 3.323 ± 0.270 3.220 ± 0.282 3.250 ± 0.282 0.272
CBT0 (mm) 1.053 ± 0.188 1.014 ± 0.175 1.038 ± 0.142 1.054 ± 0.218 1.104 ± 0.203 0.084
CBT1 (mm) 0.811 ± 0.159 0.849 ± 0.181 0.789 ± 0.124 0.798 ± 0.147 0.811 ± 0.173 0.217

CBTmax (mm) 1.248 ± 0.169 1.224 ± 0.153 1.214 ± 0.152 1.261 ± 0.177 1.291 ± 0.183 0.064
APCB (mm) 0.349 ± 0.314 0.322 ± 0.144 0.324 ± 0.138 0.358 ± 0.235 0.392 ± 0.214 0.174

TCA (degree) 79.379 ± 10.020 77.859 ± 8.949 80.635 ± 8.587 80.583 ± 10.684 78.437 ± 11.531 0.343

Values are presented as the mean ± standard deviation; p < 0.05, one-way analysis of variance; CPL, ciliary process
length; CPD, ciliary process density (in 3-mm linear distance); CPA, ciliary process area; CMA, ciliary muscle area;
CBA, ciliary body area; CBT0, ciliary body thickness at the point of the scleral spur; CBT1, ciliary body thickness
at a distance of 1 mm from the scleral spur; CBTmax, maximum ciliary body thickness; APCB, anterior placement
of ciliary body; TCA, trabecular-ciliary angle.
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Figure 4. Scatter plots of AL (A), ACD (B), CSD (C), LT (D), BMI (E), age (F), and average CPL in
all recruited eyes. The longer the AL, the deeper the ACD, and the larger CSD were, the longer the
CPL was. The smaller the BMI and the thinner the LT were, the longer the CPL was. The younger the
subject was, the longer the CPL was. The solid line represents the best-fit line.

4. Discussion

The study of CB has gained significant attention because of its involvement in glau-
coma and myopia. Several studies have been conducted on humans to provide histological
information about the CB, but all have encountered postmortem shrinkage problems [16,17].
UBM can be used to measure any quadrant on living subjects, as it is unaffected by shrink-
age. Since its inception, UBM has been used in many clinical and preclinical studies associ-
ated with CB-related disease, and it is irreplaceable for the study of the posterior chamber
and the innermost structures of the iridociliary region compared to AS-OCT [4,18–20]. To
the best of our knowledge, this is the first report that demonstrated the morphology param-
eters of the CB from both radial and transverse scans in four different quadrants in vivo of
Chinese people and the correlations between them with systemic and ocular parameters.

In our study, four quadrantal analyses of the ciliary process revealed that the CPL was
longest in the superior quadrant, followed by the inferior, temporal, and nasal quadrants.
CPA tended to be larger in the superior quadrant than in the other three quadrants. In con-
trast to CPL, CMA was largest in the nasal quadrant, followed by the temporal, inferior, and
superior quadrants. This may be due to the embryonic development of the eye. Numerous
reports about ocular morphology have been published. Retinal nerve fiber layer (RNFL)
thickness was found to be thicker in the superior and inferior quadrants, followed by the
temporal and nasal quadrants in normal Chinese students aged 6 to 17 years using optical
coherence tomography (OCT) [21]. Corneal thickness was lower in the inferotemporal
quadrant and higher in the superonasal quadrant using anterior segmental-optical coher-
ence tomography (AS-OCT) [22]. A previous study compared the ciliary body morphology
between Caucasians and Chinese individuals aged 40 to 80 years, and found that Chinese
individuals had a thinner CBT using UBM [23]. It was reported that CBT1 was significantly
thicker in the superior quadrant than in the nasal, temporal, and inferior quadrants using
UBM in Asian subjects aged 11–86 years [24]. However, in our study, no significant differ-
ence in CBT0, CBT1, and CBTmax among the four quadrants was found. The inconsistency
may arise from the inclusion of subjects of different races. APCB and TCA were inversely
related to anterior rotation of the ciliary body. According to a previous study in Japan, the
mean TCA was 79.2 degrees using UBM [3], which is similar to our findings.

Our study provided a new protocol to scan transverse (quadrant) CP images using
UBM; in particular, a method to locate the anatomical point to achieve a repeatable fashion.
For the first time, we clearly defined CPL as the distance parallel to the long axis of the CP
from the farthest end to the midpoint of the line of the bilateral ciliary sulcus according to
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the morphology. CPD, CPA, CMA, and CBA were all measured within the middle 3-mm
linear distance of the transverse CB image. Due to the spherical shape of the eyeball, the
surrounding CPs appear deformed in the image at a greater distance. Additionally, if it
is at a shorter distance, the number of CPs will be too small, resulting in statistical errors.
Therefore, the CPs in the area we chose were the most precise and closest to the actual
shape in the scan. To date, there has been no standardized method for reliable measurement
of the ciliary process. Only one study published in 2021 obtained CP images of normal
human eyes from the temporal pars plicata using UBM, and the ICC values were >0.8
for CP parameters (CPL, CPD, CPA) [25]. However, there was an advantage that all five
parameters (CPL, CPD, CPA, CMA, CBA) in our study had ICC values > 0.9, suggesting
relatively better repeatability and reliability than the study mentioned above. The reason
for this might be that we obtained CP images in our study by focusing the ultrasonic probe
perpendicular to the corneal limbus at the time of disappearance of the ciliary sulcus, and
this might prove a more reliable method to measure CPs from transverse UBM images.

Additionally, the correlations between parameters of the CP and systemic and ocular
parameters in healthy Chinese subjects were revealed, which has not been reported before,
as far as we know. In addition, average CPL had a negative correlation with age and BMI,
indicating that people who were younger or with lower BMI tended to have a longer CP.
In our study, average CPL and average TCA showed a positive correlation with AL and
CSD, and showed a negative correlation with LT; average CPD, average CMA, and average
APCB showed the opposite correlation. In other words, healthy Chinese subjects, who had
smaller eyes with shorter AL, shorter CSD, and thicker lenses, had shorter but denser ciliary
processes, thicker ciliary muscle, and more anteriorly located CB, which might provide
new inspiration for the occurrence and mechanism of malignant glaucoma in patients with
primary angle-closure (PAC) and primary angle-closure glaucoma (PACG). With transverse
direction UBM scans, CP can be seen more clearly, which may provide a more accurate way
to explore the pathogenesis, and evaluate the surgical prognosis of glaucoma.

In previous studies, CBT1 was positively correlated with AL in normal subjects [24],
and CBT2 and CBT3 (2 mm and 3 mm posterior to the scleral spur) were positively correlated
with AL in myopic eyes [12]. It was reported that ciliary muscle thickness (CMT2 and CMT3,
2 mm and 3 mm posterior to the scleral spur) was increased in myopic eyes compared with
nonmyopic eyes, suggesting that a large CB may be associated with a greater contraction
of the ciliary muscles to resist equatorial sclera thinning [26,27]. However, a correlation
between CBT0, CBT1, CBTmax, and AL was not found in our study, probably because we
used different measured parameters, and the difference was not significant.

As the site of aqueous humor production, the CP is also the site of surgical interven-
tions, such as trans-scleral cyclo-photocoagulation (TSCPC), endoscopic cyclophotocoag-
ulation (ECP), and ultrasound cycloplasty (UCP), which are aimed at destroying the CB
to reduce IOP in glaucoma patients [28–30]. Therefore, images of the ciliary process using
UBM could provide a more refined observation method to evaluate the morphological
changes of the ciliary process in TSCPC-, ECP-, and UCP-treated glaucoma and the rela-
tionship between the morphological changes and IOP reduction. The ability to study drug
or surgery action on the morphology of the CP itself may offer valuable insights regarding
the mechanisms of action.

The main limitation of our study is that the resolution limitations of the UBM technique
may have contributed to morphometric errors. The spatial resolution of the UBM is
superior in the radial direction compared to the transverse direction. The examination was
performed to apply the probe as vertically to the corneal limbus as possible to obtain a
precise image. Another significant limitation is the small sample size. Therefore, we need to
compensate for the lack of accuracy caused by these limitations by increasing the number
of subjects. The third limitation is that we only included Chinese subjects in this study,
which limited the generalizability of the results. In order to verify the generalizability of
the results, further multiracial studies are warranted to confirm our findings. In addition,
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even though it does not affect the clinical conclusions, the analysis could be more accurate
if the inter-eye correlation was considered.

5. Conclusions

In conclusion, we found a topographical distribution of the ciliary body in healthy
Chinese subjects using the application of radial and transverse UBM imaging, and provided
more information on the ciliary anatomy. The average CPL and CPA were greatest in the
superior quadrant. Given the relatively good repeatability and reliability of ciliary process
imaging, further studies should be performed to explore the pathogenesis of CB-related
diseases, such as malignant glaucoma, and to evaluate the role of glaucoma interventions
aimed at the CB, such as TSCPC, ECP, and UCP.
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Abstract: (1) Purpose: To determine the characteristics of macular epiretinal membranes (ERM) using
non-invasive retromode imaging (RMI) and to compare retromode images with those acquired via
fundus autofluorescence (FAF) and fundus photography. (2) Methods: Prospective observational
case-series study including patients with macular ERM with no other ocular disease affecting their
morphology and/or imaging quality. We compared RMI, FAF and fundus photography features by
cropping and overlapping images to obtain topographic correspondence. (3) Results: In total, 21 eyes
(21 patients) affected by ERM were included in this study. The mean area of retinal folds detected
by RMI was significantly higher than that detected by FAF (11.85 ± 3.92 mm2 and 5.67 ± 2.15 mm2,
respectively, p < 0.05) and similar to that revealed by fundus photography (11.85 ± 3.92 mm2 and
10.58 ± 3.45 mm2, respectively, p = 0.277). (4) Conclusions: RMI appears to be a useful tool in the
evaluation of ERMs. It allows for an accurate visualization of the real extension of the retinal folds
and provides a precise structural assessment of the macula before surgery. Clinicians should be aware
of RMI’s advantages and should be able to use them to warrant a wide range of information and,
thus, a more personalized therapeutic approach.

Keywords: epiretinal membranes; retromode retinal imaging; confocal scanning laser ophthalmoscope;
fundus autofluorescence; personalized medicine

1. Introduction

Epiretinal membranes (ERMs) develop above the internal limiting membrane (ILM)
of the retina and represent a relatively common macular finding. Their appearance varies
widely from patient to patient, ranging from a translucent wrinkling of the inner retinal
surface, all the way to an extensive, thick, epiretinal cellular proliferation [1].

The retinal surgeon benefits greatly from a precise preoperative view of the ERM,
which is made possible by continuous advancements in imaging technology.

Thanks to its high-definition cross-sectional scans, optical coherence tomography
(OCT) has revolutionized the diagnostic visualization of ERMs [2]. Other common imaging
techniques such as fundus autofluorescence (FAF) and enface OCT technology have also
been shown to be effective at visualizing ERMs and, in some cases, even at predicting
certain post-operative outcomes [3].

The novel retromode imaging (RMI) is a noncontact and a noninvasive imaging
method that relies on the newly introduced confocal scanning laser ophthalmoscopic
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technology. Briefly, there are two kinds of light returning back from the fundus once it
is illuminated, a direct reflex and a scattered light. Retromode imaging uses a laterally
deviated confocal aperture with a central stop to block the direct light reflex and to collect
the backscattered light from one direction [4]. This enables the formation of pseudo-3D
images, through the creation of a shadow to one side of the abnormal feature that is being
investigated, which eventually enhances the contrast of the lesion. Knowing the ability of
infrared lasers to penetrate deeper retinal layers, retromode imaging with infrared laser-
technology has been used to evaluate retinal pathological changes in several retinal and
choroidal diseases [5].

RMI is performed by a scanning laser ophthalmoscope (SLO) working at an infrared
wavelength, which creates a pseudo three-dimensional image with highly contrasting
margins of retinal abnormalities (e.g., neurosensory detachments, retinal holes, retinoschisis
and intraretinal cystic fluid) [6]. However, to the best of our knowledge, there are no reports
describing the retromode imaging of ERMs.

The main outcome of this study was to evaluate morphological features, such as
the area of retinal folds and the area of intraretinal cystic spaces, in eyes with ERM. This
was achieved by cropping and overlapping images of the ERMs using noninvasive retro-
mode imaging and comparing these to color fundus images. Moreover, we examined the
correlation between retromode findings and fundus autofluorescence (FAF).

2. Materials and Methods

The study was performed in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee (protocol ID number 3680/20). Written informed
consent for participation to the research was obtained from the patients after explanation
of the purpose and the process of the study.

We performed a monocentric prospective case-series study enrolling patients with an
ERM who attended the ophthalmology unit at the Fondazione Policlinico Universitario A.
Gemelli IRCCS, Rome, Italy, from 1 January–1 July 2021.

A comprehensive ocular examination, including measurements of the refractive error
(spherical equivalent) and the best correct visual acuity, and a dilated macular examination
(through indirect ophthalmoscopy) were performed on the day of enrollment. Patients then
received a thorough posterior pole investigation through various imaging techniques (i.e.,
RMI, FAF, color fundus photography and OCT B-scanning). All scans were performed using
the Mirante SLO/OCT (Nidek Co, Gamagori, Japan), providing an image field of 40 degrees,
an optical resolution of 16 to 20 μm and an image size of up to 1024 × 720 pixels. Inclusion
criteria were the presence of an epiretinal membrane confirmed via OCT-B scans with
no other concomitant intraocular disease. Eyes with a history of ocular trauma, previous
intraocular surgery (with the exception of cataract surgery) or any abnormal intraocular
findings (i.e., diabetic retinopathy, neovascular age-related macular degeneration, retinal
angiomatous proliferation, angioid streaks, pathological myopia, retinal detachment), were
excluded from the study. Images with poor quality due to severe cataracts or unstable
fixation were also a reason for exclusion.

After the examinations were performed (1–6 months), all included patients under-
went surgery for peeling of the ERM. This was performed by two expert vitreo-retinal
surgeons, using 23- or 25-gauge pars plana vitrectomy (PPV) (Constellation Vision System,
Alcon, Fort Worth, TX, USA) according to the surgeon’s choice, as already described by
Savastano et al. [7].

2.1. Images Detection

After completing OCT scans of the entire area within the vascular arcades, the fundus
was investigated using fundus photography, FAF and retromode imaging. The OCT
acquisition protocol consisted of a 6 × 6 mm (mm) three-dimensional vertical scanning
area, centered on the fovea comprising 512 × 128 scans. Color photos from Nidek Mirante
had a 45-degree field of view with a resolution of 1024 × 720 pixels. Three separate
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laser wavelengths (red—670 nm, green—532 nm, blue—488 nm) are combined to create
color pictures, which are then connected to a specific sensor for each wavelength. A
blue-light excitation wavelength of 488 nm (emission > 500 nm) is used to obtain fundus
autofluorescence (FAF), whereas the retromode imaging system uses an infrared laser light
(790 nm). A right-deviated aperture and a left-deviated aperture were used to obtain two
separate retromode pictures per eye. All the tomographic images were acquired, averaging
up to 30 frames per image.

2.2. Data Analysis

Image processing was performed using the ImageJ software (National Institutes of
Health, MD, USA).

Fundus Autofluorescence, retromode and fundus photography images were cropped
and superimposed to have topographic correspondence, and the surface area of each image
was measured in square mm2.

All images were reviewed separately by two authors to identify, record and interpret
the various morphologic alterations associated with ERM. In case of disagreement between
the two, a third expert would choose which of the measurements was more accurate.

All images were exported as high-quality tiff files and were collected using the REDCap
platform (Vanderbilt University), a secure web application for building and managing
online surveys and databases [8].

We matched retromode images with color fundus photographs, FAF images and OCT
B-scans using various reference points.

The optic nerve’s superior and inferior margins and retinal blood vessels on color
fundus photography (blue lines and orange lines, respectively) were matched with their
counterparts identified on retromode images, as shown in Figure 1. On the other hand,
while FAF images were matched to retromode images using the retinal blood vessels alone
(orange lines Figure 2), for OCT B-scans we used both the neuroretinal rim (grey lines)
and the extension of the ERM itself. Particularly, the ERM margins on OCT images were
projected onto the retromode image through orange lines, whereas black lines parallel to
those originating from the neuroretinal rim were used to project the cystic spaces identified
on OCT B-scans to their retromode counterparts (Figure 3).

Figure 1. Retromode and fundus photography correspondence: optic nerve vertical outlines’ poles
(blue lines) and retinal vessels (orange lines) are used as reference points to check for appropriate
image matching.

171



J. Clin. Med. 2022, 11, 3936

Figure 2. Retromode and fundus autofluorescence (FAF) correspondence: blood vessels on FAF scan
(orange lines) are used as reference points to check for appropriate image matching.

Figure 3. Retromode and SD-OCT correspondence: neuroretinal rim on optical coherence tomography
(OCT) scan (grey lines) used as reference points to check for appropriate image matching. Dashed
black lines represent the extent of the cystoid spaces.

2.3. Statistical Analysis

All statistical analyses were performed using SPSS version 27 (IBM-SPSS, Chicago, IL,
USA). Quantitative variables were expressed as mean and standard deviation (SD), whereas
qualitative variables were displayed as percentages. According to the normality test results,
the Student’s t-test was used to compare the independent and paired samples. Pearson’s
chi-squared test was used to analyze the distribution of the areas of retinal folds among
the different multimodal imaging techniques. For each imaging modality, interobserver
agreement was calculated using a kappa statistic [9]. The interobserver agreement between
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the two examiners was not inferior to 0.93 for each comparison. A p value of less than 0.5
was considered statistically significant.

3. Results

Twenty-one eyes (21 patients) with an epiretinal membrane were included. Twelve pa-
tients (57.1%) were male, nine (42.9%) were female and the mean age was 68.38 ± 7.89 years
with a range of 51 to 83 years. Snellen best-corrected visual acuity (BCVA) ranged from
20/320 to 20/25.

The mean area of retinal folds in the FAF images was 5.67 ± 2.15 mm2 (range
3.12–11.02 mm2), whereas those in the fundus photographs and RMI were 10.58 ± 3.45 mm2

(range 5.24–15.62 mm2) and 11.85 ± 3.91 mm2 (range 19.98–11.85 mm2), respectively
(Table 1).

Table 1. Demographics and pathological retinal findings of the population of study.

No. of Patients: Mean: SD Range:

Sex:
Male 12 (57.1%)

Female 9 (42.9%)

Age (years): 68.38 7.89 51–83
FAF folds area (mm2) 5.67 2.15 3.12–11.02

Fundus photo folds area (mm2) 10.58 3.45 5.24–15.62
RMI folds area (mm2) 11.85 3.91 19.98–11.85

B-scan horizontal diameter (μm) 290.52 90.01 100–442
B-scan vertical diameter (μm) 258.57 104.29 100–448
Horizontal B-scan area (μm2) 0.79 0.44 0.13–1.98

Abbreviations: RMI: retromode imaging; FAF: fundus autofluorescence; μm: micrometer; SD: standard deviation.

Retromode images demonstrated areas of increased reflectance with fingerprint pat-
terns containing radiating retinal striae centered on the fovea (blue arrowheads), along
with areas of decreased reflectance with more prominent large choroidal vessels in the
pericentral area (dark choroid aspect observed in 5 of 21 eyes) (multiple yellow arrowheads)
(Figure 4).

Figure 4. Epiretinal membrane (ERM) in (A) confocal scanning laser ophthalmoscopy color fundus
photograph (fundus photograph) image, (B) fundus autofluorescence (FAF), (C) retromode and
(D) horizontal B-scan. Fundus photography showing the epiretinal proliferation as a whitish light
reflex. Retinal folds are well defined in fundus photography and have a fingerprint appearance in
retromode imaging analysis. The FAF images showed an irregular-shaped hypoautofluorescence in
the macular area.
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The areas of increased reflectance, with fingerprint patterns containing radiating
retinal striae centered on the fovea in RMI and the retinal folds in the FAF and fundus
photography, are displayed in Figure 5.

Figure 5. Epiretinal membrane (ERM) in (A) confocal scanning laser ophthalmoscopy color fundus
photograph, (B) fundus autofluorescence (FAF) and (C) retromode imaging. The retinal folds are well
defined in fundus photography and have a fingerprint appearance in retromode imaging analysis. The
FAF image shows an irregular-shaped hypoautofluorescence in the macular area (green arrowheads).

FAF images showed an irregular-shaped area of hypo autofluorescence with distorted
retinal vessels (green arrowheads). This area corresponded to the extent of the ERM
(Figure 4).

Fundus photography, on the other hand, displayed the epiretinal proliferation as a
whitish reflex and evident retinal folds in the macular area that were strictly related to distorted
retinal vessels in the FAF images and to fingerprint appearance in the retromode images.

Overall, the lesions in the retromode images seemed more extensive than those in the
FAF images. However, retromode imaging showed numerous ovoidal or polygonal cystoid
spaces located in only two eyes. Both displayed a large cystoid space beneath the fovea
and surrounding small cystic spaces for OCT, and the wider the area of exudation was for
RMI, the higher the retinal profile was for optical coherence tomography (OCT).

While examining ERM’s pathological findings themselves, in this study we also
aimed at investigating the correspondence between retromode images and color fundus
photographs. Particularly, we analyzed ERM patterns such as the cystic area (in both
retromode and horizontal B-scan images) and the area of retinal folding (on FAF, fundus
photograph, retromode, horizontal B-scan). The comparison between the different imaging
modalities in the 21 enrolled eyes is shown in Table 2.

There were significant differences between FAF and retro-mode imaging in the detec-
tion of retinal folds (i.e., macular traction) (p < 0.05).

The mean area of retinal folds detected by RMI was significantly higher than that
detected by FAF (11.85 ± 3.92 mm2 and 5.67 ± 2.15 mm2, respectively, p < 0.05), similar to
that detected by fundus photography (11.85 ± 3.92 mm2 and 10.58 ± 3.45 mm2, respectively,
p = 0.277).

Pearson’s correlation test revealed a positive correlation between the areas of retinal
folds detected by RMI and those detected by fundus photographs, FAF and OCT (r = −0.90,
p < 0.001, r = −0.63, p < 0.001, r = −0.35, p = 0.003, respectively).
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Table 2. Summary of data detected by multimodal ERM imaging. FAF: fundus autofluorescence;
RMI: retromode imaging.

Cystic Area RMI
Cystic Area Horizontal

B-Scan
Folds Area RMI

(mm2)
Folds Area FAF

(mm2)
Folds Area Fundus
Photograph (mm2)

#1 no no 15.61 10.47 14.52
#2 no no 9.60 4.02 7.30
#3 no no 14.52 7.01 13.68
#4 no no 11.01 3.38 10.18
#5 no no 8.34 4.90 6.22
#6 no no 13.24 6.22 12.25
#7 2.2 3.7 15.57 7.19 14.84
#8 2.52 4.9 10.06 5.08 9.46
#9 no no 18.98 7.10 14.66
#10 no no 8.09 3.98 7.08
#11 no no 8.22 4.12 7.21
#12 no no 11.67 5.22 10.97
#13 no no 15.99 11.02 15.62
#14 no no 10.36 5.18 10.01
#15 no no 19.98 7.28 15.61
#16 no no 8.47 4.23 7.43
#17 no no 11.24 5.22 11.17
#18 no no 13.21 6.73 13.74
#19 no no 9.67 4.38 8.41
#20 no no 7.09 3.28 6.58
#21 no no 6.22 3.12 5.24

Abbreviations: RMI: retromode imaging; FAF: fundus autofluorescence.

4. Discussion

In this study we evaluated the pathological findings related to ERMs using and
comparing three imaging techniques: retromode imaging, color fundus photography and
fundus autofluorescence.

Thanks to its innovative features, retromode imaging could ease the identification of
some ERM features, such as the retinal folds, vessel traction and cystic area, compared to
other imaging modalities [4]. The matching between the SD-OCT scans and retromode
images of ERMs using pixel-drawing software (ImageJ) has already been described [10].
Indeed, the pseudo-3D effect obtained by filtering the infrared light through a laterally
deviated confocal aperture with a central stop creates a directional shadow according to
the laterality of the annular aperture and is very effective at detecting retinal folds [4].

Among the classic imaging modalities able to document structural changes caused by
ERMs, fundus photography is very useful, as this is a fast, noninvasive and easy test that
enables clinicians to gain a direct view of the fundus [11]. Retromode imaging is similar
to fundus photography in that it provides a similar field of view and can be performed
very quickly in a noninvasive manner. Our comparison between these two techniques
indicates a high clinical value of RMI, as it provides a good detection of the involved
area. For fundus photography, ERM-related retinal changes are frequently represented
by a yellowish/whitish appearance of the membrane associated with vessel tortuosity.
retromode imaging can detect the involved macular area in pseudo-3D images with great
sensitivity, delivering a more complete view of the anatomical conformation of the retina to
the surgeon.

Moreover, monitoring the progression of the hyporeflective areas of the ERM on RMI
may be very useful during the follow-up of affected patients, as their enlargement is very
easy to detect.

As previously mentioned, retromode images demonstrated areas of increased re-
flectance with fingerprint patterns, containing radiating retinal striae centered on the fovea.
We speculate these may represent areas of splitting of the horizontally oriented internal
cone fibers, [12] whereas the areas of decreased reflectance corresponded to the presence of
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more prominent large choroidal vessels (“dark choroid” aspect). Ahn, S.J. et al. [13] identi-
fied a similar finding as well. We observed similar results as in a previous study on myopic
patients, but, still, the precise explanation for this remains obscure [12]. One explanation
might be that the ERM causes a shadow effect, which obscures the underlying choroid.

RMI enhances the detection quality of ERM’s features compared to other common
imaging techniques. In our cohort, this technique allowed to better visualize vessel traction
and retinal folds compared to the other imaging modalities (FAF and fundus photography,
p < 0.05). The ERM surface area detected using retromode was significantly larger than
that detected by FAF (p < 0.05) and quite similar to that detected by fundus photography
(p = 0.277). These results suggest that retromode imaging may be useful as a supplementary
test for ERM detection.

Even though retromode imaging offers several advantages, it also displays some
limitations. Above all, in this study, the detection rate of cystoid spaces on RMI was very
low (only 2/21 eyes), whereas horizontal B-scanning revealed these lesions to be present in
100% of patients. In fact, the comparison of lesions in retromode imaging is often difficult,
as many fundus details were obscured in these images. Moreover, as with most of the
newly introduced imaging techniques, another drawback of RMI is its high cost.

Two major limitations of this study are its limited sample size and the fact that all
images were manually cropped and superimposed. By comparing the measurements
obtained by two retinal experts however, we feel like the risk of measurement errors was
limited to the minimum. In the future, automated systems able to precisely compare
different imaging modalities would be of help. Moreover, we did not analyze progression
of ERMs’ associated pathological features and whether RMI features could be able to
predict surgical results.

5. Conclusions

In conclusion, this study showed that retromode imaging is a new effective tool that
can be used to gain a more accurate visualization of the real extension of an epiretinal
membrane. Retromode analysis in cases of ERM allows for a pseudo-3D visualization
of epiretinal changes and a 360-degree visualization around the fovea. There is no other
imaging modality that can simultaneously provide all this information. Alongside the
current imaging modalities, retromode imaging may serve as a useful supplementary test
for the preoperative evaluation of ERMs. Clinicians should be aware of RMI’s advantages
and should be able to use them to warrant a wide range of information and, thus, a more
personalized therapeutic approach.
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Abstract: Background: To compare the efficacy and safety of Descemet membrane endothelial
keratoplasty (DMEK) surgery using the three-dimensional (3D) display system NGENUITY to DMEK
surgery performed with the traditional microscope (TM) in patients affected by Fuchs Endothelial
Corneal Disease (FECD). Methods: Retrospective comparative study of 40 pseudophakic eyes of
40 patients affected by FECD who underwent DMEK surgery. Twenty patients (3D group) were
operated on using the 3D display system and 20 patients (TM group) were operated on using the
traditional microscope. Best spectacle corrected visual acuity (BSCVA), central corneal thickness
(CCT), endothelial cell density (ECD) and corneal densitometry (CD) values were documented before
and at 1, 3 and 6 months after DMEK. Intra- and postoperative complications were recorded. Results:
The baseline assessments did not differ between the two groups (p > 0.05). Global surgical time and
time to perform descemetorhexis were significantly lower in the TM group (p = 0.04 and p = 0.02,
respectively). BSCVA, CCT, ECD and CD values did not differ significantly in the two groups at all
follow-ups (p > 0.05). Complication rate was similar between the two groups. Conclusion: Three-
dimensional display systems can be securely employed in DMEK surgery considering the satisfactory
clinical outcomes, including Scheimpflug CD. Nevertheless, the slightly longer surgical time of the
3D DMEKs may lead to surgeons’ hesitancy. The main advantages of the heads-up approach may be
the improved ergonomic comfort during surgery and the utility of assistants in surgical training.

Keywords: heads-up surgery; cornea; DMEK; graft surgery; 3D surgery; corneal densitometry

1. Introduction

Endothelial keratoplasty (EK) is the surgical procedure of choice for the treatment of
corneal decompensation associated with Fuchs Endothelial Corneal Dystrophy (FECD) [1,2].
Descemet membrane endothelial keratoplasty (DMEK), compared with other EK proce-
dures, shows several advantages, including rapid visual recovery, better anatomical restora-
tion due to the reduced graft thickness (10–15 μm) and minimal light scatter due to minimal
interface irregularity [3].

Scheimpflug corneal densitometry (CD) is an objective method for accurately cal-
culating corneal backscatter for defined concentric zones, thus providing an objective
measurement for corneal transparency that is widely used after collagen cross-linking and
after refractive surgery [4,5]. CD may also provide a feasible and objective method for
monitoring corneal transparency after endothelial keratoplasty [6].

DMEK procedures have always been performed using traditional surgical microscopes,
but, more recently, 3D visualization systems have also been employed. The term “heads-
up” refers to the surgical procedures performed by viewing the 3D microscopic image
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on a panel display, providing a more natural and ergonomic posture for the surgeon [7].
One of the most used 3D visualization systems in ophthalmology is the NGENUITY 3D
visualization system (Alcon, Forth Worth, TX, USA), which was used in our study. It is a
modular system that is attached to the traditional microscope, which allows the surgeon to
view a 3D stereoscopic image on a panel display using polarized glasses instead of looking
at the eyepieces of the microscope.

Such 3D systems were originally employed for vitreoretinal surgery [8–10], but af-
terwards, their use was extended to anterior segment surgery, especially cataract and
corneal graft surgery [11–13]. The use of heads-up procedures in cataract surgery was first
described by Weinstock et al., who presented a retrospective analysis comparing surgeries
performed using a standard binocular microscope versus a microscope equipped with a 3D
visualization system. Excellent results were reported in both groups, with a minimal differ-
ence in total surgical time [14]. The use of heads-up in DMEK surgery was described for the
first time by Galvis et al., who reported a case of a 68-year-old female with pseudophakic
bullous keratopathy [12]. More recently, in 2020, a prospective, single-center, cross-sectional
study was conducted at the Rothschild Foundation, Paris, France by Panthier et al. [13]. The
study compared DMEK surgeries performed using a standard binocular microscope and
the NGENUITY 3D visualization system. Each group included 12 cases: six single DMEK
and six combined DMEK and cataract procedures. The authors reported that DMEK using
a 3D display system was feasible, but it was more challenging and the total surgical time
recorded was longer. However, it was considered certainly useful for instructional courses.

Only a few studies have evaluated the use of 3D systems in endothelial keratoplasty,
and, to our knowledge, there are currently no studies in the literature examining corneal
densitometry in patients who underwent heads-up DMEK surgery. The purpose of this
study was to examine the surgical times, safety and clinical outcomes, including corneal
densitometry, of DMEK surgery performed with a 3D system versus a traditional micro-
scope with a six-month follow-up.

2. Materials and Methods

2.1. Design

This single-center, retrospective, controlled study included 40 eyes of 40 patients
affected by Fuchs Endothelial Corneal dystrophy (FECD) who underwent DMEK surgery.
Procedures were consecutively performed between 1 November 2019 and 28 February 2021
at the Azienda Ospedaliero-Universitaria Careggi, University of Florence, Florence, Italy.

Twenty DMEKs were consecutively performed using the NGENUITY 3D visualization
system (3D group) and the other 20 DMEKs were consecutively performed using the
traditional surgical microscope, OPMI-Lumera 700 (Carl Zeiss Meditec, Inc., Jena, Germany)
(TM group).

This study followed the tenets of the Declaration of Helsinki. Informed consent was
obtained from all subjects involved in the study.

Forty patients were included in this study. Inclusion criteria for recipient patients
comprised age more than 18 years, uneventful previous cataract surgery at least 3 months
before DMEK surgery, endothelial corneal dysfunction from FECD and good candidates
for lamellar endothelial transplantation. Only cases with sufficient clinical data at 1, 3 and
6 months were included into the study. Exclusion criteria comprised a history of previous
ocular surgery (except for cataract surgery), clinically significant posterior capsular opacity,
stromal dystrophies, keratoconus, aphakia, history of ocular trauma, glaucoma, active
vascular retinal disease, uveitis, myopia more than 6D, age-related macular degeneration
and amblyopia.

2.2. Materials

Alcon NGENUITY is a modular system that consists of a mobile workstation and an
Image Capture Module (ICM), a high-definition stereoscopic 3D image capture camera
that is mounted on a standard surgical microscope [15]. The ICM collects light from the
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microscope and generates a stereoscopic image. The stereoscopic images and videos are
sent to a 55-inch 3D high-definition (HD) monitor positioned 1.5 m from the surgeon and
arranged perpendicular to the direction of his or her gaze. The resolution of the screen is
4K with a 16:9 format. Figure 1 shows the surgeon operating while looking directly at the
monitor with the help of special 3D glasses with passive polarization for stereopsis. This
allows them to assume the “heads-up” position, in which the head is raised in a neutral
position [16].

Figure 1. The surgeon operating with a “heads-up” position looking at the 3D monitor with the use
of polarized glasses.

The following preoperative donor graft data were collected: donor age (years) and
gender, graft endothelial cell density (ECD) (cells/mm2) measured by Perseus automated
endothelial microscopy (CSO Costruzione Strumenti Oftalmici, Florence, Italy), graft thick-
ness (μm) measured by anterior segment OCT Visante (Carl Zeiss Meditech, Dublin, CA,
USA) and preservation time until surgery (days).

The following data were collected preoperatively (baseline), and at 1, 3 and 6 months
postoperatively: best spectacle-corrected visual acuity (BSCVA), intraocular pressure (IOP)
measured by applanation tonometry (Goldmann applanation tonometer, Haag Streit, Bern,
Switzerland), central corneal thickness (CCT) obtained by Anterior Segment OCT MS-39
(CSO Costruzione Strumenti Oftalmici, Florence, Italy), endothelial cell density (ECD)
measured by Perseus automated endothelial microscopy (CSO Costruzione Strumenti
Oftalmici, Florence, Italy), slit lamp biomicroscopy and ocular fundus examination.

Preoperative and postoperative corneal densitometry (CD) values were assessed by
a Pentacam device (Oculus GmbH, Wetzlar, Germany). Scheimpflug CD measures the
backscattered light in different concentric regions and layers of the cornea. The light scatter
is expressed in grayscale units (GSUs) ranging from 0 GSU, which indicates the maximum
corneal transparency, to 100 GSUs, which indicates the minimum corneal transparency [17].
CD was performed for total layer (TL, which includes all the corneal layers) at different
annular concentric zones: 0–2 mm zone, 2–6 mm zone and 6–10 mm zone. The peripheral
10–12 mm zone was not included in the study because it was, in all cases, beyond the donor
grafts’ diameter. Moreover, intraoperative and postoperative complications including graft
unscrolling failure, primary graft failure, graft rejection, Descemet membrane detachments
requiring rebubbling and acute IOP decompensation were recorded.

2.3. Surgery

All DMEK procedures were performed by the same experienced surgeon (R.M.), who
received a 2-month training period for 3D-assisted DMEK surgery, performing at least
15 cases before the beginning of this study. In our study, DMEK procedures were performed

180



J. Clin. Med. 2022, 11, 4312

under locoregional anesthesia with peribulbar block. Pre-cut DMEK grafts were provided
by the Eye Bank of Lucca (Italy), after being stripped and placed on their sclerocorneal
support. Grafts were immersed in 0.06% trypan blue dye (Vision blue; D.O.R.C, Zuidland,
The Netherlands) and trephined by the surgeon to the preferred width by using a Hessburg-
Barron donor corneal punch (Barron Precision Instruments, LLC, Grand Blanc, MI, USA).

The recipient’s cornea was marked with a trephine to guide the subsequent desceme-
torhexis and to allow the correct positioning of the graft. A clear corneal incision was made
to position an anterior chamber maintainer. Descemetorhexis was performed for the central
8.5 to 9 mm diameter using the inverted Price-Sinskey hook, along the epithelial reference
line. The removed flap was positioned on the anterior surface of the recipient’s cornea to
check its integrity. The pre-cut DMEK graft was carefully detached from the surrounding
stroma, immersed in sterile balanced salt solution and aspirated into the glass cartridge
of a specific injector (E. Janach S.R.L., Como, Italy). The rolled donor graft was slowly
introduced into the recipient’s AC through the main incision. The graft was then unfolded
and correctly positioned using the Dirisamer technique. Finally, an air bubble was injected
in the AC to press the graft against the recipient’s stroma.

Patients were discharged the same day of surgery and were instructed to keep a supine
position until the air bubble was completely reabsorbed. In the case of ocular hypertension
or pupillary block, a small quantity of air was released at the slit lamp. The postoperative
management for both groups included topical antibiotics given 4 times a day for the first
2 weeks and dexamethasone eye drops 4 times a day for the first month, which was then
incrementally reduced over a 6-month period.

2.4. Statistics

Statistical analysis was performed using SPSS software (V.28.0 for Windows; IBM
SPSS, Chicago, IL, USA). Normality of data distribution in both groups was assessed with
the Shapiro–Wilk test. Student’s t-test was used for the following interval scale parameters:
BSCVA, IOP, CCT and CD values. Meanwhile, the Mann–Whitney U test was used for
ECD. The χ2 test was used for categorical variables such as rebubbling rate, intra- and
postoperative complication rate. The level of significance was characterized as p < 0.05.

3. Results

A total of 40 eyes of 40 patients with a median age of 71.5 years were included in
this study.

Patient demographics and corresponding preoperative clinical data are shown in
Table 1. No significant differences were found between the two groups (p > 0.05).

Table 1. Patient demographics and corresponding preoperative clinical data.

3D Group TM Group

Mean ± SD (Range) Absolute Number (%) Mean ± SD (Range) Absolute Number (%) p Value

Age (years)
72.6 ± 6.9
(58–87)

68.6 ± 7.4
(54–85) 0.09

Male 7 (35%) 9 (45%)

Female 13 (65%) 11 (55%) 0.42

Right Eye 9 (45%) 8 (40%)

Left Eye 11 (55%) 12 (60%) 0.85

BSCVA
(logMAR)

0.43 ± 0.21
(0.20–0.90)

0.54 ± 0.42
(0.20–2.00) 0.31

CCT (μm)
641.25 ± 50.2
(585–750)

643.05 ± 46.62
(598–766) 0.90

IOP (mmHg)
14.4 ± 1.4
(12–17)

13.9 ± 1.4
(10–16)

BSCVA, best spectacle-corrected visual acuity; CCT, central corneal thickness; IOP, intraocular pressure; logMAR,
logarithm of the minimum angle of resolution.
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Donor graft data as provided by the eye bank are shown in Table 2. They were similar
between the two groups (p > 0.05).

Table 2. Donor graft data.

3D Group TM Group

Mean ± SD (Range) Absolute Number (%) Mean ± SD (Range) Absolute Number (%) p Value

Age (years)
68.7 ± 7.2
(54–76)

64.9 ± 6.8
(45–74) 0.10

Male 7 (35%) 9 (45%)

Female 13 (65%) 11 (55%)

ECD (cells/mm2)
2667.5 ± 192.1
(2300–3000)

2742.8 ± 136.9
(2500–3000) 0.16

Preservation time (days)
27.2 ± 3.3
(22–36)

26.2 ± 2.4
(21–30) 0.30

ECD, endothelial cell density.

Surgical times are shown in Table 3.

Table 3. Surgical times.

3D Group TM Group

Mean ± SD (Range) Mean ± SD (Range) p Value

Total surgical time (min) 24.33 ± 3.56 (17.80–29.60) 22.01 ± 3.58 (15.40–30.40) 0.04

Time to perform descemetorhexis (min) 5.25 ± 2.03 (1.20–8.20) 3.86 ± 1.59 (0.90–7.20) 0.02

Graft unfolding time (min) 4.88 ± 1.38 (2.80–7.20) 4.31 ± 1.31 (2.50–6.90) 0.19

In the 3D group, the total surgical time (24.33 min ± 3.56 min vs. 22.01 min ± 3.58 min,
p = 0.04) and time to perform descemetorhexis (5.25 min ± 2.03 min vs. 3.86 min ± 1.59 min,
p = 0.02) were significantly higher than in the TM group, while the graft unfolding time was
similar between the two groups (4.88 min ± 1.38 min vs. 4.31 min ± 1.31 min, p = 0.19).

All clinical outcome parameters at all follow-ups are shown in Table 4 for each
study group.

Table 4. Patient postoperative clinical data.

Time 3D Group TM Group p Value

Mean ± SD (Range) Mean ± SD (Range)

BSCVA (logMAR)
1◦ month 0.33 ± 0.25 (0.1–1.0) 0.29 ± 0.21 (0.1–1.0) 0.68

3◦ month 0.22 ± 0.17 (0–0.6) 0.21 ± 0.19 (0–0.8) 0.86

6◦ month 0.20 ± 0.14 (0–0.4) 0.19 ± 0.16 (0–0.6) 0.92

CCT (μm)
1◦ month 543.1 ± 35.69 (515–657) 542.95 ± 34.99 (520–680) 0.99

3◦ month 525.15 ± 20.56 (505–603) 516.95 ± 25.21 (490–600) 0.27

6◦ month 516.6 ± 23.66 (495–603) 515.05 ± 32.88 (487–611) 0.87

ECD (cells/mm2)

1◦ month 1787.6 ± 300.13 (1250–2302) 1815.9 ± 220.66 (1470–2384) 0.74

3◦ month 1711.15 ± 282.87 (1200–2200) 1712.05 ± 197.83 (1300–2200) 0.99

6◦ month 1639.4 ± 268.32 (1200–2130) 1654.9 ± 250.76 (1359–2280) 0.85

BSCVA, best spectacle-corrected visual acuity; CCT, central corneal thickness; ECD, endothelial cell density;
logMAR, logarithm of the minimum angle of resolution.

Postoperative results for IOP at all follow-ups were similar in both groups (p > 0.05).
BSCVA in the 3D group was 0.19 ± 0.14 logMAR at 6 months postoperatively, with no
significant differences compared with the TM group (0.19 ± 0.15, p = 0.91). The mean CCT
in the 3D group was 516.60 ± 23.65 μm at 6 months postoperatively, while in the TM group,
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it was 515.05 ± 32.88 μm, with no significant difference (p = 0.86). Endothelial cell density
at 6 months postoperatively was 1639.40 ± 268.31 cells/mm2 in the 3D group (ECD loss
rate of 38.5%) and 1654.90 ± 250.76 cells/mm2 in the TM group (ECD loss rate of 39.7%),
with no significant difference found (p = 0.85).

Table 5 shows the preoperative and postoperative total layer (TL) corneal densit-
ometry (CD) for the different concentric zones. Baseline values in the 3D group were
38.91 ± 9.13 GSU for the 0–2 mm zone, 36.05 ± 77.97 GSU for the 2–6 mm zone and
35.9 ± 5.11 GSU for the 6–10 mm zone, while in the TM group, they were 39.79 ± 10.64 GSU,
37.4 ±6.66 GSU and 36.8 ± 4.27 GSU, respectively, with no statistically significant difference
(p = 0.78, p = 0.56 and p = 0.55, respectively). Baseline values showed a significant reduction
at 6 months in the 3D group (TL CD values were 20.97 ± 4.39 GSU for the 0–2 mm zone,
21.55 ± 2.58 GSU for the 2–6 mm zone and 23.90 ± 3.52 GSU for the 6–10 mm zone) and in
the TM group (TL CD values were 19.92 ± 3.86 GSU for the 0–2 mm zone, 19.85 ± 2.05 GSU
for the 2–6 mm zone and 25.30 ± 2.67 GSU for the 6–10 mm zone), showing no statistically
significant difference between the two groups (p = 0.42, p = 0.12 and p = 0.16, respectively).

Table 5. Patient preoperative and postoperative corneal densitometry.

3D Group TM Group

Time Mean ± SD (Range) Mean ± SD (Range) p Value

CD 0–2 mm (GSU)

Baseline 38.91 ± 9.13 (25.7–55.8) 39.79 ± 10.64 (29.0–79.5) 0.78

1◦ month 24.53 ± 6.03 (16.0–39.0) 23.03 ± 2.40 (19.0–27.0) 0.40

3◦ month 22.78 ± 3.81 (16.0–30.0) 22.38 ± 4.05 (16.0–29.0) 0.75

6◦ month 20.98 ± 4.39 (14.0–29.0) 19.93 ± 3.86 (14.0–27.0) 0.43

CD 2–6 mm (GSU)

Baseline 36.05 ± 77.97 (28.0–65.2) 37.4 ±6.66 (30.2–62.3) 0.56

1◦ month 23.1 ± 3.7 (19.0–33.0) 21.85 ±2.87 (17.0–19.0) 0.24

3◦ month 21.88 ± 2.73 (18.0–28.0) 20.9 ± 2.13 (16.0–25.0) 0.27

6◦ month 20.70 ± 2.16 (17.0–25.0) 19.85 ± 2.06 (16.0–24.0) 0.22

CD 6–10 mm (GSU)

Baseline 35.9 ± 5.11 (29.1–45.0) 36.8 ± 4.27 (32.1–44.8) 0.55

1◦ month 25.8 ± 4.94 (18.0–37.0) 25.4 ± 2.35 (21.0–29.0) 0.75

3◦ month 24.55 ± 3.95 (17.0–33.0) 25.6 ± 2.7 (21.0–31.0) 0.33

6◦ month 23.9 ± 3.53 (16.0–30.0) 25.3 ± 2.68 (21.0–30.0) 0.17

CD, corneal densitometry; GSU, grayscale units.

Rebubbling occurred in four cases in both groups (20% rebubbling rate in 3D and TM
groups) within the first month, with an uneventful postoperative course. One case of acute
IOP decompensation that required air deflation within the first 24 h was recorded in the
TM group. No regrafting was needed for both groups.

4. Discussion

DMEK surgery represents one of the most successful treatment options for endothelial
disease because of the fast visual recovery combined with the very low incidence of graft
failure and graft rejection compared with penetrating keratoplasty [18].

Considering the very low thickness of the graft, it is crucial for the surgeon to have
optimal intraoperative visibility and surgical comfort. Consequently, 3D visualization
systems may provide an intraoperative detailed view and better surgical ergonomics,
thus reducing physical strain, which is known to be widely prevalent among surgeons in
ophthalmology [19].

This is, to the best of our knowledge, the first study to investigate the clinical outcomes,
including corneal densitometric values, of DMEK surgery in pseudophakic patients with
FECD using a 3D system versus a traditional microscope with a 6-month follow-up.
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Only a few other studies have investigated the use of 3D visualization systems in
corneal transplantation surgery, most of them being case reports [11–13,20]. Mohamed
YH et al. reported the first case of corneal surgery using a heads-up system [11]. They
performed non-Descemet Stripping Automated Endothelial Keratoplasty (nDSAEK) using
3D technology for a post-traumatic bullous keratopathy and reported a great visual and
ergonomic experience. However, the authors stated that frequent focus adjustment was
required for a clear stereoscopic view of the flap.

Panthier et al. showed, in a prospective study, the outcomes 3 months after DMEK
surgery performed using the NGENUITY 3D visualization system versus a traditional
microscope in 24 patients with FECD and pseudophakic bullous keratopathy [13]. The
authors found no significant differences in clinical outcomes in the two groups despite the
longer surgical times of the 3D group. Nevertheless, they included single DMEK procedures
and triple procedures (DMEK combined with phacoemulsification and posterior chamber
lens implantation) [13].

The present retrospective study of 40 eyes that underwent DMEK surgery with either
a 3D visualization system (n = 20) or traditional surgical microscope (n = 20) showed a
significantly longer global surgical time (p = 0.04) and a significantly longer time to perform
descemetorhexis (p = 0.03) in the 3D group. Nonetheless, the longer surgical time of the 3D
group was not crucial as the planned sequence of surgeries of the operating session was
not affected in any case.

