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Abstract: Photorefraction is seven-decade old technology that allows objective and 
non-invasive estimation of the eye’s refractive error using retro-illuminated 
photographs of the pupil. A special variant of this technique—eccentric infrared 
photorefraction—has now become the technology of choice for the screening of 
uncorrected refractive errors and other amblyogenic factors in the pediatric 
population. Eccentric infrared photorefraction is also the preferred measurement tool 
for scientific investigations on the physiology and pathobiology of the near-triadic 
reflex (accommodation, convergence and pupil miosis). Broadly, this technique uses 
an extended near-infrared light source that is mounted eccentric to the camera aperture 
to illuminate the retina. The optically double-pass reflected light generates a retro-
illuminated luminance profile across the pupil, the gradient of which may be used to 
estimate the eye’s refractive power using standard calibration techniques. The present 
review summarizes the origins of photorefraction and then delves into the optical 
principles of eccentric infrared photorefraction, its properties, calibration techniques 
and associated pitfalls. The review also discusses the present and future use-cases of 
this technology. Overall, this review provides the basics of photorefraction for early 
readers of this topic and offers some practical guidelines for the moderate to advanced 
users of this technique.  

 Keywords: amblyopia; defocus; pediatric eye screening; keratoconus; retro-
illumination; uncorrected refractive errors 

1. Introduction 

Photorefraction refers to a family of techniques that are used to estimate refractive errors using retro-
illuminated photographs of the eye [1]. The origins of this technique may be traced back to an internal report for 
the MIT Research Laboratory of Electronics by Howland & Howland in 1962 [1]. Their apparatus consisted of 
four cylindrical lens segments placed in front of a camera and arranged in such a way that the illuminated image 
of the fundus reflex appeared as a cross in the pupil plane. The dimensions of this cross was an indicator of the 
eye’s refractive error. With the advent of fiber optics, the original apparatus was miniaturized in size and 
complexity, leading to the development of a technique called orthogonal photorefraction [2]. This was closely 
followed by a variant—isotropic photorefraction—in which the eye’s refractive error was obtained by comparing 
the size and shape of the fundus reflex that appear in the pupil in two images, one focused before and another after 
the pupil’s plane [2]. These two are modalities of on-axis photorefraction because the camera and the light source 
are coaxial with the optical axis of the eye. 

Independently, Kaakinen [3,4] invented and subsequently Bobier [5], Norcia [6], Schaeffel [7] and colleagues 
described the technique of eccentric photorefraction, wherein the light source was positioned outside the optical 
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axis of the eye. This technique greatly simplified the optical setup because now the light source can be the flash 
device used in photography to capture photographs under dim conditions, positioned at a desired distance away 
from the camera center. This technique also resembles the oft-used retro-illumination method of examining the 
eye in a slit-lamp biomicroscope wherein the light source is purposefully moved eccentrically, relative to the 
optical axis of the instrument [8]. The visible light source in this technique was eventually replaced with near-
infrared light sources that avoided pupillary miosis and offered increased comfort for the participant undergoing 
the measurements [7,9]. The refractive state of the eye is codified differently in eccentric photorefraction compared 
to its on-axis equivalent. The fundus reflex formed across the pupil in eccentric photorefraction resembles the shape 
of a crescent moon in its waxing gibbous phase. The shape of this photorefraction crescent may be calibrated such 
that the eye’s refractive error or its changes with viewing condition could be directly read off in diopters [7,9]. Since 
then, several theoretical and practical aspects of the eccentric photorefraction technique including its dead-zone 
and saturation limits, impact of the eye’s wavefront aberrations and factors that influence the calibration profile 
have been discussed in detail in the literature [10–13]. The purpose of this review is to summarize the literature on 
the basic optical principles of photorefraction, its calibration properties and the present utility and prospects.  

Today, eccentric infrared photorefraction has become the technique of choice for the screening of refractive 
errors and other amblyogenic factors (e.g., strabismus) in the pediatric population [14–16]. Photorefraction has also 
become the technique of choice for vision scientists studying the accommodative and near-triadic (accommodation, 
binocular convergence and pupil miosis) behavior in typically and atypically developing children [7,17–20], and for 
animal biologists interested in accommodation and refractive error development [21–27]. At least four different 
variants of the photorefraction device are now commercially available for human use (e.g., A12C and A12R, 
Plusoptix GmbH, Nuremberg, Germany; Spot Vision Screener, Welch Allyn, Chicago, USA; GoCheck Kids, 
Nashville, USA; iScreen Vision, Cordova, USA) and for use in small animals such as mice and chickens (e.g., 
photorefractor from StriaTech, Tübingen, Germany). The aforesaid status enjoyed by photorefraction arises from 
the following advantages this technique has to offer over retinoscopy and other autorefraction techniques: 
(1) The eye’s refractive power may be estimated in photorefraction from a remote working distance (typically, 

1m in humans), a feature that is valuable when evaluating uncooperative children. Measurements in other 
autorefractor designs are also obtained non-invasively like photorefraction, albeit, from a much closer 
distance to the eye. 

