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Myopia screening is crucial as early intervention can slow its progression reducing the risk of vision-
threatening diseases. We present an innovative method that can be used by non-experts, such as 
parents. The method relies on “hybrid images”, an optical illusion merging two images with different 
spatial frequencies, creating a perception that changes depending on visual acuity. Hybrid images are 
created by combining one image with reduced low spatial frequencies and another with attenuated 
high spatial frequencies. Various cutoff frequencies have been tested, and an optimization phase was 
run to select the best-performing images using subjects with known visual acuity altered by positive 
lenses. We used animal images, as they are well-suited for hybrid images due to their facial features 
and help frame the screening as a game, an essential aspect for children and engaging for young 
people. The optimized hybrid images were tested monocularly on 81 young adults (mean age 22 ± 6) 
with and without visual correction. The method showed high accuracy in distinguishing visual acuity 
above or below +0.1 logMar, with sensitivity ranging from 0.86 to 0.95 and specificity from 0.94 to 
0.97. Presented as a proof of concept, the method demonstrates high specificity, highlighting its 
potential for non-clinical screenings (e.g., schools) using only five printed images.
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Myopia typically begins in childhood and tends to progress rapidly as the eye is still growing. The younger 
the onset, the higher the likelihood that myopia will progress to more severe levels1, also known as high 
myopia which significantly increases the risk of invalidating eye diseases such as retinal detachment and 
macular degeneration2. Recent metanalyses estimate that the pooled prevalence of myopia among children and 
adolescents has increased from about 24% in 1990 to 36% in 2023, and projections indicate a further increase, 
with nearly 40% of the global youth population potentially affected by 20503.

Given the high prevalence, the progressive nature of myopia, and the potentially irreversible complications 
associated with advanced stages, early detection of myopia is of utmost relevance. Indeed, screening programs 
- especially when implemented in schools or pediatric settings - allow for timely identification of children at 
risk of developing or progressing myopia, enabling early interventions (behavioral, environmental or refractive) 
that may slow its progression. Recently the International Myopia Institute (IMI) has introduced the definition 
of “premyopia”4 devoted to the progression of ocular development for a child’s eyes before they become myopic.

This study introduces an innovative screening method, based on hybrid images, that can be easily adopted 
by non-specialists, such as parents, school teachers or pediatricians, who may lack formal training in eye care. 
The simplicity and accessibility of this approach make it highly valuable for detection outside of clinical settings, 
potentially increasing the chances of timely diagnosis. This method could be particularly beneficial in regions or 
populations where access to ophthalmologists or optometrists is limited, providing a proactive way to identify 
children at risk of myopia.

A hybrid image (HI) is a particular type of optical illusion in which the perception by an observer is 
dominated by two different interpretations, each uniquely determined by the conditions of observation. An 
example is the Einstein-Marilyn hybrid image created by A. Oliva for the March 31st 2007 issue of New Scientist 
magazine, where the face of the famous scientist is visible at a close view and disappears at a far distance, where 
the facial features of the actress emerge5. This technique has also been used in the world of visual arts: a very 
fascinating example (which could be considered similar to an hybrid image or a mosaic image) is Salvador Dalí’s 
“Gala Contemplating the Mediterranean Sea which at Twenty Meters Becomes the Portrait of Abraham Lincoln,” 
which was inspired by an article by Harmon for Scientific American6.

A HI is created by combining two original images (I1 and I2) after a filtering process that alters their spatial 
frequency content: one with low frequencies (IL from I1) and the other with high frequencies (IH  from I2). 
The IL image is characterized by gradual and smooth variations in luminosity contrast and can be considered 
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an “out of focus” version of the original image I1. Conversely, the IH  components represent rapid variations, 
such as sharp edges and fine details, and involve a complete loss of the low-frequency components that form the 
background of the original I2.

