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Purpose: To assess corneal tomography changes in keratoconus (KC) patients after long-term simultaneous use of topical cyclos
porine and trehalose.
Design: Retrospective observational study.
Methods: Corneal tomography of 362 eyes with KC was performed using Pentacam (OCULUS Optikgerate Gmbh, Germany) at 1st 

visit and at the last follow-up. Progression was initially evaluated based on change in maximum keratometry (Kmax). This initial 
classification was then assessed with an artificial intelligence model of 31 tomography variables of Pentacam to confirm the inference 
of progression based on Kmax alone.
Results: The mean follow-up time was 10.8 ± 6.01 months (range: 6 to 36 months). Based on a change in Kmax of 0.75, 1.0 and 
1.25D criteria, more than 90% of the eyes were stable for each criterion at the last follow-up (initial classification). The AI model 
confirmed stability of corneal tomography in more than 95% of the eyes at the last follow-up (final classification).
Conclusion: Most KC eyes had stable tomography findings between the first and last follow-up. Topical anti-inflammatory regimens 
may be useful for minimizing or eliminating KC progression.
Keywords: keratoconus, cyclosporine, trehalose, inflammation, tomography, cornea

Introduction
Keratoconus (KC) is a progressive corneal ectasia characterized by stromal thinning and conical protrusion that can lead to 
visual impairment if left untreated.1 Inflammation, oxidative stress, and impaired autophagy play a significant role in the 
disease pathogenesis.2–4 In progressive KC, corneal crosslinking (CXL) is the first-line intervention to halt biomechanical 
weakening of the cornea.5 Both CXL and corneal transplantation can be performed in advanced KC patients. However, there 
remains a therapeutic void in early or mild disease, particularly in patients without definitive progression. Adjunct medical 
therapy with anti-inflammatory eye drops may overcome this limitation. Elevated levels of pro-inflammatory cytokines, eg, 
interleukin-6 (IL-6), tumor necrosis alpha-α (TNF- α), and matrix metalloproteinase-9 (MMP-9), have been identified in the 
tears of patients with KC, reflecting chronic inflammation.2,6 Mechanical factors, such as eye rubbing, further promote 
inflammatory responses and protease release, contributing to corneal degradation.3 Simultaneously, oxidative stress markers, 
such as lipid peroxidation products and nitrites, are elevated in KC corneas, while antioxidants like glutathione and total 
antioxidant capacity are diminished.7 KC corneas also demonstrate abnormal enzyme profiles, including increased catalase 
and cathepsin V/L2 and reduced tissue inhibitors of metalloproteinases (TIMP-1), reflecting an imbalance in matrix 
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remodeling.8 Fibroblasts derived from KC corneas produce more reactive oxygen species (ROS) and undergo higher rates of 
apoptosis under oxidative challenge compared to healthy corneas.9

Additionally, the dysregulation of autophagy may also drive progression of KC. The KC corneas exhibit elevated 
levels of autophagy-related markers, such as LC3, particularly in the epithelium overlying the cone apex.10 This suggests 
stress-induced autophagy activation, but studies also point to a dysfunctional response due to an incomplete autophagic 
flux.10,11 Impaired autophagy can lead to accumulation of toxic protein aggregates and uncontrolled inflammation, 
creating a feedback loop that exacerbates corneal thinning and degradation.12 Trehalose, a naturally occurring disacchar
ide composed of two glucose molecules linked via an α,α-1,1-glycosidic bond, acts as a cytoprotective, antioxidant, anti- 
inflammatory, and autophagy-enhancing agent.4,13,14 Trehalose stabilizes cellular proteins and membranes under extreme 
stress, such as dehydration and heat.13 Recently, trehalose has demonstrated efficacy in protecting corneal epithelial cells 
from desiccation-induced death and in managing dry eye disease.14 It promotes autophagic flux through activation of the 
Keap1-Nrf2 antioxidant pathway, suppresses inflammatory cytokine production, and mitigates apoptosis in corneal cells 
exposed to oxidative stress.4 Thus, trehalose may serve as a novel adjunctive option for modifying disease progression in 
early keratoconus. In this study, we evaluated the effect of a topical trehalose 3% eye drop (administered four times 
daily) in combination with cyclosporine 0.05% (twice daily) in patients with early to moderate keratoconus and low- 
moderate risk of progression. Cyclosporine, an anti-inflammatory immunomodulator, was used to address ocular surface 
inflammation potentially stemming from allergic eye disease or mechanical irritation. An artificial intelligence (AI)-based 
random forest model previously validated on longitudinal Pentacam tomography data was used to objectively assess 
progression status over time.15 We aimed to determine whether this pharmacologic regimen could promote disease 
stability and reduce tomographic signs of progression over the long-term.

