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Abstract

A new era of ocular imaging has recently begun with the advent of in vivo confocal microscopy
(IVCM), shedding more light on the pathophysiology, diagnosis, and potential treatment strategies
for dry eye disease. IVCM is a noninvasive and powerful tool that allows detection of changes in
ocular surface epithelium, immune and inflammatory cells, corneal nerves, keratocytes, and
meibomian gland structures on a cellular level. Ocular surface structures in dry eye-related
conditions have been assessed and alterations have been quantified using IVCM. IVCM may aid
in the assessment of dry eye disease prognosis and treatment, as well as lead to improved
understanding of the pathophysiological mechanisms in this complex disease. Further, due to
visualization of subclinical findings, IVCM may allow detection of disease at much earlier stages
and allow stratification of patients for clinical trials. Finally, by providing an objective
methodology to monitor treatment efficacy, image-guided therapy may allow the possibility of
tailoring treatment based on cellular changes, rather than on clinical changes alone.
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INTRODUCTION

Dry eye syndrome (DES), with a prevalence of 10% to 20% of the adult population, is one
of the most common disorders of the eye. As such, it is one of the most frequently
encountered ocular diseases in the clinic. The high prevalence of DES is associated with a
significant economic burden. Significant advances by both basic and clinical researchers
have been made over the past years towards understanding the disease and the development
of new treatment modalities. The International Dry Eye Workshop (2007) defined dry eye as
a “multifactorial disease of the tears and ocular surface that results in symptoms of
discomfort, visual disturbance, and tear film instability with potential damage to the ocular
surface. It is accompanied by increased osmolarity of the tear film and inflammation of the
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ocular surface.”! More recently, the International Workshop on Meibomian Gland
Dysfunction (2010) defined meibomian gland dysfunction (MGD) as a “chronic, diffuse
abnormality of the meibomian glands, commonly characterized by terminal duct obstruction
and/or qualitative/quantitative changes in the glandular section. It may result in alteration of
the tear film, symptoms of eye irritation, clinically apparent inflammation, and ocular
surface disease.”? Although these definitions provide clear descriptions of the disease
components, in-depth investigation of the pathophysiological mechanisms are still required,
as they remain elusive. Moreover, as all clinical trials for new dry eye treatments in the
United States have failed since 2002, the treatment of this condition presents a significant
challenge for ophthalmologists.

Corneal in vivo confocal microscopy (IVCM) is a novel, noninvasive, high-resolution tool
that allows imaging the living cornea at the cellular level, providing images comparable to
histochemical methods. IVCM enables the study of corneal epithelial cells, keratocytes,
endothelial cells, nerves, and the immune cells in different ocular and systemic diseases,
many of which are not visible by slit-lamp examination. The ability of the new laser IVCM
to examine the ocular surface has opened new doors for investigating the enigma of DES.
Recent IVCM studies have provided additional insight into the etiology of DES and allow
monitoring cellular changes in the cornea of the same patients over time.

In this review, we will summarize the in vivo confocal microscopic findings of the tissues
targeted in dry eye syndrome, including the cornea, conjunctiva, and meibomian glands. By
no means are we providing an exhaustive review of the literature, but rather summarizing
key IVCM findings in DES and related conditions. Given the importance of understanding
cellular changes in DES, there is an exciting emerging role for IVCM evolving not only for
the diagnosis of DES, but also for stratification of patients for management and clinical
trials, and potentially as a more objective tool to measure treatment efficacy.

MATERIALS AND METHODS

RESULTS

Avrticles assessed for inclusion in this review were identified by an electronic search of
PubMed databases in December 2011 using individual and combinations of keywords “in
vivo,”““confocal,” “microscopy,” “cornea,” “conjunctiva,” “meibomian,” “Sjogren’s
syndrome,” “ocular surface,” and “dry eye,” as well as by review of the references section of
the identified publications. Review and synthesis of the selected literature that has studied
the histopathologic changes of the ocular surface and the meibomian glands under the
confocal microscope was included.

Corneal Epithelium

The corneal epithelium, which is affected in DES, consists of three cellular epithelial layers,
including the superficial epithelial cell layer, the intermediate or suprabasal epithelial cell
layer, and the basal epithelial cell layer (Figure 1). The corneal epithelium provides an
important barrier function against pathogens and other deleterious agents, and plays an
important role in the ocular surface homeostasis. Previous IVCM studies have assessed the
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cellular density of epithelial layers, and evaluated the abnormal morphological changes of
the epithelium. Tuominen et al.3 initially described patchy alterations or irregularities of
surface epithelial cells in Sjogren’s Syndrome. Since then, additional studies have
demonstrated a decrease in epithelial cell density as result of DES (Table 1).