Conversely, similar outcomes for BSCVA, ECD and CCT values at all follow-ups
(p > 0.05) could be detected in the 3D group and TM group. We also recorded Scheimpflug
CD as an objective parameter for assessing corneal transparency. According to our knowl-
edge, only a few studies analyzing CD after DMEK surgery have been published [5,6,21].
We observed a reduction in CD values in the 6-month follow-up period, with no significant
difference in the two groups, implying a similar improvement in corneal clarity after DMEK.
Moreover, intraoperative and postoperative complication rates, such as acute IOP decom-
pensation, graft failure and graft rejection rates, were similar between the two groups.
Significant graft detachment requiring a rebubbling procedure after DMEK surgery was
observed with the same rate of 20% in both groups.

According to our results, 3D-assisted DMEK surgery provided similar outcomes in
terms of efficacy and safety compared with DMEK cases performed with a conventional
microscope over a 6-month follow-up period.

Furthermore, the surgeon reported better intraoperative ergonomics allowing for a
greater degree of freedom during surgery, despite a subtle latency effect (70 ms) due to
the processing time of the Image Capture Module, which, nevertheless, did not affect the
fluency of the surgeon’s maneuvers [22].

The major benefits of a heads-up approach in ophthalmic surgery are described in
the literature and they include the more ergonomic position of the operator, the excellent
teaching capacity of the 3D image, which is shared in the operating room among all the
staff, a wider visual field with a greater image resolution and the possibility to apply digital
filters to the 3D image projected on the screen [23–25].

The limitations of our study were the retrospective non-randomized design, the
involvement of a relatively small number of patients, as well as the involvement of a single
surgeon performing DMEKs. Further multicentric, prospective, randomized studies are
warranted to assess the outcomes of heads-up DMEK compared to the surgery performed
with the TM.

Moreover, since our study excluded patients with concomitant corneal disorders,
complex anterior segment anatomy or a history of previous corneal surgery, we could not
investigate the efficacy and safety of 3D-assisted DMEK surgery in complex cases.

In conclusion, we believe that a heads-up approach can be employed to assist DMEK
surgery, providing good results in terms of clinical outcomes, despite a slightly longer
surgical time. The outstanding teaching capacity as well as the improved comfort provided
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by the heads-up approach may encourage anterior segment surgeons to implement this
new technology for their routine keratoplasty cases, especially in teaching hospitals.
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Abstract: Objective: The objective of this study was to analyze the status of the retinal pigment epithe-
lium (RPE) by means of the spectral domain optical coherence tomography (SD-OCT) overlying the
myopic neovascular lesions in the involutive phase, looking for any correlations between the status
of the RPE and the size of the lesions and the type and duration of the treatment. Methods: SD-OCT
examinations of 83 consecutive patients with myopic choroidal neovascularization (CNV) were
reviewed and divided into two groups: group A, patients with CNV characterized by uniformity of
the overlying RPE, and group B, patients with CNV characterized by non-uniformity of the overlying
RPE. Results: The median lesion area, major diameter, and minimum diameter were, respectively,
0.42 mm2 (0.30–1.01 mm2), 0.76 mm2 (0.54–1.28 mm2), and 0.47 mm2 (0.63–0.77 mm2) in group
A, and 1.60 mm2 (0.72–2.67 mm2), 1.76 mm2 (1.13–2.23 mm2), and 0.98 mm2 (0.65–1.33 mm2) in
group B. These values were lower in group A than in group B (p < 0.001). The number of treatments
with a period free of disease recurrence for at least 6 months was greater (p < 0.010) in group B
(6.54 ± 2.82) than in group A (3.67 ± 2.08), and treatments include intravitreal anti-vascular endothe-
lial growth factor injection, photodynamic therapy, or both. Conclusions: Our results showed that the
size of myopic neovascular lesion influences the development of a uniform RPE above the lesion and
therefore the disease prognosis. The presence of uniform RPE was found to be extremely important
in the follow-up of patients with myopic CNV, as it influences the duration of the disease and the
number of treatments required.

Keywords: medical retina; myopia; CNV; myopic choroidal neovascularization; OCT

1. Introduction

Pathological myopia is one of the leading causes of legal blindness in developed
countries, with a prevalence of 2% in the general population; it affects about one-third of
all myopes [1]. High myopia is associated with a progressive and excessive elongation of
the ocular bulb, which may be accompanied by degenerative changes in the sclera, choroid,
Bruch’s membrane, retinal pigment epithelium (RPE), neuroretina, and vitreous body [2].

Degenerative processes are localized mainly at the level of myopic staphyloma, and
they include geographical atrophy of the RPE and choroid, lacquer cracks in the Bruch’s
membrane, retinal and subretinal hemorrhages, choroidal neovascularization (CNV),
vitreomacular tractions, epiretinal membranes, internal and external foveoschisis, and
macular holes.

Among these, the myopic CNVs are associated with the worst visual prognosis with a
natural history that reduces visual acuity to less than 1/10 in 90% of the affected eyes at 5
years from the onset of illness [3].
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Pathological myopia is the first cause of CNV in subjects less than 50 years old, and a
CNV is present in 4–7% of the eyes with myopia above 6 diopters [2,4]. Usually, myopic
CNVs develop between the RPE and neuroretina, finding their natural growth space
between the rupture of the Bruch’s membrane and the atrophy of the overlying RPE that
results from it.

The natural history of a CNV, in both human and animal models, is characterized by
an initial active phase described by the development of subretinal neovessels that present
leakage in fluorescein angiography and that are often associated with retinal and subretinal
hemorrhages [5,6]. Subsequently, the CNV shows an evolving scar with the characteristic
staining of dye and without signs of leakage. This process is defined as the involution of
the CNV [5,7,8], and it is characterized by perilesional atrophy during the last stage of the
pathology [3]. Histopathological studies by Miller et al. [9] have demonstrated how the
RPE can play a key role in regulating the amount of leakage from neovascular lesions. In
particular, it appears that the neovascular lesions in an involutive phase are completely
incorporated by the RPE, which proliferates its edges until they are completely covered [9].

The use of spectral-domain optical coherence tomography (SD-OCT) has already been
reported in many diseases of the fundus [10–14], including CNV-related diseases [11,15–18].
The SD technology allows a lateral resolution of 5–10 μm. The use of laser scanning oph-
thalmoscopy technology allows a real-time view of the posterior retinal pole using various
wavelengths and simultaneous optical coherence tomography scans of the retino-choroideal
complex, allowing the exact localization of tomographic scans on the visible lesions in fundo-
scopic images.

In this study, we analyzed the status of the RPE by means of the SD-OCT overlying the
myopic neovascular lesions in the involutive phase, looking for any correlations between
the status of the RPE and the size of the lesions and the type and duration of the treatment.

2. Materials and Methods

2.1. Study Design and Population

All the procedures performed in this study involving human participants were in
accordance with the ethical standards of the institutional and/or national research com-
mittee and with the 1964 Declaration of Helsinki and its later amendments or comparable
ethical standards. The ethical approval was deemed not necessary by the Ethics Committee
of Humanitas Gavazzeni, in accordance with Italian law, as our work did not involve
particular changes in existing procedures in our clinical practice, and as the drug used is
not an experimental product but is widely used and already used at our hospital.

All patients with high myopia with neovascular lesions afferent to the retina were
retrospectively analyzed at the clinic of Humanitas Gavazzeni-Castelli.

The inclusion criteria were as follows: (a) patients with a myopic refractive error
≥ 6 diopters; (b) evidence of neovascular lesions in fluorescein angiography (FA) and
indocyanine green angiography (ICGA); (c) absence of lesion activity for at least 6 months,
defined as lack of leakage in FA, unchanged shape and size of the neovascular net in FA
and ICGA and absence of new perilesional hemorrhages; (d) treatment-free period for
CNV longer than or equal to 6 months; (e) presence of at least 2 linear optical coherence
tomography (OCT) scans (horizontal and vertical) overlying the lesion and a standard
raster scan involving the CNV; (f) absence of intraretinal edema or subretinal fluid in OCT.

The exclusion criteria were the presence of ongoing inflammatory processes, hereditary
diseases, and poor image quality.

After this selection, patients were divided into two groups based on their characteris-
tics. Group A included patients with CNV characterized by uniformity of the overlying
RPE (visible as a continuous line with the same reflectivity of the healthy RPE surrounding
the lesion and without interruptions either inside or at the junction with the healthy RPE
surrounding the lesion). An example is reported in Figure 1A, while group B included
patients with CNV characterized by non-uniformity of the overlying RPE (visible as a line
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with continuity solutions inside it or with lower reflectivity with respect to the RPE around
the lesion). An example is shown in Figure 1B.

Figure 1. Spectral-domain optical coherence tomography (SD-OCT) images in white mode on a
black background to better view the details of the retinal pigment epithelium (RPE). (A) The RPE
completely covers the myopic choroidal neovascularization (CNV) without interruption of continuity,
with the RPE surrounding the lesion clearly visible. (B) Neovascular fibrotic injury without evidence
of RPE covering it.

Patients’ treatments included intravitreal anti-vascular endothelial growth factor
injection, photodynamic therapy, or both.

The anti-VEGF that our clinic protocol indicates in the case of myopic CNV is
ranibizumab [19].

2.2. Patient’s Examination

After detailed ocular anamnesis, each patient underwent baseline examination, which
included the best-corrected visual acuity measurement with ETDRS charts before the
pupil dilatation.

After dilatation, an indirect ophthalmoscopy with a 90-diopter lens was performed to
detect the presence of any perilesional hemorrhages, an infrared (IR) reflectance imaging
and fundus autofluorescence (FAF), an FA and ICGA, and an SD-OCT examination with a
Spectralis HRA-OCT (Heidelberg Engineering, Heidelberg, Germany). The OCT images
were collected with a Spectralis OCT as part of normal clinical practice. The standard
protocol at our clinic employs a 30 × 25-degree pattern with horizontal macular B-scans
(61 B-scans) (9 averaged scans).

The white-on-black mode of the OCT scans was chosen to best visualize the details of
the RPE overlying the neovascular lesion. The presence, location, and type of CNV were
evaluated by two masked ophthalmologist graders (DA, AB) on IR, FAF, OCT, FA, and
ICGA. All the measurements were made in the same way according to our clinic protocol.

Any disagreement was resolved by open adjudication and, when necessary, consulting
a senior retinal specialist (DV or MR). CNV was deemed present if it was detected on at
least one imaging modality (namely FA ± ICGA and OCT). The diagnostic agreement
between the imaging modalities was then calculated.

Patients were divided into two groups in accordance with the observations of
Ding et al. [20]. Group A included patients with choroidal neovascularization (CNV)
characterized by uniformity of the overlying retinal pigment epithelium visible as a contin-
uous line with the same reflectivity of the healthy RPE surrounding the lesion and without
interruptions either inside or at the junction with the healthy RPE surrounding the lesion.
Group B included patients with CNV characterized by non-uniformity of the overlying RPE
visible as a line with continuity solutions inside it or with lower reflectivity with respect to
the RPE around the lesion.

2.3. Scan Analysis

Spectralis combines the scanning ophthalmoscopy with a high-resolution SD-OCT,
and it allows the simultaneous acquisition of OCT scans and images in FA, ICGA, IR, and
FAF. The lesion activity was assessed on the basis of the presence of perilesional bleeding,
leakage in FA, and intra- or subretinal fluid in OCT and on the basis of the neovascular net
extension in FA and ICGA [21].
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For each patient, the largest diameter, minor diameter, and lesion area were measured
in FA images obtained one minute after intravenous dye injection, using software included
in the instrument. In particular, the markings were made manually, pointing precisely at
the beginning of the lesion until the first point where restoration of normal anatomical
conformation could be detected.

The presence of a hyper-reflecting perilesional ring in IR and autofluorescence in FAF
has been evaluated in retinography (Figure 2).

Figure 2. Scanning laser ophthalmoscopy images in infrared (A) and autofluorescence (B). The
perilesional rings are clearly visible.

2.4. Statistical Analysis

Data distribution was evaluated using the Shapiro–Wilk test, and consequently, con-
tinuous variables were given as mean and standard deviation (SD) in the case of normal
distributation, or median and 25th and 75th percentiles (interquartile range, IQR) in the
case of non-normal or non-near-normal distribution.

The intra- and inter-observer correlation coefficients on the evaluation of RPE above
the lesion were calculated using the intraclass correlation coefficient (ICC).

The differences between the 2 groups in terms of CNV size, type, and number of
treatments and the presence of perilesional ring in IR and FAF were analyzed by ANOVA.

Considering the photodynamic treatment as a possible source of direct damage to the
RPE, subgroups were created on the basis of the number of photodynamic therapies (PDTs)
performed, and the differences were evaluated using the Fisher test.

A binary logistic regression was then performed for the development of RPE overlying
the uniform CNV, considering as independent variables the age of the patients, the presence
of perilesional ring in IR and FAF, the dimensions of the CNV, and the treatments performed.

Finally, a subsequent conditional selection of the independent variables was carried
out to develop the best regression model.

Statistical analysis was performed using SPSS v.17.0 (IBM SPSS Inc., Chicago, IL, USA),
and p-values < 0.05 were considered significant.

3. Results

3.1. Study Population

After the application of the inclusion and exclusion criteria, a total of 83 Caucasian
patients with myopic CNV were analyzed. Of this population, 51 patients were included
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in group A (with uniform RPE) and 32 patients were included in group B (with non-
uniform RPE).

Group A consisted of 35 (69%) females and 16 (31%) males with a median age of
66 years (IQR 59–70). Group B consisted of 22 (69%) females and 10 (31%) males, with a
median age of 66 years (IQR 57–71). No significant differences in terms of age (p = 0.949)
and sex (p = 0.991) were found. The interval of time between the last treatment and the eye
examination was 29 months (13–46 months) in group A and 20 months (10–33 months) in
group B, with no significant differences (p = 0.302) (Table 1).

Table 1. Comparison between group A and B.

Group A # Group B $ p-Value

N◦ of patients 51 32 -
Female 35 22 0.991

Age (years) 66 (IQR 59–70) 66 (IQR 57–71) 0.949
N◦ of eyes (total, L, R) 58 (26 L, 32 R) 32 (14 L, 18 R) -

Lesion area (mm2) 0.42 (0.30–1.01) 1.60 (0.72–2.67) <0.001
Major Ø (mm) 0.76 (0.54–1.28) 1.76 (1.13–2.23) <0.001
Minor Ø (mm) 0.47 (0.36–0.77) 0.98 (0.65–1.23) <0.001

N◦ of treatments 3.67 ± 2.08 6.54 ± 2.82 <0.010
Duration of therapy 6.04 ± 8.5 17.2 ± 16.5 <0.010
Time from the last

treatment (months) 29 (IQR 13–46) 20 (IQR 10–33) 0.302

Ring in infrared 1 (1.72 %) 7 (23.33 %) <0.010
Ring in

autofluorescence 6 (10.34 %) 12 (37.5 %) <0.010

# Group A included patients with choroidal neovasculariazion (CNV) characterized by uniformity of the overlying
retinal pigment epithelium (visible as a continuous line with the same reflectivity of the healthy RPE surrounding
the lesion and without interruptions either inside or at the junction with the healthy RPE surrounding the lesion).
$ Group B included patients with CNV characterized by non-uniformity of the overlying RPE (visible as a line with
continuity solutions inside it or with lower reflectivity with respect to the RPE around the lesion). Ø, diameter;
RPE, retinal pigment epithelium; L, left eye; R, right eye; Max_diam, maximum diameter; Min_diam, minimum
diameter. All distributions were reported as mean ± standard deviation, or median and interquartile range (IQR).
Significant differences were reported in bold.

3.2. Eye Treatments

Treatments were performed on a total of 90 eyes, of which 58 (26 left, 32 right) belonged
to the patients of group A and 32 (14 left, 18 right) belonged to 32 patients of group B.

With regard to the size of the lesion, significantly lower values (p < 0.001) of major and
minor diameter, and for the lesion area were found than for group B.

Particularly in group A, the median values of major diameter, minor diameter, and lesion
area were 0.76 mm (0.54–1.28 mm), 0.47 mm (0.36–0.77 mm), and 0.42 mm (0.30–1.01 mm),
respectively; while in group B, the same values were 1.76 mm (1.13–2.23 mm), 0.98 mm
(0.65–1.23 mm), and 1.60 mm (0.72–2.67 mm), respectively.

Furthermore, in group B, a significantly greater number of treatments were necessary
(p < 0.010; number of treatments in Group B 6.54 ± 2.82; Group A 3.67 ± 2.08), such as
PDT, intravitreal injections (IVT) of anti-VEGF (vascular endothelial growth factor), or a
combination of both treatments, to have a period free of disease recurrence for at least
6 months. Perilesional rings, both in IR (p < 0.01) and in FAF (p < 0.01), were found to be
statistically significant more frequently in group B (N◦ IR = 7, N◦ of FAF = 12) compared to
group A (N◦ IR = 1; N◦ FAF = 6). All the results above are summarized in Table 1.

A subgroup analysis of patients treated with PDT was performed. A total of 37 patients
received at least 1 PDT treatment, 15 in group A and 12 in group B. Of these 37 patients, 17
received two or more PDT treatments.

The analysis of subgroups based on the number of PDTs performed showed significant
differences only when the number of PDTs was greater than or equal to 2x treatments
(p < 0.05, Fisher test). No differences were found between the subgroups if only one
photodynamic treatment was performed (p = 0.750, Fisher test).
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Using a general binary logistic regression model, the only significant parameter for the
presence of uniform RPE was the lesion size (area and maximum and minimum diameter
were associated in consideration of their collinearity).

The conditional selection of the variables showed that the best regression model for
the development of uniform RPE is that formed by the size of the neovascular lesion and
by the presence of a perilesional ring in IR. These are therefore the only predictors for the
presence of uniform RPE overlying the lesion.

The intra- and inter-reader correlation coefficients (ICC) were very good (0.886) and
excellent (0.928), respectively.

4. Discussion

Miller’s histopathological studies on cynomolgus monkeys observed how RPE tries to
cover the laser-generated iatrogenic neovascular lesions [9]. The same study also showed
that the activity of these lesions, defined as leakage in late stages of fluorescein angiography,
is inversely proportional to the percentage of neovascular tissue covered by RPE, and
how the scar lesions, which characterize the involutive process of the CNV, are in fact
neovascular membranes completely covered by RPE.

The high definition of the new SD-OCT has allowed the analysis of the details of retinal
layers in vivo [22]. Unfortunately, the definition levels are not yet comparable to those of
histological preparations, which allow a direct observation of the tissue cells; however, they
are sufficient to formulate realistic assumptions.

In the present study, it was observed that the non-uniformity of RPE overlying the
lesion was related to a longer history of disease, more treatments, and larger lesion sizes.
From these results, we can hypothesize that the RPE is able to cover only part of the large-
sized lesions. Therefore, the RPE is not able to block the angiogenic stimulus and then
contain the lesions, which allows its growth.

Conditional analysis of the variables confirms that the development of uniform RPE is
influenced mostly by the size of the neovascular lesions. The presence of the perilesional
ring in IR had a different frequency in the two groups, but with borderline significance in
the development of uniform RPE. Those data are in any case of doubtful interpretation
given the low prevalence of the IR ring in our sample (Table 1).

There is growing interest in the measurement and study of the morphology of myopic
choroidal neovascularization [23].

Results of treatments with PDT are significant [24]. It has already been reported that
PDTs can lead to the closure of the vessels of the choriocapillary (easily visible in the ICGA)
in the irradiated area and hypo- or hyperfluorescent in FA, depending on the phase of
swelling or atrophy of RPE [25]. Histopathological studies of neovascular lesions have
confirmed the presence of RPE atrophy three months after photodynamic treatment [26].
Although the current study has considered a small group of patients, results have shown
that a single PDT allows the formation of a uniform RPE above the lesion. In addition, the
conditional selection of variables has not confirmed that a history of previous PDT can
predict the behavior of the RPE. In recent years, PDT has been replaced by intravitreal
injections (IVT) of anti-VEGF, which have shown a better visual outcome [27,28].

There are many limitations to our work. First is the narrow sample of patients analyzed
and the retrospective nature of the study. Second is the failure to analyze the retinal layers
above the RPE (the external retinal layers such as the IS/OS junction and the outer limiting
membrane). Third is that the subgroup analysis was carried out on only the PDT group.
Furthermore, the location of the lesion (sub-, iuxta-, or extra-foveal), and the visual acuity
before and after treatment was not taken into consideration. Finally, the presence of a
different therapeutic approach for some patients remains an important bias of our study. It
is also interesting to evaluate the changes in the RPE in various phases of the disease in
FAF and SD-OCT.
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5. Conclusions

The main finding of this study is that the observation of the RPE, through a non-
invasive examination such as SD-OCT, can add important prognostic information in order
to improve the planning of treatments and follow-up of patients.

With this study, we showed that the size of the myopic neovascular lesion conditions
the development of a uniform RPE above the lesion and therefore the disease prognosis.

The presence of uniform RPE was found to be extremely important in the follow-up of
patients with myopic CNV, as it influences the duration of the disease and the number of
treatments required. A prospective study, with a larger sample and a control group, would
be necessary to confirm our results and to establish a standardized treatment protocol for
myopic neovascular lesions.
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Abstract: The purpose of the paper is to describe vascular filling patterns in corneal neovasculariza-
tion (CoNV) and evaluate the effect of corneal lesion location, CoNV surface area and multi-quadrant
CoNV involvement on the filling pattern. It is a retrospective study of patients who were investigated
for CoNV using fluorescein angiography (FA) or indocyanine green angiography (ICGA) between
January 2010 and July 2020. Angiography images were graded and analyzed multiple independent
corneal specialists. The corneal surface was divided into four quadrants and patient information was
obtained through electronic records. A total of 133 eyes were analyzed. Corneal lesions were located
on the peripheral (72%) or central (28%) cornea. Central lesions were associated with multi-quadrant
CoNV more frequently than peripheral lesions (p = 0.15). CoNV located within the same quadrant of
the corneal lesion was often first to fill (88.4%). In multi-quadrant CoNV, the physiological inferior–
superior–nasal–temporal order of filling was usually respected (61.7%). Central lesions resulted in
larger CoNV surface area than peripheral lesions (p = 0.09). In multi-quadrant CoNV, the largest
area of neovascularization was also the first to fill in (peripheral lesion 74%, central lesion 65%).
Fillings patterns in healthy corneas have previously been reported. Despite CoNV development, these
patterns are usually respected. Several factors that may influence filling patterns have been identified,
including corneal lesion location, CoNV surface area and aetiology of CoNV. Understanding filling
patterns of neovascularization allows for the identification of areas at higher risk of developing CoNV,
aiding in earlier detection and intervention of CoNV.

Keywords: corneal neovascularization; corneal vessels; CoNV; vessels filling pattern; ISNT rule

1. Introduction

A unique property of the healthy cornea is its angiogenic privilege. This characteristic
is sustained by local pro- and anti-angiogenic factors [1]. Insults, such as inflammation,
infection or surgery, may disrupt this balance, resulting in corneal neovascularization
(CoNV). New vessels typically arise from the marginal corneal vascular arcades (MC);
however, they can arise from conjunctival, episcleral and iris vessels [2]. This patho-
logical process leads to a loss of corneal transparency, localised lipid sequestration and
chronic inflammation.

CoNV plays a key role in corneal transplantation and the presence of CoNV is a
leading cause of corneal graft failure [3]. New vessels and accompanying lymphatics
deliver allo-antigens to host lymphoid tissue, resulting in a loss of immune privilege,
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thus facilitating allograft rejection [4]. Prompt identification and treatment of CoNV is
important in reducing the risk of corneal graft rejection and improving outcomes. Current
therapies include topical or localized delivery of anti-angiogenic factors and/or mechanical
disruption of vessels with modalities such as fine needle diathermy [5,6].

Although CoNV may be appreciated with slit lamp biomicroscopy, accurately defining
the anatomical origin and distribution of the new vessels, as well as monitoring progression,
is challenging, and not all vessels are clinically detected. Currently, anterior segment
angiography is the only dynamic examination that can facilitate the analysis of normal
and abnormal corneal vasculature [7,8]. Both fluorescein (FA) and indocyanine green
angiography (ICGA) have been utilized—the latter providing excellent angiographic detail,
even in the presence of scarring, as it is not subject to leakage [2]. Effective utilization of
angiography can allow for early identification and better delineation of neovascularization,
thus potentiating accurate risk assessment prior to corneal grafting, as well as aiding in
treatments such as fine needle diathermy [9].

Despite being an important component of assessing CoNV, there is limited information
on angiographic filling patterns. Zheng et al. described an ordered filling pattern of inferior–
superior–nasal–temporal (ISNT pattern) in healthy marginal corneal arcades (MCA) [2].
There is no information, however, on the filling patterns of diseased corneas with CoNV.
The purpose of this study, therefore, was to define the angiographic filling patterns of
neovascularized corneas. Better understanding of filling patterns may help identify areas
of the cornea at higher risk of CoNV and guide treatment.

2. Materials and Methods

2.1. Study Population

The images of patients who presented with corneal lesions with accompanying CoNV
who had undergone FA and ICGA at The Royal Liverpool University Hospital between
January 2010 and July 2020 were included. Data collection was initially performed from
the Heidelberg OCT software and subsequently from electronic patient records. All scans
categorized as ‘anterior segment angiography” on the Heidelberg OCT software were
included. Angiographies demonstrating 1 or more quadrants of CoNV were studied.
Anterior segment angiography performed for conjunctival lesions with localized extension
onto the cornea, such as ocular surface malignancy and pterygium, were excluded. Low-
quality images were excluded as detailed below. Clinical details and patients’ demographics
were obtained from patients’ electronic records. No identifiable information was recorded.
Ethical approval was obtained by the Stanmore Ethics Committee (15/LO/2166) and the
study was conducted in accordance with the tenets of the Declaration of Helsinki.

2.2. Analysis of Images

Image quality was first assessed by 2 independent ophthalmologists and qualitatively
graded from 0 to 4 (0 = no discernible vessels, 1 = poor vessel delineation, 2 = good vessel
delineation, 3 = very good vessel delineation, 4 = excellent vessel delineation). Only images
graded as 2 and above by both observers were included [7]. Patients were also excluded
if discrimination of the order of CoNV filling was not possible due to blinking or loss of
focus in the images/videos.

Each cornea was divided into 4 quadrants (superior, inferior, nasal and temporal) by
super-imposing a cross image (Figure 1). The location of the corneal lesion was recorded as
either central or peripheral if the lesion was close to or adjacent to the limbus. Peripheral
lesions were grouped according to which quadrant they were located in. FA and ICGA
images and videos were reviewed by 2 independent ophthalmologists (cornea specialists)
to assess: (1) the location and order of CoNV filling patterns (Figure 2) and (2) the extent of
CoNV. The origin of CoNV was determined by its point of origin from the MCA. All images
were assessed in the same environmental condition with dim room light and maximum
computer screen lighting.
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Figure 1. Division of cornea into four quadrants with a super-imposed cross image (dashed). The
origin of the ConV is highlighted by arrows.

2.3. Statistical Analysis

Data are presented as the mean ± standard deviation (SD), or as a percentage for
categorical variables.

The Chi-squared test was used to determine statistical differences between groups.
The statistical analyses were performed using STATA 14.0 (StataCorp, College Station, TX,
USA), and a p-value of less than 0.05 was considered statistically significant.

197



J. Clin. Med. 2023, 12, 633

 

0:15 0:18

0:22 0:32

Figure 2. Indocyanine angiography showing a corneal neovascularization following the ISNT rule.
The patient had a left eye penetrating keratoplasty that was followed by intensive 360◦ neovascular-
ization. (Top left) shows that the first quadrant to fill is the inferior at 15 s, followed by (top right) the
superior quadrant at 18 s, then the nasal quadrant at 22 s (bottom left) and ultimately the temporal
quadrant at 32 s (bottom right).

3. Results

In total, 133 eyes of 130 patients were included. There was a 1:1 ratio of males (n = 66)
and females (n = 67), with a mean age of 59.8 ± 18.1 years (range: 19–91 years).

3.1. Lesion and CoNV Location

Corneal lesions were peripheral in 95/133 cases (71.4%) and central in 38 cases (28.6%).
Causes of CoNV (Table 1) included microbial keratitis in 76/133 cases (57.1%), of which
43/133 (32.3%) were bacterial and 33/133 (24.8%) were herpetic. Ocular surface disorders
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accounted for 35/133 (26.3%) cases—these included limbal stem cell deficiency (n = 6/133,
4.5%), allergic eye disease (n = 5/133, 3.8%), previous pterygium removal (n = 6/133, 4.5%),
chemical injury (n = 2/133, 1.5%), mucous membrane pemphigoid (n = 2, 1.5%), central
neurotrophic ulcer (n = 2, 1.5%), exposure keratopathy (n = 1, 0.8%) and ocular surface
disorders with no known cause (n = 11, 8.3%). Previous penetrating keratoplasty accounted
for 11 cases (8.3%) (Table 1). In 11 cases (8.3%), a cause for CoNV was not specified.

Table 1. Disease and number of quadrants of corneal neovascularization (CoNV).

Cause CoNV Quadrants Involvement (n)

1 2 3 4

Keratitis (n = 76) 47 (62%) 16 (21%) 8 (10%) 5 (7%)

Ocular surface disease
(n = 35) 22 (63%) 6 (17%) 2 (6%) 5 (14%)

Previous graft (n = 11) 10 (91%) - 1 (9%) -

In 86 eyes (64.7%), the CoNV was confined to one quadrant, 23 eyes (17.3%) had in-
volvement of two quadrants, 12 (9%) had three quadrants and 12 (9%) had all four quadrants
involved (Table 2). The number of quadrants involved was not different per different CoNC
cause (p = 0.68). There was a trend for central lesions to be associated with multi-quadrant
CoNV more frequently than peripheral lesions (44.7% vs. 31.6%, p = 0.15). For central lesions,
the CoNV was fairly evenly distributed amongst four quadrants with the inferior quadrant
involved in 20/38 (52.6%) cases, the superior involved in 22/38 (57.9%) cases, the nasal
involved in 17/38 (44.7%) cases and temporally involved in 12/38 (31.6%) cases (Figure 2).
For peripheral corneal lesions, the CoNV was co-located in the same quadrant as the lesion in
most cases but with some extension into adjacent quadrants (Table 2).

Table 2. Number of quadrants with CoNV for peripheral and central lesions.

Location CoNV Quadrants Involvement (n)

1 2 3 4

Central (n = 38) 55% (21) 18% (7) 16% (6) 10% (4)

Peripheral (n = 95) 68% (65) 17% (16) 6% (6) 8% (8)

3.2. Order of Filling of CoNV

The quadrant containing the corresponding corneal lesion was the first to fill in 84/95
(88.4%) cases, second to fill in 9/95 (9.5%) cases and third to fill in 2/95 (2.1%) cases. In
cases where the first quadrant to fill did not correspond with the location of the lesion, the
inferior quadrant would typically fill first (7/11 cases, 64%). For CoNV located in more
than one quadrant (47 cases), a pattern of order of filling occurred: inferior, superior, nasal
and then temporal (ISNT) in 61.7% of cases.

Specifically, when two quadrants of CoNV were present, the ISNT filling was re-
spected in 69.5% of cases, 50.0% with three quadrants and 58.3% with CoNV involving
four quadrants, irrespective of lesion location (Figure 3). For peripheral lesions, CoNV
tended to be confined to the same quadrant; therefore, for the analysis of the filling pattern,
this was limited to central lesions. Infections were associated with a more random filling
pattern, respecting the ISNT rule only in 51.7% of cases (15/29), compared to the other
causes, which respected the ISNT rule in 77.7% of cases (14/18). Limiting the analysis to
ocular surface inflammation only, this increased to 81.8% (9/11). The inferior quadrant
was significantly more likely to fill first followed by the superior and nasal followed by the
temporal (Table 3).
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Figure 3. Diagram showing the filling patterns in neovascularization involving one, two, three and
all four quadrants. Taking the four quadrants diagram as an example, the inferior quadrant is the
first to fill in 67%, the superior quadrant fills second in 83% of cases, the nasal quadrant fills third in
75% of cases and the temporal quadrant is the last to fill in 67% of cases.

Table 3. Agreement of ISNT rule with respect to CoNV filling patterns for central lesions.

Inferior Superior Nasal Temporal Total p-Value

1st quadrant
Yes 15 11 7 5 38

p = 0.041
No 23 27 31 33 114

2nd quadrant
Yes 3 10 5 2 20

p = 0.017
No 17 10 15 18 60

3rd quadrant
Yes 1 1 5 2 9

p = 0.09 (NS)
No 8 8 4 7 27

4th quadrant
Yes 1 0 0 3 4

p = 0.046
No 3 4 4 1 12

NS = non-statistically significant.

4. Discussion

CoNV is associated with visual loss and is an important consideration in the manage-
ment of patients, such as in corneal transplantation. Understanding angiographic filling
patterns increases our understanding of angiogenesis and may improve approaches to
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treatment. Angiography has proven superior in detecting early signs of CoNV or in reveal-
ing more extensive CoNV than slit lamp examination only [10]. Practically, it facilitates
directing treatment at likely feeder vessels such as with fine needle diathermy [6,11–13].
Specifically, in such cases, our protocol includes identifying the afferent vessels with an-
giography, cutting it with a needle at the slit lamp and cauterizing it with a thermal
cautery (electrolysis needle in our practice). Our previously reported results suggest that
angiographically guided FND is effective in reducing the area of CoNV [11].

Prior to assessing angiography, it is important to recognize the type of corneal lesion
present and specific areas at high risk of CoNV. In peripheral corneal lesions, there is a high
likelihood that CoNV is contained within the same quadrant. In contrast, with central corneal
lesions, a diffuse pattern of CoNV is often present with multi-quadrant involvement often
only evident with corneal angiography. Central lesions tend to be associated with larger
surface areas of CoNV as compared to peripheral lesions (2.23 ± 1.5 mm2 vs. 2.96 ± 2.0 mm2).
The large areas of involvement with central lesions suggest a greater, or at least less localized,
angiogenic response compared to a lesion in the peripheral cornea.

Zheng et al. described MCA filling patterns in healthy corneas, in which the inferior
quadrant would typically fill first, followed by the superior, nasal and then temporal
quadrant (ISNT pattern of filling) [2]. The ISNT pattern, identified previously in healthy
corneas, was also noted in this study—wherein approximately 60% of pathological corneas
also respected the ISNT filling pattern. The reasons for such a filling pattern are not entirely
clear. It is possible that vascular differences may be due to the variation in vascular supply
in different quadrants. Alternatively, eyelid blinking may provide a pump-like mechanism,
facilitating filling of the inferior and superior arcades to a greater extent than the lateral
and medial. Anatomical variations that exist, however, might explain why this is not seen
in all cases. The ISNT rule may explain some common findings, e.g., conditions, such as
corneal arcus, which tends towards inferior and superior corneal margins first. It is not
clear whether following or not the ISNT rule can have different prognostic implications
and would require further studies to investigate.

When used in assessment of pathological corneas, this study highlights central lesions
as potentially higher risk of ill-defined, larger areas of neovascularization [14]. Angiography
will help delineate the location and extent of CoNV in such cases.

Although we have been able to identify key patterns in angiography of corneal patholo-
gies, we note that several limitations arose during the analysis. Corneal angiography is a
dynamic study, requiring trained technicians to obtain reproducible high-quality images,
and trained clinicians to assess such images. Although observations are subjective, we
aimed to minimize this by involving several independent trained observers and keeping
the splitting of the quadrants standardized. Furthermore, angiographic techniques may not
identify deep capillaries in the presence of masking by superficial leakage and they provide
two-dimensional projections from all visualized layers rather than true three-dimensional
vessel mapping. OCT-angiography (OCT-A) technologies offer a non-invasive approach
that could analyze vessels throughout the entire depth of the cornea and provide simulta-
neous structural imaging of the cornea itself [15]. However, unlike dye-based angiography,
OCT-A cannot differentiate afferent vs. efferent vessels.

We appreciate that anterior segment angiography is not readily available at many
facilities; however, it is becoming an increasingly recognized tool for corneal specialists,
and this study aims to allow for improved interpretation and accuracy when implementing
this investigation. OCT-A technologies have the potential to provide a wider adoption,
even though in the current state, those systems are less precise in capturing small vessels in
CoNV complexes [16], and validation studies are needed for segmentation software [17].

The focus of this study was primarily analysis of filling patterns in pathological
corneas. Anatomical variations may occur between patients; therefore, in patients with
unilateral disease, using the healthy other eye as a control may be beneficial. We also note
grouping of ‘central lesions’ encompasses a much wider array of pathologies as compared
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to the ‘peripheral lesions.’ No apparent differences were found between different causes of
central lesions.

5. Conclusions

We identified several factors that may influence filling patterns for corneal neovas-
cularization, including corneal lesion location, CoNV surface area and etiology of CoNV.
Understanding key patterns of neovascularization may help with understanding their an-
giogenesis and identifying areas at higher risk, aiding in earlier detection and intervention
of CoNV.
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Abstract: The aim of the study was to assess different temperature ranges for the preservation of
pre-loaded Descemet Membrane Endothelial Keratoplasty (DMEK) grafts in the DMEK RAPID Mini
device. Methods: Three groups of 15 DMEK grafts (five per group) were pre-loaded in the DMEK
RAPID Mini and preserved in Optisol-GS for 72 h at different temperatures: group A at >8 ◦C,
group B between 2–8 ◦C and group C at <2 ◦C. After stripping and preservation, the viability of the
endothelium, cell loss and morphology were assessed through light microscopy following trypan
blue and alizarin red staining. Results: Overall mortality was 4.07%, 3.97% and 7.66%, in groups A,
B and C, respectively, with percentages of uncovered areas of 0.31%, 1.36% and 0.20% (all p > 0.05).
Endothelial cell density variation was 5.51%, 3.06% and 2.82% in groups A, B and C, respectively
(p = 0.19). Total Endothelial Cell Loss (ECL) was 4.37%, 5.32% and 7.84% in groups A, B and C,
respectively (p = 0.39). Endothelial cell morphology was comparable in all three groups. Conclusions:
In the DMEK RAPID Mini, low temperatures (<2 ◦C) may affect the quality of pre-loaded grafts,
inducing a higher ECL after 72 h of preservation, although no significant differences among groups
could be proved. Our data would suggest maintaining grafts loaded in the DMEK RAPID Mini at
temperatures between 2–8 ◦C for appropriate preservation.

Keywords: DMEK; eye bank; preloaded; temperature

1. Introduction

Eye banks are playing a crucial role in the development of more standardized and
surgeon-friendly techniques for preparing, loading, transporting and delivering grafts
for Descemet Membrane Endothelial Keratoplasty (DMEK) [1–4]. In the early years of
the development of this technique, surgeons had to prepare the grafts autonomously just
before transplantation, increasing surgical time and exposing themselves to the risk of
graft preparation failure. Owing to the experience gained by eye banks in the preparation
of grafts for Descemet Stripping Automated Endothelial Keratoplasty, the separation of
the Descemet Membrane (DM) from the stroma, the trephination at the desired diameter,
and loading of the graft into the injector are better off carried out by technicians routinely
involved in such preparations [5–7].

In the eye bank, the DM can be loaded inside the injector either with the corneal
endothelium folded outwards (ENDO-OUT configuration) or inwards (ENDO-IN configu-
ration). Once separated completely from the posterior stroma, the DM naturally adopts a
scrolled, ENDO-OUT configuration, an effect likely due to the different degrees of elasticity
of the anterior and posterior surfaces of the DM [8]. Instead, in the ENDO-IN configuration,
the membrane is folded in the opposite way to its natural scrolling tendency. Folding can
take several minutes to be carried out, but once inside the patient’s eye, it requires minimal
time for unfolding, since it is perceived as an unnatural conformation [9]. Despite such
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differences, both techniques have been reported to lead to comparable results in terms of
visual outcomes and it is up to the surgeon’s expertise and skill to decide which one to use
for DMEK [10,11].

Eye banks have been collaborating with surgeons to provide pre-trephined and pre-
loaded membranes preserved either with ENDO-IN or ENDO-OUT configurations. To
improve such preparations, efforts are being made to minimize Endothelial Cell Loss (ECL)
associated with preparation [2,3,12,13], loading [11,14–16], preservation and transporta-
tion [1,17–21] and, finally, injection [10,11,14,15,22] of DMEK grafts.

While no dedicated device is so far available for membranes folded inwards, the DMEK
RAPID Mini system (Geuder AG, Heidelberg, Germany) has recently received CE marking
for the transportation of pre-loaded, ENDO-OUT grafts [17]. This system was initially
designed for corneal tissues preserved in organ culture (OC) and stored at intervals ranging
from room temperature to 31 ◦C. However, the majority of eye banks outside Europe use
cold storage (CS) as the preferred method for preservation, with corneal tissues placed in
single small vials and kept in a refrigerator at 2–8 ◦C. The DMEK RAPID Mini has been
recently adapted for CS. The idea behind the CS of DMEK grafts is that cold temperature
reduces cellular demand for metabolic energy [23,24]. However, concerns regarding the
shorter conservation time and possibly higher endothelial cell mortality associated with
hypothermia exist [24–26], highlighting the need for a deeper understanding of the effects
of different low-temperature ranges on endothelial viability in preloaded DMEK grafts.

The aim of this study was, therefore, to evaluate the effects of preservation at different
low-temperature ranges on corneal endothelial cells viability, simulating the transport of
pre-loaded DMEK grafts in the DMEK RAPID Mini device.

2. Materials and Methods

Donor corneal tissues unsuitable for transplantation due to poor endothelial cell
counts, procured by Fondazione Banca degli Occhi del Veneto Onlus (Venice, Italy) were
used for the research purposes and the validation studies described in this manuscript,
according to the realms of the law 91/99 and after an informed consent form was signed by
the donor’s next of kin.

2.1. Tissue Preparation

In this study, we used fifteen corneas (n = 15) retrieved from the morgue and preserved
in Cold X Medium (homemade medium) at 4 ◦C for up to 3 days. The membranes were
prepared following a standard stripping protocol as previously reported [2], using a 9.5 mm
diameter punch (Moria, Antony, France) and leaving a small area of peripheral adhesion
between DM and stroma. After the stripping step, all tissues were stained with 0.25%
Trypan Blue dye (Gibco, NY, USA) and evaluated by light microscopy (Axiovert, Zeiss,
Oberkochen, Germany). If deemed acceptable, the grafts were punched again with an
8.25 mm punch and completely detached from the stroma. The corneal concavity was com-
pletely filled with Optisol-GS (Rochester, NY, USA). Having enough space, the membranes
roll up on themselves assuming a cylindrical shape and exposing the endothelium out-
wards. The membranes were then loaded into the DMEK RAPID Mini device as previously
described [17]. Briefly, the DMEK RAPID Mini device consists of a front plug connected to
the tip of an injector from one side and to a silicone tube on the other. A 5 mL syringe is
attached to the silicone tube connector. The whole system must be filled with Optisol-GS,
to avoid any air bubble formation. The folded membrane is sucked into the device by
means of a syringe vacuum through the posterior part of the injector. The back of the
injector is then blocked using the rear plug. In this study, the whole system was fixed in the
transportation holder and finally placed in the dedicated vial filled with Optisol-GS.

The tissues were divided into three groups (A, B and C) and stored at different
temperatures, as described below:

- Group A: >8 ◦C storage (n = 5);
- Group B: 2–8 ◦C storage in a “transport simulation” condition (n = 5);
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- Group C: <2 ◦C storage (n = 5).

Transport simulation was performed by leaving the pre-loaded tissues on a laboratory
shaker (Duomax 1030, Heidolph, Schwabach, Germany) placed inside a temperature-
monitored refrigerator for the entire duration of the experiment. All the membranes were
preserved for 72 h.

2.2. Tissue Evaluation and Study Outcomes

The tissues were analyzed after the stripping step (T0). The membranes were stained
with trypan blue dye and evaluated by means of light microscopy (Primovert; Zeiss, Jena,
Germany) using a hypotonic analysis solution (HAS) to highlight the intercellular borders
and to assess Endothelial Cell Density (ECD), cell mortality rate, acellular areas (extensive
blue-stained portions on the membrane with no traces of endothelial cells). To be included
in this study, tissues had to have an ECD > 1700 cells/mm2, a mortality rate lower than
2.5% and percentages of uncovered areas lower than 1% at T0.

After 72 h of preservation (T72), the membranes were carefully extracted from the
injector, gently placed and unfolded on a glass slide, stained with trypan blue dye and
immersed in hypotonic analysis solution to perform the second light microscopy evaluation.

In general, trypan blue positive cells appear within the corneal endothelium as a result
of different possible discomfort events or situations, such as poor initial quality of the tissue,
long post-mortem time, long storage time, stressful storage conditions, iatrogenic trauma,
etc. All these conditions lead to changes in the cell membrane permeability, allowing the
dye to stain the cellular nuclei. These cells are considered dead and ready to detach from
the Descemet membrane. Uncovered (or acellular) areas are a natural consequence of
cellular deaths or are caused by severe mechanical traumas leading to cell detachment
(Figure 1).

 

Figure 1. (A) Group B, 40× magnification, Trypan Blue and Alizarin Red, after 72 h of preservation.
Cornea with trypan blue positive cells (arrow) on folds and de-cellularized areas (asterisk) displayed
by dye suffusion onto Descemet’s membrane. (B) Same tissue but stained by Alizarin red dye which
only stains the Descemet’s membrane, clearly showing the cell margins and the uncovered areas,
confirming what observed with the Trypan Blue staining. (C) 100× magnification, Trypan Blue,
archive photo. Trypan blue positive cells localized on the Descemet folds. To perform the mortality
assessment, the reticle is overlayed to the image and then the number of small squares covering the
areas are counted. To get the percentage, this value is referred to the whole surface of the membrane.

To estimate the ECD and the extent of damaged areas, the cells in five 1 mm2 squares
of a 10 × 10 mm reticule inserted in the eyepiece of an inverted microscope were counted
manually at 100× magnification. The number of trypan blue positive cells allowed us
to determine the percentage of cell death and uncovered areas (Figure 1) in relation to
membrane surface diameters of 9.5 mm (70.85 mm2) and 8.25 mm (53.43 mm2). For the
confirmation of uncovered areas, Alizarin red (5%; ThermoFisher Scientific, Waltham, MA,
USA) was topically applied, and the tissues were incubated for 5 min at RT away from
bright light. The tissues were then re-evaluated under the light microscope.
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The overall mortality was obtained by calculating the difference between the mortality
detected at T72 (post-preservation) and the mortality found at T0 (post-stripping). The
overall uncovered areas were calculated using the same method. By doing so, the damage
that occurred during the stripping phase could be excluded from the final data evaluation,
which will be only referred to in the conservation phase. Total ECL was obtained by
combining these two values (overall uncovered areas plus overall mortality).

2.3. Statistical Analysis

Descriptive data were summarized using the mean (standard deviation) and percent-
ages where appropriate.

The normal distribution of outcomes was checked by means of Shapiro–Wilk tests and
visual inspection of Q-Q plots.

One-way ANOVA was used to compare the effect of the 3 temperature groups on
ECD, mortality rate and uncovered areas at T0 and at T72, as well as ECD variation,
overall mortality, overall uncovered area and total ECL between T0 and T72. Homogeneity
of variance and covariance was confirmed by means of Levene’s test and Box’s M-test,
respectively.

Post hoc pairwise t-tests with Bonferroni correction were used for comparisons be-
tween groups in case of a significant ANOVA result.

A p-value of 0.05 was considered statistically significant. All analyses were con-
ducted using R software version 4.2.2 (R Project for Statistical Computing, Vienna, Aus-
tria; R Foundation for Statistical Computing; 2022, https://cran.rproject.org accessed on
3 December 2022).

3. Results

Membranes with similar biological features were used for all the groups (Table 1).

Table 1. Post-stripping and post-preservation endothelial cell density, mortality rate and uncovered
areas in Group A (storing for 72 h post-stripping in Optisol-GS at >8 ◦C), Group B (2–8 ◦C) and Group
C (<2 ◦C).

