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ABSTRACT

PURPOSE: To evaluate the predictability of asphericity
and average keratometry in patients with keratoconus
after implantation of intrastromal corneal ring segments
(ICRS) using artificial intelligence.

METHODS: This study included 209 eyes of 160 pa-
tients with keratoconus (grades I, Il, and Ill) who had
ICRS implanted. The 160 arc length Ferrara ICRS was
implanted in all patients. ICRS thickness varied from
150 to 250 um. Pentacam (Oculus Optikgerate, Wet-
zlar, Germany) corneal tomography parameters, clinical
data, and ICRS data formed the basis of the 39 studied
parameters. Linear regression was used to create the
models.

RESULTS: The best mean absolute error value found
was 0.19 for asphericity and was 1.18 for mean kera-
tometry. Comparing the mean absolute error values of
the nomogram with the average absolute error of the
algorithm, there was an improvement of 0.11 for asphe-
ricity and 0.09 for mean keratometry in relation to the
current nomogram.

CONCLUSIONS: The current study showed that the use
of computational models could lead to more accurate
results and contribute to better surgical decision-making
to improve the clinical outcomes in patients with kerato-
conus implanted with ICRS.

[J Refract Surg. 2018;34(8):547-550.]

used to treat ectatic corneal diseases by reducing cor-

I ntrastromal corneal ring segments (ICRS) have been
neal steepening, decreasing irregular astigmatism, and

improving visual acuity. Moreover, as an alternative surgi-
cal procedure, they can delay or avert the need for corneal
transplantation in patients with clear corneas and contact
lens intolerance.’?

Several nomograms were proposed for ICRS implantation
in keratoconic eyes. Some are intuitive and based on empiri-
cal data (manifest refraction and topographic profile only).
Good visual and refractive outcomes have been reported with
the use of all nomograms. However, there are cases in which
there is minimal keratometry reduction or no keratometric ef-
fect despite performing the surgical planning exactly as indi-
cated by the nomogram. Accordingly, and taking into account
biomechanical and aberrometric parameters,* there is a need
for readjusting them to attain more predictable outcomes.

The purpose of this study was to evaluate the predictabil-
ity of asphericity and average keratometry in eyes with kera-
toconus after ICRS implantation by creating computational
models based on machine learning and the use of corneal to-
mography data.

PATIENTS AND METHODS
TECHNICAL PROCEDURES
A total of 209 eyes in 160 patients with keratoconus who
underwent Ferrara ICRS implantation were retrospectively
assessed between 2012 and 2015. The mean age was 28 +
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7.56 years (range: 18 to 49 years) and there were 91
(56.87%) men and 69 (43.12%) women. According
to the Krumeich classification,® the patients had oval
keratoconus stages I, II, and III. Follow-up time ranged
from 5 to 72 months, with median follow-up of 28
months.

The main recommendation for ICRS implantation
was for patients who had contact lens intolerance or
unsatisfactory visual acuity with contact lenses. Pa-
tients with advanced keratoconus (stage IV), signifi-
cant opacity at the apex of the cone, scarring, hydrop-
sis, corneal thickness less than 300 pm at the ICRS
track, severe atopy, or systemic or local infection were
excluded from the study.

Data were collected from patients’ medical records.
All patients had undergone a thorough ophthalmologi-
cal examination, which included their personal health
records, assessment of corrected visual acuity, biomi-
croscopy, and funduscopy. Additionally, patients had
corneal topography examinations using the EyeMap
system (Alcon Laboratories, Inc., Fort Worth, TX) and
corneal tomography (Pentacam; Oculus Optikgerite,
Wetzlar, Germany). After the examination and a thor-
ough discussion of the risks and benefits of the surgery,
the patients signed an informed consent form based on
the tenets of the Declaration of Helsinki.

All patients had their ICRS implanted by the same
surgeon (PF) using the standard manual technique. All
cases had ectasia with oval cones and one or two 160°
arc ring segments of variable thickness (150, 200, and
250 pm) were implanted. The intrastromal segments
were implanted according to the fourth generation
Ferrara ring nomogram, which is based on corneal
asphericity.® There were no intraoperative complica-
tions during the procedures. After the surgery, dexa-
methasone 0.1% (Maxidex; Alcon, Laboratories, Inc.)
and moxifloxacin 0.5% (Vigamox; Alcon Laboratories,
Inc.) eye drops were used four times a day for 2 weeks.
Patients were told not to rub their eyes and to make
frequent use of preservative-free artificial tears.

STATISTICAL ANALYSIS

Our aim was to improve the predictability of post-
operative asphericity and average keratometry by
increasing the accuracy of the current nomogram
through the construction of computer models based
on machine learning. The study was performed in four
distinct phases.

