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Questions

We use CXL to stiffen cornea and stop progression of keratoconus

1) How do we know CXL is effective?

2) Can we map corneal stiffness to enable 
focusing of treatment where stiffness 
deterioration is?

Questions



In-vivo, direct method for measuring corneal stiffness

Unmet need



Stress-Strain Index (SSI)
(using the Corvis ST)

But here …
there are challenges & opportunities

Proposed solution



Challenges

Nonlinear
pressure-deformation
stress-strain

behaviour

(1) There is no unique tangent modulus

Et increases with load, stress, deformation

(2) At least 2 parameters are needed to describe nonlinear behaviour



Opportunities

Earlier experimental results

One plot can be taken as a benchmark

Other plots can be obtained using a simple stretching factor



Opportunities

Since stress-strain behaviour is
exponential:

One important finding: Stretching factor = Strain ratio = Et ratio

Et-stress behaviour is
linear:
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Opportunities

If we select a particular stress-strain plot
Use it as a benchmark
Assume it has a stretching factor = 1.0

Other plots can be obtained using different stretching factors

For these plots:
Et ratio = Stretching factor

Call the stretching factor = Stress-Strain Index (SSI)
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Methodology & outcomes

The study relied on:

(1) Numerical simulation 

(2) Experimental validation 
(3) Clinical validation 

SSI = g (CCT, bIOP, SP, Int-Inv-R)



Validation of SSI



Clinical Validation

Difficult as no other method provides same information

Attempt (1)
Correlation with age (should be strong)
Correlation with CCT (should be weak)
Correlation with IOP (should be weak)

Clinical datasets

Dataset 1
Vincieye Clinic, Milan
Number = 164
Age = 35±13 years (range 14-73)
CCT = 543±32 (458-635) µm
bIOP = 14.7±1.6 (10.6-20.4) mmHg 
CorVis IOP = 15.1±1.6 (11.0-23.0) mmHg

Dataset 2
Rio de Janeiro Corneal Tomography Study Group 
Number = 205
Age = 40±13 (18-72) years
CCT = 540±33 (454-629) µm
bIOP = 14.4±2.2 (9.9-24.3) mmHg
CorVis IOP = 14.8±2.6  (9.0-29.0) mmHg



Correlation with age, IOP, CCT

Strong correlation with age (p< 0.001, R2= 0.462)
Weak correlation with bIOP (p= 0.281, R2= 0.005)

Weak correlation with CCT (p= 0.599, R2= 0.001)

Beta = 0.007 bIOP + 0.9345
R² = 0.0052
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Correlation with age, IOP, CCT

Strong correlation with age (p< 0.001, R2= 0.297)
Weak correlation with bIOP (p= 0.745, R2= 0.000)

Weak correlation with CCT (p= 0.792, R2= 0.000)

Dataset 2 - Rio

Beta = 0.007 age + 0.778
R² = 0.2966
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Variation of SSI with keratoconus



Variation of SSI with keratoconus

Gradual reduction of SSI with keratoconus severity



Effectiveness of CXL

SSI before/after CXL can estimate effectiveness of 

procedure

89%

11%

SSI
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140 KC patients undergoing CXL

89% showed increase in stiffness

11% showed softening



Optimum use of SSI

Intra-personal comparisons

KC progression

CXL effectiveness

Customisation of procedures for individuals



SSI - observations

Another opportunity

For KC corneas, a map of SSI

(or stiffness) can be developed

SSI map would be useful for 

optimisation of treatment



SSI map in healthy corneas

Rely on microstructure (collagen fibrils) distribution
to determine regional variation of stiffness

Microstructure data      now available      for healthy corneas
consistent



How to extend method to KC eyes

Observation:
Microstructure outside cone is similar to corresponding areas in healthy corneas

There is correlation between:

Cone area

and

This enables estimation of (i) fibril loss &
(ii) stiffness loss
in cone relative to corresponding area in healthy corneas

Min thickness Central curvature

Reduction in fibril density in cone



Case study (1)

Mild keratoconus

Cone centre:
X = -1.5 mm
Y = -0.9 mm

Cone radius = 1.37 mm
Min thick = 454 micron
Refractive Power = 46.1 D
SSI = 0.86
Cone fibril reduction = 19%



Case study (2)

Advanced keratoconus

Cone centre:
X = -04 mm
Y = -0.6 mm

Cone radius = 1.57 mm
Min thick = 377 micron
Refractive Power = 65 D
SSI = 0.43
Cone fibril reduction = 41%



SSI is a parameter for in-vivo estimation of corneal stiffness

SSI can assess effectiveness of CXL in KC eyes

progression of KC

SSI can be used to optimise treatments

(that interfere or interact mechanically with eye)

Maps of SSI could guide distribution of CXL treatment

Conclusions
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