Methods
This was a retrospective review of records of KC patients visiting the out-patient department of Narayana Nethralaya eye 
hospital, Bangalore, India. The study was approved by the ethics committee of the Narayana Nethralaya eye hospital, 
Bangalore (Approval # C/2016/12/05). Due to the retrospective nature of the study, the requirement of informed consent 
was waived off by the ethics committee. The study adhered to the tenets of the Declaration of Helsinki, and patient data 
confidentiality and compliances were met. All the eyes were confirmed cases of KC. All eyes were put on topical medications: 
cyclosporine 0.05% eye drops twice daily and 3% trehalose mixed with sodium hyaluronate four times per day for at least 6 
months. The change in maximum curvature of the anterior surface (Kmax) between 2 visits (at least 6 months apart) was 
observed. Exclusion criteria were eyes that underwent cross-linking, other ectatic conditions such as keratoglobus, pellucid 
marginal degeneration, post-refractive surgery ectasia, autoimmune disorders, any ocular or corneal surgery prior to the 1st 
visit of the patient or during the course of disease follow-up, patients on topical drops other than the above specified drops, 
patients with corneal scarring, and patients using contact lenses. All eyes underwent Pentacam imaging (OCULUS 
Optikgerate Gmbh, Germany). Only those images unaffected by blinking or eyelashes were used. These images were 
automatically classified as “OK” by the Pentacam software. Further, the detected anterior and posterior edges of the corneal 
scans were manually confirmed so that no missing portions of the detected edges confounded the tomography of the cornea.16

We used our recently published AI model, which used the tomography parameters of the cornea from the 1st and latest 
follow-up visits of the patient.15 Generally, the maximum anterior curvature (Kmax) is used for evaluating progression, 
such as an increase by 1D. However, the anterior surface of the cornea is very fluid and undergoes dynamic topology 
changes due to epithelium remodeling, eye rubbing, and inflammation in KC. Hence, we devised an AI model that evaluated 
multiple tomography parameters from Pentacam so that a distinction between local and global progression could be 
ascertained.15 Here, local progression could be simply a change in Kmax (a point or local measure) with no concomitant 
change in other tomography parameters, whereas global would indicate simultaneous change in both Kmax and other 
parameters. Here, the former can be interpreted as stable, and the latter can be considered a true instance of progression.15 

The Pentacam parameters were exported from each measurement as a comma-separated value (csv) file. The average of 
parameters from repeat scans was used if multiple image sessions were available at the same time point. The following 
Pentacam parameters were used to calculate the difference data:
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a. Flat and steep axis curvature, mean curvature, axis and magnitude of astigmatism, and asphericity (Q-factor) of 
the anterior and posterior corneal surface (a total of 12 parameters).

b. Central and minimum corneal thickness, Belin-Ambrosio overall deviation (BAD-D) index (a total of 3 parameters). 
The BAD-D index is an aggregate parameter of all the D indices calculated by Pentacam.

c. Index of surface variance (ISV), Index of Height Asymmetry (IHA), Index of Vertical Asymmetry (IVA), Index of 
Height Decentration (IHD), Keratoconus Index (KI) and Center of Keratoconus Index (CKI) (a total of 6 parameters).

d. Root mean square (RMS) of coma, lower order (LOA) and higher order aberrations (HOA) along with defocus 
and spherical aberration (SA) of the anterior and posterior corneal surface (a total of 10 parameters). These 
aberrations were evaluated for the central 6 mm cornea using a Zernike order up to order 6.

e. Scores A, B and C of ABCD score in Pentacam. We did not consider D in the analyses as it was related to visual acuity 
only.

In this study, the difference in tomography parameters between the 1st and latest visit was calculated. Then, the data was 
sub-divided into progression vs no-progression based on change in Kmax by 0.75D, 1.0D and 1.25D. This initial 
classification was used as test data in the AI model15 to determine which eyes had progressed globally (true instance) 
despite the use of anti-inflammatory eye drops and which eyes showed only local progression (stable). Additional 
technical details of the AI model are described in our earlier study.15

Statistical Analysis
The performance of the AI model was evaluated using several parameters, including area under the curve (AUC), 
classification accuracy (CA), precision (Pr), recall (Rec), and F1-score. The Orange3 version 3.25.0 data mining package 
(University of Ljubljana, Slovenia) was used. Statistical tests were conducted with MedCalc v19 (MedCalc Inc, 
Belgium). Mean±standard deviation was calculated for each parameter after confirming normality of distribution.

