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Summary

Cell density in the corneal stroma is typically determined by counting the number of bright objects,
presumably keratocyte nuclei, in images from clinical confocal microscopy. We present a program
that identifies bright objects and counts those that most likely represent cells. Selection variables
were determined from 125 normal corneas with cell densities that had been assessed manually. The
program was tested on 17 corneas of patients before and at several intervals to 5 years after laser in
situ keratomileusis (LASIK) surgery. In these corneas, which showed a decrease in cell density after
surgery, the program identified cells as well as human observers did.
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Introduction

Keratocytes are fibroblast-like cells that maintain the health and clarity of the corneal stroma.
Several investigators have examined changes in density of these cells with age (Moller-
Pedersen, 1997; Mustonen et al., 1998; Hollingsworth et al., 2001; Patel et al., 2001; Berlau
et al., 2002), with contact lens wear (Jalbert & Stapleton, 1999; Efron et al., 2002a, b; Patel
et al., 2002; Kallinikos & Efron, 2004; Kallinikos et al., 2006), after refractive surgery (Frueh
et al., 1998; Erie et al., 1999; Moller-Pedersen et al., 2000; Vesaluoma et al., 2000; Pisella et
al., 2001; Mitooka et al., 2002; Erie, 2003; Erie et al., 2003, 2004, 2006; Perez-Gomez &
Efron, 2003), and after corneal transplantation (Bourne, 2001; Mikek et al., 2003; Imre et
al., 2005). These studies all required non-invasive and accurate estimates of keratocyte density
in corneas of study subjects and patients.

Keratocyte nuclei scatter and reflect a small amount of light and are sometimes visible during
slit lamp examination (Moller-Pedersen, 2004), although they are more prominent in clinical
confocal images of the stroma. Keratocyte density in human corneas has been estimated from
confocal images by counting the number of bright objects (assumed to be keratocyte nuclei)
in a field of known area and dividing by the sample volume, the area multiplied by the effective
depth offield (Patel et al., 1999; Popper et al., 2004; McLaren et al., 2005), although Berlau
and coworkers (2002) estimated density from the number of cells distributed through several
frames. Some investigators have reported cell density in terms of cells per unit area for a
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particular confocal microscope (Frueh et al., 1998; Mustonen et al., 1998; Prydal et al.,
1998; Jalbert & Stapleton, 1999; Vesaluoma et al., 2000; Hollingsworth et al., 2001; Pisella
et al., 2001; Perez-Gomez & Efron, 2003; Vanathi et al., 2003).

The accuracy and precision of manually counting cell nuclei depends on the ability of the
observer to discriminate nuclei from the background noise in the image and to interpret the
variable appearance of cell nuclei located at different depths within the optical section of the
image. Nuclei with the highest contrast and sharpest edges can be consistently identified,
whereas those with lower contrast and blurred edges will be inconsistently identified. Because
of this subjectivity, two investigators, or one investigator assessing density in the same images
on two sessions, rarely arrive at exactly the same density (McLaren et al., 2001).

A program that identifies and selects cells in confocal images would be more objective than
manual assessment of low-contrast images. Programs that count keratocytes have been reported
(Prydal etal., 1998; Patel et al., 1999), but none have been used consistently in clinical studies.
Patel et al. (1999) described and histologically validated an automated algorithm to estimate
keratocyte density in rabbit corneas. However, this method did not work consistently in human
corneas and its use has not been demonstrated in a longitudinal study.

In this study, we further developed and refined the algorithm described by Patel et al. (1999)
and tested it in confocal images of the human corneal stroma. Cell densities determined by the
automated method were compared to densities determined by manually counting keratocyte
nuclei in the same images, in a population of patients who received laser in situ keratomileusis
(LASIK) and experienced a decrease in cell density.

