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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 Al 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.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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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-pum intervals from the nasal optic disc margin (nasal peripapillary area), one point at the subfovea,
six points at 900-um intervals from the fovea to the nasal and temporal areas (macular area), and
two peripheral points 5400 and 8100 um 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
(p) 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 pum [7,10,18].

The recently developed swept-source OCT (SS-OCT) uses a wavelength of 1040-1060 pm,
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 pum or and extrafoveal focus
that exceeded subfoveal CT by at least 50 um), 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 um, a digital axial resolution of 1.95 um, and a
transverse resolution of 20 um.
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Temporal 4

The Zeiss PLEX® Elite 9000 instrument offers a variety of scan types. In this study,
the HD spotlight 1 (16 mm) (magnification, 10x-100x) 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-um intervals from the nasal optic disc margin
(nasal points 1-3; nasal peripapillary area), 1 point at the subfovea, 6 points at 900-um
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-pum 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.

A Nasal 1
A Nasal 2
Nasal 3

A
Temporal 3 'y
Temporal 2 Nasal 6
Temporal 1 Subfovea

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-um intervals from the nasal optic disc margin (nasal points 1-3), at the
subfovea, at 900-um intervals from the fovea (nasal points 4-6 and temporal points 1-3), and at 2700-um 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 (p), 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 pm, 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 £201
Intraocular pressure (mean 4 SD, mmHg) * 0.233
Right 15.52 4 3.03
Left 16.39 4 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 pm (minimum-maximum, 302.50-564.00 um) in the right
eye and 380.36 + 71.23 pm (minimum-maximum, 305.50-595.00 pm) 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 (p) 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; p = 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.

Choroidal Thickness (um) (mean

£ SD) Measure of Symmetry
Points PVl erocular Correlation (p) 1cC
. nterocular Correlation (p

Right Eye Left Eye (All p < 0.01) @n,p<ooony Y
Nasal peripapillary Nasal 1 277.64 £ 87.39 268.86 £ 77.63 0.446 0.685 0.815 13.52
area 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 4+ 61.92 0.769 0.577 0.752 14.75
Nasal 5 294.79 £71.08  284.95470.26 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 Temporal4  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 f test. CV, coefficient of variation; ICC, interclass correlation
coefficient; p. Pearson’s correlation coefficient; SD, standard deviation.
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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

10
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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.

Difference in Choroidal Thickness (1m)

Region
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 4494 £+ 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 2711 £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.
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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 4 28.59, 48.17 + 34.60, and 63.36 + 50.54 pm,
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 Peripheral " + t .
Area Macular Area Area p p p p
Differencein ~ Mean + SD 48.17 £ 34.60 38.42 +28.59 63.36 £50.54  <0.001 0.058 0.018  <0.001
CT (um) 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). T 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 (8 = —6.226 4 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 (3 &= SD)

Area Nasal Peripapillary Area 14 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 (p > 0.8, ICC > 0.9) [26-28]. Similarly, in
the present study, CT measurements showed relatively high agreement (p > 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 (p = 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) pum in the right eye and 333
(133, 555) um 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.
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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 (DCNNSs) 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 x 512 to 2584 x 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 x 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 DCNNSs 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
anew 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.

BasicBlock1 BasicBlock?2 BasicBlock3 BasicBlock4 ~ AvgPool FC

shortcut shortcut shorteut
_______________________________ |
3x3 conv., 64 1x1 conv., 256 3x3 conv.,, 64

Batch normalization Batch normalization Batch normalization

Relu Relu

|
|
|
|
|
[ output |

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 x 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
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(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 DCNNSs. 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
DCNN:Ss. 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.

| Training set |

Training folds Test fold

L
f 1
First iteration ‘ ‘ | ‘ I:> E,
Second iteration | ‘ ‘ -:| —> 5
S . 1
Fourth iteration | - | | ‘ I:> Ey
Fifth iteration - | | | | —> s

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:
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where p, represents the total classification accuracy, and the representation of p, is:
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where a; is the number of real samples of class i; a; 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:
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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-
NN 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
DCNNSs 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
DCNNEs, 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 DCNNSs, 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 DCNNss were used.
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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
DCNN s 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 DCNNSs 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 DCNNSs, which indicates that the DCNNSs 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%
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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 DCNNSs 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) ()

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
DCNNSs 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 DCNNSs 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 DCNNSs 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 DCNNss 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. fuberculosis 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 Boni et al.,

should be performed [9].
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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-y 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 graylsh—whlte or variable pigmentation
yellowish
distribution Uniform uniform SLC-lilke smglfe or SLC-lilke smglfe or
multifocal lesion multifocal lesion
FA
early Hypofluorescent hyperfluorescent hypofluorescent hyperfluorescent
late Hyperfluorescent hyperfluorescent hyperfluorescent hyperfluorescent
hypocyanescent
ICGA Hypocyanescent (in atrophic areas)/ hypocyanescent hypocyanescent
isocyanescent
hypoautofluorescent
FAF hypoautofluorescent (in atrophic areas)/ hypoautofluorescent hypoautofluorescent
isoautofluorescent
EDI-OCT
full-thickness, round, . . full-thickness, round, outer retinal, RPE
shape poorly defined margins

well-defined borders

well defined borders

irregularity
similar to the choroid

internal reflectivity Hyporeflective similar to the choroid hyporeflective (complete resolution
possible)
choroidal
- Present present present present
hypertransmission
OCTA
CC atrophy with

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

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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SLO FAF FA, 1 min FA, 10 min ICGA, 20 min

N -

B S TN

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
MEC the hyperfluorescences are more diffuse. In indocyanine green angiography imaging (ICGA, E,K), hypocyanescent
lesions indicate the location of choroidal granulomas.

SLO FAF FA, 1 min FA, 10 min ICGA, 20 min

K

N -

B S TN

Figure 3. Typical imaging findings of ocular tuberculosis. Late stage fluoresceine angiography (FA; A) and optical coherence
tomography (OCT; Bl-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.

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

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

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

e  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
etal. 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.
Boni 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.

Author Contributions: Conceptualization, S.A.Z., A.C. and M.D.T.; methodology, S.A.Z. and M.D.T;
software, S.A.Z. and M.D.T,; validation, A.C., M.D.T. and R.R.; formal analysis, S.A.Z. and M.D.T;
investigation, N.F., M.R.J.W. and K.Z.-O.; visualization and supervision, R.R. and M.D.T.; Writing—
original draft, S.A.Z., N.F. and M.D.T.; Writing—review and editing, all coauthors; project administra-
tion, M.D.T. and R.R; funding acquisition, S.A.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: All patients gave informed consent to publish their clinical data.
Data Availability Statement: Data are available on reasonable request to the corresponding author.

