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Abstract: In vivo confocal microscopy (IVCM) imaging is increasingly popular in ocular surface
disease diagnosis and management. We conducted a systematic review to update the use of IVCM in
the diagnosis and treatment of dry eye and meibomian gland dysfunction (MGD). A literature review
was conducted on IVCM studies in MGD, dry eye disease, systemic disease causing dry eye, dry eye in
glaucoma patients, contact lens-associated ocular conditions, graft-versus-host disease, and Sjogren’s
syndrome-related dry eye. The articles were identified through PubMed and a total number of
63 eligible publications were analyzed in detail. All primary research studies on confocal microscopy
on dry eye and related conditions from 2017 onwards were included. The reports were reviewed
for their contribution to the existing literature as well as potential biases and drawbacks. Despite
limitations such as small field of view, lack of population-based norms, and lack of standardization of
image acquisition, interpretation, and quantification, IVCM is useful as a complementary technique
for clinical diagnosis in various ocular surface disorders related to dry eye. With advances in hardware
and software in the near future, it has the potential for further practical impact.

Keywords: diagnostic device; dry eye; in vivo confocal microscopy (IVCM); inflammation; ocular
surface; tear disorder; review

1. Introduction

There are many common ocular surface disorders (OSD), such as Dry Eye Disease
(DED), blepharitis, and meibomian gland dysfunction (MGD), whose management requires
visualization of certain ocular surface structures via slit-lamp biomicroscopy. In vivo
confocal microscopy (IVCM), a more recent imaging technique has been evaluated in clinics
for similar visualization [1].

The ocular surface consists of the conjunctiva, cornea, and the ocular mucosal adnexa
(eyelid margins, eyelid glands, and lacrimal apparatus). The cornea, though uniquely
suitable for IVCM due to its transparency, is not the only structure that can be visualized
with this technique. It consists of the epithelium, basement membrane, Bowman’s layer,
stroma, pre-Descemet, Descemet membrane, and endothelium [2]. The stroma contains
keratocytes, dendritic cells (DCs), and nerve bundles that give rise to multiple branches
which penetrate the epithelium [1]. Many of these corneal structures are not visible at the
cellular level by conventional slit-lamp biomicroscopy but are clearly visible on IVCM.
Unlike conventional light microscopy, IVCM directs light with a 670-nm wavelength
laser [3] to pass to the desired focal spot using a pinhole aperture, which overcomes the
problem of light scattering and provides clearer images at the cellular level. The resolution
and magnification of IVCM (800-fold) are also much better than that of slit-lamp microscopy
(40 fold), thus allowing improved and even cellular resolution of the ocular surface [4].
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The resolution is also superior, with a lateral resolution of 1-2 pm and axial resolution
of 5-10 um [5]. Previously, Cruzat et al. [6] wrote an extensive review in 2017 on the
pathological changes of corneal nerves in various ocular surface diseases. Other recent
reviews [7,8] published in 2020 have not delved in-depth into various clinical applications
of IVCM nor covered the spectrum of non-infective ocular surface diseases, and hence,
there is a need for an update. In this article, we aim to review the literature on the clinical
use of IVCM, focusing on studies published after 2017.

2. Materials and Methods
2.1. Study Objective and Definition of Reference Standard

A systematic review was conducted (Figure 1) and the results were reported according
to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
statement. The main objective of this systematic review and meta-analysis is to evaluate
the clinical applications of IVCM in dry eye, focusing on new observations. Because this
study did not directly involve patients, an ethics committee approval was not required.

| 248’257 Citations | 176,992 Articles excluded after
‘ restricting by year (2016-2021)
. . # 2285 Articles excluded as no full
‘ Filtering ‘ text available
‘ 33,164 Articles excluded as non-
human studies
| 35816 Citations |
Inclusion/Exclusion . ' 35,184 Articles excluded
Criteria Applied after Title/Abstract Screen

d

632 Articles Retrieved |

‘ 561 Articles excluded after

Inclusion/Exclusion
Criteria Applied # Full Text Screen

v

71 Articles Included

Figure 1. PRISMA flowchart of a systematic review of in vivo confocal microscopy in different types
of dry eye and meibomian gland dysfunction.

2.2. Literature Search Strategy

We determined the criteria and search strategy before the start of the study. An
entrez PubMed literature search of the PubMed database using the terms and a detailed
combination of keywords to capture ocular surface disease and dry eye was performed from
inception until 9 November 2021. The search terms included the following keywords and
keyword combinations (((“in vivo” OR in vivo OR in-vivo) AND confocal) OR IVCM) AND
keywords to identify a set of ocular surface articles (Please refer to Supplementary File S1).

2.3. Eligibility Criteria

Two reviewers (R.S. and K.Y.) screened all retrieved articles by title and abstract
initially. Only original research articles written in English were included and not analysis
reviews, editorials, opinions, single case reports, and ex-vivo studies. The articles found
were curated manually for their relevance to the ocular surface. The following conditions
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were not considered to be ocular surface disease: infectious keratitis, bullous keratopathy,
ocular cystinosis, and Iridocorneal Endothelial Syndrome (ICE) syndrome.

The full text of the remaining studies was curated. Additionally, the reference lists
of the remaining studies were checked to identify further relevant articles that may have
been overlooked during the initial process. Hard copies of all of 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 the full text was not possible, even after searching
the available medical databases and contacting the corresponding authors, were excluded.
Disagreements were settled through discussion with a third reviewer (L.T.).

2.4. Data Extraction and Quality Evaluation of the Studies

The initial database search with the above keywords identified 248,257 papers. The
database search for publication dates from 2016 to 22 November 2021 identified 71,265 studies.

After excluding articles where full text was not available (2285), 68,980 studies were left.
After excluding non-human studies (33,164), 35,816 studies were left. After going through
the title and screening through the abstract and applying our inclusion/exclusion criteria
(4281 were reviews, 799 were systematic reviews, and 5056 were case reports), 632 studies
were left. After full text-retrieval and further curation, 71 studies remained. A risk of bias
assessment was then evaluated using the AMSTAR? tool (Supplementary Table S1) [9] and
the methodological quality of eligible articles was assessed using bias using the Revised
Cochrane risk-of-bias tool for randomized trials RoB2 tool (Supplementary Table S2) [10].
Supplementary Table S2 presents the risk of bias summary per domain for individual
studies and for all 4 included studies. The overall risk of biased judgment has been
ascertained to reflect concerns in these studies as they have some concerns in at least
one domain.

3. Results
3.1. Meibomian Gland Dysfunction

Meibomian glands (MG) have been classically described to compose of acini con-
stituted by convoluted borders lined by large cells with fine cellular material within the
lumen [11], interstitial space between acini, ductules, and terminal ducts. Abnormal
meibum quality and quantity can lead to a decreased or altered tear film lipid layer, tear
hyperosmolarity, tear instability, and inflammation, leading to ocular surface damage and
DED [12]. Significant fibrosis (demonstrated via loss of MG architecture with extensive fi-
brotic tissue surrounding MG remnants) has been observed in chronic MG dysfunction [13].
Recent studies on MGD are summarized in Table 1. A decrease in the size of the MG
acinar unit was also observed [14]. IVCM has also been used to analyze the palpebral
conjunctiva to visualize and quantify the density of immune cells [15]. These cells have
been evaluated in different locations: epithelial (EIC), intraglandular (IGIC), stromal (SIC),
and periglandular (PGIC) regions. The immune cells in EIC and IGIC were increased in
MGD patients with more severe dry eye symptoms, even in those with minimal corneal
staining [16]. Basal epithelial cell density was also found to be reduced with greater stromal
nerve thickness in the MGD group [17]. Hence IVCM may provide reliable and clinically
relevant metrics of inflammation and serve as clinical endpoints in future clinical trials
targeting inflammation in MGD.
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Table 1. Studies on Meibomian Gland Dysfunction (MGD).