Results
A total of 362 eyes of 181 patients were analyzed, which included 98 males and 83 females with an average age of 26 ± 
3.6 years. After assessing the quality of the scans, a total of 724 Pentacam scans of 362 eyes were included in the study. 
The mean follow-up time was 10.8 ± 6.01 months (range: 6 to 36 months). Table 1 shows the mean values of all 
parameters at visit 1 and visit 2 (latest follow-up after initiation of topical eye drops) for the whole group. Among all 
parameters, central corneal thickness, thinnest corneal thickness, BAD-D, defocus and spherical aberration changed 
significantly between the visits (p<0.05). However, none of these changes were clinically significant.

● Based on a change in Kmax by 0.75D, 331 and 31 eyes were classified as non-progressed and progressed, 
respectively. When the AI model was used, 326 out of the 331 eyes (98.5%) were confirmed as stable. However, 
13 out of 31 (41.9%) eyes were reclassified from progressed to stable (or local progression only) by the AI, while 
the remaining 18 eyes were maintained as progressed (or global progression). The AUC, CA, Pr, Rec and F1-score 
of the model were 0.93, 0.95, 0.95, 0.95 and 0.95, respectively.

● Based on a change in Kmax by 1D, 343 and 19 eyes were classified as non-progressed and progressed, respectively. 
When the AI model was used, 342 out of the 343 eyes (99.4%) were confirmed as stable. However, 9 out of 19 
(52.6%) eyes were reclassified from progressed to stable (or local progression only) by the AI, while the remaining 
10 eyes were maintained as progressed (or global progression). The AUC, CA, Pr, Rec and F1-score of the model 
were 0.96, 0.97, 0.96, 0.97 and 0.96, respectively.

● Based on a change in Kmax by 1.25D, 346 and 16 eyes were classified as non-progressed and progressed, 
respectively. When the AI model was used, all 346 eyes (100%) were confirmed as stable. However, 9 out of 16 
(56.2%) eyes were reclassified from progressed to stable (or local progression only) by the AI, while the remaining 
6 eyes were maintained as progressed (or global progression). The AUC, CA, Pr, Rec and F1-score of the model 
were 0.94, 0.98, 0.98, 0.98 and 0.97, respectively.
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Thus, both the change in Kmax and the AI model showed that most of the eyes were stable upon long-term follow-up with the 
use of cyclosporine and trehalose. Further, the AI helped in identifying eyes that showed only local progression based on 
change in Kmax and stability of other Pentacam tomography parameters. Interestingly, a combination of change in Kmax and 
the AI showed that overall, 339 to 355 eyes were stable depending on the cut-off criteria for change in Kmax. An example of 
why this combinational strategy of assessing progression works better than using the change in Kmax is shown in Table 2.

Table 2 shows the mean ± standard deviation of tomographic parameters of eye groups based on the initial 
classification of the eyes as no-progression and progression based on a change in Kmax by 1D. The AI reclassified 
the no-progression eyes as local progression (or stable; column 2 of Table 1) and global progression (true progression; 
column 3 in Table 1). The change in Kmax was less than 1D in both groups but note the difference between the change in 
BAD-D, ie, a mean of 0.036 vs a mean of 0.55. Similarly, the eyes with initial classification of progression and 

