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Abstract

:

Autorefraction is an objective way to determine the refractive error of the eye, without the need for feedback by the patient or a well-educated practitioner. To make refractive measurements more accessible in the background of the growing prevalence of myopia, a compact autorefractor was built, containing only few optical components and relying on double-pass imaging and the physical properties of the point-spread function and digital image processing instead. A method was developed to analyze spherical defocus as well as the defocus and angle of astigmatism. The device was tested using calibrator eye models in a range of ± 15 D spherical defocus and   − 3   D astigmatic defocus. Reliable results could be achieved across the whole measurement range, with only a small increase in deviation toward high values of refractive errors, showing the feasibility of a PSF-based approach for a compact and low-cost solution for objective measurements of refractive error.






Keywords:


optometry; autorefraction; double-pass imaging; point spread function; modulation transfer function












1. Introduction


Refractive error of the human eye is a problem that is affecting people of all ages across the world. Studies have shown that uncorrected refractive error is the second most common cause for blindness, and the most common cause for mild and severe vision impairment worldwide [1,2]. When not treated properly, negative effects on ocular health and visual acuity can be the consequence [3]. Additionally, uncorrected refractive error also has economic influence, as it impedes the daily routines and the workflows of people affected. In that way, it can lower the productivity within a society [4,5].



The prevalence of myopia is rising [6], and it is expected that 50% of the world population will be myopic by 2050 [7]. Especially in Asia, a steep rise of the prevalence of myopia has been reported together with a rising number of cases of high myopia [8,9]. Regarding the total numbers of people suffering from uncorrected refractive errors and the associated individual and economic consequences, there is a clear need to measure refractive error and reach as many people as possible even in remote locations that still only provide limited healthcare.



Refractive errors can be measured either subjectively, relying on the feedback of the subject, or objectively. In that latter case, no subjective feedback is needed and the measurement results will either be determined by the practitioner or generated electronically by the device itself. When working with objective methods, results will mainly depend on the device used, while subjective methods depend strongly on the skills and behavior of the examiner as well as the cooperation of the subject. When trying to expand the reach of measurements of refractive error, several factors need to be taken into account. Subjective methods of refraction require the subject to provide a sensible feedback to the procedure. Additionally, a skilled practitioner is needed to perform the measurement. Those are serious limitations in some less developed regions of the world, which is why objective methods of measurement should be prioritized. Although only taking into account the optical components of the visual system without being able to integrate the neural component, it has been shown that there is good agreement between objective and subjective methods of refractive measurements [10,11]. Even if subjective refraction is still regarded as the gold standard today [12], the scope of reaching people in remote regions that do not have access to good healthcare yet clearly points towards an objective approach. Retinoscopy is a quick method to determine refractive error without relying on the subject’s feedback or requiring large and heavy instruments. On the downside, it can only be performed by an educated practitioner. Many modern devices to objectively assess the refractive errors of the eye nowadays work with a wavefront sensor [13]. They use a microlens array to focus an incoming beam of light onto multiple spots on a sensor behind the array. The displacement of each spot from its predetermined position can then be determined and utilized to calculate the defocus of the incoming beam of light. Wavefront sensors are very expensive, and a compromise needs to be made between the accuracy and the measurement range. By choosing a large size of lenses in the array, a high measurement range can be achieved at the cost of reduced accuracy. Choosing an array of very small lenses, a high accuracy can be achieved with a limited range of measurable defocus. Another downside of wavefront sensors is the large size. Apart from some portable models [14,15,16], most of these systems are table-based and are designed to be set up in clinics or a doctor’s examination room. They offer little portability, and accordingly, they are not suitable to be deployed in regions with poor infrastructure for healthcare. For those circumstances, a “smart” solution for objective refraction is required, providing portability, simple operation and accessibility, i.e., low-cost components. Different handheld devices exist already, e.g., SVOne [17], a smartphone-based wavefront abberrometer, or Eye Netra [18]. While also smartphone-based, Eye Netra requires the user to subjectively align a pattern on the screen, making it a subjective form of measurement. As a result, the device will print out spherical and astigmatic defocus as well as the angle of astigmatism. Double-pass systems for refractive measurements have already been explored decades ago [19,20,21], and while there are stationary devices that work by analyzing the Point Spread Function of light that is scattered from the retina [22,23], to our knowledge, a portable and affordable solution is not commercially available yet. The presented research introduces a compact, portable and low-cost device to measure objective refraction, relying on double-pass imaging. The new analytical approach is designed to deliver quick and reliable measurements of spherical and astigmatic defocus, as well as principal meridians, without the need for user feedback or a skilled examiner.