Post Stripping (T0) Post Preservation (T72)

N Preservation
ECD

(cells/mm2)
Mortality

(%)
Uncovered
Areas (%)

ECD
(cells/mm2)

Mortality
(%)

Uncovered
Areas (%)

1 >8 ◦C 2100 0 0 2000 0.37 0
2 >8 ◦C 2100 0 0 2000 0.60 0
3 >8 ◦C 2300 0.14 0.64 2100 8.89 0
4 >8 ◦C 2000 0.47 0 1900 7.48 0.60
5 >8 ◦C 2300 0.71 0.16 2200 4.31 1.11

6 2–8 ◦C 1800 1.19 0 1800 7.10 3.74
7 2–8 ◦C 2300 1.27 0 2300 6.50 0
8 2–8 ◦C 2000 0.96 0 1900 2.38 0.76
9 2–8 ◦C 2000 0.78 0 1900 3.09 0.97
10 2–8 ◦C 2450 0.90 0.35 2320 5.87 1.66

11 <2 ◦C 2200 0.79 0 2100 10.67 0.50
12 <2 ◦C 2200 1.23 0 2100 5.37 0.24
13 <2 ◦C 2000 0.35 0 1900 15.74 0
14 <2 ◦C 2000 0.21 0.06 2000 4.31 0
15 <2 ◦C 1900 0.10 0.64 1900 4.87 0.83

ECD, Endothelial Cell Density; N, number.

After stripping (T0), in Group A the mean ± SD ECD was 2160 ± 134 cells/mm2, the
mortality rate was 0.26 ± 0.31% and the percentage of uncovered areas was of 0.16 ± 0.27%.
In Group B, the average ECD was 2110 ± 260 cells/mm2, the mortality rate was 1.02 ± 0.21%
and the percentage of uncovered areas was of 0.07 ± 0.16%. In Group C, the average ECD
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was 2060 ± 134 cells/mm2, the mortality rate was 0.54 ± 0.47% and the percentage of
uncovered areas was of 0.14 ± 0.28% (Table 2).

Table 2. Average values and differences in Endothelial Cell Density, Mortality and Uncovered Areas
at T0 and T72.

Groups

A, n = 5
Mean (SD)

B, n = 5
Mean (SD)

C, n = 5
Mean (SD)

p *

Post-stripping (T0)
ECD (cells/mm2) 2160 (134) 2110 (261) 2060 (134) 0.7
Mortality (%) 0.26 (0.31) 1.02 (0.21) 0.54 (0.47) 0.01

Pairwise comparison #:
Group A vs. Group B 0.01
Group A vs. Group C 0.23
Group B vs. Group C 0.09

Uncovered areas (%) 0.16 (0.27) 0.07 (0.16) 0.14 (0.28) 0.84

Post-extraction (T72)
ECD (cells/mm2) 2040 (114) 2044 (246) 2000 (100) 0.9
Mortality (%) 4.33 (3.88) 4.99 (2.12) 8.19 (4.93) 0.27
Uncovered areas (%) 0.34 (0.50) 1.43 (1.42) 0.32 (0.36) 0.12

T0–T72 difference
ECD Variation (%) 5.51 (1.79) 3.06 (2.80) 2.82 (2.58) 0.19
Overall Mortality (%) 4.07 (3.76) 3.97 (1.97) 7.66 (4.95) 0.25
Overall Uncovered areas (%) 0.31 (0.44) 1.36 (1.42) 0.20 (0.20) 0.1
Total Endothelial Cell Loss (%) 4.37 (3.86) 5.32 (2.90) 7.84 (4.94) 0.39

ECD, Endothelial Cell Density; n, number; SD, standard deviation. * One-way ANOVA. # Post hoc pairwise
comparison with t-test using Bonferroni correction.

At T0, only the mortality rate was significantly different among the three groups
(ANOVA, p = 0.01). The post hoc pairwise comparison showed that the mortality rate was
significantly greater in group B compared to group A (p = 0.01).

The average storage temperature recorded by the probes in the refrigerator was
9.3 ◦C in group A, 5.1 ◦C in group B and 1.3 ◦C in group C. After preservation (T72),
in Group A the mean ± SD ECD we found was 2040 ± 114 cells/mm2, mortality was
4.33 ± 3.88% and the percentage of uncovered areas was of 0.34 ± 0.50%. In Group B,
the ECD was 2044 ± 246 cells/mm2, mortality was 4.99 ± 2.12% and the percentage of
uncovered areas was 1.43 ± 1.42%. In Group C, the ECD was 2000 ± 100 cells/mm2,
mortality was 8.19 ± 4.93% and the percentage of uncovered areas was 0.32 ± 0.36%.

At T72, no significant difference in ECD, mortality rate or uncovered areas could be
identified (all p > 0.05).

The mean ± SD ECD variation between T0 and T72 was 5.51 ± 1.79%, 3.06 ± 2.80% and
2.82 ± 2.58% in Group A, B and C, respectively (p = 0.19). Likewise, no difference was found
in Overall Uncovered Areas (p = 0.1). In group C, Overall Mortality (7.66 ± 4.95%) and
Total ECL (7.84 ± 4.94%) were higher than in group A (4.07 ± 3.76% and 4.37 ± 3.86%) and
group B (3.97 ± 1.97% and 5.32 ± 2.90%). However, these differences were not statistically
significant (p = 0.25 and p = 0.39).

Boxplot graphical representations of the distribution of mortality rate, uncovered areas
and total ECL at T0 and T72 in the three groups are shown in Figure 2.

208



J. Clin. Med. 2023, 12, 1026

Figure 2. Boxplots displaying the distribution of mortality rate, uncovered areas and total Endothelial
Cell Loss (ECL) in the three groups at T0 and T72. The solid lines represent the median, the boxes span
the 25th and 75th quantile, the whiskers of the boxes extend to 1.5 times the interquartile range, and
solid dots represent outliers. Only mortality rate was significantly different among the three groups at
T0, and post hoc pairwise comparison showed that it was significantly greater in group B compared
to group A (p = 0.01). At T72, mortality rate and total ECL showed a trend for inversely proportional
correlation to temperature, although these differences did not reach statistical significance.

Light Microscopy Samples

In all groups, well-defined areas of trypan blue positive cells (Figure 3A) located in
different parts of the membrane and especially in the mid-periphery, could be identified.
These linear stress marks could be attributable to friction, stripping and/or handling of the
grafts. However, three tissues in Group C displayed scattered mortality with the presence
of small acellularized areas (Figure 3B,C), likely due to widespread cellular sufferance
caused by the low storage temperature conditions (Figure 3D).
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Figure 3. (A) Group C, 40× magnification, Trypan Blue/V9, after 72 h of storage, blending of two
images. Long area (approximately 5 mm) of localized mortality with well-defined margins (arrows)
located in the middle periphery of the membrane. This shape of mortality was also observed on
membranes stored in other groups. (B,C) Group C, 100× magnification, Trypan Blue/V9, after 72 h of
storage. Diffuse presence of Trypan Blue positive cells and uncovered areas (arrows) homogeneously
distributed throughout the Descemet membrane endothelial surface. (D) 100× magnification, Trypan
Blue/sucrose, preserved at 4 ◦C, archive photo (2010). After being retrieved from the morgue, the
tissue was preserved in a vial with tissue culture medium and mistakenly put in direct contact with
an ice pocket. After 12 h of preservation, the endothelium showed circular areas with absence of cells
and a high percentage of scattered mortality throughout the endothelial surface.

4. Discussion

In this study, DMs were exposed to three different temperature ranges to verify the best
conditions for cell survival during preservation in Optisol-GS within a DMEK RAPID Mini
device in the endothelium folded outwards configuration. At the end of the experiment, a
higher mortality and higher total ECL were detected in Group C (preservation at <2 ◦C)
compared to that seen in Group B (2–8 ◦C) and A (>8 ◦C), although these differences did
not reach statistical significance.

Along with preservation time, the temperature is a crucial parameter for appropriate
corneal tissue preservation, especially when the isolated Descemet Membrane, and its
endothelium, are preserved [24]. The findings of this study seem to confirm that storage
temperature plays an important role in maintaining endothelial cell viability [23]. Low
temperatures (<2 ◦C) can disrupt the cellular junctions leading to plasmatic membrane
breakage and, consequently, increase the cell mortality rate [27,28]. Low storage tem-
peratures have also been shown to affect cellular metabolism [25,26], thus reducing the
endothelium’s ability to reorganize and replenish the exposed areas as a consequence of
cellular death. Conversely, a rearrangement of the endothelial mosaic can be observed
following a metabolic activation triggered by storage at higher temperatures, as shown
in previous studies on epithelial cells [29,30]. This could explain why a progressive ECD
variation was found in tissues preserved at different temperatures, such as in Group A
compared to Group C, an effect likely due to endothelial repair reactivation caused by
increased temperatures [31]. Finally, studies on cultured endothelial cells show that the ox-
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idative stress generated by low storage temperatures might be particularly damaging to the
mitochondria-rich endothelial cell [24,32]. Mitochondria are, in fact, abundant in the highly
interdigitated apical complexes of endothelial cells, indicative of their crucial role in active
fluid transport and cellular adhesion [33]. Cold storage conditions paradoxically enhance
the formation of reactive oxygen species, promoting adhesion loss and non-apoptotic cell
death of mitochondria-rich endothelial cells [32–34].

To date, two main storage systems of corneal tissue have been developed: cold storage,
mainly used in America and Asia, maintains the cornea between 2 ◦C and 8 ◦C for a
maximum of 14 days, while Organ Culture preservation, which uses room temperature up
to 31–37 ◦C for storage of corneas, can preserve the tissues for up to 28 days [1,18,23]. The
advantages of cold storage (no microbiology, no serum, less cost and storing space, ease
of transport) must be weighed against those of organ culture, which is more technically
difficult and time-consuming but can support cell metabolism under physiologic conditions
and maintain cell viability for longer periods of time [20,23,24,30,31].

In this study, the preservation of corneal tissue was performed in Optisol-GS, the most
widely employed medium for CS [23]. Other studies have employed organ culture medium
for the storage and analysis of preloaded DMEK grafts stored in the DMEK RAPID system,
with results comparable to ours. In particular, Wojcik and colleagues found a total ECL of
3.3–11.5% after storage and transport at room temperature in the DMEK RAPID device with
tissue culture medium (TCM) supplemented with Dextran, a commonly used deswelling
agent [17]. Català and colleagues found a total ECL of 16.7% and uncovered areas of 8%
after transportation at an ambient temperature of endothelium-out DMEK grafts in the
DMKE RAPID device employing analogous TCM and 6% Dextran [18].

As DMEK continues to evolve, optimization of the preparatory steps leading to surgery
will represent more and more a key area for development. The efforts to minimize ECL
in the preparation, storing and shipping of preloaded grafts are paramount given its
prominent role in early postoperative ECL. In fact, preoperative ECD has been directly
correlated with 6-month post-DMEK ECD, which in turn was found to be a key predictor
of late endothelial failure. Specifically, a 6-month ECD count of less than ~830 cells/mm2

has been associated with a significantly lower 5-year graft survival rate in a study by
Vasiliauskaitė and colleagues [35]. Given the multifactorial, high variability in tolerance
to the cellular stress caused by stripping and preservation [1,3], the authors suggest that
identification and exclusion by Eye Banks of “low-performing” grafts may ensure that only
grafts with good tolerance to manipulation and, therefore, with higher postoperative, ECD
counts get transplanted [35].

Limitations of this study could be attributed to damage to the endothelium not related
to hypothermic storage, which could have confounded our results. In the pre-loaded,
ENDO-OUT configuration, the membrane is left free to roll up and then vacuumed through
a tubing system connected to a syringe and can be accommodated in a larger space as
compared to the devices for ENDO-IN membranes. Since the graft spontaneously rolls
up with the endothelium folded outwards, corneal endothelial cells may be exposed to
a certain degree of friction against the internal walls of the injector, especially during the
injection phase when the diameter of the funnel is reduced [1]. Furthermore, some of the
variability in the degree of overall mortality could also be influenced by the unpredictable
folding of the DMs, spontaneously assuming configurations such as the double scroll
shape [36,37], and consequently exposing different regions of the endothelium. However,
we observed well-defined areas of trypan blue positive cells, located in different peripheral
areas of the membrane, across all three different groups, meaning that the effects of friction,
stripping and/or handling of the DMs have most likely equally affected all tissues in
our study. Indeed, the degree of ECL is in line with previous studies using the DMEK
RAPID system [17,18] or other alternative devices used for transporting preloaded and
pre-stripped grafts for DMEK [15,21,38].

Finally, given the small sample size available, we might have been underpowered to
detect significant differences among the three groups (Post Hoc Power range = 0.1–0.85).
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5. Conclusions

In conclusion, to preserve the quality of isolated DMEK grafts folded in the ENDO-
OUT configuration in the DMEK RAPID Mini device in Optisol-GS, it is recommended
to keep the grafts at temperatures between 2 to 8 ◦C. Lower temperatures can alter the
morphological characteristics of the endothelium and possibly increase cell mortality.
Conversely, no major issue has been observed with higher temperatures as long as these
are kept below room temperature to avoid fungal growth [39].
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Abstract: Purpose: To analyze the changes in corneal innervation by means of in vivo corneal confocal
microscopy (IVCM) in patients diagnosed with Evaporative (EDE) and Aqueous Deficient Dry Eye
(ADDE) and treated with a standard treatment for Dry Eye Disease (DED) in combination with Plasma
Rich in Growth Factors (PRGF). Methods: Eighty-three patients diagnosed with DED were enrolled
in this study and included in the EDE or ADDE subtype. The primary variables analyzed were the
length, density and number of nerve branches, and the secondary variables were those related to
the quantity and stability of the tear film and the subjective response of the patients measured with
psychometric questionnaires. Results: The combined treatment therapy with PRGF outperforms the
standard treatment therapy in terms of subbasal nerve plexus regeneration, significantly increasing
length, number of branches and nerve density, as well as significantly improving the stability of
the tear film (p < 0.05 for all of them), and the most significant changes were located in the ADDE
subtype. Conclusions: the corneal reinnervation process responds in a different way depending on
the treatment prescribed and the subtype of dry eye disease. In vivo confocal microscopy is presented
as a powerful technique in the diagnosis and management of neurosensory abnormalities in DED.

Keywords: corneal nerves; corneal confocal microscopy; dry eye disease

1. Introduction

The cornea is one of the most densely innervated tissues in the human body, mainly by
sensory and autonomic nerve fibers. In addition to the importance of its sensory functions,
corneal nerves help maintain the functional integrity of the ocular surface by releasing
trophic substances that promote epithelial homeostasis and by activating circuits in the
brainstem that stimulate tear production and blinking [1]. Damage to these nerve endings,
whether mechanical in the case of eye surgery, or caused by ocular and systemic diseases,
can lead to long-term damage to the integrity of the ocular surface [1,2].

Dry Eye Disease (DED) is one of the most common diseases in ocular surface consul-
tationss worldwide [3], and it is accompanied by discomfort or pain sensations [4]. The
Tear Film and Ocular Surface Society (TFOS) Dry Eye Workshop (DEWS) II [4] defined
DED as a multifactorial disease of the ocular surface characterized by a loss of homeostasis
of the tear film, and accompanied by ocular symptoms, in which tear film instability and
hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormal-
ities play etiological roles [4]. Two main subtypes of dry eye have been described [5].
In evaporative dry eye (EDE), tear hyperosmolarity is the result of excessive tear film
evaporation in the presence of normal tear function, while in aqueous deficient dry eye
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(ADDE) hyperosmolarity is due to reduced tear secretion in the presence of a normal
evaporation rate [6].

There is a growing interest in the study of neurosensory alterations of corneal inner-
vation related with DED [6]. In vivo corneal confocal microscopy (IVCM) is a safe and
noninvasive technique for the study and analysis of corneal innervation. Recently, several
studies have used IVCM to analyze changes in the subbasal nerve plexus in DED [7–9], and
also to evaluate the differences in this innervation between different types of dry eye [10,11].
This technique has been previously used to analyze corneal innervation in different ocular
conditions, such as corneal dystrophies [12], trauma [13], infections [14], or in systemic
diseases such as diabetes [15,16]. More recently, IVCM has been used to evaluate changes
in the subbasal nerve plexus of patients affected by neurodegenerative diseases, such as
Fibromyalgia [17,18], Parkinson’s disease [19,20], Multiple sclerosis [21–23] and even to
evaluate small fiber neuropathy after viral infection with Sars-CoV-2 [24].

DEWS II established treatment strategies for DED to address tear film insufficiency
(artificial tears), alterations of the palpebral margin (lid hygiene), inflammation (corti-
costeroids [25] immunosuppressants and immunomodulators such as Cyclosporine A,
Tacrolimus and Lifitegrast [26]). Surgical approaches and nutritional supplements (diets,
vitamin supplements) are also used to treat DED [27].

Artificial tears composed of blood derivatives have been gaining prominence in the
treatment of DED, most notably Autologous Serum (AS), which was the first derivative
of a patient’s own blood to be used for the treatment of DED [28,29]. In recent years,
a type of blood-based eye drops has been described, known as PRGF–Endoret® (BTI,
Vitoria, Spain), which is a plasma rich in growth factors, including epidermal growth factor
(EGF), transforming growth factor–β1(TGF-β1), platelet-derived growth factor (PDGF),
insulin-like growth factor I (IGF-I), vascular endothelial growth factor (VEGF), nerve
growth factor (NGF), and fibronectin among others. In contrast to AS, PRGF–Endoret® is
formulated without inflammatory cells such as leukocytes [30,31]. PRGF treatments have
shown regenerative effects on the ocular surface epithelium in neurotrophic keratitis [32],
persistent epithelial defects [33], and postoperative processes [34,35]. In addition, the safety
and efficacy of PRGF for the treatment of DED have been previously demonstrated [36,37]
and a clinical trial using PRGF–Endoret® compared with AS in the treatment of moderate
and severe dry eye is currently under way, with results expected in 2023 [38].

However, little is known about the effect of PRGF treatment on the recovery of
corneal innervation.

The purpose of this study was to analyze the changes in corneal innervation in patients
diagnosed with evaporative and aqueous deficient dry eye and treated with a standard
treatment for dry eye disease in combination with plasma rich in growth factors.

2. Methods

This observational retrospective, longitudinal study was conducted in accordance with
the Declaration of Helsinki and approved by the Committee on Ethics in Medical Research
of the Principality of Asturias with the code number 2022.167 of 11 May 2022. It follows the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE). Prior to
data collection, patients were informed about the purpose of the study and the procedures
were read and signed by them.

Eighty-three patients with a diagnosis of DED were recruited in this study. Inclusion
criteria were Ocular Surface Disease Index (OSDI) score over 13, indicating moderate grade
or higher of the disease, and tear break up time less than 10 s.

In addition, subjects who had a Schirmer’s test of less than 5.5 mm were included
in the subgroup of predominantly aqueous deficient dry eye (ADDE), while those above
5.5 mm were included in the predominantly—evaporative dry eye group (EDE) [6,39].

Other eye diseases that could indirectly affect corneal integrity were exclusion criteria
(glaucoma, macular degeneration, previous ocular surgery procedures or corneal infections
such as herpes virus, bacterial or fungal keratitis, adenovirus, and Acanthamoeba). Patients
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presenting systemic diseases that could cause alterations in corneal innervation such as
Diabetes, Fibromyalgia, Parkinson, dysautonomia, etc. were also excluded.

2.1. In Vivo Confocal Microscopy (IVCM)

Patients were examined using a Heidelberg® Retina Tomograph III confocal micro-
scope equipped with the Rostock Cornea Module (Heidelberg Engineering, Heidelberg,
Germany) with a 670 nm wavelength Helium-Neon diode laser, 63x objective and numeric
aperture of 0.9.

Before the beginning of the examination with the IVCM, topical anesthetic (Tetracaine
0.1% + Oxibuprocaíne; Alcon Cusí) was applied to the eye and a sterile cap (TomoCap©,
Heidelberg Engineering) was attached to the lens of the microscope and a high viscosity gel
(Recugel®, Baush & Lomb®, Vaughan, ON, Canada) was used as a bonding agent between
the cap and the lens.

One eye of each patient was randomly selected (randomizer.org, accessed on
6 September 2022) and images of the corneal nerves of the selected eye were taken using
the section mode in the central and paracentral cornea.

A total of 15 to 25 images of five non overlapping areas of each eye were selected.
The examination addressed the analysis of the entire corneal thickness from the

epithelium to the anterior stroma, in order to make sure that the level of the sub basal nerve
plexus was swept. The size of the images obtained was 384 × 384 pixel, which corresponds
to an area of 400 × 400 μm.

The images were analyzed and quantified automatically with ACCMetrics© software
(MA Dabbah, Imaging science and Biomedical engineering, Manchester, UK) [40,41].

This software reported the measurements of the following seven parameters: Corneal
Nerve Fiber Density (CNFD), which shows the total number of nerves per mm2; Corneal
Nerve Branch Density (CNBD), the number of first branches originating from primary
axons per mm2; Corneal Nerve Fiber Length (CNFL), which measures the total length
of all nerve fibers and branches in mm/mm2; Corneal Total Branch Density (CTBD), the
total number of branches/mm2; Corneal Nerve Fiber Area (CNFA) in mm2/mm2; Corneal
Nerve Fiber Width (CNFW), which shows the average nerve fiber width of the sub basal
plexus in mm/mm2, and Corneal Nerve Fractal Dimension (CNFrD), which is an indicator
of the structural complexity of the corneal nerve image (Figure 1).

 

Figure 1. Examples IVCM image analysis using ACCMetrics© software. (A–C) show an image from a
healthy cornea. (D–F) show the analysis process in the cornea of a DED patient. Note the differences
in nerve fiber number and thickness between healthy (A) and DED (D) raw images (as obtained
directly from the microscope). ACCMetrics© software detects nerve fibers (traces marked in green in
(B,E) automatically and segregates traces in primary axons (red), first branches (blue) and the points
of branching (green dots) in the analyzed images for quantification((C,F). Arrowheads in (D–F) show
one dendritic cell in DED patient images.
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The same images were also analyzed using the cell counter plugin of FIJI© image
analysis software (ImageJ 1.53c: NIH, Bethesda, MD, USA) with the objective of quantify
the incidence of neuromas (total number of neuromas per frame), beaded axons (count of
the number of nerves which presented beaded axons per frame), and number of dendritic
cells per frame of the central cornea. This part of the measurements was carried out in a
semi-automatic way, in which the operator marked the presence of each of the disturbances
in each image, and the Cell Counter plugin automatically calculated the total numbers [42].

The images were analyzed by a single experienced researcher. The final value used for
each parameter was the average of the measure of all selected images of each patient.

To avoid any mistake in the classification of selected IVCM morphological alterations,
once a pathological sign of the three items mentioned previously was located, the corneal
structure was examined in detail with the aim of differentiating them from similar anatomi-
cal structures [43,44].

Both types of analysis with ACCMetrics® and ImageJ® software were applied to each
of the images from all patients. The average of the values obtained for each parameter were
used for statistical analysis.

2.2. Tear Film Break Up Time

To assess tear film stability, a drop of preservative-free 2% sodium fluorescein was
instilled into the lower fornix of the patient’s eye. The eye was then observed at the slit lamp
at low magnification and the patient was urged to blink several times and keep the eyelids
open until dark areas were observed within the green staining provided by the fluorescein.
The time between the last blink and the appearance of the dark areas was recorded.

2.3. Schirmer Test

To quantify tear production, the Schirmer test (Katena®, Denville, NJ, USA) was
performed on all patients by placing the paper strips on the temporal part of the inner edge
of the lower eyelid for 5 min after instillation of a drop of topical anesthetic to minimize
reflex tearing [45,46]. After 5 min, the millimeters of impregnated strip were measured.

2.4. Diagnostic Questionnaires

The presence of symptoms of ocular surface disease as well as their perceived severity,
were assessed with the Ocular Surface Disease Index (OSDI) and the severity and intensity
scales of the Symptoms Analysis in Dry Eye (SANDE).

2.5. Treatment

The patients were divided into two groups according to the treatment therapy pre-
scribed by the ocular surface unit of Fernández-Vega Ophthalmological Institute.

Thirty-two patients were treated with a DED treatment therapy consisting of a corti-
costeroid regimen with Fluorometholone 0.1% (FML®, Allergan©) in a descending pattern
of 4 times a day for one week, three times a day for one week, twice a day for one week and
once a day for one week, combined with ocular surface hydration with Trehalose 3% and
sodium hyaluronate 0.15% (Thealoz Duo®, Thea, Milan, Italy) 4 times a week and eyelid
hygiene once a day, both until the follow-up visit. This group was named as the standard
treatment group.

Fifty-one patients were treated with the same treatment therapy as the previous group,
plus an ocular surface regeneration treatment consisting of Plasma Rich in Growth Factors
4 times a day until 3 months.

According to manufacturer’s instructions, blood from this treatment group was col-
lected into 9-mL tubes with 3.8% (wt/v) sodium citrate or in serum collection tubes (Z
Serum Clot activator, Vacuette, GmbH, Kremsmünster, Austria). Blood samples were
centrifuged at 580× g for 8 min at room temperature in an Endoret System centrifuge (BTI
Biotechnology Institute, S.L., Miñano, Alava, Spain); the whole plasma column over the
buffy coat was collected using Endoret ophthalmology kit (BTI Biotechnology Institute, S.L.,
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Miñano, Alava, Spain) avoiding the layer containing leukocytes. Platelets and leukocytes
counts were performed with a hematology analyzer (Micros 60, Horiba ABX, Montpellier,
France). Plasma preparations were incubated with Endoret activator (BTI Biotechnology
Institute©, S.L., Miñano, Alava, Spain) at 37 ◦C for 1 h and PRGF supernatants were filtered,
aliquoted and stored at 80 ◦C until use. All procedures were performed under sterile
conditions inside a laminar flow hold. The patients were instructed to keep the PRGF eye
drops dispensers at −20 ◦C for a maximum of 3 months [47–49]. This group was named
PRGF treatment group.

All patients repeated the same tests at the follow-up visit.

2.6. Statistical Analysis

The SPSS statistical software v. 22 for Windows (SPSS Inc., Chicago, IL, USA) was used
for the analysis of the data. Values were expressed as mean ± standard error of the mean
(SEM). Normality of the sample was checked with the Kolmogórov–Smirnov and Shapiro
Wilk tests according to the sample size. The Student’s t-test and the Wilcoxon test were
used to compare the means of the different study variables of paired samples according to
the distribution of the data. In addition, the effect size was calculated with Cohen’s d for
each of the variables in all study groups.

3. Results

This observational, longitudinal, and retrospective study involved 83 patients with
diagnosis of Dry Eye Disease who have visited the Fernández-Vega Ophthalmological
Institute between January 2020 and April 2022. Table 1 shows the demographic data; no
statistically significant differences were found from the inclusion criteria for both groups.

Table 1. Demographics and inclusion criteria.

Standard Treatment PRGF Treatment

n/Mean ±SEM n/Mean ±SEM p Value

Number of subjects 32 - 51 - -
Age 55.13 2.08 56.08 2.29 0.766

Sex distribution
(female/male) 23/9 - 39/12 - 0.639

Previous OSDI Score 36.12 3.38 43.17 3.52 0.219
Previous Break Up Time 5.27 0.58 4.93 0.47 0.581

Time of treatment (months) 4.75 0.62 4.80 0.55 0.621

3.1. General Results
3.1.1. Corneal Nerve Quantification

As shown in Table 2, the automatic analysis of corneal nerves using ACCMetrics®

software showed that the morphology of the subbasal nerve plexus was not significantly
altered in the standard group. The data revealed an increase in nerve branching (CNBD and
CTBD) and fractal dimension (CNFrD), which was not significant in any of the parameters.
The rest of the values extracted from the automatic analysis such as CNFD, CNFL, CNFW,
CNFA saw slightly decreased values at follow-up with respect to the baseline visit, without
being statistically significant for any of the morphological parameters.

The PRGF treatment group showed an evident increase in CNFD and CNFL (p < 0.001),
CNBD, CNFA and Fractal Dimension (p < 0.005) and CTBD (p < 0.05).

Corneal Nerve Fiber Width did not show any differences.

3.1.2. Morphological Alterations and Cell Infiltration

The semi-automatic analysis of IVCM images using FIJI® software showed a significant
reduction in the presence of dendritic cells for the standard treatment group (p < 0.05), as
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well as in the count of Axonal Beads for both groups (p < 0.005 for standard treatment
group and p < 0.05 for PRGF treatment group).

Although the presence of neuromas was low in both groups, the changes observed
were not significant after treatment.

Table 2. General results.

Standard Treatment PRGF Treatment

Baseline Follow-Up Baseline Follow-Up

Mean
(±SEM)

Mean
(±SEM)

p Value
Effect
Size

Mean
(±SEM)

Mean
(±SEM)

p Value
Effect
Size

OSDI SCORE 36.119 ± 3.386 25.456 ± 3.680 0.002* 0.412 43.169 ± 3.520 31.553 ± 2.926 0.005 * 0.366
SCHIRMER (mm) 7.193 ± 1.277 5.875 ± 1.159 0.194 0.136 5.340 ± 0.561 6.125 ± 0.738 0.685 0.121

FBut (sec) 5.269 ± 0.588 4.875 ± 0.595 0.654 0.087 4.935 ± 0.468 6.106 ± 0.463 0.003 * 0.262
SANDE Frequency 65.000 ± 4.512 41.093 ± 4.455 0.000* 0.666 70.102 ± 4.196 39.591 ± 3.263 0.000 * 0.820

SANDE Severity 56.719 ± 4.113 34.687 ± 4.312 0.000* 0.654 65.510 ± 3.557 35.102 ± 3.142 0.000 * 0.915
CNFD (n/mm2) 19.572 ± 1.188 19.340 ± 1.615 0.859 0.020 13.827 ± 1.019 17.556 ± 1.162 0.000 * 0.338
CNBD (n/mm2) 22.874 ± 2.728 24.672 ± 2.925 0.432 0.079 17.440 ± 2.092 23.796 ± 2.762 0.002 * 0.257

CNFL (mm/mm2) 13.087 ± 0.590 12.965 ± 0.677 0.832 0.024 10.177 ± 0.537 11.863 ± 0.603 0.000 * 0.293
CTBD (n/mm2) 38.181 ± 3.751 41.022 ± 4.118 0.466 0.190 32.257 ± 3.158 40.925 ± 4.148 0.012 * 0.233

CNFA (mm2/mm2) 0.0059 ± 0.0003 0.0057 ± 0.0003 0.607 0.078 0.0053 ± 0.0003 0.0057 ± 0.0003 0.004 * 0.123
CNFW (mm/mm2) 0.0213 ± 0.0002 0.0215 ± 0.0002 0.400 0.091 0.0222 ± 0.0003 0.0220 ± 0.0002 0.368 0.060

CNFrD 1.4638 ± 0.009 1.4684 ± 0.006 0.801 0.072 1.4331 ± 0.010 1.4500 ± 0.009 0.004 * 0.229
Dendritic cells

(n/frame) 4.9519 ± 1.810 2.3541 ± 1.252 0.039 * 0.209 3.1908 ± 0.549 2.5806 ± 0.545 0.077 0.110

Neuroma (n/frame) 0.1984 ± 0.075 0.0519 ± 0.034 0.064 0.315 0.1465 ± 0.049 0.0692 ± 0.042 0.104 0.167
Axonal Beads

(n/frame) 0.6694 ± 0.147 0.1669 ± 0.561 0.002 * 0.564 0.3890 ± 0.078 0.1278 ± 0.052 0.008 * 0.389

OSDI (Ocular Surface Disease Index); FBut (Fluorescein Break Up Time); SANDE (Symptom Assesment in Dry
Eye); CNFD (Corneal Nerve Fiber Density); CNBD (Corneal Nerve Branch Density); CNFL (Corneal Nerve
Fiber Length); CTBD (Corneal Total Branch Density); CNFA (Corneal Nerve Fiber Area); CNFW (Corneal
Nerve Fiber Width); CNFrD (Corneal Nerve Fractal Dimension). Asterisks (*) in the table indicate statistical
differences (p < 0.05).

3.1.3. Tear Film and Ocular Surface Disease Questionnaires

The assessment of tear quantity with the Schirmer test did not show statistically sig-
nificant differences in either treatment group at the follow-up visit. Tear stability measured
with the Fluorescein Break Up Time was significantly increased in the PRGF treatment
group (p < 0.005) compared to the standard treatment group (p = 0.654).

The OSDI score decreased significantly for both the standard treatment group (p < 0.005)
and the PRGF combination therapy group (p = 0.005). The SANDE frequency and severity
questionnaire score were also significantly decreased for both treatment groups (p < 0.001).

3.2. Subtypes of Dry Eye Disease

To study the response of corneal innervation according to the type of dry eye, the
sample was divided into EDE and ADDE according to the measurement of tear quantity.

3.2.1. Difference between Subtypes of Dry Eye Disease

Baseline data were compared to identify differences between the two subtypes of dry
eye disease studied. The CNFD values for the ADDE subtype was 15.007 ± 8.122 fibers per
mm, while for the EDE group it was 18.218 ± 5.99 (p = 0.066). CNBD was 18.766 ± 16.323
branches per mm in the ADDE and 21.129 + 13.541 (p = 0.339) for the evaporative subgroup.
For CNFL the values for the ADDE were 10.784 ± 4.228 mm per mm, and 12.185 ± 3.130
(p = 0.147) for the EDE. Differences were also not statistically significant for both groups in
neuromas (p = 0.195), dendritic cells (p = 0.700) and axonal beadings (p = 0.861). For the
ADDE group, the psychometric questionnaires showed an OSDI of 41.337 ± 23.638, SANDE
frequency of 65.943 ± 28.673 and SANDE intensity of 60.188 ± 25.850, while for the EDE
group the values were OSDI 38.400 ± 20.648 (p = 0.748), SANDE frequency 71.142 ± 26.297
(p = 0.326) and SANDE intensity of 65.535 ± 21.745 (p = 0.420).
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3.2.2. Evaporative Dry Eye Subtype

Fifteen patients of this subtype of Dry Eye were treated with PRGF while fourteen
patients were treated with the standard treatment group.

Baseline values were compared according to the assigned treatment, finding no signif-
icant differences for any of the treatment groups (p = 0.363 for CNFD, p = 0.692 for CNBD,
p = 0.233 for CNFL, p = 0.234 for Schirmer, p = 0.870 for Fbut, p = 0.847 for dendritic cell
count, p = 0.477 for neuromas count, p = 0.533 for Beadings count, p = 0.486 for OSDI score,
p= 477 for neuromas count, p = 0.533 for Beadings count, and p = 0.062 for SANDE intensity
questionnaire) apart from the SANDE frequency questionnaire which showed significant
differences in baseline values according to treatment groups (p = 0.027).

As shown in Figure 2, nerve parameters such as density, length and number of
branches increased slightly in the PRGF-treated group at the follow-up visit but were not
statistically significant. The same values decreased for the standard treatment group, being
significant for CNFD (p < 0.05) and for CNFL (p = 0.01).

Figure 2. Corneal nerve quantification and morphological alterations Evaporative Dry Eye subtypes
according to groups of treatment. Asterisks (*) in the graphs indicate statistical differences between
groups (p < 0.05).
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The morphological alterations of nerves (neuromas and beadings) and cell infiltration
(dendritic cells) showed no relevant differences in any of the parameters analyzed, apart
from the dendritic cell count in the PRGF treatment group (p < 0.05). Although not
significant, a certain increase in the presence of neuromas was observed at the follow-up
visit for the PRGF treatment group.

Focusing on the tear film and psychometric questionnaires, results in Figure 3 showed
that tear film volume was reduced was reduced for both treatment therapies, with the
reduction being statistically significant for the standard treatment group (p = 0.045).

Figure 3. Tear film and psychometric questionnaires for Evaporative Dry Eye Subtype. Asterisks (*)
in the graphs indicate statistical differences between groups (p < 0.05).

Tear break-up time did not change significantly for either treatment group at the
follow-up visit.

The OSDI questionnaire remained significantly unchanged at the follow-up visit in
both the standard and combined PRGF treatment groups.

For the SANDE frequency and intensity questionnaires, reductions were significant
for both groups of treatment at the follow-up visit (p < 0.005).
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3.2.3. Aqueous Deficient Dry Eye Subtype

Thirty-three patients of this subtype of Dry Eye were treated with PRGF while eighteen
patients were treated with the standard treatment group. Data for one patient in the PRGF
treatment group was estimated as a missing value because no post-treatment tear volume
value was available.

As in the EDE subtype, baseline values were compared according to treatment type
and no significant differences were found for CNBD (p = 0.148), FBut (p = 0.749), Schirmer
(p = 0.232), dendritic cell count (p = 0.916), neuromas (p = 0.619), OSDI score (p = 0.286),
SANDE frequency (p = 0.798) and SANDE intensity (p = 0.250). However, significant
differences in these values were identified for CNFD (p = 0.001), CNFL (p = 0.003) and
axonal beads count (p = 0.013).

In this subtype of DED, Figure 4 shows a statistically significant increase for length,
density, and number of nerve branches (p < 0.05 for all of them) after combined treatment
with PRGF, compared to the standard treatment group, which also showed an increase,
without statistical significance.

Figure 4. Corneal nerve quantification and morphological alterations ADDE subtype accord-
ing to groups of treatment. Asterisks (*) in the graphs indicate statistical differences between
groups (p < 0.05).

In the case of morphological alterations and presence of inflammation, axonal beads
significantly decreased in the standard treatment group (p = 0.05). No other relevant differ-
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ences were observed in any of the parameters analyzed, although their values decreased at
the follow-up visit in both treatment subgroups.

The tear film study showed (Figure 5) an increase for the combined PRGF treatment
subgroup and the standard treatment subgroup, but this was not significant for either
of them.

Figure 5. Tear film and psychometric questionnaires for Aqueous Deficient Dry Eye. Asterisks (*) in
the graphs indicate statistical differences between groups (p < 0.05).

An increase in tear break-up time was found in the PRGF subgroup (p = 0.005) while
the same value decreased slightly for the standard treatment subgroup (p = 0.248).

As for the psychometric questionnaires, both OSDI and SANDE frequency and inten-
sity had significantly reduced values at the follow-up visit, with p < 0.005 for each of them
in both treatment subgroups.
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3.3. Effect Size

To answer the question of how big the change in the analyzed variables after each of
the treatments was, the effect size was calculated for each of them according to the subtype
of DED, comparing the values obtained at the baseline visit with those at the follow-up
visit. (Table 3).

Table 3. Effect size according to the subtype of DED.

Evaporative Dry Eye Aqueous Deficient Dry Eye

Standard Treatment PRGF Treatment Standard Treatment PRGF Treatment

CNFD 0.366 ↓ 0.288 ↑ 0.263 ↑ 0.413 ↑
CNBD 0.135 ↓ 0.111 ↑ 0.253 ↑ 0.308 ↑
CNFL 0.402 ↓ 0.162 ↑ 0.243 ↑ 0.322 ↑

Dendritic cells 0.130 ↓ 0.432 ↓ 0.258 ↓ 0.054 ↓
Neuromas 0.141 ↓ 0.117 ↑ 0.282 ↓ 0.321 ↓
Beadings 0.277 ↓ 0.184 ↓ 0.756 ↓ 0.379 ↓

Break Up Time 0.096 ↑ 0.052 ↓ 0.274 ↓ 0.464 ↑
Schirmer 0.521 ↓ 0.261 ↓ 0.272 ↑ 0.379 ↑

OSDI Score 0.183 ↓ 0.015 ↑ 0.539 ↓ 0.509 ↓
SANDE Frequency 0.661 ↓ 1.398 ↓ 0.663 ↓ 0.874 ↓
SANDE Intensity 0.822 ↓ 1.235 ↓ 0.506 ↓ 0.948 ↓

Arrows indicate the trend of the effect with respect to baseline values.

For the EDE subtype, the standard treatment had a negative effect for CNFD, CNBD
and CNFD, and for nerve length was at the edge of the medium size. With PRGF treatment,
the effect size, although low, was positive for the same variables.

As for morphological alterations of the subbasal nerve plexus in this type of DED,
the effect size was negative for all of them, apart from neuromas in the PRGF treatment
group, although with a low effect. The effect size value was at the limit of the medium
consideration for dendritic cells in the PRGF treatment group.

The tear film study did not reveal a significant effect size on tear break-up time.
However, a negative effect of medium size on tear quantity—quantified by Schirmer’s
test—was observed for the standard treatment group.

No significant effect size was observed in both treatment groups for the OSDI score,
while for the SANDE questionnaires this value was medium-high for both groups and
higher for the PRGF treatment group.

In the aqueous deficient dry eye subtype, the two treatment groups had a positive
effect on CNFD, CNBD and CNFL, with Cohen’s d being higher for the PRGF treatment
group for these three variables. The effect was negative for all of the three subbasal
nerve plexus morphological alterations studied, with a value of 0.756—medium-high effect
size—for axonal bead count in the standard treatment group.

Tear analysis for this dry eye subtype showed higher Cohen’s d values in the PRGF
treatment group. Note the negative effect for BUT in the standard treatment group.

The effect size was medium for the OSDI score in both treatment groups and for the
SANDE questionnaires in the standard treatment group, while in the PRGF treatment
group the effect found was high.

4. Discussion

We conducted a study including 83 eyes of 83 patients diagnosed with DED to compare
the changes in corneal innervation when treated with a standard treatment and the same
treatment in combination with plasma rich in growth factors.

The results of the study suggested that the combined treatment therapy with PRGF
outperforms the standard treatment therapy in terms of subbasal nerve plexus regener-
ation, significantly increasing length, number of branches and nerve density, as well as
significantly improving the stability of the tear film analyzed with fluorescein BUT.
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Our findings were consistent with previous studies analyzing the response of corneal
innervation to different topical treatments.

The positive effect of hematic derivatives on the ocular surface has been studied
repeatedly. Fox et al. [28] described in 1984 an improvement in the symptomatology
and objectivity of fifteen patients treated with artificial tears made from the patient’s
serum, which had not improved with conventional artificial tears. These results were also
confirmed by other authors, including a randomized clinical trial [50], which is consistent
with our results in a significant decrease in OSDI, improvement in BUT and also found no
significant changes in the Schirmer’s measurement.

The effect that hematic derivatives induce in corneal innervation has also been the
subject of previous studies. In this regard, there has been some discrepancy between
publications. Giannaccare et al. [51] found a significant increase in CNFD, CNFL and
CNFrD in patients treated with peripheral allogenic blood serum and umbilical cord
blood serum in their prospective study, although with a short follow-up period. On the
other hand, Mahelkova’s prospective work [52] found no differences in subbasal plexus
nerve fibers in patients treated with autologous serum tears. These discrepancies may be
explained by the difference in measuring devices, the cause of the DED, the sample size or
the type of hematic derivative.

PRGF–Endoret® is an autologous platelet plasma rich in growth factors, standardized
to reduce the proinflammatory cytokines in its formulation by removing leukocytes and by
a heating treatment [53]. This feature would help to treat DED, as it is associated with a
chronic inflammatory process [54].

Due to the high concentration in growth factors, PRGF-based eye drops promote
a range of biological events, including cell proliferation, migration, and differentiation,
while protecting against microbial contamination on the ocular surface [47,55,56]. A higher
concentration of most growth factors was found in PRGF formulations than in AS [57].
Among growth factors, NGF has been shown to stimulate corneal epithelium proliferation
and promote subbasal nerve plexus regeneration [58].

Our results showed no statistically significant differences in the subbasal nerve plexus
between the two DED subtypes analyzed, with smaller values for ADDE. Other studies
found significant reductions in corneal nerves in ADDE versus EDE using a semi-automated
quantification method that reports higher values for these parameters than we obtained
with the technique used in our study [10]. However, when we grouped our sample into
the two dry eye subtypes according to the treatment prescribed, we found significant
differences in the baseline values of CNFD and CNFL of the ADDE, with lower values in
the subgroup of combined treatment with PRGF. This treatment subgroup also had higher
OSDI and SANDE values and previous studies found a negative correlation between OSDI
and CNFD [59].

This may be explained by the fact that in professional practice within the ocular surface
unit, the ophthalmologist could have prescribed combined treatment with plasma rich in
growth factors to patients who showed a higher subjective severity as measured by psychome-
tric questionnaires, based on his previous experience and research in this field [32,35,55,60].

On the other hand, we found no significant changes in corneal innervation at the
follow-up visit in the standard treatment group, and even a slight decrease in CNFL and
CNFD. There are some discrepancies between previous studies regarding how corticos-
teroid [61,62] and immunomodulation-based treatments [63,64] affect the subbasal nerve
plexus in DED. Reduction in subbasal nerves, as seen in cases of DED treated with cy-
closporine A [64], may be explained by reduced NGF production and other cytokines, such
as IL-1 and TNF-α. Although it is known that these treatments act by intervening in the
inflammatory process associated with the disease, their mechanisms of action on corneal
innervation remains unclear.

Consistent with a reduction of inflammation, we observed a significant reduction in
the dendritic cell count in the standard treatment group. Villani et al. [62] also found no
significant changes in the subbasal nerve plexus in their open-label and masked study,
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using a semi-automated nerve fiber quantification system. This study and that of Li
Bei [65] are also consistent with ours in the reduction of dendritic cells after treatment with
topical steroids.

The DEWS established at its first meeting in 2007 that hyperosmolarity and tear film
instability are the starting point for the development of dry eye disease [66] The main cause
of EDE is known to be tear film disruption accompanied by Meibomian gland dysfunction,
and reduced tear secretion secondary to age-related degeneration of the lacrimal gland is
the main cause of lacrimal secretion deficit dry eye [6]. It is therefore difficult to draw the
line between dry eye due to a lack of secretion and evaporative dry eye, so it would be
more accurate to talk about which is the predominant category in each case [5].

Our results suggest that the combined treatment with PRGF in DED contributes to
the creation of the ocular surface regeneration scenario, in which corneal regeneration is
promoted [3,67]. When this regenerative scenario occurs in ADDE, it induces an improve-
ment in the stability and quantity of the tear film, as well as anti-inflammatory agents
and growth factors, which create the perfect context for the corneal reinnervation process,
and we observed a significant increase in this process compared to the group treated with
standard treatment.

However, when the scenario occurs in EDE, the treatment also contributes to the
regeneration of the ocular surface, but without solving one of the main problems which
is the alteration of the eyelids and dysfunction of the Meibomian glands, which will
continue to generate a situation of evaporative excess and instability of the tear film,
which are described as one of the main pathogenic factors of the vicious circle in ocular
surface disease [67].

As a limitation of the study, in the analyzed sample, all the patients were prescribed
for eyelid hygiene protocol, but the condition of the eyelids was not monitored, so it could
not be concluded whether the alterations at this level were resolved at the follow-up visit.
This may explain why the most significant changes at the level of the sub basal nerve
plexus are in the ADDE and raises the need for future studies quantifying the status of
the eyelids and the degree of Meibomian gland dysfunction. Moreover, all the patients
included in our study had a BUT below 10 s, so all had an evaporative component, and
were subsequently grouped according to the reduction in tear secretion, so our study is
limited by not having subjects with BUT greater than 10 s accompanied by low Schirmer
values. The sample size, although in line with other published studies, can be considered
small and unrepresentative and our study is also limited in this aspect, so prospective
studies with larger samples are needed.

5. Conclusions

The corneal reinnervation process responds in a different way depending on the
treatment prescribed and the subtype of dry eye disease. This process can be monitored
and quantified non-invasively and in vivo using confocal microscopy, which is presented
as a technique that can be useful in the diagnosis and management of one of the five main
pathogenic factors of ocular surface diseases, of which DED is one of the most important;
this can contribute to personalized treatment therapies for the disease.
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Abstract: High myopia (HM) is defined as an axial length (AL) ≥ 26 mm that may result in various
pathologies that constitute pathologic myopia (PM). The PLEX® Elite 9000 (Carl Zeiss AC, Jena,
Germany) is a new swept-source optical coherence tomography (SS-OCT) underdevelopment that
allows wider, deeper and more detailed posterior-segment visualization; it can acquire ultra-wide
OCT angiography (OCTA) or new ultra-wide high-density scans in one image. We assessed the
technology’s ability to identify/characterize/quantify staphylomas and posterior pole lesions or
image biomarkers in highly myopic Spanish patients and estimate the technology’s potential to
detect macular pathology. The instrument acquired 6 × 6 OCTA, 12 × 12 or 6 × 6 OCT cubes, and
at least two high-definition spotlight single scans. A hundred consecutive patients (179 eyes; age,
51.4 ± 16.8 years; AL, 28.8 ± 2.33 mm) were recruited in one center for this prospective observational
study. Six eyes were excluded because images were not acquired. The most common alterations were
perforating scleral vessels (88.8%), classifiable staphyloma (68.7%), vascular folds (43%), extrafoveal
retinoschisis (24%), dome-shaped macula (15.6%), and more uncommonly, scleral dehiscence (4.46%),
intrachoroidal cavitation (3.35%), and macular pit (2.2%). The retinal thickness of these patients
decreased, and the foveal avascular zone increased in the superficial plexus compared with normal
eyes. SS-OCT is a novel potent tool that can detect most main posterior pole complications in PM
and may provide us with a better understanding of the associated pathologies; some pathologies
were identifiable only with this new kind of equipment, such as perforating scleral vessels, which
seem to be the most common finding and not so frequently related to choroidal neovascularization,
as previously reported.

