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Purrosk. To evaluate whether the densities of corneal subbasal nerves and epithelial immune
dendritiform cells (DCs) are comparable between a set of three representative standard images
of in vivo confocal microscopy (IVCM) and the wide-field mapped composite IVCM images.

MerHops. This prospective, cross-sectional, and masked study included 110 eyes of 58
patients seen in a neurology clinic who underwent laser-scanning IVCM (Heidelberg Retina
Tomograph 3) of the central cornea. Densities of subbasal corneal nerves and DCs were
compared between the average of three representative standard images and the wide-field
mapped composite images, which were reconstructed by automated mapping.

Resurts. There were no statistically significant differences between the average of three
representative standard images (0.16 mm? each) and the wide-field composite images (1.29 = 0.64
mm?) in terms of mean subbasal nerve density (17.10 *= 6.10 vs. 17.17 * 5.60 mm/mm?,
respectively, P = 0.87) and mean subbasal DC density (53.2 * 67.8 vs. 49.0 * 54.3 cells/mm?,
respectively, P = 0.43). However, there were notable differences in subbasal nerve and DC
densities between these two methods in eyes with very low nerve density or very high DC density.

Concurusions. There are no significant differences in the mean subbasal nerve and DC densities
between the average values of three representative standard IVCM images and wide-field
mapped composite images. Therefore, these standard images can be used in clinical studies to
accurately measure cellular structures in the subbasal layer.
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In vivo confocal microscopy IVCM) is a noninvasive imaging
technique that provides high-resolution real-time images of
patients’ tissues at a cellular level. Since its original application
in ophthalmology by Lemp and colleagues,! IVCM has
increasingly been used in a variety of corneal diseases.>"* All
corneal layers can be visualized by IVCM, including the
epithelium, subbasal layer, Bowman’s layer, stroma, and
endothelium. Of paramount importance is the subbasal layer,
in which epithelial immune dendritiform cells (DCs) and the
subbasal nerve plexus can be clearly visualized.>-® Dentritic
cells are the professional antigen-presenting cells of the cornea
and have a critical function in activation of the immune system
in the ocular surface, playing a role in both suppression and
induction of inflammation.!°-'3 Furthermore, in addition to
providing trophic and sensory functions, corneal nerves have
been shown to play an important role in the maintenance of
ocular surface epithelial health and function.'¥'7 As epithelial

DCs and subbasal nerves may change in a variety of ocular
surface and corneal conditions, such as dry eye disease,
neurotrophic keratopathy, infectious keratitis, diabetes, and
contact lens wear,3>18-22 quantification of these two structures,
which can be achieved by IVCM, is of significant importance.
The high resolution of IVCM images is inherently associated
with a drawback, which is a relatively small field of view of the
images. The image area is 400 by 400 pm with laser scanning
IVCM (Heidelberg Retina Tomograph 3; Heidelberg Engineer-
ing, Heidelberg, Germany) or 460 by 345 pum with slit scanning
IVCM (Confoscan 4; Nidek, Gamagori, Japan), which cover
approximately 2% of the 3-mm central cornea. To compensate
for such a limited imaging area, multiple locations in the cornea
are generally scanned and a number of representative images of
the subbasal layer from these locations are used to estimate the
density of nerves and DCs in the subbasal layer.?32% Alterna-
tively, a wide-field mapping of composite images of a larger area
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Ficure 1.

Wide-field composite IVCM images of the subbasal layer in the central cornea (A, B). The composite image is significantly larger

compared with a standard image (dashed box in [A]). Use of the Cell Counter plug-in of ImageJ (C) and the Neuron] (D) for measuring the DC and

nerve densities, respectively.

has recently been employed for the subbasal layer.?>-3! The
wide-field composite images are generated by mapping a
number of the standard IVCM images manually or by using
automated software.?>-3! This is achieved by image stitching
through identifying common landmarks or key points, such as
nerves, across images that define the transformation between
the overlapping images.?>-3! Although these composite images
cover a significantly larger area of the corneal subbasal layer as
compared to standard images, the technology is currently not
widely available.?>-3! In addition, it is not clear whether the
densities of subbasal structures are similar between the
composite images and the representative standard images.
We hypothesized that the nerve and DC densities would not
be different between the average value of three representative
standard IVCM images and the wide-field composites of the

corneal subbasal layer. Therefore, this study has been designed
to compare the nerve and DC densities between these two
methods of IVCM image analysis.

MATERIALS AND METHODS

This prospective, cross-sectional, and masked study included
58 subjects who consecutively visited and were recruited from
November 2012 to December 2013 at the NeuroCure Clinical
Research Center, Charité-Universititsmedizin Berlin, Germany.
All patients underwent IVCM of both eyes, and both standard
images and wide-field composite images were acquired. The
study was approved by the local Ethics Review Board of the
Charité-Universititsmedizin Berlin (EA1/231/12) and was
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FIGURE 2.