Main
Area of Study Authors Contribution Design Sflmple Source. . No. _ HRT Main Outcomes Main Findings Limitations
to Literature Size (Eyes) of Participants of Visits
1. Density of immune cell, A ional
onl dv which epi, or stromal EIC and IGIC increased ccrlosz—sechona
nly study whic 2. No. of periglandular in highly symptomatic study does not
Immune cellular uses [VCM-based immune cell atients that have demonstrate that
. . immune-cellular Cross-sectional, . pati€ - the progression of
metrics QaziY. metrics to A55ess retrospective 29 Outpatient 1 HRT III-RCM 3. Area.of IGI_C minimal corneal staining MGD causes
of inflammation he infl - P 4 Luminal width, length, and correlate with . ;
the inflammation and thickness of internal mptoms and Increases m
f MGD ; : Symproms a 1l
o - luminal hyperreflective clinical signs. immune cels.
ring in ductules Small sample size.
1. Surface area and cell
coverage of basal Basal epithelial cell Stud
Evaluation of Evaluating Single-center epithelial anterior density reduced, the area t}tllel o}ll (;:E)eats
corneal layers Azizi S. individual corneal rog octive ’ 92 Outpatient 1 HRT II-RCM keratocytes, posterior increased, and stromal methodology (no
in MGD layers using IVCM ~ PTOP keratocytes, and nerve thickness greater in findi 8y
endothelial cells. the MGD group. new findings)
2. Stromal nerve thickness
Strong correlation
. inati between IVCM score
Using IVCM as a 1. Combination of grades of
Classification i new %vay to meibum reflectivity, gTyll;’e 0 nor(;nflllév[cf ;ype St‘ujy about the
assitication in classify the Cross-sectional, . intraepithe- 1 obstructe without — grading severity
the diagnosis Randon M. . . 115 Outpatient 1 HRT II-RCM ial/i inflammation or fibrosis; of MGD needs
various patho- retrospective lial/interglandular . . N
of MGD physiological inflammation, type 2 MG inflammation more studies to
landular fibrosis without fibrosis; type 3 confirm accuracy.
system for MGD & MG fibrosis), and
meibography score.
More severe symptoms
1. MG acinar unit density had more significant
2. palpebral conjunctival fibrosis and a severe
inflammatory cell density ifgzi?i;?éiisue of Unable to test MG
MGD with Attempted to 3. periglandular ) DED svonploms. lipid and
different Zhao H differentiate Cross-sectional, 60 Outpatient 1 HRT II-RCM inflammatory cell density O O elated inflammatory
’ symptoms of retrospective p 4. MG acinar unit area 'gh fy 1 factors which
symptoms MGD using IVCM 5. MG acinar unit longest with confoca could contribute
diameter microscopic parameters to DED.
6. MG acinar unit and positively correlated

shortest diameter

with conjunctival
inflammatory cells and
Langerhans cells

DED: dry eye disease; EIC: epithelial immune cell; IGIC: intraglandular immune cell; IVCM: in vivo confocal microscopy; MGD: meibomian gland dysfunction; HRT: Heidelberg Retinal
Tomograph; RCM: Rostock Cornea Module.
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3.2. Dry Eye Disease

Dry eye disease (DED) is defined as a “multifactorial disease of the ocular surface
characterized by a loss of homeostasis of the tear film and accompanied by ocular symptoms,
in which tear film instability and hyperosmolarity, ocular surface inflammation and damage,
and neurosensory abnormalities play etiological roles” [16]. The ocular surface, epithelial
sensory receptors, the innervation of the epithelial sensory receptors, secretory centers in
the brain, and efferent nerves supplying the meibomian glands, goblet cells, and the main
lacrimal gland form a functional unit. Any or all of these structures may be affected in
DED [18]. The cornea is the most densely innervated part of the body. The cornea nerves
serve the protective blink reflexes, help in tear secretion, and release neurotransmitters
necessary for epithelial and stromal support as well as ocular homeostasis. They also serve
the nociceptors associated with mechanical stimuli, pain, and cold sensations. Corneal
nerves and their morphological changes can be seen under IVCM. With the help of analytic
software, the corneal nerve plexuses can be evaluated quantitatively, typically by measuring
the nerve fiber density, length, nerve branch density, and tortuosity [19,20]. The IVCM
studies related to dry eye are summarized in Table 2.

Corneal dendritic cells (DC) have been shown to be increased in dry eye patients
compared to controls [21]. In the pathogenesis of dry eye, DCs play an important role in
inducing the activation of T cells [22], thus triggering an inflammatory cascade reaction.

Reduced corneal nerve density and length indicate a greater degree of neural damage
induced by ocular pathology [23]. It has been shown that reduced density of corneal nerves
results in impairment of protective functions such as tear secretion and blink reflexes. This
results in a reduction in the tear quality and even aqueous tear deficiency. A study has
suggested that patients with DED (diagnosed using TBUT and Schirmer’s, as well as the
presence of symptoms) had decreased corneal nerve density [24].

Nerve tortuosity, defined by the frequency and the amplitude of the variations in the
nerve fiber orientation, suggests active regeneration of nerve fibers in damaged nerves [25].
Studies by Liu et al. [26], Tepelus et al. [24], and Baikai et al. [27] have shown that nerve
tortuosity is positively correlated with the diagnosis of DED. A greater nerve tortuosity is
linked to ocular discomfort, visual function disturbance, and tear film instability [27].
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Table 2. Studies on Sjogren Syndrome (SS) and Non-Sjogren Syndrome Dry Eye (NSSDE).

Main .
Area of Study Authors Contribution to Design Sample Size IS)oufc.e of No. of Visits HRT Main Main Findings Limitations
Li articipants Outcomes
iterature
POV found En-face SD-OCT showed Depth of analysis (70
In all quadrants, predominantly in POV as a radially oriented P 4
f . A pum below the
Imaging of POV ewer POVs were Prospective superior (p < 0.001) network located in the corneal/conjunctiva
. Ghouali detected in DED 163 Outpatient 1 HRT II-RCM and inferior (p < 0.001) superficial corneoscleral .
in DED . - case-control R . surface) might not
patients than in quadrants compared to  limbus, with a good .
. . . capture the entire
normal subjects nasal and correlation with POV structure
temporal quadrants IVCM features ’
ACC Metrics Small sample size
Corneal detected SNP ACC metrics cannot
Sub-basal Nerve alterations in DED, CNBD Lower CNBD, CNFL & analyze and quantify
Plexus in DED Giannaccare good diagnostic Cross-sectional 69 Outpatient 1 HRT-RCM CNFL higher CNFW in DED nerve tortuosity, a
(New Fully Au- performance in CNFW compared to controls well-recognized
tomated System) discriminat- metric affected
ing DED. in DED
Initial visit DED: lower
densities of corneal Retrospective design,
DED and Low DED associated endothelial cells and small sample size,
Sub-basal Nerve ith 1 ities of 1 b-basal h did 1 h
Density and ] with acceler- Retrospective ) 2 (baseline Densmes_ of cornea sub-basal nerves than id not evaluate the
Kheirkhah ated corneal 40 Outpatient PN HRT III-RCM endothelial cells and control morphology of
Corneal . 33.2 + 10.2 months next visit) . .
. endothelial sub-basal nerve Endothelial cell loss endothelial cells
Endothelial . . .
cell loss negative correlation with Only central CECD
Cell Loss A
initial sub-basal was measured.
nerve density
Evaluation of Longer and wider CNFL, No control erou
Objective Visual corneal nerves objective scatter index, Patients with longer and ! group-
Quality in Dr were associated mean objective wider corneal nerves had Changes in
E Y Y Ma, Jiahui ) Prospective study 98 Outpatient 1 Not specified YoJee o Langerhans cells not
ye Disease and with better scattering index, better objective .
. . ¢ . . summarized.
Corneal objective visual modulation transfer visual quality Small lesi
Nerve Changes. quality in DED function, Strehl ratio. mat sample size
Quantification New parameter: . .
of Corneal Aggregated ;F}?agf gﬁgiﬁsm DED Excluded images
Sub-basal Nerve measure of (p < 0.001) Higher Tagg may be linked with DCs and
Tortuosity in Ma. Baikai tortuosity (Tagg) Cross-sectional 49 Outpatients 1 RCM T’Z .corre.late d with to ocular discomfort, visual obvious neuromas
DED and Its ’ for quantification case-control tp 88 function disturbance, and because DCs
. OSDI (r = 0.418) & s P
Correlation of corneal . tear film instability co-segmented
X gy negatively correlated .
With Clinical sub-basal . with nerves
. with BUT
Parameters nerve tortuosity.




