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Featured Application: Characterization of the corneal nerve fibers is gaining popularity for objec-
tive assessment of anterior segment anomalies such as dry eye disease. Confocal microscopy pro-
vides high-resolution imaging of the sub-basal plexus; thus, several parameters such as corneal
length, density or tortuosity can be analyzed. However, the analysis of these images is usually
performed based on manual or semiautomated methods, many of which are subjective and time
consuming. In this work, a fully automated tortuosity corneal nerve fiber analysis method is pro-
posed. This new tool may be very useful to obtain an accurate evaluation of nerve alterations, to
monitor changes over time and/or in response to treatment, to ensure comparisons across differ-
ent studies or even to improve the diagnosis of ocular surface diseases.

Abstract: An automated tool for corneal nerve fiber tortuosity quantification from in vivo confocal
microscopy (IVCM) is described and evaluated. The method is a multi-stage process based on the
splitting of the corneal nerve fibers into individual segments, whose endpoints are an extreme or
intersection of white pixels on a binarized image. Individual segment tortuosity is quantified in
terms of the arc-chord ratio. Forty-three IVCM images from 43 laser-assisted in situ keratomileusis
(LASIK) surgery patients were used for evaluation. Images from symptomatic dry eye disease (DED)
post-LASIK patients, with (n = 16) and without (1 = 7) ocular pain, and non-DED post-LASIK con-
trols (n = 20) were assessed. The automated tortuosity measure was compared to a manual grading
one, obtaining a moderate correlation (Spearman’s rank correlation coefficient = 0.49, p = 0.0008).
The new tortuosity index was significantly higher in post-LASIK patients with ocular pain than in
control patients (p = 0.001), while no significant differences were detected with manual measurement
(p > 0.28). The tortuosity quantification was positively correlated with the ocular surface disease in-
dex (OSDI) and a numeric rating scale (NRS) assessing pain (p = 0.0012 and p = 0.0051, respectively).
The results show good performance of the proposed automated methodology for the evaluation of
corneal nerve tortuosity.

Keywords: in vivo confocal microscopy; corneal subbasal nerve plexus; corneal nerve; automatic
image analysis; tortuosity index; ocular pain; LASIK surgery

1. Introduction

The cornea is the most highly innervated tissue in the human body [1,2]. Corneal
nerves are located between Bowman’s layer and the basal epithelial layer, creating a nerve
fiber network known as the corneal sub-basal nerve plexus [3]. In vivo confocal microscopy
(IVCM) technology provides corneal visualization with high-quality resolution, allowing
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the evaluation of the corneal sub-basal nerve plexus [4]. This examination technique was
reported to be clinically useful for corneal evaluation during the 1990s [5]. Later, several
methods were developed for quantifying corneal IVCM image parameters. Oliveira-Soto
and Efron [6] showed that the technique allows for the characterization of the sub-basal
corneal plexus using the following parameters, among others: density, length, number,
width, tortuosity or even reflectivity of corneal nerves. Subsequently, multiple studies [7-9]
have confirmed that numerous properties of corneal nerves are linked to both ocular and
systemic disorders. Thus, IVCM has naturally taken on new importance as the clinical
method of choice to analyze corneal nerve structure [10].

The degree of curvature in the nerves of the corneal sub-basal plexus is known as
corneal nerve tortuosity. A high-tortuosity nerve is meaningfully curved and has many
twists (Figure 1a). In contrast, a low-tortuosity nerve appears approximately straight
(Figure 1b). Estimating corneal nerve tortuosity from IVCM images is an important chal-
lenge for vision science [7]. Corneal tortuosity analysis could be useful to improve eye
disease diagnosis because there is a relevant connection between some ocular and sys-
temic diseases and corneal nerve tortuosity [11,12]. In particular, several studies have
reported a strong positive correlation between corneal nerve tortuosity and dry eye disease
(DED) [13-17]. In addition, it is commonly accepted that the structure and function of the
ocular nerves are altered in DED combined with ocular pain [18-20]. Moreover, sub-basal
nerve tortuosity is increased in the short term after corneal refractive surgery [21]. Tor-
tuosity has also been investigated in healthy subjects [22], and in other diseases such as
non-neurological autoimmune diseases [23], diabetic neuropathy [7,12,24], glaucoma [25],
unilateral herpes zoster [26], acute acanthamoeba and fungal keratitis [27] and herpes
simplex keratitis [28]. In order to establish a link between tortuosity and ocular or systemic
anomalies, the degree of nerve fiber tortuosity has been commonly measured on an ordinal
scale [8,29], which directly implies adding an element of subjectivity in the grading process.

