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Abstract: Metrics of retinal image quality predict optimal refractive corrections and correlate
with visual performance. To date, they do not predict absolutely the relative change in visual
performance when aberrations change and therefore need to be a-posteriori rescaled to match
relative measurements. Here we demonstrate that a recently proposed metric can be used to
predict, in an absolute manner, changes in contrast sensitivity measurements with Sloan letters
when aberrations change. Typical aberrations of young and healthy eyes (for a 6 mm pupil
diameter) were numerically introduced, and we measured the resulting loss in contrast sensitivity
of subjects looking through a 2 mm diameter pupil. Our results suggest that the metric can be
used to corroborate measurements of visual performance in clinical practice, thereby potentially
improving patient follow-ups.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The effect of ocular aberrations on contrast sensitivity measurements has been investigated in
a variety of experiments, involving adaptive optics visual simulators [1–9], defocusing lenses
[10–12], or the subject’s natural aberrations [13]. Measurements of contrast sensitivity with
a sinusoidal grating are directly modeled as the product of the Modulation Transfer Function
(MTF) times the Neural Transfer Function (NTF), while contrast sensitivity with letters requires
more complex modeling of spatial vision to account for the extended spectra of letters.

Metrics of retinal image quality were introduced to model visual performance with letters.
Metrics are direct formulas that use the optical and neuronal transfer functions of the eye. They
correlate well with ratios of acuity measurements (with/without aberrations) [14–23], but only
predict these ratios to within a scaling factor. The lack of absolute prediction with metrics does
not prevent them from being powerful tools that predict, with through-focus calculations, the
refractive correction that actually maximizes visual performance [24–28]. Depth of focus can
also be predicted with through-focus calculation of a metric of retinal image quality [5,8,29–32],

Here, we seek to demonstrate a metric that potentially can predict in an absolute manner
changes in visual performance with optical aberrations. When the same subject performs the
visual test twice, with two different sets of optical aberrations, the effect of his/her unknown
neural performance (sensitivity and noise) is mostly canceled out when computing the ratio of
visual performance. With this hypothesis, Dalimier and Dainty proposed a rigorous model based
on statistical decision theory that accurately predicts change in contrast sensitivity with ocular
aberrations [33]. Such an absolute prediction of relative measurements is clinically relevant for
following patients with ocular aberrations that are possibly changing over time. Compared to
Monte-Carlo approaches that model all stages of visual performance measurements, the Dalimier
and Dainty model is more direct to implement. It still requires simulation of a set of retinal
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images that correspond to the exact set of optotypes used during the test of visual performance.
To simplify the direct implementation of the Dalimier and Dainty model in clinical practice, we
defined a novel metric of retinal image quality that approximates this model, and we predicted
normalized measurements of contrast sensitivity in the special case of defocus, for Sloan letters
of different sizes [34]. In this work, we investigate whether the same metric can also predict ratios
of contrast sensitivity measurements in the presence of higher-order aberrations. Two questions
arise in this investigation. We first validate, before experiments, that the metric accurately
approximates the Dalimier and Dainty model for typical higher-order aberrations of healthy eyes.
We then perform measurements of contrast sensitivity changes with aberrations, and compare
our metric and the Dalimier and Dainty model to measurements.

2. Methods

2.1. Experiments

Four informed subjects (26-46 years of age) participated in monocular contrast sensitivity
measurements, with their dominant eye and current refractive correction. We used a chin and
head rest for subject stabilization and comfort. Prior informed consent was obtained from the
subjects. This study conforms with the tenets of the Declaration of Helsinki.

We measured contrast sensitivity with the standard set of 10 dark Sloan letters [35,36] of
2 arcminutes gap, which corresponded to 20/40 visual acuity, on a green background. We
introduced ocular aberrations numerically by convolving Sloan letters with aberrated point spread
functions [37,38], generated with the statistical model of Thibos for a 6 mm pupil diameter
[39]. The model fits the Indiana Aberration Study of monochromatic aberrations in a population
of young eyes, subjectively refracted under cycloplegia [40]. We also measured the contrast
sensitivity for Sloan letters convolved with the diffraction-limited point spread function, for a 6
mm pupil diameter. We reported ratios η of contrast sensitivity measurements:

η =
CSB

CS0
(1)

where the B index stands for the blurred condition with aberrations and the 0 index stands for
the aberration-free condition. Subjects viewed visual stimuli with 2 mm pupil diameter to limit
the effect of their own aberrations. During each measurement session, five contrast sensitivity
measurements were performed (four with aberrations, and one diffraction-limited reference). The
five measurements were performed in parallel, in randomized order, to limit the effect of neural
adaptation to aberrations [41–45]. Contrast sensitivity was measured with an eight-alternative
choice protocol using the method of constant stimuli with randomized appearance of stimulus
contrast. The subject had to choose one of eight blur-free choice letters, after the (possibly
blurred) test letter was displayed for 1.5 seconds at the center of the 1.0 degree visual field. The
eight choice letters were randomly selected by a computer program from the standard set of 10
Sloan letters, and were displayed after the test letter disappeared, around the center of the 1.0
degree visual field. The choice letters were of the same size and of the same font as the test
letters, and were displayed by the system with a fixed 30.0% contrast. Figure 2 of Ref. [34]
illustrates this display system. For each contrast sensitivity measurement, we have used 30 trials
with predefined contrast values of test letters in the 1.2% − 30.0% range for aberrated letters,
and in the 0.12% − 11.8% range for unaberrated letters. Each measurement session consisted
of 150 trials. Contrast sensitivity was estimated as the inverse of contrast threshold for which
the probability of correct response is 0.5. The measured psychometric function was fit with the
cumulative normal function [46]. Measurements with fewer than 4 correct responses out of the
30 trials were discarded because they did not provide a reliable estimate of contrast sensitivity.
Each of the four subjects performed five measurement sessions, during which four aberrations of
the Thibos model were introduced. A total of 80 different aberrations were analyzed in this study.
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2.2. Models of contrast sensitivity

The informed subjects wore their current refractive correction, so we assumed that their eyes
were diffraction-limited for a 2 mm pupil diameter [40,47]. We modeled visual performance with
an overall Optical Transfer Function (OTF). We computed the overall OTF as the product of a
numerical OTF (OTFnum), which numerically blurred the displayed Sloan letters, times an optical
OTF (OTFopt) that modeled the process of viewing the Sloan letter with a diffraction-limited
eye of pupil diameter 2 mm. We noted OTFB and OTF0, this product in the aberrated and
unaberrated condition, respectively. The corresponding MTFs, MTFB and MTF0, were defined
as the modulus of OTFB and OTF0, respectively. We computed metrics of retinal image quality
using a generic model of NTF. We have used the code given by Hastings et al. [48] to compute
NTF for the mean age of subjects (34 years) and the retinal illuminance of our experiment (261
trolands). Figure 1(a) shows the horizontal profiles of MTFB (dashed red line, averaged across
the 80 tested aberrations), MTF0 (dashed black line), and NTF (solid yellow line). The profiles of
MTFB × NTF and MTF0 × NTF are shown as a solid red line and a solid black line respectively.

We defined the M metric as [34]:

M =

⌜⃓⃓⃓⃓⃓⃓⃓
⃓⃓⃓⎷∬ (︃

NTF(fx, fy)MTFB(fx, fy)
)︃2

dfxdfy∬ (︃
NTF(fx, fy)MTF0(fx, fy)

)︃2
dfxdfy

(2)

The M metric was defined from the Dalimier and Dainty model, which predicts η as a ratio R
of “data separability”. The model is computed for each set of aberrations using the simulated
retinal image of the kth Sloan letter (k = 1 to 10, as we used the 10 letters of the chart) with and
without aberrations (IB,k(x, y) and I0,k(x, y) respectively):

R =

⌜⃓⎷∑︁10
k=1

∬
[IB,k(x, y) − IB(x, y)]2dxdy∑︁10

k=1
∬
[I0,k(x, y) − I0(x, y)]2dxdy

(3)

IB(x, y) and I0(x, y) were the corresponding averages (over k) of retinal images with and without
aberrations, respectively. R quantifies the variability (over k) of retinal images for a fixed stimulus
contrast. Because of blur, R reduces with increasing optical aberrations. The R model is not
strictly speaking a metric of retinal image quality (as defined by the vision science community
[25]) because it is computed for a given set of visual stimuli, in this case the 10 Sloan letters
of a = 2 arcminutes gap. In our previous work [34], we introduced the Fourier transform of
the difference between the letter Ok and the average letter O (across the k = 1 to 10 letters):
∆̃k(fx, fy) = F

{︂
Ok(x, y) − O(x, y)

}︂
and re-wrote R as:

R =

⌜⃓⃓⃓⃓⃓⃓⃓
⃓⃓⃓⎷∑︁10

k=1
∬ (︃

NTF(fx, fy)MTFB(fx, fy)
)︃2|︁|︁|︁|︁∆̃k(fx, fy)

|︁|︁|︁|︁2dfxdfy∑︁10
k=1

∬ (︃
NTF(fx, fy)MTF0(fx, fy)

)︃2|︁|︁|︁|︁∆̃k(fx, fy)
|︁|︁|︁|︁2dfxdfy

(4)

In the limit of small Sloan letters ∆̃k(fx, fy) becomes a constant function that extends over the
full R2 domain of spatial frequency:

lim
a→0
∆̃k(fx, fy) = ∆̃k (5)
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Fig. 1. (a) Horizontal profiles of the Modulation Transfer Functions: with aberration
(MTFB, average of 80 aberrations: dashed red line), without aberration (MTF0, dashed
black line), and the NTF model of neural transfer function (solid yellow line). The profiles
of MTFB × NTF and MTF0 × NTF are shown as a solid red line and a solid black line
respectively. (b) Letter-averaged spectrum of Sloan letters,

∑︁k=10
k=1 |∆̃k(fx, fy)|2. The spectrum

is displayed over the ± 11.6 cycles per degree range of spatial frequencies. (c) Illustration of
the lima→0 R(a) = M convergence, for three model eyes of this study. (d) Scatter graphs
of the three metrics as functions of the R model, for the a = 2 arcminutes letter gap of this
study. Blue dot: M, red circle: VSMTF, green square: VSOTF. The solid black line denotes
the y = x line of perfect agreement.

In this limiting case, ∆̃k is a scalar prefactor of integrals that cancels out in Eq. (4), which
allowed us to identify the M metric as the limit of the R model, as a approaches zero:

lim
a→0

R(a) = M (6)

In the current study we analyzed contrast sensitivity changes with ocular aberrations for a
relatively large letter gap of a = 2 arcminutes (20/40 visual acuity). As a result, the ∆̃k(fx, fy)
spectrum only extends over a limited range of spatial frequency. Figure 1(b) shows that the
letter-averaged energy spectrum,

∑︁k=10
k=1 |∆̃k(fx, fy)|2, is mostly band-limited in the (5-11) cycles

per degree range. Despite the slow convergence of the limit in Eq. (5), the metric M reasonably
approximated the R(a) model for a = 2 arcminutes, as we show in Fig. 1(c) for three randomly
selected sets of aberrations used in this study (R1, R2, R3). The limit in Eq. (6) converges in
similar manner for all three sets. R(a) oscillates around the M value when a decreases, and the
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oscillation becomes smaller as a → 0. At the fixed a = 2 arcminutes letter gap of this study, the
comparison of M and R for the 80 tested aberration sets is shown as a scatter graph in Fig. 1(d),
which shows the metric M (blue dots) as a function of the R model. It is close to the y = x perfect
agreement line (solid black line). The linear fit (not shown) is M = 0.87R+ 0.05 (r2 = 0.99). For
comparison with M, we also used two other metrics of retinal image quality. The Visual Strehl
ratio computed with OTF (VSOTF) metric is used in many studies because it correlates well with
visual acuity [15]. We have used the augmented definition of VSOTF [49]:

VSOTF =

∬
NTF(fx, fy)|Re{OTFB(fx, fy)}|dfxdfy∬

NTF(fx, fy)OTF0(fx, fy)dfxdfy
(7)

We also computed the VSMTF metric (Visual Strehl computed with MTF) [15], which is
closely related to M as it is also defined as a norm of the MTF × NTF product :

VSMTF =

∬
NTF(fx, fy)MTFB(fx, fy)dfxdfy∬
NTF(fx, fy)MTF0(fx, fy)dfxdfy

(8)

In Fig. 1(d), the VSMTF and the VSOTF metrics (red circles and green squares respectively) are
shown as functions of the R model. The corresponding linear fits were VSMTF = 0.73R − 0.05
(r2 = 0.90) and VSOTF = 0.67R − 0.06 (r2 = 0.92). In comparison with R, both VSMTF and
VSOTF overestimate the contrast sensitivity loss in the presence of aberrations. The three metrics
are correlated with the R model.