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

38



J. Clin. Med. 2021, 10, 4880

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Waman, V.P;; Vedithi, S.C.; Thomas, S.E.; Bannerman, B.P.; Munir, A.; Skwark, M.]J.; Malhotra, S.; Blundell, T.L. Mycobacterial
genomics and structural bioinformatics: Opportunities and challenges in drug discovery. Emerg. Microbes Infect. 2019, 8, 109-118.
[CrossRef] [PubMed]

Neuhouser, A.J.; Sallam, A. Ocular Tuberculosis. In StatPearls; StatPearls Publishing LLC.: Treasure Island, FL, USA, 2021.
Furin, J.; Cox, H.; Pai, M. Tuberculosis. Lancet 2019, 393, 1642-1656. [CrossRef]

Talip, B.A.; Sleator, R.D.; Lowery, C.J.; Dooley, ].S.; Snelling, W.J. An Update on Global Tuberculosis (TB). Infect. Dis. Res. Treat.
2013, 6, 39-50. [CrossRef]

Riccardi, N.; Monticelli, J.; Antonello, R.M.; Luzzati, R.; Gabrielli, M.; Ferrarese, M.; Codecasa, L.; Di Bella, S.; Giacobbe, D.R.
Mycobacterium chimaera infections: An update. |. Infect. Chemother. Off. ]. Jpn. Soc. Chemother. 2020, 26, 199-205. [CrossRef]
[PubMed]

Hasse, B.; Hannan, M.M.; Keller, PM.; Maurer, EP.; Sommerstein, R.; Mertz, D.; Wagner, D.; Fernandez-Hidalgo, N.; Nomura, J.;
Manfrin, V.; et al. International Society of Cardiovascular Infectious Diseases Guidelines for the Diagnosis, Treatment and
Prevention of Disseminated Mycobacterium chimaera Infection Following Cardiac Surgery with Cardiopulmonary Bypass.
J. Hosp. Infect. 2020, 104, 214-235. [CrossRef] [PubMed]

Zweifel, S.A.; Mihic-Probst, D.; Curcio, C.A.; Barthelmes, D.; Thielken, A.; Keller, PM.; Hasse, B.; Boni, C. Clinical and
Histopathologic Ocular Findings in Disseminated Mycobacterium chimaera Infection after Cardiothoracic Surgery. Ophthalmology
2017, 124, 178-188. [CrossRef] [PubMed]

Deaner, J.D.; Lowder, C.Y.; Pichi, F.; Gordon, S.; Shrestha, N.; Emami-Naeini, P.; Sharma, S.; Srivastava, S.K. Clinical and
Multimodal Imaging Findings in Disseminated Mycobacterium Chimaera. Ophthalmol. Retin. 2021, 5, 184-194. [CrossRef]
[PubMed]

Boni, C.; Al-Sheikh, M.; Hasse, B.; Eberhard, R.; Kohler, P,; Hasler, P; Erb, S.; Hoffmann, M.; Barthelmes, D.; Zweifel, S.A.
Multimodal imaging of choroidal lesions in disseminated mycobacterium chimera infection after cardiothoracic surgery. Retina
2019, 39, 452-464. [CrossRef]

Ma, J.; Ruzicki, J.L.; Carrell, N.W.; Baker, C.F. Ocular manifestations of disseminated Mycobacterium chimaera infection after
cardiothoracic surgery. Can. ]. Ophthalmol. 2021. [CrossRef]

Ortiz-Martinez, Y.; Galindo-Regino, C.; Gonzélez-Hurtado, M.R.; Vanegas-Pastrana, ].J.; Valdes-Villegas, F. State of the art on
Mycobacterium chimaera research: A bibliometric analysis. J. Hosp. Infect. 2018, 100, €159-e160. [CrossRef]

Achermann, Y.; Rossle, M.; Hoffmann, M.; Deggim, V.; Kuster, S.; Zimmermann, D.R.; Bloemberg, G.; Hombach, M.; Hasse, B.
Prosthetic valve endocarditis and bloodstream infection due to Mycobacterium chimaera. ]. Clin. Microbiol. 2013, 51, 1769-1773.
[CrossRef]

Sia, J.K.; Rengarajan, J. Immunology of Mycobacterium tuberculosis Infections. Microbiol. Spectr. 2019, 7. [CrossRef] [PubMed]
Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. PLoS Med. 2009, 6, €1000097. [CrossRef] [PubMed]

Tognetto, D.; Giglio, R.; Vinciguerra, A.L.; Milan, S.; Rejdak, R.; Rejdak, M.; Zaluska-Ogryzek, K.; Zweifel, S.; Toro, M.D. Artificial
Intelligence Applications and Cataract Management: A Systematic Review. Surv. Ophthalmol. 2021, 9, 004. [CrossRef]

Posarelli, C.; Sartini, F; Casini, G.; Passani, A.; Toro, M.D.; Vella, G.; Figus, M. What Is the Impact of Intraoperative Microscope-
Integrated OCT in Ophthalmic Surgery? Relevant Applications and Outcomes. A Systematic Review. J. Clin. Med. 2020, 9, 1682.
[CrossRef]

Plyukhova, A.A.; Budzinskaya, M.V.; Starostin, K.M.; Rejdak, R.; Bucolo, C.; Reibaldi, M.; Toro, M.D. Comparative Safety
of Bevacizumab, Ranibizumab, and Aflibercept for Treatment of Neovascular Age-Related Macular Degeneration (AMD): A
Systematic Review and Network Meta-Analysis of Direct Comparative Studies. ]. Clin. Med. 2020, 9, 1522. [CrossRef]
Kongwattananon, W.; Brod, R.D.; Kodati, S. Mycobacterium Chimaera Choroiditis. Ophthalmol. Retina 2021, 5, 542. [CrossRef]
[PubMed]

Toro, M.D.; Nowomiejska, K.; Avitabile, T.; Rejdak, R.; Tripodi, S.; Porta, A.; Reibaldi, M.; Figus, M.; Posarelli, C.; Fiedorowicz,
M. Effect of Resveratrol on In Vitro and In Vivo Models of Diabetic Retinophathy: A Systematic Review. Int. J. Mol. Sci. 2019,
20, 3503. [CrossRef]

