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Image quality eigenfunctions
in the human eye
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Numerical orthogonal and decorrelated basis functions for the ocular OTF have been 
developed. Our approach starts with a high dimensionality basis generated from the 
cross-correlation of complex Zernike polynomials. Single-value decomposition and 
principal component analysis are used to reduce dimensionality. The resulting basis
functions have been applied to the reconstruction of individual OTFs from a dataset of 
normal eyes. Our results suggest that this reconstruction is feasible with a reasonable 
number of basis functions.
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Introduction
The quality of an optical system is usually obtained from two-dimensional functions, either defined 
at the pupil plane (wavefront error WFE, and complex pupil function P), at the image plane (point-
spread function PSF) or in the frequency domain (optical transfer function OTF). It is quite 
common to decompose some of these functions into linear combinations of fundamental modes, 
such as the Zernike polynomials for the WFE or the complex Zernike polynomials (CZPs) for the 
pupil function.1 Our objective here is to find an orthogonal basis of minimal dimensionality for 
modelling ocular OTFs of both individuals and populations. Such a basis could permit to 
reconstruct individual OTFs, to generate synthetic OTFs following a given population statistics and 
to develop new optical quality metrics.2

Methods
This study uses wavefront aberration data (8th order, 45 Zernike polynomials) from a previously 
published cohort3 of 333 healthy right eyes measured at the Antwerp University Hospital. The OTF 
was obtained numerically as the autocorrelation of the complex pupil (5 mm diameter) function. 

The basis functions were obtained in three main stages. (1) We started from complex Zernike 
polynomials, CZP (up to 12th order) as a natural basis for the complex pupil function. Since the 
OTF is the autocorrelation of the pupil function, we generated the set of 1184 cross-correlations 
between the CZP basis  functions. (2) This set is not orthogonal and it has a high dimensionality, so 
we applied singular-value decomposition (SVD) to obtain a orthogonal set (basis). This reduces 
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dimensionilty for about one order of magnitude by applying a threshold to ignore singular values 
close to zero. (3) The final statistical model of the OTF was obtained by first fitting the individual 
OTFs to the orthogonal basis function expansion and applying principal component analysis (PCA). 
This provides a new set of basis functions that is a precise and decorrelated statistical model of the 
population. A similar threshold permited us to further reduce the dimension to a number close to 
that of the initial aberrometric data.   

Results
Figure 1 shows the OTF orthogonal basis functions obtained by applying the SVD algorithm to the 
cross-correlations of complex Zernike polynomials:

The resulting population model of the OTF consists of the mean plus an orthogonal and 
decorrelated (statistically independent) set of eigenfunctions that account for the population 
variance. We tested the accuracy of the statistical model based on 44 functions (corresponding to a 
SVD threshold of 0.99 and a PCA threshold of 0.90), by reconstructing individual OTFs from our 
dataset. Horizontal and vertical slices of reconstructions obtained in two examples are displayed in 
Figure 2, showing a reasonable agreement with the original data. The plots represent absolute 
values (MTF) of the complex OTFs.

Figure 1: Some of the first OTF orthogonal basis functions obtained through SVD; module (upper panel) 
and phase (lower panel).
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Figure 2: Original (blue) and reconstructed (green) MTFs for two subjects (X cross-section, left; Y cross-
section, right). Diffraction-limit MTF is also displayed (dashed line).

Conclusions
Our results suggest that ocular OTFs can be reconstructed with a reasonable number of orthogonal 
basis functions. These functions are generated through a two-stage process that involves removing 
algebraic redundancy and population-related correlations in a physically meaningful starting basis. 
These OTF basis functions could be used for population modelling, including analysis or random 
generation of synthetic OTFs with the same statistical properties than the population analysed.
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