Mean subbasal nerve and DC densities as measured in the wide-field composite images and the three-set standard images. There were no

significant differences between these two methods in measuring nerve and DC densities.

conducted in accord with the tenets of the Declaration of
Helsinki. All subjects provided written informed consent
before participation in this study.

Standard In Vivo Confocal Microscopy

All subjects underwent IVCM using a Heidelberg Retina
Tomograph 3 with the Rostock Cornea Module (HRT3/RCM;
Heidelberg Engineering) of the central cornea in both eyes.
This IVCM utilizes a 670-nm diode laser and provides digital
images of the cornea using the sequence mode, consisting of
100 standard images per sequence. Each standard image was
composed of an area of 400 X 400 pm of the cornea. Adjacent
images are separated by approximately 1 to 4 um and have a
lateral resolution of 1 um/pixel. Acquired images are 384 X 384
pixels in size and are stored at a speed of 30 frames per second.
In vivo confocal microscopy imaging was performed by a
method previously described in detail.?! In brief, the distance

from the cornea to the microscope was kept stable by a single-
use disposable sterile polymethylmethacrylate cap (Tomo-Cap;
Heidelberg Engineering), filled with a layer of the lubricant 2
mg/g carbomer-containing gel (Vidisic gel; Bausch & Lomb,
Heidelberg, Germany). Both eyes were instilled with topical
anesthesia using Oxybuprocaine hydrochloride 4 mg (Con-
juncain EDO; Dr Gerhard Mann Chem.-Pharm. Fabrik GmbH,
Berlin, Germany) followed by a drop of the lubricant 2 mg/g
carbomer-containing gel (Vidisic gel; Bausch & Lomb). Another
drop of the lubricant was applied on the outside tip of the
Tomo-Cap to improve and facilitate the optical coupling to the
examined eye. The microscope was then manually advanced
until the gel contacted the central surface of the cornea. A total
of three or four scans in sequence mode were obtained in
various locations in the center of each cornea with special
emphasis in the region of interest, focusing on epithelial DCs at
the level of basal epithelial cells, on the subbasal nerve plexus,
at the depth of 50 to 80 pm. Here, at least three or four
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Ficure 3. Correlations between the wide-field composite images and the three-set standard images in measuring the subbasal nerve and DC
densities. There were significant correlations between these two methods in measuring nerve and DC densities.



Investigative Ophthalmology & Visual Science

Standard Versus Composite Images of IVCM

IOVS | September 2015 | Vol. 56 | No. 10 | 5804

Subbasal Nerve Density
20
o
10- O ° oy
o =
@ © oo o
0o ® o o 2
E o o8 % 8; 08% ° o
0 o8 8 og e % o
R ° %ogo ? S 8 o o 00
o Oo 0o @ o 8@
OO L oo © ° o
o o
o o ° o
()
10 2
o
T T T T
5 15 25 35
Mean Nerve Density (mm/mm?)

Denritiform Cell Density

[¢]
200-
o o
o
o
o o (? 8° o o - o
£ oTapy o o
a R o
o fo)
200 o
400 o
T T T T
0 100 200 300

Mean DC Density (cells/mm?)

Ficure 4. Bland-Altman plots comparing the subbasal nerve and DC densities between the wide-field composite images and the three-set standard
images. The 95% limits of agreement (LoA) are shown with up-and-down lines, and the central line represents the mean difference between these
measurements. There were significant agreements between these two methods in measuring nerve and DC densities except for those with very low

nerve density or very high DC density.

sequence scans of the subbasal layer in various locations in the
central cornea were obtained, resulting in 300 to 400 standard
IVCM images of per cornea.

Wide-Field Composite Image Mapping

The details of the wide-field composite image acquisition and
mapping have been described previously.?>32 In summary,
composite images were acquired by the HRT3/RCM device’s
software function “composite” (HRT II/3 Cornea Acquisition
Module version 1.3.3.2). Each acquisition started with a center
image comparable to a single scan. To then acquire composite
images, an experienced operator (JM) manually moved the
objective over the cornea while keeping the subbasal nerve
plexus in focus. During this process, the software automati-
cally mapped repeated scans to a composite image, using an
affine transformation method.?” This software requires a
reasonably overlapping area in at least two sequential scans.
Fast movement, that is, from saccades, will stop the mapping.
In each case the operator tried to acquire the maximum
possible composite size of 3072 X 3072 pixels (3.2 X 3.2 mm).
In most cases, however, the software-based assembly stopped
prior to this goal being reached, resulting in smaller composite
images than the maximum possible (Figs. 1A, 1B).