J. Clin. Med. 2022, 11, 2349

7 of 34

Table 2. Cont.

Main

Area of Study Authors Contribution to Design Sample Size IS)oul"c.e of No. of Visits HRT Main Main Findings Limitations
Literature articipants Outcomes
Langerhans cells no. not
IVCM is a useful correlated with symptoms.
Corneal tool to evaluate CNFL negatively correlated
Sub-basal Nerve corneal changes in Cross-sectional CNFL with sensitivity to light; No healthy control
Analysis in Liu Yan DED, such as in gy ccnona 107 Outpatient 1 HRT II-RCM CNFT CNFW positively correlated 0 10 Y <08 0 =
DED and Clini- sub-basal nerves study CNFW with OSDI, pain, blurred ross-sectional study.
cal Correlations and Langerhans vision; CNFT positively
cells (LCs) correlated with sensitivity
to light
PSS and non-SS sicca pts
IVCM in gsmg IVCMdto SNP hiid loméer cgrneal SlNP . Some patients in
Primary Sjogren d%?fgnos:z' atn Ie tional 1 Nerve density bexus grtlsﬂt{lar{il ength, immune-mediated
ifferentiate ross-sectional, . : increased tortuosity .
Syndrome and Joana C. immune-mediated  retrospective 136 Outpatient 1 HRT III-RCM 2. Nerve length compared to healthy DED groups d%d not
Sicca Syn- DED £ h 3. Nerve tortuosity 1 bl meet the criteria
drome Patients rom other cqntro $, unapie to for DED.
forms of DED differentiate between pSS
and non-SS
Ocular Surface First study to 1. Basal epithelial Basal epithelial c'ell density,
Alterations in T E evaluate corneal Cross-sectional, 7 o . 1 HRT [I-RCM cell density total fr}grve densllty, 10?g Small lesi
Patients With uran £ microstructures retrospective 6 utpatient ) 2. SNP density new it le s, tota ni'. ° " matl sample size.
: . . 3. SNP tortuosit nerves lower in patients
Fibromyalgia in FM. uosity with FM.
Using hght. LB is higher in patients with .
backscattering as a Cross-sectional For 6 cont SSDE. which i tulated Cross-sectional
IVCM in SSDE Michele L. parameter in oss-sectional, 110 Outpatient o }CIO : HRT II-RCM Light backscattering b élw < h's gos lu a le : study does not
IVCM to retrospective months to be due to higher levels o prove causation
inflammation in SSDE. ’
evaluate SSDE
1. Superficial epithelial,
inner wing, and
basal cell density are
. lower in SSDE and
Assessing - NSDE compared to .
Co_rnea_l ) B reprodgcﬂ.)l.hty Cross-sectional ) St}perﬁaal_, basal, c_)uter control. No diff in Cross-sectional
epithelium in Olivia L. and reliability of rospective ’ 78 Outpatient 1 HRT II-RCM wing, and inner wing SSDE and NSDE. study does not
SSDE vs. NSDE other studies on prosp epithelial cell density 2. Outer wing cell prove causation.

the same topic.

density lower in
SSDE compared to
NSDE and control,
no sig difference
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Table 2. Cont.

Main

Area of Study Authors Contribution to Design Sample Size IS)oul"c.e of No. of Visits HRT I\O/Iam Main Findings Limitations
Literature articipants utcomes
SNP 1. SS lower density, no.
Evaluate IVCM ) of nerves than NSDE Small le si
Cornea nerve morphology of L Nerve density 2. Greater nerve ma slarr;p cle f51ze,
structure with . corneal SNP and Cross-sectional, . 2. Length, tortuosity in SSDE area selected for
primary SSDE Fangting L. its relation- prospective 42 Outpatient 1 HRT III-RCM max length than NSDE VvCM analysm is not
vs. NSDE ship with clini- 3. Number 3. Meanlength and representative of the
cal parameters 4. Tortuosity max length similar whole plexus
in both
SNP
. . 1 Nerve 1. Nerve fiber density
Tear lacritin First study to inv fiber density and length sig .
levels in association Cross-sectional, . Nidek 2. Nerve fiber decreased in SSDE Small sample size,
- Nancy M. between tear - 20 Outpatient 1 length 2 N ti £ focus of study is not
patients lacritin levels and prospective Confoscan 4 8 . o mention o IVCM
with SSDE acritin levels an 3. Nerve branch density on
SS patients branch density or tortuosity.
4. Tortuosity
CNBD decreased in SSDE & Relativel m
] NSDE, fe at1ye y small no.
NSDE 'and .SSDE' Increased CNFT & of patients .
alterations in AP Topical and systemic
corneal decreased reflectivity in corticosteroids have
ICornealt' innervation and EEIE"IF) lgéh'. di a potential effect on
nnervation, increased DCs. Prospective . - S Increased m epithelial DC density
Inflammation, Tepelus Corneal nerve case-control stud 78 Outpatient 1 HRT III-RCM Reflectivity of corneal SSDE & NSDE compared to and OSDI
and Symptoms density and Y nerves, controls Most participants
in DED ‘o ﬂec:i};it are CDCD Correlations between DNF femalgs—reSul .
correlatedy & DC (r = —057), between may not be
with OSDI DNF & OSDI (r = —0.9) ttapolated t
’ and between RNF & OSDI ¢ lapo ated to
(t=—0.75). male patients.
Not all participants
Sub-basal nerve density had IVCM in both
Proinflammatory DED patients have was significantly lower in eyes.
Markers, significantly Prospective Sub-basal nerve DED compared to controls; Low quantity of
Chemokines, Pierre Nicolle higher corneal DC case-l:éon trol stud 47 Outpatient 1 HRT-RCM density DED patients had a mRNA in some
and Enkephalin density compared y CDCD significantly higher corneal impressions.
in DED to controls DC density compared No protein level

to controls.

markers nor im-
mune composition.
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Table 2. Cont.

Main

Area of Study Authors Contribution to Design Sample Size IS)oul"c.e of No. of Visits HRT Main Main Findings Limitations

Li articipants Outcomes

iterature

DC density and

morphology e .
Correlation of correlated with DC density is higher in

; DED compared to controls. .
Corneal DED severity, . Retrospective.
Immune Cell DC densit; Retrospective beb Morphologically, the Only analyzed
. Aggarwal . Y L 349 Outpatient 1 HRT III-RCM Size number of dendrites, DC Y ¥
Changes with increased in cross-sectional M . . central
. . . orphology size, and field were .
Clinical Severity mild DED, S . corneal images.
N . significantly larger in DED
in DED morphological .
. than in controls.

changes in

severe DED.