A suitable superposition of IL and IH  results in a “double meaning picture” that presents two different stable 
interpretations depending on observation conditions, such as the size of the figure, the distance, and the viewing 
time7. For instance, in the cases where an observer sees the optical illusion at a considerable distance, only the 
IL is recognizable, as the sharp details of the IH  are viewed under a visual angle too small to be resolved. As 
the distance of observation decreases, the interpretation of the IH  emerges, while IL becomes indistinct, as its 
smooth luminosity variations create a blurred background for IH . Unlike a meta-stable optical illusion (e.g. the 
Necker Cube8), where the perception can change during the time of the vision, an important property of the HI 
is the “stability”, i.e., for the subject should be impossible to, both deliberately and unconsciously, switch between 
the two different interpretations. This property is enhanced through the creation of a band-gap between the 
cutoff frequencies of the filters used9. Hence, once the observation conditions are fixed, the observers should be 
unaware of the presence of an interpretation different from the one they are perceiving. Moreover, the possibility 
of creating a HI using three different images has been also reported, allowing different interpretations at the far, 
middle, and near viewing distances10.

Such perceptional behavior suggests that, given a fixed image size, distance, and viewing time, differences in a 
subject’s visual acuity can lead to different interpretations. To our knowledge, the first proposed test for detecting 
myopia with HIs utilized overlapped and randomly displaced one-digit numbers, with cutoff frequencies 
determined according to the visual angle of observation11.

Here, we propose a test for screening myopia based on HIs, specifically designed for very young children, for 
whom traditional methods are difficult to apply or not yet strictly necessary in early stages: nowaday uncorrected 
visual acuity (UCVA) test is widely used to screen myopia among children and adolescents worldwide. UCVA 
is typically measured using a Snellen chart or similar vision tests (Lea symbols, ETDRS charts, etc), where the 
person reads letters or symbols at a specific distance. Hence, we have chosen to use simple pictures of well-
known animals as original images I1 and I2, making the test suitable even for subjects who, due to their age 
or lack of communication and knowledge skills, might have difficulty recognizing numbers or characters. 
Additionally, they provide an opportunity to frame the screening as a game, an essential aspect for children, and 
a significant factor even for older boys and girls. The set of HIs we have specifically created for such a work are 
designed to show a high level of stability and the cutoff frequencies of the filters are tuned to achieve a test for the 
detection of eyes above or below a chosen value of visual acuity, that can be considered as a borderline level for 
probable myopia. This test also finds its strengths in the simplicity of administration, the speed of execution, and 
obtaining a response, as well as the ability to entertain observers with amusing effects.

Methods
Subjects
Twenty-four participants (11 males and 13 females, mean age = 23 ± 4) took part in Experiment 1 and eighty-
one participants (37 males and 44 females, mean age = 22 ± 6) took part in Experiment 2. None of the subjects 
that participated in Experiment 2 took part in Experiment 1. The age range of participants was chosen to ensure 
homogeneous contrast sensitivity, which can diminish with the physiological aging of the visual system. All 
methods were performed in accordance with the relevant guidelines and regulations, including the Declaration 
of Helsinki. The research was approved by the local ethics committee (Commissione per l’Etica e l’IntegritÃ nella 
Ricerca, CNR, 5th September 2024, Prot. n. 0306205). All subjects provided written informed consent for their 
participation.

Creation of a hybrid image
The process to create a HI requires the choice of two images, I1 and I2 (examples in Fig. 1a, d), with the same 
number of pixels and a nontrivial suitable level of superposition. In fact, under conditions where the IH  
interpretation prevails, the low-frequencies smooth features of the IL should provide a plausible background.

The next step consists in the filtering and the union of the two images to create the final HI. The two-
dimensional Discrete Fourier Transform (DFT) of the images is numerically calculated using Matlab’s Fast 
Fourier Transform (FFT) algorithm:

	 I1,2(x, y) −→ F1,2(u, v),� (1)

where x and y are the spatial coordinates in pixels, and u and v are the spatial frequencies in cycles per input set. 
The DFT has the same size as the original image, which in our cases is a squared n × n pixels image, centered 
around the zero frequency (u, v) = (0, 0), i.e., the center of the picture in the frequency domain. Then, along 
the u direction, each pixel represents an increment of frequency f of 1 cycle/set from −n/2 to +(n/2 − 1) 
cycles/set. Given the physical dimensions of the image d × d on the screen and the distance L of the observer, 
each pixel of the matrix F(u, v) along the u direction represents the contrast for a visual angle θ of a line:

	
θ(f) = arctan

(
d

2 f L

)
.� (2)

In our case, given L = 2 m and d = 215 mm, the minimum value of the modulus for θ is ≃ 0.47 arcminutes 
along the u direction.