Human subjects

All human subjects were participants in other studies in our laboratory, and these studies have
been described in other papers. Image variables used in the cell-counting program were defined
from confocal scans of 125 corneas of 79 subjects. This sample included 30 normal control
corneas of 19 subjects from a study of keratoconus (Erie et al., 2002), 25 pre-operative corneas
of 15 patients who received photorefractive keratectomy (PRK) (Erie et al., 1999), 20 corneas
of 20 subjects in a study of contact lens wearers (Patel et al., 2002) and 50 corneas of 25 subjects
in a study of corneal thickness (Kitzmann et al., 2005; McLaren et al., 2005). Scans were
acquired between July, 1998 and July, 2003, and images from these scans were used to define
selection criteria in the cell-counting program. The program was tested by assessing cell density
in another group of 17 corneas from 11 patients before and at several intervals after LASIK
through 5 years (Mitooka et al., 2002; Erie et al., 2004, 2006). All subjects were examined
before the study to assure that their corneas and anterior segments were normal. Each subject
gave informed consent to participate in the study after the nature and possible consequences
of the study had been discussed. All studies were approved by the Institutional Review Board
of Mayo Clinic and conformed to the tenets of the Declaration of Helsinki for research
involving human subjects.

Confocal microscopy

Corneas were scanned by using a clinical tandem scanning confocal microscope (Tandem
Scanning Corporation, Reston, Virginia, U.S.A.), by methods that have been described in detail
previously (Patel et al., 1999, 2001). Briefly, the cornea was anaesthetized by instilling topical
proparacaine 0.5%, a drop of a viscous coupling solution (Goniak; Akorn Inc., Buffalo Grove,
IL, or GenTeal Gel; Novartis Ophthalmics, East Hanover, New Jersey) was placed on the tip
of the objective lens, and the objective lens was advanced until this solution contacted the
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cornea. The objective lens was aligned with the centre of the cornea by centring the light and
dark rings in the image of the epithelial surface. The focal plane of the microscope was retracted
to inside the objective surface, and then advanced through the cornea at approximately 72 pm
s'I while video images were digitized and stored by a computer at 30 frames s™1. The video
camera automatically adjusted its gain to maintain a constant image brightness.

Manual assessment of cell density

Each confocal scan through the stroma was reviewed and 10-12 frames were selected that had
clear, non-blurred images of cell nuclei and did not have signs of motion artifacts. In control
corneas, two frames were selected in each of five layers of the stroma, the anterior 0-10%,
10-33%, 33-66%, 66-90% and 90-100% of stromal depth (Patel et al., 2001). In corneas after
LASIK, two frames were selected in the anterior and posterior half of the flap, the anterior and
posterior halves of the region that extended 100 um deep to the ablated surface, and the regions
represented by 66-90% and 90-100% of the pre-LASIK stromal depth (Mitooka et al., 2002).
Frames from the equivalent regions of stroma were selected from scans before LASIK.

Cell density was assessed manually by counting bright objects that were presumed to represent
keratocyte nuclei inside a pre-defined rectangle (379 um by 286 pum) by using a simple point-
and-click method. Objects that touched the bottom or left edge of the rectangle were counted,
but objects that touched the top or right edge were not counted. Each object was marked with
an ‘X’ to prevent double counting. Frames from each cornea were presented to the investigator
in random order so that the investigator was masked to the depth of the frame in the stroma
and the identity of the subject. Cell density was expressed as cells mm3:

N
Density=—
ensity 1 -

where N is the number of objects counted, A is the area of the selection rectangle, and ¢ is the
effective depth of field, (thefull-width-at-half-maximum of as can through are flecting surface
plus the mean axial thickness of a keratocyte nucleus) (Patel et al., 1999; McLaren et al.,
2005). We assumed A = 0.109 mm? and 6 = 0.0119 mm (McLaren et al., 2005). One
investigator (CBN) assessed cell densities in all confocal images from the study of LASIK
patients. Cell densities in the four groups of normal subjects were assessed by three
investigators: pre-PRK and controls for the keratoconus study by one investigator, contact lens
control corneas by another, and the corneal thickness study by a third (CBN).