Altered tear fluid
Tear. . solub'le fa““’?s Cornea DCD is significantly
Nociception- associated with Case-control Cornea DCD higher in DED patients. No
Associated Khamar ocular surface . 80 Outpatient 1 HRT II-RCM ’ 1ene P ) Cross-sectional design

- cross-sectional SNP features significant difference was

Factors, Cornea discomfort, TBUT, observed in SNP features
DCD in DED Schirmer’s test, '

and cornea DCD

CNBD: Corneal nerve branch density; CNFL: Corneal nerve fiber length; CNFT: corneal nerve fiber tortuosity; CNFW: corneal nerve width; DC: dendritic cell; DCD: dendritic cell
density DED: dry eye disease; HRT: Heidelberg Retinal Tomograph; LCs: Langerhans cells; POV: Palisade of Vogt; OSDI: ocular surface disease index; RCM: Rostock Cornea Module;
SD-OCT: spectral-domain optical coherence tomography; SNP: sub-basal nerve plexus; SSDE: Sjogren’s Syndrome Dry Eye; TBUT: tear break-up time.
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3.3. Sjogren’s-Related Dry Eye (SSDE)

Sjogren syndrome (SS) is a systemic autoimmune disease that initially targets the lacrimal
and salivary glands primarily, resulting in keratoconjunctivitis sicca (SSDE) and stomatitis
sicca (dry mouth). The prevalence of primary SS in the USA approaches 1.3 million, with
a range of 0.4-3.1 million [28]. The IVCM studies related to Sjogren’s-related dry eye are
summarized in Table 2 as well. Certain IVCM parameters in sub-basal nerves have been
reported to be altered in SS. Nerve fiber density is significantly decreased in SS [29,30], and
SSDE is associated with greater nerve tortuosity than non-Sjogren’s Syndrome Dry Eye
(NSSDE) [29].

Light backscattering (LB) measured in light reflectivity unit (LRU) at the Bowman’s
membrane (BM) at 50 pm, 100 pm, and 200 pm deep to the BM has been evaluated in SS
using IVCM—this is a measure of corneal inflammation [31]. Higher levels of LB in each
corneal layer compared with healthy controls could indicate increased levels of corneal
inflammation in SSDE [32].

The corneal epithelium of DED patients shows morphological changes, such as areas
of enlarged and irregularly-shaped cells, which can be quantified by IVCM. Compared
to controls, the density of superficial epithelial cells was decreased in both the NSDE and
SSDE groups [33].

In summary, IVCM represents a reliable technique for examining nerve tortuosity in
DED, as well as documenting corneal epithelial changes and immune cell densities in SSDE.

3.4. The Use of IVCM to Evaluate the Treatment for Dry Eye

While disease outcomes have typically been measured using symptomatic question-
naires and clinical tools such as Schirmer Test, corneal and conjunctival staining, tear
break up time (TBUT), and tear osmolarity, there has been increasing interest to document
treatment outcomes with IVCM [34-36].

The IVCM studies performed as part of interventional trials in DED are summarized
in Table 3. The most common anti-inflammatory treatment for DED is cyclosporin A
(CsA), an immunosuppressant and a calcineurin inhibitor. It has been used in several trials
since 1986 and continues to be the major anti-inflammatory drug in the treatment of DED.
Six months following treatment with topical CsA in SSDE patients [37], symptoms of dry
eye documented by the Ocular Surface Disease Index (OSDI) score improved together with
a decrease in corneal nerve tortuosity. The same study reported an increase in sub-basal
nerve plexus (SNP) density and a decrease in DC density after treatment. Though increased
nerve reflectivity was found, the association was not significant. The decrease in DC density
was attributed to the decrease in antigen-presenting cells and local inflammation, and the
increase in SNP density was due to the normalization of innervation by controlling the
inflammatory reaction [37].

Similarly, Laccheri et al. [38] also found a decrease in nerve tortuosity in SSDE after
treatment with cyclosporine. They also found a decrease in nerve reflectivity, the number
of sub-basal nerves, and an increase in intermediate corneal epithelial cells. The reduction
of sub-basal nerves, reflectivity, and nerve tortuosity could be related to decreased nerve
growth factor (NGF) post-treatment, though NGF levels were not checked for in this
study. This is uniquely expressed in the human limbal basal epithelium, along with its two
corresponding receptors: the low-affinity receptor p75NTR and the high-affinity receptor
TrkA. The first receptor, when activated, transmits a signal mainly of apoptosis; the latter,
when activated, promotes a molecular cascade aimed at the proliferation and cell activation,
which replaces apoptotic cells. NGF secretion is stimulated by high levels of IL-1 and TNF
during inflammation and hence treatment of DED would reduce inflammation and the
level of NGE. The increase in epithelial cell density after using cyclosporine has also been
postulated to be due to decreased NGF and reduction of apoptotic signals through the
p75NTR [38].

The apparent discrepancies in these studies could be due to the difference in severities
of the disease or demographic differences in the patients recruited.
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5 gé;;iﬁnsg’;y decreased sig
Added to the . y 2. Sup EC, no. of DCs,
. : . SSCM, Confoscan keratocytes - .
IVCM in DED current literature Prospective, 2 (base 3 NIDEK 3. Density of ac_tlvated keratoqytes Small sample size,
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Table 3. Cont.
Main .
Area of Study Authors Contribution to Design S?Zmple IS)o:tEcie Ofnt ‘l\]Tlolto f HRT I\O/Ia:n m Findin. Limitations
Literature e articipa sits utcomes gs
Basal EC and SNP
density increased,
1. Basal epithelial DC density
Ocular First to report Randomized cell density decreased in Ages in both
nebulization of IVCM changes andormized, . 3 (base, 1, 2. Sub-basal all groups €S N vo
Vitamin B12 vs. Yang J. after nebulization double-blinded 38 Outpatient 3 month) HRT III-RCM DC density Tortuosity no change ~ S1OUpPs different,
oxytocin in DED in ophthalmology RCT 3. Nerve density Higher EC density at 10 control group
4. Nerve tortuosity 3 months, lower DC

density at 1 month in
the B12 group

CBS: cord blood serum; CNBD: corneal nerve branch density; CNFA: corneal nerve fiber area; CNFD: corneal nerve fiber density; CNFL: corneal nerve fiber length; CNFrD: corneal
nerve fractal dimension; CNFW: corneal nerve fiber width; CTBD: corneal nerve fiber total branch density; DC: dendritic cells; DED: dry eye disease; EC: epithelial cell; HRT: Heidelberg
Retinal Tomograph; IVCM: in vivo confocal microscopy; PBS: peripheral blood serum; RCM: Rostock Cornea Module; RCT: randomized controlled trial; SNP: sub-basal nerve plexus;
SSDE: Sjogren’s syndrome Dry Eye.
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More recently, homologous sera obtained from healthy donors (i.e., allogeneic pe-
ripheral blood serum [allo-PBS] and cord blood serum [CBS]) have been proposed as
treatment alternatives in patients with severe DED. Both treatments significantly improved
corneal SNP parameters, and in particular, nerve density, length, width, and fractal di-
mension [39]. Giant epithelial cells, beading, and neuromas have also been shown to be
decreased. Corneal nerve fractal dimension (CNFrD) is a novel IVCM metric that measures
the structural complexity of corneal nerves, and its reduction represents nerve degeneration.
It has been demonstrated that the CNFrD value has a diagnostic efficiency comparable with
conventional IVCM parameters for identifying diabetic corneal neuropathy [40]. On the
other hand, corticosteroids did not alter the quantitative measurements of the corneal SNP
even though they decreased corneal DC density [41]. IVCM was used in a clinical trial that
evaluated the use of omega-3 fatty acid supplements in DED [42]. These supplementations
may have neuroprotective effects on corneal nerves, shown by an increase in corneal total
nerve branch density (CTBD) and corneal nerve branch density on the main fiber (CNBD)
after 90 days.

3.5. Systemic Disease

Certain systemic diseases associated with DED are shown in Table 4.

Diabetic neuropathy, including diabetic corneal neuropathy, is one of the most com-
mon microvascular complications in diabetes [43]. There is increasing evidence to show
that impairment of microvascular components is preceded by early neurodegenerative alter-
ations primarily involving small nerve fibers, which can be demonstrated by IVCM [44,45].
Moreover, as small-fiber neuropathic changes can be picked up by IVCM, corneal nerve
metrics have been used as surrogate markers for diabetic peripheral neuropathy [46]. Stud-
ies have shown that IVCM parameters such as CNFL [47,48], CNBD, CNFD, and CNFrD
are reduced in patients with diabetes compared to controls, especially at the inferior whorl
site [49,50]. A significant reduction in nerve beading frequency was also reported, which
may be due to reduced metabolomic activity in diabetic patients [51].