2.3. Comparing models to measurements

The data collected with the four subjects were pooled together. For each metric of retinal image
quality and for the Dalimier and Dainty model, we analyzed the (η, model) scatter graph. The
overall accuracy of each model was investigated by comparing the linear fit to the y = x line
using the 95 % confidence band of each fit. The agreement of each model with η measurements
was also investigated using the coefficient of determination of the linear fit.

3. Results

Figure 2 shows the (η, model) scatter graphs for the R model (Fig. 2(a)) and for the three metrics
of retinal image quality (Fig. 2(b): M metric, Fig. 2(c): VSMTF metric, Fig. 2(d): VSOTF
metric). The solid red line of each graph shows the linear fit, and the dashed red lines show
the 95 % confidence band of the fit. The solid black line shows the perfect agreement (y = x)
line. The y = x line belongs to the confidence band of the fit functions for the R model and
the M metric, which indicates that R and M are accurate predictors of η measurements for this
study. The VSMTF and VSOTF metrics appear biased, as the y = x line does not belong to the
confidence band of their fit functions. The parameters of the linear fit are summarized in Table 1.
Coefficients of determination are similar, and range from 0.53 (for the VSOTF metric) to 0.58
(for the R model). Six contrast sensitivity measurements were disregarded (out of 80) when the
subject gave less than four correct responses (out of 30 tests).

Figure 3(a) shows the statistics of η measurements, the R model, and the three metrics of
retinal image quality. We show the median (red line) inside a box that limits the first and third
quartiles. The box plot shows that the η measurements, the R model, and the M metric, have
comparable median values (0.35, 0.37, 0.38 respectively). The median values of the VSMTF and
VSOTF metrics are lower (0.22 and 0.18 respectively), and their boxes do not overlap with the η
box. The statistics of the η measurements are right-skewed, with a third quartile (0.51) further
from the median (0.35) than the first quartile (0.28). A Jarque-Bera test rejects the hypothesis
that η measurements follow normal statistics with unknown mean and variance (p<0.05). The
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Fig. 2. Scatter graphs of (η measurement, model) pairs, for the R model (a), the M metric
(b), the VSMTF metric (c), and the VSOTF metric (d). The solid red line shows the linear
fit, dashed red lines delimit the 95 % confidence interval of the fit, and the solid black line
shows the y = x equation of perfect agreement.

Table 1. Coefficients of the η = α × model + β
linear fits, for the R model and the three metrics
of retinal image quality. The linear fits are shown

as red solid lines in Fig. 2(a-d)).

slope α intercept β coefficient of
determination r2

R 1.04 −0.03 0.58

M 1.19 −0.08 0.57

VSMTF 1.38 0.05 0.55

VSOTF 1.49 0.08 0.53

comparison of η statistics with each model’s statistics is obtained by a non-parametric, one-sample
hypothesis test of the (model − η) differences. We choose the one-sample test for zero median
(Wilcoxon signed rank test). The test rejects the hypothesis of zero median for the (VSOTF − η)
and (VSMTF − η) differences (p<0.001), and does not reject this hypothesis for the (R − η) and
(M − η) differences. Figures 3(b-e) show the histograms of (model-η) differences for the R model
(Fig. 3(b)), and the three metrics (Fig. 3(d-e)).
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Fig. 3. (a) Median (red line), first and third quatriles (blue lines) of measurement η, model
R, and metrics (M, VSMTF, VSOTF). (b-e) Histograms of (model-measurement) differences,
for the R model (b), the M metric (c), the VSMTF metric (d), and the VSOTF metric (e).

4. Discussion

This study shows that the M metric of retinal image quality accurately predicts, overall, the
ratios (with/without aberrations) of contrast sensitivity measurements with Sloan letters. Our
main result to support this claim is the linear fit of the (η, M) scatter plot (Fig. 2(b)). We
confirm the original finding of Dalimier and Dainty with a Landolt C test [33], as we also
find that the R model is accurate (Fig. 2(a)). The M metric is an interesting trade-off between
accuracy and computational simplicity, which could be directly computed in the software of
a commercial aberrometer. The M metric accurately predicts the ratio of measurements and
therefore approaches the predictive properties of complete models of visual performance [50–54].
On the contrary, conventional VSOTF and VSMTF metrics, which are phenomenological formulas
to describe image quality, do not predict the actual ratios of contrast sensitivity measurements
(see the linear fit of Fig. 2(c,d)). Previous studies have correlated the VSOTF and VSMTF
metrics with visual acuity measurements [8,14,15,20,23,29,30], and reported high coefficients of
determination of the (acuity loss, metric) linear fits. The linear fits are also potentially robust to
changing experimental conditions (e.g. different pupil sizes [19]). These studies do not report
on the ability of the two metrics to absolutely predict visual acuity changes with aberrations,
and typically find (acuity loss, metric) linear fits with a clear departure from the y = x perfect
agreement. Such a linearity is however sufficient to numerically optimize the objective refraction
based on aberration measurements [22–27,30,31].

