Title : Learning curve in the construct of smartphone-based keratoscope prototype for
Keratoconus screening

Introduction

Keratoconus(KCN) is a progressive, bilateral, ectatic condition of the cornea with a possible
inflammatory pathology. It is characterized by progressive thinning and weakening of the stroma,
causing it to become conical in shape causing irregular astigmatism and progressive myopia.
Advanced stages present as apical scarring, acute hydrops which cause corneal opacities where
keratoplasty becomes the only option for treatment. Here comes the need for early detection and
treatment to arrest the progression and prevent vision loss.

The prevalence of keratoconus varies among different populations with an estimate of
approximately 1/2000 individuals'2. Recent studies done on the Middle Eastern and Asian
population using videokeratoscopy estimate it to be around 0.9% to 3.3%>°. Particularly in the
Indian scenario, Jonas et al, defined keratoconus as a corneal refractive power of more than 48D and
estimated the prevalence to be around 2.3%>. Reports of two surveys in the UK indicated a
prevalence 4.4 and 7.5 times greater for Asian (Indian, Pakistani, and Bangladeshi) subjects
compared with white Caucasians%*2,

Investigative modalities in diagnosing keratoconus ranges from Placido-based Optikon Keratron to
tomographers like Oculus Pentacam and Wavelight Oculyzer, which are non-portable and very
expensive. This makes early diagnosis inaccessible to large sections of population in middle- and
lower-income countries. In addition, with the ongoing COVID-19 pandemic and restrictions on travel,
it has become difficult for young children to undergo annual eye examinations at the hospital.

Artificial intelligence has been extensively utilized in the field of medicine in the recent years, which
was first proposed by John McCarthy in 19563. Machine learning is a subset of Al, defined as a set of
methods that automatically detect patterns in data and then incorporate this information to predict
future data®. In ophthalmology, Al has been extensively utilized for diseases like diabetic
retinopathy, glaucoma, age related macular degeneration and cataract.

The following article, which could serve as a prototype in developing similar screening devices,
explains the journey of making it and is a perfect example to show how a collaboration between
medical fraternity and computer science engineers can be helpful in overcoming the hurdles in
creating a phone tool to screen such a vision threatening disease with a high prevalence.

Materials and methods
Our study included a collaborated team of software professionals, ophthalmologist and optometrist.

The journey of construct of a smart phone-based prototype as a screening tool for keratoconus
began with multiple modifications in the tool we named as SmartKC.

The phone tool called SmartKC, comprised of a 3D-printed Placido’s disc attachment, an LED light
strip, and an intelligent smartphone app to capture the reflection of the Placido rings on the cornea.
The 3 most common designs used for Placido disc attachment are planar, ellipsoid and conical. The
ellipsoid variant tends to be very bulky whereas the planar head accommodates rings only to fit the
central cornea. Hence, a conical head was found to be the best in terms of being portable yet
incorporating around 28 rings as compared to the planar and ellipsoid head. Our final conical Placido



head structure has 28 rings, cone length of 70mm, smallest ring (closest to camera) radius of 4mm,
largest ring radius of 15mm, and cone vertical angle of 8.93 degrees. Figure 4

Figure 1 : Ellipsoid shape

Figure 2 : Capsule shape and conical shape

Figure 3: Inside conical shape of alternating black and empty rings with supports at 0 and 180
degrees.

To make this a low cost and affordable model a support system for black and empty ring
distribution comprised of two 2mm wide supports at 0c and 180° was chosen. However, these
supports resulted in the formation of two V-shaped patterns on the mire image, but the image
analysis system interpolated and filled in the missing data points. The outer enclosure also went
through a number of design changes with the final one being a capsule shaped enclosure in
order to maximise the mire brightness.
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The second challenge was about obtaining proper alignment between principal axis and reference
axis as in the ideal set up to obtain good quality mires. If there is an angulation between these 2 axes
and is offset by even small amounts like 2mm, the mires produced could be falsely labelled as steep
in the area where the Placido is closer to the cornea. To prevent this the phone tool was provided
with a red cross hair which had to align with the central mires in order to get good quality images.
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False readings can also be obtained when there is an angulation between the 2 axes. To avoid such
tilt misalignment and resulting errors, the Placido attachment was modified to have a snug fit
around the eye socket (the contour of the orbital cavity), such that the front part of the attachment
is fully touching the face. Another important parameter which posed challenge was the Working
distance- the distance between the smartphone camera and the corneal apex is another important
parameter in getting good quality mires. If it decreases either due to improper positioning or
proptosed eyes, it can cause false high readings of corneal curvature.

From the early teething problems and insights, the app was generated for the smart KC to ensure
good quality images with good exposure and sharpness with the help of real- time checks using an
automatic quality checker module along with the option of auto-capture.



The permutations and combinations in getting the right design was done through a simulation set
up, which comprised of a Placido attachment, a diffused light source, a camera with parameters
same as that of our data collection smartphone camera, and a reflection surface imitating the
cornea. The Placido design and/or reflection surface were varied to obtain mire image as output.
Instead of 3D printing each of the design variations during the development of the tool, this kind of
simulation set helped us generate quick iterations while maintaining the low-cost budget.