IVCM is useful in analyzing the cornea and MG structures as well as the skin epidermis
and dermis in ocular rosacea. It can quantify MG alterations based on meibum reflectivity,
inflammation, and fibrosis, which correlated with the number of Demodex mites in both
MG and cheek. However, no correlation was found between IVCM scores and both
subjective and objective tests of dry eye [52].

Graves’ ophthalmopathy (GO) is often associated with DED, the most frequent cause
of ocular discomfort in such patients [53]. GO is an autoimmune disease in which autoanti-
bodies to the thyroid-stimulating hormone receptor lead to an inflammatory response in
the orbital tissues [54]. Recent studies with IVCM have found changes in corneal nerves
and MGs. Abnormal corneal SNP has been reported in active and inactive GO, suggesting
nerve degeneration in GO. These central corneal SNP parameters of GO patients were sig-
nificantly decreased compared with those of controls: corneal nerve fiber density (CNFD),
corneal nerve branch density (CNBD), corneal nerve fiber length (CNFL), corneal nerve
fiber total branch density (CTBD), corneal nerve fiber area (CNFA), corneal nerve fiber
width (CNFW) and corneal nerve fiber fractal dimension (CNFrD). In addition, CNFD
and ACNFrD values were significantly lower in the active GO compared with inactive GO
patients. However, this study did not adjust for potential differences in DED between GO
states [55]. Hence, further studies could further stratify the active TAO further into mild,
moderate, and severe states before comparing the difference in nerve parameters.

IVCM also effectively revealed microstructural changes of MGs in eyes with GO and
provided strong in vivo evidence for the roles of obstruction and inflammation in the
disease process [56]. However, the patients in both groups had differing OSDI scores.
Hence, it is unclear if the MG changes are related to concomitant DED in the GO patients
or related to an extension of GO orbitopathy.
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Table 4. Studies on Systemic Disease-related Dry Eye.
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in wide-area degeneration in of SNP decreased while that in
. 8 Cross-sectional . SNP the central superior SNP .
corneal nerve Reza A Badian T2DM can vary 163 Outpatient 1 HRT III-RCM : . Cross-sectional nature
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Area of Study

Authors

Main
Contribution to Design Sample Size IS,OUFC.G o \1\;'0.' of HRT Main Outcomes Main Findings Limitations
Literature articipants isits

Corneal Nerve in
Parkinson’s
Disease.

Misra, Stuti L.

Significant reduction

in corneal SNP

density in Cross-sectional
Parkinson’s, which is study
associated with cog-

nitive dysfunction

Corneal SNP density markedly
reduced in Parkinson’s
compared with controls

Corneal
SNP density

Limited sample size

30 Outpatient 1 HRT II-RCM mild disease excluded

API: acinar periglandular interstices inhomogeneity; AWI: acinar wall inhomogeneity; BEC: basal epithelial cell; CNFrD: corneal nerve fiber fractal dimension; CNBD: corneal nerve
branch density; CNFA: corneal nerve fiber area; CNFD: corneal nerve fiber density; CNFL: corneal nerve fiber length; CNFW: corneal nerve fiber width; CTBD: corneal nerve fiber total
branch density; DC: dendritic cell; Hbalc: hemoglobin Alc; LC: Langerhans cells; MAD: MG acinar density; MAI: MG acinar irregularity; MALD and MASD: MG longest and shortest
diameters; MOA: MG orifice area; MSR: meibum reflectivity; SD: standard deviation; SNP: sub-basal nerve plexus; TAO: Thyroid-Associated Ophthalmopathy; TNF: tumor necrosis
factor; TIDM: Type 1 Diabetes Mellitus; T2DM: Type 2 Diabetes Mellitus.
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Previous studies have discovered an association between DED and migraine
headaches [57,58]. It has been hypothesized that the trigeminal system plays a critical
role in the pathogenesis of ocular symptoms in migraine. The pain or photophobia asso-
ciated with migraine is believed to arise from the release of vasoactive neuropeptides at
the peripheries of the three main branches of the trigeminal nerve, which innervates the
dura, cranium, face, and eye. The ophthalmic branch (V1), in particular, also serves as
the afferent for ocular discomfort associated with dry eye [59,60]. IVCM can also study
the structural changes in nociceptive corneal axons in the SNP, which showed a decrease
in corneal nerve fiber length, total branch density, nerve branch density, and fiber area
in patients with migraine and photophobia compared to patients with migraine without
photophobia. Hence, SNP changes on IVCM may serve as a potential imaging marker
for ocular symptoms of chronic migraine [61]. Unfortunately, the study did not include
controls without migraine and did not assess the DED parameters in the participants.
Hence, it is difficult to conclude whether the presence of DED parameters is indicative of
the severity of migraines.

3.6. Glaucoma Treatment-Related Dry Eyes

Glaucoma is the leading cause of global irreversible blindness. The number of people
with glaucoma worldwide will increase to 111.8 million in 2040, disproportionally affecting
people residing in Asia and Africa [62]. Glaucoma is the leading cause of global irreversible
blindness. The most common initial treatment for glaucoma is topical medical therapy and
about half of glaucoma patients on topical anti-glaucomatous medications have the ocular
surface disease [63]. Previous studies have demonstrated that toxic and proinflammatory
effects of antiglaucoma ophthalmic solutions are mainly due to preservatives, though
prostaglandins by themselves can cause periorbitopathy [64,65].

IVCM studies related to glaucoma are summarized in Table 5. Such imaging is useful
in evaluating proinflammatory ocular surface changes induced by anti-glaucoma eye drops.
These parameters may be affected: basal epithelial cell density, stromal reflectivity, number
of sub-basal nerves, sub-basal nerve tortuosity, sub-basal nerve reflectivity, and endothelial
cell density. One study found increased basal epithelial cells density, stromal reflectivity,
sub-basal nerve tortuosity, and reduced sub-basal nerves in patients using glaucoma drops
compared to healthy controls [66].

IVCM can also document changes in the cornea after glaucoma filtration surgery
to evaluate for surgical success. For instance, preoperative DC density and goblet cell
density (GCD) are correlated with filtration surgery outcomes [67]. These parameters were
measured at the upper bulbar conjunctiva corresponding to the bleb site pre-operatively
and at the bleb site postoperatively. Images were acquired from the epithelium and
subepithelium (10-50 microns of depth). GCs may transport aqueous humor through the
bleb wall [68] and DCs are the source of immune-regulatory cytokines [69], so increased
GC and decreased DC are predictors of good outcomes. Hence, IVCM of the conjunctiva
may represent an imaging tool to predict surgical success in glaucoma [67]. However, the
study did not assess objective markers of dry eye, such as Schirmer’s test or TBUT.

In addition, IVCM can be used to describe and compare the conjunctival filtering bleb
features after XEN gel implantation and trabeculectomy, providing objective evaluation at a
cellular level. For instance, IVCM was used to evaluate parameters like stromal meshwork
reflectivity (SMR). As SMR represents an indirect indicator of the collagen content within the
conjunctival stroma, a hyper-reflective pattern was a sign of collagen deposition, scarring,
and potentially poorer clinical outcomes. After trabeculectomy, blebs showing a low
degree of reflectivity and a thick wall are more likely to have a good filtering function [70].
However, this study did not evaluate the success or failure of these procedures in the long
term as it only included blebs with a completely successful filtering function.



J. Clin. Med. 2022, 11, 2349

20 of 34

Table 5. Studies on Glaucoma-Related Dry Eye.