Using the convolution theorem, the images are filtered in the Fourier domain:
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	 FL = G1F1 FH = (1 − G2)F2,� (3)

where G1 and (1 − G2) are the low-pass and high-pass filters, respectively. The mathematical form of the filter 
is Gaussian to create smooth filtering, which avoids undesired disturbances after the inverse transform process. 
Indicating with D the distance, in terms of spatial frequencies in cycles/set, of the pixel of coordinate (u, v) from 
the center of the image, the applied filter has the following form:

	
G1,2(u, v) ∝ exp

(
−D2(u, v)

2f2
1,2

)
,� (4)

where u and v span from −n/2 to +(n/2 − 1) cycles/set, and G is centered in the center of the image in the 
frequency domain (examples in Fig. 1b, e). The standard deviations of the Gaussian functions, labeled as f1 and 
f2, are the cutoff frequencies expressed in cycles/set and are usually different to preserve the quality of the final 
hybrid image, creating a “gap” in the spectrum content of the final image HI7:

	 gap = f2 − f1.� (5)

The presence of the gap has been reported as a necessary feature of a high-quality HI, allowing a fading of the 
so-called “instability zone” (IZ), i.e., a range of intermediate values of distance, size, or visual acuity for which the 
unique interpretation of the perception might fail9. If the IZ can be considered negligible, the stability property 
can be considered achieved.

Then, the filtered images are obtained by the inverse Fourier transform, as shown, for example, in Fig. 1c, f:

	 FL(u, v) −→ IL(x, y) FH(u, v) −→ IH(x, y)� (6)

In the final step, the two altered images are simply superimposed as a sum of matrixes:

	 HI = IL + IH � (7)

Fig. 1.  Original images filtering.
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Figure 2 shows two examples among the sets of created HIs, one from the pictures of a sheep and a dog and one 
from a wolf and a cat. Even though the images can be created in color as well, by filtering and a final overlapping 
of three versions of the same image in the RGB channels, the pictures used in this work are in greyscale.

Experiment 1—selection of the hybrid images
As described in the previous section, the final hybrid images are a complex blend of two original images with 
specific spectral content in terms of spatial frequencies. These contents are determined by filters of a Gaussian 
shape, preserving a perceivable contrast also outside the spectral regions defined by the cutoff frequencies. Since 
the interpretation of an image is much more complex than the perception of a simple grating, the knowledge 
of the values of the cutoff frequencies and the corresponding values of θ is not sufficient to directly link the 
interpretation of an image to visual acuity.

After creating different versions of hybrid images (HIs), an a posteriori selection is necessary to choose the 
images for our aims, i.e., discriminating visual acuity values below or above a critical threshold. This selection 
was made by presenting the images to subjects who had been induced with various known levels of visual acuity. 
Therefore, given the same distance from the screen, the change in observation conditions was achieved by 
inducing myopia using positive lenses.

To establish this final selection from a set of seven versions of “sheep-dog” and six of “wolf-cat”, we obtained 
data from participants with natural or spectacle corrected visual acuity in the right eye greater or equal to -0.08 
logMar. Monocular vision was used to highlight the visual acuity of a single eye, avoiding possible compensation 
that can arise in binocular vision.

First of all we established the relationship between a lens posed in front of the right eye of a subject and her/
his visual acuity. The subject was seated in front of a digital optotype at a distance of 5.20 m, with the left eye 
occluded and the usual correction (if required) on the right eye. The chart was a monitor computerized chart 
(CSO vision chart) based on ETDRS chart.

The optotype had a luminance of 227 cd/m2 in the white background and 5.11 cd/m2 in the black letters 
(luminance measured with the luminance meter LS110 Minolta at a distance of 2 m). Positive lenses were 
added, or negative lenses (in case of usual correction) were removed in steps of 0.25 D to obtain different values 
of visual acuity from 1.2 decimal (-0.08 logMar) to 0.2 decimal (+0.7 logMar) in steps of 0.2 decimal, inducing 
myopia in subjects. Astigmatic subjects had their astigmatism corrected to ensure results were not affected by 
this additional visual defect. To quantify visual acuity we used the method of limits with a descending sequence. 
Each participant was shown a line of optotypes starting from the lowest visual acuity level. The next line was 
presented only if the participant correctly identified at least 3 of the 5 letters. Final visual acuity was defined 
as the visual acuity corresponding to the last line on which the participant correctly read all letters, plus an 
additional 0.02 LogMAR for each extra letter correctly identified on the subsequent line.

