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Rapid Image Evaluation System for Corneal In Vivo
Confocal Microscopy
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Purpose: To develop rapid image processing techniques for the
objective analysis of corneal in vivo confocal micrographs.

Methods: Perpendicular central corneal volume scans from
healthy volunteers were obtained via laser in vivo confocal
microscopy. The layer in each volume scan that contained the
nerve plexus was detected by applying software operators to
analyze image features on the basis of their size, shape, and
contrast. Dendritic immune cells were detected in the nerve image
on the basis of cellular size, lack of elongation, and brightness
relative to the nerves. Images that were 20 wm anterior to the best
nerve layer images were used for the analysis of epithelial wing
cells; wing cell detection was based on extended regional minima
and a watershed transformation.

Results: The software successfully detected the best nerve layer
images in 15 scans from 15 eyes. Manual and automatic analyses
were 81.8% in agreement for dendritic immune cells (for 11 cells in
a representative image) and 94.4% in agreement for wing cells (for
466 cells in the image). Within 10 seconds per scan, the software
calculated the number, mean length, and mean density of immune
cells; the number, mean size, and mean density of wing cells; and the
number and mean length of nerves. Factors defining the shape and
position of cells and nerves also were available.

Conclusions: The software rapidly and accurately analyzed the
in vivo confocal micrographs of the healthy central corneas, yielding
quantitative results to describe the nerves, dendritic immune cells,
and wing cells.
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In vivo confocal microscopy of the cornea has been used to
characterize conditions such as infectious keratitis (in par-
ticular, Acanthamoeba keratitis' and fungal keratitis>®); cor-
neal dystrophies*; contact lens wear’; diabetic neuropathy®;
and other states of corneal disease, disorder, and health.
Recent reviews of corneal in vivo confocal microscopy have
summarized the upswing of this technology.” "

The massive amount of data yielded by corneal in vivo
confocal microscopy is difficult to analyze and interpret
with consistency and efficiency. Therefore, quantitative
applications of this technology have required time-consum-
ing analysis. For example, the variety of layers in the
epithelium makes it difficult for researchers to identify the
same layer consistently between patients or between time
points. Attempts to quantify basal epithelial wing cells
yielded high variability between types of confocal micro-
scopes and between studies.” Quantifying epithelial wing
cells required researchers to manually look for landmarks
while adjusting the microscope in the z-direction during
image collection and then to manually count the cells during
image analysis.'?

The nerve layer may serve as a better landmark than
any epithelial layer, but analyses of nerves required some
early research to establish a scheme to process the images to
quantify the number and density of nerves in an image frame
and to quantify the diameter, tortuosity, beading, and
reflectivity of each nerve.'® Several other researchers'*” fol-
lowed this earlier manual analysis scheme in whole or in part.
Dendritic immune cells may occur in the same layer as the
nerve layer, but analysis of these cells required researchers to
manually identify and tag the cells in the software for quan-
titative analysis.>'®!°

Software solutions have recently made corneal
in vivo confocal microscopy more convenient. Software
for analyses of nerves include a nerve-mapping module that
can build a composite image after an analyst manually
follows the paths of nerves in the x and y directions*® and
a semi-automated tracing program for length, branching,
and number (although tortuosity was still graded manu-
ally).?! Software for analyses of dendritic cells include
a cell-counting plug-in module (which still required a man-
ual mode) and a separate image analysis program that was
capable of measuring cell area and number of dendrites
per cell.?!

This project was designed to develop robust and rapid
image processing techniques that could integrate together in
one software and suite the objective analysis of corneal
nerves, wing cells, and dendritic cells.
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MATERIALS AND METHODS

Image Sources

Images were obtained bilaterally from 48 healthy
volunteers who had provided informed consent to participate
in a related clinical trial that was registered at ClinicalTrials.
gov as NCT00804999. Subjects met a list of prespecified
ocular health criteria as previously described®*** and were
habitual wearers of soft contact lenses (n = 38) or were naive
to contact lens wear (n = 10). The 15 best representative scans
were selected from this data set.