2. Materials and Methods


2.1. Physical Concept


As the point spread function (PSF) is a measure of the quality of any optical system, it contains information about the properties of the complete optical system it originates from. The described solution for an objective autorefractor uses this approach to analyze the PSF that is generated on a person’s retina with a laser beam in order to gain information about the refractive error of the eye. This concept is used in combination with a focus adjustable lens that is used to compensate for the defocus of the examined eye. The focus of the adjustable lens is changed with the aim of minimizing the resulting defocus originating from the adjustable lens itself and the refractive error of the measured eye. When the overall defocus in the system is smallest, there will be a peak in intensity of the observed PSF. In this condition, the focal power of the adjustable lens equals the inverse power of the spherical refractive error of the eye. In the case of astigmatism, two peak intensities of the PSF can be observed at different values of defocus and at angles separated by 90°. By calculating the modulation transfer function (MTF) from the PSF, a metric can be evaluated that correlates well with functional visual quality and provides information about angle-dependent retinal image quality [24].




2.2. Setup


Figure 1 represents the path of light in the PSFRx system. Following the path of the light, the system begins at the laser source, a 532 nm laser diode with an output of 0.9 mW. An adjustable aperture is used to create a circular beam shape with a diameter of 2 mm. Behind the aperture, a beamsplitter with a transmission rate of 90% redirects the beam toward the eye. From the beamsplitter, the light is sent to a mirror, which is coupled to a vibration motor (Shenzhen Xinhailong CO., LTD., Shenzhen, China). That way, speckle can be reduced effectively [25], without the need for more expensive components such as variable focus lenses [26]. The Optotune EL-3 (Optotune Switzerland AG, Dietikon, Switzerland) [27] as a focus-adjustable element is located right in front of the eye. After the incoming beam is scattered back at the retina of the examined eye, it passes the Optotune lens, the vibrating mirror and the beamsplitter again. Finally, the beam is focused onto a camera sensor with a 100 mm lens. Both the focus-adjustable lens and the camera are connected to the same computer to be controlled simultaneously. The camera model DMK 27AUP031 from The Imaging Source (The Imaging Source Europe GmbH, Bremen, Germany) is used with a resolution of 1920 × 1080 pixels. It is equipped with a CMOS sensor with a pixel size of 2.2  μ m × 2.2  μ m. For validation, objective calibrator eye models with different values of spherical and astigmatic defocus (National institute of Metrology, Beijing, China) were used. These eye models are built especially for the calibration of refractometers and meet the requirements of the European Standard for eye refractometers (ISO 10342:2010 Ophthalmic instruments—Eye refractometers) [28]. Therefore, they offer very high precision in optical power. Due to the optical quality and the possibility of steady fixation in the system, they are ideal tools for the evaluation of this setup.




2.3. Software


For fast and repeatable measurements, a code was created in C# (Microsoft Corporation, Redmond, WA, USA) using the provided source code from Optotune for the lens and source code from The Imaging-Source for the camera. The exposure time of the camera and the timeout between changing the current of the lens and taking an image are determined in the code, while the interface allows the user to set custom values for the starting current, step size and end current of the lens, as well as the direction and number of repetitions of the measurement.



To gain information not only about spherical defocus, but also about the astigmatic power as well as the orientation of the two principal meridians, it is necessary to analyze the intensity of the captured PSFs for different angles individually. The analysis of the captured images is performed with MatLab (Version R2019b, The MathWorks, Inc., Natick, MA, USA). As a first step, all images taken in the measurement are imported. For better accuracy, the images from ten repetitions can be imported to calculate their average for further processing. After that, all images are cropped from 1920 × 1080 pixels to 1080 × 1080 pixels and are padded with a black frame of 1080 pixels on all sides. From these images, the Modulation Transfer function is calculated. The MatLab function fft2 is used to calculate the discrete two-dimensional Fourier transform of the PSF image. The results are transformed into absolute values before normalizing the resulting matrix. In each resulting MTF image, the pixel values of the horizontal center line of pixels are summed up. This value is saved, and the image is rotated by one degree counterclockwise before the center line of pixels is added up again. This is repeated until reaching a total rotation of 180°. From all pixel values, a matrix is created with the dimensions of the number of images × 180. The values at 90° are replaced by the average of the values at 89° and 91°, and the values at 180° are replaced by the average of the values at 179° and 1° to avoid Artifacts resulting from the Fourier-transform at these angles. As the function fftshift rearranges the fourier transform shifting the zero-frequency component to the center of the array, artifacts occur at 90° and 180° where the former edges of the MTF image meet. The matrix is then expanded, using the same pixel values again for angles between 180° and 360°. This way, angles around 0°/180° can be determined more accurately. Finally, a Gaussian filter is applied to smooth the matrix.