Keywords: pathologic myopia; OCT; Plex Elite 9000

1. Introduction

According to the International Myopia Institute (IMI), any refractive defect whose
spherical equivalent is −0.50 diopter (D) or less is considered to be myopia, while high
myopia (HM) is defined as a refractive error of −6 D or less or an axial length (AL) exceeding
26 mm [1,2]. However, pathologic myopia (PM) is defined as an axial HM with either
staphyloma or myopic maculopathy (MM), the latter of which includes myopic macular
degeneration (MMD), tractional maculopathy (TM), or dome-shaped macula (DSM) [3,4].

Staphyloma was defined by Spaide as an outpouching of the ocular globe wall in
which the curvature radius is smaller compared to that of the surrounding area [5]. In 1977,
Curtin defined 10 types of staphylomas using funduscopy to show the one that affects
the posterior pole and the inferior lesion type was the most common [6]. Ohno-Matsui
later proposed six types of staphylomas using fundus photographs and three-dimensional
magnetic resonance [7]. Eyes with staphyloma have a high risk of having MMD, which
would include diffuse or patchy macular atrophy with/without lacquer cracks that can be
observed via optical coherence tomography (OCT) imaging as defects in Bruch’s membrane
and active choroidal neovascularization (CNV) and subsequent Fuch’s spots [8].
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Several authors have proposed classifications of MM. First, Curtin and Karlin proposed
a classification including the following categories: chorioretinal atrophy, Fuch’s spot,
optic nerve damage, lacquer cracks, and posterior staphyloma [9]. Later, Avila et al. [10]
proposed a classification using five levels. Ohno-Matsui et al. [11] then proposed the
international classification and grading system for MM called META-PM, which has been
widely used and is based on retinographies. This classification has the following categories:
0 corresponds to a normal fundus appearance, 1 to tessellated fundus, 2 to diffuse atrophy,
3 to patchy atrophy without foveal involvement, and 4 to macular atrophy. The presence
of any of these three plus lesions (lacquer cracks, CNV, and Fuch’s spot) also indicates
PM [11]. However, this classification does not consider the tractional component of MM,
which is an important cause of visual loss in PM [12]; thus, Ruiz-Medrano et al. proposed
the ATN classification using both fundus and OCT images where A indicates atrophic, T
tractional, and N neovascular classifications. There are different levels for each component
and the final classification is the combination of the three [4]. Finally, a DSM or the
presence of a ridge-shaped macula (RSM) in cases of inferior staphylomas has also been
included in the IMI OCT classification as a feature of MM [3], with RSM defined as macular
elevation in only one meridian across the fovea and differing from DSM, which is an area
of elevation [13].

Structural OCT is a useful method to study PM features and the best method to identify
tractional maculopathy [14]. In addition, one of the most important causes of visual loss in
PM is CNV [15,16], and recently, OCT angiography (OCTA) has shown good sensitivity for
detecting it [17,18]. Thus, structural OCT and OCTA are important for detecting macular
pathologies that are otherwise difficult to identify.

It is difficult to estimate the prevalence of PM/MM and the related lesions because
large population studies with large patient samples are needed. A recent review found that
studies that use different definitions of MM and different diagnostic techniques are mainly
conducted in Asian populations, and the prevalence of HM varied from 1.5% to 8% and the
prevalence of MM from 0.2% to 10.7% [19]. However, two population studies in Germany
and Russia showed prevalence rates of MM of 0.5% and 1.3%, respectively. The prevalence
of HM is high in Spain and one of the highest in Europe, although it is even higher in Asian
populations [20]. A study published in 2010 found that MP was the second most common
cause of visual impairment in a nursing home [21]. In addition, our previous study showed
differences between our population and Asian populations [22].

Concerning studies that use OCT, Ruão et al. found that patchy retinal atrophy is
the most frequent finding (79.1%), followed by CNV (69.1%) and TM (53.7%) in a hospital
sample of patients with HM from the Iberian Peninsula [23]. However, it is necessary to
acknowledge that HM is associated with reduced signal strength spectral-domain OCT and
it is more likely to produce unreliable OCT measurements [24].

The purpose of the current study was to assess whether wide-field SS-OCT and OCTA
images reinforced by funduscopy/retinography allow the identification and characteriza-
tion of staphyloma and the most posterior pole lesions or image biomarkers in a series of
Spanish patients with HM. We also wanted to estimate the frequency of observations of the
previously described pathological features and study the potential high-definition swept-
source OCT (SS-OCT), which is still being developed, for detecting macular pathologies.

2. Materials and Methods

This longitudinal observational study of a single-center, prospective cohort followed
the tenets of the Helsinki Declaration of 1964 (last amendment, 2013). The Clinical Research
Ethics Committee of the Valladolid East Health Area approved the study. All patients
understood the specifics of the study and provided informed consent.

A sample of consecutive patients with HM was recruited at the Institute of Applied
Ophthalmobiology (IOBA), an eye institute of the University of Valladolid. Patients were
included if they were older than 18 years, Caucasian, and had an AL ≥ 26 mm. Patients
were excluded if they had any other retinal pathology not attributable to HM, significant
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media opacities that prevented good-quality images, or those who had undergone surgery
during the previous 3 months.

Family and past medical antecedents were gathered, including previous ocular patholo-
gies and surgeries. Visual acuity (VA) was tested using an Early Treatment Diabetic Retinopa-
thy Study panel and recorded as the logarithmic of the minimum angle of resolution (logMAR)
scale. A phenylephrine (100 mg/mL) and a tropicamide (10 mg/mL drop) was instilled in
each eye. The AL was measured using the IOLMaster 500 (Carl Zeiss AC, Jena, Germany).
Keratometry, anterior chamber depth, and white-to-white distance were also recorded as
control variables. Central retinography was later performed using either Topcon 3D (Topcon
Corporation, Tokyo, Japan) or Topcon Triton DRI (Topcon Corporation). Finally, several
protocol scans using the PLEX® Elite 9000 OCT (Carl Zeiss AC) were performed. These
included a 6 × 6 OCTA scan centered on the macula and a 12 × 12 HD51 scan centered on
the macula; however, if the quality precluded it, a 6 × 6 HD51 scan was performed instead. A
total of 120 6 × 6 HD51 scans and 59 12 × 12 scans were taken. Finally, at least 2 single HD
spotlight line scans (90 and 180 degrees, 16 mm) were performed. To better characterize the
type of staphyloma in some patients, extra scans were taken at 135◦ in their right eyes and 45◦
in their left eyes. All tests were performed by two equally trained operators (PAL and MAC).

The presence of staphyloma was assessed using OCT. The staphylomas were classified
in a similar manner to the Ohno-Matsui criterion [7]. In addition, the following lesions
were identified using OCT: lacquer cracks were defined as linear Bruch defects with OCT
and retinography; atrophic maculopathy was defined as extensive Bruch’s defect with
OCT; if there were CNV or Fuch´s spot they were usually visible with OCTA, where active
CNV may associate hemorrhage and/or exudation signs, whereas in its scar phase flow
is less likely to be detected and that has the typical blackened appearance of Fuch’s spots
on retinography [3,4]. Tractional maculopathy is defined by the T dominion of the ATN
classification that on OCT images is shown as a split between the inner and outer retina
within the staphyloma defined as foveoschisis or extrafoveal retinoschisis, which may be
associated with lamellar holes or epiretinal membranes; however, preretinal membranes are
often hard to distinguish from inner laminar membrane detachment in high myopia [3,4].
DSM/RSM is recognized as an inward bulge of the macula within the chorioretinal posterior
concavity of the eye at the macular location in OCT that is sometimes associated with serous
macular detachment [3]. Presence of peripapillary atrophy was subclassified by us as
(1) myopic conus, (2) circumpapillary atrophy, (3) circumpapillary atrophy involving the
macula, or (4) extensive circumpapillary atrophy involving the fovea. A tilted disk was
considered to be present if the optic nerve entered the eye at an oblique angle, usually
infero-nasal, while being rotated along its anterior–posterior axis [25]. We also looked
for rare findings, such as macular pits defined as a sharp retina, RPE, choroid and scleral
outpouching usually located within an area of patchy macular atrophy; choroidal cavitation
defined as an absence of the choroidal space that is preferably located adjacent to the optic
disc; scleral dehiscence defined as full-thickness scleral defects, together with outward
displacement of the retina; vascular folds defined as paravascular inner retinal cleavage
due to the traction of the vessels within a staphyloma detected on OCT; and perforating
scleral vessels (PSV) defined as hypofluorescent vessel-like areas breaking through the
sclera and reaching the choroid, demonstrating the relationship between them and other
macular lesions [26–28]. The foveal avascular zone (FAZ) area and its perimeter at the
superficial and deep retinal plexus were then manually measured using the caliper tool
in the 6 × 6 OCTA macula-centered scans, where the segmentation was automatically
performed by the software. The retinal thickness was measured manually from the external
limiting membrane to the Bruch–retinal pigmented epithelium (B-RPE) complex. The
choroidal thickness was measured from the B-RPE complex to the choroidal–scleral junction.
The scleral thickness was measured from the choroidal–scleral junction to the end of
the visible sclera. The vertical HD spotlight scan that produced the measurements was
performed by one researcher (PAL). The presence of the cilioretinal artery was evaluated
using retinography and classified according to the criterion of Meng et al. [29].
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The appropriate sample size was calculated for estimating the proportion of staphy-
loma that was considered as the principal variable. A sample size of 100 eyes was obtained
to estimate an expected proportion of 0.5 with an accuracy of 0.1 and a statistical power
and significance level of 80% and 0.05, respectively.

Data were collected in an Excel sheet (MS, Redmond, WA, USA) and statistical analysis
was performed using the Statistical Package for the Social Sciences version 23 (IBM, Armonk,
NY, USA) for Windows. Quantitative variables are expressed as the mean ± standard
deviation (SD) and categorical variables as percentages.

3. Results

A total of 179 eyes of 100 patients were studied (68.7% women; age, 50.58 ± 14.98 years;
VA, 0.18 ± 0.29 logMAR; AL, 28.83 ± 2.34 mm). A total of 6 of the 21 excluded eyes were
rejected due to poor-quality OCT images, and the rest did not fulfil the inclusion criteria
(mainly second eyes with AL < 26 mm of anisometropic patients). Of the six eyes excluded
for poor images, the reasons for exclusion were poor fixation for very low VA (four eyes),
intraocular lens opacification (one eye), and endotropia (one eye).

Staphyloma was detected in the OCT images in 123 (68.7%) eyes, and it was possible
to classify all of them. The types of staphylomas detected and classified based on OCT
imaging are presented in Figure 1.

Figure 1. Types of detected staphylomas.

The most common types of staphyloma were the wide and the narrow macular types,
followed by the nasal and peripapillary types and the least common were the inferior and
other types. The images of each type of staphyloma are presented in Figure 2.

Figure 2. Types of staphylomas: (A) wide macular; (B) narrow macular; (C) nasal; (D) inferior;
(E) peripapillary, and (F) other types. All images are horizontal in orientation except D.

234



J. Clin. Med. 2023, 12, 1846

Atrophic maculopathy grading according to the META-PM classification is presented
in Figure 3.

Figure 3. Percentage of eyes in the categories of the META-PM classification.

The number of eyes in each category of the ATN classification is shown in Table 1.

Table 1. Number of Eyes in Each ATN Category.

Atrophic
Classification

No. of
Eyes

Tractional
Classification

No. of
Eyes

Neovascular
Classification

No. of
Eyes

A0 7 T0 160 N0 136
A1 87 T1 6 N1 12
A2 41 T2 9 N2a 7
A3 32 T3 2 N2s 27
A4 12 T4 2

The number of eyes in each atrophic category is correlated with the META-PM classifi-
cation because their criteria are identical. We obtained 29 possible combinations, resulting
in a mixture of the three categories. The most frequent combinations were as follows:
78 eyes with A1T0N0 (43.57%), 27 eyes with A2T0N0 (15.08%), and 13 eyes with A3T0N2
(7.26%). According to this classification, 125 eyes (69.8%) from our sample had PM.

The results obtained when using the IMI OCT classification are shown in Table 2.

Table 2. Number of Eyes in Each Category of the IMI OCT Classification.

IMI OCT Classification No. of Eyes

No MM 88
Ia 19
Ib 27
II 12
III 5
IIIa 17
IIIb 11

Lacquer cracks identified as linear Bruch membrane defects (BMD) on structural OCT
frames were found in 18 eyes (10.11%) (Figure 4), whereas 7 eyes showed signs of active
CNV at the time of the study (Figure 5), and 32 (17.88%) showed identifiable inactive
CNV, the so-called Fuch’s spot (Figure 6). The mean subfoveal choroidal thickness of
the eyes with CNV was 75.66 ± 38.5 μm (range, 27–133 μm). When evaluating the CNV
location, 2 (33.33%) eyes were subfoveal and 4 (66.67%) perifoveal, whereas 11 (33.33%)
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eyes had a subfoveal Fuch’s spot, 21 (63.63%) had a perifoveal spot and 1 eye demonstrated
a spot > 3 mm from the fovea.

Figure 4. (A) An OCT scan that shows a BMD caused by a lacquer crack (blue arrowhead). The red
arrowhead indicates a PEV reaching the choroid. (B) A fundus image of the same patient, in which
the red circle indicates a lacquer crack.

 

Figure 5. (A–C) Multimodal imaging from the same patient with a Fuch’s spot. (A) The blue
arrowheads indicate the limits of the CNV. (B) The outer retina to the choriocapillaris (ORCC) on
the OCTA images with a tailing artifact removed from the en-face image. The red circle indicates
the CNV. (C) The red circle indicates the position of the CNV obtained via retinography. (D,E)
Multimodal imaging from the same patient presenting with active CNV. (D) An OCT scan that shows
signs of CNV activity with retinal thickening due to subretinal fluid and small intraretinal cysts (red
arrowhead). Its limits are indicated by the blue arrowheads. (E) En-face ORCC from an OCTA image
of the same patient. (F) The red circle indicates the presence of the membrane and blood in this
patient’s retinography.

Figure 6. Multimodal image of a Fuch´s spot. (A) An OCT scan shows a Fuch´s spot (blue arrow-
heads). (B) The red circle indicates the Fuch´s spot in the retinography.
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A BMD associated with patchy or macular atrophy was found in 42 (23.46%) eyes. A
BMD associated with peripapillary atrophy was found in 83 (46.37%) eyes (Figure 7).

Figure 7. (A) An OCT scan of the BMDs associated with patchy atrophy. (B) An OCT scan of a
BMD involving the fovea. (C) An OCT scan of a BMD associated with peripapillary atrophy. Blue
arrowheads indicate the presence of BMDs.

A total of 45 eyes (24%) had extrafoveal retinoschisis, of which 20 (46.5%) had in-
ner and outer retinoschisis, 11 (25.64%) had inner retinoschisis only, and 6 had purely
outer retinoschisis. Two eyes had either inner or outer retinoschisis and a lamellar hole
and two eyes had both inner and outer retinoschisis and a lamellar hole (Figure 8).

Figure 8. (A) An OCT scan of inner retinoschisis. (B) An OCT scan of outer retinoschisis. (C) An OCT
scan of inner and outer retinoschisis. Blue arrowheads indicate the presence of retinoschisis.

We also found that 28 (15.6%) eyes had a DSM. Only one eye had associated subretinal
fluid and OCTA excluded the presence of CNV (Figure 9). We also found a RSM in six eyes,
as defined by the IMI OCT classification, four of which were found via vertical scans and
were associated with inferior staphyloma.

 

Figure 9. Multimodal images of a DSM. (A) In an OCT scan, the red circle indicates the presence of
subretinal fluid. (B) In an en-face image, the red circle indicates a hyperreflective area correlated with
the subretinal fluid. (C) In a retinography image, the red circle indicates the area where subretinal
fluid is present.

We also evaluated the optic nerve head in the retinography scan and found that
70 (39.1%) eyes had a tilted optic nerve head. Myopic conus was present in 73 (40.72%) eyes;
59 eyes (80.08%) had it temporally, 10 nasally and 3 inferiorly, and 1 had a myopic conus
exceeding one quadrant. More extensive peripapillary atrophy was present in 83 eyes
(46.37%), and of them, 60 eyes (72.29%) had minor circumpapillary atrophy, 20 eyes (24.1%)
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had atrophy extending toward the macular area, and 3 eyes had atrophy extending toward
the fovea.

Four eyes had a macular pit, two of which were associated with scleral dehiscence
(Figures 10 and 11).

Figure 10. Multimodal images of a macular pit with scleral dehiscence. (A) In a fundus photograph,
the red circle indicates a grayish and black lesion that is correlated with the pit. (B) In an OCT
reflectance image, the red circle indicates an area of hyporeflectance correlated with the pit. (C) In an
OCT scan, the blue arrowheads indicate the pit with scleral dehiscence.

Figure 11. (A) In an OCT scan, the blue arrowheads indicate scleral dehiscence. The red arrowheads
indicate a Fuch´s spot. (B) In an OCT scan, the red arrowheads indicate the macular pit.

Six eyes had scleral dehiscence without a macular pit. Scleral dehiscence and macular
pits were both found in areas of chorioretinal atrophy. Choroidal cavitation was detected in
six eyes (Figure 12).

Figure 12. In the OCT scans, the blue arrowheads indicate intrachoroidal cavitation (ICC). (A) A
small ICC is near the optic nerve head. (B) A large ICC is in the vicinity of the CNV (red arrowhead).
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Seventy-seven eyes (43%) had vascular folds in the HD51 scan (Figure 13). PSV were
detected in 159 eyes (88.8%) and 16 of them were related to a Fuch´s spot and 4 eyes with
active CNV. Seven eyes had PSV with lacquer cracks.

Figure 13. In an OCT scan, the blue arrowheads indicate vascular folds.

Concerning the retinal, choroidal, and scleral foveal thicknesses, six eyes were excluded
due to their inability to detect the fovea, mainly because of macular atrophy (Figure 14).
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Figure 14. Retina, choroidal, and scleral foveal thicknesses. FRT = foveal retinal thickness;
FCT = foveal choroidal thickness; FST = foveal scleral thickness.

Only 132 eyes were evaluated to measure the FAZ and its perimeter due to segmen-
tation errors at the superficial plexus and 127 for the deep plexus. The results from those
eyes are shown in Figure 15.

Figure 15. The mean area (A) and perimeter (B) for superficial and deep plexuses in the FAZ. FAZSPA
= foveal avascular zone and superficial plexus area; FAZSPP = foveal avascular zone and superficial
plexus perimeter; FAZDPA = foveal avascular zone and deep plexus area; FAZDPP = foveal avascular
zone and deep plexus perimeter.

239



J. Clin. Med. 2023, 12, 1846

Only 166 fundus retinographies could be analyzed to study the cilioretinal arteries
due to problems of focus or loss of transparency that made the task difficult. We found
a cilioretinal artery in 20 eyes (12.04%), and the different types of cilioretinal arteries are
presented in Figure 16.
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Figure 16. Number of eyes with each type of cilioretinal artery.

Table 3 shows a comparison among other studies of FAZ measurements. Table 4 shows a
comparison among different studies of the retinal, choroidal, and scleral foveal thicknesses.

Table 3. Comparison of the FAZ Measurements among Different Studies.

Authors and Countries
Xiuyan et al. [30]

China
Lee et al. [31]

Republic of Korea
Arlanzón et al.

Spain (Present Study)

No. of eyes 154 30 179
Baseline age (years)

mean ± SD
21.80 ± 1.32 55.5 ± 13.5 50.58 ± 14.98

Mean spherical
equivalent ± SD

−4.06 ± 2.26 D −9.98 ± 5.03 D −6.74 ± 6.44D

SPFAZA (mm) 0.1835 ± 0.0477 0.37 ± 0.15 0.18 ± 0.084
DPFAZA (mm) 0.3299 ± 0.0601 0.43 ± 0.16 0.46 ± 0.217

SPFAZA = superficial plexus foveal avascular zone area; DPFAZA = deep plexus foveal avascular zone area.

Table 4. Comparison of Retinal, Choroidal and Scleral Layer Thicknesses among Different Studies.

Authors and
Countries

Xiuyan et al.
[30]

China

Liu et al.
[32]

China

Park et al.
[33]

Republic of
Korea

Wong et al.
[34]

Singapore

Maruko
et al. [35]

Japan

Hayashi
et al. [36]

Japan

Tan et al.
[37]

China

Arlanzón
et al.

Spain
(Present
Study)

No. of eyes 154 30 237 92 58 75 38 179
Baseline age
(years) mean

± SD
21.80 ± 1.32 24.43 ± 3.43 63.0 ± 11.6 60.2 ± 8.4 65.5 ± NA 62.3 ± 11.3 NA 50.58 ± 14.98

Mean
spherical

equivalent
± SD in
diopter

−4.06 ± 2.26 −7.85 ± 1.37 −15.4 ± 5.4 −12.5 ± 5.1 −12.8 ± 3.6 −12.9 ± 4.1 −7.35 ± 1.1 −6.74 ± 6.44

Retinal
thickness

(μm)

252.14 ±
17.33

240.91 ±
13.36 NA NA 206 ± 92 NA NA 247.06 ±

68.87

Choroidal
thickness

(μm)

232.16 ±
56.65 NA

29.2 ± 21.7
with

staphyloma
46.9 ± 39.3

without
staphyloma

82.0 ± 57.12
in mild
MMD

31.5 ± 0.5 in
severe MMD

52 ± 38 NA 253.8 ± 71.0 135.95 ±
102.44

Scleral
thickness

(μm)
NA NA

268.7 ± 95.9
with

staphyloma
316.2 ± 76.5

without
staphyloma

297.0 ± 73.8
in mild
MMD

261.6 ± 78.5
in severe

MMD

335 ± 130 284.0 ± 70.4 NA 385.40 ±
131.41

MMD = myopic macular degeneration; NA = not applicable; SD = standard deviation.
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4. Discussion

In this study, multimodal imaging was used to detect the main complications of the
eyes with PM. We used structural SS-OCT and SS-OCTA supported by retinography to
detect macular lesions related to PM. To our knowledge, this is the largest study that uses a
Caucasian sample and focuses on a high number of lesions, which is important, as Spanish
PM cohorts may not behave in the same way as Asian cohorts [22]. Our study highlights the
importance and potential of the use of widefield SS-OCT to detect less frequently reported
complications in PM, such as macular pits, choroidal cavitations, scleral dehiscence, PSV,
or vessel folds.

We evaluated the presence of staphyloma using HD spotlight 16 mm line scans with
which we could identify and define the size, location, and limits of staphylomas in many
patients, which are difficult to assess with other OCT tools whose scan size may be smaller
or produce mirror artifacts that make image interpretation difficult. The percentage of
patients with staphyloma is smaller compared to an early study published by our group
(92.7%) [22]. This may be explained by the fact that our previous study recruited patients
only from the retina unit, which may have introduced bias toward more severe pathology;
this study included patients from other specialties, such as refractive surgery, and the
findings were not only based on the OCT assessment performed in the present study, which
also might have affected the results. In the study of Haarman et al. [38], a prevalence rate
of up to 43% of posterior staphyloma was found, which was more common with older
age. This number is smaller than ours, but the study of Haarman et al. was based on the
general population. Our results are slightly lower than those of Shinohara et al. [39] (75%
of eyes in an Asian sample), but the authors also found that the wide macular and narrow
macular types were most prevalent, similar to the results of our study and to that of Frisina
et al. [40], who also found wide macular and narrow macular types to be the most common
types of staphyloma in a Caucasian HM sample.

A multimodal approach to detect lacquer cracks is advised, mainly because lacquer
cracks are sometimes small defects that can be missed by OCT [41]; thus, we evaluated
the presence of lacquer cracks by combining retinography and OCT that are viewed as
linear BMDs. The percentage of lacquer cracks found in the current study is similar to our
previous results [22] and slightly lower than that found by Fang et al. (14.7%) [42] in an
Asian sample, whereas Park et al. [33] found higher values (24.5%); however, the AL in
their sample was longer than ours, which may explain the differences.

We used OCT and OCTA to detect CNV and Fuch’s spot. However, it is difficult
sometimes to distinguish between the two, since flow can also be detected by OCTA
in some Fuch’s spots. The neovascular vessels also may be difficult to detect in the en-
face image of OCTA due to the extreme retinal thinning in patients with PM, changes in
the curvature of the posterior pole, and the presence of segmentation errors. In fact, a
differential diagnosis must often be carried out considering the patient’s symptomatology.
The percentage reported in this study is similar to our previous study [22]. Fang et al. [42]
found higher percentages in their PM cohort of 26.9%, but a smaller value in their overall
HM and PM cohorts of 17.3%. Our results also are higher than those of Park et al. [33] of
7.6%, although their mean AL was also longer. When comparing the results of atrophic
maculopathy to those obtained in the previous study published by our group [22], we also
found that category 1 was the most frequently found category. The main difference arises
in category 3, as our previous study found a higher percentage for this category, which may
be explained again by the differences in the recruitment origin that have been previously
mentioned. Our results differed significantly from those of Ruão et al. [23], in that they
found a prevalence for patchy atrophy (category 3 in our study) of 79.9% compared to our
value of 16.8%. They also found higher values for CNV, which was present in 61.9% of
their eyes, since their recruitment was carried out in the macula unit of a large hospital,
which also may have introduced bias toward the presence of more severe symptomatic
pathology. A comparison of the results obtained in our study with large population studies
with different designs may not be valuable [19].
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We found that 69.8% of our sample had MM, as defined by the META-PM classification,
which differs from that obtained by Haarman et al. [38], who found a prevalence of 25.9%
in a Dutch HM sample. The differences may be due to the different ethnicities and the fact
that our sample had a longer AL; their recruitment process also differed in that the study
of Haarman et al. was population-based.

The use of the ATN classification [4] can help us to better characterize all pathological
features that can be found in patients with PM. It is interesting that none of the five
most common combined categories had a tractional component of T1 or higher, which is
understandable considering that in our sample, 89.4% of eyes did not have any tractional
component. We also must consider that the T component refers to tractional damage to the
macular area, but does not consider extramacular tractional damage and because of this,
these extrafoveal features are missed in the ATN classification. Another limitation of this
classification is that the neovascular dominion includes lacquer cracks, active CNV, and
Fuch´s spots, but one patient may have more than one; however, only one of them may be
detected. Nevertheless, this classification provides a very useful understanding of PM. The
use of the IMI OCT classification [3] enables a complete evaluation of the patients with HM
and PM without using any tools except OCT, and it is the only classification that includes
DSM/RSM in the definitions of PM. OCT is the only tool that facilitates the diagnosis of
most of the complications of HM. We believe that any patient with HM should undergo
this examination regularly. Finally, as the definitions and classifications have changed
throughout the past 20 years, it is difficult to compare results between different studies.

In our study, we looked for extrafoveal retinoschisis, in addition to the foveal retinoschi-
sis already assessed with the ATN classification. In our evaluations, we found that inner
plus outer retinoschisis was the most frequent presentation. Similar results were found in
the study of Ruão et al. [23], who found extrafoveal retinoschisis in 23.9% of their patients’
eyes. However, Xiao et al. reported that the most prevalent type of extrafoveal retinoschisis
in their sample was the inner type [43], although they selected a sample of patients with a
previous diagnosis of extrafoveal retinoschisis, which may explain the difference.

The prevalence of DSM in our sample was within the range previously published [44].
Interestingly, only one eye had subretinal fluid due to this condition, although it is the main
recognized complication of DSM, whose prevalence has been reported to vary from 2% to
67% [44]. We also observed two eyes with RSM that was unrelated to inferior staphylomas,
which was hypothesized to be an early sign of evolving DSM that is more frequently found
in younger patients with HM [44].

Alterations in the optic nerve were common in our sample. Nearly half of the patients
had circumpapillary atrophy, which extended toward the temporal side and involved the
macular area in 23 eyes, whereas 40% of patients had a myopic crescent, unlike the results
published by Haarman et al. [38], who reported a value of up to 80% of peripapillary
atrophy in their sample, with a higher frequency in older patients, although they do not
distinguish between myopic conus and circumpapillary atrophy. He et al. [45] identified
peripapillary atrophy in 112 of 134 eyes and this was the most frequent sign observed
in HM, whereas Fang et al. [42] reported a prevalence of 89.5%. All these figures along
with our results indicate the high prevalence of this kind of lesion, which has already been
reported. The evaluation of this sign is important because it is the most frequent sign of
progression of PM and this area of peripapillary atrophy can extend toward the macula, as
the previously mentioned authors found.

Macular pits, defined as focal excavations in atrophic areas [26,46,47], are viewed as
focal depressions in the OCT scans, usually in areas of complete chorioretinal atrophy. In
the fundus images, a greyish lesion inside the atrophic area is indicative of the presence of
the pit. These lesions can be defined as hypofluorescence in fundus reflectance images of
OCT (Figure 10). To our knowledge, no prevalence rates have been reported because only a
small number of case series have been published. We found four eyes with a macular pit
and two of them were accompanied by scleral dehiscence. In addition, six eyes had scleral
dehiscence without a macular pit. All of them were found in atrophic areas. The cause of
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this kind of lesion remains unclear, although the uneven force of intraocular pressure in
those areas of a debilitated ocular wall may affect its appearance [26].

Freund [48] first described ICC as pigmented retinal epithelium detachment in the
peripapillary area. Toranzo et al. [49] later reported no pigmented retinal epithelium
detachment and suggested its current name. ICC can be observed in structural OCT
as a hyporeflectant space where the choroid should be. The frequency with which we
observed this anomaly is similar to the one obtained by Shimada [50]m who reported a 4.6%
prevalence rate in their sample. You et al. [51] reported a higher prevalence in the Beijing
Eye Study in 15 of 89 subjects with HM with OCT images that showed ICC. In addition,
Haarman et al. [38] reported similar prevalence levels of ICC in a Caucasian sample. These
numbers indicated that ICC is not an uncommon alteration and wide-field SS-OCT is key
to correctly detect and characterize it.

Forty-three percent of the patients’ eyes had vessel folds, which is indicative of the
rigidity of the vessel in contrast to the prevalent sign of retinal elongation in our study.
Sayanagi et al. [52] also reported vascular folds in an HM sample, but that case series
included only seven eyes.

We also identified PEV in 88.8% of eyes, a sign that some authors believe is a possible
connection to CNV [53,54]. In fact, we did find an association between PEV and lacquer
cracks, CNV, and Fuch´s spots in some eyes, but most eyes did not have any of these
conditions or the PEVs were not in the same location. Since this finding is so frequent, it
may also well be that colocalization of PEV and CNV occurs by chance.

We could not analyze the FAZ in all of the eyes due to segmentation errors, which made
measurement difficult. When comparing our results with normal subjects, an increase in
SPFAZ was observed across studies [55–59]. DPFAZ shows greater heterogeneity, with some
studies showing smaller values [56,58,59], while others reported higher values [55,57]. These
results indicate a change in the FAZ area of myopes compared to healthy subjects, which is
probably caused by the elongation of the ocular layers. However, these comparisons should
be considered carefully because the equipment and methodology vary greatly across studies.
Table 3 shows an overview of the measurements of FAZ in different studies. The SPFAZ values
are equal to the results published by Xiuyan et al. [30], although their sample consisted of
moderate myopes, but the values were smaller than those reported by Lee et al. [31]. However,
the DPFAZ area was slightly larger in our study than the one published by Lee et al. [31], but
smaller than that reported by Xiuyan et al. [30].

We manually measured the retinal, choroidal, and scleral foveal thicknesses using
the HD spotlight vertical line scan. Although seven eyes had to be eliminated because it
was impossible to identify the fovea, we measured the fovea in most of the studied eyes.
Our results indicate high dispersion, which may be explained by the different alterations
that occur in myopic eyes, such as the different types of staphylomas, CNVs, DSMs, or the
presence of macular atrophy that can affect the measurements. Global elongation results in
thinning of the ocular layers [33–36,60]. This is evident when comparing the thicknesses
of the HM eyes to those of healthy subjects [37]. Our results showed some variations
compared to the published data. We found thinner mean retinal thicknesses compared
to healthy adults, as expected [37]. However, our retinas were thicker compared to the
results reported by Liu et al. [32] and Maruko et al. [35], but thinner than those reported by
Xiuyan et al. [30]. Thus, it is possible to observe heterogeneity in the values obtained in the
scientific literature. The results for choroidal and scleral thicknesses also showed thinner
values compared to healthy eyes, with values that are nearly half of those published [37,61].
If we focused on studies about HM samples, high heterogeneity can also be detected. For
choroidal thickness, Park et al. [33], Wong et al. [34], and Maruko et al. [35] reported smaller
values than those obtained in our study. In contrast, Tan et al. [37] and Xiuyan et al. [30]
reported higher values compared with the current study. Again, these differences may be
explained by the heterogeneity of PM with different types of macular alterations that may
affect the choroidal thickness. These differences also apply to the scleral thickness in that
our results were higher than those of Park et al. [33], Wong et al. [34], Maruko et al. [35],
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and Hayashi et al. [36]. However, differences of up to 70 μm can be observed across studies
that may be based on measurement methodologies, sample characteristics, or the type of
OCT used.

We found that 12.5% of eyes had cilioretinal arteries in our sample, which is slightly
lower than that reported by Zhu et al. [62], who found that 17.05% of their patients’ eyes
had a cilioretinal artery or the 14.5% reported by Meng [29]. The most common type of
cilioretinal artery in the current study was a temporal ribbon, which is consistent with
the results of Meng et al. [29] who used the same classification. The importance of this
cilioretinal artery arises from the study of Zhu et al. [62], in that the results suggested that
the presence of a cilioretinal artery may increase the macular vascular flow, resulting in
better VA, which we could not verify with our data.

HM and PM are important causes of visual loss, but the existing literature on the
associated causative pathologies is insufficient. Furthermore, studies have been conducted
primarily in Asian countries. Thus, our results contribute to a better understanding of the
frequency of observations of macular complications of HM and PM in a Caucasian sample.
Likewise, it highlights the importance of novel equipment, such as SS-OCT, in the diagnosis of
this pathology, as the PLEX® Elite 9000 OCT was the main diagnostic tool used in this study.

The main limitations of this study were the sample characteristics. We recruited
patients with HM who sought consultation in an ophthalmic clinic. Thus, the frequency of
observations that has been presented may be biased toward more severe pathology, in that
patients with high myopes without symptoms may not seek ophthalmologic consultation.
Nevertheless, we included the healthiest patients from the refractive unit to minimize this
bias. Another limitation arises from the maximal length of the OCT spotlight scan used to
diagnose staphyloma. Although 16 mm is long, it may be insufficient to detect all kinds of
staphylomas, and optic nerve staphylomas may be more difficult to detect.

The current study was large and demonstrated the use of this tool to better assess the
posterior pole in most patients with HM. We encourage clinicians to perform wide-field
OCT in all patients with HM.

5. Conclusions

In this study, we presented the frequency of observations of lesions in the posterior pole
using OCT in a HM Spanish Caucasian cohort, which may be important for epidemiologic
purposes and for a better understanding of PM. The role of wide-field OCT as the main
diagnostic tool to detect macular alterations in PM has been highlighted. SS-OCT is a
novel tool that is more potent than previous generations of OCTs and can detect most
major complications of PM in the posterior pole, such as retinoschisis or CNV, and less
frequent alterations, such as macular pits or ICC. Most importantly, some pathologies, such
as perforating scleral vessels, can only be identified with this new equipment; these vessels
seem to more common than previously thought and they seem to be unrelated to CNV.
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Abstract: The purpose of this study was to investigate the short-term efficacy and safety of autologous
platelet-rich plasma (a-PRP) as an adjuvant to revisional vitrectomy for refractory full-thickness macular
holes (rFTMHs). We conducted a prospective, non-randomized interventional study including patients
with rFTMH after a pars plana vitrectomy (PPV) with internal limiting membrane peeling and gas
tamponade. We included 28 eyes from 27 patients with rFTMHs: 12 rFTMHs in highly myopic eyes
(axial length greater than 26.5 mm or a refractive error greater than -6D or both); 12 large rFTMHs
(minimum hole width > 400 μm); and 4 rFTMHs secondary to the optic disc pit. All patients underwent
25-G PPV with a-PRP, a median time of 3.5 ± 1.8 months after the primary repair. At the six-month
follow-up, the overall rFTMH closure rate was 92.9%, distributed as follows: 11 out of 12 eyes (91.7%) in
the highly myopic group, 11 out of 12 eyes (91.7%) in the large rFTMH group, and 4 out of 4 eyes (100%)
in the optic disc pit group. Median best-corrected visual acuity significantly improved in all groups,
in particular from 1.00 (interquartile range: 0.85 to 1.30) to 0.70 (0.40 to 0.85) LogMAR in the highly
myopic group (p = 0.016), from 0.90 (0.70 to 1.49) to 0.40 (0.35 to 0.70) LogMAR in the large rFTMH group
(p = 0.005), and from 0.90 (0.75 to 1.00) to 0.50 (0.28 to 0.65) LogMAR in the optic disc pit group. No
intraoperative or postoperative complications were reported. In conclusion, a-PRP can be an effective
adjuvant to PPV in the management of rFTMHs.

Keywords: autologous platelet-rich plasma; highly myopic full-thickness macular holes; optic disc
pit maculopathy; pars plana vitrectomy; refractory full-thickness macular hole

1. Introduction

Pars plana vitrectomy (PPV) with an internal limiting membrane (ILM) peeling and
gas tamponade is the current gold standard for the primary repair of full-thickness macular
holes (FTMHs), leading to an overall reported closure rate of 80–100% [1,2]. Moreover,
the use of an inverted ILM flap has been demonstrated to further increase the primary
anatomical success rate in large or highly myopic (HM) or both FTMHs, that are at a
higher risk of a primary failure [3,4]. However, the FTMHs that fail to close in the first
instance, so-called refractory FTMH (rFTMH), still represent a surgical challenge and have
been associated with a lower closure rate in the case of secondary repair [5]. To optimize
the outcomes of rFTMH repair, a variety of surgical techniques involving revisional PPV
combined with additional maneuvers or adjuvant tissues or both, has been proposed, such
as a repeated gas tamponade with or without the enlargement of the previous ILM peeling,
the application of subretinal fluid, a retinal massage, placement of a micro drain, relaxation
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of the arcuate or radial retinotomies, transplantation of the ILM-free flaps, construction of
an autologous or allogenic lens capsular flap, use of a human amniotic membrane plug or
autologous neurosensory retinal flap, outpatient treatment of fluid or gas exchange alone
or in combination with laser photocoagulation and macular buckling [5]. So far, there is no
agreement on the best surgical approach for rFTMH [6].

The use of autologous platelet-rich plasma (a-PRP) has also been suggested as an
effective adjuvant to revisional PPV for the repair of rFTMH [7–11], based on its potential
beneficial effects on retinal pigment epithelium (RPE) cells and Müller cells, as well as a
potential contributing mechanical effect on MH closure [5]. Indeed, the a-PRP, consisting of
a portion of the plasma obtained by the centrifugation of the peripheral blood, is character-
ized by a platelet concentration and, thus, growth factors (GFs) content, significantly higher
compared with that of the original sample [12]. These GFs have been shown to exert a
modulating effect on tissue inflammation as well as a promoting effect on tissue repair and
regeneration [12]. Concerning the eye, several GFs contained in platelets have been associ-
ated with the modulation and promotion of migration and growth of Müller cells, which
have an established crucial role in the healing process of the macular hole [12–16]. In partic-
ular, it has been demonstrated that the incubation of rat Müller cells with platelet-derived
GF (PDGF), fibroblast GF, epidermal GF or insulin-like GF 1, resulted in the enhancement
of the proliferative and migratory activity of these cells [17]. These findings confirmed pre-
vious experimental studies demonstrating a stimulating effect on immortalized Müller cell
migration and the proliferation of different platelet preparations in vitro [15]. Concerning
RPE cells, there is experimental evidence of enhanced RPE cell migration and proliferation
in response to incubation with human thrombocyte concentrate [18]. Furthermore, PDGF
has been specifically involved in the promotion of the proliferative and migratory activity
of human RPE cells [18]. Concerning the potential mechanical effect of a-PRP, it has been
speculated that the platelets coagulum could act by sealing the macular hole and, thus,
contribute to its closure [19]. The evidence of a hyperreflective plug overlying the hole has
been reported the day after the surgery using both a-PRP [20] and plasma rich in growth
factor [19].

In this light, it may be hypothesized that rFTMH at a high failure risk, such as large or
highly myopic holes or both, might benefit from the use of a-PRP to further promote their
closure. The purpose of our study was to evaluate the efficacy, in terms of both visual and
anatomic outcomes, and the safety of a-PRP as an adjuvant to revisional PPV in rFTMHs.

2. Materials and Methods

We conducted a prospective, nonrandomized, interventional case series on patients
affected by rFTMH and treated with PPV with a-PRP between January 2021 and June 2022.
The study was conducted per the tenets of the Declaration of Helsinki, Institutional review
board approval was obtained (Protocol Number 0041666) and all patients signed a written
informed consent form after a detailed discussion regarding the procedure.

2.1. Inclusion and Exclusion Criteria

The inclusion criteria were the following:

- A previous PPV with ILM peeling and gas tamponade due to an idiopathic FTMH or
myopic FTMH or optic disc pit maculopathy (ODPM), and

- adult patients (age > 18 years), and
- rFTMHs associated with high myopia (defined as eyes with an axial length greater

than 26.5 mm or a refractive error greater than -6D or both), or
- large rFTMHs (minimum hole width > 400 μm, according to the (OCT)-based Interna-

tional Vitreomacular Traction Study Group (IVTS) classification [21]), or
- rFTMHs associated with ODPM.
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The exclusion criteria included previously vitrectomized eyes at the time of the PPV
for an FTMH repair (in case of idiopathic or highly myopic FTMH) or ODPM, any con-
comitant ocular or neurological condition that could affect the visual acuity, uncontrolled
systemic conditions potentially leading to an unacceptable increased operative risk, as well
as uncontrolled or untreated ocular pathologies, or both, that were likely to result in a
significant increase in the risk of intraoperative or postoperative complications or both.

2.2. Surgical Procedure

All patients underwent surgery under local anesthesia. The surgeries were performed
by three experienced vitreoretinal surgeons. The primary surgery consisted of a three-
port, trans-conjunctival, sutureless 25-gauge PPV. If needed, posterior vitreous detachment
(PVD) was induced and a core and peripheral vitrectomy were carried out. A blue dye was
used to stain the ILM and a conventional ILM peeling of at least a two-disc diameter was
performed. A foveal-sparing ILM peeling was performed in the case of an ODPM. After
the indented search to rule out any undetected peripheral pathology to treat, a fluid-air
exchange (FAX) was performed and followed by an air-gas exchange. In all phakic patients,
a concomitant standard small-incision cataract surgery was performed. All the patients
were requested to keep facedown positioning for 3 days postoperatively.

Concerning the revisional surgical procedure, to prepare the a-PRP, immediately before
the surgery, the patient’s peripheral venous blood was collected in a 10 mL tube with 1 mL
of 3.2% sodium citrate, and centrifugated at 1600 revolutions per minute for 10 min. The
PRP, identifiable as the middle of the 3 distinct visible layers (from the top; platelet-poor
plasma, PRP, and red blood cells), was then collected in a sterile syringe.

The revisional PPV was performed using a 25-gauge PPV. The adequacy of the pre-
vious ILM peeling was checked after staining with a blue vital dye. None of the cases
required an ILM peeling enlargement. The residual epiretinal traction, due to the initial
foveal sparing, was removed from the eyes in the ODPM group. After FAX, 3 drops of aPRP
were injected over the rFTMH and 12% perfluoropropane (C3F8) was used as tamponade.
Finally, the patient was instructed to keep the supine position for 1 h, followed by the
face-down position for 3 days.

2.3. Ophthalmic Evaluation

All of the patients were evaluated at a baseline, the day after the surgery and at a 1-,
and 6-month follow-up (FU). At each FU, the patients underwent a complete ophthalmic
examination, including a best-corrected visual acuity (BCVA) assessment, slit-lamp biomi-
croscopy, applanation tonometry, and dilated fundoscopy. In addition, spectral-domain
optical coherence tomography (SD-OCT) of the macula was performed using the Heidel-
berg Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, Germany) at the baseline
and at the 1- and 6-month FU. A 30◦ × 25◦ posterior pole scan, 240 Sects., ART 20 was
acquired for each patient and the crossline centered on the fovea was used to measure the
hole diameter. According to the IVTS classification [21], the minimum hole width was
manually drawing a line between the narrowest hole points at the level of the mid retina
and parallel to the RPE, using the caliper function of the OCT device. According to the
classification proposed by Rossi and coworkers [22], the MH closure pattern was classified
as type 0 if the MH remained open with an exposed RPE, and type 1 in the case of MH
closure with reconstitution of all of the retinal layers (1A), or with a residual defect of
the external (1B) or internal (1C) retinal layers; as no autologous or heterologous tissue
transplant was performed, the type 2 closure patter did not apply to this study. In addition,
the presence of residual external limiting membrane (ELM) defects, ellipsoid zone (EZ)
defects or fibrin-like hyperreflective (HR) tissue, or both, was documented. The closure
pattern was classified as 1A if only the focal of the EZ and/or ELM were present.
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2.4. Statistical Analysis

We carried out the statistical analysis using the IBM SPSS Statistics software
(version 29; Armonk, NY, USA: IBM Corp.). As the visual acuity was measured in Snellen,
the VA values were converted into logarithms of the minimal angle of resolution (logMAR)
values for the statistical analysis. As previously performed in other studies, a logMAR
value of 1.98, 2.28, 2.70, and 3.00 was considered equivalent to counting fingers, hand
movements, perception of light, and no perception of light, respectively [23]. The BCVA
values were expressed as a median and interquartile range. Before statistical analysis, the
Shapiro-Wilk test was used to evaluate the continuous variables and, consequently, non-
parametric statistical analyses were performed. The statistical significance of the differences
between the median preoperative and postoperative BCVA was tested using the Wilcoxon
signed-rank test for paired samples. The difference was considered statistically significant
if the p-value < 0.05.

3. Results

A number of 28 eyes, from 27 patients with rFTMH, were included in the study.
Specifically, 12 eyes (42.9%) were highly myopic (HM group), 12 eyes (42.9%) had a large
rFTMH, and 4 eyes (14.3%) (L group) had rFTMHs associated with ODPM (ODPM group).
All the patients completed the minimum follow-up of 6 months. The mean patient age
was 61 ± 8.78 years. The demographic findings are resumed in Table 1. The mean base-
line FTMH size (before primary surgery) was 385.5 ± 148.5 μm in the HM group and
567.6 ± 118.7 μm in the L group. All eyes in the OPDM group presented initially with sub-
retinal and intraretinal fluid, involving both inner and outer retinal layers, and developed
FTMH after a primary PPV and ILM peeling. The mean interval between the first and the
second surgical procedure was 3.5 ± 1.8 months.

Table 1. The demographic and clinical findings.

Overall HM Group L Group ODPM Group

Age (mean, years) 61 ± 8.78 62.1 ± 6.6 65 ± 6.3 46 ± 4.5

Sex (% male) 42.8% 33.3% 41.7% 75%

Laterality (% right) 53.6% 66.7% 50% 25%

The mean macular hole size before the revisional PPV was 451.8 ± 162.4 μm in the
whole cohort, and, specifically, 364 ± 147.7 μm in the HM group, 552.4 ± 145.4 μm in the L
group, and 413.5 ± 79.9 μm in the ODPM group.

At the 6-month FU, hole closure was achieved in 26 out of 28 eyes (92.9%): 11 out of
12 eyes in the HM group (91.7%), 11 out of 12 eyes in the L group (91.7%) and 4 out of 4 eyes
in the ODPM group (100%). The structural OCT outcomes at the 6-month FU are shown
in Table 1. Complete reconstitution of all the retinal layers was detected in the majority of
the rFTMHs as a type 1A closure pattern and was documented in 46.4% of the eyes, with
the highest percentage in the ODPM group (75%). Residual EZ defects resulted to be more
commonly detected than residual ELM defects, regardless of the initial type of rFTMH.
Indeed, this trend was noted in all the groups, with the highest rate of residual EZ defect in
the L group (Table 2). Larger FTMH showed a trend towards the residual EZ defect as the
mean preoperative hole size was 465.4 ± 180.6 μm and 423.2 ± 119.3 μm in eyes with and
without the residual postoperative EZ defect, respectively. Two representative cases are
shown in Figures 1–3.
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Table 2. The optical coherence tomography data at 6-month follow-up.