Main . .
Area of Study Authors Contribution to Design Sample Size Participants No. of Visits HRT Main %/.[au} Limitations
Literature Outcomes indings
Structural . .
Imaging of f\l;‘étl\;[)?;er touse MMA and SMR values i{aegofg :_iczt;ve, small
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Glaucoma structures H 6s UCCC Did not evaluate the
intra-subject
agreement.
DCs increase in DC density is higher in .
. . . Retrospectwe nature;
In Vivo the entire cornea, glaucoma & DED than in X . .
R . . Did not investigate
Distribution of with a higher Li controls
1 . . imbal and central DC R . other
Corneal Epithelial density at the Retrospective densitv. DC DC density is higher in rmeal featur
DCs in Medically Mastropasqua limbus, may observational 80 Outpatient 1 HRT III-RCM ensity, S patients taking preserved corneal leatures
Controlled induce stud; morphology than patients taking PF such as sub-basal
Glaucoma 1 ma-related Y and distribution. dr nerve plexus or the
. glaucoma-relate opS superficial
Patients (MCGP) ocular DC density correlated S
. ) o epithelial layers.
surface disease with staining
Cannot ascertain
whether changes are
due to drug
Whole ocular At the 6th month, discontinuation,
The Ocular surface system surgical group: GCD topical steroids, or
ecua objectively . increase, and limbal both. Did not
Surface after improved after Prospective 2 (baseline, at GCD, limbal DCD, DCD, SCNI, MGI, analyze structural
Successful Agnifili letel | stud 54 Outpatient h ’ HRT III-RCM SCNIL; MGD, MGI, and HL A,DR ¢ DI d, ¥ 1
Glaucoma completely case-control study 6 months) HLA DR positivity. -DR, OS] ecrease corneal nerve
Filtration Sureer successful OSDI correlated with parameters; MMC
urgery glaucoma GCD, MGI, SCNI, limbal has a cytotoxic effect
filtration surgery. DCD, & HLA-DR No
MMC-independent
glaucoma surgery as
a comparison.
PTFCs were less Cross-sectional
Meibomian Gland toxic towards study
Feat}lres z.md MGs and goblet IVCM documented lower Cannot provide MG
Conjunctival cells compared and GC status before
. GCD, MMAD, and e
Goblet Cell withthe L+ T Case-control initiation of therapy.
o J . . . MMAD, MMAA, Inl, MMAA, and ]
Density in Agnifili unfixed cross-sectional 90 Outpatient 1 HRT II-RCM . Possible unre-
.. . InAW, GCD greater Inl and InAW in .
Glaucomatous combination, with study . ported/transient
Patients PE-BTFC glaucoma patients ocular surface
. compared with controls.
Controlled presenting the problems.
With PTFCs most Limited sample and

tolerated profile.

for grouping.
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Table 5. Cont.

Main

Area of Study Authors Contribution to Design Sample Size Participants No. of Visits HRT Main N.[an} Limitations
Li Outcomes Findings
iterature
GCD was reduced in
both glaucoma groups .
and those with DED E;:lﬂ::isgz‘;\/the
conpaediolhelly | bl diforncs i
Conjunctival GCs Case-control, . 4 Y the GC population.
in Medically- Glaucoma therapy cross-sectional in group 2 compared to Baseline GC before
DI Staso leads to a marked . . 72 Outpatient 1 HRT III-RCM GCD group 1. .
Controlled . non-interventional . therapy unavailable,
reduction of GCs GCD was not different - .
Glaucoma study Did not consider
between DED and .
oup 2 patients controlled
group = . with three
Negative correlation medications
between GCD with OSDI .
and with TBUT

DCD: dendritic cell density; DED: dry eye disease; EC: epithelial cell; GC: goblet cell; GCD: goblet cell density; InAW: inhomogeneity of acinar wall (InAW); Inl: inhomogeneity of
glandular interstice; MCGP: medical controlled glaucoma patients; MMC: mitomycin-C; MMD: mean microcyst density; MMA: mean microcyst area; MMAA: mean Meibomian
acinar area; MMAD: Mean Meibomian acinar density; MG: meibomian gland; MGD: meibomian gland density; MGI: meibomian gland inhomogeneity; PF: preservative-free; PTFCs:
Prostaglandin/Timolol Fixed Combinations; OSDI: ocular surface disease index; SCNI: sub-basal corneal nerve inhomogeneity; SMR: stromal meshwork reflectivity; TBUT: tear break-up
time; UCCC: Ultrasonic Cyclocoagulation.
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3.7. Corneal Graft Versus Host Disease (GVHD)

IVCM studies related to inflammation-related dry eyes from immune, toxic, or envi-
ronmental causes are summarized in Table 6. For example, DED can also be mediated by
severe immune reactions such as Graft-versus-host disease (GVHD), which is an inflamma-
tory immune disease arising from an immunologic attack by donor alloreactive T cells that
result in damage to vital organs, including the ocular surface of the eye [71].

Patients with ocular GVHD adjusted for ODSI and corneal staining displayed signifi-
cantly decreased corneal epithelial cell density, SNP fiber density, and reflectivity compared
to DED from other causes and healthy controls, while nerve tortuosity and epithelial DC
density were increased in both oGVHD and DED groups [72]. This is in agreement with pre-
vious cross-sectional studies done [73-75]. As patients with DED unrelated to GVHD and
ocular GVHD typically present with similar symptoms, IVCM could be used to evaluate
and monitor patients with dry eyes due to GVHD and non-GVHD.

Patients with chronic GVHD had worse meibography scores, reduced corneal sub-
basal nerve plexus densities, lower TBUT scores, lower Schirmer I values and higher corneal
staining scores. There was extensive loss of meibomian glands in both superior and inferior
eyelids. In patients with chronic GVHD, the ensuing long-term inflammation often results
in fibrosis of the ocular surface and cicatrizing conjunctivitis [76]. Hence, patients with
chronic GVHD are at high risk for developing DED and MG dysfunction [77]. It is unclear
if the IVCM signs of GVHD are linked to the more severe MG dysfunction compared to the
DED group.
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Main . .
Area of Study Authors Contribution to Design S.:ample Participants N.o.. of HRT Main %/.[au} Limitations
Literature Size Visits Outcomes indings
Onlyl s’gldyh 1. Corneal
concludes that i i
epithelium
DED with and symptomatology R . Dpé d - No significant differences in G.VHD group treated
. . . etrospective, . ensity with anti-inflammatory
without Kheirkhah A may be linked to . 52 Outpatient 1 HRT II-RCM 2 C 1 IVCM parameters for R .
. X cross-sectional . ornea medications, lowering
chronic GVHD local disease rather b-basal both groups. .
. sub-basal nerves inflammatory changes.
than the underlying 3. Conjunctival EICs
systemic disease.
1. Epithelial cell Superficial EC density, basal cell
é\;sCﬁl\fC:evealed dgnsity density are lower in o~GVHD Cross-sectional study
microstructural ) 2. SNP (nerve apd PED groups, with a cannot prove CaU§ation.
Corneal features T . Cross-sectional, . densit significant difference in the Limited patients in the
N epelus TC changes in the N 33 Population 1 HRT III-RCM ensity,
in ocular GVHD . £ patient observational tortuosity, former results (0GVHD lower). oGVHD group.
corneas ol patients it Nerve fiber density and nerve Treatments
with oGVHD reflectivity) o Y )
i reflectivity were higher in not standardized
and DED 3. DC density .
decreased in oGVHD only.
Patients with chronic Chronic GVHD had worse
GVHD are at high meibography scores, reduced
Association risk for developing corneal sub-basal nerve plexus
between DED and MG 1. Corneal densities, lower TBUT scores,
Meibomian Gland dysfunction. In sub-basal lower Schirmer I values and Small sample size
Atrophy and O Dikme chronic . . Confoscan 4, nerve densities higher corneal staining scores No separate group for
Corneal Sub—basal tas GVHD-related DED, Cross-sectional 50 Outpatient 1 Nidek, Japan 2. Meibography Corn'ejdl sub—ba§a1 nerve non—G\(HD dry
Nerve Loss in MG loss does not scores densities of patients with GVHD  eye patients.
Chronic appear to be a did not correlate with
Ocular GVHD significant factor for meiboscores but showed a weak
corneal sub-basal correlation with Schirmer I
nerve damage. test values.
The use of FM No controls not
Face Mask-Related increases ine FM.
Ocular Surface ocular surface 2 (baseli CcDCD DCD significantly increased in 181}51 %—t S tud
Modifications Mastropaqua inflammation and Prospective 128 Outpatient aseine, HRT-RCM prolonged wear, whereas GCD ortierm stucy
. . . 90 days) GCD . PR Long-term studies may
During COVID-19 negatively impacts did not significantly change.
. . e reveal FM-related
Pandemic the quality of life in GCD chanes
patients with DED. 8es:
Systemic
Ocular Surface Corneal nerve Basal EC density, Decreased corneal basal E?r;ir;tt;ig:zs of
Meibomian Gla’n d changes are found in anterior and epithelium, anterior and s tﬁ)s tances are not
- chronic smokers. . posterior keratocytes, posterior keratocytes, X
Alterations, and As . Cross-sectional . Confoscan 3.0 . K . K assessed in the blood,
gim Smoking has an 100 Outpatient 1 endothelial cell density,  endothelial cell density,
case-control unclear whether ocular