To find the location of the maximum values, the variance of the gradient of the matrix is calculated. The location of the highest variance resembles the location of the peaks. After finding the location of the total maximum in the matrix, a second peak is located in the area between 80° and 100° shifted from the first one to consider the second principal meridian for an astigmatic defocus. As the focus-adjustable lens can only be controlled by adjusting the current, at the final stage of the process, the current at the location of peaks needs to be converted into values of optical power. Spherical defocus of the focus-adjustable lens is calculated for the image numbers of the peaks in order to print out defocus and angles as a result. Last, the peak with the higher value of defocus is interpreted as the value of spherical defocus. The difference in optical power between both meridians is interpreted as the value of astigmatic defocus and the angle of the peak with lower value is interpreted as the principal meridian of astigmatism, as shown in Figure 2.





3. Results


The system was validated following the European Standard for eye refractometers (ISO 10342:2010 Ophthalmic instruments—Eye refractometers) [28]. To fulfill the standards requirements of covering a range of ± 15 D spherical defocus and   − 3   D of cylinder, measurements were performed with a set of calibrator eye models (National institute of Metrology, China) with spherical defocus values of 0D, ± 2.5D,   ± 5   D,   ± 10   D and   ± 15   D, as well as   − 3   D of astigmatic defocus at 0° and 90°. A mount for the eye models is fixed in the system 15 mm behind the Optotune lens. That way, the models can be changed quickly without the need for individual position adjustments after the initial calibration. The models are automatically centered correctly and keep exactly the same distance to the focus adjustable lens.



For each eye model, the current at the adjustable lens when compensating for the introduced defocus is checked roughly with the live image of the camera sensor. That way, the required measurement range is decreased significantly, thus speeding up both the measurement process and the analysis. The results represented in Table 1 were achieved by averaging 10 consecutive measurements of each eye model; Figure 3 shows the distribution of all measurements for eye models with spherical defocus.



For all measurements, a settling time of 50 ms is set between changing the current at the lens and taking a picture with the camera. The power of the lens is adjusted in increments of 0.5 mA, which translates to approximately 0.1 D. One single measurement run across a range of 5 D takes 5 s that way.




4. Discussion


In the European Standard for eye refractometers (ISO 10342:2010 Ophthalmic instruments—Eye refractometers) [28], the maximum limit of deviation from the nominal defocus of the eye model is given as 0.25 D for all values of defocus except   ± 15   D, which allows for a deviation of 0.5 D. These regulations are met in all cases besides the measurement of the 2.5 D eye model, which is marked red in Table 1. The standard deviations between the 10 single runs of each measurement lie between 0 D and 0.083 D with a single outlier at 0.16 D standard deviations. As the deviations from the nominal lens values are both positive and negative, there seems to be no systematic error in the system and the tolerances in the measurement results appear to be associated with inaccuracies in the setup alignment. Furthermore, the current applied to the Optotune lens seems to result in slightly different values of focal power, depending on the current that was applied before and the range that is covered within a measurement run. Recent research on the characterization of Optotune’s electrically focus-tunable lenses supports this observation by confirming hysteresis in three different lens models [29,30]. When treating the measurement of 0 D as an outlier, Figure 3 shows an obvious trend for the lens measurements to increase toward higher absolute values of defocus compared to the nominal values of the model eyes. As the initial lens calibration was performed across the whole measurement range, deviations appear both negative in the center region as well as positive in the distal regions of the plot. Considering the construction of the lens, it is likely that the optical power is more accurate for lower values of defocus, while there may be nonlinear factors such as the elasticity of the flexible membrane of the lens resulting in a higher divergence of optical power toward higher values of defocus.



