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Abstract  
Confounding factors (brightness, ACD, CCT, tilt) 
introduce systematic bias in corneal densitometry 
measurements. A validated correction model, 
developed with synthetic data (n=1000) and 
validated clinically (n=132), enables accurate 
isolation of age-related corneal transparency 
changes, improving the reliability and clinical 
interpretation of densitometry assessments. 

Introduction 
Corneal densitometry (CD) is used in clinical 
practice to objectively measure corneal transparency 
through quantification of light backscattered from the 
cornea, [1] typically calculated as mean pixel 
intensity (MPI) from Scheimpflug imaging. CD is 
correlated with age, which complicates its accurate 
and objective interpretation for clinical assessment, 
particularly for monitoring disease progression, 
evaluating surgical outcomes, and detecting early 
pathological changes. Additionally, literature has 
established that CD measurements are significantly 
affected by confounding factors that introduce 
systematic bias and overestimate CD values. These 
confounders include brightness artifacts, anterior 
chamber depth (ACD), central corneal thickness 
(CCT), and corneal tilt (Figure 1). The presence of 
these confounding factors obscures true age-related 
changes in corneal transparency and reduces the 
clinical reliability of CD measurements. This study 
develops a multivariable correction model using 
synthetic data to isolate confounding effects, 
validated on real clinical data to minimize bias and 
improve CD measurement accuracy. 

 
Figure 1: Representation of the main confounding factors in 
CD measurements Brightness artefacts are shown in red, 
CCT in orange, and ACD in green, CD is calculated within 
the region indicated in yellow. 

Methods 
A controlled synthetic dataset of 1,000 eyes was 
generated following physiological distributions from 
literature. Age was uniformly distributed (18-80 
years), and confounding factors were modeled with 
realistic parameters. [2] Some confounders were 
modeled as age-dependent: brightness and ACD, 
with Gaussian noise added to simulate biological 
variability. Inter-eye variability was simulated 
through subject-level random effects. Original CD 
values (40-75 a.u, arbitrary units) were computed as 
weighted linear combinations of normalized 
confounders with physiologically plausible weights, 
with additional Gaussian noise (σ=0.05). 
A linear mixed model (LMM) was fitted to 
approximate the relationship between CD and 
confounders. Shapley R² decomposition was used to 
quantify the marginal contribution of each 
confounder (i.e., brightness, ACD, CCT, and tilt) to 
the total explained variance in CD measurements.  
Three correction approaches were implemented:  
(1) Additive model: 𝐶𝐷௖௢௥௥ = 𝐶𝐷௢௕௦ − 𝑏𝑖𝑎𝑠;  
(2) Logarithmic model: 𝐶𝐷௖௢௥௥ = 𝐶𝐷௢௕௦ − 𝑒ି௕௜௔ , 
applying exponential correction after modeling in 
log-transformed space;  

(3) Affine-gain model: 𝐶𝐷௖௢௥௥ =
஼஽೚್ೞି௕௜

(ଵ ା ௖·௕௜௔௦)
, which 

rescales the corrected value using a gain parameter c 
optimized to maximize bias removal. 
CD_obs represents the original densitometry value, 
and CD_corr is the corrected densitometry value 
after removing confounding effects, and bias 
represents the estimated confounding effect 
calculated as Σ βₖ·(Xₖ - Xₖ_ref), where βₖ are the 
coefficients derived from the LMM, Xₖ are the 
individual confounder values, and Xₖ_ref are 
reference values set to the median of each confounder 
variable in the dataset. 
To validate the correction models, a real clinical 
dataset of 132 eyes from healthy subjects was 
acquired using Pentacam HR Scheimpflug 
tomography (Oculus). CD and brightness artifacts 
were calculated from the Scheimpflug images 
through custom image-processing pipelines. [2] The 
remaining confounding variables: ACD, CCT, and 
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Figure 2: Correlation between 
age and corneal densitometry 
before and after correction using 
additive, affine-gain, and 
logarithmic models for real and 
synthetic datasets. Linear 
regression fits are shown as 
dashed lines, and corresponding 
R² values are reported. CD values 
are expressed in arbitrary units 
(a.u.). 

tilt were extracted directly from the device. The 
correction models developed on synthetic data were 
applied to the real dataset, and performance was 
evaluated by comparing the reduction in confounder-
explained variance and the strength of correlations 
between CD and confounding factors before and after 
correction. 

Results and Conclusions 
Synthetic dataset performance. 
In the original synthetic dataset before correction, 
confounding factors explained 59.7% of the total 
variance in CD measurements (Shapley R²), with the 
largest contributions from brightness and ACD. After 
applying the correction models, confounder 
contributions became negligible, with total explained 
variance reduced to 0.16% (additive model), 0.17% 
(logarithmic model), and 0.26% (affine-gain model), 
indicating successful removal of systematic bias.  
The correlation between CD and age decreased 
across all three correction models (Figure 1). 
Individual correlations between confounders and CD 
were negligible after model correction (Table 1, 
additive model shown). 
Real clinical dataset validation. 
Validation with the real clinical dataset (n = 132 
eyes) confirmed the effectiveness of the correction 
approach. In the original without correction dataset, 
confounding factors explained 42.4% of CD 
variance, with also ACD and brightness as primary 
contributors (Table 1). After correction, confounder 
contributions became negligible: 5.6% (additive 
model), 7.5% (logarithmic model), and 4.63% 
(affine-gain model).  The correlation between CD 
and age decreased across all three correction models 
(Figure 1). 
Model selection. 
All three correction models demonstrated similar 
performance in both synthetic and real datasets, 
successfully reducing confounding bias with 
correlations between confounders and CD becoming 
negligible. Given these equivalent results, the 

additive model was selected as the optimal approach 
due to its simplicity and interpretability, making it 
more suitable for practical clinical implementation. 
In conclusion, the final additive correction model for 
clinical implementation is: 𝐶𝐷௖௢௥௥ = 𝐶𝐷௢௕௦ − 𝑏𝑖𝑎𝑠 
where the bias term is calculated from centered 
confounder values: 

𝑏𝑖𝑎𝑠 = 2.45 · (𝐵𝑟𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 − 5.40) 
−11.31 · (𝐴𝐶𝐷 − 2.94) − 0.04 · (𝐶𝐶𝑇 − 548.67)

+ 3.14 · (𝑇𝑖𝑙𝑡 − 0.19) 
where brightness is expressed in %, ACD in mm, 
CCT in μm, and Tilt in mm. Application of this 
model showed a mean CD overestimation of 29% 
before correction (SD = 43%, range: -21% to 241%). 
This validated correction framework provides a 
practical tool for improving the accuracy and clinical 
utility of corneal transparency assessment. 

Table 1. Comparison of R2 between CD and individual 
confounders before and after additive correction in synthetic 
and real. * Indicates statistically significant correlation (p < 0.05) 

 Synthetic (n=1000) Real (n=132) 
Confounder Original 

(before 
correction) 

Additive 
(after 

correction) 

Original 
(before 

correction) 

Additive 
(after 

correction) 
Brightness 0.37* <0.001 0.14* <0.001 

ACD 0.31* <0.001 0.30* 0.07* 
CCT <0.01 <0.001 <0.001 <0.01 
Tilt <0.001 <0.001 <0.01 <0.001 
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