Cornea changes in
Chronic
Cigarette Smokers.

adverse effect on
ocular surface
parameters

(Nidek)

long and total
sub-basal
nerve numbers

meibomian gland density, and
sub-basal nerve numbers in
chronic smokers.

alterations due to
systemic effects or
direct damage
from smoking.
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Table 6. Cont.

Main Sample No. of Main Main

Area of Study Authors Contribution to Design . Participants A HRT A Limitations
. Size Visits Outcomes Findings
Literature
Characteristic cystic lesions with

Summer sun dark centers and bright borders Same population used
UV Damage to the exposure leads to 2 (baseline No and area of in only 25 eyes (6%) before and asa ccﬁwt]: ol—mav not
Anterior Grupcheva changes in the cornea, ~ Prospective 400 Outpatient 1 ’ HRTII-RCM . affecting 118 eyes (29.5%) after y

year) cystic changes have adequate time for

Ocular Surface

bulbar and
palpebral conjunctiva

summer. The total area of the
cysts after the summer
increased fivefold.

washout of effects

CDCD: Corneal DC density; EC: epithelial cell; GCD: goblet cell density; GVHD: graft versus host disease; SNP: sub-basal nerve plexus.
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3.8. Contact Lens-Related Conditions

Clinical studies using IVCM for contact lens-related problems are summarized in
Table 7. Estimates of total contact lens (CL) wearers worldwide in 2005 were as high as
140 million and hence even complications with a low incidence may affect a large number
of individuals [78]. While the majority of complications are minor such as conjunctival
hyperemia and corneal edema from overwear, there are serious sight-threatening com-
plications such as infectious keratitis [79]. IVCM of the central cornea observed a higher
density of DCs in contact lens wearers compared with non—contact lens wearers. CL lens
has been known to activate and increase DC, contributing to ocular surface inflammation
and a decrease in SNP. This decrease in SNP has been hypothesized to be due to increased
DC and activated inflammation [80]. This finding has also been confirmed in soft lens
wearers [81].

The precise etiology of “corneal infiltrative events” (CIE) which arise during CL wear,
including both corneal infections and noninfectious inflammatory events [82], is not well
understood. The incidence of symptomatic CIEs during extended soft lens wear ranges
from 2.5 to 6%; when asymptomatic CIEs are included, the incidence can be as high as
20-25% [83].

IVCM can thus be potentially used to assess the subclinical response of the ocular
surface in CL wearer. The risk of developing CIEs is 12.5 times higher in reusable lenses
(those stored overnight in disinfecting solution throughout their usage period, which is
typically 2 weeks or 1 month) compared with daily disposable lenses [80]. Interestingly,
DC density was higher in reusable lens wearers than in daily disposable CL wearers [82].

IVCM can also study changes in corneal nerves associated with contact lenses. Orthok-
eratology (OK) involves using specially designed and fitted GP contact lenses to reshape
the corneal surface for the temporary correction of refractive error. Lenses are only worn at
night during sleep and removed on waking to provide clear, unaided vision throughout the
day. IVCM has found that nerve fiber density (NFD) is decreased in OK wear [84,85]. This
reduced NFD is associated with reduced corneal sensitivity and increased nerve tortuosity
as well [85].
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Area of Study Authors Contribution to Design Sample Size Participants HRT s Limitations
. IVCM Outcomes Findings
Literature
Corneal debnd C?f: nto No significant reduction getlrosple'ctlfie d
Alterations of adverse etlects . . IVCM; . in epithelial cell density esign, imite
R . . on corneal Retrospective . 2 (baseline, . Corneal endothelial sample size,
New Hybrid CLin  Dikmetas ] . 32 Outpatient Confoscan 4; - noted at the 6-month
Advanced endothelial cellsin  study at 6 months) Nidek cell density compared to baseline no control group
Keratoconus idvanced after wear did not study
eratoconus. nerve alterations
Density, Relatively lower density
CL Wear on distribution, and Investigator- of corneal epithelial DCs
Corneal Epithelial morphology of masked in the central cornea of
DC Distribution, Golebiowski CEDC do not cross-sectional 40 Outpatient 1 HRTII-RCM Corneal epithelial DCs younger patients may Small sample size
Density, and differ in observational allude to a more naive
Morphology established pilot study immune status in
CL wearers lens wearers
Mucin balls affect Appearance and size of Negative correlation
Microstructural the corneal the mucin balls between the size of balls
Evaluation of surface, including Prospective 2 (base- Qualitative analysis of and impact on basal
Mucin Balls and Grupcheva both epithelial case—li:ontrol stud 42 Outpatient lined at HRT III-RCM shape (round, elliptical, epithelium morphology Small sample size
Relations to disintegration as udy 28 + 2 days and irregular), reflectivity ~ and “activation” of
Corneal Surface well as keratocyte (bright, homogenous and ~ anterior stroma in
“activation”. dark, heterogonous). adjacent areas
Sensory
adaptation to CL gsrl;?ﬁ?gssub-basal nerve
- wear is not
Silicone Hydrogel mediated through . ; Confoscan 3.0 mean t(.)tal sub-basal No significant changes in
CL Wear and Prospective . 2 (baseline, . nerve fiber length, mean .
Kocabeyoglu sub-basal nerve or A 40 Outpatient (Nidek, outcomes at 6-month Small sample size
Corneal Sub-basal . longitudinal study 6 months) . total sub-basal nerve .
reduction of Vigonza, Italy) ] follow-up in CL users.
Nerve Plexus. . branch density, or the
corneal tactile mean long netve
sensitivity in . >
CL-naive users. fiber density
Complications Visualizin Mild or
Cl-Related related to CL Acanthoer%loeba cysts No cysts found. asymptomatic
C N Li, Weiwei wear-most Retrospective 141 Outpatient 1 Not specified . yets, Meibomian complications not
omplications . examining .
common is dry meibomian elands glands described observed
eye, then SPK & Only one hospital
SOftd.Cf.L wear'u Papillae density, shortest CL wearers, compared to R .
modifies papillae . 1 . etrospective
of diameter, longest previous wearers and nature of stud
. . . . diameter, area, circularity, = non-wearers, showed . ¥
Changes in Tarsal epithelial-lamina . ; . . 2 different
. . - . lumen/wall brightness higher circularity. N ;
Conjunctiva propria junction ratio, irregularity, Subjects with symptoms questionnaires
Associated With Lépez-de la Rosa into a more Retrospective 92 Outpatient 1 HRT III-RCM floctivi ! d ’ used for CL
Ocular S b ded shape: re ectivity, compare tol d
cular Symptoms rounded shape; wearers an
inhomogeneous asymptomatic
and CL Wear however, CL £ th i L howed non-CL-wearers,
cessation appears appearance of the wall, participants, showe CL material type
and inhomogeneous higher circularity and

to resolve
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appearance of rete ridges