Overall
Highly Myopic

rFTMHs
Large rFTMHs

rFTMHs Associated
with ODPM

Closure rate 26/28 (92.9%) 11/12 (91.7%) 11/12 (91.7%) 4/4 (100%)

Closure type 1A 13/28 (46.4%) 5/12 (41.7%) 5/12 (41.7%) 3/4 (75.0%)

Closure type 1B 2/28 (7.1%) 1/12 (8.3%) 0/12 (0%) 1/4 (25.0%)

Closure type 1C 11/28 (39.3%) 5/12 (41.7%) 6/12 (50.0%) 0/4 (0%)

Residual ELM defect 8/28 (25.6%) 6/12 (50.0%) 4/12 (33.3%) 1/4 (25%)

Residual EZ defect 21/28 (75.0%) 8/12 (66.7%) 11/12 (91.7%) 2/4 (50%)

Fibrin-like HR tissue 1/28 (3.6%) 1/12 (8.3%) 0/12 (0%) 0/4 (0%)

 
Figure 1. Case 1: A full-thickness refractory macular hole (rFTMH) of a highly myopic eye that did
not close after a primary 25-G pars plana vitrectomy (PPV) with internal limiting membrane peeling
(left). At 6 months after secondary PPV with autologous platelet-rich plasma and gas tamponade,
complete closure of rFTMH is seen (right).

 
Figure 2. Case 2: A full-thickness refractory large macular hole (rFTMH) (minimum hole width
809 μm) that did not close after a primary 25-G pars plana vitrectomy (PPV) with internal limiting
membrane peeling (left). At 6 months after secondary PPV with autologous platelet-rich plasma and
gas tamponade, complete closure of rFTMH is seen (right).
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Figure 3. Case 3: An optic disc pit maculopathy with intraretinal fluid involving inner and outer
retinal layers and subretinal fluid (left). A secondary full-thickness refractory macular hole after
a primary 25-G pars plana vitrectomy (PPV) with internal limiting membrane peeling and foveal
sparing (middle). The FTMH was closed at 3 months after the secondary PPV with autologous
platelet-rich plasma and gas tamponade (right).

The median overall preoperative BCVA was 0.95 (0.75 to 1.15) LogMAR. In particular,
the median preoperative BCVA was 1.00 (0.85 to 1.30) LogMAR in the highly myopic group,
0.90 (0.70 to 1.49) LogMAR in the large rFTMH group, and 0.90 (0.75 to 1.00) LogMAR
in the optic disc pit group. At the final 6-month FU, a statistically significant improve-
ment in BCVA was documented in both the whole cohort and each of the groups identi-
fied. In particular, the median BCVA improved from 0.95 (0.75 to 1.15) LogMAR to 0.50
(0.40 to 0.70) LogMAR in the whole cohort (p < 0.001), 1.00 (0.85 to 1.30) LogMAR to
0.70 (0.40 to 0.85) LogMAR in the highly myopic group (p = 0.016), and from 0.90 (0.70
to 1.49) LogMAR to 0.40 (0.35 to 0.70) LogMAR in the large rFTMH group (p = 0.005).
The median BCVA improved from 0.90 (0.75 to 1.00) LogMAR to 0.50 (0.28 to 0.65) Log-
MAR in the ODPM group; however, the size of the sample was too small to be tested for
statistical significance.

No intraoperative or postoperative complications were recorded.
ELM, external limiting membrane; EZ, ellipsoid zone; HR, hyperreflective; ODPM,

optic disc pit maculopathy; rFTMHs, refractory full-thickness macular holes.

4. Discussion

Pars plana vitrectomy with ILM peeling and gas tamponade currently represents the
established treatment of choice for the primary repair of idiopathic FTMH; in addition, the
inverted ILM flap is gaining popularity for the primary repair of large or highly myopic
FTMH, or both, as it has been associated with an increased closure rate in these types of
FTMH, that are at higher risk of failure [1,24]. Unsuccessful closures of FTMH after primary
surgical repair occurs in up to 10% of cases and there is currently no consensus on the best
surgical management [5]. Performing a revisional PPV for rFTMH involves some specific
challenges associated with the absence or limited availability of ILM in the macular area and
a decreased rate of hole closure [25]. In addition, a higher risk of primary and secondary
failure as well as poorer visual outcomes is known to be associated with large or highly
myopic FTMH or both [5]. Refractory FTMHs associated with OPDM after the primary
surgery can represent a surgical scenario similar to rFTMH after surgical repair for the
idiopathic FTMH, as PPV and ILM peeling with or without an ILM inverted flap are gaining
a growing popularity as the primary surgical approach in treating OPDM [26]. So far,
various revisional surgical techniques have been proposed for the treatment of rFMTHs, but
the strength of the evidence based on the available studies is limited by several important
flaws, such as the predominance of retrospective studies, the absence of randomized
controlled trials, the variety of methods used, and the surgical steps described [5]. Despite
the above-mentioned limitations, the literature appears to support the combination of
revisional PPV with the use of adjuvants aimed at the promotion and modulation of the
intraretinal gliosis or the mechanical action of “scaffold” for the Müller cells or both [5].

In light of its high GF content, a-PRP has been long used to promote tissue regeneration
or repair in different fields of medicine, including ophthalmology [12]. In this regard,
PRP has been first and successfully used in the management of diseases of the ocular
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surface [27]. The application of a-PRP as an adjuvant in FTMH surgery has been supported
by the experimental evidence of the stimulatory effect of platelet GFs on the migratory and
proliferative activity of Müller cells, as well as RPE cell growth in vitro [11,13,17]. So far,
the use of a-PRP has been associated with promising results in terms of the closure rate and
visual gain in macular holes of different types, such as highly myopic FTMH [19], idiopathic
large FTMH [28], rFTMH associated with Alport syndrome [20], FTMH associated with
macular telangiectasia type 2 [29], lamellar macular holes [30], idiopathic rFTMH associated,
or not associated, with high myopia [5]. However, it is worth noting that the strength of
these findings is limited by the availability of only a few retrospective studies [5]. So far,
only one randomized controlled trial compared the outcomes of PPV and ILM peeling
with or without an intraoperative injection of autologous platelet concentrate (APC) in the
eyes affected by recurrent FTMHs, highly myopic FTMHs, or large MHs [28]. Despite the
inter-group difference in the closure rate not reaching statistical significance, the use of
APC was associated with a trend towards a higher success rate compared with PPV and
ILM peeling only, and so, it was suggested as a potential adjuvant in selected cases [28].

In this prospective study, we evaluated the efficacy and safety of a-PRP as an adju-
vant to revisional PPV for rFTMHs at high risk of failure, such as large rFTMHs, highly
myopic rFMTH, and rFTMHs associated with OPDM. Out of a total of 28 eyes included, a
type 1 closure rate was achieved in 92.9% of cases (26 eyes), with one large and one highly
myopic rFTMH that failed to close. These results are consistent with those of Figueroa
et al. [19], who reported a successful hole closure in 10 of 11 highly myopic rFTMHs treated
with revisional PPV and plasma rich in growth factors, a subtype of aPRP that need to be
activated before the surgical use. The closure rate reported in the studies currently available
on the use of a-PRP in rFTMH repair ranges from 60% to 85% [10,25,28,31,32]. The short
median inter-surgery interval (3.5 ± 1.8 months) may have contributed to the high closure
rate in our study, as a shorter time between the primary and secondary surgery may result
in a higher anatomical success rate [11]. In addition, Degenhardt et al. [11] evaluated the
outcomes of 103 eyes treated with revisional PPV and autologous platelet concentrate due
to rFTMH and reported that there was a trend towards the correlation of greater axial
length and a higher rate of anatomical failure. However, in this study, the closure rate was
high (at 91.7%) in both the HM group and the L group, with only one hole that failed to
close in each group. Finally, the use of a-PRP in revisional PPV has been associated with
ILM peeling enlargement, if needed, and a different intraocular tamponade, including
short-acting gas, long-acting gases and silicone oil [5]. In this regard, an additional strength
of our study is the absence of the need for ILM peeling enlargement and the use of the same
gas tamponade (C3F8) in all surgeries. Indeed, this ruled out the potential effect of the ILM
peeling enlargement or different intraocular tamponade, or both, on the final closure rate.

In terms of the anatomical results, we also analyzed the restoration of EZ and ELM.
It is known that ELM recovery is more common in the EZ recovery in eyes treated for
FTMH [33]. The recovery of ELM and EZ has been previously correlated with better visual
outcomes [34]. In our study, we observed a complete restoration of the ELM in the majority
of the eyes (74.4%), whereas residual EZ defects were detected in 75% of the eyes at the
6-month FU. This finding appears consistent with the residual EZ damage in 76% and
81% of eyes treated for rFTMH previously reported by Purtskhvanidze et al. [10] and
Degenhardt et al. [11], respectively. It has been speculated that the greater hole size may be
correlated with a higher rate of residual EZ and ELM damage [19]; thus, the large size of the
rFTMHs at the baseline may have contributed to the presence of residual EZ damage in our
sample. Degenhardt et al. [11] also hypothesized that the EZ damage might be considered
a potential complication of a-PRP. Nevertheless, as highlighted by the same authors [11],
persistent damage of the EZ band is a known complication of the FTMH surgery itself and
so far, there is no evidence supporting a specific role of a-PRP.

Another important structural complication potentially associated with the surgical
repair of FTMH is the postoperative evidence of excessive intraretinal gliosis, which has
been associated with worse reconstitutions of the ELM and EZ, as well as poorer visual

254



J. Clin. Med. 2023, 12, 2050

outcomes due to a detrimental effect in retinal neuronal cells [35]. A potential beneficial
effect of PRP in terms of the alleviation of the fibrotic reaction has been demonstrated in
the rat model of dimethylnitrosamine-induced hepatic fibrosis [36]. This may support a
modulating effect of platelet GFs in wound-healing processes, such as intraretinal gliosis.
This potential beneficial effect of a-PRP might be also more important in eyes that may be
at a higher risk of excessive intraretinal gliosis, such as highly myopic eyes. Consistent
with this hypothesis, we detected HR fibrin-like tissue only in one highly myopic eye.

Concerning the functional results, we reported a significant improvement in BCVA
from the baseline to the final FU visit, in all groups. The potential advantages of revisional
PPV with aPRP compared to other revisional surgical techniques for rFTMHs, in terms of
final VA and VA gain, have been recently highlighted. Indeed, in a recent retrospective
multicentric study comparing several revisional surgical techniques for rFTMHs, revisional
PPV and a-PRP were associated with the highest visual gain (a mean of 24 ETDRS letters
gain, ranging from 12 to 38 letters) compared to revisional PPV with repeating gas tam-
ponade, ILM-free flap, radial nerve fiber layer incisions, retinal massage, and the fitting
of a micro drain [37]. In addition, a recent review comparing anatomical and functional
outcomes of different surgical revisional techniques for treating rFTMHs concluded that
revisional PPV with a-PRP represents one of the most efficient techniques available in
light of the good anatomical and functional outcomes and the low level of complexity of
surgical maneuvers [27]. In particular, Frisina et al. [38] confirmed the superiority of a-PRP
in terms of the BCVA gain when compared with ILM-free flap transplantation and pointed
out that the only surgical technique associated with BCVA gain greater than a-PRP was
the use of a human amniotic membrane plug, that entails more invasive and challenging
surgical maneuvers.

Finally, it is worth highlighting that additional advantages of a-PRP lie in its simplicity
and safety. The collection and delivery protocol of a-PPR is minimally invasive, rapid,
and repeatable. As briefly mentioned above, concerning the comparison with the use of a
human amniotic membrane plug, this advantage of a-PRP is also more important if com-
pared with the more complex surgical maneuvers of other validated revisional techniques,
such as ILM-free flap transplantation, or the greater invasiveness, or both, for instance in
the case of autologous retinal free flap transplantation. In addition, no intraoperative and
postoperative complications were recorded. Although a theoretical risk of an increased risk
of endophthalmitis and severe intraocular inflammation associated with the intraocular use
of a-PRP has been raised in the past [9,39], this concern is not supported by any available ev-
idence. Indeed, to the best of our knowledge, no case of postoperative endophthalmitis has
ever been reported in eyes treated with PPV and different formulations of platelet concen-
trate. In addition, a recent retrospective case series that compared eyes with rFTMH treated
with revisional PPV and heavy silicone oil versus revisional PPV with autologous platelets
concentrate and SF6, reported severe postoperative complications (namely endophthalmitis
and retinal detachment associated with proliferative vitreoretinopathy) only in the former
group, supporting the safety of a-PRP use [40]. A case has been described of temporary
and self-resolved exudative retinal detachment during the second week after PPV with
platelet concentrate and without ILM peeling [39]; in this case, the potential causative role
of the platelet concentrate or the unusually high concentration of inflammatory mediators
due to an unusual white cells/platelets breakdown in the concentrate, or both, has been
speculated but no evidence supporting this hypothesis has been presented [39]. No other
case of postoperative complications induced by severe intraocular inflammation has been
reported in the literature, so far. Consistently, none of the patients included in this study
experienced any infection or excessive intraocular inflammation.

We acknowledge that the small sample is a limitation of this study. However, we
specifically focused on subgroups of rFTMH that are known to be at higher risk of failure
and, differently to the currently available studies, we presented a study with a prospective
design. In addition, future studies could analyze more detailed functional outcomes, such
as metamorphopsia and retinal sensitivity. Finally, we did not compare the use of a-PRP in
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revisional PPV for rFTMH with alternative revisional techniques and we did not include a
control group treated with revisional PPV and repeated gas tamponade alone. This analysis
could be carried out in future larger prospective studies, ideally randomized.

In conclusion, revisional PPV with a-PRP can be an effective and safe treatment for
rFTMHs, resulting in satisfactory visual and anatomical outcomes comparable with other
surgical options and the advantage of a simple and reproducible procedure.
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Cieśla, E.; Płatkowska-Adamska, B.;

Biskup, M.; Pabjan, P.; Głuszek, S.;

Mackiewicz, J. Long-Term Effect of

SARS-CoV-2 Infection on the Retinal

and Choroidal Microvasculature. J.

Clin. Med. 2023, 12, 2528. https://

doi.org/10.3390/jcm12072528

Academic Editors: Vito Romano,

Yalin Zheng and Mariantonia

Ferrara

Received: 22 January 2023

Revised: 7 March 2023

Accepted: 16 March 2023

Published: 27 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Long-Term Effect of SARS-CoV-2 Infection on the Retinal and
Choroidal Microvasculature

Magdalena Kal 1,2, Mateusz Winiarczyk 3,*, Dorota Zarębska-Michaluk 1,4, Dominik Odrobina 2,5,
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Abstract: The purpose of this study was to evaluate the persistent changes in microvascular pa-
rameters based on optical coherence tomography angiography (OCTA) in patients hospitalized
due to COVID-19 bilateral pneumonia. The case-control prospective study was carried out among
49 patients with COVID-19 and 45 healthy age- and gender-matched 2 and 8 months after hospital
discharge. We found a significantly decreased vessel density (VD) in superficial capillary plexus
(SCP) in COVID-19 patients. Significantly decreased vessel density (VD) in the superficial capillary
plexus (SCP), the deep capillary plexus (DCP), and choriocapillaris (CC), with significantly increased
vessel density observed in the choriocapillaris in the foveal area (FCC). The foveal avascular zone
in DCP (FAZd) was significantly increased in the COVID-19 group. We found differences between
OCTA parameters according to gender. The foveal VD in SCP and DCP was significantly decreased
in women compared to men. The FAZ area in SCP (FAZs) and superior VD in the choriocapillaris
(SCC) were significantly increased in women. In conclusion, we noticed persistent changes in the
ocular parameters of OCTA in COVID-19 patients. At the second follow-up visit, we observed a
widened FAZ zone in SCP and decreased VD in some regions of the retina and choroid.

Keywords: COVID-19; SARS-CoV-2; optical coherence tomography angiography; vessel density;
persistent microvascular changes

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spread worldwide
in December 2019, causing the pandemic announced by World Health Organization (WHO)
on 11 March 2020. This virus can cause a life-threatening infection associated with acute
respiratory distress syndrome, a prothrombotic condition, cytokine storm, and multiorgan
failure [1]. The SARS-CoV-2 virus binds via protein S to the ACE2 receptor present at
high rates in the heart, lung, kidney, oleum, bladder epithelia Wells, and gastrointestinal
system. This receptor is also present in the retina and choroid of the eye [2]. By damaging
endothelial cells, this virus can lead to ischaemia, oedema, and hypercoagulability [3].

In our previous study, we used optical coherence tomography (OCT) to evaluate
the retinal and choroidal microvasculature and neuroretinal structures in hospitalized
patients with bilateral pneumonia due to SARS-CoV-2. We found a decreased vascular
density (VD), enlarged foveal avascular zone (FAZ), thickened retinal nerve fibre layer
(RNFL), and thinner ganglion cell layer (GCL) in foveal and parafoveal areas in COVID-19
patients compared to a cohort of age and sex-matched healthy controls [4]. Our results
were consistent with those of other authors [5,6]. In the current study, we want to report
the results of OCTA 6 months after the first study, in which persistent changes in some of
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its parameters are present. We decided to separate COVID-19 patients into two groups
differentiating on gender due to the differences described in the literature in the course of
the viral disease itself, the higher number of hospitalizations, and mortality among men
due to COVID-19 [7]. The persisting symptoms such as fatigue and dyspnea, impaired
pulmonary function [8,9], and chest image abnormalities due to SARS-CoV-2 infection were
described [10]. These symptoms were more common in women than men, although there
are no reports more than six months after follow-up [11–13].

2. Materials and Methods

2.1. Subjects

There was a double prospective study, controls in COVID-19 patients with bilateral
pneumonia, who were hospitalized in the Department of Infectious Diseases of WSZ in
Kielce during the pandemic spring wave caused by B.1.1.7 variant of SARS-CoV-2 from
March to May 2021. The project was approved by the Bioethics Committee of Collegium
Medicum of Jan Kochanowski University in Kielce (study code 54 approved on 1 July 2021).

As described in our previous paper, we excluded patients with eye and systemic
diseases that could have affected the measurement outcomes, as previously described [4].

First, we examined 63 COVID-19 patients with bilateral pneumonia (120 eyes), 2 months
after hospital discharge. Among this group we excluded 6 eyes: 2 eyes with hyperopia
> 3 diopters, 1 eye with myopia > 3 diopters, 2 eyes after ocular trauma, and 1 eye after
uveitis. After 6 months, we contacted these 62 patients and invited them to repeat the
ocular examination; 49 patients (75 eyes) agreed to return. Among this group, we excluded
the patients with these conditions and incomplete test results.

All patients signed the written informed consent to participate in the current study and
underwent ophthalmological evaluation two and eight months after hospital discharge.

2.2. Characteristics of the Studied Group

The analyzed COVID-19 group consisted of 49 patients. In all, 31 men (63.27%) and
18 women (36.73%) with COVID-19 bilateral pneumonia participated in the analysis. A total
of 75 eyes were included in the study group. The mean age of participants was 51.33 ± 1.45.
The mean age of women was 55.1 ± 2.69, and men’s was 49.6 ± 1.66 (p = 0.075). The mean
(M) ± standard error of BMI M ± SEM was 28.56 (0.50) kg/m2. There was no statistically
significant difference in BMI between COVID-19 patients and the control group (p = 0.051).

The clinical diagnosis of COVID-19 was confirmed as previously described [4].
A total of 49 COVID-19 patients (75 eyes) underwent complete ophthalmic examination

8 months after hospital discharge. The visual acuity and reading vision were measured with
a LogMAR scale. The intraocular pressure (IOP) measurement, a slit-lamp examination,
OCT of the macula and optic nerve, and angio-OCT (OCTA) were performed. At the
follow-up examination, the patients did not report any impairment of near or distant visual
acuity or any visual complaints.

2.3. Characteristics of a Healthy Group

The control group included healthy patients who attended the ophthalmology depart-
ment for a routine eye examination. This group consisted of 43 subjects (n = 43; eyes = 83)
with a mean age of 47.76 ± 1.38. Written informed consent was obtained from all patients.
Inclusion criteria for this group were as follows: age of 30–70 years, negative laboratory
tests for SARS-CoV-2 infection (PCR from a nasopharyngeal swab), the absence of COVID-
19 symptoms in the past or close contact with COVID-19 patients within the 14 days before
the examination, and the absence of concomitant eye diseases. All patients had full distance
and near vision of 6/6 in Snellen charts (0.0); the spherical equivalent was −0.67 (0.13), and
the mean axial length was 23.35 (0.10) mm (Table 1).
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Table 1. Ocular characteristics of COVID-19 patients at 0 months and 6 months.

Parameters

0 Month 6 Months
p¯

x (SEM) Me (IQR) ¯
x (SEM) Me (IQR)

Visual acuity 6/6 (0.0) 6/6 (0.0) 6/6 (0.0) 6/6 (0.0) 0.593 B

Reading vision 6/6 (0.0) 6/6 (0.0) 6/6 (0.0) 6/6 (0.0) 0.285 B

Axial length 23.56 (0.10) 23.67 (1.1) 23.56 (0.10) 23.67 (1.1) -

Intraocular pressure in mmHg (IOP) 16.66 (0.31) 16.85(4.05) 16.42 (0.31) 16.40 (3.70) 0.504 A

Spherical equivalent (D) 0.19 (0.16) 0.0 (2.38) 0.20 (0.16) 0.0 (2.25) 0.673 A

A—t Student test; B—Wilcoxon rank test; D—diopters.

2.4. Optical Coherence Angiography Measurements

All scans were acquired with Swept Source DRI-OCT Triton SS-OCT Angio (Topcon
Inc., Tokyo, Japan). OCTA protocols included the following parameters: 4.5 × 4.5 mm and
6 × 6 mm scanning protocols.

OCTA parameters evaluated were vessel density (VD) in the three different plexi:
(superficial capillary plexus) SCP, deep capillary plexus (DCP), and choriocapillaris (CC)
using the ETDRS grid subfields to define the areas of interest. The vessel density was
measured in superior (S), inner nasal (N), inner inferior (I), and inner temporal (T) ETDRS
subfields centered on the macula by fixation. Vessel density measurement was performed
via the integrated software. The foveal avascular zone (FAZ) in the SCP and in the DCP
was manually delineated by two independent graders, encompassing the central fovea,
where no clear and demarcated vessels were seen on the OCTA. Scan quality over 65% was
a threshold for eligibility for the study, as previously described [4].

2.5. Statistical Analysis

For quantitative traits, distributions were checked. The mean and standard error of
the mean (SEM), median (Me), and interquartile range (IQR) were calculated separately for
patients tested at 0 months, 6 months, and the control group separately. Student’s t-tests for
dependent samples and Wilcoxon’s paired rank test were used to compare the variables for
binary studies. For comparison of COVID-19 men and women in the 2 separate studies, and
COVID-19 patients studied at months 0 and 6 versus the control group, the Student’s t-test
was used for independent samples and the Mann-Whitney, depending on their distribution.
A statistical significance threshold of p < 0.05 was set. The analysis was performed with
STATISTICA 13.3 statistical package, Polish version (STATSOFT, Krakow, Poland).

3. Results

3.1. OCT Angiography Outcomes
3.1.1. Case-Control Study (6 Months)

In the optical coherence tomography angiography (OCTA) analysis, a significantly
decreased vessel density (VD) in superficial capillary plexus (SCP) was observed in COVID-
19 patients at the 6-month examination compared to controls in the superior area (S SCP)
(45.38 ± 0.40 vs. 48.23 ± 0.37, p = 0.000), nasal area (N SCP) (43.91 ± 0.27 vs. 44.99 ± 0.27,
p = 0.024), inferior area (I SCP) (44.43 ± 0.40 vs. 47.30 ± 0.36, p < 0.001), temporal area (T
SCP) (44.82 ± 0.23 vs. 46.44 ± 0.24, p < 0.001). The foveal avascular zone in SCP (FAZ s)
was significantly increased in COVID-19 patients at the 6-month examination, compared to
controls (328.95 ± 13.35 vs. 251.03 ± 12.10, p < 0.001).

The significantly decreased vessel density (VD) was also found in deep capillary
plexus (DCP) in COVID-19 patients at the 6-month examination, compared to controls
in foveal area (F DCP) (14.48 ± 0.55 vs. 16.93 ± 0.49, p < 0.001), superior area (S DCP)
(47.31 ± 0.37 vs. 52.18 ± 0.40, p < 0.001), nasal area (N SCP) (45.62 ± 0.31 vs. 48.45 ± 0.32,
p < 0.001), inferior area (I DCP) (45.83 ± 0.38 vs. 50.91 ± 0.40, p < 0.001), temporal area (T
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DCP) (43.68 ± 0.28 vs. 47.20 ± 0.33, p < 0.001). The foveal avascular zone in DCP (FAZd)
was significantly increased in COVID-19 patients at the 6-month examination, compared to
controls (552.80 ± 23.74 vs. 235.05 ± 12.10, p < 0.001).

The significantly decreased vessel density (VD) was observed in the choriocapillaris
(CC) in COVID-19 patients at the 6-month examination, compared to controls in the superior
area (S CC) (52.07 ± 0.26 vs. 54.24 ± 0.28, p < 0.001), inferior area (I CC) (52.24 ± 0.25 vs.
54.26 ± 0.28, p < 0.001), temporal area (T CC) (52.99 ± 0.27 vs. 53.50 ± 0.50, p < 0.001)
(Table 2).

Table 2. Comparison of foveal (F) and parafoveal parameters of OCTA (optical coherence tomography
angiography) between COVID-19 patients (women and men) in the 6-month and control group: SCP—
superficial capillary plexus, DCP—deep capillary plexus, CC—choriocapillaris, FAZ s—superficial
foveal avascular zone, FAZ d—deep foveal avascular zone, F—foveal area, S—superior area, N—nasal
area, I—inferior area, T—temporal area. Mean ± SEM (standard error of the mean) structural OCT
values. Bold values denote statistical significance at the p < 0.05 level.

Variables

6th Month (n = 75 Eyes) Control Group (n = 83 Eyes)
p¯

x (SEM) Me (IQR) ¯
x (SEM) Me (IQR)

F SCP 19.93 (0.48) 19.86 (5.30) 20.70 (045) 21.14 (5.34) 0.239 A

F DCP 14.48 (0.55) 13.89 (6.11) 16.93 (0.49) 16.55 (6.92) <0.001 A

F CCP 52.43 (0.34) 52.16 (2.97) 52.43 (0.47) 52.96 (6.38) 0.404 B

S SCP 45.38 (0.40) 46.26 (3.65) 48.23 (0.37) 48.19 (3.84) 0.000 B

S DCP 47.31 (0.37) 46.88 (3.41) 52.18 (0.40) 51.89 (4.63) <0.001 B

S CCP 52.07 (0.26) 52.19 (3.59) 54.24 (0.28) 54.23 (2.44) <0.001 B

N SCP 43.91 (0.27) 44.59 (2.70) 44.99 (0.27) 45.05 (3.57) 0.024 B

N DCP 45.62 (0.31) 45.60 (4.41) 48.45 (0.32) 47.91 (4.18) <0.001 A

N CCP 52.79 (0.25) 52.75 (2.85) 53.22 (0.25) 53.32 (2.89) 0.148 B

I SCP 44.43 (0.40) 45.22 (5.06) 47.30 (0.36) 47.45 (5.13) <0.001 B

I DCP 45.83 (0.38) 45.06 (4.02) 50.91 (0.40) 50.34 (4.39) <0.001 B

I CCP 52.24 (0.25) 52.19 (3.10) 54.26 (0.28) 54.11 (2.45) <0.001 B

T SCP 44.82 (0.23) 44.77 (2.06) 46.44 (0.24) 46.52 (3.29) <0.001 A

T DCP 43.68 (0.28) 43.36 (3.30) 47.20 (0.33) 46.93 (4.39) <0.001 A

T CCP 52.99 (0.27) 53.00 (2.65) 53.50 (0.50) 54.06 (2.43) <0.001 B

FAZs (μm2) 328.95 (13.35) 329.59 (128.40) 251.03 (12.10) 243.07 (154.03) <0.001 A

FAZd (μm2) 552.80 (23.74) 562.23 (325.06) 235.05 (12.10) 226.41 (157.03) <0.001 B

A—t Student test; B—Wilcoxon rank test.

3.1.2. Prospective Cohort Study (0–6 Months)

In the optical coherence tomography angiography (OCTA) analysis, a significantly
decreased vessel density (VD) in superficial capillary plexus (SCP) was observed in COVID-
19 patients at the 6-month examination, compared to 0 month in the foveal area (F SCP)
(19.93 ± 0.48 vs. 20.54 ± 0.51, p = 0.006), superior area (S SCP) (45.38 ± 0.40 vs. 48.44 ± 0.31,
p < 0.001), nasal area (N SCP) (43.91 ± 0.27 vs. 44.92 ± 0.29, p = 0.004), inferior area (I SCP)
(44.43 ± 0.40 vs. 47.29 ± 0.42, p < 0.001).

The significantly decreased vessel density (VD) was observed in deep capillary plexus
(DCP) in COVID-19 patients at the 6-month examination, compared to 0 months in the
foveal area (F DCP) (14.48 ± 0.55 vs. 17.11 ± 0.55, p < 0.001), superior area (S DCP)
(47.31 ± 0.37 vs. 52.00 ± 0.35, p < 0.001), nasal area (N DCP) (45.62 ± 0.31 vs. 49.05 ± 0.34,
p < 0.001), inferior area (I DCP) (45.83 ± 0.38 vs. 51.10 ± 0.48, p < 0.001).
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The foveal avascular zone in DCP (FAZ d) was significantly increased in COVID-19 pa-
tients at the 6-month examination, compared to 0 months (552.80 ± 23.74 vs. 359.32 ± 16.92,
p < 0.001).

The significantly decreased vessel density (VD) was observed in the choriocapillaris
(CC) in COVID-19 patients at the 6-month examination, compared to 0 months in the
superior area (S CC) (52.07 ± 54.07 ± 0.24, p < 0.001), nasal area (N CC) (52.79 ± 0.25
vs. 53.76 ± 0.26, p = 0.003), inferior area (I CC) (52.24 ± 0.25 vs. 54.13 ± 0.26, p < 0.001),
temporal area (T CC) (52.99 ± 0.27 vs. 54.09 ± 0.20, p < 0.001).

The significantly increased vessel density (VD) was observed in the choriocapillaris
(CC) in COVID-19 patients at the 6-month examination, compared to 0 months in the foveal
area (FCC) (52.43 ± 0.34 vs. 51.34 ± 0.47, p = 0.014) (Table 3).

Table 3. Comparison of foveal (F) and parafoveal parameters of OCTA (optical coherence tomog-
raphy angiography) between 0 months and the 6th month in all COVID-19 patients (women and
men): SCP—superficial capillary plexus, DCP—deep capillary plexus, CC—choriocapillaris, FAZ
s—superficial foveal avascular zone, FAZ d—deep foveal avascular zone, F—foveal area, S—superior
area, N—nasal area, I—inferior area, T—temporal area. Mean ± SEM (standard error of the mean)
structural OCT values. Bold values denote statistical significance at the p < 0.05 level.

Variables
OCTA

0 Month (n = 75 Eyes) 6th Month (n = 75 Eyes)
p¯

x (SEM) Me (IQR) ¯
x (SEM) Me (IQR)

F SCP 20.54 (0.51) 20.79 (4.97) 19.93 (0.48) 19.86 (5.30) 0.006 A

F DCP 17.11 (0.55) 16.92 (5.75) 14.48 (0.55) 13.89 (6.11) <0.001 A

F CC 51.34 (0.47) 51.64 (4.91) 52.43 (0.34) 52.16 (2.97) 0.014 B

S SCP 48.44 (0.31) 48.58 (2.75) 45.38 (0.40) 46.26 (3.65) <0.001 B

S DCP 52.00 (0.35) 52.04 (4.61) 47.31 (0.37) 46.88 (3.41) <0.001 A

S CC 54.07 (0.24) 54.12 (2.43) 52.07 (0.26) 52.19 (3.59) <0.001 B

N SCP 44.92 (0.29) 45.13 (3.95) 43.91 (0.27) 44.59 (2.70) 0.004 A

N DCP 49.05 (0.34) 48.51 (3.64) 45.62 (0.31) 45.60 (4.41) <0.001 B

N CC 53.76 (0.26) 53.83 (2.67) 52.79 (0.25) 52.75 (2.85) 0.003 A

I SCP 47.29 (0.42) 48.01 (3.86) 44.43 (0.40) 45.22 (5.06) <0.001 B

I DCP 51.10 (0.48) 51.14 (5.19) 45.83 (0.38) 45.06 (4.02) <0.001 B

I CC 54.13 (0.26) 54.25 (3.37) 52.24 (0.25) 52.19 (3.10) <0.001 A

T SCP 46.57 (0.24) 46.45 (3.16) 44.82 (0.23) 44.77 (2.06) <0.001 A

T DCP 47.44 (0.31) 47.59 (3.88) 43.68 (0.28) 43.36 (3.30) <0.001 A

T CCP 54.09 (0.20) 53.94 (2.40) 52.99 (0.27) 53.00 (2.65) <0.001 A

FAZs (μm2) 327.60 (12.64) 323.55 (128.40) 328.95 (13.35) 329.59 (128.40) 0.822 A

FAZd (μm2) 359.32 (16.29) 343.11 (155.06) 552.80 (23.74) 562.23 (325.06) <0.001 B

A—t Student test; B—Wilcoxon rank test.

3.2. Gender Analysis
3.2.1. Gender Analysis at 0 Month

In OCTA analysis, the foveal VD in SCP was significantly decreased in women than
in men (18.91 ± 0.85 vs. 21.62 ± 0.58, p = 0.008) at 0 months. The VD was significantly
decreased in the temporal area in DCP in women than in men (46.55 ± 0.52 vs. 48.04 ± 0.36,
p = 0.018).

The FAZ area in SCP (FAZs) was significantly increased in women than in men
(367.86 ± 22.56 vs. 300.76 ± 13.53, p = 0.008) at 0 months (Table 4).
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Table 4. Comparison of foveal (F) and parafoveal parameters of OCTA (optical coherence tomography
angiography) parameters between women and men in COVID-19 patients in 0 month: SCP-superficial
capillary plexus, DCP—deep capillary plexus, CC—choriocapillaris, FAZ s—superficial foveal avas-
cular zone, FAZ d—deep foveal avascular zone, F—foveal area, S—superior area, N—nasal area,
I—inferior area, T—temporal area. Mean ± SEM (standard error of the mean) structural OCT values.
Bold values denote statistical significance at the p < 0.05 level.

Variables

Women—0 Month (n = 30 Eyes) Men—0 Month (n = 45 Eyes)
p¯

x (SEM) Me (IQR) ¯
x (SEM) Me (IQR)

F SCP 18.91 (0.85) 18.89 (3.75) 21.62 (0.58) 21.50 (4.04) 0.008 A

F DCP 16.96 (0.83) 17.74 (5.00) 17.21 (0.74) 16.33 (5.65) 0.693 B

F CC 50.62 (0.83) 50.78 (5.48) 51.83 (0.55) 52.56 (3.74) 0.143 B

S SCP 49.11 (0.44) 49.41 (2.48) 47.99 (0.41) 48.44 (2.89) 0.071 B

S DCP 51.44 (0.66) 51.66 (5.27) 52.37 (0.39) 52.45 (4.00) 0.178 A

S CC 54.61 (0.44) 54.49 (2.19) 53.71 (0.26) 53.71 (1.84) 0.097 B

N SCP 45.38 (0.39) 45.79 (3.59) 44.62 (0.41) 44.70 (4.40) 0.221 B

N DCP 48.66 (0.62) 47.56 (4.43) 49.31 (0.39) 48.82 (2.68) 0.077 B

N CC 53.81 (0.38) 53.63 (2.17) 53.73 (0.35) 54.26 (3.00) 0.868 A

I SCP 48.31 (0.44) 48.46 (2.54) 46.61 (0.61) 47.62 (4.77) 0.083 B

I DCP 50.42 (0.68) 49.98 (3.18) 51.55 (0.66) 51.74 (5.23) 0.089 B

I CC 54.25 (0.39) 54.29 (3.73) 54.04 (0.35) 54.05 (3.05) 0.727 A

T SCP 46.93 (0.35) 46.64 (2.54) 46.33 (0.36) 46.22 (3.28) 0.258 A

T DCP 46.55 (0.52) 46.38 (3.68) 48.04 (0.36) 47.95 (3.46) 0.018 A

T CC 54.14 (0.32) 53.81 (2.33) 54.06 (0.25) 53.98 (1.97) 0.847 A

FAZs (μm2) 367.86 (22.56) 367.77 (114.43) 300.76 (13.53) 297.32 (101.35) 0.008 A

FAZd (μm2) 366.22 (24.63) 346.34 (115.90) 349.73 (21.80) 326.98 (161.64) 0.398 B

A—t Student test; B—Wilcoxon rank test.

3.2.2. Gender Analysis at the 6th Month

In OCTA analysis, the foveal VD in SCP was significantly decreased in women than in
men (18.69 ± 0.88 vs. 20.75 ± 0.53, p = 0.037) at the 6th month. The VD was significantly
decreased in the temporal area in DCP in women than in men (43.01 ± 0.46 vs. 44.13 ± 0.34,
p = 0.049).

In OCTA analysis, the superior VD in CC (S CC) was significantly increased in women
than in men (52.76 ± 0.45 vs. 51.61 ± 0.29, p = 0.028) at the 6th month.

The FAZ area in SCP (FAZs) was significantly increased in women than in men
(379.17 ± 23.56 vs. 295.46 ± 13.86, p = 0.002) during the 6th month (Table 5).

Table 5. Comparison of foveal (F) and parafoveal parameters of OCTA (optical coherence to-
mography angiography) parameters between women and men in the 6th month in COVID-19
patients: SCP—superficial capillary plexus, DCP—deep capillary plexus, CC—choriocapillaris, FAZ
s—superficial foveal avascular zone, FAZ d—deep foveal avascular zone, F—foveal area, S—superior
area, N—nasal area, I—inferior area, T—temporal area. Mean ± SEM (standard error of the mean)
structural OCT values. Bold values denote statistical significance at the p < 0.05 level.

Variables

Women—6th Month (n = 30 Eyes) Men—6th Month (n = 45 Eyes)
p¯

x (SEM) Me (IQR) ¯
x (SEM) Me (IQR)

F SCP 18.69 (0.88) 18.96 (5.29) 20.75 (0.53) 20.56 (4.46) 0.037 A
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Table 5. Cont.

Variables

Women—6th Month (n = 30 Eyes) Men—6th Month (n = 45 Eyes)
p¯

x (SEM) Me (IQR) ¯
x (SEM) Me (IQR)

F DCP 14.23 (0.92) 14.15 (6.25) 14.64 (0.70) 13.71 (5.61) 0.876 B

F CCP 51.91 (0.53) 51.69 (3.01) 52.78 (0.43) 52.55 (2.91) 0.209 A

S SCP 45.66 (0.63) 46.50 (3.62) 45.19 (0.52) 45.89 (3.49) 0.632 B

S DCP 47.31 (0.62) 47.26 (4.55) 47.31 (0.46) 46.39 (3.09) 0.885 B

S CCP 52.76 (0.45) 53.74 (3.45) 51.61 (0.29) 51.69 (2.40) 0.028 A

N SCP 44.50 (0.37) 44.87 (2.29) 43.51 (0.36) 43.87 (2.89) 0.055 B

N DCP 46.22 (0.42) 46.30 (3.50) 45.21 (0.43) 45.23 (4.56) 0.112 A

N CCP 52.59 (0.35) 52.55 (1.82) 52.92 (0.34) 53.30 (3.01) 0.523 A

I SCP 44.45 (0.59) 44.74 (3.51) 44.42 (0.54) 45.51 (5.35) 0.751 B

I DCP 45.46 (45.46) 44.72 (2.78) 46.08 (0.50) 45.193.87) 0.274 B

I CCP 52.67 (0.40) 52.38 (2.81) 51.95 (0.33) 52.02 (3.46) 0.914 A

T SCP 44.82 (0.28) 45.02 (1.72) 44.82 (0.35) 44.75 (2.38) 0.991 A

T DCP 43.01 (0.46) 43.26 (3.63) 44.13 (0.34) 43.65 (3.37) 0.049 A

T CCP 52.94 (0.38) 52.90 (2.76) 53.03 (0.38) 53.04 (2.75) 0.773 B

FAZs
(μm2)

379.17 (23.56) 381.50 (125.11) 295.46 (13.86) 289.75 (115.91) 0.002 A

FAZd
(μm2)

591.75 (40.67) 581.79 (302.26) 526.84 (28.54) 551.51 (301.16) 0.182 A

A—t Student test; B—Wilcoxon rank test.

4. Discussion

The current study aimed to evaluate and compare the short- and long-term changes in
microvascular parameters based on optical coherence tomography angiography (OCTA) in
COVID-19 patients hospitalized due to bilateral pneumonia caused by SARS-CoV-2.

The OCT is a non-invasive tool, which can successfully visualize the microvascular
network of the retina and choroid in many ocular disorders and general diseases [14].

The results of our study were compared with the results of other researchers who
evaluated the condition of the retina and choroid six months after the first examination,
and, like them, we assessed whether the changes in the eye have a more severe course in
women compared with men [15,16].

In our first study, we found decreased vessel density (VD) in the superficial capillary
plexus (SCP), in the deep capillary plexus (DCP), and in the choriocapillaris (CC) in
63 COVID-19 patients, compared to a cohort of age and sex-matched healthy controls.
The foveal avascular zone (FAZ) in SCP and in DCP were significantly increased in that
study [4].

Six months later, we examined 49 of 63 hospitalized COVID-19 patients with bilateral
pneumonia 8 months before and found a significantly decreased vessel density (VD) in
superficial capillary plexus (SCP) in OCTA in COVID-19 patients at the 6-month examina-
tion, compared to controls in parafoveal areas and at the 6-month examination, compared
to 0 months in foveal and parafoveal areas.

The foveal avascular zone in SCP (FAZ s) was significantly increased in COVID-19
patients at the 6-month examination, compared to controls.

We observed a significantly decreased vessel density (VD) in deep capillary plexus
(DCP) in COVID-19 patients at the 6-month examination, compared to controls and com-
pared to 0 months in foveal and parafoveal areas.
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The foveal avascular zone in DCP (FAZ d) was significantly increased in COVID-19
patients at the 6-month examination, compared to controls and compared to 0 month.

The significantly decreased vessel density (VD) was observed in choriocapillaris (CC)
in COVID-19 patients at the 6-month examination, compared to controls in parafoveal areas.

We found a significantly decreased vessel density (VD) in choriocapillaris (CC) in
parafoveal areas and a significantly increased vessel density (VD) in foveal area of chorio-
capillaris (FCC) in COVID-19 patients at 6-month examination, compared to 0 month.

Changes in OCTA microvascular parameters described two months after hospitaliza-
tion for SARS-CoV-2 infection are still present six months later. The similar findings may
involve tissues that are embryologically and structurally similar to the retina, such as the
brain. One study reports microstructural abnormalities and changes in cerebral blood flow
three months after recovery from pneumonia in COVID-19 patients [17].

Many papers report persistent changes after SARS-CoV-2 infection, such as pulmonary
dysfunction six months after the onset of symptoms, renal dysfunction, vascular dysfunc-
tion, and thromboembolic disease even one month after the illness [18,19].

SARS-CoV-2 can directly destroy endothelial cells by binding to angiotensin-converting
enzyme 2 (ACE-2) [20,21]. This mechanism can develop coagulopathy leading to damage
to the vessels in many human organs [22]. The retina and choroid are richly vascularized
structures with the ACE2 receptor present, which is a choke point for the SARS-CoV-2
virus, so one might expect microangiopathy here. Many authors have described thrombotic-
related findings in the retina, i.e., retinal haemorrhages, cotton wool balls, and dilated and
tortuous retinal vessels in COVID-19 patients [23,24].

We compared parameters of OCTA between women and men at 0 months and at
6 months. Many studies have described persisting symptoms as more common in women,
such as fatigue and dyspnea, impaired pulmonary function [8], and chest image abnor-
malities [10,13]. One may hypothesize that COVID-19 infection may lead to different
sex-related complications.

The foveal VD in SCP was significantly decreased in women than in men at 0 months
and 6 months. The VD was also significantly decreased in the temporal area in DCP
in women than in men at 0 months and 6 months. The FAZ area in SCP (FAZs) was
significantly increased in women than in men at 0 months and 6 months. The superior
VD in the choriocapillaris (SCC) was significantly increased in women than in men at
six months.

Some authors suggest a slower recovery process in women compared to men or even
a gradual deterioration of ocular parameters based on the OCTA study in this group.
This may suggest that women may have a higher risk of reduced VD in the months
following COVID-19. Some researchers also report that women may be more predisposed
to persistent neurological and psychological impairment, fatigue, post-activity polypnea,
and alopecia [13,25].

Fernandez-de-las Penas C. et al. described that the number of post-COVID symptoms
was significantly higher in women than in men (p < 0.001). Furthermore, he found that
women were more predisposed to post-COVID symptomatology even eight months after
hospital discharge [26]. Three multicenter studies reported that the female gender is a
potential risk factor for the development of post-COVID symptoms, e.g., fatigue, dyspnea,
or dermatological symptoms [27].

The issue of why the female sex is more predisposed to post-COVID symptoms is
currently debated in the literature. First, there are biological differences in the expression
of ACE2 I transmembrane protease serine 2 (TMPRSS2) receptors between males and
females, and immunological differences; lower production of pro-inflammatory interleukin-
6 (IL-6) due to viral infection in women [28,29]. Other factors that are considered in the
more frequent development of post-COVID symptoms in women are more frequent hand
washing, less exposure to infections, and higher psychological stress [30].

Many researchers have considered the effect of female hormones on the vascularization
of the eyeball. Estrogen, progesterone, and testosterone are regulators of blood flow through
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the retina and choroid and are also key to regulating vascular tone in the body. Estrogen
plays a protective role when there is a decrease in vascular resistance in the large vessels of
the eye [28,29]. One study showed significantly greater choroidal blood flow in women
under 40 compared to women over 55 men. Age was not significant for choroidal blood
flow in men. Also, pulsatile ocular blood flow and pulse amplitude were significantly
higher in pre-menopausal women compared to age-matched male and post-menopausal
women not taking hormonal therapy [30]. Further sex-disaggregated studies evaluating
retinal and choroidal blood circulation are needed.

Our study had several limitations. The separate groups of women and men consisted
of too few individuals. An algorithm for the OCT examination is needed to assess which
parameters of this examination may be highly helpful in assessing the ocular condition
and general state of COVID-19 patients. The strength of our study was the highly selected
group of patients hospitalized for SARS-CoV-2 infection and the strictly maintained time
frame of the two follow-up examinations in this group.