Confocal Microscopy

A central corneal scan was taken with a Heidelberg Retina
Tomograph Rostock Cormnea Module (Heidelberg Engineering
GmbH, Heidelberg, Germany). The light source was a 670-nm
diode laser (class 1) with a theoretical 1-pm resolution. Images
were captured with an area of 400 x 400 wm? and a digital
image size of 384 x 384 pixels (for a total of 147,456 pixels);
because pixel sizes were larger than 1 pwm, the resolution was
limited by the pixels. Each volume scan captured a series of 40
images from the epithelium to the anterior stroma, in 2-pwm
increments, yielding an 80-pwm stack of images (as opposed to
the other modes of the microscope, which yield sequence scans
or still images). The ophthalmic photographer captured at least 4
volume scans per eye; extra scans were captured if alignment
problems were encountered or suspected. Volume scans that
were oblique tended to have cell definition that varied in the
x/y directions, as shown in Supplemental Digital Content 1
(see Figure, http:/links.lww.com/ICO/A69): these scans were
discarded from the database.

Software Development

Identification of the Best Nerve Layer Image

The software was designed to detect first, in each
image stack from a volume scan, the layer that contained
most of the nerve plexus. Nerves in the confocal images
appeared as white objects (on a dark background) with
an elongated and thinned shape. Therefore, image pro-
cessing operators (as described in Supplemental Digital
Content 2, http://links.lww.com/ICO/A70) were designed to
automatically detect the layer that contained such bright and
thin objects. The resultant identified layer was called the best
nerve layer image.

After determination of the best nerve layer image, the
software prompted the user to validate the result. If the user did
not agree with the automatically detected best nerve layer
image, the software allowed the user to select a different image
in the series that could become the best nerve layer image.
Consequently, the newly selected image would be used to set
the parameters for the detection of immune and wing cells.

Analysis of Nerves

The functions described in Supplemental Digital
Content 2 (http://links.lww.com/ICO/A70) were sufficient
to detect the layer that contained the best nerve image but
were not optimal for analyzing the nerves within that image.
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The functions described below were designed to provide
optimal nerve detection within the best nerve layer image.
First, an opening transformation based on a square of size
11 x 11 pixels was applied, and the opened image was
subtracted from the original image to compensate for the
unevenness of the background (Fig. 1B). Then, a hysteresis
threshold** was applied to generate a binary image. The
hysteresis threshold used both an upper and a lower
threshold. A subset of the nerve plexus was detected by the
upper threshold, but with missing components; the upper
threshold was then reconstructed in the lower threshold
(Figs. 1C=E). The hysteresis threshold helped to detect only
the relevant objects in an image, removing the small artifacts
when images were noisy or when nerves had nonuniform
intensity. Finally, a closing transformation based on a disk
with a diameter of 7 pixels was applied to the binary image to
reconnect the nerves (Fig. 1F).

After the transformations were applied, the software
computed a skeleton, detected branching points on that
skeleton, and analyzed each branch. Analysis of the minimum
bounding box surrounding each terminal branch of the
skeleton included the measurement of the angle of the box
relative to the main direction of the neighboring branch of the
skeleton and the elongation ratio of each branch.

After automatic detection of nerves, the postprocessing
mode of the software could be used to make further manipu-
lations of nerve analysis. These manipulations included drawing
lines to highlight nerves that had been missed during automatic
recognition, deleting lines that represented features (such as
immune cells) that had been mistakenly identified as nerves,
and connecting lines that represented 2 parts of the same nerve
that had not been properly connected during image processing.

Analysis of Dendritic Immune Cells

The dendritic immune cells were detected and analyzed
in the best nerve layer image. Dendritic immune cells
appeared in the images as small, white, and usually compact
objects, as shown in Figures 1A and G. These cells could
occur anywhere in the best nerve layer image: either isolated
from the nerves or connected to the nerves (appearing as
small branches on the nerve network). To analyze these den-
dritic immune cells, the nerves in the same image had to be
excluded from the analysis. The algorithms to detect dendritic
immune cells involved the operators described in Supple-
mental Digital Content 3 (http:/links.lww.com/ICO/A71).

