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Abstract

Background: The aim of this study was to develop a system of computerised analysis of digital
images of posterior capsule opacification (PCO) that is evidence based, objective and freely
available. The paper will present evidence for the reliability and validity of the developed system.

Methods: The system of PCO analysis was developed considering current published evidence on
visual significance of PCO and additional investigative analysis of PCO images. Details of the image
processing and analysis steps are discussed and a final system that measures an entropy score
weighted toward proximity to central areas is described. In order to assess validity, the systems
ability to measure PCO progression is assessed along with the visual significance of its final
computerised scores. Reliability of the system is also assessed.

Results: The final system runs successfully and is simple to use. Analyses of PCO by the system
show an ability to detect early progression of PCO as well as detection of visually significant PCO.
Images with no clinical PCO produce very low scores in the analysis. Reliability of the system of
analysis is shown to be satisfactory.

Conclusion: This paper presents a system of PCO analysis that is evidence based, objective and
clinically useful. Substantial evidence is provided for its validity and reliability.

Background

Despite advances in the practice of cataract surgery and
intraocular lens implantation, posterior capsule opacifica-
tion remains the most common post-operative cause of
morbidity[1]. However, there is currently no consensus
on an optimal PCO quantification method. The main
objective systems of analysis, POCO[2] and AQUA|3] sys-
tems are not freely available. They do not incorporate
whether PCO is peripheral or central into calculations and
show limited evidence for validity. The EPCO system [4]

has been assessed for evidence of construct validity [5] but
is still subjective. The POCO system[6] is also subjective
and is not convincing for analysis of PCO in terms of
measuring progression or visual significance. There is
clearly a need for a universally acceptable measure of PCO
[7] that would be objective enough for scientific analysis
and yet not exclude the majority of researchers by its lack
of free availability. It should be based upon current evi-
dence on the visual significance of PCO and be tested to
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be both valid and reliable. This paper presents the first
such system of analysis.

A principal problem in any system of analysis of digital
images of PCO is that of artefactual light reflections spoil-
ing the image. Although resilient to such artefactual cor-
ruption, the presented system is designed for use on
images that have had some prior mechanism of reducing
unwanted reflections. [4,7] For this study all testing and
development was done on images created to be free of
reflections by merging of two or more original images
using commercially available and common software. [5]
This step has been previously demonstrated as valid and
reliable [5]

The presented program is not proposed as the ultimate
measurement system for PCO. We would expect to con-
tinuously update the system with future research findings

as well as data on analyses. These data may be used to
refine certain parameters and factors used in calculations
and algorithms.

The aim of this study was to develop a system of compu-
terised analysis of digital images of PCO that is evidence
based and objective. Evidence for validity and reliability
of the final system will be presented.

Methods

Development of software

This system was designed and programmed using the Mat-
Lab programming platform(MatLabTM, Matrix Labora-
tory,® The Mathworks, inc, MA). All programming design
and writing of code was by T M Aslam and for clarity the
system is hence referred to as the Aslam analysis (AA) in
this paper. All images used in development of the system
were of a different subset to those used in assessment of
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validity and reliability of the final analysis system.
Informed consent was obtained from all patients involved
and the study was approved by local ethics committee, in
accordance with declaration of Helsinki.

The first problem encountered was one of unequal illumi-
nation in the images. Even with the large areas of aberrant
light reflections removed, using merging with similar but
unspoilt images, a generally variable background illumi-
nation of the entire image may cause errors in image anal-
ysis. This is solved in the AA system with an image
processing step of background illumination removal. This
is achieved through image manipulation techniques
known as morphological opening[8] to estimate the back-
ground illumination. The resulting foreground PCO is
freed of illumination variations. (fig 1b, 2b)

Next, unwanted outer segments of images, that include,
for example, iris segments, must be excluded from the
analysis. The desired area of interest involving the optic of
the lens or area within the pupil is isolated in the AA sys-
tem by the user marking out the corners of the region of
interest. These primary steps lead to an isolated region of
interest that is free from variations in illumination and
ready for analysis. For this study, the central 3.5 mm of
posterior capsule, centred using pupil borders, was used
for all analyses. The dimensions of this area was noted in
terms of pixel size using known diameter of intra-ocular
optic in the images as a guide. This segment of PCO has
been previously confirmed as being visually significant.