Toro, M.D.; Gozzo, L.; Tracia, L.; Ciccit, M.; Drago, F.; Bucolo, C.; Avitabile, T.; Rejdak, R.; Nowomiejska, K.; Zweifel, S.; et al.
New Therapeutic Perspectives in the Treatment of Uveal Melanoma: A Systematic Review. Biomedicines 2021, 9, 1311. [CrossRef]
Scriven, J.E.; Scobie, A.; Verlander, N.Q.; Houston, A.; Collyns, T.; Cajic, V.; Kon, O.M.; Mitchell, T.; Rahama, O.; Robinson, A.;
et al. Mycobacterium chimaera infection following cardiac surgery in the United Kingdom: Clinical features and outcome of the
first 30 cases. Clin. Microbiol. Infect. 2018, 24, 1164-1170. [CrossRef]

Kohler, P; Kuster, S.P.; Bloemberg, G.; Schulthess, B.; Frank, M.; Tanner, F.C.; Rossle, M.; Boni, C.; Falk, V.; Wilhelm, M.].;
et al. Healthcare-associated prosthetic heart valve, aortic vascular graft, and disseminated Mycobacterium chimaera infections
subsequent to open heart surgery. Eur. Heart J. 2015, 36, 2745-2753. [CrossRef]

Agarwal, A.; Mahajan, S.; Khairallah, M.; Mahendradas, P.; Gupta, A.; Gupta, V. Multimodal Imaging in Ocular Tuberculosis.
Ocul. Immunol. Inflamm. 2017, 25, 134-145. [CrossRef] [PubMed]

Testi, I; Agrawal, R.; Mehta, S.; Basu, S.; Nguyen, Q.; Pavesio, C.; Gupta, V. Ocular tuberculosis: Where are we today? Indian J.
Ophthalmol. 2020, 68, 1808-1817. [CrossRef]

39



J. Clin. Med. 2021, 10, 4880

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Vasconcelos-Santos, D.V.; Zierhut, M.; Rao, N.A. Strengths and weaknesses of diagnostic tools for tuberculous uveitis. Ocul.
Immunol. Inflamm. 2009, 17, 351-355. [CrossRef]

Brunner, D.R.; Zweifel, S.A.; Barthelmes, D.; Meier, F; Boni, C. Review of people with retinal vasculitis and positive
QuantiFERON(®)-TB Gold test in an area nonendemic for tuberculosis. Int. Ophthalmol. 2018, 38, 2389-2395. [CrossRef] [PubMed]
Gupta, V.; Shoughy, S.S.; Mahajan, S.; Khairallah, M.; Rosenbaum, J.T.; Curi, A.; Tabbara, K.E. Clinics of ocular tuberculosis. Ocul.
Immunol. Inflamm. 2015, 23, 14-24. [CrossRef]

Agrawal, R;; Gupta, B.E; Gonzalez-Lopez, ].J].M.P.; Cardoso, ]. M.; Triantafullopoulou, LM.; Grant, R M.; Addison, PX.E; Westcott,
M.E; Pavesio, C.E.F. Spectrum of Choroidal Involvement in Presumed Ocular Tuberculosis: Report from a Population with Low
Endemic Setting for Tuberculosis. Ocul. Immunol. Inflamm. 2017, 25, 97-104. [CrossRef]

Milea, D.; Fardeau, C.; Lumbroso, L.; Similowski, T.; Lehoang, P. Indocyanine green angiography in choroidal tuberculomas. Br. |.
Ophthalmol. 1999, 83, 753. [CrossRef] [PubMed]

Wolfensberger, T.J.; Piguet, B.; Herbort, C.P. Indocyanine green angiographic features in tuberculous chorioretinitis. Am. J.
Ophthalmol. 1999, 127, 350-353. [CrossRef]

Agarwal, R.; Iezhitsa, L.; Agarwal, P. Pathogenetic role of magnesium deficiency in ophthalmic diseases. Biometals 2013, 27, 5-18.
[CrossRef]

Herbort, C.P; LeHoang, P.; Guex-Crosier, Y. Schematic interpretation of indocyanine green angiography in posterior uveitis using
a standard angiographic protocol. Ophthalmology 1998, 105, 432—440. [CrossRef]

Gupta, A.; Bansal, R.; Gupta, V.; Sharma, A. Fundus autofluorescence in serpiginouslike choroiditis. Retina 2012, 32, 814-825.
[CrossRef]

Feeney, L. Lipofuscin and melanin of human retinal pigment epithelium. Fluorescence, enzyme cytochemical, and ultrastructural
studies. Invest. Ophthalmol. Vis. Sci. 1978, 17, 583-600. Available online: https://iovs.arvojournals.org/article.aspx?articleid=2175
722 (accessed on 11 August 2021). [PubMed]

Hashida, N.; Terubayashi, A.; Ohguro, N. Anterior segment optical coherence tomography findings of presumed intraocular
tuberculosis. Cutan. Ocul. Toxicol. 2011, 30, 75-77. [CrossRef] [PubMed]

Pirraglia, M.P; Tortorella, P.; Abbouda, A.; Toccaceli, F.; La Cava, M. Spectral domain optical coherence tomography imaging of
tubercular chorioretinitis and intraretinal granuloma. Intraretinal tuberculosis: A case report. Int. Ophthalmol. 2015, 35, 445-450.
[CrossRef]

Salman, A.; Parmar, P.; Rajamohan, M.; Vanila, C.G.; Thomas, P.A.; Jesudasan, C.A. Optical coherence tomography in choroidal
tuberculosis. Am. ]. Ophthalmol. 2006, 142, 170-172. [CrossRef] [PubMed]

Invernizzi, A.; Mapelli, C.; Viola, F; Cigada, M.; Cimino, L.; Ratiglia, R.; Staurenghi, G.; Gupta, A. Choroidal granulomas
visualized by enhanced depth imaging optical coherence tomography. Retina 2015, 35, 525-531. [CrossRef]

Parchand, S.M.; Sharma, K.; Sharma, A_; Singh, R. Unusual choroidal mass. Case Rep. 2013, 2013, bcr2013200286. [CrossRef]
Saxena, S.; Singhal, V.; Akduman, L. Three-dimensional spectral domain optical coherence tomography imaging of the retina in
choroidal tuberculoma. Case Rep. 2013, 2013, bcr2012008156. [CrossRef]

Mahendradas, P.; Madhu, S.; Kawali, A.; Govindaraj, I.; Gowda, P.B.; Vinekar, A.; Shetty, N.; Shetty, R.; Shetty, B.K. Combined
depth imaging of choroid in uveitis. J. Ophthalmic. Inflamm. Infect. 2014, 4, 18. [CrossRef]

van Velthoven, M.E.; Ongkosuwito, J.V.; Verbraak, ED.; Schlingemann, R.O.; de Smet, M.D. Combined en-face optical coherence
tomography and confocal ophthalmoscopy findings in active multifocal and serpiginous chorioretinitis. Am. J. Ophthalmol. 2006,
141, 972-975. [CrossRef] [PubMed]