Figure 1. Cornel nerve tortuosity. (a) High tortuosity. (b) Low tortuosity.

Different criteria have been used to define and measure the tortuosity of different
anatomical structures such as intracerebral vasculature [30] or retinal vessel [31]. Once the
anatomical structure is identified in an image, it will be represented as a group of pixels
with a curvilinear shape, and then its tortuosity can be measured. Designed measurements
are based on different features such as length [30,31], angle [32-34] and curvature [35],
but there is no standard measure for quantifying the tortuosity of nerve fibers [36].

Despite the advances in image analysis, manual or semiautomatic methodologies
remain the most commonly used methods for analyzing corneal nerve tortuosity from
IVCM images [37]. However, these techniques are subjective, time consuming and heav-
ily dependent on the experience of the evaluator, which might not deliver reproducible
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outcomes [38]. These limitations show the need to create new automatic analysis systems
that are able to provide reliable results. In 2004, Kallinikos et al. [12] were one of the first
research groups that proposed an automated method for analyzing corneal nerve tortuosity
in diabetic patients with neuropathy. Subsequently, in 2011, Scarpa et al. [29] provided
several algorithms for the evaluation of corneal nerve tortuosity. More recently, automated
approaches to grade the tortuosity of corneal nerves based on deep learning methodology
have been developed (see [34,39] among others).

However, many of these methods focus on computing the tortuosity of individual
fibers instead of calculating the global tortuosity of the whole image. These measurements
are combined using the average of several fiber tortuosity degrees or the weighted average
by fiber length. This approach does not take into account the fact that nerve fibers could
exhibit considerably different tortuosity characteristics in the same image, i.e., highly
twisted nerves coexisting with other very straight ones, which is usually labeled as highly
tortuous by clinicians [29]. This may explain why an underestimation has been noted
when fully automated algorithms are used [40]. In this work, a new index to quantify
sub-basal nerve tortuosity using an automatic analysis of corneal IVCM images is proposed.
The method is based on the segmentation of the image in individual segments between
extreme or intersection points instead of nerve fibers. Thus, each fiber may be characterized
by one or more segments depending on nerve fiber branching and length. Global tortuosity
is calculated by taking into account the curvature of each identified segment regardless
of the location of each fiber. The fully automated method is implemented in a fast and
easy-to-use R [41] tool. Finally, the new index is compared to a manual grading method
in laser-assisted in situ keratomileusis (LASIK) surgery patients, because they usually
show an altered sub-basal nerve plexus and automatic nerve recognition might be more
challenging [40].

2. Materials and Methods

The clinical study was approved by the Ethics Committee of the Valladolid University
Clinical Hospital and complied with the Tenets of the Declaration of Helsinki. The na-
ture of the research and protocols was explained to the patients before written consent
was obtained.

Inclusion criteria were LASIK patients who underwent refractive surgery in both
eyes and suffered from chronic DED in both eyes after the surgery procedure. Two case
groups were created, one group composed of LASIK patients who suffered from DED
symptoms (post-LASIK DED group), and another group composed of post-LASIK patients
who reported suffering from pain in addition to other DED symptoms (post-LASIK DED-
pain group). To be included in the post-LASIK DED group, patients should obtain a score
> 13 in the Ocular Surface Disease Index (OSDI) questionnaire, and should also show
one unbalanced homeostasis marker, either corneal fluorescein staining (CFS > 1) or tear
break-up time (TBUT < 10 s), based on the TFOS DEWS Il report regarding the diagnostic
criteria for DED [42]. To be included in the post-LASIK DED-pain group, in addition to
being diagnosed with DED, as mentioned above, patients should also suffer from ocular
pain. Ocular pain was defined as a score of >2 on a numerical rating scale (NRS). Finally,
a control group was also recruited; the inclusion criterion was a history of LASIK surgery
in both eyes and the absence of DED symptoms (OSDI score < 13).