[5]

It is established that areas of PCO distant from the centre
of the visual axis have a reduced effect on vision compared
to areas at the centre.[5] Although the exact mathematical
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Figure 3

Progression in AA scores between patients one month and 12 months after surgery; a. Paired Samples Test, b. Differences

graphically displayed

relationship of this is unknown the AA system incorpo-
rates the principle of this research finding in its analysis.
To do this the region to be analysed was split into multi-
ple smaller subunits and each unit considered separately
for analysis. Modifications to the analysis results of each
subunit were then made depending on the distance of that
subunit from the central visual axis. The further a unit was
from central visual axis, the more the value of its texture
would be attenuated. Finally texture scores for all subunits
is summed to give a final total score. The factor used to
modify PCO score according to distance needed to be
large enough to exert the required effect of weighting
scores towards the centre of the image, but not so large as
to render the system insensitive to small amounts of
peripheral PCO. Similarly, subunit size was adjusted until

it was found to be large enough to incorporate significant
PCO textural objects but small enough for a satisfactory
total number of subunit regions to be analysed to allow
for central weighting mechanism to function. Various
combinations of subregion size and image score weight-
ing were trialled before a compromise was achieved. This
involved dividing each image into 121 total subunits.

Development of the PCO score itself involved considering
many possible image processing and analytical tech-
niques. Current evidence on PCO suggests that its texture,
determined from retro-illuminated digital images, could
be used to determine its visual significance.[2,9] Histo-
gram analysis[10] suggested that texture analysis of the
PCO might be feasible using statistical properties of the
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Comparison of AA scores of patients before and after Nd:YAG capsulotomy; a. Statistical analysis, b. Graphically displayed

intensity histogram.(Fig 1c, 2c) Intensity levels of trial
images with significant PCO showed distribution with
distinct peaks at varying levels of intensity. The histo-
grams all showed low dynamic range with narrow width
compared to the entire grey scale. During development of
the system, various descriptors of texture based on the
intensity histogram of a region were calculated for poten-
tial use in analysis of PCO images of patients.[ 10| Entropy
was found to provide the most useful form of texture
measure. This corresponds with the fact that entropy tends
to be higher in coarser textures, such as is found in pearl
type opacification, that is proposed to be especially visu-
ally significant.[11] Indeed, such pearl type opacification
areas showed more irregular and random peaks in histo-
grams studied. In investigations detailed below, only the
entropy measure showed consistent features of validity,
and this measure was chosen as the most suitable marker
for the analysis system.

Even after the above processing steps, images with no vis-
ible PCO and in which PCO would not be expected still
showed on histogram analysis to have image areas with
low but significant intensities of up to 15 units of bright-
ness that contributed to elevated entropy scores. This was
due to variations in intensity unrelated to significant PCO
such as minimal persistent reflections, lens imperfections,
photographic noise [12] and thin films of material devel-
oped over the lens. When the AA system was programmed
to except this subset of values it appeared to have much
better face validity for analysing small or no amounts of
PCO, whilst maintaining face validity for analysis of large
amounts of PCO in patients attending for capsulotomy.

Although there was apparent face validity and content
validity of the final developed system, it was submitted for
further testing before any confidence was held in results of
its analyses. Experiments that provide evidence for such
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a.
Model Summary
Adjusted R | Std. Error of
Model R R Square Square the Estimate
1 .429(a) 184 158 24764

a Predictors: (Constant), difference in entropy

Coefficients(a)

Unstandardized Standardized
Coefficients Coefficients

Model B Std. Error Beta t Sig.

1 (Constant) .230 .080 2.869 .007
difference in .040 015 429 2.645 013
entropy

a Dependent Variable: distance vision difference.
b
Model Summary
Adjusted R | Std. Error of
Model R R Square Square the Estimate
1 .393(a) 155 127 .26584
a Predictors: (Constant), difference in entropy
Coefficients(a)
Unstandardized Standardized
Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 342 .086 3.974 .000
difference in
entropy .039 .016 .393 2.381 .024

a Dependent Variable: contrast sensitivity difference

Figure 5
Improvements in vision compared to improvements in AA score, after capsulotomy; a. Regression of distance vision improve-

ment against improvement in AA score, b. Regression analysis of contrast sensitivity improvement against improvement in AA

score
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Figure 6

Improvement in contrast sensitivity and distance vision after capsulotomy v improvement in AA scores after capsulotomy

confidence in the validity and reliability of the AA system
are now discussed.