First Phase. A database was prepared comprising
39 parameters, 37 of which had been obtained with the
Pentacam. Patient age and characteristics of the Fer-
rara ICRS were also taken into account. The 37 Pen-
tacam parameters were chosen for having had statisti-

cally significant postoperative changes (P < .05) based
on the Wilcoxon test (Table A, available in the online
version of this article).

ICRS features were converted into one numerical
variable based on thickness and the presence of one
or two segments. Based on these features, nine groups
were created (Table 1).

Second Phase. The nomogram error was assessed
by calculating the difference between asphericity vari-
ation and average keratometry, as predicted by the Fer-
rara nomogram (Table 2), and the actual preoperative
and postoperative variation of the sample.

Third Phase. The 39 parameters were input into
the machine learning algorithms to create a predictive
model for average keratometry and asphericity. The
linear regression algorithm was used for analysis of
data. The aim was to select the best parameters and
thus automatic selection techniques were employed.
RapidMiner software (version 5.3; RapidMiner, Bos-
ton, MA) was used for creation of the computational
models. Sample validation was performed using the
leave-one-out technique. Computational error was cal-
culated by measuring the difference between variation
in asphericity and mean keratometry, as predicted by
the model, and the actual preoperative and postopera-
tive variation of the sample.

Fourth Phase. The computational model error and
the Ferrara nomogram error were compared.

RESULTS

After running the computational models, the results
were assessed by comparing the nomogram error and
the machine learning algorithm error for asphericity
and mean keratometry.

The Ferrara nomogram error for asphericity was
0.30. The algorithm results for asphericity were 0.28
with linear regression and no selection and 0.19 with
select parameters. This result was obtained when se-
lecting 16 of 39 initial parameters: ICRS group, Age,
D3.2mm Pachy (pachymetry 3.2 mm), D5.2mm Pachy
(pachymetry 5.2 mm), Asph Q Back (asphericity back)
(30°), F Ele Avg (front elevation average) Zone5mm,
F Ele Avg (front elevation average) Ringdmm, F Ele
Avg (front elevation average) Ringdmm, F Ele Avg
(front elevation average) Ringémm, B Ele Avg (back
elevation average) Zone 4mm, B Ele Avg (back eleva-
tion average) Zone6émm, B Ele Avg (back elevation av-
erage) Ringdmm, B Ele Avg (back elevation average)
Ring5mm, K2 F (D), K2 B (D), and BFS (best fit sphere)
Back 8mm.

The Ferrara nomogram error for mean keratometry
was 1.27. The algorithm result for mean keratometry
was 1.47 with linear regression and selection param-
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TABLE 1
Groups Divided According to Thickness
and Number of Segments Implanted

Thickness

Group

1 segment (um)
150
200
250

2 segments (um)
150 to 150
150 to 200
150 to 250
200 to 200
200 to 250
250 to 250

w N B
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eters, and the best reading in the computational model
was 1.18. This result was obtained when 30 parameters
were selected: Ring, Age, Ele F BFS 8mm Thinnest
Ele B BFS 8mm Thinnest, Ele B BFS 8mm Max 4mm
Zone, D2.0mm Pachy, D3.2mm Pachy, D4.0mm Pachy,
D5.2mm Pachy, Asph Q Front (30°), Asph QQ Back (30°),
F Ele Avg Zone4mm, F Ele Avg Zone5mm, F Ele Avg
Ring4mm, F Ele Avg Ringsmm, F Ele Avg Ringbmm,
B Ele Avg Zone4mm, B Ele Avg Zone5mm, B Ele Avg
Zonebmm, B Ele Avg Ring3mm, B Ele Avg Ringdmm, B
Ele Avg Ringbmm, K1 F (D), K2 F (D), Astig F (D), K2
B (D), Astig B (D), AC Depth, BFS Front 8mm, and BFS
Back 8mm.

After comparing the readings for mean error of the no-
mogram and the algorithm, there was an improvement of
0.11 for asphericity and 0.09 for mean keratometry.

DISCUSSION

Asphericity and keratometry readings markedly
changed after Ferrara ICRS implantation. Torquetti
and Ferrara® published the first study that showed the
changes in asphericity readings in patients with kera-
toconus in line with the grading scale and the changes
in corneal asphericity as a direct result of the implant-
ed ICRS. Mean asphericity increased after ICRS im-
plantation from -0.85 to -0.32, with a statistically sig-
nificant -0.53 difference. Mean keratometry decreased
from 48.60 to 45.30 D, with a statistically significant
change of 3.30. Assessment of all 209 patients in this
study also yielded a change of -0.42 and 2.10 for mean
asphericity and keratometry, respectively.