Exclusion criteria were failure to discontinue contact lens use at least 15 days before
the study, presence of any active ocular disease, except DED, and history of any other
ocular surgery, except LASIK.

2.1. Clinical Assessment

Clinical evaluation was always performed by the same examiner following
this sequence.
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The OSDI questionnaire was administered to all volunteers. This instrument al-
lows DED screening [42] and also DED severity classification: “mild” (score 13-22),
“moderate” (score 23-32) and “severe” (score 33-100).

2. A NRS was used to rate the severity of pain, as previously reported [43]. LASIK
patients were indicated to rate their average ocular pain severity on a 10-point scale
ranging from “no pain” (score 0) to “the most severe pain” (score 10). Scores ranging
from 2 to 4 was considered “mild” pain, from 5 to 7 “moderate” pain, and from 8 to
10 “severe” pain.

3. Corrected distance visual acuity (CDVA) was evaluated using an ETDRS chart at a
4 m distance.

4. TBUT was assessed after the instillation of 5 mL of 2% sodium fluorescein. The mea-
surement was repeated three times to obtain an average value.

5. CFS was evaluated using the Oxford scheme (grade 0-5).

6.  Confocal microscopy assessment of the cornea. The IVCM images of the cornea were

obtained using the Rostock cornea module of the Heidelberg Retina Tomograph III

(Heidelberg Engineering GmbH, Heidelberg, Germany). Non-overlapping images

of the central cornea focused on the sub-basal nerve plexus were obtained using

sequence and /or volume scans. Each image was comprised of 384 x 384 pixels, which
represents a coronal section of 400 x 400 um (0.16 mm?). The grade of nerve tortuosity
was subjectively evaluated according to the scale (0-4) reported by Oliveira-Soto and

Efron [6]. The observer who assessed each image was blinded to the LASIK group

classification.

In the case of CDVA, TBUT and CFS, both eyes were assessed, and the mean was
computed for analysis.

2.2. Automated Tortuosity Index

The proposed method was implemented in R statistical software [41] and provides
automatic tortuosity indexes of the corneal nerve structure from IVCM images. The IVCM
images were saved as JPEG monochrome, 384 x 384 pixel digital images. An image was
defined as a two-dimensional function f(x,y), where x and y are spatial coordinates,
and the value of f at any pair of coordinates is called the intensity of the image at that point.

2.2.1. Nerve Tracing

A multi-stage process was used to prepare the images for quantification. The details
of each step are outlined below, and the complete sequence is summarized using a sample
image from the dataset in Figure 2.

Pre-Processing. The first step in the preprocessing stage was an image-sharpening
technique for emphasizing edges. A Gaussian filter was used to blur the edges of the image,
and then it was subtracted from the original. The subtracted image was multiplied by a
weighting factor and added back to the original.

In the second step, the images were binarized. This step began with a normaliza-
tion procedure where pixels were classified into “nerve” and “background” pixels. The
A k-means algorithm was applied to identify two pixel groups. The normalization of
images was achieved by subtracting the mean and dividing the result by the standard
deviation of the pixel intensity values of the “background” cluster. The normalized images
were binarized by setting a threshold, which assumes that at least 95% of the pixels are
background pixels. As this procedure increases the amplitude of noise, a median filter
was also applied to reduce this artifact. In preprocessed images, nerve structures appear
in white.