Specifically, in a study by Benitez del Castillo et al., the density of the superficial epithelial
cells was noted to differ significantly between primary Sjogren’s dry eye (PSDE; 536-947
cells/mm?2), non-Sjoégren’s dry eye (NSDE; 785-1258 cells/mm?), normal eyes in subjects
less than 60 years of age (N < 60; 1299-1758 cells/mm?), as well as normal subjects greater
60 years of age (N > 60; 1312-1733 cells/mm?).# In contrast, the density of the basal
epithelial cells showed no statistical significance in between the PSDE group (5746—6599
cells/mm?) vs. NSDE group (5425-6044 cells/mm?); N < 60 group (5217-6348 cells/mm?)
or N > 60 group, (5168-6062 cells/mm?).4

Erdélyi et al., using the laser IVCM, later demonstrated that superficial and intermediate
epithelial cell densities in the central cornea were significantly decreased in the sicca group
(702-984 and 4612-5444 cells/mm?, respectively) as compared to normal participants
(1026-1398 and 5437-6171 cells/mm?, respectively).® They further demonstrated that the
epithelial thickness was significantly reduced in patients with lagophthalmos (37.9-51.3 pm)
as compared to normal controls (48.8—-65.1 um), sicca patients (45.8-56.6 um), and
dysthyroid patients (43.2-57.8 um).> Moreover, Villani et al.6 demonstrated that patients
with PSDE had a significantly decreased density in superficial cells, but increased density of
basal epithelial cells with (965 + 96 and 6261 + 168 cells/mm?) compared to normal
controls (1485.55 + 133.74 and 5861.65 + 260.40 cells/mm?). However, they did not find
statistical significance between patients with PSDE and NSDE.5

More recently, Zhang et al.” showed significantly decreased cell densities in the superficial,
intermediate, and basal epithelial layers in mild dry eyes with (890 + 197, 5917 + 1072,
9234 + 1365 cells/mm?), and moderate to severe dry eye with (746 + 125, 5216 + 867, 8634
+ 998 cells/mm?2), in contrast to the control group with (1228 + 248, 6974 + 662, 11307 +
1876 cellssmm?).” Together, these studies demonstrate decreased epithelial cell density in
patients with DES.

Corneal Stroma and Keratocytes

The use of the IVCM has demonstrated a decrease in central corneal thickness as a result of
a reduction in stromal thickness in patients with Sjogren’s syndrome, as reported by
Tuominen et al.3 In addition, they reported abnormal keratocytes hyperreflectivity in these
patients with Sjogren’s syndrome. These hyperreflective keratocytes (Figure 2) have been
termed “activated” keratocytes by some authors,® although it remains to be shown if these
cells are potentially stromal bone marrow-derived cells. The density of activated keratocytes
has been shown to be significantly higher in the dry eye associated with Graves’ orbitopathy
(GO) patients (6.04 + 2.93 cells/mm?) in comparison to healthy subjects (0.42 + 0.73
cells/mm?2).? Indeed, this was the only sign found to be significantly different when GO
patients were compared to control subjects, and when active GO was compared to inactive
Go.°
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Benitez del Castillo et al. showed that the density of the anterior stromal cells was increased
in the PSDE group (1200-1497 cells/mm?2) compared to NSDE (988-1379 cells/mm?), N <
60 (965-1248 cells/mm?), and N > 60 groups (931-1219 cells/mm?), with no statistically
significant difference between the groups, however. The density of the posterior stromal
cells was increased in the PSDE group, (729-887 cells/mm?) versus NSDE group (687-903
cellssmm?); and N < 60 group (645-837 cells/mm?2) versus N > 60 group (682-854
cells/mm?2), with no statistically significant difference between the studied groups.*