In a study involving 135 eyes from 123 patients,” the
mean values for asphericity change and keratometry vari-

TABLE 2
Relationship Between Implanted Ring
Thickness and Asphericity Variation
and Keratometry in Accordance With
the Ferrara Nomogram

Segment (um) AQ AK (D) P
Single
150 -0.07 0.78 .042
200 -0.31 1.82 < .001
250 -0.34 2.74 < .001
Double
150 to 150 -0.57 3.40 < .001
150 to 200 -0.73 4.35 < .001
150 to 250 -0.80 3.86 .001
200 to 200 -0.86 5.65 < .001
200 to 250 -1.02 6.27 < .001
250 to 250 -0.99 5.30 .001
A = change; Q = asphericity; K = keratometry; D = diopters

ation after Ferrara ICRS implantation of different thick-
ness, and on which the current nomogram is based, were
established. It was demonstrated that the thicker the seg-
ment or pair of segments to be implanted, the greater the
change in corneal asphericity. This is important when
choosing the segment to be implanted, which is currently
based on the preoperative asphericity.

The first results of the fourth generation of the Fer-
rara nomogram were described in a study evaluating
50 eyes of 42 patients.? The main characteristic of this
nomogram is to consider the asphericity as the first pa-
rameter to be evaluated when selecting the ICRS. In this
study, asphericity values changed significantly, from
-0.86 preoperatively to -0.42 postoperatively, with a
statistically significant difference of -0.44. Mean kera-
tometry decreased from 49.10 to 45.30 D, with a statis-
tically significant difference of 3.20. In our study, we
found statistically significant differences in the change
of mean asphericity (-0.42) and keratometry (2.10). In
2011, Ferrara et al.® studied 972 eyes implanted with
ICRS and found an average change of -0.53 and 3.46 for
asphericity and keratometry, respectively.

In 2017, Lyra et al.’® analyzed and compared chang-
es in the anterior and posterior corneal surfaces after
ICRS implantation. They studied 37 tomographic cor-
neal parameters derived from the Pentacam and also
made correlations with visual outcomes. In a database
of 241 eyes from 182 patients, they concluded that
both anterior and posterior corneal surface showed sta-
tistically significant changes. In the anterior surface,
asphericity, steep keratometry (K2), astigmatism, ele-
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vation at the apex, elevation at the thinnest point, and
the maximum elevation in the central 4-mm central
area reduced significantly (P < .001) from preoperative
to postoperative evaluation. In the posterior surface,
the same parameters previously described from the
anterior surface showed similar reduction (P < .001).
Only the posterior asphericity did not show a statisti-
cally significant change.

Other studies!''® evaluated keratometry but not
asphericity simultaneously because they were based
on the third generation nomogram. All of them showed
a marked reduction in keratometry with improvement
in visual acuity.

Several studies support the safety and efficacy of the
Ferrara ICRS implantation, with significant improve-
ment of corneal shape and parameters. However, there
have been cases in which the postoperative results are
not as expected. Some nomograms for ICRS implan-
tation were developed that showed good results, but
there were cases in which the change in asphericity
and keratometry was small and not anticipated by the
nomograms; hence, the need for adjustments to attain
more predictable results. Prior studies* had considered
the use of more preoperative data as relevant in the se-
lection of the ring segment to be implanted. They also
reported the need for further research into the develop-
ment of new mathematical models designed to achieve
more accurate results and to improve nomogram preci-
sion for the intrastromal ICRS implantation.

Valdés-Mas et al.'* used 96 eyes from 74 individu-
als to create mathematical models for predicting astig-
matism in patients who had received ICRS. The study
concluded that the most important parameters for pre-
dicting astigmatism correction were flat keratometry
and segment position; however, the results stress the
need for newer data to help improve and validate the
models produced.

The study is the first to be performed with the pur-
pose of predicting asphericity and mean keratometry fol-
lowing Ferrara ICRS implantation using computational
models based on machine learning and corneal tomog-
raphy data. This study showed a decrease in aspheric-
ity error and mean keratometry error with regard to the
current nomogram. Our results support the creation of
computational models based on machine learning to
improve the predictability of postoperative asphericity
and mean keratometry on implantation of intrastromal
corneal ring segments in patients with keratoconus.

AUTHOR CONTRIBUTIONS
Study concept and design (DL, GR, LT, PF, AM,
JML); data collection (DL, GR); analysis and interpreta-
tion of data (DL, GR, AM, JML); writing the manuscript
(DL, GR); critical revision of the manuscript (DL, GR,
LT, PF, AM, JML); statistical expertise (AM); supervi-
sion (LT, PF, AM, JML)

REFERENCES
1. Kaya V, Utine CA, Altunsoy M, Oral D, Yilmaz OF. Evaluation
of corneal topography with Orbscan II in first-degree relatives
of patients with keratoconus. Cornea. 2008;27:531-534.