Automated assessment of cell density

A program was developed to assess cell density in confocal images by using a scripted
language, Tcl/tk (“tool command language/toolkit,” www.tcl.tk), and an image processing
program, Analyse AVW (Mayo Medical Ventures, Rochester, Minnesota). The program
worked in two steps; first, it identified bright objects in the field, and second, it selected those
objects that most likely corresponded to cells based on the image properties of each object.

The algorithm that identified bright objects was similar to the process described by Patel, et
al. (1999), although several steps were added to separate cell nuclei that overlapped each other.
The original image processing steps are given in Table 1, and the additional steps used to
separate overlapping objects are listed in Table 2. These steps created a binary mask of all
bright objects in the frame. The mask of each object was isolated one at a time and the area
around the object (background) was identified by creating a second mask as a band,
approximately 11 pixels (8.6 um) wide and separated by a 5-pixel gap (3.9 um) from the object
mask. Portions of the background mask that overlapped masks of other cells were excluded.
The program calculated several variables including object size, mean and standard deviation
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of intensity of the object and background, minimum and maximum brightness, and coordinates
of the geometric centre, from the areas in the original and processed images defined by the
masks of the object and background. Contrast and brightness-area-product (BAP) of each
object relative to the background brightness were calculated:

1. -1
Contrast=-~—2

b (2)

BAP= (I, — 1) A, 3)

where I and Iy are the mean intensities of the cell and background respectively, calculated
from the inhomogeneity-corrected image (step 1 in Table 1), and A is the area of the cell.
After several preliminary trials of images from our control group, we found that cell contrast
and BAP were the best variables for selecting objects that the human observers would most
likely have identified as cells. The original program used by Patel et al. (1999) selected cells
based on size; objects greater than a pre-determined size were counted as cells.

The program examined the image properties of each object and it selected objects with contrast
greater than 0.03 and BAP greater than a pre-set threshold. The selected objects were counted
as cells if they were entirely inside of a rectangle similar to that used in manual assessment
(367 um by 277 um) or overlapping the left or bottom edge of the rectangle. Cell density was
determined by using Eq. (1) (McLaren et al., 2005).

The optimum BAP threshold (BAPy,) was determined from ten frames in each of 125 confocal
scans from our control group. Cell density in each frame was assessed manually. The BAP
threshold that forced the program to estimate the same density as the manual assessment was

determined iteratively for each frame, and the mean threshold of the ten frames (BAP,;,,) was
calculated for each scan. When the mean background intensity after the adaptive histogram

equalization step (7,_,.) Was above a specific value (7, ,,.), the BAP,,, decreased as 7, .
increased. The optimum BAP threshold for a particular frame also varied with depth in the
stroma.

In addition, five scans from the LASIK patients at each visit at 1, 3, 6 and 12 months after
LASIK were randomly selected and used to determine BA_P,,,,.- During the first post-operative
year J, . Was elevated compared to that from scans in control subjects. Selection of a subset

of scans from the LASIK patients was necessary to include the full range of 7, During this
interval, scans were not available from control subjects who did not participate in the LASIK
study.

The program used the BAP threshold to determine which objects most likely represented cells.
The BAPy, was selected in two steps, selection of the BA_p,,”. for the scan and selection of the
specific BAPy, for the frame. The program selected BAP,,, based on the value of 7, . If
Iy_ane Was less than I, min, then BAP,, Was set to a constant, but if it was greater than or equal
t0 lp-min, BAP,,, Was determined by:

BAPj,, = Ip_aqhe Xmi+by (4)
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where my and by are constants determined by linear regression of BAP,, and 1, .-

The BAP threshold for the ith frame (BAPy,r.j) was selected in a second step:

Ib—ahe—i

BAPy,,—i= BAPy, [

X nmy +b2]

I b—ahe (5)

where lp.gne-i is the mean intensity of the background regions after adaptive histogram
equalization in the frame, and my and b, are constants determined by regression.