The software was designed to allow the user to manually
enhance the automatic detection of the immune cells in a
postprocessing step, in case the detection process was suboptimal.
After detection of immune cells, the postprocessing mode could
be used to manually mark cells that had been missed by the
automatic detection or to delete features that had been mistakenly
recognized as immune cells by the automatic detection.

Analysis of Wing Cells

The wing cells were detected and analyzed in the image
that was 20 wm anterior (10 image layers anterior) to the best
nerve layer image. The value of 20 wm was determined by
manual analysis of a set of 10 scans; during this analysis, layers
of wing cells were usually observed starting at 10 wm (5 image
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FIGURE 1. A-G, Steps for automatic detection of the nerve plexus in the best nerve layer image. The untransformed image

(panel A) was at layer 22 of 40 layers in the volume scan.

layers) anterior to the best nerve layer image and extending
through 30 wm (15 image layers) anterior to the best nerve
layer image. The center of that thickness was targeted for wing
cell analysis because that center layer provided good cell def-
inition and allowed some flexibility (ie, missing the targeted
center of the layer was still likely to yield a wing cell layer near
the center, whereas missing a targeted edge layer could yield an
image layer outside of the wing cell layers).

Wing epithelial cells (in the center of the epithelium)
were targeted for analyses rather than basal epithelial cells
(most posterior in epithelium) or superficial epithelial cells
(most anterior in epithelium), for a number of reasons. Basal
epithelial cells may present the following problems in analyses:
indistinct cell borders in confocal micrographs, with borders
becoming more pronounced in corneas with edema®; cellular
density that is relatively consistent among some types of cor-
neal disorders,”® making this layer an unreliable marker of cor-
neal health; and a density that seems to vary between types of
confocal microscopes and between studies.” Superficial epithe-
lial cells may be a sensitive measure of corneal health but may
be altered by the contact nature of in vivo confocal microscopy
or its associated application of corneal anesthetic,” making su-
perficial cells unsuitable for repeated analyses. For these rea-
sons, wing cells were chosen for analysis: these cells were
expected to have a potential to reflect corneal health, to be
consistent between measurements, and to be detected relatively
easily (because of bright cell borders) in automated analysis.

See Figure 2A for an example image of a wing cell
layer. The first step of wing cell detection was a closing

© 2012 Lippincott Williams & Wilkins

transformation based on a disk with a diameter of 3 pixels that
was applied to connect any wing cell boundaries that were not
perfectly uniform. This operation helped to generate a bright
boundary splitting each cell from its neighbors. Then, extended
regional minima were detected; these were the darker
centers of cells (with lower values, nearer to 0 = black) with-
in the brighter cell boundaries (with higher values, nearer to
255 = white). Extended regional minima had a tolerance of 15
units to smooth the neighboring minima and to reduce the
noise effect (Fig. 2B). Thereafter, a watershed transformation?®
was applied, using the regional minima as seed markers, to
generate the boundaries between neighboring regional
minima (Fig. 2C). A boundary detection was derived from
the watershed.

All cells that intersected the edges of the frame of the
image were removed from the processing to avoid biasing the
results with poorly illuminated or poorly defined cells and to
highlight the well-defined cells in the center of the image, as
shown in Figure 2D. The outer boundary of a group of all
detected wing cells defined a region of interest that was avail-
able for later use in manual annotations. The software was
designed to allow the user to manually change some of the
parameters to enhance the detection of wing cells, in case the
detection process was suboptimal; see Supplemental Digital
Content 4 (see Figure, http:/links.lww.com/ICO/A72).

Tabulation of Nerve and Cell Data
After all detection parameters were calculated (with or

without manual enhancements), the software computed
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FIGURE 2. A-D, Detection of wing cells in the same volume scan of the same eye as shown in Figure 1.

measurements for the nerves, the wing cells, and the immune
cells. The standard measurements included the following:
image layers (from layer 1 to layer 40, in a 40-image depth
stack from a volume scan) for nerves, immune cells, and wing
cells; numbers of nerves, immune cells, and wing cells;
average surface areas of wing cells and immune cells;
densities of immune cells and wing cells (number of cells
divided by the sum of the surface area of the cells); and
average lengths of immune cells and nerves. The measure-
ments were designed to be exportable as a summary table that
would be compatible with standard spreadsheet software.