Corneal Nerves

Sub-basal nerve density declines linearly by 0.9% per year according to Niederer et al.10
However, studies present conflicting results regarding the effect of dry eye on sub-basal
nerve density (Table 2). A significant reduction in sub-basal nerve density (Figure 2) has
been reported in both Sjégren’s syndrome with 511 + 106 pm/mm? and non-Sjégren’s
syndrome dry eye with 591 + 90 um/mm2, compared to controls less than 60 years with 787
+ 105 um/mm2, and more than 60 years with 620 + 92 um/mm.26:11 Reductions in sub-basal
nerves have also been noted in many other dry eye-related conditions, such as after PRK,
LASIK, diabetes and infectious keratitis, such as herpes simplex keratitis, bacterial, fungal
and Acanthameoba keratitis, 16:27.29,30,32,33,34

In contrast, Hosal et al.13 and Tuominen et al.3 observed no difference in sub-basal nerve
density in dry eye patient with 5.4 + 1.8 long nerve fiber bundles per microscopic field
compared with 5.0 + 1.4 in controls. Moreover, Zhang et al. demonstrated increased corneal
nerve density in dry eye patients with Sjégren’s syndrome with 1745.4 + 414.7 pm/mm? and
non-Sjégren’s syndrome with 1423.5 + 609.5 pm/mm2, compared to controls with 1315.7
664.7 um/mm?2.14 These variable results may be attributed to different stages and severity of
dry eye in patients enrolled in these studies.1® However, the reports agree in that increased
tortuosity (grades 1-4) and reflectivity (grades 1-4) of the sub-basal nerve plexus is
observed in Sjégren’s syndrome with 2.62 + 0.94 and 2.08 £+ 0.78, compared to controls
with 1.20 + 0.70 and 1.85 + 0.87, respectively.8 An increased number of bead like
formations have been reported as well in Sjogren’s syndrome with 364 + 64/mm and in non-
Sjogren’s syndrome with 307 + 73/mm, compared to controls less than 60 years with 192 +
61/mm, and more than 60 years with 197 + 50/mm. These bead like formations either reflect
nerve damage® or alternatively reflect the increased metabolic activity of nerve fibers, which
attempt to improve the abnormal epithelial trophism.346 Overall, IVCM studies in dry eye
patients demonstrate a role of corneal nerve density and morphology, as well as function, in
the pathogenesis of this disease.

Corneal Immune and Inflammatory Cells

Langerhans cells (LCs) are epithelial dendritic cell (DCs), which are the professional antigen
presenting cells of the cornea. As such, they are an important component of the defense
force by limiting inflammation by inducing tolerance or by activating T lymphocytes and
recruiting other immune and inflammatory cells to the cornea to fight pathogens. The
distribution of dendritiform epithelial DCs in healthy subjects decreases from the periphery
towards to corneal center (Figure 2). Epithelial DCs are generally located in the proximity of
the sub-basal nerve plexus.16:17
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Only a single study has assessed the density and distribution of DCs and other immune and
inflammatory cells by IVCM in DES. In dry eye-related conditions, epithelial DC density
was dramatically increased throughout the cornea (Table 3; Figure 2). Lin et al.
demonstrated that DCs were significantly increased in the corneal center in non-Sjdgren’s
syndrome dry eye (NSS) (89.8 + 10.8 cells/mm?2) and Sjégren’s syndrome (SS) (127.9 +
23.7 cellssmm?) as compared to normal subjects (34.9 + 5.7 cells/mm?2).17 In addition, they
demonstrated a modest increase in DC density in the peripheral cornea of SS patients (157.2
+29.7 cells/mm?), whereas only a slight increase was noted in the NSS group (106.9 + 10.5
cells/mm?2), compared to normal controls (90.7 + 8.2 cellssmm?).17 Further, they showed
putative activation of epithelial DCs in dry eye patients as documented by the increased
presence of dendrites. While normal corneas showed a higher frequency of DCs with
dendrites in the periphery, patients with DES showed increased density of “activated” DCs
in the center more than in the periphery with 3.2 + 0.5 cells/mm? in the central cornea of
controls, 9.9 + 1.7 cells/mm? in the center of NSS patients, and 46.1 + 17.3

cells/mm? "activated” DCs in the central cornea of SS patients.1” This increase in DC
density is rather modest when compared to patients with infectious keratitis, who
demonstrate an up to 20-fold increase in DC density as compared to normal subjects.16

Non-dendritic corneal epithelial leukocytes are sparse in healthy subjects (center, 1.6 £ 0.6
cells/mm?; periphery, 4.3 £ 1.3 cells/mm?). In contrast, patients with SS demonstrated
dramatically increased non-dendritic leukocytes in both the center (49.0 + 12.9 cells/mm?)
and periphery (84.2 + 36.8 cells/mm?). However, patients with NSS showed slightly
increased leukocyte density centrally (4.6 + 1.0 cellssmm?), but not peripherally (8.4 + 3.1
cells/mm?).17

The above studies demonstrate that the density of epithelial DCs and other inflammatory
cells increases in the central and peripheral cornea in patients with SS, NSS, and infectious
keratitis, with significant differences between SS and NSS patients. Although morphological
changes of DCs are observed, the relevance of these observations remains to be shown.