Post-Processing. The binarized images resulting from the preprocessing stage showed
undesired noise and artefacts such as small white spots (that could correspond, for ex-
ample, to dendritic cells). These undesired fragments were automatically removed in the
postprocessing step. The removal of small fragments was followed by a dilation operation,



Appl. Sci. 2022, 12, 10450

50f12

which adds pixels to the nerve boundaries and fills small gaps. Finally, the dilated nerves
were reduced to thin lines and skeletonized images were obtained.

Input image Skeletonized image
s

N

1. Unsharp masking 2. Binary thresholding 3. Small object removal 4. Dilation

Pre-processing Post-processing

Figure 2. Scheme of the nerve tracing process.

2.2.2. Nerve Splitting

The nerve-splitting step consisted of breaking up the nerves. In this process, neighbor-
ing white pixels in a skeletonized image were grouped into individual segments.

First, the watershed algorithm [44] was used to segment the skeletonized images
into different regions. A region in the image consisted of any group of connected pixels.
Pixels were considered connected if they shared a side as (x,y) and (x +1,y) or (x,y)
and (x,y + 1) or touched at a corner as (x,y) and (x + 1,y + 1). Then, in each region,
the algorithm identified two types of pixel: nerve extremes and nerve intersections a nerve
extreme is a white pixel connected to a single white pixel, while a nerve intersection is a
white pixel connected to more than two white pixels.

The nerves were broken up into individual segments whose endpoints were an extreme
and/or an intersection pixel. Hereinafter, K denotes the number of nerve segments in an
image. Figure 3 shows the nerve splitting process in the sample image.

(a) Endpoint identification (b) Nerve splitting

Figure 3. Nerve splitting process. (a) The nerve extreme and the nerve intersection pixels are marked
in yellow and green, respectively. (b) Individual nerve segments are displayed in different colors.

2.2.3. Tortuosity Characterization

Once the individual nerve segments were extracted, each one was individually exam-
ined to compute the local segment tortuosity. This segment tortuosity characterization was
performed in terms of the arc-chord ratio, the simplest mathematical method to estimate
tortuosity. For the kth segment, 7j was defined as the ratio of the length of the kth segment
(denoted by Ly) to the distance between its endpoints (Dy):

L
Tk:D—l;;k:L...,K 1)
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Then, the individual evaluations of the K segments were combined as follows:
K-1&
T=—— T — 1) x 100 2
T k;( = 1) ©)

where L corresponds to the total length of the nerves calculated as the sum of the length
of its K segments. This index was always greater than zero. It integrated the information
about the number of individual segments and each individual segment tortuosity in such
a way that higher number of segments and/or higher segment tortuosity implied higher
global tortuosity. The quantification of tortuosity was similar to the metric proposed by
Grisan et al. [31] to perform a characterization of retinal vascular tortuosity.

2.3. Data Analysis

Quantitative variables were expressed as mean =+ standard deviation (SD). Median and
interquartile range (IQR) were used to summarize distributions of ordinal variables. One-
way analysis of variance (ANOVA) was performed to test the differences among groups.
When one-way ANOVA assumptions were not met, i.e., either a normal distribution
and/or equal variance, the Kruskal-Wallis and Welch ANOVA was performed, respectively.
Post hoc comparisons were performed using Student’s t-tests, Welch's t-test or the Mann—
Whitney U test when required. For all of them, the Benjamini and Hochberg procedure was
applied to control the false discovery rate [45].

To evaluate the correlation between the new automated tortuosity index and the ocular
parameters, the Spearman’s rank correlation coefficient was employed, along with a 95%
confidence interval (CI) computed by 5000 bootstrap samples. The hypothesis tests of the
correlation coefficients significance were performed.

3. Results
3.1. Ocular Parameters

Forty-three (21 males and 22 females) consecutive LASIK patients aged between 25
and 59 years (mean age: 40.34 £ 8.09) were recruited. Seven were classified into the post-
LASIK DED group, 16 into the post-LASIK DED-pain group and 20 composed the control
group. No recruited patient suffered from diabetes. The clinical tests are summarized in
Table 1. There were significant (p < 0.03) differences between control and both post-LASIK
groups for OSDI scores. In addition, the post-LASIK DED-pain group showed significantly
(p < 0.0001) higher NRS pain scores in comparison with the post-LASIK DED and the
control group. There were no significant differences (p > 0.05) among groups for the other
ocular parameters and age.