The constants mq, by, my and b, were determined from confocal scans of the 125 normal
corneas, and b, was increased or decreased slightly to further optimize agreement between
densities determined manually and automatically.

Cell density in LASIK patients

Cell density was estimated manually and by using the automated method in 17 corneas from
11 patients before and at 1, 3 and 6 months, and at 1, 2, 3 and 5 years after LASIK. These were
different corneas than those used to define the constants in Eqgs (4) and (5), except for the
subjects randomly selected at 1, 3 and 6 months, and 1 year as described in the previous section.
The mean of cell densities determined from the two frames from each layer was accepted as
the cell density of the layer, and the mean cell density of each cornea was the mean cell density
from all six layers, unweighted for the thickness of the layer.

Differences between the estimate of mean cell density of each cornea by the automated and
the manual methods were assessed by using generalized estimating equation models, to account
for the possible correlation between eyes of the same subjects, at each visit (pre-LASIK through
5 years). Tests were considered significant if P<0.05. The minimum detectable difference was
calculated for each non-significant difference by using the standard error from the generalized
estimating equation models, and assuming o = 0.05 and 8 = 0.20. Mean cell densities in each
layer after LASIK, determined by manual and automatic assessment, were compared to
densities in the same layer before LASIK by using generalized estimating equation models.
Significances were adjusted for seven comparisons by using the method of Bonferroni.

Repeatability of manual assessment

Results

Densities in 276 frames from 23 corneas at 2 and 3 years after LASIK were assessed manually
a second time, and the correlation coefficient of concordance (Lin, 1989), mean difference and
limits of agreement, the mean difference +2 standard deviations of the mean as described by
Bland & Altman (1986), between the first and second assessment were determined. Of these,
108 images from nine corneas at 3 years after LASIK were assessed a third time. Mean densities
estimated in the three assessments were compared to each other and to automated density
estimates by using paired t-tests.

A typical confocal image from the mid-stroma is shown in Fig. 1. The inset shows two bright
objects and their corresponding cell and background masks as identified by the program. Figure
2 shows a mid-stromal frame with manual identification of cell nuclei marked with X’s and
automatic identification noted by bounding boxes. Not all objects identified by the observer
were identified by the program as cell nuclei, and not all objects identified by the program were
identified by the observer. The program required approximately 18 s to assess each frame,
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while manual assessment required 35-85 s (not including breaks in the work and time between
scans required to load the new file), depending on the scan.

Selection parameters

The relationship between BAP,,, and 1, is shown in Fig. 3. The specific BAP,,, selected by
the program is shown as a solid line, and the coefficients of the selection line (Eq. 4) are given
in Table 3. The coefficients of Eq. (4) changed after March 1999, a time when the video system
was adjusted to optimize the image. The appropriate parameters, depending on the date of the

scan, were used with Eq. (4) to determine BA_p,,“. for each scan.

The relationship between the BAPy,j and Igne i normalized to BAP,, and 7, is shown in
Fig. 4. The constants used in Eq. (5) determined from these data were m, =7.652 and b, =-6.667
before March, 1999, and m, = 5.477 and b, = -4.529 after March, 1999.

Cell density in control corneas

The mean cell density, unweighted by thickness of the layer, from all corneas used to determine
selection parameters, was 28614 + 10608 cells mm™3 by manual assessment and 28251 #+ 9452
cells mm3 by automatic assessment (+ SD, n = 1247 frames). The mean difference was -363
+ 5214 cells mm™3 (automatic - manual, P = 0.014). In the first frame (anterior stroma) of the
pre-PRK group of patients, the mean difference between densities by manual and automatic
methods was-16320 cells mm-3 and was greater than mean differences in any layer for any
other group. The next smaller difference was lessthan 5000 cells mm-3.Whenthis first frame
from the pre-PRK group was excluded, the mean densities of all other frames by manual and
automatic assessments were 28088 + 9939 cells mm-3 and 28051 + 9373 cells mm
respectively, and the difference was -37 + 4518 cells mm3 (n = 1222 frames, P = 0.78).