More details about wing cells and immune cells also
could be obtained from the software. Additional measurements
were available as a grid and included per-cell surface area,
perimeter, compactness, and circularity. These per-cell meas-
urements were calculated in calibrated units that were consis-
tent within the software. The results were designed to be easily
exportable for statistical analysis outside of the software or
could be plotted as a histogram within the software.

Validation: Manual Versus Automatic Results

A validation menu was designed to allow the user to
compare manual analysis results with automatic analysis
results. The region of interest defined during the wing cell
detection was presented to the user, who could use a mouse to
click inside each wing cell and immune cell (in their
respective layers) to mark them for counting. After manual
marking, a summary table of manual annotation was gener-
ated and was compared with the automatic annotation results.
The validation results were designed to be easily exportable to
standard spreadsheet software.

RESULTS

Overall/Population-Level Results

The software that was developed in this study was
named ARIES 2D, which stands for AlConfocal Rapid Image
Evaluation System, 2-dimensional version (Alcon Research
Ltd, Fort Worth, TX). The software successfully detected the
best nerve layer images in 15 perpendicular volume scans
from 15 eyes within 10 seconds each, without returning
any erroneously identified layers, as confirmed by manual
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quality check by the investigators. Sample results for an
individual eye are shown in Supplemental Digital Content 5
(http://links.lww.com/ICO/A73).

Sample Results for Nerves

Sample results for an automatic analysis (without
manual enhancement) of a nerve plexus, including position
and length of each nerve, are shown in Figure 3. The nerve
plexus for this sample was identified in image layer 22 (of
40 image layers). This nerve plexus contained 11 nerves that
had an average length within the image of 83 wm.

Sample Results for Inmune Cells

Figure 4A shows an example of an image wherein the
software automatically detected the best nerve layer image
and then drew outlines around the immune cells in that layer.
Figure 4B shows the resultant software-generated calculations
for the surface area of individual cells, the coordinates of the
rectangles bounding each cell, the number of pixels defining
each cell, and the width of each cell. As shown in Supple-
mental Digital Content 5 (http:/links.lww.com/ICO/A73)
the immune cells were analyzed in image layer 22 (the
same layer as the best nerve layer image). This image
contained 12 immune cells, with each cell having an
average length of 9.9 um and an average density of 0.024
cells per square micrometer. The inverse of that cell density
(1/0.024) indicated the average cell area: 42 pm.

Sample Results for Wing Cells

As shown in Supplemental Digital Content 5
(http:/links.lww.com/ICO/A73) the wing cells were analyzed
in image layer 12 (or 10 layers anterior to the best nerve layer
image in layer 22). The region of interest in this image contained
408 wing cells, with each cell having an average size of 176
pwm? (and inversely, with each cell having an average density of
0.00569 cells per square micrometer). The software calculated
characteristics for each of the 408 cells in Supplemental Digital
Content 6 (sce Figure, http:/links.lww.com/ICO/A74); for
simplicity, results for only one cell are described there.

© 2012 Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Cornea * Volume 0, Number 0, Month 2012

Rapid Image Evaluation System

Lateral position, pixels

192
]

0 96
L |
o 07
-
FIGURE 3. A, An automatically & -
detected best nerve image layer, © 7
with nerves automatically analyzed %
by the software shown in red out- 8
lines. Automatic detection parame- g 192+
ters included a top-hat height of 47 7§
units and a skeleton branch de-
tection score of 1 unit. Added to the 2 2887
software-generated image are axes -2
and a bounding box around the & 7
£ 384-

longest nerve. B, Automatically
generated results for the nerves in
the image panel, with the data for
the longest nerve highlighted in red.