Gallagher, M.].; Yilmaz, T.; Cervantes-Castafieda, R.A.; Foster, C.S. The characteristic features of optical coherence tomography in
posterior uveitis. Br. J. Ophthalmol. 2007, 91, 1680-1685. [CrossRef]

Bansal, R.; Kulkarni, P.; Gupta, A.; Gupta, V.; Dogra, M.R. High-resolution spectral domain optical coherence tomography and
fundus autofluorescence correlation in tubercular serpiginouslike choroiditis. J. Ophthalmic. Inflamm. Infect. 2011, 1, 157-163.
[CrossRef]

Al-Mezaine, H.S.; Al-Muammar, A.; Kangave, D.; Abu El-Asrar, A.M. Clinical and optical coherence tomographic findings and
outcome of treatment in patients with presumed tuberculous uveitis. Int. Ophthalmol. 2008, 28, 413-423. [CrossRef] [PubMed]
De Luigi, G.; Mantovani, A.; Papadia, M.; Herbort, C.P. Tuberculosis-related choriocapillaritis (multifocal-serpiginous choroiditis):
Follow-up and precise monitoring of therapy by indocyanine green angiography. Int. Ophthalmol. 2012, 32, 55-60. [CrossRef]
Knecht, P.B.; Papadia, M.; Herbort, C.P. Secondary choriocapillaritis in infectious chorioretinitis. Acta Ophthalmol. 2013, 91,
e550-e555. [CrossRef] [PubMed]

Agrawal, R.; Xin, W.; Keane, P.A_; Chhablani, J.; Agarwal, A. Optical coherence tomography angiography: A non-invasive tool to
image end-arterial system. Expert Rev. Med. Devices 2016, 13, 519-521. [CrossRef]

Yee, H.Y.; Keane, P.A.; Ho, S.L.; Agrawal, R. Optical Coherence Tomography Angiography of Choroidal Neovascularization
Associated with Tuberculous Serpiginous-like Choroiditis. Ocul. Immunol. Inflamm. 2016, 24, 699-701. [CrossRef]

40



Journal of

'

Clinical Medicine

Article

Anterior-Segment Swept-Source Ocular Coherence Tomography
and Scheimpflug Imaging Agreement for Keratometry and
Pupil Measurements in Healthy Eyes

Francisco Pérez-Bartolomé 2, Carlos Rocha-De-Lossada 34>, José-Maria Sanchez-Gonzalez ®*,

Silvia Feu-Basilio 2, Josep Torras-Sanvicens 2 and Jorge Peraza-Nieves

Citation: Pérez-Bartolomé, F.;
Rocha-De-Lossada, C.;
Sénchez-Gonziélez, ].-M.; Feu-Basilio,
S.; Torras-Sanvicens, J.;
Peraza-Nieves, ]. Anterior-Segment
Swept-Source Ocular Coherence
Tomography and Scheimpflug
Imaging Agreement for Keratometry
and Pupil Measurements in Healthy
Eyes. J. Clin. Med. 2021, 10, 5789.
https:/ /doi.org/10.3390/jcm10245789

Academic Editors: Vito Romano and

Luca Cimino

Received: 13 November 2021
Accepted: 8 December 2021
Published: 10 December 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/).

2

Department of Ophthalmology, Hospital Universitario Puerta de Hierro, 28222 Majadahonda, Spain;
franciscoperezbartolome@gmail.com

Department of Ophthalmology, Clinic Institute of Ophthalmology, Hospital Clinic of Barcelona,
University of Barcelona, 08036 Barcelona, Spain; silviafeub@gmail.com (S.E.-B.); jts29206@gmail.com (J.T.-S.);
jorge.peraza.nieves@gmail.com (J.P.-N.)

Department of Ophthalmology (Qvision), Vithas Virgen del Mar Hospital, 04120 Almeria, Spain;
carlosrochadelossada5@gmail.com

Department of Ophthalmology, Hospital Virgen de Las Nieves, 18014 Granada, Spain

Department of Ophthalmology, Ceuta Medical Center, 51001 Ceuta, Spain

Department of Physics of Condensed Matter, Optics Area, Vision Science Research Group (CIVIUS),
Pharmacy Faculty, University of Seville, 41012 Sevilla, Spain

*  Correspondence: jsanchez80@us.es; Tel.: +34-955-42-08-61

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 (um), thinnest point thickness (um), 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
Optikgerdte 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

J. Clin. Med. 2021, 10, 5789. https:/ /doi.org/10.3390/jcm10245789 41

https:/ /www.mdpi.com/journal/jem



J. Clin. Med. 2021, 10, 5789

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 Iz, and Tomey Casia S5-1000
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 um 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 ¢ 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
(x) at 0.05 and power (f3) of 80%, the sample-size calculation indicated that a minimum of
50 participants was required to detect a difference of 0.1 um 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 4 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 (um) 546.41 £ 32 (474-615) 552.17 £ 38.05 (479-702) 0.43
TPT (um) 541.52 4 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 4 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
PCPY (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 ¢ 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, um: 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 (um) —5.76 +18.22 —41.47-29.95 <0.01* 0.87-0.96
TPT (um) —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
TPPY (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
PCPY (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 ¢ 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, um: microns, mm: millimeters.

44



J. Clin. Med. 2021, 10, 5789

Anterior astigmatism

Anterior K max

oo » Anterior Steep K
. 200 .
., )
2ol ) 2o
. . - »
o] - .4 .
8 - = 100
H H .
E 100 [ H
£ £ . g
a 5 * é & .
.
£ - P
oer ] . .
- .o =
. -
o] R oo o s .
s; 5o - U
. . ®ee
sl
.
1004 o
y T T T T T T
% o ko o B P o oo oo T
Average T T T T T
0 Average 4000 42,00 4400 4800 48,00
Posterior astigmatism Posterior Flat K I
Anterior Flat K
.
20 . L .
.
» ” 100
. - [
.
o . P |
. . ) .
o 5 & .
o] ¥ v
. . 7 o . ! . .
H B . L e . s
H . = g . . @ .
. ’ 5 . g .
H 8 : P . .t :
F . . H o0 o e
e oo s T et e, L
o]
. . . .
. .
o]
. . .
o]
. .
2] .
T T T T T y T y T y T
Average T T T T
Average 9 000 4200 4400 800
e e Bvarans
Posterior Stecp K Posterior Flat K axis Anterior Flat K axis
o 200001
20000 °
» L
LU 000
.
s
.
00001
. 100,00 L
v -
H . lﬁ " - .
S '] o’s s g H
g o 8 . 8
£ g . S woof
£ . g . £
8 3 o . H v
. .
..
] X
.
. . .
10000 .
000
.
.
2ar] . 10000
o 0 y i ! Y T T T T T T T
1000 20 i o 400 o %o =000 100,00 150,00 20000 25000 0000 o s000 10000 15000 20000
Average Averane Average
Posterior mean K Anterior mean K
a o]
- .
. o ¢ . .
. .
» 00
o “ 2 . 2
< +—F—e -
o
3 . . : - E
g 3 M
g E o
K £ .
5 o H .
. .
.
O
o] .
. .
zu N
. . .
-
s
7o o o5 ks o ab e oo ) e
Average AVGANTKm

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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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 4+ 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.
Gl 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 4 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.
Tana-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, JO and J45 vectors, lens thickness, and axial length using the same
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References

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 iy 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 um-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 x 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 X 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 pm-wide elliptical
annulus extending from the optic disc boundary. The macular vasculature was measured
ina 6.0 x 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.