The images were taken by a trained optometrist. On the basis of the location and pixel
characteristics of the 3D printed Placido disc and the working distance, an image processor analysed
the corneal image, via the arc-step method and Zernike polynomials-based surface fitting, creating
the axial and tangential maps. Further, SimK readings and heat maps with the same colour palette as
Optikon Keratron (considered as gold standard) was generated so as to be comparable.

Figure 6 : The Process from capture to image generation
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Once the prototype was ready, then with institute approval a prospective study to validate the
Smart KC against the standard Keraton machine was conducted between June- August 2021 where
in a total of 101 eyes were examined-34 with keratoconus and 67 without keratoconus (Normal and
with Refractive error). Patients with corneal opacities, scars, nystagmus and severe dry eye were
excluded.

The obtained images were then subjected to assessing the specificity and sensitivity as compared to
Optikon images by 4 ophthalmologists were asked to rate 202 pairs of output corneal topography
maps, 101 each from SmartKC system and from the gold-standard Keratron device, as keratoconus,
non-keratoconus, suspected keratoconus and re-take. Each question comprised of a pair of axial and
tangential maps for the same eye, from one of the devices (SmartKC or Keratron). The images were
randomized to minimize bias. ophthalmologists were asked to rate 202 pairs of output corneal
topography maps, 101 each from SmartKC system and from the gold-standard Keratron device, as
keratoconus, non-keratoconus, suspected keratoconus and re-take. Each question comprised of a
pair of axial and tangential maps for the same eye, from one of the devices (SmartKC or Keratron).
The images were randomized to minimize bias.



It is interesting that we noticed an inter-observer bias prior to refinement of the results. While one
of the evaluators diagnosed keratoconus only looking at the pattern of the heat maps, the other
evaluator also considered the SimK readings (which was measured initially by the steepest K and
flattest K reading in the central 5mm of the cornea) in addition to the heat maps. This initially led to
a low specificity of 73.2% but once it was rectified (by computing SimK flattest as the average
dioptric power in the flattest meridian in the central 3mm zone, and taking the SimK steepest as the
average dioptric power of the meridian 90 degrees opposite to steep) the specificity increased by
almost 73.2%to 100%.

Table: Inter observer variability due to wrong Sim K computing

Evaluator Sensitivity Specificity
Dr A (Keratron) 100% 65.8%
Dr A (Smart KC) 93.5% 95.9%
Dr B (Keratron) 100% 93.3%
Dr B (Smart KC) - before 96.3% 73.2%
correction

Results:

With the initial corrections in prototype and image capturing techniques, we were able to overcome
the hurdles of validation of obtained topographic maps and the final outcomes showed

Overall, SmartKC achieved a sensitivity of 94.1% and specificity of 100.0% as compared to Keratron’s
sensitivity of 100.0% and specificity of 64.5%. Specificity means correctly identifying the number of
people who don’t have the disease. By having a high specificity, we can reduce the number of
patients being falsely labelled as keratoconus which could have a bearing on their mental health.

The SimK1 and SimK2 values computed by the SmartKC closely resembled those of Keratron which is
evident with the following results - sim-K1 had Pearson’s r (99) = 0.78, p < 0.01, and sim-K2 had
Pearson’s r (99) = 0.62, p < 0.01. the inter-rater agreement computed for the non-retake images
across the four doctors in terms of Cohen’s Kappa score was 0.86 for the SmartKC images and 0.98
for the Keratron images. Another important result was that none of the moderate to severe
keratoconus cases were missed by the SmartKC tool.

Discussion

There have been a number of smart-phone based portable devices used for the screening of
keratoconus developed using the basic principle of projecting Placido mires onto the anterior
corneal surface and then capturing those images with a smart-phone which are then processed to



screen for keratoconus®2%. But there have been a lot of limitations which have been overcome in
our device. Although the studies describe extensive designing, many of them were never used to
screen keratoconus patients'®2L, In our study we have been able to generate a successful device and
also validated it with a standard machine. Some studies done with smaller sample size

Beling et al obtained a high false positive rate, i.e., even normal individuals were labelled as
keratoconus®.Errors in the above studies were mainly due to difficult detection of mires or
insufficient coverage of the anterior surface 1”18,

SmartKC also had to undergo a fair share of modifications in structure as well as changes in the
functionality. Collaboration with software professionals provided us with a deep insight into the
technicalities of this tool which gave us added advantage which helped in evolving a useful device
which is cost effective, compact and user friendly. Thus Smart KC with good specificity, sensitivity
and repeatability can be considered as screening device for early detection of Keratoconus in
population.

Conclusion:

This study highlights the learning curves in a construct of the optical prototype of a Smartphone-
based keratoscope which can be used as a screening tool for diagnosis of Keratoconus, however
looking forward is need for larger sampling and use of Atrtificial intelligence to generate new
device specific algorithm’s for increasing the scope of better utility in diagnosis and follow up in
keratoconus patients.
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