Meibomian Glands

Morphologic changes have been noticed by IVCM (Figure 3) in all meibomian gland
structures in dry eye conditions (Table 4). Villani et al. demonstrated that patients with SS
and MGD demonstrated increased acinar dilatation with 70 + 42 um in secondary SS (SSII)
and (106 + 41 pm) in MGD compared to primary SS (SSI) and controls with (53 + 31 and
53 + 14 pm, respectively). In addition, they showed a higher reflectivity (grades 1-4) of
meibum in SSI (1.7 £ 0.6), SSII (2.2 + 0.8), MGD (3.3 + 0.7) compared to controls (1.1 +
0.7), and decreased diameters of meibomian gland orifices in SSI and SSII with (27.8 £ 5.9
and 20.6 + 5 um, respectively) compared to controls with (34.7 + 4.3 um), except for an
increase it in MGD with (50 = 9.1 um). The inhomogeneous appearance of the acinar wall
was significantly increased in all pathologic dry eye groups, with no differences between SS
and MGD patients.1® Moreover, they showed decreased acinar density in patients with MGD
and SSII patients with (57 + 21 and 97 + 43 unit/mm?, respectively), and increased acinar
density in SSI with 138 + 69 unit/mm?2 compared to controls with 110 + 31 unit/mm?, as
well as in contact lens wearers with 129 + 48 unit/mm? compared to controls with 119 + 22
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unit/mm?.18.19 Meibomian gland orifice diameter and meibum reflectivity (grade 1-4) were
increased in both contact lens wearers with 36 £ 8 um and 44 * 16, respectively, and MGD
patients with 50 + 9.1 ym and 3.3 + 0.7, respectively, compared to controls with 45 £ 9 pm
and 33 £ 7, respectively. However, while orifice diameter decreased in SSI (27.8 £ 5.9 um)
and SSII (20.6 £ 5.1 ym) compared to controls (34.7 + 4.3 um), meibum reflectivity
increased in SSI and SSII compared to controls (1.7 £ 0.6, 2.2 + 0.8, 1.1 £ 0.7,
respectively).18:19 Furthermore, periglandular inflammation, basal epithelial density as well
as epithelial hyperkeratinization was reported in several studies.182021 MGD showed higher
inhomogeneous appearance of the periglandular interstices and the acinar wall enlargement
of glandular acinar units due to inspissation of meibum secretion and glandular atrophy with
periglandular fibrosis, hyperkeratinization of ductal epithelium, infiltration and enlargement
of glandular acinar units and extensive periglandular inflammatory cell with (1026.1 + 537.3
cells/mm?) compared to controls with (56.6 + 32.1 cells/mm?2).20-21 Among many of the
previous parameters, which have been used by many authors to diagnose MGD,
inflammatory cells quantification is a potential valid key to monitor MGD treatment
course.36 Table 4 summarizes changes in meibomian gland structures as observed by IVCM.

Conjunctiva

Several recent reports studied the conjunctiva in dry eye patients by IVCM (Table 5).22-24
Hong et al.22 demonstrated conjunctival epithelial cysts formation, and decreased density of
conjunctival epithelial cells and goblet cells (GC). Goblet cells were characterized by IVCM
as large hyperreflective oval-shaped cells with relatively homogeneous brightness. GC
density was assessed by IVCM (332 + 137 cellssmm?2) and compared to impression cytology
(200 + 141 cells/mm?) in patients with SS dry eye.22 Goblet cell density by IVCM showed
significantly positive correlation with impression cytology results. Although GC density
measured by IVCM was higher than by impression cytology, there was no statistically
significant difference.