Image Analysis

An experienced masked observer (AK) selected three repre-
sentative standard images for corneal subbasal nerves and three
for DC analysis for each eye. The best-focused and complete
images, with the whole image in the same layer and good
contrast, were chosen from the basal epithelial layer and
anterior to the Bowman’s layer. In the subbasal layer, the
images were analyzed for density of the subbasal nerves and
immune DCs, as previously described.® Dentritiform cells were
identified by their morphology of bright dendritiform struc-
tures with cell bodies, which were different from linear
structures of corneal nerves.?? To calculate the density of DCs,

the ImageJ software (National Institutes of Health, Bethesda,
MD, USA) was used. For standard IVCM images, the Cell
Counter plug-in of Image] was used to count the cells in each
of three images. Then, the average count was expressed as
cells/mm? considering that the surface area of each frame was
0.16 mm?. For the wide-field composite IVCM images, the
surface area of the image was first measured using Image].
Then, the number of DCs in the entire frame was counted
using Cell Counter plug-in (Fig. 1C). The DC density was then
expressed as cells/mm?. All DC measurements were performed
by two independent masked observers (AK and RM).

To measure subbasal nerve density, nerves were traced
using Neuron] software (available in the public domain at
http://www.imagescience.org/meijering/software/neuronj/),
which is a semiautomated nerve analysis plug-in of Image] (Fig.
1D). Nerve density was measured by tracing all visible nerve
fibers in the image and calculating the total length of the nerve
fibers in millimeters. The nerve density was then expressed in
mm/mm? considering the surface area of the image. For
standard images, the average nerve density of the three
representative IVCM images was analyzed as previously
described.” All nerve measurements were performed by two
independent masked observers (AK and RM).

Statistical Analysis

Statistical analysis was performed with SPSS version 20 (SPSS,
Inc., Chicago, IL, USA). First, the normal distribution of the
data was tested by Shapiro-Wilk test. To compare the
parameters between the standard and composite images,
paired rtest was used. Furthermore, the correlations and
degrees of agreement between the standard and composite
images were evaluated using Pearson correlation coefficients
and Bland-Altman plots, respectively. The same tests were also
employed to evaluate the correlations and levels of agreement
between the two masked observers. P values of less than 0.05
were considered statistically significant.
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Ficure 5. Interobserver variability between the two observers for measuring the nerve and DC densities in the standard and composite images.

There were significant correlations between the two observers in measuring these parameters.

RESULTS

The composite images were successfully reconstructed for 110
eyes of 58 patients. In six eyes, composite images were not
made due to low image quality (4 eyes) or patient’s lack of
cooperation (2 eyes). The subjects comprised 24 healthy
volunteers and 34 patients with multiple sclerosis; they
included 35 females and 23 males, with a mean age of 41.3 *=
11.1 years. The mean area of the wide-field composite images
was 1.29 * 0.64 mm? (range, 0.19-2.55 mm?), which was 7.7
+ 4.2 times that of a standard image (range, 1.2-15.9 times).

Comparison of the data between the average of three
representative standard images and the wide-field composite
images (Fig. 2) showed no statistically significant differences
between these two in terms of mean subbasal nerve density
(17.10 = 6.10 vs. 17.17 = 5.60 mm/mm?, respectively, P =
0.87) and mean epithelial DC density (53.2 = 67.8 vs. 49.0 *
54.3 cells/mm?, respectively, P = 0.43).

There were statistically significant correlations between the
standard and composite images for subbasal nerve density (r =
0.71, P < 0.001) and DC density (r=0.61, P < 0.001, Fig. 3). In
addition, the 95% limits of agreement (LoA) obtained from
Bland-Altman plots were between —8.58 mm and 8.72 mm for
the standard versus composite images in measuring subbasal
nerve density. For DC density, the 95% LoA for these images

were —102.7 to 111.3 cellsymm? (Fig. 4). However, the
differences between the standard and composite images were
more notable in eyes with very low mean subbasal nerve
density or very high mean DC density. Differences of <1
standard deviation (SD), 1 to 2 SD, and >2 SD were present for
90%, 7.3%, and 2.7% of eyes for nerve density, respectively, and
for 94.6%, 2.7%, and 2.7% of eyes for DC density, respectively.

Interobserver variability analysis showed that there were
significant correlations between the two observers in measur-
ing both nerve and DC densities in the standard and composite
images (Fig. 5). Intraclass correlation coefficients were 0.991
(95% confidence interval [CI] of 0.926-0.997) for nerve density
in the standard images, 0.992 (95% CI of 0.983-0.996) for the
DC density in the standard images, and 0.977 (95% CI of 0.964-
0.986) and 0.979 (95% CI of 0.958-0.989) for the nerve and DC
densities, respectively, in the wide-field composite images,
with all P values < 0.001.