149

A

Manual Versus Automatic Validation

As shown in Supplemental Digital Content 7 (see
Figure, http:/links.lww.com/ICO/A75), the validation
summary table indicated acceptable agreement between the
manual and automatic counting of immune cells and wing
cells. Both the user and the software counted 11 features as
immune cells, although the user and software did not the
count the same 11 features as immune cells in all cases: 9
of 11 features (81.8%) were identified as immune cells by
both the software and the user. The investigator counted
473 wing cells and the software counted 466 wing cells.
The ideal value for wing cells detected and marked is
100%; the actual value was 94.4% (of the 466 cells that
were automatically detected, 440 of them were both marked
by the user and detected by the software).

DISCUSSION

The software that was developed in this study was used
to successfully analyze perpendicular volume scans from
laser in vivo confocal microscopy of the central corneas of
healthy volunteers. Analyses were rapid (<10 seconds),
consistent (best nerve layer image correctly identified in 15
scans from 15 eyes), and accurate (>81.8% agreement with
manual analyses in a representative sample) and yielded
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unprecedented levels of automated quantitative information
about corneal microstructures (including shapes, sizes, and
densities of nerves, wing cells, and dendritic immune cells).
This software is expected to be a valuable addition to
existing software that has been developed for the analysis of
nerves?®?! and dendritic cells*' and should fill a gap for the
software-based analysis of epithelial cells (specifically, wing
cells of the epithelium). Moreover, this software is expected
to be a large improvement on the manual analysis of in vivo
confocal micrographs that is standard for most studies.
Although the software seemed to successfully meet the
planned objectives, this study did have a number of
limitations. The software was developed from, and was tested
on, only images from a single set of healthy eyes of soft
contact lens wearers or those who were naive to contact lens
wear; future studies should apply the software to various
diseases and disorders. Verification is needed from larger
populations to demonstrate the ability of the software to
discriminate between levels of corneal health and disease. The
software has been tested only with laser in vivo confocal
microscopy having 2-pwm resolution in the z-direction, not
with slit-scanning in vivo confocal microscopy having
4-pm resolution in the z-direction. The software is somewhat
dependent on the skill of the technician or photographer in
obtaining perpendicular scans. Also, the 2-dimensional
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outlines) automatically detected by
the software. Added to the software-
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cally calculated for the immune cells
in the image panel. Data for the left-
most cell and right-most cell are
marked.
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version of the software described in this manuscript did not
“register” images to account for saccadic movements that
occurred during volume scan acquisition. Registration and
reconstruction have been described elsewhere®’ and is in
development for a forthcoming 3-dimensional application of
the software.?® Finally, the manual versus automatic valida-
tion indicated room for improvement: For ideal values of
100% agreement, actual values were 81.8% for immune cells
and 94.4% for wing cells.

In vivo confocal microscopy is making the transition
“from bench to bedside”®; this software could be valuable in
that process. For example, in vivo confocal microscopy has
been used in qualitative forms or in manually quantitative
forms for the purposes of characterizing severe corneal
states, such as keratitis' or graft rejection.'®*° The software
could make it possible for researchers and physicians to
detect subclinical changes during or after these extreme
states. For example, a patient who seems to have a quiet
white eye after an infection could be checked by software-
assisted in vivo confocal microscopy to ensure that the cor-
neal response had truly subsided, even at the subclinical
level of dendritic immune cells, before the clinician appro-
ves the patient to resume wearing contact lenses. Similarly,
with graft survival, the software could be used to guide
clinical decisions about dosages of topical steroids, by
allowing the clinician to view nerve state and dendritic
immune cells in the cornea that were not observable clini-
cally. These applications are speculations, but we look for-
ward to seeing researchers and clinicians investigate the
utility of the software for such purposes.

The software also could guide industrial research, so
that manufacturers could develop ophthalmic products
that minimize subclinical immune responses in the cornea.
Corneal responses to contact lenses or lens care products may
be less obvious, but more prevalent, than responses to
infection or inflammation. Software-assisted in vivo confocal
microscopy could reveal subclinical responses to contact
lenses or lens care solutions that have been laborious to
analyze manually.>**?

In summary, the newly developed software was capable
of analyzing perpendicular volume scans from laser in vivo
confocal microscopy of the central corneas of healthy
volunteers, yielding results quickly, consistently, and accu-
rately. This software should be a useful addition to clinical
practice and research.
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