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 4+0.6 2.6 +05 2.8 +0.6 0.322
Self-reported history of HTN, 1 (%) 20 (30.8%) 4 (28.6%) 16 (31.4%) 0.842
Self-reported history of DM, 1 (%) 8 (12.3%) 2 (14.3%) 6 (11.8%) 0.801
VF MD (dB) —16.6 £ 7.9 —13.8+6.7 —-174 +£8.1 0.137

I0P (mmHg) 199 + 84 205+79 20.0£9.2 0.860

SE (D) —23+3.1 —3.0£3.6 —214+29 0.301

Axial length (mm) 249 + 1.8 2514+ 1.8 249 +1.7 0.675
Central corneal thickness (um) 530.1 £455 513.1 £51.5 533.8 +£43.8 0.195
Peripapillary VD (%) 34.75 +5.85 34.25 4+ 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 (um) 65.92 + 8.83 66.23 £+ 6.35 65.84 +9.41 0.889

GCC thickness (um) 69.59 + 7.48 67.54 +5.22 70.12 +7.92 0.271

Independent f-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, Total Progression Non-Progression p-Value *
Mean + SD [95% CI] (n = 65) (n=14) (n=51)
VF MD change rate —0.49 £1.35 —2.46 £0.77 0.06 + 0.89 <0.001 *
(dB/year) (—0.82, —0.15)  (—2.91, —2.01) (—0.19, 0.30) '
IOP reduction rate —3.43 £4.56 —3.89 £4.13 —3.30 £4.70 0.672
(mmHg/year) (—4.56, —2.30)  (—6.28, —1.51) (—4.63, —1.98) :
Peripapillary VD —0.50 £2.17 —2.26 £2.67 —0.02+1.74 <0.001 *
change rate (%/year) (—1.04, 0.04) (—3.81, —0.72) (—0.51,0.47) ’
Foveal VD change rate —0.28 £3.55 —1.62 £2.52 0.09 +3.73 0.054
(%/year) (—1.16, 0.60) (—3.08, —0.17) (—0.96, 1.13) ’
Parafoveal VD change —0.80 4 2.97 —1.59 £271 —0.59 £3.03 0267
rate (%/year) (—1.54, -0.07) (—3.15, —0.02) (—1.43,0.26) ’
Perifoveal VD change —0.72 £1.97 —1.16 £1.55 —0.60 £ 2.06 0350
rate (%/year) (—1.21, -0.23)  (—2.06, —0.27) (—1.18, —0.02) ’
RNFL thickness change —0.70 £ 3.82 —2.64 £ 3.80 —0.20 £3.70 0.039 *
rate (um/year) (—1.66, 0.26) (—4.93, —0.34) (—1.25,0.85) :
GCC thickness change 0.59 +3.51 1.72 +3.52 0.31 +3.49 0.198
rate (um/year) (—0.31,1.47) (—0.41, 3.85) (—0.67,1.29) :

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, Total Progression Non-Progression

Mean + SD (n = 65) (n=14) (n=51) p-Value *
Pre-op 16624792  —1532+591 —17.19 + 8.01
Post-op 0.5yr  —1688+801  —17.49+7.23 —16.47 + 827
VF MD (dB) Post-op Tyr ~17.014+7.81  —18.88+5.88 ~16.39 + 8.06 <0.001 *
Post-op 15yr  —1698+7.80 —1943 +6.75 —16.44 + 8.05
Post-op 2yr 1736+ 816  —20.07 + 655 ~16.65 + 8.10
Pre-op 19.85 + 8.42 20.50 + 7.92 19.67 + 8.62
Post-op 0.5yr 1155 +2.92 11.57 + 2.53 11.55 + 3.04
IOP (mmHg) Post-op Tyr 12.42 +2.97 12.71 + 2.89 12.33 + 3.01 0.789
Post-op 1.5yr 1278 +2.92 12,57 +2.82 12.84 + 2.98
Post-op 2yt 12.98 + 2.87 12.71 + 252 13.06 + 2.98
Pre-op 34.75 + 5.85 34.36 + 5.55 34.86 + 5.98
Peripapilla Post-op 0.5yr 3392 + 6.33 31.13 + 4.93 34.62 + 6.51
VD%“) 4 Post-op 1yr 35.79 + 6.18 30.42 + 3.89 36.24 + 6.50 0.001 *
Post-op 15yr 3454 + 6.62 31.18 + 3.20 35.45 + 6.96
Post-op 2yt 3227 + 422 30.28 = 3.01 3247 + 435

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.

. Multivariable
Univariable . i
Variables (p < 0.1in 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 (um) 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 (pm) —0.013 £ 0.019 0.499
Baseline GCC thickness (um) 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 4 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 4 0.056 0.175
Postoperative perifoveal VD change rate (%/year) 0.059 4 0.086 0.496
RNFL thickness change rate (um/year) 0.075 4 0.044 0.098
GCC thickness change rate (1um/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.

Baseline Post-op 6 month Post-op 1 vear Post-op 1.5 year Post-op 2 year
' e i T AN Vg

=

VF MD -9.54dB VF MD -11.47dB VF MD -13.48dB VF MD -12.78dB VF MD -14.48dB VF MD -13.11dB
(@) (b)

Figure 2. (a) A 43-year-old woman with POAG exhibited a gradual loss of peripapillary microcirculation after trabeculec-

VF MD -13.74dB VF MD -13.93dB VF MD -13.97dB

VF MD -12.73dB

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-naive 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 VE, 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

57



J. Clin. Med. 2021, 10, 5862

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 mm?), multiple VCM 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 um, and axial resolution of 4 pm [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

A i

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.

”ou
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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 pm 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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Figure 1. Anatomy of corneal nerves. (a) Whole mount staining with anti-class 3 III tubulin of mice
cornea showing the distributions of corneal nerve. Scale bar: 500 um. (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 mMRNA 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].