2. Brierly SC, Izquierdo L, Mannis M]J. Penetrating keratoplasty
for keratoconus. Cornea. 2000;19:329-332.

3. Salgado-Borges JM, Costa-Ferreira C, Monteiro M, et al. Refrac-
tive, tomographic and biomechanical outcomes after implanta-
tion of Ferrara ICRS in keratoconus patients. Int | Keratoconus
Ectatic Corneal Dis. 2012;1:16-21.

4. Pifiero D, Ali6 J. Intracorneal ring segments in ectatic corneal
disease: a review. Clin Exp Ophthalmol. 2010;38:154-167.

5. Krumeich JH, Daniel J, Knulle A. Live-epikeratophakia for kera-
toconus. J Cataract Refract Surg.1998;24:456-463.

6. Torquetti L, Ferrara P. Corneal asphericity changes after im-
plantation of intrastromal corneal ring segments in keratoco-
nus. ] Emmetropia. 2010;1:178-181.

7. Torquetti L, Ferrara G, Almeida F, et al. Intrastromal corneal
rings segments implantation in patients with keratoconus: 10-
year follow up. J Refract Surg. 2014;30:22-26.

8. Ferrara P, Torquetti L. The new Ferrara ring nomogram: the im-
portance of corneal asphericity in ring selection. Vision Pan-
America. 2010;92-95.

9. Ferrara P, Torquetti L, Cunha L. New technique of deep anterior
lamellar keratoplasty. ] Emmetropia. 2011;2:79-83.

10. Lyra JM, Ribeiro G, Torquetti L, Ferrara P, Machado A. Tomo-
graphic findings after implantation of Ferrara intrastromal cor-
neal ring segments in keratoconus. J Refract Surg. 2017;33:110-
115.

11. Ali6 JL, Artola A, Ruiz-Moreno JM, Hassanlin A, Galal A,
Awadalla MA. Changes in keratoconic cdrneas after intracor-
neal ring segment explantation and reimplantation. Ophthal-
mology. 2004;111:747-751.

12. Torquetti L, Berbel R, Ferrara P. Long-term follow-up of intra-
stromal corneal ring segments in keratoconus. J Cataract Re-
fract Surg. 2009;35:1768-1773.

13. Ferrara P, Ferrara G, Torquetti L. Implante de segmento de anel
corneano. In: Ambrésio R Jr, Crema A. Tratado Brasileiro de
Catarata e Cirurgia Refrativa, 1st ed. Rio de Janeiro, Brazil: Cul-
tura Médica; 2014:559-562.

14. Valdés-Mas MA, Martin JD, Rupérez MJ, Peris G, Monserrat C.
Machine learning for predicting astigmatism in patients with
keratoconus after intracorneal ring implantation. Biomedical
and Health Informatics (BHI). Presented at IEEE-EMBS Interna-
tional Conference on Biomedical and Health Informatics; June
1-4, 2014; Valencia, Spain.

Copyright © SLACK Incorporated




TABLE A
Pentacam Parameters at Baseline

Ele F BFS 8mm Thinnest
Ele F BFS 8mm Max 4mm Zone
Ele B BFS 8mm Apex
Ele B BFS 8mm Thinnest
Ele B BFS 8mm Max 4mm Zone
D2.0mm Pachy
D3.2mm Pachy
D4.0mm Pachy
D5.2mm Pachy

Asph Q Front (30°)

Asph Q Back (30°)

F Ele Avg Zone3mm

F Ele Avg Zonedmm

F Ele Avg ZoneSmm

F Ele Avg Zone6mm

F Ele Avg Ring3mm

F Ele Avg Ringdmm

F Ele Avg Ringbmm

F Ele Avg Ringbmm

B Ele Avg Zone3mm

B Ele Avg Zone4mm

B Ele Avg Zone5mm

B Ele Avg Zone6mm

B Ele Avg Ring3mm

B Ele Avg Ringdmm

B Ele Avg Ringbmm

B Ele Avg Ring6mm

K1 F (D)

K2 F (D)

Astig F (D)

K1 B (D)

K2 B (D)

Astig B (D)

AC Depth

BFS Front 8mm

Ele F BFS 8mm Apex
BFS Back 8mm

ele = elevation; F = front; B = back; BFS = best fit sphere; pachy =
corneal thickness; asph Q = asphericity; avg = average; K1 = flat kera-
tometry; K2 = steep keratometry; D = diopters; astig = astigmatism; AC
= anterior chamber

The Pentacam is manufactured by Oculus Optikgeréte, Wetzlar, Germany.