Cell density before and after LASIK

The mean cell densities before and after LASIK, determined by both methods, are given in
Table 4. Mean cell densities determined by the two methods were within 7.2% of each other
throughout the 5 years of the study.

Significances of differences at each visit with cell density before LASIK are shown in Table
5 for each of six layers for manual and automated methods. The pattern of significance by
automated assessment was similar to that of manual assessment; cell density was decreased in
the flap at all post-LASIK examinations. Density decreased significantly just posterior to the
interface (anterior retro-ablation zone) by the automated method at 1 year and later, while
according to the manual method significant differences in this region persisted at all
measurements after LASIK. The manual method also detected a few differences that the
automated method did not, particularly at 3 and 5 years. Manual assessment had slightly more
statistical power; the average minimum detectable difference for the comparisons that were
not significant was 3932 cells mm-3 with manual assessment and 4219 cells mm™3 with
automated assessment.

An example of the relationship between manual and automatic assessments of cell densities at
the 5-year visit is shown in Fig. 5. The correlation coefficient of concordance was 0.83 (95%
confidence interval: 0.79-0.87; Fig. 5A). The mean difference between methods at 60 months
was 1392 + 3881 cells mm™ and limits of agreement for this example were -6371-9154 cells
mm-3 (Fig. 5B).
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Repeated manual assessment

Mean cell densities assessed manually three times in the same frames differed from each other
by as much as 3160 cells mm™3 (Table 6). Differences between these three manual assessments
and the automatic assessment ranged from -1286 cells mm-3 to 1874 cells mm=. The
relationship between cell densities at 2 and 3 years assessed twice by the same observer is
shown in Fig. 6. The correlation coefficient of concordance between the first and second
assessment was 0.86 (95% confidence interval: 0.83-0.89; Fig. 6A). The mean difference was
2358 + 3219 cells mm-3 (P< 0.001) and limits of agreement ranged from -4082 to 8797 cells
mm-3 (Fig. 6B).

Discussion

This program for identifying and counting cells in confocal images of the cornea expands the
scope of earlier attempts at estimating cell density automatically. It has a refined algorithm for
separating overlapping objects and uses dynamic selection of criteria for discriminating cells
from other objects. Selection criteria are based on measurements from each image, and these
criteria may vary as characteristics of the microscope and video system vary. The program was
designed to emulate a human observer, and the assessment of the large data set from our study
of LASIK patients demonstrates that we would have reached a similar conclusion by using the
program to assess cell density as we did with manual assessment. Repeatability is the greatest
advantage of this program; results will not differ from one assessment to the next as they can
with manual assessment. Use of the program also reduces time needed to determine cell density.

Repeatability and accuracy of cell density

Manual assessment of corneal stromal cell density from a clinical confocal image is subjective.
An investigator who estimates cell density will rarely identify all of the same objects on
repeated assessments of the same frames (Fig. 6). Similarly, two observers who estimate cell
density may arrive at considerably different mean densities. Variability from imperfectly
identifying all cells in an image determines in part the minimum detectable difference of this
measurement in a study.

The subjectivity of manual assessment is partially caused by low contrast between the objects
in the field and their background, poorly defined object boundaries, or indistinct texture within
an object. Most cell nuclei in a typical stromal image are clearly distinguishable and are
identified consistently. However, some nuclei, particularly if they are located near the edge of
the focal depth of field, have low contrast or other poorly distinguishing features. An observer
might identify low-contrast objects as cell nuclei in one session and as background noise in
another session.

A program that uses image processing has the advantage of objectively identifying cell nuclei
by using numeric properties of the image. Criteria for identifying cells will always be consistent
from frame to frame and subject to subject, and if the image properties remain constant,
selection of cells will be consistent, and this is the greatest advantage of using a program for
determining cell density. When the image properties changed in our study because of alterations
on the microscope, the program was able to select the appropriate BAP threshold based on the
image variable Iy gpe.