Testing for validity

Measurement of progression by AA system

In order to test the system's ability to measure progres-
sion, digital images of 12 patients within a month of cat-
aract extraction were analysed along with images taken of
the same patients of 12-18 months after cataract surgery.
On inspection of these images many of the patients had
evidently undergone PCO progression from no or nearly
no PCO to visible but mainly peripheral PCO. One would
expect a model system to produce values reflecting very
low levels of PCO in patients within a month of surgery,
and for those values to be increased by 18 months after
cataract extraction. The results for the AA system were
graphically plotted and paired t-tests done to assess

whether findings were significantly different in the two
groups.

Visual relevance of AA analysis

Evidence for both construct validity (agreement with the-
oretical expectations) and convergence validity (relation
to associated factors) came from a study involving thirty
patients (33 eyes) that were recruited after having been
referred for potential Nd: YAG capsulotomy.

On attendance, patients had CS vision tested with Pelli-
Robson charts. Patients were dilated and the posterior
capsules photographed with imagenet® digital photogra-
phy system and Topcon® camera system at standardised
settings. Images were subsequently stored onto disc. Each
patient underwent Nd: YAG laser capsulotomy via a set
protocol by one surgeon. Patients returned one week later
and had further vision testing. They were again dilated

Page 7 of 10

(page number not for citation purposes)



BMC Ophthalmology 2005, 5:9

http://www.biomedcentral.com/1471-2415/5/9

0.8 x
C +1.96 SD
%
0.6 C 0.61
o 04F
g -
é) 0.2 :- 5 %X
o) - x X Mean
2 0.0 ¢ 3¢ % X x X
5 - X -0.00
c -02F
2 C
S o4aF x
0.6 :_ X -1.96 SD
C X -0.61
o801 N P B B
2 4 6 8 10 12 14

AVERAGE of observer 1 and observer 2

Figure 7

Bland-Altman Plot of interobserver repeatability of AA score between observer | and observer 2

and posterior capsules photographed at standardised set-
tings. Full details of the experiment and image acquisition
methods are described in a previous publication.[9] Once
a new composite image was created, free of external reflec-
tions, it was entered into the AA software. The AA program
analysed the images created and calculated a score based
on an entropy calculation of texture as described above.

Assessment of visual relevance of the analysis system
involved seeking evidence for construct validity and
convergent validity. Evidence for construct validity was
sought by assessing PCO scores of patients with visually
significant PCO. These were patients referred for Nd: YAG
capsulotomy. The analysis was repeated after YAG cap-
sulotomy when visually significant PCO is in clinical prac-
tice significantly reduced. The AA system scores should
also be expected to calculate significantly lower values.

Paired t-test was used to compare the two groups and
results plotted graphically.

For evidence of convergent validity, results of PCO analy-
sis were correlated with vision. Specifically, the difference
in PCO quantification by the AA system before and after
YAG was compared to improvement in both LogMAR vis-
ual acuity and contrast sensitivity for each patient using
regression analysis. Graphical representation of results
was analysed as well as the indices of regression analysis.

Testing for reliability

To assess interobserver reliability of the AA system, two
trained observers performed analysis on a sample of 20
images. These images included both pre- and post-
Nd:;Yag capsulotomy, as well as a selection of images with
no PCO. The ICC (intraclass correlation coefficient) was
calculated, as well as the coefficient of repeatability and
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the coefficient of variation. In addition, a Bland-Altman
plot to graphically examine the repeatability was plotted.

Results

Process and use of developed system

In order to use the system, at present users must have
access to Matlab, which is commonplace in scientific and
academic institutions. The authors are however currently
working on a compiled version that would be usable
without any other specialist software. There is free access
to the system by contacting the authors.

Once loaded, the AA system asks the user to input an
image, and through a menu driven mechanism loads the
particular image ready for analysis. The image is converted
to greyscale and presented on screen. A cross-hair appears
on the image surface and the user clicks on the top left of
the image's area of interest and then on the bottom right,
thus delineating the region that is to be measured. The
experimenter may choose this to be the area within a cap-
sulorhexis, area within a pupil's borders or spreading to
the extent of visible intraocular lens, depending on
research needs. The program then completes the process
of image processing and analysis without further input,
and is thus highly objective. The processed images are dis-
played along with final texture measures.