Table 1 Mean and Standard Deviation of Tomographic Parameters at 
Both Visits

Visit 1 Visit 2 p-value from 
Paired t-Test

Anterior Keratometry Indices

Kmax (D) 51.1±4.81 51.09±4.71 0.11

CCT (µm) 480.8±37.1 478±37.2 <0.0001*

TCT (µm) 471.6±37.2 468.2±37.5 <0.0001*

K1 F (D) 44.7±2.39 44.73±2.38 0.28

K2 F (D) 47.8±3.3 47.79±3.29 0.63

Pentacam Derived Indices

BAD D 5.82±2.59 5.91±2.62 0.0014*

IHA 25.71±20.75 25.66±21.01 0.95

IHD 0.069±0.04 0.068±0.04 0.64

ISV 53.14±25.3 52.9±24.9 0.38

IVA 0.52±0.3 0.51±0.3 0.20

KI 1.12±0.07 1.12±0.08 0.20

CKI 1.03±0.03 1.03±0.03 0.12

Anterior Zernike Coefficients

Defocus (µm) −0.97±2.45 −0.88±2.35 0.004*

RMS COMA (µm) 1.34±0.87 1.34±0.88 0.45

RMS LOA (µm) 6.42±3.72 6.35±3.62 0.04*

RMS HOA (µm) 1.59±0.93 1.58±0.92 0.70

PSA (µm) −0.2±0.49 −0.18±0.47 0.004*

Notes: Statistical analysis was performed between 2 visits; p*<0.05 is statistically signifi
cant; Paired t test. 
Abbreviations: Kmax (D), Maximum anterior sagittal curvature; CCT (µm), central 
corneal thickness; TCT (µm), thinnest corneal thickness; K1 F (D), Flat Keratometry; K2 
F (D), Steep keratometry; BAD-D, Belin-Ambrosia enhanced ectasia display; IHA, Index of 
Height Asymmetry; IHD, Index of Height Decentration; ISV, Index of Surface Variance; IVA, 
Index of Vertical Asymmetry; KI, Keratoconus Index; CKI, Centre of Keratoconus Index; 
RMS COMA (µm), Root mean square of Coma; RMS LOA (µm), Root mean square of 
lower order aberration; RMS HOA (µm), Root mean square of higher order aberration; 
PSA (µm), Primary spherical aberration.
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reclassification by the AI mode to local progression (or stable) had a mean change in BAD-D of 0.35 (column 4 in 
Table 1) despite a mean change in Kmax of 1.51D (column 4 in Table 1). This highlights the differential change in 
tomographic parameters with progression of disease. The more the number of tomographic parameters undergoing 
a change, the more confidence is associated with the diagnosis of true progression.

Discussion
Conventional management of KC is driven by laser treatments,17 scleral contact lenses,18 intracorneal rings,19 tissue addition,20 

and corneal crosslinking.21 These methods are expensive and sometimes invasive but capable of providing significant visual 
benefits to the patient. For example, significant reductions in higher-order aberrations were observed after topography-guided 
laser ablation of KC eyes.22 However, non-surgical methods of prevention of KC progression have not received much attention. 
A recent study showed that the time of eye rubbing could have a mechanical bearing on the stiffness of the cornea, leading to 
progression of KC.23 Both eye rubbing and environmental factors can act as feedforward instigators to promote inflammation in 

Table 2 The Mean ± Standard Deviation of Change in Tomographic Parameters of the Eyes. The Eyes Were Grouped 
Based on 2×2 Confusion Matrix. Here, the Initial Classification Was Based on Change in Kmax by 1D

Initial Classification No-Progression No-Progression Progression Progression

Predicted Classification by AI Local Progression Global Progression Local Progression Global Progression

Anterior Keratometry Indices

Kmax (D) −0.182±0.71 0.5±0.55 1.51±0.41 1.92±1.12

CCT (µm) −2.42±6.94 −6.66±6.92 −5.3±9.81 −11.2±8.29

TCT (µm) −3.02±7.89 −6±6.92 −4.5±7.38 −11.9±8.09

K1 F (D) −0.001±0.29 0.566±0.3 0.08±0.27 0.44±0.87

K2 F (D) −0.071±0.39 0.6±0.6 0.67±0.20 1.11±1.4

Pentacam Derived Indices

BAD-D 0.036±0.415 0.55±0.30 0.35±0.38 1.15±0.97

IHA −0.53±24.3 1.4±19.3 6.65±15.99 9.74±24.08

IHD −0.001±0.008 −0.006±0.028 0.014±0.012 0.015±0.015

ISV −0.64±3.3 1±7.81 5±4.59 10±7.86

IVA −0.08±0.052 −0.09±0.26 0.043±0.08 0.103±0.10

KI 0.005±0.092 −0.01±0.05 0.016±0.016 0.024±0.02

CKI −0.001±0.007 0.01±0.01 0.002±0.007 0.010±0.011

Anterior Zernike Coefficients

Defocus (µm) −0.019±0.161 −0.85±1.04 0.10±0.177 0.21±0.17

RMS COMA (µm) 0.154±0.114 0.49±0.43 0.06±0.04 0.46±0.28

RMS LOA (µm) −0.14±0.58 0.073±1.45 0.16±0.28 1.46±0.85

RMS HOA (µm) −0.02±0.15 −0.03±0.42 0.22±0.19 0.42±0.28

PSA (µm) 0.02±0.18 −0.14±0.17 −0.05±0.05 −0.16±0.18

Abbreviations: Kmax (D), Maximum anterior sagittal curvature; CCT (µm), central corneal thickness; TCT (µm), thinnest corneal thickness; K1 F (D), Flat 
Keratometry; K2 F (D), Steep keratometry; BAD-D, Belin-Ambrosia enhanced ectasia display; IHA, Index of Height Asymmetry; IHD, Index of Height 
Decentration; ISV, Index of Surface Variance; IVA, Index of Vertical Asymmetry; KI, Keratoconus Index; CKI, Centre of Keratoconus Index; RMS COMA 
(µm), Root mean square of Coma; RMS LOA (µm), Root mean square of lower order aberration; RMS HOA (µm), Root mean square of higher order 
aberration; PSA (µm), Primary spherical aberration.
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KC eyes, leading to progression of the disease.23,24 Therefore, it is clear that therapeutic management of inflammation could be 
a useful strategy to manage KC patients who do not have access to more expensive methods or wish to avoid surgery.