We report lower coefficients of determination (see Table 1) than previous studies of the
correlation between acuity loss and metrics. We emphasize that higher r2 values may have been
obtained with larger amplitudes of aberration. We have checked that the statistics of the VSMTF
metrics (mean logarithm value equal to −0.63 and standard deviation 0.13) match the statistics of
the VSMTF metric in the original paper that presented the model eyes [39]. As a comparative
example, Ravikumar et al. [19] obtained r2>0.8 for six different metrics of retinal image quality
with aberrations of higher amplitudes, as they corresponded to a uniform distribution of the
logarithm of VSMTF in the (−1.8,−0.3) range.

Our metric, M, and the Dalimier and Dainty model, R, predict changes in contrast sensitivity
with integrals of neurally-weighted modulation transfer functions and do not use phase transfer
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functions. This result may appear in contradiction with observations that the phase transfer
function of the aberrated eye affects visual performance [55–57], and originates from the
mathematical definition of the R model. Equation (3) defines the R model, which quantifies the
separability of the different Sloan letters as a normalized “variance” (across the set of letters)
of retinal images. The aberrated retinal images in Eq. (3) (IB,k for any letter k, and the average
IB) are all computed with the same optical transfer function, which we factorized to express R
with the modulation (not phase) transfer function in Eq. (4). From the perspective of statistical
decision theory, the R model hypothesizes that we model the subject as an ideal observer who
uses a set of aberrated letters as templates, when identifying each test letter. This so-called
Signal-Known-Exactly/Background-Known-Exactly (SKE/BKE) hypothesis is a basis of the
Dalimier and Dainty model, from which we defined R and derived M with the small letter
approximation [34]. The SKE/BKE hypothesis is also a standard approach to model subject
performance during a visual test [58], as it mathematically simplifies the prediction of visual
performance. Here, the use of aberrated letter templates by the ideal observer is the hypothesis
behind the modulation-only dependence of R and M. It is a counter-intuitive hypothesis to model
our experimental study, as the subjects experienced a priori unknown aberrations that are not
their natural ones. The hypothesis that they exactly know the aberrated letters, and use perfectly
matched templates, is therefore difficult to justify, but here the model gives accurate results. Our
intuitive explanation for this paradox is that most aberrated letters could still be identified by
subjects at high contrast. This observation would probably not hold for smaller letter sizes and/or
higher aberration amplitudes, when aberrations significantly alter retinal images beyond simple
contrast reduction. Consequently, we expect that the M metric is a good predictor of contrast
sensitivity changes in a specific range of aberration amplitudes that also depend on the letter
size. Experimental investigation of this limitation will be an important step towards the clinical
applications of the M metric.

Like many authors, we took as reference the contrast sensitivity measurement without aberration.
However, a potential application of the M metric could be the prediction of contrast sensitivity
ratios with two sets of aberrations, when aberrations have changed over time. For some clinical
cases, one may face the problem that the brain can adapt to changing aberrations [41–45].
Predictions may improve by taking account of the neural adaptation with two different neural
transfer functions, corresponding to the two dates of interest, at the cost of increasing the model
complexity. More generally, the influence of the neural transfer function on the model predictions
was not consistently investigated in this work. Moreover, the brain constantly adapts to the visual
scene [59]. Therefore, the feasibility of predicting visual performance changes over time, solely
based on aberration measurements, remains an open question.

5. Conclusion

We investigated the ability of a single metric, M, to predict absolutely (with/without aberration)
ratios of contrast sensitivity measurements for a set of 80 typical ocular aberrations. Predictions
with the M metric appear unbiased on the (measurement,metric) scatter graphs, while conventional
metrics (VSOTF and VSMTF) appear to overestimate the effect of aberrations. Coefficients
of determination were similar for all metrics and may have been higher with larger aberration
amplitudes. Absolute comparison of the M metric and subjective measurements of visual
performance could potentially become an important part of routine patient follow-ups.
Disclosures. The authors declare no conflicts of interest.

Data Availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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