lower irregularity
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Alterations in both NFD and corneal
corneal nerve sensitivity decreased by
morphology occur Day 30, 90. Difficulties in
Chanees in rapidly with OK Reduced NFD is locating the same
Cornegal Sub-basal and underpin associated with reduced exact corneal
Nerve functional Prospective 3 (baseline NFD corneal sensitivity. location with
Morphol d Lum, Edward sensitivity loss. - 1 stud 39 Outpatient D30, D90 ’ HRT II RCM CGNFO In the mid-peripheral IVCM at multiple
OrpllO.08Yy an Nerve fiber case-control study ’ ) cornea, GNFO rotated visits for each
Sensitivity - . lock i Dav 30 biect. leading t
During OK orlen_tatlon ) clockwise on Day 30, subject, leading to
provides an index with further rotation a potential
for changes in on Day 90. sampling error
corneal nerve Corneal sensitivity
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by Day 30.
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in SNP density and no. of
Long-term OK nerves in the central and
treatment led to mid-peripheral cornea
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Long-Term nerve density, 3 (baseline, objective tortuosity
Impacts of OK on directly correlated one year, After lens removal for
SNP and Corneal with corneal Prospective . one month . 1 month, baseline nerve .
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Responses and one month of remov- not recovered.
Their Reversibility treatment ing lens) One year: Increased
interruption, mid-peripheral
nerve density was Langerhans cell density,
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mid-peripheral
nerve tortuosity.
Daily disposable
CL produces All metrics increase in
Subclinical minimal Prospective 6:3 1 DC densit reusable lenses (A2 and
Inflammation of . subclinical NPT . dispensing, . ensity AQO), while only 3 of 6 .
the Ocular Surface Saliman inflammatory longltudmal, 20 Outpatient 3 f(filow—ugp HRT III/RCM 2. DC morphology IVC)M paramet):ars Small sample size
X observational g . . .
in Soft CL Wear response vs. no visits increase in daily
lens wear over disposable group.
1 week.
Scleral lens wear 1. Corneal epithelial
Corneal Health for 3 months does . 2 }])Decrrgii‘t;hty No differences between N.O comparison
during Three no.t aff?d corn'eal ProsPect}Ve, . 3 (baseline, ’ o4 CL solutions. No changes W.lth patients who
M 8 Tse V epithelial barrier longitudinal, 27 Outpatient ¢ HRT-RCM 3. Corneal Nerve & did not have a
onths of Scleral function, nerve observational 1,3 months) Fiber Morphology after 1 and 3 months of scleral lens or
Lens Wear ¢ CL use.

fiber, and
DC densities

4. Endothelial
Cell Density

other lens types.
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Main No of Main Main
Area of Study Authors Contribution to Design Sample Size Participants IVCM HRT a am Limitations

Literature C Outcomes Findings
Impact of Lens 3 Hyper-reflective
Care Solutions IVCM can detect Prospective, 2 (baseline ?ﬁorpiil%glctflf{ e)r Ei}gctis superficial ECs associated N hout
and Daily Silicone epithelial cellular investigator . se ConfoScan 4 yperreriectivity € with PHMB preserved 0 Wwashou

Zhang XL . 274 Outpatient and at . superficial ECs and . period prior to
Hydrogel CL Wear changes during masked, 5 months) (Nidek) {thelial basal solution; decreased basal tudy ent
on Cornea CL wear cohort study oS, epll de a ¢ asa EC density associated study entry
Epithelium cell density with bacterial bioburden.
1 Density

IVCM enabled of dendrites ] After wearing CLs,
Corneal DC and direct observation 4(1,4,12 2. Area of denqlrltes corneal DC were Effoct of gend
Sub-basal Nerve LiuQ of increased Prospective, 20 o tient d, 9 4 4 HIRT ILRCM 3. No of dendrites, activated and increased, tec 01 getnder
in Long-Term corneal DC and observational utpatie an " 4. Total length of DC indicating ocular surface no ei’va uate

weeks) 5. SNP densities in Small study

CL: contact lens; DC: dendritic cell; EC: epithelial cell; GNFO: global nerve fiber orientation NFD: nerve fiber density; Nerve fiber density (NFD); PHMB: polyhexamethylene biguanide;
OK: orthokeratology; SNP: sub-basal nerve plexus.
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4. Discussion
4.1. Limitations

Several studies were limited by their cross-sectional nature and hence inability to prove
causation between the disease and IVCM parameters studied [14,38,52,55,56,61,70,77]. In
addition, many studies were limited by their small sample size [14,24,55,61,66,68,70,77,80].

Some study designs include biases, with either no placebo group for comparison [37]
or a lack of standardized treatment [68]. A study had no control groups or insufficient
control (controls had dry eye symptoms) [52]. Others had study populations that may not
be representative. For instance, in one study, most participants were female, and hence the
results may not be extrapolated to the general population [24].

There were also limitations in the IVCM technique. A central area for analysis was
selected to ensure consistent measurements across patient groups [66], but multiple scans
in different areas could potentially give a more comprehensive assessment.

There may be significant inter-observer and intra-observer variability with poor re-
peatability and manual processing is laborious and time-consuming. Furthermore, IVCM
can only image a very small field of view, hindering reproducible imaging of the same
areas over time.

A limitation of our study was complying with all items for a systematic review. We
did not register the protocol for this review in a review registry which is a flaw according to
AMSTAR-2 (Supplementary Table S1). We have tried to reflect, in the material and methods
section, the entire search protocol as it was carried out and the search strategy designed.
For conducting a proper systematic review, out of sixteen questions, we answered “Yes”
to nine questions, with partial “Yes” to one and “No” to five questions. We missed item 7
(justification for excluding individual studies—we did not provide the full list of excluded
articles, but this can be made available on request), item 10 (funding sources of papers as
the paper would be too lengthy), item 11, 12, and 15 as these questions are not relevant
when meta-analysis are not performed. We have a partial “Yes” to item 4 (we searched only
1 database instead of 2, but we have provided the keywords and search strategy used).

However, this review is about an imaging diagnostic tool, IVCM, not about specific
therapy. As there were no studies that evaluated health outcomes based on the use of
IVCM vs. the lack of such imaging, the AMSTAR2 and ROB2 could only be applied to
study outcomes of specific treatment interventions.

4.2. Future Research Directions

Due to the high cost of this technology, the widespread deployment and use of IVCM
in clinical practice are limited. Hopefully, improvement in hardware and wider use may
bring the cost down. Analysis of corneal SNP on IVCM images can be fully automated,
semi-automated, or manual. The fully automated technique requires no manual input from
the observer and is faster and more suited for large trials and longitudinal studies requiring
analysis of a large number of images. However, there might be more false-negative and
false-positive errors that require improvement of these algorithms in the future [86].

As mentioned earlier, one of the drawbacks of IVCM is its small field of view, prevent-
ing an overview of SNP architecture and necessitating subjective image sampling of small
areas of the SNP for analysis. Hence, future directions also include large-area imaging and
mapping or mosaic technique. Corneal SNP can be reconstructed by automated mosaicking,
with an average mosaic image size corresponding to 48 individual IVCM fields of view [87].

The use of artificial intelligence (AI) and increasing automation will improve the speed
and accuracy of image analysis. Freeware, including Image] (NIH) and image processing
packages for python (e.g., scikit-image, OpenCV) and others, have many built-in functions
which allow for custom scripting. Future advances are likely to include advances in
machine-learning algorithms, which are currently making their way into commercial
software packages [88]. High-speed networks will also improve the ease of using IVCM
images in digital medicine.
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5. Conclusions

IVCM is useful as a complementary technique for clinical diagnosis in various ocular
surface disorders related to dry eye. With advances in hardware and software in the near
future, it has the potential for further practical impact and can be used for a multitude of
OSD for diagnosis, management, and prognostication.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jem11092349 /51, Supplementary File S1: TFOS Lifestyle Workshop 2021—Standardised
Electronic Searches. Table S1: Table to summarize the results of AMSTAR-2. Table S2: Risk of bias
summary for individual studies (n = 4) in accordance with Rob2.
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