5. Conclusions

A study that we performed twice in COVID-19 patients, two and six months after
hospital discharge, showed a trend toward persistent decline in VD in retinal and choroidal
vascular plexuses. Differences were observed between OCTA parameters between women
and men to the disadvantage of the first group, such as reduced VD in SCP and in DCP and
a widened FAZ zone in SCP. Further follow-up studies are needed in this group of patients
stratified by sex to assess whether there are consequences in these ocular structures due to
poor blood supply.
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diversity and phylogenetic position of SARS-CoV-2 sequences from Polish COVID-19 patients. J. Appl. Genet. 2021, 62, 327–337.
[CrossRef]

17. Bilbao-Malavé, V.; González-Zamora, J.; de Viteri, M.S.; de la Puente, M.; Gándara, E.; Casablanca-Piñera, A.; Boquera-Ventosa,
C.; Zarranz-Ventura, J.; Landecho, M.; García-Layana, A. Persistent Retinal Microvascular Impairment in COVID-19 Bilateral
Pneumonia at 6-Months Follow-Up Assessed by Optical Coherence Tomography Angiography. Biomedicines 2021, 9, 502.
[CrossRef]

18. Turker, I.C.; Dogan, C.U.; Dirim, A.B.; Guven, D.; Kutucu, O.K. Evaluation of early and late COVID-19-induced vascular changes
with OCTA. Can. J. Ophthalmol. 2022, 57, 236–241. [CrossRef]

19. Qin, Y.; Wu, J.; Chen, T.; Li, J.; Zhang, G.; Wu, D.; Zhou, Y.; Zheng, N.; Cai, A.; Ning, Q.; et al. Long-term microstructure and
cerebral blood flow changes in patients recovered from COVID-19 without neurological manifestations. J. Clin. Investig. 2021,
131, e147329. [CrossRef]

20. Lam, M.H.-B.; Wing, Y.-K.; Yu, M.W.-M.; Leung, C.-M.; Ma, R.C.W.; Kong, A.P.S.; So, W.; Fong, S.Y.-Y.; Lam, S.-P. Mental
Morbidities and Chronic Fatigue in Severe Acute Respiratory Syndrome Survivors: Long-term Follow-up. Arch. Intern. Med.
2009, 169, 2142–2147. [CrossRef] [PubMed]

21. Lee, M.-H.; Perl, D.P.; Nair, G.; Li, W.; Maric, D.; Murray, H.; Dodd, S.J.; Koretsky, A.P.; Watts, J.A.; Cheung, V.; et al. Microvascular
Injury in the Brains of Patients with COVID-19. N. Engl. J. Med. 2021, 384, 481–483. [CrossRef]

22. Huang, C.; Huang, L.; Wang, Y.; Li, X.; Ren, L.; Gu, X.; Kang, L.; Guo, L.; Liu, M.; Zhou, X.; et al. 6-month consequences of
COVID-19 in patients discharged from hospital: A cohort study. Lancet 2021, 397, 220–232. [CrossRef] [PubMed]

23. Fernández-De-Las-Peñas, C.; Martín-Guerrero, J.D.; Pellicer-Valero, J.; Navarro-Pardo, E.; Gómez-Mayordomo, V.; Cuadrado,
M.L.; Arias-Navalón, J.A.; Cigarán-Méndez, M.; Hernández-Barrera, V.; Arendt-Nielsen, L. Female Sex Is a Risk Factor Associated
with Long-Term Post-COVID Related-Symptoms but not with COVID-19 Symptoms: The LONG-COVID-EXP-CM Multicenter
Study. J. Clin. Med. 2022, 11, 413. [CrossRef] [PubMed]

24. Sigfrid, L.; Drake, T.M.; Pauley, E.; Jesudason, E.C.; Olliaro, P.; Lim, W.S.; Gillesen, A.; Berry, C.; Lowe, D.J.; McPeake, J.; et al.
Long Covid in adults discharged from UK hospitals after COVID-19: A prospective, multicentre cohort study using the ISARIC
WHO Clinical Characterisation Protocol. Lancet Reg. Health. Eur. 2021, 8, 100186. [CrossRef]

25. Bwire, G.M. Coronavirus: Why Men are More Vulnerable to COVID-19 than Women? SN Compr. Clin. Med. 2020, 2, 874–876.
[CrossRef] [PubMed]

26. Ortona, E.; Buonsenso, D.; Carfi, A.; Malorni, W. Long COVID: An estrogen-associated autoimmune disease? Cell Death Discov.
2021, 7, 77. [CrossRef]

27. Anca, P.S.; Toth, P.P.; Kempler, P.; Rizzo, M. Gender differences in the battle against COVID-19: Impact of genetics, comorbidities,
inflammation and lifestyle on differences in outcomes. Int. J. Clin. Pract. 2021, 75, e13666. [CrossRef]

28. Schmidl, D.; Schmetterer, L.; Garhöfer, G.; Popa-Cherecheanu, A. Gender Differences in Ocular Blood Flow. Curr. Eye Res. 2015,
40, 201–212. [CrossRef]

268



J. Clin. Med. 2023, 12, 2528

29. Ustymowicz, A.; Mariak, Z.; Weigele, J.; Lyson, T.; Kochanowicz, J.; Krejza, J. Normal reference intervals and ranges of side-to-side
and day-to-day variability of ocular blood flow Doppler parameters. Ultrasound Med. Biol. 2005, 31, 895–903. [CrossRef]

30. Kavroulaki, D.; Gugleta, K.; Kochkorov, A.; Katamay, R.; Flammer, J.; Orgul, S. Influence of gender and menopausal status on
peripheral and choroidal circulation. Acta Ophthalmol. 2010, 88, 850–853. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

269



Citation: Hammadi, S.; Tzoumas, N.;

Ferrara, M.; Meschede, I.P.; Lo, K.;

Harris, C.; Lako, M.; Steel, D.H.

Bruch’s Membrane: A Key

Consideration with

Complement-Based Therapies for

Age-Related Macular Degeneration. J.

Clin. Med. 2023, 12, 2870. https://

doi.org/10.3390/jcm12082870

Academic Editor: Maria Vittoria

Cicinelli

Received: 8 March 2023

Revised: 29 March 2023

Accepted: 3 April 2023

Published: 14 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Review

Bruch’s Membrane: A Key Consideration with
Complement-Based Therapies for Age-Related
Macular Degeneration

Sarah Hammadi 1,†, Nikolaos Tzoumas 1,2,†, Mariantonia Ferrara 3, Ingrid Porpino Meschede 4, Katharina Lo 4,

Claire Harris 4,5, Majlinda Lako 1 and David H. Steel 1,2,*

1 Biosciences Institute, Faculty of Medical Sciences, Newcastle University, Newcastle upon Tyne NE2 4HH, UK
2 Sunderland Eye Infirmary, Queen Alexandra Rd., Sunderland SR2 9H, UK
3 Manchester Royal Eye Hospital, Manchester M13 9WL, UK
4 Gyroscope Therapeutics Limited, a Novartis Company, Rolling Stock Yard, 6th Floor, 188 York Way,

London N7 9AS, UK
5 Clinical and Translational Research Institute, Faculty of Medical Sciences, Newcastle University,

Newcastle upon Tyne NE2 4HH, UK
* Correspondence: david.steel@ncl.ac.uk
† These authors contributed equally to this work.

Abstract: The complement system is crucial for immune surveillance, providing the body’s first line
of defence against pathogens. However, an imbalance in its regulators can lead to inappropriate
overactivation, resulting in diseases such as age-related macular degeneration (AMD), a leading
cause of irreversible blindness globally affecting around 200 million people. Complement activation
in AMD is believed to begin in the choriocapillaris, but it also plays a critical role in the subretinal
and retinal pigment epithelium (RPE) spaces. Bruch’s membrane (BrM) acts as a barrier between
the retina/RPE and choroid, hindering complement protein diffusion. This impediment increases
with age and AMD, leading to compartmentalisation of complement activation. In this review, we
comprehensively examine the structure and function of BrM, including its age-related changes visible
through in vivo imaging, and the consequences of complement dysfunction on AMD pathogenesis.
We also explore the potential and limitations of various delivery routes (systemic, intravitreal,
subretinal, and suprachoroidal) for safe and effective delivery of conventional and gene therapy-
based complement inhibitors to treat AMD. Further research is needed to understand the diffusion of
complement proteins across BrM and optimise therapeutic delivery to the retina.

Keywords: Bruch’s membrane; retinal pigment epithelium; choroid; age-related macular
degeneration (AMD); complement system; complement therapies

1. Introduction

Age-related macular degeneration (AMD) is a leading cause of irreversible sight loss,
affecting around 200 million globally, including 25% of those over 60 in Europe [1,2]. It leads
to reduced quality of life, increased anxiety and depression, and has a substantial economic
impact upwards of GBP 1.6 billion per year in the UK [3]. With ageing populations, its
personal and socioeconomic impact will continue to grow. AMD involves progressive
degeneration of the macula, including drusen formation and tissue atrophy, leading to
severe central visual loss in its late stages [4]. While intravitreal anti-vascular endothelial
growth factor (VEGF) therapy has been successful in improving outcomes in neovascular
AMD, the majority of cases (95%) are non-exudative and, until recently, have been without
any available treatment options. Moreover, the current treatments for neovascular AMD
are inadequate as they do not halt the underlying degeneration, which ultimately results
in atrophy or scarring in a significant number of cases, with around one-third of patients
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still experiencing visual decline despite treatment [5]. New therapies are needed to address
this issue.

AMD, a multifactorial eye disease involving hypoxia, inflammation, vascular insuffi-
ciency, oxidative stress, and chronic immune activation, remains a complex and challenging
research area [6]. The complement system, with its crucial role in immune and homeostatic
functions, is a major contributor to these processes and a focus of current research for
effective treatments [7]. AMD first manifests in the retinal pigment epithelium (RPE) and
choroid. Bruch’s membrane, an elastin- and collagen-rich extracellular matrix situated
between the retinal pigment epithelium and the choroid, has key structural and functional
properties and acts as a molecular sieve to compartmentalise the retina from the systemic
circulation. Systemic complement production, chiefly by hepatocytes, has well-known
roles in homeostasis, but the effects of local complement production and action are less
well recognised. Complement components are produced by several cell types within the
retina. Müller cells produce most of the complement activators, retinal neurones factor I,
while RPE cells express factor H and terminal complement components [8]. Thus, with the
compartmentalisation afforded by BrM, this creates an environment discrete from many of
the effects of systemic complement production. In vivo imaging of BrM and its surrounding
area has seen significant progress in recent years, helping in early recognition of AMD.
A detailed understanding of BrM properties is therefore crucial for both deciphering the
pathogenesis of AMD and developing effective therapies.

This review covers the basics of BrM structure and function, its age-related changes
visible on imaging, and its impact on complement dysfunction in AMD. We also discuss
the potential and limitations of different delivery routes for effective and safe delivery of
complement inhibition to the macula.

2. The Structure and Function of BrM

BrM is a 2–4 μm thin layer of extracellular matrix between the retina and choroid in
the eye serving as a selectively permeable membrane between the RPE and choriocapillaris
(CC). The RPE is a crucial monolayer of epithelial cells supporting the high metabolic
activity of the neural retina through various key metabolic, transport, and immunoregula-
tory functions [9]. The CC, a 10 μm thick network of highly anastomosed and fenestrated
capillaries, facilitates protein diffusion between the retina and choroid. The choroid, a
vital vascular connective tissue, regulates blood flow and temperature and secretes growth
factors to maintain eye homeostasis [10].

BrM is a continuous membrane posterior to the ora serrata, deficient only at the point
of optic nerve insertion [11]. In 1971, Hogan described BrM as having five layers [12],
which are described from inner to outer layers as follows:

• The RPE basement membrane is about 0.15 μm thick [13,14] and contains collagen IV
α1–5, collagen V, heparan sulphate, chondroitin sulphate, laminins 1, 5, 10, and 11,
and nindogen-1 [15–20].

• The inner collagenous layer (ICL) is about 1.4 μm thick containing crossed layers of col-
lagen I, III, and V fibronectin, chondroitin sulphate, dermatan sulphate, apolipoprotein
E (apoE), clusterin, heme, lipoproteins, and vitronectin [21–26].

• The central elastic layer (CEL) is about 0.8 μm thick, discontinuous in the macular
region [27], and contains elastin fibres that are contiguous with the ICL and outer
collagenous layer (OCL). The CEL is important for biomechanical properties, antian-
giogenic barrier functions, and choroidal contractility [28].

• The OCL’s thickness ranges from 1 to 5 μm [29] and contains collagen I, III, and V,
fibronectin, fibulin-5, chondroitin sulphate, lipoproteins, dermatan sulphate, clusterin,
and apoE [17,19,24,26,30–32].

• The choroidal endothelial cell (CEC) basement membrane is about 0.07 μm thick
and contains collagen IV, α1, α2, V, and VI, heparan sulphate, laminin, endostatin,
and chondroitin sulphate [15,19,20,33,34]. It is discontinuous due to the presence of
choroidal inter-capillary pillars between CC lumens [28].
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The exchange of nutrients, oxygen, minerals, and visual cycle by-products between the
RPE and the CC is primarily regulated by BrM through passive diffusion. The permeability
of BrM is largely determined by its structure and is mainly influenced by the molecular
weight, size, and shape of the diffusing substance (Figure 1). While some complement
proteins such as Factor H-like protein 1 (FHL-1), Factor D (FD), and C5a have been found to
pass through BrM [35,36], it has been reported that C3a, despite its small molecular weight,
is not able to do so. This observation may reflect the higher positive net charge of C3a
at neutral pH [35], causing it to be trapped within the BrM, which is negatively charged
due to the presence of glycosaminoglycans [35,37,38]. Post-translational modifications,
such as N-linked glycosylation, may also impede diffusion of complement proteins such
as Factor I (FI) through BrM, although these are not considered sufficient to explain the
lack of diffusion of Factor H (FH) and Factor B (FB) [35,39]. Finally, solute transmission
through BrM is determined by the hydrostatic pressure and the concentration gradient of
molecules [14]. The CEL has the largest pore size and highest water diffusion [21], while
the ICL has the smallest pore size and lowest water conductivity [21].

Figure 1. Complement diffusion through BrM. BrM has been shown to act as a barrier between the
retina and choroid, allowing a limited number of complement proteins, such as FHL-1, factor D, and
C5a, to diffuse through. This compartmentalisation may be exacerbated in ageing and disease, as
lipid deposition in AMD has been shown to reduce FHL-1 diffusion. This could create two separate
compartments for complement activation and regulation, namely the retinal and choroidal sides,
with complement proteins remaining on their side of origin. Abbreviations: FHL-1, Factor H-like 1
protein; RPE, retinal pigment epithelium.

Additionally, BrM provides structural support to the RPE and has important transport
functions. Its high elasticity, with an estimated modulus of 7 to 19 MPa [40], allows it to
stretch and accommodate changes in intraocular pressure [28]. This is in stark contrast to
the lower elasticity of the sclera, with a modulus of approximately 1.2 to 1.3 MPa [41], and
the retina, which has an even lower modulus of 0.000208 MPa [42].

The BrM remodelling process involves three inactive forms of matrix metallopro-
teinases (MMPs) synthesised by the RPE, types 1, 2, and 9. These MMPs are important
in BrM homeostasis and its physiological function [43]. The catalytic activity of MMPs is
regulated by tissue inhibitors of MMPs (TIMPs). TIMP-1 and TIMP-2 are thought to move
freely within the BrM, while TIMP-3 is thought to be bound to the RPE and CEC basement
membrane [44].
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3. Ageing Processes in BrM

BrM undergoes significant structural changes with ageing, particularly in terms of its
permeability [28].

3.1. Anatomical Changes

BrM undergoes thickening with ageing [29,45–47], detectable using modern oph-
thalmic imaging (Figure 2). This phenomenon is likely due to the accumulation of lipids,
including esterified cholesterol, fatty acids, and triglycerides [48,49], which reduces its
permeability [50,51]. Changes in matrix molecules, such as an increase in MMPs 2 and
9 and their inhibitor TIMP-3, may also contribute to BrM thickening [43,52,53], as may
advanced glycation end-products (AGEs) such as pentosides and carboxymethyllysine
that cause inflammation via activation of AGE receptors on RPE and immune cells [54].
Changes in BrM laminin and proteoglycans, essential for its structural properties and RPE
cell attachment, also occur with age [16]. RPE synthesises laminin 1 (α1ß1γ1), 5 (α3ß3γ2),
and 10/11 (α5ß1/2γ1), allowing adhesion to BrM via integrin-mediated mechanisms [16].
However, heparan sulphate proteoglycans (HSPGs), key binders of the complement regula-
tor Factor H (FH), have been shown to be reduced with age [55] and may lead to increased
complement activation [56,57]. This may exacerbate the effect of the FH p.Y402H polymor-
phism (a major genetic risk factor for AMD) as it has been proposed that the variant protein
binds less well to HSPGs than the wild-type protein [56,57].

Figure 2. Age-related changes to BrM. With increasing age, BrM undergoes several alterations,
including overall thickening due to increased deposition of collagen, lipids, TIMP-2, MMPs 2 and 9,
calcium phosphate, and AGEs. Additionally, basal laminar and basal linear deposits are observed with
age, and there is a reduction in heparan sulphate. These changes to BrM contribute to the pathogenesis
of several retinal diseases, including age-related macular degeneration. Abbreviations: TIMP, tissue
inhibitor of metalloproteinase; MMP, matrix metalloproteinase; AGEs, advanced glycation end-
products; RPE, retinal pigment epithelium; CEC, choroidal endothelial cell.

3.2. Biomechanical Changes

Calcification with calcium phosphate deposition is also detected in the CEL with
ageing [58], causing BrM to become stiffer. The elasticity of BrM has been shown to
decrease linearly from as early as 21 years of age at a rate of approximately 1% per year [59],
although this does not appear to be exaggerated in AMD [59].
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3.3. Permeability Changes

The movement of water across BrM, as measured with Ussing chambers [60–63],
decreases with age. The loss of water permeability is greatest in the ICL, particularly in the
macular area as compared to the retinal periphery [62]. With age, there is also a reduction
in the transport of protein molecules. One study observed an almost 100% reduction in the
permeability of serum proteins across BrM from the first to the ninth decades of life (from
3.5 × 10−6 to 0.2 × 10−6 cm/s) [64]. The study further observed that in younger donors,
BrM was permeable to serum proteins with molecular weights greater than 200 kDa, while
in elderly donors, the threshold decreased to 100 kDa [64]. Nevertheless, these models
may not fully capture the complexity of human physiology. For instance, recent research
has indicated that some complement molecules with a molecular weight of less than
100 kDa cannot penetrate BrM, implying that there may be additional factors (such as
sample preparation, pH, temperature, and osmolarity) that could influence the outcomes
of such experiments.

Table 1 provides an overview of functional and anatomical changes in BrM associated
with ageing, while Table 2 summarises the changes in the composition of each layer of BrM
with age.

Table 1. Summary of functional and anatomical changes in BrM with age.

Functional Changes Anatomical Changes

Decrease in elasticity
Decrease in water permeability
Decrease in protein permeability
Decreased complement protein permeability

Accumulation of lipids, TIMP-3, MMP-2, MMP-9, calcium
phosphate, and AGEs
BrM thickening
Reduced heparan sulphate
Increased complement activation

Abbreviations: TIMP, tissue inhibitor of metalloproteinase; MMP, matrix metalloproteinase; AGEs, advanced
glycation end-products; BrM, Bruch’s membrane.

Table 2. Changes in the composition of each layer of BrM with age.

Layers Composition Changes with Age

RPE basement membrane

Chondroitin sulphate
Collagen IV α1–5
Collagen V
Heparan sulphate
Laminins 1, 5, 10, and 11
Nidogen-1

BLamD accumulation

Inner collagenous layer

Apolipoprotein E
Chondroitin sulphate
Clusterin
Collagen I, III, and V
Dermatan sulphate
Fibronectin
Haem
Lipoproteins
Vitronectin

Lipoprotein deposition
BLinD accumulation

Central elastic layer Elastin Elastin and calcium
phosphate deposition

274



J. Clin. Med. 2023, 12, 2870

Table 2. Cont.

Layers Composition Changes with Age

Outer collagenous layer

Apolipoprotein E
Chondroitin sulphate
Clusterin
Collagen I, III, and V
Dermatan sulphate
Fibronectin
Fibulin-5
Lipoproteins

Lipoprotein deposition

Choroidal endothelial cell
basement membrane

Chondroitin sulphate
Collagen IV, α1, α2
Collagen V
Collagen VI
Endostatin
Heparan sulphate
Laminin

Unknown

Abbreviations: BLamD, basal laminar deposit; BLinD, basal linear deposit.

4. Overview of AMD

AMD classification has traditionally been based on anatomical changes observed
through ophthalmic imaging, with early, intermediate, and advanced (or late) stages being
distinguished. While early/intermediate forms have been associated with functional
changes such as impaired dark adaptation, advanced AMD has been the primary focus of
research due to most visual impairment being caused by this stage. Advanced AMD can be
broadly classified into two clinical forms: neovascular AMD and geographic atrophy [45].
In neovascular (or exudative) AMD, subretinal neovascularisation develops below or above
the RPE. These abnormal blood vessels often leak serous fluid or blood, resulting in macular
oedema and/or haemorrhages that can lead to rapid visual loss. Repeated disruption of
retinal architecture in this manner may also result in profound, irreversible vision loss.
In geographic atrophy due to AMD, a zone of photoreceptor, RPE, and CC degeneration
typically starts within the macula and expands to involve the fovea. It has recently been
estimated that 16% of patients with bilateral geographic atrophy are registered severely
sight impaired within an average of six years [4].

As the advanced subtypes of AMD are considered irreversible, it is important to
understand the processes at early and intermediate stages of the disease to identify patients
benefitting most from emerging therapies. Both advanced AMD subtypes are typically
preceded by the accumulation of extracellular material in the BrM of the central retina.
These are primarily termed drusen, focal deposits of proteins and neutral lipids such as
esterified cholesterol, with apolipoproteins B and E located between the basal lamina of
the RPE and the inner collagenous layer of BrM [65,66] (Figure 3). Of over 100 proteins
identified in drusen, the commonest include vitronectin and clusterin (which both par-
ticipate in the control of the lytic activity of complement), with TIMP-3, serum albumin,
and crystallins [67] also identified—several of which have undergone oxidative protein
modifications [68]. Two additional forms of BrM thickening are also observed in early
disease, namely basal laminar deposits (BLamDs) and basal linear deposits (BLinDs), which
are appreciable as diffuse thickening of the inner aspect of BrM on imaging. These are
distinguished by their anatomical location: BLamDs are found above the RPE basement
membrane, while BLinDs are located beneath this, adjacent to the BrM ICL. BLamDs also
have characteristic staining patterns and may have a striated histological appearance due
to long-spacing collagen [69,70]. These deposits have similar lipid and protein constituents
to drusen [71] and are often confluent with them [70]. Collections of extracellular material
in the subretinal space between the apical RPE and photoreceptors, known as subretinal
drusenoid deposits or reticular pseudodrusen, have also been observed and are considered
a high-risk phenotype for AMD progression [72].
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4.1. Genetic Risk Factors

AMD is a complex disease resulting from the interplay of both genetic and environ-
mental factors. Its strong genetic component, with an up to 10-fold increase in risk when a
parent or sibling is affected, makes it one of the most heritable complex diseases [73,74].
Indeed, a large twin study has proposed heritability (additive genetic) estimates of 46% to
71% for AMD severity classification based on clinical examination and colour fundus pho-
tography [75]. The genetic basis of AMD has been widely studied through genome-wide
association studies (GWASs). These studies identify various genetic variants associated
with increased risks of developing AMD, including a common single nucleotide polymor-
phism (SNP) in the CFH gene (CFH p.Y402H) conferring an approximately two-fold higher
risk of developing late-stage AMD per allele [76] and a common haplotype affecting the
age-related maculopathy susceptibility 2 (ARMS2) and HtrA serine peptidase 1 (HTRA1)
gene loci [77]. Subsequent GWASs have detected 52 independent and rare variants dis-
tributed across 34 loci that account for more than half of the condition’s heritability [78].
These include many genes involved in the alternative pathway of complement activation
(CFH, CFI, CFB, C2, C3, C9), as well as genes involved in cholesterol metabolism (ABCA1,
APOE, LIPC), matrix remodelling (TIMP3, COL8A1), and other functions [78–80]. Both
common and rare variants have been found to contribute to AMD risk, with rare variants
in CFI associated with particularly high risk [81,82]. Further research is necessary to fully
understand the role of these genetic variants in the development and progression of AMD.

4.2. Environmental Risk Factors

In addition to ageing, smoking is a significant environmental risk factor for AMD,
with the odds ratio for current smokers compared to ex-smokers being estimated by one
meta-analysis to be 1.78 (95% confidence intervals, 1.52–2.09) [73]. Smoking can increase
inflammation and oxidative stress in the RPE, which can be further exacerbated by changes
in the choriocapillaris such as abnormal blood vessel growth and vasoconstriction [83,84].
Large longitudinal studies have suggested that smokers remain at high risk of developing
neovascular AMD up to 20 years after smoking cessation [85,86], although these analyses
were not adjusted for socioeconomic status. The literature on possible associations of AMD
with diet, sunlight exposure, and cardiovascular or metabolic disease is inconsistent, partly
due to difficulties in quantifying or standardising these factors. Antioxidant vitamin and
mineral supplementation may delay late AMD progression in some high-risk individuals,
although this evidence is of low certainty [87].
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Figure 3. Pathological changes at the BrM interface in AMD. In healthy individuals (top panels),
the retinal tissues are in a state of metabolic equilibrium. Early/intermediate AMD (middle panels)
is characterised by the accumulation of extracellular deposits (illustrated in orange), such as soft
drusen/BLinDs beneath the RPE and subretinal drusenoid deposits above it. These deposits mainly
consist of lipoproteins of dietary and photoreceptor outer segment origin and are excreted by the
RPE. They accumulate in the sub-RPE space and impede transit to the choroid due to ageing of
the Bruch’s membrane. The accumulation of these deposits is associated with underlying chori-
ocapillaris vascular dropout and initiates an immune response that leads to the recruitment of
inflammatory cells. These deposits increase the risk of advanced stages of AMD, including atrophy
and neovascularisation (bottom panels). Notably, BrM is more visible in areas of RPE separation
and choroidal neovascularisation (white arrows). Changes within the Bruch’s membrane are not
depicted in this figure. Open-source images used with permission [88]. Abbreviations: AMD, age-
related macular degeneration; BLinDs, basal linear deposits; BrM, Bruch’s membrane; RPE, retinal
pigment epithelium.

5. Non-Invasive Imaging of BrM

Advances in ophthalmic imaging, particularly optical coherence tomography (OCT)
and OCT-angiography, have improved visualisation of BrM in high resolution, allowing
age-related changes and retinal pathologies such as AMD to be studied.

BrM, in conjunction with the RPE, is known as the RPE–BrM complex, identified as the
fourth outer hyper-reflective band of the retina on commercially available spectral-domain
or swept-source OCT devices [89]. In young adults, the interdigitation zone, RPE, BrM, and
choriocapillaris can be distinguished; however, with age, their demarcation becomes less
clear due to BrM thickening and BLamDs (Figure 4). Separation of the RPE and BrM due to
choroidal neovascularisation (CNV), drusen, or RPE atrophy can sometimes be seen as a
thin hyper-reflective line on OCT [90] (Figure 3). The increased thickness of the RPE–BrM
complex with age may also correlate positively with quantitative autofluorescence [91]. As
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previously described, the BrM thickening is partly attributed to age-related accumulation
of lipoprotein-related lipids that form basal linear deposits (BLinDs) and soft drusen. These
deposits are not visible on OCT but may appear as scattered hypofluorescent spots on
late-phase indocyanine green angiography [92].

Figure 4. Comparison of OCT images of younger and older retinas. (A,B) show scanning laser
ophthalmoscope fundal images and corresponding horizontal 15-degree OCT line scans of a
26-year-old female with a clear lens and an 86-year-old female who had undergone cataract surgery.
The OCT images were averaged from 100 B-scans. (C,D) show high magnification views of the
outer retina. In the 26-year-old individual, clear distinctions can be made between the IZ, RPE,
BrM, and CC. However, in the 86-year-old individual, these structures are indistinct, and there is
apparent thickening of BrM and thinning of the CC. Abbreviations: BrM, Bruch’s membrane; CC,
choriocapillaris; ELM, external limiting membrane; EZ, ellipsoid zone; IZ, interdigitation zone; OCT,
optical coherence tomography; RPE; retinal pigment epithelium.

On OCT-angiography, BrM appears as a dark (hypoechoic), avascular band. In cases
of type 1 and type 2 macular neovascularisation, OCT-angiography may show a signal
crossing through the BrM [90]. However, it is important to note that projection artifacts can
sometimes cause large retinal vessels to appear at the level of the BrM [90].

5.1. In Vivo Imaging of BrM in AMD

Eyes with early and/or intermediate AMD have a thicker RPE–BrM complex than
healthy eyes according to global and/or low-density OCT spatial analysis [92,93]. The
central macula shows the most significant thickening [94]. High-density OCT thickness
analysis has shown that the central RPE–BrM complex is thicker in intermediate AMD than
early AMD, likely due to the build-up of lipoprotein-related lipids [95]. The thickness of
the RPE–BrM complex, outer plexiform, and outer nuclear layers decreases with increasing
eccentricity from the foveal centre, which may relate to the loss of rod photoreceptors in
AMD [95]. Recent data suggest that the thickening of the RPE–BrM complex in AMD eyes
is mainly due to the accumulation of BLamDs and extracellular matrix material between
the basal lamina and plasma membrane of the RPE, rather than accumulation within the
RPE or BrM itself [69]. This can appear as a “double-layer sign” or splitting within the
RPE–BrM complex on OCT [69], which is an emerging biomarker of neovascular AMD [96].
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5.2. In Vivo Imaging of BrM in Inherited Retinal Degenerations (IRDs)

Thickening of BrM can also be seen in IRDs such as dominant drusen (DD), late-onset
retinal degeneration (L-ORD), pseudoxanthoma elasticum, and Sorsby fundus dystrophy
(SFD) [97]. OCT scans show a separation of the RPE and BrM, appearing as two distinct
hyper-reflective bands in DD, L-ORD, and SFD, which has been suggested as a potential
biomarker for these degenerative conditions [97]. The extent of separation of the RPE–BrM
complex has been suggested to correspond with the degree of visual symptoms in DD
and SFD [97]. This separation is thought to be caused by the accumulation of BLinDs and
BLamDs between the elastic lamina of BrM and the visible apical RPE, where melanosomes
are concentrated [97].

6. Overview of Complement

The complement system is a complex network of approximately 30 proteins that plays
a vital role in the immune response. There are three main pathways: the classical path-
way, the lectin pathway, and the alternative pathway (Figure 5). The complement system
comprises both activating and controlling proteins that are found throughout the body in
individual or complex forms. Complement represents a significant 15% of the globulin
fraction of blood and is responsible for lytic activity against invading pathogens as part
of the innate immune system [98]. However, recent evidence also indicates that comple-
ment has critical roles in adaptive immunity, cell senescence, and tissue remodelling [7].
Complement activation occurs through a process called “tick-over”, in which the central
component, C3, activates at a low level in plasma and initiates the alternative pathway
(AP). This sets off a cascade of protein interactions that culminates in rapid inflammation
and cell lysis via the formation of a pore on membranes of a bacterium or antibody-coated
cell surface, known as the membrane attack complex (MAC) [7,99]. The primary impact of
the MAC on nucleated cells is the induction of inflammation through multiple signalling
pathways and activation of the NLRP3 inflammasome. Despite its potent pro-inflammatory
properties, The MAC rarely leads to the lysis of nucleated cells due to the presence of
ion pumps and endo/exocytotic mechanisms that prevent cellular damage [100]. These
findings underscore the importance of the complement system in maintaining immune
function and preventing disease.

The complement system’s inability to distinguish self from non-self can lead to unin-
tended consequences on healthy tissues in the vicinity of activation, resulting in local cell
dysfunction, damage, or even death. While regulatory proteins normally coat our own cells
and quickly inactivate activating proteins and complexes to control complement activation,
even brief episodes of activation can contribute to disease progression over time.
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Figure 5. The pathways of the complement system. The complement system is a network of
proteolytic pathways that work together to maintain the body’s homeostasis. The alternative pathway
is continuously activated through the hydrolysis of C3 to C3(H2O) in a process known as “tick-over”
and triggers the formation of C3 convertases (C4b:C2b, C3b:Bb (not shown)) and C5 convertases
(C4b:C2b:C3b and C3b:Bb:C3b), leading to the production of anaphylatoxins, effector molecules, and
the C5b-9 complex (MAC). Although it causes significant inflammation, cell lysis as a result of the
MAC is a rare occurrence. Importantly, the production of C3b results in further C3 activation through
the formation of the C3b:Bb convertase (also not shown) in a process known as the amplification
loop. These pathways are regulated by various factors and cofactors that interact with complement
components, activating enzymes, or each other. FH plays a critical role as a cofactor for FI by
binding C3b and possessing cofactor/decay-accelerating activities that inhibit the alternative pathway
amplification loop and initiate the breakdown pathway of C3b. Abbreviations: FH, Factor H; FI,
Factor I; MAC, membrane attack complex; PAMP, pathogen-associated molecular pattern.

7. Complement Dysfunction in AMD

7.1. The Role of Complement in Choroidal Homeostasis

The relative importance of the RPE and CC in the development of AMD is a subject of
ongoing debate, but it is clear that both tissues play a role [101,102]. Early in the disease
process, there is a vascular loss of CC that corresponds to the presence of drusen [103]. In
AMD and normal ageing, the accumulation of MAC on CC endothelium also increases
in a process that is exacerbated by the presence of the CFH p.Y402H genotype [104–106].
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This can result in the death of choroidal endothelial cells in culture [105–111]. Complement
may play a constitutive role in the choroid and retina decades before the onset of AMD,
as indicated in human tissue studies by higher MAC deposition [108,112], CD59 expres-
sion [113], and FH production relative to other retinal tissues. Thus, complement may have
a significant impact on choroidal homeostasis through its effects on modulating macular
neovascularisation and immune cell regulation.

7.2. The Role of Complement in RPE Function

Under normal conditions, RPE cells express complement proteins that facilitate the
opsonisation and phagocytosis of photoreceptor outer segments and waste products of the
visual cycle through a process known as autophagy [114,115]. This is supported by the
presence of multiple complement components and regulators in drusen [67,114,116–118].
In fact, complement proteins C3 and Factor B (FB) have been found to be essential for
drusen formation in mouse models of inherited retinal degeneration [119–121]. This model
is triggered by inducing the missense p.R345W variant in the EFEMP1 (EGF-containing
fibulin-like extracellular matrix protein 1) gene, which encodes fibulin-3 involved in extra-
cellular matrix development. This variant causes Doyne honeycomb retinal dystrophy in
humans, which is characterised by early-onset macular and peripapillary drusen. In mice,
this variant recreates many of the histological features of AMD, such as the accumulation
of coalescing, electron-dense sub-RPE debris and general RPE and choroidal abnormalities,
including degeneration, vacuolation, loss or disruption of RPE basal infoldings, choroidal
atrophy, and focal thickening and invasion of cellular processes into BrM. Despite this, it is
important to acknowledge the limitations of using murine models to study AMD, as has
been explored elsewhere [122].

Under normal conditions, complement expression in the RPE and neural retina is
generally low compared to the choroid [114], but this may increase under conditions of
stress or stimulation. In ageing and AMD, there is increased expression of the complement
protein C3 within RPE cells and on their basal membranes [114,123]. This is also seen
in mice, where increased AP activation in the RPE/choroid has been identified [124].
Exosomes secreted by stressed RPE cells have also been found to be coated with complement
components [125,126]. The role of this increased complement expression in the RPE is not
yet clear, as it could either be protective or contribute to disease pathogenesis. To protect
themselves from harmful complement activation, RPE cells secrete FH and express several
regulators of the complement system, such as CD59 on their apical side [113,127,128] and
CD46 (also known as membrane cofactor protein or MCP) on their basal side [113,129,130].
CD59 inhibits formation of the MAC, whereas FH and CD46 drive the breakdown of
surface-bound C3b. In addition to its role in regulating the complement system, FH also
binds to pro-inflammatory lipid peroxidation products on the surface of damaged RPE
cells and controls inflammation in their vicinity [131].

7.3. Impact of Complement Overactivation on RPE Function and Viability

Reduced expression of FH and CD46 by RPE cells is observed in AMD, and this
coincides with increased deposition of the MAC and cell lysis [132,133]. Dysfunctional FH,
including the p.Y402H variant, can also lead to overactivation of the complement system,
which can impair the essential functions of RPE cells, including autophagy, lysosomal
function, and energy metabolism. This has been demonstrated in studies using RPE cells
derived from patients with AMD with high-risk complement genotypes [134–137]. RPE
cells with impaired lysosomal function are thought to be susceptible to MAC deposition
due to their inability to adequately recycle and traffic complement inhibitors such as CD59
to the cell surface [138]. A lack of functional FH may also impair the clearance of lipid
peroxidation products [131], leading to oxidative stress [139]. Oxidative stress, in turn,
may downregulate the expression of complement regulators by RPE cells [113,127,140–142]
through apoptotic shedding and exosomal release of CD46 and CD59 [143]. Furthermore,
infiltrating subretinal macrophages in AMD may induce complement dysfunction in RPE
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cells [144]. These interactions can create a vicious cycle of complement activation, oxidative
stress, and cellular dysfunction.

Complement-mediated dysfunction of the RPE may contribute to the development
of AMD. As previously discussed, this has been implied in a variety of mouse models of
inherited retinal degeneration, in which the presence of drusen-like deposits is dependent
on complement for formation [119–121,145]. Complement activation leading to MAC de-
position also has immunomodulatory effects on nucleated cells and stimulates the RPE
to produce metalloproteinases and VEGF [146,147], which may drive macular neovascu-
larisation, thus suggesting that complement overactivation may lead to both exudative
and non-exudative AMD. In addition, our recent study of the UK Biobank, the largest
repository of retinal imaging data to date, found that the common at-risk FH genotype
(CFH p.Y402H) and different rare FI variants were associated with reduced RPE–BrM
complex thickness in healthy participants, suggesting that complement overactivation may
have a negative impact on the function and viability of RPE cells [81]. These effects may be
more pronounced with advancing age or disease.

To protect against complement activation and cellular dysfunction, overexpression of
secreted and membrane-bound complement regulatory proteins has been suggested as a
therapeutic strategy [111,148–151].

7.4. Complement Dysfunction in Macular Neovascularisation

Several experiments using mouse models of laser-induced CNV have demonstrated
that all complement pathways, particularly the alternative and terminal pathways, play a
significant role in angiogenesis [150,152–163]. The alternative pathway is responsible for the
majority of C5a and MAC formation [164], which suggests that the terminal pathway may
be causative in CNV formation. Additionally, several studies have highlighted the potential
role of the vascular endothelial growth factor (VEGF) pathway in mediating these effects.
VEGF is an angiogenic protein that exerts its effects primarily through VEGF receptor 2
(VEGFR2). For example, sublytic levels of MAC have been shown to stimulate the release
of growth factors from nucleated cells [99,100], including VEGF from RPE in cell culture
studies [146,165]. In addition, the inhibition of CD46 by gene knockout in mouse models
led to increased VEGF production in the retina and choroid, increased MAC deposition
on these tissues, increased susceptibility to laser-induced CNV, and degenerative changes
in retinal tissues resembling an AMD phenotype [166,167]. It is worth noting that the
VEGF–complement interaction may also be reciprocal; VEGF inhibition has been shown to
increase complement activation by decreasing FH expression in RPE and renal podocytes
through VEGFR2- and PKC-α/CREB-dependent signalling [168].

The activation of complement can have varying effects depending on the stimulus or
location in the body. For instance, the anaphylatoxins C3a and C5a have been found to en-
hance laser-induced CNV in some cases, but may have anti-angiogenic properties in mouse
models of retinal hypoxia through the stimulation of mononuclear phagocytes to secrete sol-
uble VEGF receptor 1 that inhibits VEGF [169,170]. There is also conflicting evidence on the
role of FB, a serine protease involved in the alternative pathway of complement activation,
in angiogenesis. Some studies have shown that FB has a pro-angiogenic effect mediated
through increased VEGF and VEGFR2 expression by endothelial cells in mouse models of
laser-induced CNV and retinal hypoxia [81,153,171]. MMP expression in choroidal endothe-
lial cells has also been found to increase with MAC-dependent complement activation [172],
suggesting that complement may promote angiogenesis through multiple pathways. In
contrast, other research has shown that inhibiting FB in a mouse model of retinal hypoxia
potentially leads to increased neovascularisation, as well as increased severity and duration
of retinopathy, through a reduction in endothelial cell apoptosis and increased expression
of CD55 [163], a regulator of complement. These findings suggest that complement may
have complex and diverse roles in angiogenesis, and further research is needed to fully
understand its mechanisms of action.
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Understanding the complex interplay between complement and angiogenesis has sig-
nificant implications for the development of effective and safe complement-based therapies.
The balance of complement activation is crucial, as both underactivation and overactivation
can have adverse effects. However, the effects of complete inhibition of complement in
the eye remain unclear and require further exploration. For example, it is unclear why
the development of macular neovascularisation is a possible emergent adverse event of
intravitreally administered complement inhibitors for dry AMD and whether this is due to
treatment modality (e.g., the PEGylation of agents such as pegcetacoplan and avacincap-
tad pegol) or target [173]. The complexity of this field is further compounded by limited
evidence from case reports suggesting that intravitreal inhibition of VEGF may lead to
disorders of complement overactivation in the kidneys [174]. Newer agents that target both
complement and the VEGF pathways, such as Ranifitin (manufactured by Apellis, Waltham,
MA, USA), may address these safety concerns. However, the role of VEGF secreted by the
RPE in maintaining the choriocapillaris is still not fully understood [175]. Some studies
have found a correlation between intravitreal anti-VEGF therapy for neovascular AMD
and an increased risk of developing GA [176–179], but it is unclear if this is due to common
advanced AMD processes or if VEGF inhibition leads to retinal cell damage related to
complement. There is also debate over whether non-exudative macular neovascularisation
can support photoreceptors and the RPE in GA [180–182]. Further research into the bio-
logical interactions between complement and VEGF will be important for guiding drug
development and clinical trial design [183].

7.5. Immune Cell Regulation

Complement plays a vital role in directing the cellular immune response to diseases,
largely explored in cancer and sepsis but also relevant for AMD [184].

A critical component in this area is the anaphylatoxin C5a, which plays multiple roles
in immune regulation. While it has well-known pro-inflammatory functions mediated
through its C5aR receptors and activation of the NLRP3 inflammasome (as previously
reviewed [185,186]), it is also essential for the development and regulation of T-cell immu-
nity [187–193]. C5a signalling generally leads to inflammation through the protection of
CD4+ T-cells against apoptosis and the upregulation of pro-inflammatory cytokines such as
IL-17 and IL-22 [187]. Furthermore, in the choriocapillaris, C5a upregulates the expression
of leukocyte adhesion molecules on endothelial cells [109] and plays a key role in recruiting
γδ T-cells [194], a specialised class of tissue-resident lymphocytes that rapidly expand in
response to stress induced by pathogens or endogenous stimuli and initiate neutrophil
recruitment, phagocyte activation, and granuloma formation [195].

It has also been shown that MAC recruits and activates leukocytes by coordinating
inflammasome activation and endothelial cytokine signalling [196–200], which may initially
preserve tissue function by rapidly suppressing danger; however, sustained production of
reactive oxygen species, proteases, and inflammatory cytokines can contribute to dysfunc-
tion of retinal structures [6,201]. With increasing age, endothelial cells may become more
sensitive to MAC injury due to higher cytoskeletal Rho kinase activity [202]. In a series
of experiments, Calippe and colleagues showed somewhat surprisingly that FH prevents
the clearance of subretinal mononuclear phagocytes through CD47-dependent mecha-
nisms [203]. Interestingly, the common FH risk variant in AMD, CFH p.Y402H, resulted
in even poorer microglial elimination [203]. These findings suggest that non-resolving
subretinal inflammation due to complement may be exacerbated by genetic predispositions.

8. Local vs. Systemic Complement Production in AMD

The debate over the role of systemic versus local complement activation in AMD is
highly relevant to drug design and delivery [204]. While most complement proteins are
produced in the liver, others (such as C1q, C7, Factor D, and properdin) are produced
at extrahepatic sites by various cells, including monocytes, macrophages, and glial and
endothelial cells [7,204,205]. Local complement synthesis is regulated by cytokines and
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growth factors [206], and local biosynthesis is responsible for downstream complement
effects in some tissues. Emerging evidence suggests that the effects of complement acti-
vation vary across tissues based on their structural properties, with some tissues being
more susceptible to local activation and others being more prone to systemic activation.
For example, in experimental mouse models, the renal tubular epithelium has been found
to be more susceptible to donor kidney-derived C3, while the fenestrated capillaries of the
renal glomerulus are more prone to systemic C3 activation [204,207]. This concept may
be particularly relevant in the context of the kidney and eye, both of which have struc-
tural and developmental similarities [208] and are known to be susceptible to complement
dysregulation [7,209]. These findings suggest that targeted complement inhibitors may be
more effective in certain tissues at improving disease outcomes.

The BrM is believed to play a crucial role in partitioning complement activation into
local or systemic pathways within the eye. As previously mentioned, its physical, elec-
trostatic, and biochemical properties contribute to this function [14]. As noted previously
in Section 2, BrM permeability declines with age [64]. Using donor eye tissue, Clark and
colleagues found that certain complement proteins, such as C3/C3b, FH, FB, and FI, are
unable to penetrate the BrM even at small quantities, while others, such as Factor D, Factor
H-like protein 1 (FHL-1), and C5a, can cross the BrM but at reduced concentrations [35]. The
fact that FHL-1 (49 kDa), a splice variant of the CFH gene, has better tissue penetration than
the full-length, glycosylated FH protein (155 kDa) suggests that it may play a specialised
role in controlling complement activation locally [35,36]. However, FHL-1 is not as effective
at inhibiting AP overactivation as FH, as it has reduced binding to extracellular matrix
proteins and cannot alter its conformation to conceal its catalytic domains when not bound
to host structures [210]. Another clue that FHL-1 may have evolved specifically to control
complement activation locally is that the genetic sequences consistent with FHL-1 expres-
sion are found in old world monkeys, but not in their new world ancestors [210]. Beyond
FHL-1, it has also been shown that FI is found at significantly lower levels in the aqueous
fluid of the eye compared to FI levels found in simultaneously sampled serum [211]. This
finding provides further evidence for the concept that complement regulation in the eye is
compartmentalised and distinct from systemic regulation. These results have important
implications for the delivery of complement therapeutics across the BrM and should be
considered in drug design and development.

There is evidence suggesting that levels of circulating complement activation products
may be associated with the severity of AMD, although it is not yet clear whether this
is a causal relationship or simply a result of ageing [212–217]. Systemic inflammation
and endothelial dysfunction have been linked to reduced chorioretinal thickness [218],
which may precede the development of AMD. Additionally, drusen, a hallmark of AMD
containing systemic proteins, have been suggested to result from pathological transport
of visual cycle by-products across the capillary wall or BrM [219]. However, patients with
genetic abnormalities in the complement system tend to only develop overt disease in one
organ (such as AMD, C3 glomerulopathy, or atypical haemolytic uraemic syndrome), even
in the presence of rare, pathogenic variants or haploinsufficiency of FH and FI [81,220–223].
In a multicentre study of liver transplant patients, incident AMD was found to be associated
with recipient, but not donor, CFH p.Y402H status, suggesting that systemic complement
production by the liver may not contribute to retinal disease [224]. These findings suggest
that the end-organ response to complement overactivation may be influenced by genetic
determinants at a tissue level, which have yet to be fully mapped.

9. Complement as a Therapeutic Target

Despite facing numerous challenges in the past, such as a high plasma concentration,
high daily turnover, and a volatile nature, the field of complement inhibition has made
significant progress in recent years [225]. This is due in part to a better understanding of
the genetic and functional roles of complement in various tissues, as well as improved
structural information regarding the proteins involved. As a result, a number of comple-
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ment inhibitors are currently in late-stage clinical trials for the treatment of AMD, with
the first such agent (pegcetacoplan, manufactured by Apellis, Waltham, MA, USA) recently
receiving approval from the U.S. Food and Drug Administration (FDA) for the treatment
of GA [173]. Complement therapies can be delivered systemically or directly to the eye
by intravitreal, subretinal, and suprachoroidal injections (Figure 6). These therapies are
diverse in their design and delivery, though it remains to be seen which strategy will be
most effective for ophthalmic indications. Given the potential for complement activation
to contribute to the development of AMD and other conditions, inhibiting the alternative
pathway of complement has garnered significant interest as a therapeutic strategy [226].

Figure 6. Different types of drug delivery route in the human eye. Intravitreal (IVT) injections
are a common method of administering therapeutic agents to the eye. Other routes of adminis-
tration, such as subretinal and suprachoroidal injections, are also being investigated. Subretinal
agents may be administered transvitreally or by cannulation through the suprachoroidal space. Viral
gene therapies targeting the retina vary in their vector distribution, retinal tropism, and transduc-
tion efficiency depending on the route of delivery used. While efficacy is a primary focus, safety
is also a key consideration, as it relates to inflammation and iatrogenic complications. Abbrevia-
tions: GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal
pigment epithelium.
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9.1. Systemic Therapies

Systemic complement therapy, which involves delivering drugs orally, subcutaneously,
or intravenously, is appealing due to its ease of administration. Additionally, the high
blood flow in the choroid makes it possible for these therapies to quickly reach their
target tissue [227]. However, as mentioned previously, although choroidal vessels are
highly permeable, BrM is less so, making the diffusion of systemic therapies through it
a challenge. The blood–retinal barrier (BRB)—comprising the tight junctional complexes
between retinal capillary endothelial cells (inner BRB) and retinal pigment epithelial cells
(outer BRB)—may also impede the diffusion of molecules from the systemic circulation
to the retina. The inner BRB is only permeable to molecules with a small diameter or
molecular weight (i.e., up to 2 nanometres or a few hundred daltons) [228], while the outer
BRB is also highly selective, allowing hydrophilic and larger molecules to cross at a slower
rate than their small, lipophilic counterparts [229]. However, as mentioned earlier, the
relevance of diffusion chamber experiments to human health remains uncertain. Despite
these challenges and limitations, it is possible that if complement-mediated choroidal
dysfunction is a major contributor to AMD, saturating this tissue with systemic therapies
may be sufficient to improve the disease.