At the end of this part we were able to induce six different visual acuities for every subject: in decimal visual 
acuity 1.2, 1.0, 0.8, 0.6, 0.4, 0.2 (in LogMar from -0.08 to 0.7). This allowed us to test our HIs. For each subject, 
the experiment was divided into six stages, each characterized by a specific value of visual acuity (from -0.08 to 
0.7 logMar) induced by the optical correction described above. During each stage, the subject was placed at a 
distance L = 2 m from the screen, where versions of hybrid images, of dimension 215 × 215 mm (6.1◦ × 6.1◦), 
are randomly displayed for 1 s each, a duration long enough to allow the perception of all the frequency content 
of the image. Each version of the HIs was randomly presented seven times, with “sheep-dog” presented a total of 
49 times (7 cutoff frequencies x 7 repetitions) and “wolf-cat” 42 times (6 cutoff frequencies x 7 repetitions). The 

Fig. 2.  Two examples of the created hybrid images.
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room’s lighting was kept constant during the experiment (illuminance=200 Lux) to preserve the same contrast 
of the images and maintain the pupillary diameter of the subjects. The use of a photopic environment allowed us 
to reduce the influence of spherical aberrations likely to occur at lower (mesopic/scotopic) lighting conditions. 
After each visual stimulus, the subject had to declare the perceived animal (“wolf ” or “cat” and “sheep” or “dog”) 
in a “two alternative forced choice” method.

The choice of the best HIs was made after analyzing the corresponding psychometric curves, developed 
with the normalized answers of the subjects as a function of visual acuity. These curves were characterized by a 
threshold (TH), the visual acuity value for which the subject’s interpretation was most uncertain, and a slope (SL), 
which quantifies how rapid was the variation in visual acuity that determines a switch in the interpretation of the 
HI from IL to IH  and vice versa. The value of TH should be close (but not necessarily equal) to the threshold 
value for positive detection of myopia. The modulus of SL should be suitable also to determine how thick the 
instability zone (IZ) is: a large value leads to excessive ambiguity in interpretation over a large range of values of 
visual acuity.

To derive the normalized answers, we employed a binary scoring system. A score of 1 was assigned when 
the subject reported perceiving the high-frequency image, and a score of 0 when they reported perceiving the 
low-frequency image. The normalized response was then calculated by dividing the cumulative score by the total 
number of image presentations. Consequently, a normalized answer of 1 signifies that the subject consistently 
perceived the high-frequency image, while a score of 0 indicates consistent perception of the low-frequency 
image. For example, in Fig. 4 the normalized answers of the whole sample of subjects for four versions (shown in 
Fig. 3) of the “sheep-dog”-HI are reported, besides the corresponding fit with the psychometric curve with TH 
and SL as fit parameters12,13. High values of the normalized answers mean that the main part of the subject with 
a given visual acuity interpret the HI as IH , while low values determine a prevalence of IL. The value of visual 
acuity for which the answers normalized over the whole sample of subjects reaches the value of 0.5 is estimated 
by the fit as TH.

Fig. 3.  Four versions of the “sheep-dog” hybrid image with different cutoff-frequencies.
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Among the whole set of HIs, the results led to the final choice of 5 pictures reported in the Table 1 with the 
used cutoff frequencies. The uncertainty of the estimated fit parameters was assessed using the bootstrap method 
(number of samples = 100) to calculate the standard deviation of the threshold. The results for both eyes were 
merged, meaning that the data may not be independent. Therefore, our statistical analysis is purely descriptive.

As expected9, among the rejected versions of the HIs, the ones with a small or negative gap do not show a 
clear asymptote near 1 for high values of visual acuity or near 0 for the low ones and a meaningful value for TH, 
e.g. the case fL = fH = 18 cpd in Fig. 4, where IL strongly prevails in the interpretation over the whole range 
of visual acuity. Such clear “plateaus” in the fit with the psychometric curve are very important, because, for a 
meaningful test, the requirement is critical to show a clear interpretation of the HI both for the highest and the 
lowest values of visual acuity, as in the cases fL = 7, fH = 15 cpd and fL = 5, fH = 16 cpd selected for the 
final test and shown in Fig. 4. For this reason, the case fL = 9, fH = 15 cpd shown in Fig. 4 has been discarded, 
since a clear “plateau” at the highest values of visual acuity is missing. Concerning the selected versions of the 
HIs, the values of TH falls in a range of values that can be suitable for the detection of myopia. A final test upon 
a large sample, described in the next section, should be fundamental to determine if the selected pictures can 
discriminate, with sufficient accuracy, people above and below a value of visual acuity that can be considered as 
a threshold for the myopia.