(d)

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 um.

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 pm/ mm? as
compared to normal corneas (21,668 £ 1411 pm/ mm?) [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 um versus 5.5 + 1.9 um) [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 um to 8.8 & 3.5 um) was significantly higher than the control
group (5.4 £ 2.1 um; 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.

(e)

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 um.

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 4 1.9 mm/mm?) compared to healthy corneas (23.8 + 3.3 mm/mm?), 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

° Significant difference in corneal
nerve fibre densities and length
between keratoconus eyes and

33 normal eyes of control eyes.

KCN, 30 controls e No significant difference
between unaffected eye of
keratoconus patient and
controls

P ahujazgi gl' 153] IVCM assessment

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 um 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 pm.
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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 pm.

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 pm, 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.
Study and CXL . g
Author Protocol N. of Eyes Follow Up Findings
e  Immediate reduction of corneal
sensitivity and decrease in nerve density
Longitudinal study, after conventional CXL.

Xia et al. [63]

transepithelial or

Gradual recovery to normal levels

2011 epithelium-off 108 rabbit eyes 180 days occurrte.d alt 90 days and 180 days
tional CXL respectively.
conventiona Rabbits that underwent transepithelial
CXL showed no significant difference in
cornea sensitivity.
Regeneration of subepithelial and
Mazzotta et al. o 2 P
areoracta Longitudinal study; stromal nerves was complete with fully

[64] . K 84 eyes 12 months oor

2015 epithelium-off CXL restored corneal sensitivity 12 months
after CXL.
Immediate disappearance of

Mazzotta et al. S subepithelial plexus and anterior-mid
Longitudinal study; p P
[65] ongtadina SIwey 44 eyes 3 years stromal nerve fibres after CXL, with
epithelium-off CXL ;

2008 restoration of nerve plexus and full
corneal sensitivity at one year after CXL.
Nerves continued to regenerate 5 years

Parissi et al. [71] Longitudinal study; after CXL but remained reduced relative
19 eyes 5 years to normal corneas.

2016

epithelium-off CXL

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 6 months

32 eyes

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 12 months

38 eyes

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/mm?.

Mazzotta et al.
[75]
2014

Longitudinal study;

epithelial island CXL 12 months

10 eyes

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 12 months

5eyes

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.



J. Clin. Med. 2022, 11, 393

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 4+ 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/mm? 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 (m?). 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 (HbAlc),
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 x 3mm?) and the Angio Disc (4.5 x 4.5 mm?) 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 um below the internal limiting membrane to 15 pm below the inner plexiform layer and
the deep plexus from 15 to 70 um 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, mm?) at the deep capillary plexus
(Figure S1) was performed as described in detail elsewhere [21]. The thickness (im) 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 x 45mm?. 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 x 3mm?. 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 150 um 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 3 um below the inner limiting
membrane to 15 um below the inner plexiform layer (G). The deep capillary plexus is segmented
from 15 pm below the inner plexiform layer to 70 um 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 (1 = 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/ Median Mean + SD/ Median
Sample Size (Min to Max) Sample Size (Min to Max)
Sociodemographic Assessment
Subjects (%) 114 (15.6) 617 (84.4)
Age (years) 732+58 71.5 (65 to 89) 734+6.1 72 (65 to 95) 0.93
Sex 0.23x2
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) - 0.40%2
Waist circumference (cm) 99.7 £ 11.9 98 (70 to 127) 103.8 +10.2 104 (70 to 139) <0.01
BMI (kg/m?) 273 +46 (18.42175) 13) 283 +47 (18.5236947‘7) 0.04
MMSE 26.1+£39 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) 1153 £ 6.4 120 (100 to 125) 136.1 + 13 140 (100 to 180) <0.01
DBP (mmHg) 682+ 4.6 70 (50 to 75) 79.6 £ 6.7 80 (40 to 100) <0.01
HbA1c (mmol/mol) 39.7+£95 39 (18 t0 92) 39.6 £9.2 38 (19 to 128) 0.77
HbA1c (%) 5.8 5.7 (3.8 to 10.6) 58 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 (10° cells/mm?) 47+05 4.6 (3.2t06.8) 48+15 4.8(291t040.8) <0.01
Hemoglobin (g/dL) 134+13 13.4 (9.5 to 16.9) 139 £ 1.5 13.9 (9 to 18.5) <0.01

BMLI: body mass index; MMSE: Mini Mental State Examination; MCIL: mild cognitive impairment; SBP: systolic
blood pressure; DBP diastolic blood pressure; HbAlc: 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; X? 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
Median Median .
Mean = SD (Min to Max) Mean & SD (Min to Max) p Value
BCVA (LogMar) 0.13+03 0.03 (0 to 1.6) 0.11+0.2 0.03 (0 to 1.8) 0.70
IOP (mmHg) 149 +34 14.4 (10 to 22) 14.7 £3.1 14.5 (9 to 21) 0.14
. 96.5 94.5
GCC thickness (um) 99.2 + 18 (65 to 237.8) 95.4 +12.6 (447 t0 180.1) 0.04
RNFL thickness (um) 97.6 +£10.7 98 (62 to 128) 955+ 11 96 (57 to 127) 0.06
ONH peripapillary inferior 64.5 62.8
temporal VD (%) 637448 (46.2 t0 71.9) 622458 (38.9 to 72.3) 0.02
ONH inside Optic Disc VD (%) 58.6+82 594 60.8 £ 6.4 62.1 <0.01
(28.7 t0 72.6) (35.7 t0 72.9)
RPC inside Optic Disc VD (%) 38.7 +£10.6 378 429 +£10.8 4 <0.01
P ° : : (133 t0 67.2) : : (13.3 t0 67.2) -
62 63.7
SSI 61.3 +£10.4 (34 t0 87.6) 62.6 £11.1 (2.1 t0 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 cosn  Snd o crose, ~ Stnd Adj.