The differences between cell densities determined by the program and those determined
manually in the same frames were similar to differences between cell density assessed twice
by the same investigator (Fig. 5, Table 4). These differences could be attributed to variability
in identification of cells by the observer, particularly if many of the cell images are near the
limit of visibility.
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In spite of these differences, we would have arrived at the same general conclusions concerning
the decrease in cell density after LASIK if we had used the program as we did with manual
assessment (Table 5). In the flap (layers 1 and 2) densities were decreased significantly by both
methods at all times after treatment. In the deeper layers of the stroma the manual method
indicated more differences in cell density that were significant, particularly at 3 and 5 years.
This is likely a consequence of the slightly lower minimum detectable differences (greater
statistical power) that we noted in the manual assessments.

Sources of error

Accurate estimates of cell density, either by manual or automated methods, require high-quality
images. Any characteristic that degrades the image, such as poor contrast between cells and
background, distortion because of lateral or axial motion, position of the cell near the axial
limits of the field, or optical or electronic image noise that degrades boundaries, will render
cells less visible and increase the probability that they will be missed by an observer. In the
program, the same features could alter the selection variables used by the program and degrade
the identification of cells. It is not possible to predict how a particular image change might
affect an observer’s ability to identify cells relative to the program’s ability.

Changes in the image properties of the confocal microscope were likely the source of our need
to adjust the coefficients of Eqs (4) and (5) after March, 1999. The relationship between the
image properties and BAP threshold changed after we had adjusted the microscope and video
electronics to optimize the quality of the image. This demonstrates the importance of stability
of the confocal images and periodic checks for agreement with manual assessment, particularly
after a known adjustment to the microscope. Any change in image characteristics that affects
the relationship between the BAP threshold and Iy,_ghe could lead to erroneous cell density
estimates unless the changes are considered. The equations and coefficients we used to
determine BAP threshold are specific for our confocal microscope, and although the principles
that we describe can be applied to other systems, the specific selection parameters must be
determined for the individual system.

Our model for selecting BAP threshold worked well when we used this method to determine
cell density before and after LASIK. At best, this method is only as accurate as our ability to
assess cell density manually, however, because the program was designed to emulate manual
assessment. This approach is justified by earlier studies where manual assessments of density
from confocal images agreed with densities determined histologically in the same corneas
(Patel et al., 2001).

Cell densities in one set of images were consistently underestimated by the program, the frames
of the anterior-most keratocytes in the pre-PRK subjects. We do not know why these frames
were different from others recorded at different times, although the confocal microscope was
operating under somewhat different video parameters than it was later, as indicated by the
change in selection criteria noted in Table 3. In spite of this mismatch, the program performed
well on frames from the same region of stroma in the pre-LASIK patients, images that were
recorded at approximately the same time. Differences between manual and automatic methods
were not associated with other image variables, such as cell contrast, cell intensity, or lIp.ghe.

The variability of the BAP threshold and its relationship with the image parameter ly_.ahe
demonstrates the importance of defining the selection parameters for a particular microscope
and camera and any video controls that must be set. Other clinical confocal microscopes, such
as the ConfoScan 4 (Nidek Technologies, Srl., Padova, Italy) and the Heidelberg HRT-11 with
the Rostock Corneal Module (Heidelberg Engineering GmbH, Dossenheim, Germany),
produce images with greater contrast between nuclei and background than the Tandem
Scanning confocal microscope does. In principle, cell densities determined from these images
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should be more consistent between automated and manual assessment than from images
recorded by microscopes that produce low-contrast images. However, variables used with
images from other microscopes to optimize object and cell identification will likely be different
from those used in the present study to optimize object identification. Cell selection criteria
must be determined or verified by using an independent method of density assessment, such
as manually counting cells in a standard image area.