Table 1. Outcomes of the subjective and objective tests performed.

Post-LASIK Post-LASIK .
Clinical Test Control (C) DED (D) DED-Pain (P) ANOVA Post-Hoc Comparisons
(n = 20) n=7 (n = 16) Global p-Value Cvs.D Cvs.P  Dvs. P
Age 4255 +£6.11 41.29 £8.99 37.25+7.53 0.0940 0.6894 0.0987 0.3303
OsDI 8.33£3.16 36.61 +23.99 55.47 £25.21 < 0.0001 0.0308 0 0301 0.1132
. < <
NRS pain 0.21 £0.51 043 +0.53 5.444+2.03 < 0.0001 0.3756 0.0001 0.0001
CFs 1.00 £ 1.00 1.50 £1.25 1.50 +0.62 0.3948 0.5182 0.5182 0.5366
TBUT 5.78 £3.76 541+£4.70 3.48 £1.68 0.1187 0.8008 0.1342 0.3160
CDVA 0.06 £0.12 0.01 £0.20 0.024+0.12 0.5868 0.6275 0.6275 0.8085

Results are expressed as mean + SD, except the corneal staining summarized by median = IQR. ANOVA: ANalysis
Of VAriance; CDVA: Corrected Distance Visual Acuity; CFS: Corneal Fluorescein Staining; NRS: Numeric Rating
Scale; OSDI: Ocular Surface Disease Index; TBUT: Tear Break-Up Time.
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3.2. Tortuosity Measurements

The Spearman’s rank correlation coeffient between automated and subjective tortu-
osity indexes was 0.49 (95%CI: 0.20,0.72; p = 0.0008) (see Figure 4a). Table 2 shows the
tortuosity outcomes of the three post-LASIK groups and the total length estimated by
the automated procedure. The automated tortuosity index, ranging from 0 to 30, was
significantly different among groups (p = 0.0019). Post hoc analysis showed that this new
tortuosity index was significantly increased in the post-LASIK DED-pain group compared
with the control group (p = 0.0014). In contrast, there were no significant differences
among groups in the subjective tortuosity grading (p = 0.2871). Regarding the total length
of the automatically detected nerves, the control group showed a trend (p = 0.0582) for
longer values than both case groups.

Table 2. Tortuosity indexes obtained from IVCM images for control and post-LASIK DED patients.

Control (C) Post-LASIK DED Post-LASIK ANOVA Post-Hoc Comparisons
(D) DED-Pain (P)

Parameter Global
(n = 20) n=7 (n = 16) Cvs.D Cvs.P Duvs.P

p-Value
Total length 1603.68 + 385.29 1297.07 + 239.87 1344.61 £ 271.67 0.0309 0.0582 0.0582 0.7499
Automated tortuosity (0 — 30) 734 +£4.17 9.51 £3.88 13.93 £ 6.53 0.0019 0.3431 0.0014 0.0977
Subjective tortuosity (0 — 4) 2.00 £1.00 3.00 £ 1.00 3.00 £ 0.00 0.2871 0.4040 0.4040 0.9415

Results are expressed as mean & SD, except the subjective tortuosity grading summarized by median + IQR.

Regarding the correlations between the automated tortuosity index and ocular param-
eters (Figure 4b—f), the Spearman’s rank correlation coefficients indicated that tortuosity
was positively correlated with the OSDI and NRS pain scores (Figure 4b,c); p = 0.0012 and
p = 0.0051, respectively). However, the tortuosity index did not correlate with CFS, TBUT
and CDVA (Figure 4d—f); p = 0.8299, p = 0.3468 and p = 0.6411).