IT. Err. P
GCC Thickness (itm) 0.98 097t00.99  0.01 0.98 097t00.99  0.01 0.01 0.04
Age (years) 1 0.97 to 1.04 0.01 0.58 0.99
Sex (Female) 1.26 083to1.82 021 0.42 0.99
BMI (Kg/m?) 1.04 1.00t01.09 0.2 0.06 0.36
0P 1.07 096t01.19  0.05 021 0.99
MMSE 1.03 098t01.09 0.2 0.22 0.99
n fgg?;e’f;g;zlﬂsg %) 0.95 091t00.99  0.02 0.95 091t00.99  0.02 0.01 0.05
Age (years) 1.01 0.97 to 1.05 0.01 0.61 0.99
Sex (Female) 117 0.77 to 1.79 0.21 0.45 0.99
BMI (Kg/m2) 1.04 1.00t01.09 0.2 0.07 0.49
0P 1.07 096t01.19  0.05 0.20 0.99
MMSE 1.04 098t01.09  0.02 0.18 0.99
ONH I“Side(%’ﬁ“ Disc VD 1.06 1.03t0110  0.01 1.07 1.04t0110 006  <0.01  <0.01
Age (years) 1.02 098t01.06  0.02 027 0.99

Sex (Female)

1.22 0.80 to 1.88 0.20 0.34 0.99

BMI (Kg/m?) 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 0.72t0 1.71 0.21 0.63 0.99

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

10P 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

85



J. Clin. Med. 2022, 11, 1098

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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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-«, 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/cm?. 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 pum.

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/cm? (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 +42
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.
TO 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 0.9
Epi-off 03+0.1 03+0.1 0.22 £0.14 0.22 +£0.14 ’
Kmax (D)
Epi-on 53.6+ 14 542 4+0.8 532435 55.6 0.7 559 4+ 0.7 0.96
Epi-off 58.14+9.2 58.8 + 1.76 588 +7 559+ 1.8 56.2 + 1.8 ’
Mean K (D)
Epi-on 48.00 £2.50 4796 +£325 482+175 4896 +280 48.82 £ 4.06 057
Epi-off 47204290 46.89 +4.15 471+175 47.00+240 47.16 £3.15 ’
Steep K (D)
Epi-on 46.75 £3.87 46.55+297 46.15+4.07 4575+4.17 47.05+2.82 0.69
Epi-off 4775 £320 4745+279 4715+£3.00 47.62+420 4755+3.12 ’
Flat K (D)
Epi-on 45.62 £2.09 4492 +2.09 4523 +3.12 4511+£265 4542 +1.83 0.44
Epi-off 4462 £2.63 4499 £2.74 4510+£3.00 4492 +1.68 45.02+£2.03 ’
True net power (d)
Epi-on 28+17 32+12 25+0.1 32401 34+04 0.67
Epi-off 45+28 5406 3.7 +£0.07 56+ 0.7 57+12 :
Mean corneal thickness (um)
Epi-on 4915+£113 484.8 £24 4959 £19 489.5+134 4905+ 134 07
Epi-off 500.5 £ 22.6 481 +£24.5 499.7 £ 63.6 513 £3.1 515+ 4 ’
Thinnest point (pm)
Epi-on 466.2 =155 463 +26.1 4732 +42 463 +22.6 467 +19 072
Epi-off 4758 £219 4521 £19 463.2 £ 31.8 491 £12 497 £ 27 ’
OSDI score
Epi-on 489 +1.32 578 £1.2 6.89 + 0.1 9.87 £25 11.62 +2.12 0.98
Epi-off 458 +1.18 8.01 +£ 0.6 912 +023 1245+1.32 13.65+2.15 ’

TO = 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 um to 467.41 £ 19 um for the epi-on group (p = 0.7) and
from 475.41 £ 21.9 um to 497 & 27 um 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 pum, and after 24 months of follow-up, it was 518 um
(Figure 1). Particularly, no significant changes in both groups, from 466.2 + 15.5 um to
467.41 £ 19 um for the epi-on group (p = 0.7) and from 475.41 + 21.9 um to 497 £ 27 uym
(p = 0.7) in the epi-off group, occurred after 2 years of follow-up.

Post surgery pachymetry Post surgery thinnest point
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400 .
00 300
200 200
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0
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:
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1 M One year post cornea back K1 EPI-ON [l One year post cornea back K2 EPI-ON

B One year post cornea back K1 EPI-OFF [l One year post cornea back K2 EPI-OFF

W One year post K max EPI-ON [l One year post K max EPI-OFF

D

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 OSDIO (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., HM.
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 (1 = 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 x 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.

h

8l

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 la,ce,g; Video Sla,ce,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,fh).

For example, Figure 1c shows the original image of the lacrimal sac (Figure 1c;
Video Slc); 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 1le; Video Sle) 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.

A,

Saline 1% DMS

Original Images

Post-processing Images

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,1).
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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 31)).

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 le (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 Al
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 Al system. The updated Al 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 Al 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 Image] 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]. Ciezar 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 Al-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 Al 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 Al 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 Al 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 Al 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
Al 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 Al 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/imgaugtcitation, 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 Al system
exhibited superior recognition ability (Figure 3D). Figure 4 shows a sample of the original
meibography, manual annotation, and Al 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 Al system are shown in yellow.
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Figure 4. The comparisons of manual annotation and AI automatic segmentation. (Aq,B1,Eq,Fq)
The original meibography of the upper eyelid. (Az,B2,E3,F3) The manual annotation of the upper
eyelid (yellow outline). (A3, B3,E3,F3) The Al segmentation MGs of the upper eyelid (yellow part).
(C1,D1,G1,Hy) the Original meibography of the lower eyelid. (C2,D,,G2,H;) The manual annotation
of the lower eyelid (yellow outline). (C3,D3,G3,H3) The Al 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 Al result (Al segmentation)
to their union.
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Al segmentation

IoU=

Figure 5. The intersection (green part) of the ground truth (manual annotation, blue part) and the Al
result (Al 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 Al system using the following for-
mula [28]: the sum of the area of MGs divided by the total area of the tarsus in pixels.
Y1 Smc, = the sum of pixels of all MGs, St = the total pixels of the tarsus.

Yia Sme,

MG density = 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 x2 test was
used to compare the sex ratios between the two groups. Receiver operating characteristic
(ROCQ) 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. Al Training and Testing

The Al system of Mask R-CNN achieved 93% accuracy (IoU) and 100% repeatability
for tarsus segmentation. The Al 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 Al 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 Al 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.

114



J. Clin. Med. 2022, 11, 2396

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.

ospI  TBUT  cFs  TMH  LAMaEin oy oscore Meibum
Score Expressibility Score
Upper eyelid ~ —0.320 + 0.484 t —0.162 —0.059 —0.350 t —0.749 £ 0.425t
MG density ~ Lower eyelid ~ —0.420 0.598 t -0.177 —0.058 —0.396 1 —-0.720 £ 0.438
Total eyelid ~ —0404% 0.601f —0.166  —0.070 —0.416 t —0.805 0.480 t

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.
fp<0.001.

3.4. MG Density with Meiboscore

After analyzing 4006 random meibography images using the Al 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.
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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.