Experiment 2—final test
The final part of the work consists of a rapid test with the HIs selected as described in the previous section.

The subject in the final test was placed in front of the screen in the same condition as the previous session 
(distance L from the screen of 2 m, image 215 × 215 mm). Each subject observed each of the five selected HIs, 
presented in a random order, for a duration of 5 seconds. At the end of each presentation, they were required to 
indicate which animal they had seen, following the two-alternative forced choice (2AFC) paradigm. The test is 
carried out in monocular vision and repeated for both eyes with and without the usual correction (if present); 
therefore, each subject provides, for each of the five HIs, one or two answers for each eye, depending on the 

Fig. 4.  Psychometric fit of four versions of the “sheep-dog”-HI (reported in Fig. 3). The cutoff frequencies 
in the legend are expressed in cycles/set. Visual acuities values are expressed in logMar. For reference, note 
that -0.1 logMar is equivalent to 38 cycles per degree, 0 logMar equals 30 cycles per degree, and 0.1 logMar 
represents 24 cycles per degree.

 

Image HI version fL fH gap TH (logMar) SL (logMar−1)

1 Wolf–cat 6 14 8 +0.163 ± 0.008 −11.5 ± 0.8
2 Sheep–dog 5 16 11 +0.237 ± 0.008 −13.5 ± 0.8
3 Sheep–dog 7 15 8 +0.195 ± 0.009 −16.0 ± 1.2
4 Wolf–cat 5 8 3 +0.339 ± 0.011 −12.5 ± 0.9
5 Wolf–cat 6 9 3 +0.249 ± 0.009 −15.0 ± 1.1

Table 1.  The 5 best hybrid images after the selection session. The frequencies and the gap are expressed in 
cycles/set.
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presence or absence of a usual correction, respectively. In the case of exposition without the usual correction, the 
astigmatism is however corrected. Among 81 subjects, 50 performed measurements both with and without their 
usual correction. This led to total sample of 262 eyes.

As a gold standard, the visual acuity of both eyes with and without the usual correction is measured using 
a chart on a digital optotype, the same used in Experiment 1, to compare the results of the HIs tests with the 
measure used in the daily optometric routine.

For every eye, we have available the answer of the subject for the five HI selected and the visual acuity 
measured with the usual chart.

Our aim is to utilize HIs as a test to evaluate whether a subject needs correction or not. As a parameter to 
evaluate the efficacy of HI we use the sensitivity and specificity14 regarding the presence or absence of ametropy. 
We consider the test as “positive” if the subject sees the low frequencies image, we consider the test as “negative” if 
the subject sees the high frequencies image. Then we decided a value of decimal VA corresponding to the border 
between ametropy and emmetropy called VA threshold (V Ath) expressed in decimal. We have a real positive 
if a positive subject has V A < V Ath, while we have a false positive if a positive subject has V A ≥ V Ath. We 
have a real negative if a negative subject has V A ≥ V Ath, while we have a false negative if a negative subject 
has V A < V Ath.

Results
In Table 2 we show the specificity and sensitivity for each image when V Ath = 0.1 LOGMar. These results 
were derived from the confusion matrices produced based on the different responses of the subjects, whose 
categorized visual acuity falls below or above a threshold value. Figure  5 shows two examples of confusion 
matrices corresponding to Image 2 and Image 5 as defined in Table 2.

To enhance the specificity and sensitivity of the test, a combination of the results obtained for the five images 
was utilized. A new parameter, nLF , was added, that means that a subject, on the five images presented, have 
seen at least nLF  images in the low frequencies state to be considered as ametropic subject. nLF  can range 
from 0 to 5. Using nLF = 0 implies to obtain all the subjects as ametropic (sensitivity=1, specificity=0) and it is 
useless. Using nLF = 5 increases specificity but reduces sensitivity. To understand the better value for nLF  we 
realize a ROC curve with nLF  as parameter (Fig. 6).