The execution time for the proposed automated procedure was 8.74 £ 0.67 seconds per
image, 8.66 & 0.67 and 0.09 £ 0.03 seconds for nerve tracing and splitting stages, respectively.
The estimation was carried out using R coding on a machine equipped with an Intel i7 3770
CPU at 3.4 GHz.

@ Control » Post-LASIK DED @ Post-LASIK DED-Pain

Spearman's rho: 0.4906
25 (95%Cl: 0.1972;0.7263)

Spearman's rho: 0.0337
(95%Cl: ~0.2666;0.3262)

Automated Tortuosity Index
5 &

2 3
Subjective tortuosity grade

Spearman's rho: 0.4776
25 (95%Cl: 0.2142:0.6827) 25

Spearman's rho: 0.4196
(95%Cl: 0.1203;0.6611)

5.0 75

NRS pain
(e) ®
o o Spearman's tho: ~0.147 .

25 (95%Cl: ~0.4451;0.1702) 25

Spearman's rho: ~0.0732
(95%Cl: -0.3523,0.2172)

20 20

8
TBUT CDVA

Figure 4. Correlations between the automated tortuosity index and ocular parameters. Spearman’s
rank correlation coefficients and 95% CI are shown on the scatterplots for the automated tortuosity
index against (a) subjective tortuosity index, (b) OSDI score, (c) NRS pain score, (d) CFS, (e) TBUT
and (f) CDVA. Values of the ordinal variables are jittered to prevent overplotting.
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4. Discussion

IVCM is a non-invasive technique useful for the examination of the sub-basal nerve
plexus [29]. Although the area observed in a single IVCM scan image may be too small to
represent the whole corneal status, the analysis of these images and the objective measures
that can be obtained from them have proven to be interesting biomarkers for different
ocular disorders. In 2001, Oliveira and Efron [6] successfully applied IVCM to corneal
nerve imaging. Since then, many authors have shown that several corneal nerve fea-
tures are measurable from IVCM images and are related to both ocular and systemic
diseases [7-9]. Among other features of nerve fibers, tortuosity has been outlined, since it
can be used to interpret the degeneration and subsequent regeneration of nerves, which
leads to active neural growth [9]. Many ocular disorders can be linked to the tortuosity
of corneal nerve fibers. Particularly for DED, while there is contradictory information
regarding some characteristics such as nerve density, including a decrease [15,16], no
change [46,47] and an increase [48], increased tortuosity has been consistently related to
this condition [15,16,47—49]. We therefore think that, among the different sub-basal corneal
nerve measures, tortuosity could be one of the best parameters to evaluate corneal nerve
health status.

In recent years, the interest in corneal nerve research has been growing rapidly and
the analysis of IVCM images, where sub-basal nerves appear well defined, has become a
common practice. Surprisingly, the increasing use of IVCM in ophthalmic clinical practice
and the advances in image analysis have not led to the proliferation of fully automated
approaches that can facilitate quantitative corneal nerve analysis. Conventionally, corneal
nerve abnormalities have been commonly identified through arduous manual or semi-
automatic evaluation processes [50-52]. Such approaches result in time-consuming and
subjective outcomes, with limited inter-rater reliability across observers [38]. As expected,
in this type of tool, the operator’s ability has a high impact on the accuracy of the measure-
ments. In addition, manual and semiautomated software are inefficient when analyzing
a high volume of IVCM images. Thus, the development of fully automated methods to
quantify corneal nerve features from IVCM images is important in order to allow for an
efficient and accurate evaluation of cornel nerve morphology. Although there are some
automatic software developments, such as ACCMetrics (University of Manchester, Manch-
ester, UK), an underestimation in their measurements compared to manual tools has been
observed [40]. Regarding tortuosity, a possible reason for this discrepancy may be con-
sidering tortuosity at the single fiber level instead of at the whole image level, without
taking into consideration that fibers with very different tortuosity patterns can be present
in the same image [29]. The present research resulted in a fully automated tool for the
quantification of corneal nerve tortuosity from IVCM images. The method computes the
tortuosity at image level instead of fiber level, simplifying the tortuosity characterization to
small length segments, rather than considering the wide variety of tortuosity patterns that
can exhibit large fibers.