While systemic administration of drugs has the potential to provide benefits in the
treatment of posterior segment conditions, there is a lack of information about drug dis-
tribution in this area. Studies have simulated drug distribution from the plasma to the
vitreous in rabbits [230], but it is unclear how these pharmacokinetics translate to humans
and whether higher rates of systemic drug clearance may be a factor [228]. Other consider-
ations for systemic administration include the effects of protein binding in the plasma on
drug permeability, the potential for transcellular diffusion to bypass the tight junctions of
the BRB and increase drug permeability [228], and the risk of systemic toxicity. Comple-
ment inhibition, in particular, has been associated with an increased risk of encapsulated
bacterial infection and the loading of host cells with complement proteins upstream of
the inhibited molecule [231,232], resulting in a need for vaccination and the exclusion
of patients who are immunocompromised. Nevertheless, small molecule therapeutics
such as the FDA-approved avacopan (an inhibitor of C5a Receptor 1, previously devel-
oped by ChemoCentryx, San Carlos, CA, USA, now by Amgen, Thousand Oaks, CA, USA)
and iptacopan (also known as LNP023, an inhibitor of FB, developed by Novartis, Basel,
Switzerland), which has recently achieved its Phase 3 outcomes, have shown that systemic
complement inhibition can safely treat systemic conditions such as paroxysmal nocturnal
haemoglobinuria [233,234]. Homing agents that bind to neoepitopes on complement pro-
teins or stress-related antigens on apoptotic or necrotic cells may offer an additional way
of restricting drug action to inflammation hotspots and reducing the risk of widespread
systemic effects [225], though it is unclear how such a therapy would specifically target
the eye.

To date, intravenous eculizumab (manufactured by Alexion Pharmaceuticals, New
Haven, CT, USA), a monoclonal antibody against C5, is the only systemic complement
inhibitor to have completed a randomised controlled trial in AMD, and it failed to show
any significant benefits in terms of anatomy or function in a randomised controlled trial
for GA [235]. Despite the limited duration of treatment (6 months) and small sample size
with several methodological biases [173], its inability to demonstrate any clinical efficacy in
terms of reducing GA progression or vision loss has raised questions about the usefulness
of systemic complement inhibitors for AMD treatment. The results of Phase 2 clinical
trials of several systemic agents are eagerly awaited and may provide more insight into
the potential of systemic complement inhibitors for AMD [236]. These include IONIS-
FB-LRx (developed by Ionis Pharmaceuticals Inc., Carlsbad, CA, USA), a subcutaneous
antisense oligonucleotide inhibitor of FB (NCT03815825, https://clinicaltrials.gov/ct2
/show/NCT03815825), danicopan (formerly developed by Achillion Pharmaceuticals, CT,
US, now by AstraZeneca, Cambridge, UK), an oral small molecule inhibitor of Factor D
(NCT05019521, https://clinicaltrials.gov/ct2/show/NCT05019521), and iptacopan, the
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oral small molecule inhibitor of FB discussed above (NCT05230537, https://clinicaltrials.
gov/ct2/show/NCT05230537). There are also many other systemic complement inhibitors
in clinical development for other conditions [225].

9.2. Intravitreal Therapies

Intravitreal delivery of agents directly to the vitreous cavity of the eye is a commonly
used approach for treating diseases of the central retina. This method has been particularly
successful in the treatment of vascular retinal disorders such as neovascular AMD through
the use of anti-VEGF agents. Intravitreal delivery is a relatively simple procedure that
can be performed in an outpatient setting with minimal safety concerns [237]. Although
achieving therapeutic levels with intravitreal formulations is challenging due to dilution in
the vitreous and variable retinal penetration dictated by molecular characteristics, all of the
complement inhibitors currently in late-stage clinical trials for AMD are being administered
intravitreally, including pegcetacoplan, an anti-C3 agent, and avacincaptad pegol, an
anti-C5 agent. In Phase 3 studies, these agents have shown anatomical benefits for the
treatment of GA at one year, but it is still unknown whether they will meaningfully improve
visual outcomes [173]. Furthermore, there are safety concerns regarding the induction of
exudative AMD for both agents [173]. An interesting hypothesis relating to reduced C3
breakdown products on endothelial cell surfaces with a shift to a reparative proangiogenic
macrophage phenotype has been proposed [238]. It is unclear whether this adverse event is
related to class effects of complement inhibition or PEGylation, as discussed in Section 7.4,
or other clinical factors such as the presence and activity of macular neovascularisation
in the fellow eye of study participants. As such, longer-term studies following market
authorisation will likely be needed to assess the real-world risks to patients. Pegcetacoplan
has recently been granted FDA market authorisation for the treatment of GA due to its
positive results in reducing GA progression for dosing up to 24 months. The submission
of avacincaptad pegol to the FDA is anticipated to result in an outcome in Q3 2023. Both
agents are still being evaluated by the European Medicines Agency (EMA).

Nevertheless, the frequent administration of these therapies (i.e., monthly or every
other month) and the associated burden on healthcare systems and patients have led
to a continued search for longer-acting treatments. One potential approach is the use
of gene therapy to modulate complement expression in the retina over the long term.
Gene therapy involves the delivery of nucleic acid cargo (such as DNA, mRNA, or small
interfering RNA) using viral or non-viral vectors. In the retina, adeno-associated virus
(AAV) vectors have shown promise as a gene therapy technology due to their effectiveness
and ability to sustain gene expression for several years in certain IRDs [239–241]. While
AMD is a complex genetic disease, advances in dual and triple AAV vectors with enhanced
cargo capacity now allow for the delivery of larger genes [242], including anti-VEGF
and complement regulatory molecules, which could potentially be used in gene therapy
for AMD.

While intravitreal gene therapies have shown some efficacy in transducing inner retinal
ganglion cells for the treatment of Leber hereditary optic neuropathy [243], transduction
of photoreceptors in the outer retina has proven more challenging. The inner limiting
membrane (ILM) and glial processes of the neural retina act as barriers to the diffusion
of naturally occurring AAV serotypes in humans [244,245]. AAVs have a high affinity
for extracellular matrix proteins such as heparan sulphate, which is found in both the
ILM and BrM [244]. This affinity allows AAVs to home to the vitreoretinal interface
and facilitates retinal transduction, though it also reduces their diffusion through the
retina [246]. Transduction may be most effective at areas of thinner ILM, such as in
the perivascular regions [247], resulting in variable effects across the retina. There have
been attempts to manipulate the ILM to reduce the necessary viral load for effective
transduction, including the use of proteases to digest the ILM [244,248,249], electric micro-
currents [250], and non-penetrating AAV vectors to saturate heparan binding sites in the
vitreous [251]. However, these techniques have not resulted in gene expression in the
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outer retina. Other experimental techniques, such as ILM peeling or vitrectomy [252,253],
sub-ILM injection [254,255], and ILM photo-disruption with indocyanine green [256], have
also been proposed, but their safety is uncertain.

One possible way to enhance outer retinal transduction through the ILM without
further surgical intervention is to make amino acid substitutions in the viral capsid to
reduce heparan affinity [246]. However, this approach may require higher vector concen-
trations to compensate for the long diffusion distance within the vitreous [247]. These
higher doses may trigger a stronger immune response and increase titres of neutralising
antibodies [257–259], which can spread through the blood and lymphatic tissues [260] and
potentially lead to reduced transduction efficacy and a lack of transgene expression with
repeated administration [261,262]. Additionally, triggering a systemic immune response
against an AAV-based vector can result in unintended side effects such as transgene expres-
sion in lymphoid organs [263,264] or systemic complement activation [265,266]. The high
prevalence and cross-reactivity of neutralising AAV antibodies [239] indicates that methods
to mitigate anti-AAV immunity will be necessary before the safety and efficacy of high-dose
intravitreal viral vector-based gene therapy can be fully evaluated [267]. Unfortunately,
animal models may not always provide reliable data on this issue [268].

There is growing interest in the development of non-viral vectors, such as polymeric,
liposomal, lipid, and inorganic vectors, due to concerns about the immunogenicity of viral
vectors [269]. However, the anionic and composite properties of vitreal proteoglycans can
also hinder the effectiveness of these agents [270]. Strategies such as PEGylation [271],
charge modification [272], and coating with hyaluronate or chloroquine [273,274] have been
shown to improve retinal transduction in animal models when administered intravitreally.
However, more research is needed to fully understand the biological effects and potential
adverse effects of delayed clearance of these approaches.

While there are numerous challenges to intravitreal gene therapy, transduction or
transfection of the inner retina may be sufficient to treat AMD. Müller glia, which are the
most abundant glial cells in the retina and play a multifaceted role in retinal homeostasis
and response to injury, including potentially photoreceptor regeneration, may be a target
for gene therapy [275,276]. Müller cells are also considered a major source of comple-
ment proteins in the inner retina [115,130,277]. However, it is unclear if Müller cell gliosis
in advanced AMD could obstruct vector diffusion [278]. Early therapeutic intervention
in the disease course may offer the greatest benefit [279], and there are several ongoing
intravitreal gene therapy trials for advanced AMD [280], including JNJ-1887 (formerly
AAVCAGsCD59), an intravitreal AAV-based vector expressing a soluble form of the MAC
inhibitory protein CD59 that is being evaluated for the treatment of GA. In mice, JNJ-1887
has been shown to reduce laser-induced CNV formation beyond the site of vector deliv-
ery [150], indicating the potential superior coverage of intravitreal versus subretinal gene
therapies. This investigational medicinal product has received Advanced Therapy Medici-
nal Product designation by the EMA and FDA fast track designation for dry AMD following
positive Phase 1 safety signals announced in a recent press release (NCT03144999) (avail-
able online: https://www.jnj.com/janssen-announces-late-breaking-data-from-two-gene-
therapy-programs-at-the-american-academy-of-ophthalmology-2022-annual-meeting
(accessed on 2 April 2023)).

9.3. Subretinal Therapies

Subretinal administration is a method of delivering drugs to the retina that has been
commonly used in IRD gene therapy trials [281]. In this approach, the subretinal space
is approached transvitreally with a vitrectomy. The retina is then perforated via a fine
retinotomy and surgically detached from the RPE through a subretinal injection, form-
ing a transient subretinal “bleb” that lasts for less than 1–2 days [281]. This space has
the advantage of being close to the target cell populations in the outer retina and hav-
ing greater immune privilege compared to the vitreous [282]. Most AAV-based vector
serotypes can be used to deliver genes to RPE and outer nuclear layer cells through the
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subretinal route [283], although transduction of other cell types may be variable [284].
Subretinal gene delivery has been shown to be more effective and have a faster onset
than intravitreal delivery in animal models [260,285,286]. For example, subretinal, but
not intravitreal, administration of a CR2–FH fusion protein has been shown to reverse
smoking-induced RPE damage in a mouse model [286]. Subretinal delivery is also less
likely to result in systemic exposure and, potentially, immunogenicity compared to intravit-
real administration [260], and the effectiveness of subretinal gene therapy does not seem
to be affected by the presence of neutralising antibodies in the host serum [287]. Ongo-
ing phase 2 studies (NCT04437368 (https://clinicaltrials.gov/ct2/show/NCT04437368),
NCT03846193 (https://clinicaltrials.gov/ct2/show/NCT03846193), NCT04566445 (https:
//clinicaltrials.gov/ct2/show/NCT04566445)) are exploring the potential of GT005 (devel-
oped by Gyroscope Therapeutics Limited, London, UK, a Novartis company), an investigational
subretinal AAV-based vector expressing CFI, for the treatment of GA using two delivery
methods (Figure 6).

Subretinal injections for viral gene therapy may trigger host immune
responses [258,288–291], and the requirement for vitrectomy and transvitreal approaches
can cause complications such as cataracts and retinal tear formation/
detachment [292–294]. These issues may be partly addressed through the use of novel
surgical delivery systems [295]. The subretinal space can be approached through the supra-
choroidal space using a flexible conduit with transpupillary visualisation as it transits to the
intended point of delivery. At this point, a microneedle is advanced into the subretinal space
and the treatment delivered, avoiding the need for vitrectomy and its related complications.
This method is being evaluated in the aforementioned GT005 trial using the OrbitTM Subreti-
nal Delivery System (NCT03846193, https://clinicaltrials.gov/ct2/show/NCT03846193).
One potential limitation is that it forms a BrM perforation point, which in AMD eyes in
particular could theoretically increase the risk of macular neovascularisation if positioned
posteriorly near the fovea, although this has not been observed to date. Utilisation of more
anterior delivery avoids this and would be appropriate for secreted protein gene therapy
as with FI.

Increased activation of glial responses and chronic choroidal inflammation following
subretinal, but not intravitreal, AAV vector administration has additionally been reported
in primates [257]. Dose-dependent immune responses have also been observed, with high
doses potentially leading to persistent inflammation and clinically significant vision loss in
patients receiving high-dose AAV2 vector-based subretinal RPE65 therapy [296]. Systemic
steroids are often used to mitigate this phenomenon, but the long-term effects of this approach
on the retina are unclear [281]. Moreover, subfoveal viral gene therapy has been associated
with various adverse effects, such as RPE alterations, retinal thinning, foveal morphological
changes, vision loss, and the variable duration of clinical effects [281,294,296–298]. ROCK
inhibitors may improve synaptic remodelling and ameliorate these negative effects in the
future [299]. Finally, the limited lateral diffusion of subretinal agents may not fully suppress
complement activation in distal retinal sites [282]. Overall, while subretinal viral gene therapy
has a favourable safety profile [300], it is important to carefully consider the potential risks
and limitations of the procedure.

Although non-viral vectors have been explored for subretinal administration, they
have generally been associated with toxicity and lower transduction levels compared to
viral vectors [301]. Additionally, the viscosity of these formulations may limit their ability
to adequately cover the subretinal area [302]. This highlights the importance of carefully
considering the choice of vector for subretinal gene therapy.

9.4. Suprachoroidal Therapies

The suprachoroidal route for drug delivery, initially proposed 20 years ago, has gained
increasing attention as a potential alternative to traditional subretinal and intravitreal
routes [303]. This approach involves injecting a small amount of agent into the supra-
choroidal space, a potential space consisting of tightly packed connective tissue between
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the choroid and sclera that extends from the supraciliary space at the front of the eye
to the optic nerve at the back. It is bound anteriorly by the scleral spur and posteriorly
by the optic nerve and posterior ciliary arteries [304]. Its structural continuity and small
volume are important for understanding the potential of the suprachoroidal space as a drug
delivery route, which allows for rapid dissemination of a small amount of agent around
most of the eye [305]. For example, bevacizumab (149 kDa) has been shown to effectively
diffuse into the choroid, RPE, and photoreceptors through this route [306]. Furthermore,
the suprachoroidal route offers faster diffusion for smaller, lipophilic agents [307] and, as an
ab externo approach, avoids the intraocular complications associated with intravitreal and
subretinal administration [308]. Overall, the suprachoroidal route represents a promising
option for delivering drugs to the outer retina.

Co-localisation with a polymer may improve particle durability and spread [309].
Nevertheless, particle clearance may be less a concern for gene vector-based therapies
delivered via the suprachoroidal route. For example, suprachoroidal injection of an AAV-
based vector in large animals achieved a wider distribution of outer retinal transduction
than subretinal therapy [310–312] and lower systemic distribution and inflammation than
the intravitreal route [310,312]. These experiments suggest that the suprachoroidal route is
less immunogenic than the intravitreal space but more immunogenic than the subretinal
space. It is possible that the exposure of these agents to the resident macrophages and
lymphatic lacunae of the choroid may enhance their antigen presentation systemically,
which could lead to subretinal immune cell infiltration and the neutralization of antibody
production in nonhuman primates and rats [310,312].

Despite the preclinical concerns surrounding suprachoroidal viral gene therapy, the Phase 2
study of RGX-314 (developed by REGENXBIO, Rockville, MD, USA, in partnership with AbbVie,
North Chicago, IL, USA; NCT04514653, https://clinicaltrials.gov/ct2/show/NCT04514653) has
recently shown positive interim results (available online: https://regenxbio.gcs-web.com/news-
releases/news-release-details/regenxbio-announces-additional-positive-interim-data-trials-rgx
(accessed on 2 April 2023)). RGX-314 is an investigational suprachoroidal AAV-based vector
that expresses an anti-VEGF antibody fragment and is being developed for the treatment of
exudative AMD. These interim results indicate efficacy and limited intraocular inflammation,
despite the use of a non-native protein and administration in patients who are neutralising
antibody-positive without prophylactic steroid use.

Non-viral-based vectors are also currently being actively explored as alternative supra-
choroidally administered therapeutics [313]. BrM may also pose a barrier to the diffusion
of therapies to the retina due to its dense proteoglycan content that can sequester viral-
based vectors and electrostatically repel non-viral formulations. A small molecule Factor D
inhibitor (A01017, formerly developed by Achillion Pharmaceuticals, now by AstraZeneca)
showed promising results in a preclinical study with biological efficacy up to three months
after suprachoroidal administration in rabbits, though further studies have not been made
publicly available [314]. It is unclear whether this drug was biosimilar to the orally admin-
istered danicopan currently in development.

10. Conclusions

The ability to visualise changes associated with age and retinal pathologies, includ-
ing AMD, using high-resolution ophthalmic imaging techniques such as OCT and OCT-
angiography has facilitated the study of BrM as a critical component in AMD pathogenesis.
The results of the first Phase 3 trials using intravitreal complement inhibitors have brought
exciting and promising advancements in the treatment of this disease that affects millions of
people. Further research is needed to fully understand the transit of complement proteins
and vectors across BrM and the RPE to achieve effective therapeutic delivery of inhibitors
and regulators, which will be crucial in targeting complement activation that occurs on
both sides of BrM.
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Abstract: Intraoperative OCT is an innovative and promising technology which allows anterior and
posterior segment ocular surgeons to obtain a near-histologic cross-sectional and tomographic image
of the tissues. Intraoperative OCT has several applications in ocular surgery which are particularly
interesting in the context of corneal transplantation. Indeed, iOCT images provide a direct and
meticulous visualization of the anatomy, which could guide surgical decisions. In particular, during
both big-bubble and manual DALK, the visualization of the relationship between the corneal layers
and instruments allows the surgeon to obtain a more desirable depth of the trephination, thus
achieving more type 1 bubbles, better regularity of the plane, and a reduced risk of DM perforation.
During EK procedures, iOCT supplies information about proper descemetorhexis, graft orientation,
and interface quality in order to optimize the postoperative adhesion and reduce the need for re-
bubbling. Finally, mushroom PK, a challenging technique for many surgeons, can be aided through
the use of iOCT since it guides the correct apposition of the lamellae and their centration. The
technology of iOCT is still evolving: a larger field of view could allow for the visualization of all
surgical fields, and automated tracking and iOCT autofocusing guarantee the continued centration of
the image.

Keywords: anterior segment imaging; artificial intelligence; multimodal imaging; ophthalmic
imaging; optical coherence tomography; DALK; corneal transplantation; endothelial keratoplasty;
mushroom PK

1. Intraoperative OCT: Technology and Characteristics

Anterior segment OCT (AS-OCT) was described for the first time in 1994 by Izatt et al.
as an essential tool for the clinical diagnosis and follow up of many corneal pathologies [1].
Thanks to its high level of resolution, AS-OCT provides a near-histologic cross-sectional and
tomographic image of the tissues, allowing for the detailed evaluation of clinical conditions,
and is able to impact medical and surgical decisions. The introduction of this technology
into the operating room was a natural consequence considering its several potential appli-
cations during both anterior and posterior segment surgery. Indeed, intraoperative OCT
(iOCT) provides immediate feedback on the tissues’ anatomic configuration and could
potentially directly guide surgical manipulations.

Standard OCT systems were unsuitable for a surgical setting due to their large dimen-
sions and the traditional sitting position required for image acquisition, which was not
practical for supine patients. The introduction of portable OCT systems allowed for the
introduction of this tool into the operating room. The first two iOCT systems developed
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were the Bioptigen EnVisu (Bioptigen, Research Triangle Park, NC/Leica, Wetzlar, Ger-
many) and the Optovue iVue (Optovue, Fremont, CA, USA) [2–7]. These systems were
available in different configurations such as handheld, externally mounted, and microscope-
mounted. Handheld imagine acquisition, although characterized by excellent image quality,
is limited by potential motion artifacts, which could delay image capture and affect the
quality of the resulting frames. In order to surpass these limitations, microscope-mounted
systems were developed. These systems provided better stability; moreover, foot-pedal
control of the microscope allowed for control of the probe location, with enhanced image
reproducibility [8,9].

A major advance was achieved with the introduction of microscope-integrated OCT
(MIOCT), which could finally enable the acquisition of real-time intraoperative OCT sec-
tions and the visualization of the instrument–tissue interaction [10,11]. Two of the cur-
rently most diffuse systems are the Zeiss OPMI LUMERA 700 (Carl Zeiss Meditec, Inc.,
Oberkochen, Germany) and the Leica Proveo 8 (Leica Microsystems, Wetzlar, Germany).
Similar to the microscope-mounted systems, an MIOCT can be controlled by a foot pedal;
furthermore, a heads-up display provides a combined visualization of the surgical field
and the OCT data stream.

At first, iOCT was employed in vitreoretinal surgery, focusing on macular hole [8,12,13],
vitreomacular traction [14,15], epiretinal membrane [16,17], and retinal detachment
surgery [18,19]. More recently, it has been applied to glaucoma surgery [20], implantable col-
lamer lens (ICL) implantation [21], cataract surgery [22], and corneal transplantation [23,24].
Concerning corneal surgery, its application is mainly related to lamellar surgery, both ante-
rior and endothelial. Indeed, iOCT allows for a better visualization of the corneal layers, an
evaluation of the instrument’s depth during anterior lamellar surgery, and confirmation of
the complete adhesion of the lamella during endothelial surgery.

In this narrative review, we describe the application of iOCT during different types
of corneal lamellar surgery and provide a useful and complete guide for both novice and
expert corneal surgeons.

2. Intraoperative OCT Applications for Lamellar Corneal Surgery

Guiding Big-Bubble Deep Anterior Lamellar Keratoplasty (BB-DALK)

Deep anterior lamellar keratoplasty (DALK) is the gold standard for the treatment
of diseases of the anterior cornea, such as corneal ectasia, anterior stromal leucomas,
and stromal dystrophies. In terms of improved visual acuity, DALK is associated with
better outcomes than penetrating keratoplasty thanks to lower incidences of post-operative
astigmatism and rejection [25,26]. Moreover, this technique does not require an open-sky
approach, thus limiting possible risks and complications associated with the surgery [27,28].

There are several applications of iOCT, aimed mostly at avoiding the conversion to
PK. First, it allows for the assessment of the corneal and anterior segment architecture,
thus determining corneal thickness and regularity, and for the detection of the presence of
anomalies such as Descemet’s membrane (DM) rupture or peripheral anterior synechiae.
The definition of corneal anatomy aids in making decisions about the depth of trephination,
which can be identified by a vertical hyperreflective band along the anterior stroma in the
peripheral cornea, where the cut was made. In their study, Santorum et al. suggested an
intended stromal bed of 150 μm within the posterior corneal surface, measured with the
built-in caliper tool of the intraoperative OCT software (InVivoVue, IVV 2.18, Lumivero.
Denver, CO, USA) [29]. However, in all their eyes, they needed to further extend the groove
after the first trephination in order to obtain the desirable depth. Usually, we establish the
depth of trephination based on the full thickness measured on the iOCT. The aim is to leave
a residual stromal thickness of about 100 μm and thus reach the pre-Descemetic plane. The
PIONEER study detected an incidence of further dissection after the initial trephination
in 55.6% of cases, determined by an evaluation made by the surgeon in light of an iOCT
scan [9].
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In BB-DALK surgery, the second step is the insertion of a cannula or needle into
the stroma to create an air bubble. iOCT allows for the real-time visualization of the
instrument, which can aid in guiding the insertion to the desirable depth and in the right
direction. However, the visualization of the layers under the cannula can be masked
by the hyperreflectivity of the instrument itself, hampering the correct assessment of
the thickness of the tissue. In order to obtain the measurement of the residual stromal
tissue, it is possible to remove the cannula and then, by acquiring a longitudinal iOCT
scan, observe the presence of a stromal pocket, which is visible as an hyperreflective line
along the posterior stroma [30]. Alternatively, even if the cannula is not removed from
the scleral pocket, a transversal iOCT scan across the width of the instrument can still
allow for the visualization of a hyperreflective line extending laterally to the shadow of
the cannula, similar to a “seagull wing” appearance (Figure 1). Once this line is identified,
the measurement of the residual stromal bed can be performed with the caliper, which is
usually integrated into the iOCT’s software, using the “seagull wing” as a reference.

 

Figure 1. Seagull wing sign.

The proper identification of the residual stromal thickness under the cannula is useful
for predicting the probability of achieving the big bubble. In 2013, Scorcia and colleagues
observed how the distance between the cannula tip and the DM was significantly smaller
(90.4 ± 27.7 μm) in cases in which a big bubble was achieved than in a group of unsuccessful
surgeries (136.7 ± 24.2 μm) [31]. Indeed, corneal surgeons routinely employing iOCT could
corroborate their evaluation of stromal depth with actual real-time thickness measurements,
deciding whether a repositioning of the cannula to a deeper stromal plane is advisable
and weighing the higher chances of achieving a big bubble with the increased risk of
perforation.

The next step is the creation of the big bubble itself is to obtain a cleavage plan of
the posterior stroma. The successful formation of the bubble is visualized on iOCT scans
by observing the separation between the corneal stroma and DM, visible as a clear space
between the internal concave surface and the external convex surface [32]. iOCT is capable
of detecting sub-clinical big bubbles that are indistinguishable to the human eye in 40%
of cases [33]. Moreover, iOCT could theoretically help to differentiate a type 1-BB from a
type 2-BB by measuring the posterior wall of the bubble, which is made by pre-Descemetic
stroma (the so-called Dua’s layer) and DM in type 1 and by DM only in type 2. The posterior
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wall of type 2 bubbles should therefore be thinner than the type 1 wall, even though this
difference is in the order of a few microns and modern iOCT has not yet attained an image
resolution capable of consistently differentiating the two bubbles [34]. In cases of formation
of small air bubbles distributed over the whole stroma, iOCT helps in identifying each
bubble, allowing the surgeon to puncture them with a sharp instrument (e.g., a 15-degree
blade) to create a bigger cavity, thus rescuing the surgery and proceeding with the stromal
dissection without the need of a conversion to PK [35] (Figure 2).

 

Figure 2. BB-DALK. (A) Stromal trephination. (B) Detail of the vertical hyperreflective band along
the anterior stroma. (C) Insertion of the cannula. (D) Injection of air and bubble formation. (E) Bubble
profile. (F) Detail of bubble and trephination.

3. Guiding Manual Stromal Dissection DALK

Although BB-DALK is the preferred technique for performing anterior lamellar kerato-
plasty, there are few situations in which a bubble cannot be achieved or is associated with a
high risk of perforation. Specifically, in cases in which corneal opacities do not allow for the
visualization of the depth of the stromal involvement, or cases in which the bubble could
easily provoke DM ruptures (e.g., radial keratotomies), the majority of corneal surgeons
prefer to perform manual stromal dissection.

Intraoperative OCT could be helpful during the multiple surgical steps of DALK by
stromal dissection. Firstly, iOCT permits the determination of the depth of the opacity and
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therefore the type of ALK to perform. Variations in corneal thickness at different points
may be visualized in irregular or ectatic corneas, helping surgeons decide on a safe depth
of initial trephination [7]. In other words, iOCT guides decision making with respect to the
depth of trephination and prompts further eventual dissection.

iOCT is especially useful because it allows the surgeon to better control the incision
depth and assess the uniformity of the dissection plane to optimize visual outcomes,
especially when coaxial microscopy does not offer an excellent evaluation of the depth
of a corneal incision [34,36]. In addition, iOCT could be very useful in assessing the
residual stroma during dissection. Regarding the BB technique, the aim is to reach the
pre-Descemetic plane, which guarantees a combination of good visual outcomes and a low
risk of Descemet perforation. Hence, the optimal stromal bed should have a thickness of
no more than 100 μm [24,33].

Moreover, the use of OCT enables surgeons to attempt manual dissection in the case
of an emphysematous opaque cornea after a failed big bubble attempt: the opaque bubble
layer hampers visualization during subsequent dissection; thus, iOCT can help surgeons
perform a safe manual dissection and minimize the risk of DM perforation [37].

During manual stromal dissection in particular, sharp instruments inserted too deeply
into the stroma can cause a DM rupture. In these cases, iOCT can detect the location
of the rupture and guide further dissection. When a DM rupture is present, it can be
advantageous to inject air into the anterior chamber to keep it formed. However, in cases of
narrow iridocorneal angles, the air can be misdirected into the posterior chamber, causing
an iris protrusion, which can be readily detected by the iOCT [38].

Once the proper plan is achieved, it is possible to proceed with the graft placement. In
this step, iOCT might be useful in detecting residual interface fluid, allowing the surgeon to
evacuate it by applying moderate massage on the corneal surface, leading to a reduced risk
of a double anterior chamber in the postoperative period. After lamellar dissection, iOCT
aids in the assessment of graft thickness, graft–host apposition, and interface regularity, as
well as in the evaluation of any residual stromal pathology or disparities in the graft–host
sizing [35].

Finally, iOCT can aid in the management of post-DALK Descemet’s membrane detach-
ment (DMD) by determining the localization of maximal DMD, managing an iOCT-assisted
injection of isoexpansile gas SF6 (BVI Medical, Waltham, USA) into the anterior chamber,
guiding the location for venting incisions to drain the interface fluid, and confirming the
apposition of the grafts [39].

4. Guiding Ultra-Thin Descemet Stripping Automated Endothelial Keratoplasy

Descemet Stripping automated endothelial keratoplasty (DSAEK) is one of the leading
procedures for the management of corneal endothelial dysfunction [40]. Compared to
PK, DSAEK has faster recovery times and better final visual and contrast acuity with
less surgically induced astigmatism and fewer higher-order aberrations [41,42]. Graft
rejection is also much more frequent in PK compared to DSAEK [43]. Some intra- and post-
operative challenges specific to endothelial keratoplasty exist, such as graft visualization,
graft apposition and dislocation, and interface complications [9]. However, iOCT can aid
the corneal surgeon during every step of the DSAEK procedure, addressing each of these
challenges [44].

During graft preparation, either one or two consecutive passes of a microkeratome
blade allow for the creation of a very thin lenticule in a procedure known as UltraThin-
DSAEK (UT-DSAEK), which has become the standard modern approach to DSAEK [40,45,46].
In cases in which this preparation is carried out in the operating room rather than at the
eye bank, iOCT allows the surgeon to easily check the residual stromal thickness, the
smoothness of the cut, and the regularity of the UT-DSAEK lenticule [47–51] (Figure 3).

The iOCT can also be useful for visualizing the DM during descemetorhexis, as well
as for locating DM residues and guiding their removal under direct visualization, even in
cases of poor visibility due to corneal edema or scarring [9,52–54]. With the help of iOCT,
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DSAEK can be successful in patients affected by a clinically opaque cornea, which would
otherwise be treated with a penetrating keratoplasty [52].

One of the most significant contributions of iOCT comes at perhaps the most crucial
step of DSAEK: the apposition of the DSAEK lenticule to the recipient stroma. The assess-
ment of the graft attachment and the evaluation of the residual interface fluid between
the graft and the recipient stroma are readily available to the surgeon using iOCT. The
routinary use of iOCT could, for instance, supersede the use of venting incisions, which
have been developed to preemptively drain any potential residual fluid in the graft–stroma
interface. Under direct iOCT visualization, residual fluid can be expressed out of the
interface through focal manipulation and sweeping of the cornea [44,53,55]. Residual fluid
is associated with early graft nonadherence and can result in textural interface opacities
due to delayed gap closure, precipitated solutes, the retention of a viscoelastic substance,
or lamellar irregularities caused by delayed adhesion or uneven matching of lamellar
fibrils [56,57].

 

Figure 3. DSAEK preparation (A) Pre-cut thickness. (B) Post-cut thickness.

The iOCT can also aid in positioning the graft in cases of uneven posterior corneal
surfaces, such as in cases of a previous penetrating keratoplasty in which the posterior lip
of the trephination margin could hamper the successful attachment of a DSAEK graft. If a
focal irregularity of the posterior corneal surface is detected, the graft can be recentered far
from the irregular area [44].

Finally, iOCT’s role could be even more prominent in times in which nanothin (<50 μm)
DSAEK is gaining popularity: in complex eyes at a higher risk for rejection and graft
detachment, nanothin DSAEK offers comparable results to Descemet membrane endothelial
keratoplasty (DMEK) with lower rates of complication, and its results are enhanced by the
use of iOCT for correct positioning and orientation [58,59] (Figure 4).
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Figure 4. DSAEK. (A) Pull-through insertion. (B) Deployment. (C) Partial AC filling. (D) Interface
fluid. (E) Apposition and AC filling.

5. Guiding Descemet Membrane Endothelial Keratoplasty

Although it is steadily gaining popularity, Descemet membrane endothelial kerato-
plasty (DMEK) is still considered to be a difficult technique characterized by a steep learning
curve [60–62]. iOCT can facilitate the procedure, helping the expert and the novice surgeon
alike [44,63–66].

One of the most useful applications of iOCT in DMEK surgery is the possibility of
confirming the correct orientation of the graft in real time, with the endothelial side facing
the anterior chamber [37,63,65–68]. The graft can be delivered with the endothelium folded
either outwards, which represents its natural scrolled configuration, or inwards. In the
inwards configuration, the membrane is folded in the opposite way to its natural scrolling
tendency but it requires minimal time for unfolding inside the eye since it is perceived
as an unnatural conformation [69–71]. In either cases, the unfolding of the graft can be
monitored with iOCT even in cases of cloudy corneas, and the correct orientation can be
confirmed [64]. As strategies to mark the tissue can result in endothelial damage or are
inherently subtractive of endothelial cells, the possibility of checking the orientation of the
graft indirectly could improve the long-term survival of the transplant [61,72,73].

At present, the orientation must be confirmed qualitatively by the surgeon based
on the rolling and unfolding properties of the graft, as shown by iOCT [65]. However,
the semi-automated or automated classification of graft orientation will most likely be
integrated with iOCT: in 2013, Steven and colleagues correlated the intraoperative scrolling
properties of DMEK grafts with donor age by mathematically describing the average
curvature of the grafts, based on an image analysis of iOCT frames [63]. Building on this
concept of curvature in relation to orientation of the graft, the deep learning segmentation
of DMEK grafts has been applied to individual iOCT frames to automatically recognize
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the free-floating graft, compute its local curvature, and predict its orientation, with results
comparable to a cornea specialist [68,74].

As in DSAEK surgery, iOCT during DMEK can be helpful not only to check the
configuration and orientation of the graft but also to visualize areas of synechiae, remnants
of Descemet membrane, the presence of fluid or folds at the graft–stromal interface, and
to center the graft [63,64,75,76]. Finally, iOCT can also help in the preparation of the graft
as well as in teaching novice surgeons. In fact, iOCT has been used to quantitatively
assess the quality of donor corneas and pre-stripped grafts and to monitor each step of
the stripping procedure [47,48]. Likewise, wet labs equipped with microscope-integrated
iOCT allow expert surgeons to monitor the progression of their pupils and correct them
accordingly [77]. (Figure 5).

 

Figure 5. DMEK. (A) Deschemetorexhis. (B) Graft scroll. (C) Dirisamer maneuver. (D) Graft
orientation and interface fluid. (E) AC filling.

6. Guiding Mushroom Penetrating Keratoplasty

The idea of asymmetrically shaping grafts in order to take advantage of the specific
features of each layer of the cornea is not new [26,78,79]. The term “mushroom PK” was
created in the 1950s, and its purpose is to minimize the replacement of the recipient’s
healthy endothelium while maintaining a large diameter of the superficial, refractive part
of the graft [78,80]. This combines the benefits of lower incidences of induced astigmatism
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and rapid postoperative healing while minimizing endothelial cell loss and the risk of
immunologic rejection and graft failure [80–83].

A variety of technique for preparing mushroom grafts have been described, from
manual trephination to femtosecond-laser-assisted mushroom PK [82,84]. In 2005, Busin
and colleagues created a two-piece mushroom PK by splitting the donor cornea in two
with the help of a microkeratome and then punching the anterior and posterior lamellae to
different sizes [80,81,85].

Although no publication in the literature thus far has focused on the use of iOCT
in mushroom PK, its unique ability to examine the profile of asymmetric cuts and their
relationship with the recipient tissue in real time can surely be of great help to the surgeon.
In Figure 6, various steps of an iOCT-guided mushroom PK surgery are displayed. It
is immediately obvious how iOCT can contribute and improve this complex surgery by
visualizing the relationship between the graft layers and host tissue, allowing the surgeon
to check for the correct positioning of the transplant.

 

Figure 6. Mushroom PK. (A) Dissection. (B) Trephination. (C) Internal lamella placement. (D) Exter-
nal lamella placement. (E) Interface.

Mushroom PK is only one of the possible asymmetric graft configurations; the most
well-known other configurations are the top-hat, the anvil, and the zig-zag configurations.
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Each exploits the benefits of their particular shape and is tailored to the need of the indi-
vidual diseased recipient corneas [86,87]. Asymmetric configurations, and in particular
mushroom PK, are particularly suited to cases of thin, one-sided recipient corneas such
as in very peripheral ectasias [82]. In fact, mushroom PK allows the surgeon to address
the mismatch in thickness between the graft and the host by leaving behind a non-visually
significant step between the two posterior surfaces while guaranteeing a continuous and
smooth interface at the anterior refractive surface [75,82]. iOCT can clearly aid the sur-
geon in the positioning of mismatching surfaces in mushroom PK. Another possibility in
mushroom PK that can greatly benefit from real-time positioning thanks to iOCT is the
differential centration of the anterior and posterior lamellae, with the former usually being
centered on the corneoscleral limbus and the latter on the visual axis, as described by Busin
in 2005 [85].

7. Future Developments

To date, the most important limiting factor of a wider adoption of iOCTs is the entry
cost of the device. The use of OCT in the operating room has transitioned from handheld
OCTs to microscope-mounted OCTs and finally to microscope-integrated iOCTs, which
have largely superseded earlier devices. This means that the entry cost for a state-of-the-art
iOCT also includes, in more cases than not, the purchase of an integrated microscope.

The DISCOVER and PIONEER studies provided solid evidence of the utility of iOCT
in modern eye surgery, but no large clinical randomized trial has definitely proven the
superiority of iOCT to microscopy alone [9,11].

It is reasonable to think that with the increased adoption of these devices, their cost will
also be mitigated [44]. The wider diffusion of this technology would allow its application
in even more types of eye surgery, such as refractive surgery, and in the SMILE technique
first of all. Indeed, the iOCT’s aid permits the better visualization of the stromal lenticule
and confirms the absence of cap–lenticule adhesion [88].

Furthermore, iOCTs are still evolving devices and, in addition to decreasing costs, their
technical specifications are also expected to improve. Available iOCT devices currently
employ a central wavelength of 840–860 nm and are capable of axial resolutions between
2.5 and 5 μm in the order of high-resolution posterior segment OCT [89]. However, their
lateral resolution and A-Scan rate, arguably more relevant to corneal lamellar surgery, are
currently working at 15–30 μm and 10–36 kHz, respectively. As a result of the latter, the
acquisition of volume scans takes several seconds to complete and is not feasible during
active surgical steps. Instead, continuous, high-resolution, single-line B-scans are usually
employed to track the action [90]. On the other hand, increasing the lateral resolution could
improve the visualization of finer details of the corneal anatomy and pathology [90].

Further developments of iOCT would also include even larger fields of view than
what is currently available (up to 16–30 mm, depending on the device), which could
allow the surgeon to easily monitor the entire surgical field, from the center of the cornea
to the periphery of the anterior chamber, in one glimpse. Moreover, improvement of
the automated tracking of surgical instruments and iOCT autofocusing on the corneal
structure of interest, which may escape the field of view during surgical movements, are
warranted [91].

Finally, with the goal of creating an all-in-one platform, microscope-integrated iOCT
could be augmented with automated image analysis, providing useful insights on what is
happening in the surgical field in real time, such as the analysis of graft orientation [68], or
with the concurrently developing 3D imaging and robotically assisted surgery [92].
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Abstract: Aim: To evaluate the effectiveness of pars plana vitrectomy (PPV) without macular inter-
vention on uveitis eyes with persistent vitreous inflammation/opacities in terms of visual acuity (VA),
intraocular inflammation and macular profile. Methods: We carried out a single-center retrospective
study of patients with uveitic eyes that underwent PPV without intervention on the macula due
to persistent vitreous inflammation/opacities. The primary outcome measures were best-corrected
visual acuity (BCVA), intraocular inflammation and macular profile at 3, 12 and 24 months after
surgery. Results: Twenty-seven eyes of twenty-six patients were analyzed. Overall, 77.8% had an
improvement of VA (55% by 0.3 LogMAR or more); 62.5% of patients had no intraocular inflammation,
and the number of patients on systemic steroids and second-line immunosuppressives was reduced
by 26% at 12 months; 87.5% of patients had resolution of macular oedema at 12 months. Conclusion:
PPV for persistent vitreous inflammation/opacities is safe and effective, showing beneficial outcomes
in terms of improvement of BCVA and the reduction in inflammation.

Keywords: intraocular inflammation; pars plana vitrectomy; uveitis; vitreous debris; visual acuity;
vitreous opacities

1. Introduction

Uveitis is a heterogenous group of pathological conditions characterized by intraoc-
ular inflammation and is associated with a wide variety of etiologies [1]. Both adults
and, less commonly, pediatric patients can be affected by uveitis, and the consequences
of a protracted or recurrent inflammation can be severe, potentially leading to significant
visual impairment [2–4]. In particular, uveitis can cause vision loss in up to 20% of eyes,
with chronic macular oedema being the main reason for a moderate level of vision loss,
and macular scarring being the most common cause of irreversible severe vision loss [3].
Pars plana vitrectomy (PPV) currently represents one of the treatment options, and it is
increasingly used to treat uveitis for diagnostic and/or therapeutic purposes [1]. Indeed,
there can be multiple indications for performing PPV to treat uveitic eyes. First, large
amounts of vitreous material can be obtained for microbiological and histopathological
analyses to help identify the etiology in cases of atypical clinical presentation or history,
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inconclusive laboratory or radiologic testing or persistent inflammation or appropriate
immunosuppression [5]. Second, PPV has a primary role in the management of posterior
segment complications associated with uveitis, including vitreous hemorrhage, epiretinal
membrane (ERM), full-thickness macular holes, retinal detachment (RD) and cyclitic mem-
branes causing hypotony [6,7]. In addition, although its exact role as an anti-inflammatory
therapy for uveitis remains uncertain, PPV has shown to be effective in improving visual
acuity, intraocular inflammation and macular oedema and causing a reduction in immuno-
suppressive medications [8]. It has been speculated that the therapeutic effect of PPV
may be due to the removal of inflammatory cells, cytokines and immune complexes from
the vitreous body [8]. However, to date, therapeutic PPV has not been integrated in the
routine management of uveitis, mainly due to the lack of specific indications and concerns
regarding the potential complications of PPV in eyes with active inflammation and the
stability of long-term outcomes [9,10].

In light of this background, the aim of our study was to evaluate the long-term safety
and efficacy of PPV given to patients with uveitic eyes in terms of the control of intraocular
inflammation, visual acuity and the macular profile. Specifically, in order to better assess the
role of the PPV itself and exclude the potential bias associated with additional surgical ma-
neuvers, such as ERM peeling, we focused on eyes where persistent vitreous involvement
was the only indication for surgery, and no macular intervention was performed.

2. Materials and Methods

We conducted a retrospective, single-center, non-randomized interventional study of
consecutive patients affected by uveitis with persistent vitreous inflammation/opacities
who underwent PPV without intervention on their macula at the Manchester Royal Eye
Hospital. The study was registered with the clinical audit department, and the research
adhered to the tenets of the Declaration of Helsinki. Approved patient consent was obtained
before all procedures and all surgeries were performed prior to the study design.

2.1. Participants and Data Collection

Data were identified and collected from the surgical database of the vitreoretinal
unit and were anonymized for the analysis. We included eyes treated with PPV due
to persistent vitreous inflammation/opacities associated with uveitis and a minimum
follow-up (FU) of 24 months. Diagnosis of uveitis etiology was based on the patients’
history, clinical examination and investigations such as blood tests, chest radiographs and
vitreous sampling (if performed) at the time of vitrectomy. The exclusion criteria were:
(i) having undergone a surgical procedure on the macula (peeling of the ERM and/or
internal limiting membrane); (ii) having a reason for being treated with PPV other than per-
sistent vitreous inflammation/opacities, such as ERM, retinal detachment, a full-thickness
macular hole and dislocated intraocular lens (IOL); (iii) having eyes where the vitreous
sample was diagnostic for a non-inflammatory disease, specifically vitreoretinal lymphoma;
(iv) patients with an incomplete FU.

Data collection included the patients’ demographics, the type of uveitis, indication for
PPV, surgical details, therapeutic regimen and preoperative clinical findings and 3, 12 and
24 months after the surgery. At each follow-up, the ophthalmic examination included an
assessment of best-corrected visual acuity (BCVA) expressed as a logarithm of the minimal
angle of resolution (LogMAR) and intraocular pressure (IOP), a slit lamp examination,
a dilated fundus examination and optical coherence tomography (OCT) of the macula.
Uveitis activity was defined based on anterior chamber (AC) and graded by applying
the SUN criteria [11], and vitreous inflammation was graded according to Nussenblatt’s
method [12]. In particular, uveitis activity was defined as “mild”, “moderate” or “severe”
if AC and/or vitreous inflammation values were ≤+1, +2 or +3, and +4, respectively. The
presence of cystoid macular edema (CME) and central retinal thickness were recorded by
analyzing macular OCT scans. The therapeutic regimen was defined as being given: (i) no
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medication, (ii) a topical steroid (TS), (iii) an oral steroid (OS), (iv) conventional or biologic
Disease Modifying Anti-Rheumatic Drugs (DMARDs) or (v) a combination of them.

2.2. Surgical Procedure

All surgical procedures were performed by a consultant surgeon or a vitreoretinal
fellow under local anesthesia. Three-port standard PPV (23, 25 or 27 gauge) was carried
out using the Stellaris vitrectomy system (Bausch and Lomb, St. Louis, MO, USA) or
Constellation vitrectomy system (Alcon Laboratories, Inc, Fort Worth, TX, USA). Combined
cataract surgery with intraocular lens implantation was performed if lens’ opacity was
detected preoperatively. Posterior vitreous detachment was induced, if it was needed, and
core vitrectomy and peripheral vitreous shaving were performed. A vitreous sample was
sent to the histopathological department for analysis. After the peripheral retinal check to
look for retinal breaks, air or gas was used as an intraocular tamponade. All patients were
given topical steroids, cycloplegia and antibiotics postoperatively. The topical steroid dose
and, if necessary, oral steroid therapy was adjusted perioperatively to control inflammation.

2.3. Statistical Analysis

All data were analyzed using Stata 16.1 (Statacorp, College Station Texas, USA). Means
(standard deviation, SD) were used to represent demographic data that had a normal
distribution, and medians (Interquartile ranges) were used for skewed data. Crude analysis
of paired skewed data was carried out using the Wilcoxon sign rank test. Due to the
retrospective nature of the study and the presence of missing data at some time points,
multiple imputation using chained equations was used to account for the missing data.
As this study was a longitudinal analysis of the four main outcomes at four consecutive
time periods, multi-level mixed effects models were used to account for the covariance of
the data at each time point. Specifically, BCVA and CRT were assessed using mixed effects
linear regression models. Uveitis activity and the presence of CME were assessed using
a mixed effects ordinal logistic regression and mixed effects logistic regression models,
respectively. All three FU visits were compared to the baseline. Other independent variables
of clinical importance were added to generate the final multivariate models. Graphs of
means were generated for time series data, with 95% confidence intervals represented. A
p-value of <0.05 was regarded as significant.