As the measurements in this study were performed under ideal conditions with high quality eye models, a decrease in accuracy and repeatability of the PSFRx can be expected when working with human subjects. Accommodation as well as eye movements and blinking of the subjects are factors that need to be taken into account. Additionally, the fixation of the subject’s head will be more difficult than fixating a model eye in front of the system. While the problem of blinking can be settled by taking multiple measurements and eliminating the faulty runs, other challenges can be more difficult to control. Steady positioning and correct centering of the measured eyes as well as an efficient accommodation control will be crucial requirements to achieve good results. Still, a mismatch between the results of bench based and real life qualifications can be expected. Another point to consider is the increased challenge to evaluate measurement accuracy in a clinical setup. Without model eyes with a precisely defined value of defocus, a statement about the quality of a system for objective measurements of refraction can only be made by comparing measurement results to those of other devices or to subjective refraction. Variations can be observed when investigating inter-device agreement between different devices or methods of refraction, especially in regard to the limits of agreement between different devices of the same technology or when comparing devices of different technology [31,32,33]. Therefore, the results presented in this study need to be complemented by further investigations about the performance in the field to be able to make a comprehensive statement about the real life quality of PSFRx refraction.




5. Conclusions


With the system described, the concept of PSF-based refraction was successfully executed. Key elements are the focus-adjustable lens, as well as the vibration motor, for speckle reduction. In comparison to current state-of-the-art systems, this novel concept promises a very compact and low-cost solution. For the prototype, only commercial off-the-shelf components are used with a total cost of less than 1000$. In addition, there is virtually no limit for the defocus that can be measured, as the focus-adjustable lens can be paired with an additional fixed focal lens to shift the range into any desired direction. Finally, unlike devices using a Hartmann–Shack sensor, the measurement accuracy does not depend on the measurement range, and it also does not decrease significantly for higher values of defocus. Current limitations of accuracy are only technical and can be overcome by applying precision-built components and refining alignment. On top, the setup can be easily upgraded for subjective measurements of refraction.



To be able to perform measurements on human subjects, some changes need to be made in the system. Foremost, the laser source needs to be changed from   532   nm   to an infrared source. This will reduce the energy that is put into the eye and, at the same time, avoid accommodation to the defocus of the laser beam. To deal with the problem of accommodation more effectively, a fixation target should be included. The system is already prepared to be extended in that regard, as the vibrating mirror can be replaced by a short-pass mirror. This allows for the placement of a fixation target behind it, while reflecting the infrared laser beam toward the eye and the camera, respectively.



To better comprehend the accuracy of the focus-adjustable lens toward higher values of defocus, a separate set of measurements would be beneficial, collecting more data points with smaller intervals in optical power.
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Figure 1. Setup schematic. 
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Figure 2. Example for the intensity matrix of an astigmatic lens. 
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Figure 3. Results of all spherical defocus measurements. 
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Table 1. Measurement results with test eyes.






Table 1. Measurement results with test eyes.





	
Nominal [D]

	
Measured Average [D]

	
Deviation [D]






	
Sph

	
Cyl

	
Angle [deg]

	
Sph

	
Cyl

	
Angle [deg]

	
Sph

	
Cyl




	
−15

	

	

	
−15.304

	
−0.115

	

	
0.304

	
0.115




	
−10

	

	

	
−9.968

	
−0.048

	

	
−0.032

	
0.048




	
−5

	

	

	
−4.862

	
0.000

	

	
−0.138

	
0.000




	
−2.5

	

	

	
−2.313

	
−0.067

	

	
−0.187

	
0.067




	
0

	

	

	
−0.237

	
−0.038

	

	
0.237

	
0.038




	
2.5

	

	

	
2.774

	
0.000

	

	
−0.274

	
0.000




	
5

	

	

	
5.199

	
−0.038

	

	
−0.199

	
0.038




	
10

	

	

	
9.933

	
−0.038

	

	
0.067

	
0.038




	
15

	

	

	
14.639

	
−0.067

	

	
0.361

	
0.067




	

	
−3

	
0

	
−0.070

	
−3.217

	
0.100

	
0.070

	
0.217




	

	
−3

	
90

	
−0.032

	
−3.207

	
91.000

	
0.032

	
0.207
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