Villani et al. more recently demonstrated higher conjunctival epithelial cells density and
lower presumed GC density in young subjects.23 However, they did not show any effect of
age on presumed conjunctival inflammatory cells. Further, they showed that patients with
SS had significantly increased densities of presumed epithelial cells, GC, and inflammatory
cells as compared to controls, without significant correlations among the three different cell
types.23 However, there was significant variability between the two observers. In contrast,
Wakamatsu et al. recently demonstrated that patients with SS had decreased conjunctival
epithelial cell densities compared to healthy control subjects.24 They also showed deceased
conjunctival epithelial cell density in the patients with NSS dry eye. Furthermore, while SS
patients showed a significant increase in conjunctival epithelial microcyst density compared
to healthy control, NSS dry eye patients did not report a significant change to microcyst
density. Finally, the mean conjunctival inflammatory cell density was significantly higher in
the SS eyes (433 + 435.8 cells/mm?2), and NSS eyes (134.8 + 124.2 cells/smm?), in contrast
to healthy control eyes (10 + 17.9 cells/mm?).24 Thus, IVCM is beginning to provide an
insight into cellular changes in the conjunctiva in patients with DES, demonstrating
decreased GC density and increased inflammatory cell density.
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DISCUSSION

The recent development of in vivo confocal microscopy has allowed the real-time
investigation of cell morphology in situ and the evaluation of various cell populations on the
ocular surface at microscopic resolution. This optical sectioning allows visualization and
analysis of epithelial cells, stromal keratocytes, corneal nerves, endothelial cells, goblet
cells, meibomian glands, as well as immune and inflammatory cells that previously could
not be seen by slit-lamp examination. Thus, it may not only be used for diagnostic purposes,
but may also provide a valuable tool in monitoring disease and measuring therapeutic
efficacy in patients with dry eye syndrome.

In vivo confocal microscopic observations of the corneal epithelium in dry eye patients
demonstrates significant alterations in the corneal epithelium, presumably due to increased
desquamation of the superficial cell layer and inflammatory mediators.2> The damage to
corneal epithelium may be related to the hyperosmolarity of the tear film associated with
increased tear evaporation, which may in result in the morphological and proinflammatory
changes to the corneal epithelium, as well as the disruption of the ocular surface
homeostasis.’ Increased levels of tumor necrosis factor (TNF)-a and interleukin (IL)-1 could
potentially result in epithelial cell apoptosis, as well as in an increased proteolytic activity at
the stromal level 26

In the stroma, Efron et al.8 described the activation of corneal keratocytes in dry eye related
conditions. Further, Tuominen et al.3 observed abnormal stromal hyperreflectivity in SS.
While keratocyte nuclei can be identified as discrete hyperreflective structures in the stroma,
their cytoplasm, cell wall, and processes may be visible, particularly in the posterior stroma.
Although anterior stromal keratocytes density decreases throughout life, the IVCM results in
dry eye patients are not conclusive. Moreover, it should be noted that currently no clear
guidelines exist to differentiate keratocytes from resident or migratory stromal bone
marrow-derived cells, and that the differences noted in keratocyte density could be due to
the level of stromal immune and inflammatory cells that were not differentiated from
keratocytes.

Recently, IVCM has allowed real-time studies on corneal nerves, which has been of great
interest to clinicians and scientists.11-16: 28 |\/CM has demonstrated dramatic changes in the
sub-basal nerve layer in dry eye related conditions. Sub-basal and stromal nerves undergo
significant decrease in the number and the density. Further, IVCM demonstrates the
abnormal morphology of sub-basal nerves, as seen by the increase in bead-like formation,
sprouts, tortuosity, irregular branching patterns, and neuromas, which may be explained by
nerve degeneration and regeneration, leading to active neural growth.3 The beading
observed in patients with DES may be characteristic of metabolically active of transmitter-
containing nerve fibers or alternatively a sign of inflammation-induced nerve damage.
Neuropeptides may be involved in regeneration of corneal nerves and studies assessing
neuropeptide levels may shed light into the pathophysiological mechanism of corneal nerve
changes observed (e.g. nerve sprouting).
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More recently, the non-invasive assessment of immune and inflammatory changes has
become possible by laser IVCM that now allows visualization of these cell components not
visible with previous white light IVCM machines. This is of particular interest in patients
with DES, as over the past decade the role of inflammation in dry eye disease has become
apparent. The increased density of epithelial DCs observed by Lin et al. may indicate a
heightened immune status of the cornea.1’ Thus, dynamic in vivo assessment of the central
corneal inflammatory cell density may serve as an indicator of dry eye severity and provide
new insight for dry eye treatment. As insights into the inflammatory status of the cornea that
cannot be easily determined by slit-lamp examination, IVCM will not only be of help in
evaluating dry eye severity, but likely guide clinical treatment, and aid in the evaluation of
the efficacy of anti-inflammatory drugs in clinical trials.