One must recognize that criteria for cell identification may be altered in corneas that are
abnormal or have been manipulated as compared to images from normal corneas. For example,
if a treatment brings the refractive index of keratocyte nuclei closer to that of the surrounding
substance, cell nuclei would become less visible as suggested by Efron et al. (2002a) after
overnight contact lens wear. The ability to identify these cells would diminish and the apparent
cell density could decrease for both manual and automated assessment. Our best verification
of cell density would be to compare density determined by confocal microscopy to that
determined by histology in the same tissue. However, this is not an option in most studies, and
the next best standard is manual assessment, although as we have shown, manual assessment
is variable. Our program is capable of working at least as well as manual assessment in normal
and post-LASIK corneas.

Frame selection

In clinical confocal microscopy, some frames are degraded by motion. In these frames, bright
objects including cells appear elongated in the direction of movement and faint objects often
cannot be distinguished from the background. We selected frames that contained objects with
sharp edges and did not show these motion artifacts before we assessed density manually. The
automatic selection of high-quality frames for automatic cell density assessment will be another
refinement of this program.

In summary, we present an algorithm that identifies bright objects in confocal images of the

corneal stroma in vivo. The program was designed to emulate a human observer and its utility
was demonstrated by assessing cell density in the same images that were assessed manually in
a longitudinal study of LASIK patients. The program detected similar changes in cell density
as the manual observer did and we would have arrived at a similar conclusion had we used the
automated method. This objective method will improve the repeatability and accuracy of cell
density assessment in clinical confocal images of the cornea. The principles of this algorithm
can be applied to identifying low-contrast objects in images from other microscopy systems.
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Fig. 1.

Confocal image of normal mid-stroma. Bright objects represent nuclei, presumably of
keratocytes. The subregion around two nuclei is magnified to the right. The areas A; and Ay
are the mask areas of each cell and background respectively, selected by the program. The
input or processed image intensities under these areas were used to calculate variables, such
as the brightness-area-product and contrast, and these were used to select objects that most
likely represented cells.
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Fig. 2.

One confocal image before (A) and after counting cells (B). Cells were counted manually
within or touching the left or bottom edge of the large rectangle and were indicated with an X.
Cells identified by the program were indicated by a bounding box, the smallest rectangle with
vertical and horizontal sides that entirely contained the cell. Most cells were identified by both
methods, although some were identified by one or the other but not both.
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Fig. 3.

Relationship between mean optimum brightness-area-product threshold (BAP,,,) and mean

background intensity after adaptive histogram equalization (lb;,,e). Each marker represents
the mean across all frames in a scan. The solid line represents the relationship that was used

to determine the BAP,,,. for a particular scan when 7, __, was calculated from the images. When

Iy Was less than 128, BAP,,, was constant (2411), and otherwise it was equal to 7, ,, X
m4 + b1 (EQ. 4), where m; and b, are given in Table 3. The coefficients m4, by, and the transition
intensity changed after March 1, 1999 (data shown were from scans after this date).
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Fig. 4.

Relationship used to adjust the BAP threshold in individual frames within a scan. Each marker
represents data from one frame, and all frames were from normal control corneas described in
Methods. The BAP threshold for a particular frame was determined from properties of the

image by using Eqg. (4) (solid line).
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Mean Cell Density, cells/mm*

Relationship between automatic and manual assessments of cell density in 16 corneas 5 years
after LASIK. Each marker represents densities from one frame. A, correlation between cell
densities by automated and manual methods; solid line is identity line. B, difference in
estimated cell density between methods vs. mean of both methods, as described by Bland and
Altman (Bland & Altman, 1986). Dashed lines represent the limits of agreement, the mean

difference * 2 standard deviations.
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Fig. 6.

Cell density estimated in same frames by one reviewer in two sessions. A, correlation between
two manual assessments of cell density; solid line is identity line. B, difference vs. mean of
estimates and limits of agreement. Scans were selected from those recorded 2 and 3 years after
LASIK. Variationof differences in two estimates of cell density was similar to variation of
differences between one observer and the program (Fig. 5).
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