115



J. Clin. Med. 2022, 11, 2396

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) 0.19 (0.14-0.23)
Meiboscore 1 0.25 (0.21-0.29) 0.17 (0.13-0.21)
882.932 <0.001 T — 596.815 <0.001
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)

Meiboscore 0

Meiboscore 1

Meiboscore 2

Meiboscore 3

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

—MG density in the total eyelid
—MG density in the upper eyelid
—MG density in the lower eyelid

o -=Reference Line

Sensitivity

<
Y
1

0.2

0.0 T T T T
0.0 02 04 06 08 1.0

1 - Specificity

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. Al 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 Al 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 Al 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 Al 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 Al system and clinical parameters, as previously reported [3,33,34], the Al 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
Al system because of the excessive turnover of the lower eyelid. In the future, based on
Al 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 Al 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 Al 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
Al 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 Al-based diagnosis of MGD. Simultaneously, the Al 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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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

J. Clin. Med. 2022, 11, 2884. https:/ /doi.org/10.3390/jcm11102884 121

https:/ /www.mdpi.com/journal /jcm



J. Clin. Med. 2022, 11, 2884

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
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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, x 10 objective, collimated LED
source, micrometric stage). Five non-overlapping fields (935 x 748 um) 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 (pjpechstECD). 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. g\fECD did not differ from pypechst ECD (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%
CO, 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 pL/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 (VvECD) 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 fjpechst ECD
measurement of very large areas. We then compared the SM endothelial counts (s\ECD)
with the t150chst ECD, 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,00/ —/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-UMRS5.16A; sensitivity 0.1 um for
the Z axis (SM-13); 1 um 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 x 748 pum, with 1280 x 1024 pixels TIFF images’
acquisition (2.6Mo). Image calibration was verified using a 10 mm scale with 50 pm
divisions (R1L3S1P, Thorlabs).

A

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 x 748 um and 1280 x 1024 pixels TIFF image. The
entire surface could be analyzed. (B) The HAI EB-2000xyz had a 368 x 490 um field of view
(480 x 640 pixels BMP image) and analysis (3.9 times smaller). (C) The KONAN EB-10 had a
480 x 600 um field of view (595 x 794 pixels BMP image) and a 280 x 200 um field of analysis
(respectively 2.4 and 12.5 times smaller). (D) The KONAN Cell-ChekD(+) had a 1000 x 750 um
field of view (1296 x 972 pixels BMP image) and up to 4 areas of 400 x 300 um 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 CO; 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% CO, 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 Cornea] 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 Image] 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 Cornea] 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 (y1oechst ECD) (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 o < 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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111 images (10%) 50 images (5%)

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/mm?.
(B) Good-quality image with an ECD of 2637 cell/mm?. (C) Fair-quality image with an ECD of
2689 cell/mm?. (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 Dse Dpsg L Month  3Months  Total
1 (%) 1 (%) 1 (%)

n Excellent

n Good

n Fair

n Unanalyzable
TOTAL

146 150 149 26 33 32 30 25 24 445(59) 170 (47) 615 (55)
65 70 70 19 20 21 24 23 23 205(28)  130(36) 335 (30)

27 2 21 10 5 4 4 8 9 70 (9) 40 (11) 110 (10)
12 8 10 5 2 3 2 4 4 30 (4) 20 (6) 50 (5)
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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D2

D26

D28

Raw image

Center method After reconstruction

n=618 ECD= 2649

n=637 ECD=2244

n=836 ECD=2077

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/mm?2. 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 Image] 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, s\yECD did not significantly differ from yoecnst ECD, with
2209 = 363 versus (vs.) 2251 = 414 cells/mm?, respectively (p = 0.084). For the 1-month stor-
age study, ECD were 2299 + 332 (s,ECD) vs. 2344 4 392 cells/ mm? (i1pechst ECD) (p = 0.138).
For the 3-month storage study, ECD were 1831 + 213 (sECD) vs. 1863 4 248 cells/mm?
(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 g\fECD 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 um versus 157.8 um:
mean; p = 0.0013) and retinal arteriolar diameter (112.6 um versus 120.6 um: 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 um.

Arterioles and venules wider than 8 pixels (74 pm) and longer than 50 pixels (480 pum)
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 (x?)
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 pm versus 157.8 um; p = 0.0013) and retinal
arteriolar diameter (mean: 112.6 pm versus 120.6 pm; 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, 1) 0(0) 2(2)

EDSS, n (Patients, n):
0;1.0;1.5;2,0;2.5;3.0
EDSS: Expanded Disability Status Scale.

- 3,6,6;3,4,1

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

and people with MS.
Variable Healt(l;y_(;(;ltrols People with MS (n = 23) p-Value
Retinal arteriolar diameter (um)
Mean (£SD) 120.6 (11.5) 112.6 (10.7)
95% CI 115.4-126-0 108.1-11.0 0.0013
Rl e damci )
! 8 (148.0-171.5) (123.3-186.8) 0.0089
A-V difference in %
Mean (SD) 38.3 (14.8) 31.8 (12.0)
95% CI 31.5-45.0 27.0-37.0 0.0527
Arteriolar O, saturation (%)
Mean (£SD) 91.5 (7.3) 93.7 (4.2)
95% CI 88.2-95.0 92.0-95.5 0.8934
Venular O, saturation in%
Mean (£SD) 59.3 (9.5) 60.0 (4.6)
95% CI 55.0-64.0 92.0-95.5 0.5980
2.5% contrast visual acuity, number of letters
Left eye 31 23
Median, Range (IQR) (27.0-34.0) (18.5-30.0) 0.0143
High contrast visual acuity
Right eye
/Left eye
Mean (£SD) 0.43 (0.09) 0.38-0.47/ 0.35(0.23) 0.25-0.45/ 0.0722
95% CI 0.44 (0.12) 0.38-0.50 0.43 (0.24) 0.33-0.53 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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2.5 % contrast visual acuity (letters)
20
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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.

10

HC MS

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 um. The largest BS width was observed in the opposite area of the main clear corneal
incision, with a mean value >500 pm. 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 BSis 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 (i0OCT) 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
alonger 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 um and lateral resolution < 30 um) 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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60 °-240%

150 °-330°

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 um).

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).

150



J. Clin. Med. 2022, 11, 3580

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®
MICS™ 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 -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 um. The largest BS width was observed in the opposite area of the
main clear corneal incision (240°), with a mean value of 557 £ 352 um (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 4

N 30 25
Eyes (OD/0OS) 31(18/13) 31(18/13)
Age (years) 66.0 &= 14.2 64.1 +14.3 0.635 *
Axial length (mm) 2322 £1.14 23.70 £1.91 0.239 *
Lens thickness (mm) 413 £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 HyO, median (IQR)) 110 (110-105) 105 (110-101) <0.001 #

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

90°

180°

270°

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.

Irrigation Fluid

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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