To assess the ability of this new automatic analysis system, and to evaluate its superior-
ity over the manual one commonly used, we recruited LASIK patients with DED symptom:s,
because DED patients as well as LASIK subjects usually show an altered sub-basal corneal
nerve plexus [10,53]. Thus, we used images with altered nerves instead of images from
healthy subjects to further challenge the ability of this new automatic system. Moreover,
we recruited two different groups of symptomatic LASIK patients (one group suffering
from habitual DED symptoms and another also suffering from corneal pain), because we
wanted to assess if the new automatic system could also detect differences in tortuosity
among symptomatic LASIK patients. Although the observer was blind to the LASIK group
classification when subjectively assessing nerve tortuosity, the obtained scores were not
significantly different among groups (Table 2). In contrast, the automated tortuosity index
showed that the LASIK pain group suffered significantly higher tortuosity than the non-
symptomatic LASIK group (Table 2). However, the difference between both symptomatic
LASIK groups was not significant, although the score of the LASIK pain group was higher.
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Guerrero-Moreno et al. [54] have reported that autoimmune DED patients suffering from
corneal pain show increased nerve tortuosity in comparison with healthy controls. These
authors used a subjective grading system, which might be the reason why they did not find
increased tortuosity in Meibomiam gland dysfunction patients suffering from corneal pain,
although their tortuosity values were also increased.

In the present study, we observed a moderate (+ = 0.49) correlation between the
subjective and automated tortuosity grading methods, but the automated tool is expected
to provide more reliable data. In addition, it was also observed that the values of the
automated tortuosity index showed a positive relationship with OSDI and NRS pain scores
(Figure 4). These findings show that subjective ocular surface perception is obviously
related to the nervous system, specifically the ophthalmic division of the trigeminal nerve.
In fact, it has been reported that, after corneal refractive surgery, the regeneration of corneal
nerves correlates strongly with the recovery of corneal sensation [55]. On the contrary, in the
present study, CFS and TBUT did not show any relationship with the automated tortuosity
index. This finding supports previous reports highlighting that, in LASIK patients suffering
from chronic corneal pain, conventional DED tests do not explain the persistent ocular
surface symptoms [56,57].

The limitations of the current study are related to the nature of the sample used to
evaluate the automated method. First, our recruited volunteers were post-LASIK patients
with DED symptoms. These selection criteria contributed to reducing the heterogeneity
of the image features in the sample. However, it would be interesting to evaluate the
performance of this new automatic tool in other patients suffering from different anomalies.
Future studies should assess if the proposed automated method can perform similarly
using corneal sub-basal plexus images with additional information such as inflammatory
cells or gliomas. However, our tool could be optimized to detect these features on IVCM
images to increase the accuracy of the outcomes in other anomalies. Second, the sample
size was relatively small, especially in the post-LASIK DED group. This shortfall would
have an impact on the statistical power of the hypothesis test to identify as significant
the differences between groups. Despite these limitations, this proof-of-concept study
designed to describe an automatic method has provided data showing its adequateness for
the assessment of corneal nerve tortuosity. Future studies should corroborate this study’s
findings using larger sample populations, including patients with diverse ocular anomalies.

5. Conclusions

The analysis of corneal nerve fiber tortuosity to better diagnose and monitor corneal
diseases is beyond doubt. However, this tortuosity assessment has been traditionally per-
formed through manual or semi-automated methods. In this work, a fully automated, quick
and simple method to quantify corneal nerve tortuosity from IVCM images is proposed.
The effectiveness of the proposed tortuosity index has been demonstrated on a sample of
post-LASIK patients with DED symptoms.
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CDVA Corrected Distance Visual Acuity.
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CI Confidence Interval.

DED Dry Eye Disease.

IOBA Institute of Applied Ophthalmobiology.
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LASIK Laser-Assisted In Situ Keratomileusis.
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OSDI Ocular Surface Disease Index.
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