3. Results

A total of 27 eyes of 26 patients met the inclusion criteria and underwent PPV for
persistent uveitis-related vitreous inflammation/opacities and were included in the analysis.
The baseline characteristics are presented in Table 1. The mean (SD) age at the time of
vitrectomy was 45.8 (18.7) years, with the range being from 8 to 86 years. Eight eyes
underwent combined phaco-PPV, whereas the remaining ones were treated with vitrectomy
only. Six eyes underwent cataract surgery during the FU period analyzed. In terms of ocular
co-pathologies potentially affecting the visual outcomes at the final FU, we documented
cases of CME (two eyes), ERM (two eyes), CME and ERM (two eyes), a macular scar (one
eye) and a cataract (one eye) (Figures 1 and 2). In addition, out of 27 eye, 6 eyes underwent
glaucoma surgery during the FU (3 were treated with trabeculectomy and 3 was treated
with glaucoma drainage implantation).

Overall, the crude change in BCVA was significant across all the follow-ups. The
median (interquartile range, IQR) BCVA significantly improved from the preoperative value
of 0.7 (0.50–1.00) logMAR to 0.30 (0.20–0.50) logMAR at the 3-month follow-up (p < 0.001),
0.30 (0.14–0.60) logMAR at the 12-month FU (p = 0.005) and 0.40 (0.10–0.60) logMAR at the
24-month FU (p = 0.003). Of the sample analyzed, 77.8% (n = 21) experienced improvement
in BCVA, 11.1 % (n = 3) remained stable and 11.1.% (n = 3) worsened. The change in visual
acuity outcomes over the study period are presented in Table 2 below. Univariate analysis
showed that compared to the baseline, the visual acuity of patients improved by 0.45, 0.43
and 0.36 at 3, 12 and 24 months, respectively. The most significant improvement occurred
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in the period after the vitrectomy, and it slowly tapered off as the study period elapsed.
Age and the presence of CME were also significant predictors. Every decade increase in
age resulted in a 0.07 logMAR deterioration in visual acuity over two years. The presence
of CME resulted in a 0.41 logMAR decrease in visual acuity if it was present over the entire
study period. The pattern of visual recovery was maintained in the multivariate analysis,
with patients improving by 0.43, 0.37 and 0.29 logMAR, respectively, over the three FU
visits. Age, however, did not retain significance in the multivariate model, but the presence
of CME did. The type of uveitis based on anatomical classification appears to have had
an impact on the functional results, with intermediate uveitis showing a postoperative
value of 0.35 logMAR, which is a better BCVA than that of posterior uveitis (p = 0.01). No
significant difference was found when intermediate and panuveitis cases were compared,
although there was a trend towards better results in the former group (p = 0.097). The
combination of cataract surgery and PPV was significantly associated with postoperative
BCVA as per univariate analysis (p = 0.014), but this association lost significance in the
multivariate analysis (p = 0.21). Figure 3 below is a time series plot of the mean visual
acuity with a 95% confidence interval at the baseline and each of the follow-up visits.

Table 1. Baseline characteristics of study patients and eyes that underwent vitrectomy.

Baseline Characteristic

Age (years) mean (SD) 45.8 (18.7)
Sex, male n (%) 16 (59.3)

Lens status—n (%)
Phakic without cataract—11 (40.8)
Phakic with cataract—8 (29.6)
Pseudophakic—8 (29.6)

Uveitis etiology—n (%)

Idiopathic—4 (14.8)
Sarcoidosis—9 (33)
Toxoplasma—5 (18.5)
Tuberculosis—1 (3.7)
Fuchs Uveitis Syndrome—6 (22.2)
Varicella-zoster virus—primary/active—1 (3.7)
Toxocara—1 (3.7)

SUN classification—n (%)
Intermediate—9 (33)
Posterior—9 (33)
Panuveitis—9 (33)

Primary indication for vitrectomy—n (%)
Clearance of inflammatory debris—20 (74.1)
Clearance of Hemorrhagic debris—3 (11.1)
Cytological sampling—4 (14.8)

 
Figure 1. Case 1: Eye with vitritis and cystoid macular edema at the baseline (left); at 24-month,
cystoid macular edema significantly improved, with persistence of small intraretinal cysts temporally
involving the outer and inner nuclear layers (right).
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Figure 2. Case 2: Eye with vitritis and cystoid macular edema at the baseline (left); at 24-month,
resolved cystoid macular edema and epiretinal membrane with preserved retinal layers (right).

Table 2. Multi-level mixed effects linear regression model of visual acuity outcome.

Variable
Change in LogMAR
Visual Acuity Compared
to Baseline

95% CI p Value

Univariate
3-month visit −0.45 −0.76–−0.13 0.006
12-month visit −0.43 −0.75–−0.11 0.008
24-month visit −0.36 −0.69–−0.04 0.027
Age (Decade) 0.07 0.001–0.013 0.027
CME 0.41 0.15–0.68 0.002
Posterior compared to Intermediate 0.56 0.29–0.84 <0.001
Panuveitis compared to Intermediate 0.15 −0.13–0.42 0.29
Baseline Pseudophakic compared
to phakic −0.23 −0.51–0.04 0.098

Combined phacovitrectomy 0.32 0.07–0.58 0.014
Multivariate
3-month visit −0.46 −0.74–−0.18 0.002
12-month visit −0.39 −0.67–−0.11 0.007
24-month visist −0.30 −0.59–−0.013 0.041
Age (Decade) 0.04 −0.002–0.011 0.17
CME 0.36 0.11–0.62 0.005
Posterior compared to Intermediate 0.35 0.08–0.61 0.01
Panuveitis compared to Intermediate 0.21 −0.04–0.45 0.097
Baseline pseudophakic compared
to phakic * −0.21 −0.45–0.04 0.093

Combined phacovitrectomy * 0.16 −0.09–0.40 0.21
* Baseline lens status and combined phacovitrectomy were assessed separately in the multivariate models. Final
reported coefficients were based on visit, CMO and diagnosis data.

The crude analysis of uveitis activity revealed that at the baseline, 7.4% (n = 2), 48.1%
(n = 13), 37.0% (n = 10) and 7.4% (n = 2) patients had no activity and mild, moderate and
severe activity, respectively. This improved to 44.4% (n = 12), 44.4% (n = 12), 3.7% (n = 1)
and 3.7% (n = 1) with no activity and mild, moderate and severe activity at 3 months,
respectively (p = 0.003). At the 12-month FU, the proportions of patients with no activity
and mild, moderate and severe activity were 51.9% (n = 14), 40.7% (n = 11), 3.7% (n = 1) and
0%, respectively (p < 0.001). At the 24-month FU, the proportions of patients with no activity
and mild, moderate and severe activity were 48.1% (n = 13), 40.7% (n = 11), 3.7% (n = 1)
and 0%, respectively (p = 0.002). Table 3 below shows the change in uveitis activity at each
of the follow-up visits compared to that of the baseline. The multivariate model shows a
highly significant temporal relationship with uveitis grading, which decreased by 1.97, 2.28
and 2.19 at 3, 12 and 24 months, respectively (Table 4). Age was not a significant predictor
of uveitis activity. Uveitis type was associated with the uveitis activity, with intermediate
uveitis showing better response than panuveitis did (p = 0.002), but not posterior uveitis
(p = 0.834). Figure 4 below shows the uveitis activity at each FU visit. As expected, due to
the changes in uveitis activity, the therapeutic regimen was different at different FU visits.
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The therapeutic regimes at each FU are detailed in Table 3. In particular, at the baseline,
12 patients were on oral steroids, which was compared to 4 at the final FU.

 

Figure 3. Time series plot of visual acuity recovery after pars plana vitrectomy in eyes of uveitic patients.

Table 3. Therapeutic regimen during the follow-up.

Therapeutic Regimen
Baseline
Eyes, n (%)

3 m FU
Eyes, n (%)

12 m FU
Eyes, n (%)

24 m FU
Eyes, n (%)

None 7 (25.9) 2 (7.4) 5 (18.5) 6 (22.2)
TS 8 (29.6) 19 (70.4) 15 (55.6) 15 (55.6)
OS 2 (7.4) 0 (0) 0 (0) 0 (0)
TS + OS 7 (25.9) 4 (14.8) 5 (18.5) 2 (7.4)
TS + DMARD 0 1 (3.7) 1 (3.7) 1 (3.7)
TS + OS + DMARD 3 (11.1) 1 (3.7) 1 (3.7) 2 (7.4)

Table 4. Multi-level mixed effects ordered logistic regression model of uveitis activity.

Variable
Change in Uveitis
Activity Compared to
that of the Baseline

95% CI p Value

3-month visit −2.14 −3.3–−1.00 <0.001
12-month visit −2.50 −3.66–−1.33 <0.001
24-month visit −2.34 −3.5–−1.16 <0.001
Age 0.005 −0.02–−0.03 0.625
Posterior compared to Intermediate −0.11 −1.14–0.92 0.834
Panuveitis compared to Intermediate 1.53 0.56–2.51 0.002
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Figure 4. Change in uveitis activity at each follow-up visit in post-vitrectomized eyes.

The mean CRT values at the baseline, 3, 12 and 24 months were 360 (147.1), 339 (77.9),
284 (41.9) and 245 (30.4), respectively. Table 5 below shows a non-significant change over
time in CRT. There is, however, a trend towards significance with each follow-up visit, with
the upper limit of the 95% confidence interval at 24 months being only 5.9 μm thicker than
the baseline measurement is, while the lower limit is 119.7 μm thinner than the baseline
measurement is. CME was a significant predictor of CRT, with patients with CME having a
78.5 μm thicker CRTs over the study period. Figure 5 illustrates the CRTs at the baseline
and each follow-up visit.

Table 5. Multilevel mixed effects linear regression model.

Variable
Change in Central Retinal Thickness

Compared to that of the Baseline
95% CI p Value

3-month visit −7.8 −71.2–55.6 0.809
12-month visit −34.4 −101.5–32.6 0.312
24-month visit −56.9 −119.7–5.9 0.076

Age −0.15 −1.7–−1.4 0.847
CME 78.5 26.0–131.0 0.003

We also specifically focused on the presence or absence of CME. At the baseline, 3, 12
and 24 months, 25.9% (n = 7), 14.8% (n = 4), 11.1% (n = 3), and 11.1% (n = 3) of patients
had CME. The odds of developing CME over the study period did not significantly change
when it was compared to that of the baseline as shown in Table 6 below.

325



J. Clin. Med. 2023, 12, 3252

 

Figure 5. Time series plot of CRTs at baseline and each follow-up visit.

Table 6. Multi-level mixed effects logistic regression model.

Variable Odds Ratio of CME Compared to Baseline 95% CI p Value

3-month visit 0.66 0.2–2.9 0.576
12-month visit 0.51 0.1–2.5 0.404
24-month visit 0.50 0.98–2.5 0.394

Age 0.99 0.96–1.03 0.834
CME 1.03 0.07–3.06 0.993

4. Discussion

This study evaluated the long-term safety and efficacy of PPV for therapeutic and/or
diagnostic purposes via persistent vitreous involvement in uveitic eyes, focusing on the
postoperative control of intraocular inflammation, visual acuity and the macular profile.
The rationale for including these patients relies on the attempt to selectively assess the
potential effect of PPV itself and avoid confounding factors, in particular, concomitant
pathologies. Indeed, the therapeutic role of PPV in uveitis has been variously reported
as being beneficial for treating several diseases of the posterior segment affecting uveitic
eyes, such as ERM, retinal detachment and persistent CME [6,7]. Our study demonstrated
a beneficial effect of PPV in terms of BCVA, uveitis activity and the macular profile.

The improvement in visual acuity after the vitrectomy of uveitic eyes has been vari-
ously reported over recent decades [1,10]. Becker et al. reported 44 case series published
between 1981 and 2005 and documented an improvement in vision in 708 eyes (68%) [8].
Shin et al. [9] analyzed the 12-month outcomes after PPV among patients with intermediate
uveitis and reported a VA improvement in 69.7% of eyes, with mean preoperative BCVA im-
proving from 0.81 (0.64) logMAR to 0.41 (0.50) logMAR postoperatively. Branson et al. [13]
reviewed 11 studies reporting variable visual outcomes of PPV for macular pathology in
uveitis, but this may be due to the masking of chronic permanent macular damage due
to ERM or macular holes. Indeed, positive functional outcomes were further supported
by a recent review reporting that the postoperative visual acuity improved in 69% of the
eyes included, whereas no change and worsening were documented in 18% and 13%,
respectively [10]. Our results appear to be consistent with previous studies, as the BCVA
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significantly improved at each FU visit. Interestingly, we report, for the first time, that
although the BCVA improvement remained significant at 24-month FU, there was a signifi-
cant trend towards a worsening of visual acuity with time. This finding may be explained
by the presence of concomitant/subsequent ocular pathologies, such as glaucoma, ERM,
cataract or posterior capsule opacification.

The functional improvement of eyes with uveitis after PPV has been also associated
with the reportedly improved intraocular inflammation [9,14–20]. The effect of PPV on the
inflammation status of eyes with uveitis has been evaluated in several previous studies,
and the clearance of active inflammatory mediators from the vitreous cavity has been
advocated as the main factor responsible for the decreased uveitis activity. However, other
factors may contribute to the positive impact of PPV on intraocular inflammation, such
as the increased clearance of inflammatory cells and the enhanced penetration of drugs
used to control inflammation in vitrectomized eyes, as well as changes in the intraocular
gradients of oxygen [21]. Conversely, in our study that included uveitis with different
etiologies and anatomical location, most of previous studies focused on a specific type of
uveitis. Shin et al. [9] studied the long-term implications of PPV performed in cases of
complications, such as ERM, tractional retinal detachment and vitreous opacity, in 66 eyes
with intermediate uveitis. The study demonstrated that in eyes treated with PPV, there was
a decrease in the frequency of uveitis attacks, a reduction in the need for further therapy
such as peri- or intraocular steroid injections or systemic medications, and an improvement
in visual acuity during the 12-month follow up, which was independent of the degree
of preoperative inflammation. Giuliari et al. [18] showed that PPV is safe and effective
for the management of chronic pediatric uveitis and is associated with the reduction in
systemic anti-inflammatory medications. Interestingly, Quinones et al. [22] performed a
small randomized trial of 18 eyes, reporting more the improved control of intermediate
uveitis after PPV compared with that of immunomodulatory therapy. Similar to our study,
Scott et al. [15] included 41 eyes with intermediate cases, posterior cases or panuveitis
treated with PPV, reporting an overall improvement in inflammation and visual acuity
at the 12-month FU. Despite the better control of inflammation, the use of oral steroids
and DMARDs remained unchanged in this cohort [15]. Takayama et al. [20] compared
38 eyes with granulomatous uveitis and 17 eyes with non-granulomatous uveitis treated
with PPV and showed improvement in visual acuity and inflammation status 6 months
after PPV. However, in the latter series, there was no analysis of the immunosuppressive
and corticosteroid therapy [20]. Consistent with previous reports, we found a positive effect
of PPV in terms of uveitis activity, which was significantly reduced at each FU analyzed. In
terms of therapeutic regimen, we followed a step-wise approach, increasing the treatment
from topical to oral steroids to determine the minimum amount of second-line immuno-
suppressives needed to achieve adequate control of intraocular inflammation. In addition,
preoperative steroid and immunosuppressive therapy was avoided if PPV was performed
for diagnostic purposes in order to improve the diagnostic yield. Improved inflammation
control was also confirmed by the reduced proportion of patients requiring oral steroids
12 and 24 months after PPV. It is important to note that the control of inflammation without
the need to use oral steroids is the main aim in the management of uveitis due to the
potential steroid side effects, especially among children.

Our study also supported the safety of PPV in uveitic eyes. Indeed, we reported a lim-
ited number of intraoperative and postoperative complications. In this regard, the dramatic
advances of vitrectomy machines over the last two decades, resulting in a less invasive and
more efficient procedure [23–25], have been advocated as a significant contributing factor
to the wide use of PPV, even for eyes with uveitis.

The improved control of inflammation post-PPV may contribute to the reported ben-
eficial effect on CRT and CME. Macular edema is defined as the thickening of the retina
in the macula caused by a breakdown in the blood–retinal barrier (BRB) with an accumu-
lation of extracellular fluid in the intra or sub-retinal area [26]. The uveitic ME can range
from 20% to 70% and can occur as a complication in anterior, intermediate or posterior
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uveitis. It is frequently observed in chronic and intermediate or posterior uveitis and
panuveitis [27,28]. Macular oedema is the major cause of visual loss in uveitis, causing a
visual acuity of 20/60 or less in approximately 40% of eyes [26,27,29]. Macular edema can
occur in uveitis with different patterns: cystoid ME, in up to 80% of the cases, diffuse ME
and serous retinal detachment [28]. The pathogenesis of ME in uveitis is multi-factorial, and
although mechanical vitreomacular interactions and membrane formation on the macular
surface can play a role, persistent subclinical or chronic inflammation is a key factor in the
process [26]. Indeed, inflammation causes retinal pigment epithelial pump dysfunction
and the consequent breakdown of the blood–retina barrier with the leakage of fluid in the
retinal tissue [26,28]. The accumulation of inflammatory cytokines in the vitreous, which
acts as a depot, could also be partly responsible for the macular oedema [8,30]. Therefore,
performing PPV to remove the vitreous can theoretically eliminate the accumulation of
inflammatory mediators close to the macula and help resolve or reduce the mechanical
vitreomacular interactions [8]. In our study, only seven patients had preoperative macular
oedemas. Considering that macular oedemas are a common complication of uveitis [28],
the occurrence of macular oedemas in our study is limited. One of the factors could be due
to under-reporting and obscuration of the macula from significant vitreous debris in the
patients. Furthermore, we excluded all PPV with surgical maneuvers performed on the
macula, including internal limiting membrane peeling, which has been proposed as a thera-
peutic option when the persistent CME is the main indication for PPV [31–33]. In addition,
the impact of ILM peeling in severe CME of different etiologies is still controversial [32–34].
Although PPV was not specifically used in any of our cases to treat a macular oedema, we
reported the resolution of macular edemas in four of seven patients (57%). This is better
than reports elsewhere with rates with a range of 40–60% [8,14,15,31,35,36]. The true per-
centage of improvement, and hence, the protective effect on the macula may potentially be
greater if it is assumed that more patients may have had an undiagnosed macular oedema
prior to PPV due to hazy media. In addition, we found a trend towards the reduction
in CRT during the entire FU, further supporting the long-term beneficial effect of PPV
on the macular profile. These results, along with the risk of irreversible macular damage
associated with undiagnosed chronic CME, might encourage early PPV in uveitic eyes
with persistent vitreous inflammation/opacities. In addition, the removal of inflammatory
debris with the secondary reduction of the macular oedema following PPV may allow the
safe tapering of immunosuppressive medications.

We acknowledge that this study has several limitations. Firstly, the retrospective
design will inherently lead to case selection bias. Moreover, due to the small sample size,
we did not subgroup the uveitis conditions based on etiology, as this would have made
the group sizes very small and provided inconclusive results. However, it should be
highlighted that uveitis is not a common condition, and the application of strict inclusion
and exclusion criteria allowed us to present a more homogeneous sample and exclude
potential biases associated with specific surgical maneuvers (e.g., ERM peeling) or other
main surgical indications (e.g., RD).

In conclusion, we report one of the largest studies on uveitic vitrectomies looking
at both the control of inflammation and the use of immunosuppressive medications at
24 months following the surgery for all types of uveitis irrespective of the cause. Our results
have shown that PPV, even without macular intervention for uveitis, leads to an overall
improvement in VA, macular oedema and intraocular inflammation. Furthermore, there
is an overall reduction in the use of combination medical therapy to control intraocular
inflammation. The development of a well-designed randomized controlled trial for PPV in
improving outcomes for uveitis will be useful, but it remains a challenge to conduct this
type of study due to the heterogenous causes of uveitis.
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Abstract: The artificial intelligence (AI) systems used for diagnosing ophthalmic diseases have
significantly progressed in recent years. The diagnosis of difficult eye conditions, such as cataracts,
diabetic retinopathy, age-related macular degeneration, glaucoma, and retinopathy of prematurity,
has become significantly less complicated as a result of the development of AI algorithms, which are
currently on par with ophthalmologists in terms of their level of effectiveness. However, in the context
of building AI systems for medical applications such as identifying eye diseases, addressing the
challenges of safety and trustworthiness is paramount, including the emerging threat of adversarial
attacks. Research has increasingly focused on understanding and mitigating these attacks, with
numerous articles discussing this topic in recent years. As a starting point for our discussion, we used
the paper by Ma et al. “Understanding Adversarial Attacks on Deep Learning Based Medical Image
Analysis Systems”. A literature review was performed for this study, which included a thorough
search of open-access research papers using online sources (PubMed and Google). The research
provides examples of unique attack strategies for medical images. Unfortunately, unique algorithms
for attacks on the various ophthalmic image types have yet to be developed. It is a task that needs
to be performed. As a result, it is necessary to build algorithms that validate the computation and
explain the findings of artificial intelligence models. In this article, we focus on adversarial attacks,
one of the most well-known attack methods, which provide evidence (i.e., adversarial examples) of
the lack of resilience of decision models that do not include provable guarantees. Adversarial attacks
have the potential to provide inaccurate findings in deep learning systems and can have catastrophic
effects in the healthcare industry, such as healthcare financing fraud and wrong diagnosis.

Keywords: adversarial attacks; ophthalmology; artificial intelligence

1. Introduction

In many areas of artificial intelligence, machine learning algorithms based on big
data (Wang et al. [1] and Ching-Yu et al. [2]) and deep learning have facilitated extraordinary
progress, with many applications in ophthalmology (Keenan et al. [3], Papadopoulos et al. [4],
Rampasek et al. [5], Ishii et al. [6], Kermany et al. [7], Liu Y. et al. [8], Liu T. et al. [9], Burlina
et al. [10], Cen et al. [11], Zheng et al. [12], Shekar et al. [13], and by Zhao et al. [14]).

Advances in artificial intelligence (AI) algorithms and easy access to large public
datasets have made AI models ubiquitous, from funny filters on Instagram to automatic
translators that help us perform our work to specialised models that solve complicated
problems such as analysing and classifying medical photos.

With the help of artificial intelligence algorithms, we can solve complex image clas-
sification problems in different areas of life. The development of big data has given us
access to millions of correctly classified images. This allows the algorithms to learn better.
The latest models can achieve up to 98% accuracy, which can be misleading. Suppose we
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consider even minor perturbations to the image, such as the change in colour of just one
pixel. Then, such models are uncertain for small perturbations. A disturbance of the image,
which does not change in termsof human perception, makes it a completely different image
for the AI model (Figure 1).

Figure 1. A classical example of an adversarial attack (Goodfellow et al. [15]).

The figure above demonstrates that the model first correctly categorised the panda
image. After the perturbation was applied to this image, the model’s prediction shifted to
a gibbon, and the likelihood that it was a gibbon was extremely high. Humans interpret
both photographs similarly. Nonetheless, the model views them as entirely distinct. This
highlights the significance of adversarial attacks and that even modifications in the image
that are imperceptible to humans can dramatically misrepresent the model’s output, as
described by Liu et al. [16].

Most of the attacks presented in this paper concern convolutional neural networks
(CNNs). However, the relatively new approach in computer vision, adapted from natural
language processing, vision transformers (ViTs), can achieve state-of-the-art or near-state-
of-the-art performance on various image classification tasks, as demonstrated by recent
advances in attention-based networks. It distinguishes transformers as a promising alterna-
tive to conventional convolutional neural networks. Mahmood et al. [17] demonstrated
that white-box attacks are highly effective at producing vision transformer examples. They
concluded that vision transformers are as susceptible to white-box adversaries as their CNN
counterparts. Nonetheless, transferability can be utilised to achieve robustness against a
black-box adversary. They developed a SAGA attack.

Hu et al. [18] also employed attacks against CNNs and ViTs. They described the
IAM-UAP attack algorithm.

However, some groundbreaking studies by Naseer et al. [19] demonstrated that ViTs
are more robust than CNNs against adversarial patch attacks, arguing that the dynamic,
receptive field of multihead self-attention (MSA) is the reason for its superior robustness.

Wang and Ruan provided significant results [20]. The authors demonstrated that ViTs
are Lipschitz continuous for vision tasks and then formally connect the local robustness
of transformers to the Cauchy problem. They theoretically showed that the maximum
singular value determines the local robustness of each block’s Jacobian. They discovered
that the initial and final layers inhibit the robustness of ViTs. In addition, contrary to
existing research that suggests MSA can increase robustness, they found that the defensive
power of MSA in ViT is only effective against weak adversarial attacks for large models.
MSA compromises adversary robustness even against solid attacks.

Unfortunately, research using ViT to classify medical images is relatively new, and
there are no presented attacks on such models for classifying medical images. It could be
an interesting step in the development of specialised adversarial attacks.
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In recent years, more research has been undertaken on applying artificial intelligence
algorithms to solve medical problems, i.e., studies on various eye diseases. The resulting
models are highly efficient. Nevertheless, we typically do not receive any information on
model checking. One such difficulty may arise from the adversarial attacks presented by
Goodfellow et al. [15]. They are relatively easy attacks to develop and are expected when
working with images.

This study covered adversarial and specific adversarial attacks for images used in
ophthalmology. In this paper, we highlight the different attacks and describe their influence
on models that receive ophthalmic images as input. We also address the necessity of
designing novel attack algorithms for specific sorts of pictures, such as fundus or anterior
segment images.

2. Adversarial Attacks

The tendency of classifiers to overfit has led many to assume that adversarial attacks
only occur in deep neural networks. All decision models have an adversarial attack as a
fundamental property. Here we will explore the fundamentals of adversarial attacks to
better understand attacks on ophthalmic image classification models.

Suppose d represents the number of dimensions of the input object. Consider a data
point representing an image x0 ∈ R

d of class Ci, where 0 < i ≤ j, and j is the number of
classes. An adversarial attack is a malicious attempt to insert x0 into a new data point x ∈ R

d

such that the classifier misclassifies x, i.e., x belongs to a particularly hostile target class.
There are two categories of attacks: targeted and untargeted attacks. Let us consider a

binary classification. In a targeted attack, a certain class C1 is given, and with this attack,
we want a given model M to classify an image of a given image I into class C1, although
its correct class is C2. An untargeted attack aims to deceive the model M by giving it a
distorted image I so that it is assigned to a class other than C1. Untargeted attacks are not
as good as targeted attacks and take much less time. Targeted attacks are more effective at
changing the model’s predictions, but they come at a price: time.

Problem Formulation

An adversarial attack is a malicious attempt to perturb a data point x0 ∈ R
d to another

point x ∈ R
d so that x belongs to a particular adversarial target class.

Suppose a binary classifier classifies photographs of the anterior segment of the eye
for cataracts.

For example, if x0 is a feature vector of an anterior eye segment photograph with a
correct classification of cataract. With an adversarial attack, we want to create another
feature vector x classified as healthy (or another class specified by the attacker). In some
scenarios, the goal may not be to assign x0 to a particular target class C t, but to push it
away from its original class C i.

Let us define a data set as D = {xi, yi}N
i=1, where xi is a data sample labelled yi, and N

is the size of the data set. A trained model is denoted as M with input x and prediction
M(x). A loss function is denoted by �. In a soft machine learning system, training attempts
to minimise the loss between the target label and the predicted label:

Definition 1. Given data X = {x1, x2, . . . , xn} and target labels Y = {y1, y2, . . . , yn} find a
hypothesis H such that

arg min
H

∑
xi ,yi∈D

�(H(xi), yi).

The trained model is tested to see how well it can predict the predicted label. One of
the methods is to calculate the error by summing the losses between the target label and
the predicted label.

Let us define a test dataset as D′ = {xi, yi}M
i=1, where xi is a data sample with label yi,

and M is the size of the dataset.
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Definition 2. Given test data X ′ = {x1, x2, . . . , xm} and test labels Y′ = {y1, y2, . . . , ym}, the
error is

∑
xi ,yi∈D′

�(H(xi), yi).

The adversarial attack algorithm is divided into two main parts:

1. The query input is changed from the benign input x to x′.
2. An attack target is set so that the prediction result H(x) is no longer y. The loss is

changed from �(H(xi), yi) to �(H(xi), y′i), where y′i �= yi.

Definition 3 (Adversarial Attack (AA)). Let x0 ∈ R
d be a data point belonging to class C i.

Define a target class C t. An adversarial attack is a mapping A : Rd → R
d such that the perturbed data

x = A(x0)

3. Methodology

As a starting point for our discussion, we used the study by Ma et al. [21].
We began our search of open-access research papers available in Google Scholar’s

primary search. We searched for papers that consisted of entering various terms in three
types of search engines, including “ophthalmology”, “ophthalmic image”, “retina”, and
“retinal image”, “fundus”, and “fundus image”, along with the words “adversarial attacks”
and “attacks”. The exact search was performed in the Google search and PubMed engines.
We considered papers published after 2018.

4. Challenges in Adversarial Attacks in Medicine

Before the paper by Ma et al. [21], adversarial machine learning analysis focused on
natural images, and medical image AAs were still unclear. Unlike natural images, medi-
cal images may contain domain-specific features. AAs can affect medical deep-learning
systems. AAs can arbitrarily change diagnoses and outcomes. Ma et al. emphasised the
importance of the fact that the healthcare system is heavily resourced. It inevitably creates
risks where potential attackers can attempt to profit from manipulating the healthcare
system. They gave an example of an attacker who can manipulate the health system’s
investigative reports to commit insurance fraud or submit a fraudulent claim for medical
reimbursement, as first presented by Paschali et al. [22].

In addition, an attacker may attempt to make a misdiagnosis by manipulating an
image without detection. It may significantly affect patient decisions. DNNs operate
on the black box principle, so such misclassification would be nearly impossible to de-
tect. Other techniques can explain the DNNs’ decision, but consulting an expert/doctor
is necessary for the diagnosis to be certain. This was shown by Avramidis et al. [23],
Kind et al. [24], Chetoui et al. [25], and Ribeiro et al. [26].

Decision models and medical imaging techniques are increasingly used in medical
diagnostics. Safe and robust medical deep-learning systems have become essential, as
shown by by Finlayson et al. [27] and Paschali et al. [22]. The work by Ma et al. [21]
was an essential step toward developing a comprehensive understanding of AAs in this
field. It provides a broad knowledge of AAs in medical images, from the perspectives of
both generating and detecting these attacks. However, Finlayson et al. [27] and Paschali
et al. [22] have studied AAs on medical images, primarily focusing on testing the robustness
of the deep models developed for medical image analysis.

The authors emphasised that AAs can succeed faster on medical images than natural
ones. It means that fewer perturbations are required to execute a successful attack. They
then pointed to two main reasons why deep neural networks that classify medical images
are more exposed to AAs:
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1. Typically, medical images have complex biological textures, leading to areas with
stronger gradients that are sensitive to small perturbations from attackers.

2. State-of-the-art deep neural networks designed for large-scale natural image process-
ing can be reparameterised for medical imaging tasks, resulting in a severe loss of
landscape and high susceptibility to AAs.

According to the analysis by Ma et al. [21], medical imaging AAs generated using
attack methods developed from natural images are not really “detrimental” in the medical
sense. The authors noted that caution should be used when using these AAs to evaluate
the performance of DNN models for medical images. Their study also shed light on the
future development of more effective attacks on medical images. Future research should
focus on developing specific AAs for different types of ophthalmic images.

The Danger of Adversarial Attacks in the Healthcare System

According to Finlayson et al. [28], the U.S. healthcare system favours AAs. They sum-
marised parts of the healthcare system that can give an attacker a reason and opportunity
to perform an AA.

The paper also discusses the technical reasons why medical machine-learning systems
are accessible to AAs. The authors noted that the truth must often be clarified and id more
contentious. End users change images that are difficult to diagnose. In this case, they can
make it very hard for medical experts to figure out how much influence they have. Deep
learning is most useful in edge cases.

They also noted that medical imaging is highly standardised. They found that medical
AA attacks do not require invariance. Medical AA attacks are not immune to lighting or
position changes.

They also considered the fact that standard network architectures are frequently used.
Most of the best-published methods in medical computer vision have the same basic
structure. This lack of architectural variety makes it easier for attackers to attack multiple
medical systems. Models should be made public to provide transparency and enable more
targeted attacks.

Finlayson et al. [28] provided a hypothetical but intriguing example of adversarial
examples in ophthalmology. According to the authors, government agencies often issue
diagnostic guidelines requiring coverage for specific procedures, if requirements are met.
One of the criteria could be that a patient with diabetic retinopathy should undergo a
specific surgery from an insurance company. Even if the insurer cannot control the policy,
it can control surgery frequency using noise instead of slightly positive photos. On the
other hand, an ophthalmologist may place a universal enemy image on the lens of its image
capture system. A third-party image processing system would mistakenly label all images
as positive cases without changing the image in the information system.

5. Adversarial Attacks in Ophthalmology

Artificial intelligence has a significant role to play in the field of ophthalmic imaging. Colour
fundus imaging and optical coherence tomography play a substantial role in ophthalmology in
terms of their diagnostic accuracy and usefulness in segmenting disorders.

This section provides a summary of AAs on ophthalmology-related models. However,
the original issue is partitioned into two separate ones. The first is the usage of classical
adversarial algorithms, and the second, given in the following section, is the application
of ophthalmology-specific adversarial algorithms. In chronological order, we began our
examination in 2018.

Shah et al. [29] studied the effect of AAs on retinal imaging. To detect diabetic retinopa-
thy, they evaluated image-based CNN-0, closely influenced by Alexnet by Krizhevsky
et al. [30]; CNN-1, inspired by Enet by Paszke et al. [31]; and hybrid-lesion-based medical
image analysis models by Abràmoff et al. [32]. The CNN-1 and hybrid-lesion-based models
were evaluated using CNN-0 and the iterative fast gradient sign method (I-FGSM) by
Kurakin et al. [33] to produce adversarial images. According to the experimental results,
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CNN models performed rather poorly, but hybrid-lesion-based models were more robust
and achieved 45% and 0.6% reductions in accuracy, respectively (Figure 2). They collected
the image from the Eyepacs dataset by Cuadros and Bresnick [34]. The authors noted that
the explainability of the decision process underlying medical-image-based diagnostic tasks
is of utmost importance.

Figure 2. The AAs of three different patients (A–C) images that had previously been classified as a
disease (referable diabetic retinopathy). The original images containing the disease are in the left
column, while the right column displays the AA variants. Pixel differences are difficult to distinguish,
even at high magnification (Shah et al. [29]).

Medical AAs were demonstrated to be feasible by Finlayson et al. [28]. The authors
created a set of medical classifiers based on state-of-the-art clinical deep-learning algorithms.
White- and black-box attacks against each other were the two types of AAs they carried out.

They created classification models for referable diabetic retinopathy based on fun-
doscopy images of the retina (similar to Gulshan et al. [35]). Data from the Kaggle Diabetic
Retinopathy Dataset were used to train the models. Instead of the retinopathy grade, the
Kaggle dataset sought to predict referable (grade 2 or worse) diabetic retinopathy using the
model by Gulshan et al. [35].

Two different sorts of attacks, human undetected and patch attacks, were used to show
how vulnerable their models were to AAs under various threat models. The white- and
black-box projected gradient descent (PGD) attack methods were used in the undetectable
by human attacks. The FGSM attack, first presented by Madry et al. [36], has evolved into
the PGD attack, an iterative evolution of the FGSM attack. They adapted the approach
outlined by Buckman et al. [37] for adversarial patch attacks.

The experimental results (Figure 3) showed that even very accurate medical classifiers
can produce AAs, regardless of whether potential attackers have direct access to the model
or must attack humans invisibly. PGD attacks require digital access to specific photographs
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provided to the model, while adversarial patch attacks can be used on any image, according
to the research. They described realistic AAs against their systems.

Figure 3. A demonstration that AAs can be feasible even for extremely accurate medical classifiers
(Finlayson et al. [28]).

Ma et al. [21] examined four attacks on DNNs trained on five medical image datasets.
They presented attack parameters, results, and analyses. FGSM, BIM, PGD, and the strongest
optimisation-based Carlini and Wagner attack (L∞ version) were performed. These attacks
were limited by a maximum perturbation ε in the L∞ norm on each input pixel.

They benchmarked the difficulty of classifying diabetic retinopathy fundus images.
They initially categorised the image dataset into ‘no DR’ and ‘referable’. They focused on
medical photos’ AA difficulty, which matched ImageNet’s nature images. Medical photos
were easier to attack than ImageNet photos, the findings showed. This unexpected finding
was clarified by a saliency map for two ImageNet and medical images from different
classes. Based on classification loss gradients, the saliency map of an input picture shows
the regions that change model output most from classification loss gradients. However,
comparing the model procedures with the explanations of ImageNet and medical image
output from different classes would be interesting, valuable, and intriguing.

As a result, we concluded that we require explainable models in addition to unique
AAs for characteristic medical images.

Yoo and Choi [38] investigated whether AAs can confound deep-learning systems
based on imaging techniques such as fundus photography (FP), ultra-widefield photogra-
phy (FP), and optical coherence tomography (OCT). Based on the basic FGSM algorithm,
they developed a binary classifier to identify cases of diabetic retinopathy and diabetic
macular oedema. Again, the unique qualities of medical imagery were ignored in this study.

The results exhibited the same characteristics as those reported by Ma et al. [21]. Using
FGSM attacks helps deep learning models perform better.
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Nonetheless, the authors adopted the same stance on attacks as Ma et al. [21]. Attackers
may disrupt hospitals’ and insurance firms’ medical billing and reimbursement systems.
Defensive approaches, including adversarial training, denoising filters, and generative
adversarial networks, can successfully decrease the impact of AAs.

Lal et al. [39] worked on establishing a framework for diabetic retinopathy detection-
specific attack detection and defence. Keeping algorithms safe and reliable is a major
concern in the fast-paced growth of artificial intelligence (AI) and deep learning (DL) tech-
niques. The main conclusion of the study was a framework that provides a protective model
against the adversarial speckle-noise attack and adversarial training. The authors then
proposed a feature fusion technique that maintains categorisation with correct labelling.
They assessed and studied the AAs and defences created by their framework on retinal
fundus images for the problem of diabetic retinopathy identification. However, the authors
concentrated on only two types of attacks: FGSM and speckle-noise attack (SN). The most
significant disadvantage is that these attacks are detectable at first glance. The authors
correctly noted that medical images are significantly degraded because, for example, noise
is unavoidable in data acquisition, contrast is low due to illumination variations, and
various other factors can produce random pixel values for individual pixels in an image by
multiplying speckle noise (Figure 4).

Figure 4. An example of the SN attacked images from [39] by Lal et al.

Hirano et al. [40] emphasised the need for more concentrated research on the vulner-
ability of DNNs to AAs. They focused on a single, modest, image-agnostic perturbation
known as a universal adversarial perturbation (UAP), which can cause DNN failure in
the majority of image classification tasks. Because such minute changes have little effect
on data distributions, UAPs are challenging to find. Nonetheless, the authors found that
UAP-based AAs are more accurate for adversaries to implement in real-world contexts. In
medical imaging diagnostics, UAPs are prone to security risks.

Nonetheless, defence tactics against UAPs in DNN-based medical image classification
still need to be studied, despite the sensitivity of DNNs to AAs, demonstrating the need for
solutions to address security concerns.

Researchers focused on a representative medical image classification: the classification
of diabetic retinopathy based on OCT images. Based on previous research, they built DNN
models with different topologies for medical image recognition and investigated their
susceptibility to untargeted and targeted attacks based on UAPs. They also studied the
defence against attackers. They used adversarial training to test the increased resistance of
DNNs to untargeted and targeted UAPs.
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6. Specified Adversarial Attacks in Ophthalmology

The studies presented in the previous section have indicated a need to build algorithms
for deception attacks explicitly targeted at medical images. In this section, we concentrate
on attacks specifically designed for ophthalmic images in this area.

6.1. Adaptive Segmentation Mask Attack

Ozbulak et al. [41] demonstrated that deep-learning-based medical image segmen-
tation models are susceptible to AAs. They concentrated on optic disc segmentation
in glaucoma and targeted attacks. They employed the U-Net model, one of the best-
recognised models for medical image segmentation. They introduced the adaptive mask
segmentation attack (AMSA), a unique approach to creating AAs with realistic predic-
tion masks. When misclassified, the algorithm modifies the masks in largely imper-
ceptible ways to human sight. The authors posted the AA’s source code on GitHub
at https://github.com/utkuozbulak/adaptive-segmentation-mask-attack/ (accessed on
25 April 2023).

6.2. HFC

Yao et al. [42] presented a novel hierarchical feature constraint (HFC) to supplement
current white-box attacks, allowing the adversarial representation to be concealed within
the normal feature distribution. They examined the proposed approach using a fundoscopy
image dataset. Their investigations revealed that the increased susceptibility of medical
representations gives an adversary more opportunities for malevolent manipulation. Their
premise was that medical AAs are easily detectable. They specified the HFC that can be
used in attacks to evade detection. They performed comprehensive tests to determine
the efficacy of the HFC. The experimental results demonstrated that HFC significantly
outperformed other adaptive attacks, highlighting the inadequacies of existing approaches
for identifying medical attacks in feature space.

6.3. MSA

Shao et al. [43] reported a targeted attack against a biomedical image segmentation
model built on multiscale gradients. Their approach integrates the attack on the adaptive
segmentation mask with a perturbation of the feature space. They suggested a targeted
attack approach employing multiscale gradients and applied the binary cross-entropy loss
function for semantic image segmentation. The MSA approach introduces the gradient
information of the loss functions to repeatedly calculate the adversarial perturbation. The
original image is fitted with the adversarial perturbation and is subsequently transformed
to an AA when the predicted mask of AA is close to the target mask. They conducted
glaucoma-related studies utilising U-Net and an optic disc segmentation dataset. They
demonstrated that their MSA method outperformed the standard method (ASMA).

6.4. SMIA

In order to diagnose pre-existing medical systems, Qi et al. [44] presented a method
for medical image AA. By maximising the deviation loss term and minimising the loss
stabilisation term, the approach iteratively builds AAs. The current iteration increases the
difference between the CNN prediction and the matching ground truth label for AA. In
comparison, the CNN predictions for the smoothed input are similar. Similar predictions
ensure that the perturbations are created in a relatively flat region in the CNN feature space.
The perturbations are updated from one flat region to another throughout subsequent
iterations. Hence, the suggested approach cab explore perturbation space to smooth a
single point and obtain a local optimum. Compared with the perturbation movement
between single locations induced just by the loss deviation term, the loss stabilisation term
enhances attack performance by stabilising the perturbation movement.

They used two datasets for diabetic retinopathy evaluation: APTOS-2019 and Kaggle-
DR, and they used the ResNet-50 model combined with a graph convolutional network
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to classify fundus images. Under the same medical analytic settings, they compared
the proposed SMIA technique with existing AA methods. In addition to the commonly
utilised FGSM and PGD algorithms, they included DAG, which was proposed for natural
image identification and segmentation, and DeepFool, which was designed for disease
classification. The visualisation and experimental results proved the attack approach’s
success in determining the limitations of medical diagnostic systems and further enhancing
them (Figure 5).

Figure 5. An example of SMIA effectiveness (Qi et al. [44]).

6.5. Remarks

The aforementioned studies have illustrated specific attack tactics for medical images.
However, no novel algorithms for attacks on various ophthalmic image types have yet
to be developed, which is a task that must be accomplished. As a result, algorithms that
explain the results of artificial intelligence models and that validate the computation of
artificial intelligence models must be developed.

7. Regulations

7.1. The European Union

In April 2021, the European Commission has proposed REGULATION OF THE EU-
ROPEAN PARLIAMENT AND OF THE COUNCIL LAYING DOWN HARMONISED
RULES ON ARTIFICIAL INTELLIGENCE (ARTIFICIAL INTELLIGENCE ACT) AND
AMENDING CERTAIN UNION LEGISLATIVE ACTS [45].

Note 51 says:

“Cybersecurity plays a crucial role in ensuring that AI systems are resilient against
attempts to alter their use, behaviour, performance or compromise their security prop-
erties by malicious third parties exploiting the system’s vulnerabilities. Cyberattacks
against AI systems can leverage AI specific assets, such as training data sets (e.g., data
poisoning) or trained models (e.g., adversarial attacks), or exploit vulnerabilities in the
AI system’s digital assets or the underlying ICT infrastructure. To ensure a level of
cybersecurity appropriate to the risks, suitable measures should therefore be taken by the
providers of high-risk AI systems, also taking into account as appropriate the underlying
ICT infrastructure.”

Chapter 2, Article 15, point 4 says:

“High-risk AI systems shall be resilient as regards attempts by unauthorised third parties
to alter their use or performance by exploiting the system vulnerabilities.

The technical solutions aimed at ensuring the cybersecurity of high-risk AI systems shall
be appropriate to the relevant circumstances and the risks.

The technical solutions to address AI specific vulnerabilities shall include, where appropri-
ate, measures to prevent and control for attacks trying to manipulate the training dataset
(‘data poisoning’), inputs designed to cause the model to make a mistake (‘adversarial
examples’), or model flaws.”

7.2. The United States of America

In January 2021, the U.S. Food and Drug Administration (FDA) presented “Artificial
Intelligence/Machine Learning (AI/ML)-Based Software as a Medical Device (SaMD)
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Action Plan” [46]. Point 4 “4. Regulatory Science Methods Related to Algorithm Bias &
Robustness” says:

“Support regulatory science efforts to develop methodology for the evaluation and improve-
ment of machine learning algorithms, including for the identification and elimination of
bias, and for the evaluation and promotion of algorithm robustness.”

7.3. Discussion

We could not find real-life adversarial attacks in the medicine descriptions in the
literature. This shows how complicated and delicate the problem is. In the previous
sections, we showed that two famous institutions are aware of the possibility of attacks
and the lack of robustness of the models.

During our previous research, we used several commercial models. We proposed
the algorithms’ owners’ joint research and the possibility of testing models using attacks
several times. We also explained to companies that successful attacks will not discredit their
product but show how their model can be improved. None of the companies expressed
willingness to cooperate. .

Testing the models by sending perturbed images via the interface provided by the
companies is possible. However, such attacking could be noticed by the fact that we would
send a dozen or so, at first glance, photos for classification that did not differ in any way.
This alsod involve high costs. The results obtained in this way could not be made available
and published.

We are currently working on attacks against a model provided to us by another
research group. However, again, this is not a commercially used model.

Soon, legal regulations requiring the verification of models and their explainability
will come into force in the European Union. However, we should be aware that such a
process may take a long time, and many misdiagnoses will occur before the law comes into
force. Similar problems occurred with the rapid development of information systems in
the 2000s. Many errors in the operation of the systems were detected after implementation,
costing human lives and financial losses. Legal regulations regarding formal verification
were introduced over time and in a few countries worldwide mainly because the cost of
formal verification often exceeded the cost of software development.

8. Conclusions

Artificial intelligence algorithms may advance ophthalmic image processing and
become a vital tool for clinicians and hospitals. However, AAs present a significant risk to
patients as well as a barrier to the correct operation of AI models. The purpose of this study
was to provide a summary of the studies focused on the use of AAs in ophthalmic image
analysis. The analyses have demonstrated that these attacks can also mislead ophthalmic
imaging models. Several researchers have presented novel attacks that have been created
specifically for the field of ophthalmic image processing and have a very high level of
accuracy. We provide a brief summary of the described attacks in Tables 1 and 2.

We think that computer scientists and the ophthalmology communities should closely co-
operate and concentrate on tackling AAs to integrate AI algorithms into real-world problems.

Table 1. The standard AAs.

Type of the Attack Characteristics

I-FGSM [29,33]
FGSM iteratively adds the noise (not random noise) whose
direction is the same as the gradient of the cost function
concerning the data.

PGD [28,36] Initialises the attack to a random point in the ball of interest and
performs random restarts.
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Table 1. Cont.

Type of the Attack Characteristics

FGSM [21,36,38] Adds the noise (not random noise) whose direction is the same as
the gradient of the cost function concerning the data.

BIM [21,33]
A simple extension of the FGSM where, rather than taking one
significant step, it performs an iterative procedure by using FGSM
numerous times on an image.

C&W [21,47] A regularisation-based attack with some necessary modifications
that can resolve the unboundedness issue.

SN [39] The gritty salt-and-pepper pattern seen in radar imaging or a
granular ‘noise’ that appears fundamentally in ultrasound.

UAP [40,48] Leads to DNN failure in most image classification tasks.

Table 2. Specialised AAs.

Type of the Attack Characteristics

AMSA [41] Can produce AAs with realistic prediction masks.

HFC [42] Enables hiding the adversarial representation in normal feature
distribution.

SMIA [44] The method iteratively generates AAs by maximising the
deviation loss term and minimising the loss stabilisation term.

MSA [43] Based on AMSA and multi-scale gradients.

In future work, we would like to compare all these attacks on a common database to
conclude which attack is the strongest and evaluate the detection/defence methods, i.e.,
adversarial training, or explain the model susceptible to attacks using explainable methods.
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