IVCM has recently been applied for the examination of meibomian glands, providing a new
tool to assess morphologic changes. This approach demonstrated diagnostic value of acinar
density and diameter in the diagnosis if MGD.2! According to the International Workshop
on Meibomian Gland Dysfunction (2010), MGD is caused primarily by terminal duct
obstruction through Kkeratinization. The MG obstruction may then lead to intraglandular
cystic dilatation, meibocyte atrophy, gland dropout, and low secretion, effects that do not
typically involve inflammation. The outcome of MGD is a reduced availability of meibum
to the lid margin and tear film. The consequence of insufficient lipids may be increased
evaporation, hyperosmolarity and instability of the tear film, increased bacterial growth on
the lid margin, evaporative dry eye, and ocular surface inflammation and damage. However,
IVCM images disclosed morphologic alterations in patients with MGD, including extensive
periglandular inflammatory cell infiltration,2 the clinical significance of which remains to
be determined.

Finally, in evaluating the conjunctival epithelium, minimally invasive techniques are most
desirable. Although corneal morphologic alterations have been extensively studied by IVCM
in SS, very few studies have investigated conjunctival alterations in DES. Clearly, the
evaluation of the conjunctiva is feasible and the studies of the conjunctiva by IVCM are just
in the infancy. In conclusion, IVCM is a non-invasive tool that could not only provide
valuable diagnostic information in the clinic for patients with DES, but may also provide a
powerful platform to assess therapeutic response in patients with dry eye syndrome as well
as allow stratification of patients for clinical trials. IVCM could thus provide additional
objective parameters and endpoints for clinical trials in dry eye disease.
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FIGURE 1.
Cornea epithelial layer in normal and dry eye patients. Normal subjects: (A) normal

superficial epithelium with few hyperreflective cells (squamous metaplasis) and dark nuclei;
(B) intermediate wing layer with symmetrical shape, bright cell borders and dark cytoplasm;
(C) regularly arranged small cells with bright borders and non-homogenous cystoplasmic
reflectivity. Dry eye patients: (D-F) epithelial squamous metaplasia (hyperreflectivity) with
increase in desquamation, enlarged cells, pyknic nuclei, and lower cell density as compared
to normal.
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FIGURE 2.
In vivo confocal images of cornea sub-basal nerve plexus, dendritic cells, and stromal

keratocytes. (A) Central and (C) peripheral sub-basal nerve plexus demonstrating normal
pattern with few denditriform cell; (B) central and (D) periphery images showing loss of
nerves and increase in dedritiform cell density in dry eye patients. Stroma (E) with bright
oval keratocyte nuclei and (G) stromal nerves; (F) and (H) dry eye subjects with keratocyte
pleomorphism (potentially immune cells), more tortuous nerves, and decreased nerve
density.
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FIGURE 3.
In vivo confocal images of the lid and meibomian glands. (A) Meibomian gland orifice in

normal patient and (B) closed orifice in a patient with meibomian gland dysfunction (MGD).
Tarsal conjunctiva of normal subject (C). Conjunctiva shows increase in inflammatory cells
in MGD patient (D) as compared to normal subject (C). Acinar meibomian gland units (E)
with few hyperreflectivity areas; MGD patient with decreased acinar density, atrophic
morphology, and increase in hyperreflective areas (F).
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TABLE 2

Corneal nerves changes by IVCM in dry eye-related conditions.
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IVCM nerve changes in dry eye vs. normal controls

Study/ Dry Eye conditions, Stromal density
Machine Patient No. Sub-basal density (um/mm32) Morphology
Benitez del Castillo et al. (2007)1Y/ (SSI,n=10) | Total length of nerve fibers ~ -------------- 1 Tortuosity;
Confoscan-4 (NSS, n=11) (um) 1 Beading
(NL=60 years, n = within an area of 74,340
(NL 6010) (o)
<60 years, n = *
136) 4 (511 + 106)
1 (591 + 90)
(620 £ 92)
(787 + 105)