DISCUSSION

In the current study, there were no statistically significant
differences observed in mean subbasal nerve and DC densities
between the wide-field composite images and the average
value of three representative standard images. Further, both
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methods had a high interclass correlation coefficient between
two masked observers, demonstrating the high accuracy of the
measurement techniques.

Although IVCM has been shown to be a valid and reliable
method to measure the density of corneal cellular structures,
particularly in the subbasal layer,34-37 the fact that only a small
area of the cornea is imaged at a time is one of its limitations.
To address this limitation, multiple images of the central
subbasal layer may be chosen for analysis to represent a larger
overview of the central cornea. To date, different numbers of
standard images have been analyzed by various research
groups.?!23:2433 More recently, three to five images were
suggested for the analysis at the Corneal Nerve Quantification
consensus meeting in Rostock, Germany, March 17, 2013.
However, to date it is not clear whether the nerve and DC
densities in this sample number are comparable to the wide-
field composite map of the subbasal area.

In our study, using a method described before, successful
mapping of the wide-field composite images was performed,
resulting in a mean subbasal area of 1.29 * 0.64 mm?, which
was 7.7 £ 4.2 times that of a standard image. However, the
methods for wide-field composite image mapping in previously
published studies require extensive image acquisition or
processing times and specialized software, lack regulatory
approval, or are operator dependent,?>31 all mitigating their
widespread use. Thus, most clinicians and researchers are still
using the standard images of IVCM, particularly in the United
States where the software is not available.

Interestingly, the mean densities of subbasal nerves and DCs
were not significantly different between the average values of
three representative standard images and the wide-field
composite images (Fig. 2). In addition, there were significant
correlations between these two methods in measuring
subbasal nerve and DC densities (Fig. 3). Furthermore, Bland-
Altman plots revealed significant agreements between the
wide-field composite images and the three-set standard images
in measuring subbasal nerve and DC densities (Fig. 4).
Therefore, the results show that these two methods for
measuring the subbasal nerve and DC densities are comparable
and support the notion that standard images may be used in
lieu of composite images, resulting in very similar values.

Despite this comparability, however, under- or overestima-
tion of subbasal nerve and DC densities still occurred in some
cases as compared with the composite images (Fig. 4). In a
recent study on 20 subjects with diabetes, Vagenas and
colleagues®® compared the accuracy of the nerve density
calculated from 2 to 15 randomly selected standard IVCM
images from the central cornea to that of 16 standard images.>8
They found that the average value of eight standard images
would provide a mean that would be approximately within 20%
of true mean of the 16-image value 80% of the time and that 5
images were within 30% of true mean of the 16-image value 95%
of the time.3® Therefore, although there is a regional variation in
subbasal nerve distribution,?>3° it does not hinder the use of
three-set standard images for measuring the nerve density. In
contrast, the higher relative variation in measuring DC density in
standard images in our study may reflect a more uneven
distribution of DCs across the central cornea, possibly due to
regional variation in corneal immune responses. Despite this
variation, the differences between the standard and composite
images in terms of nerve and DC densities were less than one
standard deviation in 90% or more of the eyes in our study.

As Bland-Altman plots revealed, eyes with very low nerve
density or very high DC density had an increased disparity
between the two methods. Therefore, although the three-set
standard images may be generally sufficient, eyes with higher
DC density or low nerve density may require larger sample sizes
for standard images. Thus, the optimal number of the images to

26,32
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be analyzed, in particular for DC density for highly inflamma-
tory conditions, may need to be determined in future studies.

We demonstrated a significant agreement between the two
masked, independent observers for measuring the subbasal
nerve and DC densities for both standard and composite
images (Fig. 5). Although both methods showed good
reproducibility, they are associated with some shortcomings.
Selection of the representative images from the subbasal layer
can be challenging and observer dependent. It may take
around 20 to 30 minutes to choose three representative images
out of 300 to 400 images from the central cornea. However,
nerve tracing and cell counting can be performed easily in
these standard images within few minutes. On the other hand,
manual cell counting and semiautomatic tracing of corneal
nerves, though accurate, are laborious for wide-field composite
images, with hours of time needed to trace all nerves in one
large composite image. Automated measurement of cellular
structures for IVCM images, particularly for subbasal nerves, is
an active area of the investigation, and recent studies have
shown promising results for using such programs for future
research.40-43

In conclusion, our study demonstrates that the average
values obtained from three representative standard IVCM
images for the subbasal nerve and DC densities are comparable
to those from the wide-field mapped composite images.
Therefore, these standard images can be used in clinical
studies to accurately measure cellular structures in the
subbasal layer.
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