The best curve (the one that is closest to the ideal curve, or the one that goes from point (0.0) to (0.1) and 
(0.1) to (1.1)) is the one generated considering a threshold of 0.1 logMar (0.8 decimal VA) (red curve), as it is the 
one that best maximizes the AUC.

Observing the red curve probably the best situation is for nLF = 2 where there is a high sensitivity value, 
rather than a high specificity value. For our purposes, in fact, it is better to have a final test that minimizes the 
probability of having a few false negatives compared to the possibility of having false positives. These results are 
suitable for the intended purpose, that is to have a very high sensitivity (detect all people with myopia) even at 
the expense of introducing false positives (emmetropics that tested positive). Using all 5 hybrid images, from 
the test you get the best results by placing 0.8 as a threshold of decimal visual acuity and a value nLF  of low 
frequency answers greater than or equal to 2 to classify a subject as positive to myopia.

To avoid any artefacts associated with repeatedly using the same pairs of animal images in the test, we also 
analyzed data based solely on the observation of two images (Images 2 and 5), each belonging to a different 

Fig. 5.  Confusion matrix for Image 2 (on the left) and for Image 5 (on the right). Visual acuities v.a. are 
expressed in logMar.

 

Image HI version Sensitivity Specificity

1 Wolf–cat 0.93 0.94

2 Sheep–dog 0.93 0.97

3 Sheep–dog 0.86 0.96

4 Wolf–cat 0.93 0.95

5 Wolf–cat 0.95 0.94

Table 2.  Sensitivity and specificity of the 5 HI selected with a V Ath = 0.1 logMar (decimal V Ath = 0.8).
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category (cat“wolf and sheep” dog, respectively). Classifying subjects who perceived both images in their high-
frequency version as emmetropic yielded a sensitivity of 0.97 and a specificity of 0.91.

To further mitigate the risk of correlation between repeated measures (i.e., using both eyes from each subject 
as well as including both corrected and uncorrected conditions), an analysis was additionally conducted on 
a random subset of data that included only one uncorrected eye per subject. This analysis again showed high 
performance, with a specificity of 0.98 and a sensitivity of 0.94 for Image 2 (0.96 and 0.94, respectively, for Image 
5), further supporting the robustness and validity of the proposed method.

Discussion
In the current study, an innovative test based on hybrid images was developed to detect the presence of myopia 
rapidly and effectively. Following the creation of a hybrid image series, stimuli capable of reliably discriminating 
myopes from emmetropes were selected. Five specific images were tested and characterized by inducing 
different levels of myopia, demonstrating that the complete five-image test allows for the discrimination between 
ametropic and emmetropic subjects with high sensitivity and specificity. Even the use of only two images, one 
from each category (cat-wolf and sheep-dog), yields good sensitivity and specificity values.

Although the current sample consists of young adults (mean age = 22 ± 6), this study serves as a proof of 
concept confirming the method’s effectiveness. This approach is expected to be equally valuable for younger 
populations; consequently, future validation in pediatric cohorts (including very young children) is planned. 
This is a critical objective, as early detection in school-aged children holds significant potential for curbing 
myopic progression.

The proposed assessment offers distinct advantages, including straightforward administration and an 
engaging, game-like format that may enhance user compliance. For clinical use with printed charts, operators 
need only ensure proper subject positioning (e.g., a 32 cm panel viewed from 3 meters). Conversely, for home-
based digital applications, appropriate scaling is required to ensure correct image dimensions. While most image 
viewers currently offer this functionality, a more intuitive calibration method is being developed to facilitate 
practical implementation.

Finally, adapting this methodology to non-verbal populations-such as utilizing sound-based animal 
recognition-presents a promising avenue for future research. Identifying very young individuals with myopia, 
who are at heightened risk for severe progression, remains a priority.

Data availability
Data is provided within the manuscript.

Received: 7 January 2025; Accepted: 2 February 2026

Fig. 6.  ROC curves for the experiment. Every experimental data corresponds to a different value of nLF  (see 
text). The values with sensitivity=1 on the top and on the right for every curve correspond to nLF = 0. The 
four curves correspond to four different values of V Ath (see text). The values of V Ath are indicated in the 
legend expressed in logMar.
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