Tuominen et al. (2003)%/TSCM

Villani et al. (2007)8/Confoscan-2

Tuisku et al. (2008)1%/Confoscan-3

Hosal et al.(2005)3/Confoscan-2

Zhang et al. (2005)4/Confoscan-2

Zhang et al. (2011)/HRTII-RCM

Calvillo et al. (2004)%/TSCM

Erie et al. (2005)2%/TSCM

Malik et al. (2003)3%/Confoscan-4

(SS, n = 10)
(NL, n = 10)

(SS, n = 35)
(NL, n = 20)

(SSI, n = 20)
(NL, n = 10)

(SSl, n = 10)
(NSS, n = 6)
(NL, n = 10)

(ssl,n=8
NSS, n = 30)
(NL, n = 30)

(MDE, n = 20)
(MSDE, n = 20)
(NL, n = 20)

(2-3 years after
surgery)/
(LASIK, n=11)
(NL, n=11)

(5 years after surgery)
(PRK, n=11)
(LASIK, n = 12)
(NL<60 years, n =
11

(NL>60 years, n =
12)

(MiDM, n=4)

(MoDM, n=7)
(SeDM, n=7)
(NL, n=18)

No Difference

J Nerves no./frame (the
frame size is not mentioned
in the reference)
1(3.34£0.76)"

(5.10 £ 0.79)

No difference in Nerves
n0./0.136 mm?2
(5.9+2.2)
(6.1+2.5)

No difference

1 (1745.4 + 414.7)"
(1423.5 £ 609.5)
(1315.7 + 664.7)

Results were reported as the
total length of nerves (um)/
frame (the frame size is not
mentioned in the reference)

1(3169)"
(um/mm2)
(6188)
(um/mm3)

1(10.8 £ 0.9mm/mm?)*
175 £ L.1mm/mm?)”
1 (4.3 + 1.5mm/mm?)*

No difference

1(3351)°

(Um/mm?)
(9731)

(Um/mm?)

Semin Ophthalmol. Author manuscript; available in PMC 2015 June 04.

J Nerves diameter

1 Tortuosity;
Hyper-reflectivity

1 Stromal nerves
diameter in SSI

1 Sub-epithelial nerves
diameter in SSI

1 Tortuosity;
1 Beading;
1 Branching

1 Tortuosity

— Recovery period starts
after 6 months.

- 60% of the
preoperative nerves
remain after 3 years.

Nerve regeneration
appears to remain
incomplete.

— 1 year after PRK:|
sub-basal density (59 %)
— 2 years after PRK:
sub-basal remain steady
-5 years after PRK:
reaching density less
than preoperative status.
— 1 years after LASIK:]
sub-basal density (51%)
— 2 years after LASIK:|
sub-basal density (35%)
- 5 years after LASIK:
recovery (24%)
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IVCM nerve changes in dry eye vs. normal controls
Study/ Dry Eye conditions, Stromal density
Machine Patient No. Sub-basal density (um/mm3) Morphology
(13.5 £ 0.3mm/mm?)
Kallinikos et al. (2004)%%/ (MiDM,n=4) e e * Tortuosity
Confoscan-4 (MoDM, n=7)
(SeDM, n=7)
(NL, n=18)
Rosenberg et al. (2000)34/TSCM Diabetes (No-Neuro, 1 (40 +1.2) nerves perimage ~ —eomeeee
n=11) 2.6+ 1.4)" nerves per image
(Mild-Moderate- L(@be )* P . g
Neuro, n = 7) 1 (1.8+0.8) nerves per image
(Severe Neuro, n = 5) (4.9 £ 1.1) nerves per image
(NL,n=9)
Hamrah et al. (2010)27/Confoscan-4 (NK-HSV, n=31) 1(448.9£409.3)" (2258.4+ T No difference in
(NL, n=15) 989) tortuosity
(Results were reported as
nerve length (um)/ frame
(0.158 mm?)
Cruzat et al. (2011)!$/HRT3-RCM EBK, n= 23)) 1(824.0+1,050.7)"
FK,n=13 *
(AK, n=17) 1(956.9 £ 1,093.02
(NL, n =20) 1 (215.6 £ 575.4)
(3,913.9 +507.4)

(Results were reported as
nerve length (um)/ frame
(0.16mm?)