Testing for validity

Progression of PCO over time

Analyses of frequency distribution of contrast sensitivity
and of PCO scores show distributions that can be consid-
ered normal. PCO scores in 12 patients one month after
surgery compared to 12-18 months post surgery is dem-
onstrated in fig. 3. Paired T test showed significant differ-
ences in the two sets of values (p = 0.035). It is evident
that the AA system is able to differentiate between patients
with early PCO and no PCO and also to be sensitive to
progression of PCO.

Visual relevance of the analysis system

Construct validity

Analyses of frequency distribution of PCO scores show
distributions that can be considered normal. A paired T-
test for parametric data was performed for the 21 patients
and show a significant difference between AA scores
before and after Nd: YAG laser treatment (P < 0.001).
Validity evidence by extreme group testing of construct is
therefore demonstrated.(fig. 4.)

Convergent validity

Linear regression was used in assessing the impact of the
change in the AA score on change in visual function meas-
ured after Nd: YAG capsulotomy.

http://www.biomedcentral.com/1471-2415/5/9

The first dependent variable to be studied was improve-
ment in best-corrected distance LogMAR visual acuity
(DLVA). Linear regression analysis showed that the stand-
ardised coefficient was .43 with significance of 0.013.(fig.
5a) Thus, improvements in distance vision after Nd: YAG
capsulotomies are shown to be strongly correlated to the
entropy score for PCO in the AA system.

The second dependent variable to be studied was
improvement in contrast sensitivity (CS). Linear regres-
sion analysis showed that the standardised coefficient was
.39 with significance of 0.02.(fig. 5b) Thus, improvements
in contrast sensitivity after Nd:YAG capsulotomies are
strongly correlated to the differences in entropy scores for
PCO in the AA system. A scatter graph demonstrates this
correlation of AA score with contrast sensitivity and visual
acuity (fig. 6)

Testing for Reliability

A total of 22 images were analysed once by two observers.
The ICC was 0.995 (95% confidence intervals 0.988 to
0.998). Coefficient of Repeatability was 0.559 (ie 95% of
repeated measures would be expected to be within this
margin).

A scatter plot (Bland-Altman) showed no relationship
between the mean value for each image by the two observ-
ers against the standard deviation (fig 7), and we were
able to calculate the coefficient of variation, as 3.3% +
6.6%. These values represent excellent reliability.

Discussion

This paper describes a logical evidence-based develop-
ment of a system of analysis of PCO. More importantly, it
has presented evidence for the validity and reliability of
the AA system. A mass of different textural image analysis
tools exist in imaging science [13], but this study has pro-
vided evidence that the use of the statistical analysis of the
image histogram to calculate entropy can provide valid
information on the clinical significance of PCO and on
progression of smaller amounts of PCO in clinical trials.
Reliability was high, as expected in such a computerised
objective system, only limited by variations in actual areas
chosen to be examined by the experimenters when oper-
ating the program.

The current system of analysis has evolved through the
planning, writing, testing and rewriting of many compo-
nent programming procedures to overcome many practi-
cal and theoretical challenges.

On designing the experiments and system of analysis
above it was initially considered that various different
types of analysis might be required in order to accurately
predict different types of visual function loss. However,
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regression analysis shows that both contrast sensitivity
and visual acuity are related to the entropy of the acquired
images. The authors suggest that this function calculated
by the specific mechanism of the AA system should be
used as the outcome measure for the assessment of PCO
for clinical and experimental studies.

Evidence has been presented for this system's validity and
reliability. Although it is freely available to the scientific
community, users should perform their own validity stud-
ies incorporating their specific photography systems and
procedures for acquiring images and removal of light
reflections. At present the AA system requires a Matlab
platform to operate, but a compiled version is in progress
that would be usable without any prior software. Also, a
system for registration based removal of light images is
being tested and developed.

Conclusion

Image analysis with the AA system provides an open
access, objective, valid and reliable method of PCO quan-
tification for advancement of research into this common
cause for post operative morbidity. We anticipate that
with greater use, additional information will lead to even
further evidence-based refinements and updates to the
system.
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