Few studies have investigated oral supplementation for management of KC progression. Oral supplementation with 
a highly concentrated docosahexaenoic acid (DHA) triglyceride was investigated in a randomized controlled trial of 34 
patients over 3 months.25 The study showed that inflammatory markers were reduced due to supplementation, and statistically 
significant differences were in a few tomography parameters.25 Another study investigated the effects of Vitamin 
D supplementation on disease progression, systemic inflammation, collagen degradation, and oxidative stress in 40 patients 
with a follow-up time of 12 months.26 Overall, 75% of the eyes remained stable after 12 months.26 Furthermore, these patients 
(75% cohort) exhibited a downregulation in inflammatory and platelet activation pathways and an upregulation of proteogly
can metabolism/biosynthesis enrichment.26 Select tomography parameters such as Kmax and thickness remained stable in 
these eyes.26 A similar outcome was obtained in another study where Vitamin D supplementation was given to 20 patients (age 
range of 16–19 years).27 Nearly 72% of the eyes remained stable after a 12 month follow-up.27 These studies showed that 
molecular strategies of KC management may have a clinical role and require further long-term studies.28

Most studies rely on Kmax and corneal thickness to evaluate the progression of KC. Both Kmax and corneal thickness are 
local parameters, ie, measure at a point. Thus, they may not be true descriptors of extensive disease-driven remodeling of the entire 
cornea. Our earlier study showed that not all tomography parameters indicated progression when Kmax increased by 1D.15 Thus, 
combining all tomography parameters in an AI model provided a more efficient differentiator between local and global 
progression.15 In this study, more than 91% of the eyes were stable based on both Kmax and parameters evaluated by the AI. 
However, ~50% of the remaining eyes, which were indicated as progressed based on change in Kmax, were reclassified as stable 
(or having only local progression) by the AI. Thus, a more refined evaluation of the efficacy of topical application of cyclosporine 
and trehalose was enabled by the AI. Table 1 showed that overall, the eyes exhibited minimal tomography change over the course 
of follow-up. This study extended the findings of an earlier study on 20 patients who were topically treated with cyclosporine.28 

The study showed that MMP9 levels decreased, and in some eyes, corneal curvature also showed a decrease after 6 months of 
topical application.28

One of the limitations of this study is the lack of a control group of KC eyes. In a study, more than 80% of the children showed 
progression when followed longitudinally.29 In another study on adult eyes, 23.4% of the eyes progressed over an average follow- 
up period of 74.38 ± 42.21 months.30 Progression was more severe in young patients (age from 19 to 24) compared to young adults 
(age from 25 to 30).30 Interestingly, the progression percentage varied depending on the choice of metric of progression, eg, Kmax 
and ABC parameters showed a progression proportion of 14.9% and 12%, respectively while E-Staging showed a progression 
proportion of 16.4% in young adults.30 In this study, the progression proportion was less than 5% and, therefore, indicated an 
improved clinical outcome compared to Vitamin D and DHA supplementation. Another limitation of this study is the lack of 
randomized controlled design and inclusion of primarily a young adult population. Future studies need to investigate whether 
pediatric population can equally benefit with simultaneous application of cyclosporine and trehalose. The impact of these eye 
drops on the thickness maps of epithelium also needs to be evaluated in future studies. Another avenue of research could be to 
investigate the anti-inflammatory effects of this combination of eye drops to manage inflammation and adverse responses in KC 
patients after surgical interventions. Additional limitations of the study include a lack of progression status prior to topical 
eyedrops, retrospective study design, and heterogenous follow-up due to irregular patient compliance for regular follow-up visits. 
In some patients, data from both eyes was used as prior inflammation status of the eyes cannot be ascertained by any known 
clinically approved methods. Hence, we consider this study as a pilot data for future studies with longer follow-up. In summary, 
simultaneous application of topical cyclosporine and trehalose may provide stable corneal tomography of KC in young adult eyes. 
A combination of change in Kmax and other parameters evaluated with AI showed that less than 5% of the eyes progressed over 
the follow-up period.
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