TSCM: Tandem scanning confocal (model 165A); HRT-RCM: Heidelberg Retina Tomograph-Rostock Cornea Module; NL: Normal; SS:

Sjogren’s Syndrome; SSI: Primary Sjogren’s Syndrome; NSS: Non-Sjégren’s Syndrome; MDE: Mild Dry Eye; MSDE: Moderate to Severe Dry
Eye; LASIK: Laser-Assisted in Situ Keratomileusis; PRK: Photo-Refractive Keratectomy; MiDM: Mild Diabetes; MoDM: Moderate Diabetes;
SeDM: Severe Diabetes; Neuro: Neuropathy; NK-HSV: Neurotrophic Keratopathy in Herpes Simplex Keratitis; BK: Bacterial Keratitis; FK:

Fungal Keratitis; AK: Acanthamoeba Keratitis. 1 Increased compared to normal controls, |: Decreased compared to normal controls.

*

(P <0.05).
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TABLE 3

Corneal immune and inflammatory cell changes by IVCM in dry eye-related conditions.

Page 17

IVCM inflammatory cells changes in dry eye vs. normal controls

Study/ Dry Eye conditions, Peripheral density Central density
Machine Patient No. (cells/mm?) (cells/mm?) Morphology
Linetal. (SS,n=14) Dendritic Cells (DCs) Dendritic Cells (DCs) 1 Dendrites of DCs in
(2010)17/HRT3— (NSS, n=32) M (157.2 + 29_7)* 11 (127.9 + 23_7)* the central cornea
RCM (NL, n=33) * H
1(106.9 + 10.5) 1(89.8 £10.8)
(90.7 £8.2) (34.9+5.7)
No significant difference of DCs Dendrites of DCs
with processes 46.1 + 17.3)"
Non-dendritic leukocytes MT((Q 941 7)*)
* L.
11 (84.2+£36.8) (3.2+0.5)
(8.4£3.1) Non-dendritic leukocytes
(4.3 + 1.3) *
(49 £ 12.9)
1(46+1.0)"
(1.6 +£0.6)
Cruzat et al. (BK,n=23) e 1 (441.1 % 320.5)° TMaturation of
(2011)'6/HRT3- (FK, n=13) La126)” dendritic cells
RCM (AK,n=17) T(608.9 £ 8* 5) 1 Size and dendrites
(NL, n = 20) 11(1000.2 +1090.3) (49.3+39.6) number.
Tuisku et al. (SSI,n=20) e e 1 Sub-basal nerve
(2008)12/ (NL,n=10) plexus infiltration with

Confoscan-3

mature Antigen
Presenting Cells
(APCs).

HRT-RCM: Heidelberg Retina Tomograph-Rostock Cornea Module; NL: Normal; SS: Sjégren’s Syndrome; SSI: Primary Sjogren’s Syndrome;
NSS: Non-Sjogren’s Syndrome; BK: Bacterial Keratitis; FK: Fungal Keratitis; AK: Acanthamoeba Keratitis. 1: Increased compared to normal
controls, |: Decreased compared to normal controls.

*

(P < 0.05).
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TABLE 5

Conjunctival changes by IVCM in dry eye-related conditions.

IVCM conjunctiva changes in dry eye vs. normal controls

Presumed Presumed
Study/ Dry Eye conditions, Epithelial cell density ~ Goblet cell density
Machine Patient No. (cells/mm?) (cells/mm?) Morphology
Wakamatsu et al. (SS,n=28) e e — 7 Density of epithelial cystsin SS.
(2010)2/HRTII-RCM (NSS,n=7) -1 Inflammatory cells density:
(NL, n =14) (433 435.8)"
1(134.8 +124.2)"
(10 £17.9)
Hong et al. (2010)%/ (SS,n=43) - IVCM (332 +137)  Significant positive correlation between
HRT3-RCM vs. IC IC (200 + 141) IVCM and IC Goblet Cell densities
Villani et al. (2011)%%/ (SS,n=24) (4331 + 1114)* (688 £ 318)* 1 Inflammatory cells density
HRTII-RCM (NLY,n=12) (2515 + 303) (36 £ 41) 1 (1662 % 818)"
(NLO, n=12) (1819 + 502) (325 + 431) (717 £ 390)
(905 + 382)

HRT-RCM: Heidelberg Retina Tomograph-Rostock Cornea Module; 1C: Impression Cytology; NLY: Normal Young ~24 years; NLO: Normal
Old ~68 years; SS: Sjogren’s Syndrome; NSS: Non-Sjogren’s Syndrome. 1: Increased compared to normal controls, |: Decreased compared to
normal controls.

*

(P < 0.05).

Semin Ophthalmol. Author manuscript; available in PMC 2015 June 04.