(2) The photorefractor is typically hand-held and portable, enabling its use in mass eye screening endeavors. 
Other autorefractor designs are typically table-top mounted and not easily portable. 

(3) The refractive error output of photorefraction is typically immune to small misalignments between the camera 
and the eye. This too is an advantage when dealing with children and animals, both of whom cannot be 
instructed to fixate onto a specific target. 

(4) That the photorefractor (and other autorefractor designs too) operates using near-infrared light source 
(typically, using LEDs with 850 nm of peak spectral emittance), allows measurements to be made with 
maximal biological pupil dilation. This is significantly advantageous over retinoscopy that uses visible light, 
producing significant pupillary miosis and discomfort to the observer. 

(5) Unlike other autorefractor designs, simultaneous bilateral refraction is possible in photorefraction, enhancing 
efficiency of refraction measurements during eye examinations.  

(6) In addition to the eye’s refractive power, synchronous estimation of gaze position and pupil size is possible 
in photorefraction. This is of tremendous value whilst studying the near triad synchronously, in all its 
complexity.  

(7) The retro-illumination reflex that forms the basis for the photorefraction technique may also identify other 
ophthalmic pathologies such as media opacities (e.g., cataract [28]) or optical defects arising from 
corneal/lenticular distortions (e.g., keratoconus [29,30]). 

2. Basic Principles 

2.1. Description of the Photorefraction Crescent for a Point-Like Light Source 

In eccentric photorefraction, the fundus reflex imaged at the eye’s pupil plane occupies only a part of the 
pupil, resulting in a luminance crescent across the pupil (Figure 1A). In the first pass, when a point source of light 
enters the eye, it forms an image on the retina, the distribution of which is dependent on diffraction effect from the 
pupil edges and wavefront aberrations from the aspherical refractive surfaces [31]. Consequently, a variable-sized 
spot of light is observed on the retina. In the second pass, assuming that the retina is a Lambertian reflector [32], 
each illuminated point emits light in all directions toward the pupil. Of these, the light rays passing through the 
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pupil and the camera aperture contribute to the crescent formation. The crescent properties can be estimated by 
determining, for each location in the pupil, which rays both intersect the pupil at that location and cross the camera 
aperture. To this end, Howland’s analysis [33] can be applied and rely on the fact that if a ray crosses the aperture 
at some point, the same ray will cross the image of the aperture formed by the eye’s optics at the conjugate point. 
Figure 1B offers a schema of this configuration for a myopic eye, in which the image of the camera aperture is on 
a plane anterior to the retina. The rays intersecting the pupil at any given point are those encapsulated within a 
cone, with its vertex at that point and a width determined by the size of the aperture’s image. The intersection of 
this cone with the retina dictates the extent of the emitting locations on the retina, contributing to the brightness of 
the corresponding point in the pupil. Figure 1B shows three such points that are useful to assess the vertical 
intensity profile of the crescent across the pupil. Point A does not collect any light as there are no emitting points 
on the retina within the corresponding cone. However, point A in Figure 1B establishes the beginning of the 
crescent for the base of the cone and the spot on the retina are tangential, signifying that any point below point A 
will begin to exhibit some luminosity. The base of the cone corresponding to point B in Figure 1B partially overlaps 
the retinal spot, with the extent of this overlap increasing as we descend within the pupil. The spatial region 
characterized by partial overlap results in a progressively rising intensity profile for the crescent. At a certain point 
on the pupil, the base of its corresponding cone and the retinal spot fully overlap (see point C in Figure 1B), 
resulting in the attainment of the highest intensity within the crescent. 

 

Figure 1. Panel (A) Example of the characteristic fundus crescent found in eccentric photorefraction with the use 
of a single point-like light source. Panel (B) Illustration of the photorefraction crescent formation in a myopic eye. 
The light source (not shown) is on the optical axis and produces a spot (red circle) of light on the retina in the first 
pass. Reflection of light from the retinal spot radiates in all directions but only those passing through both the pupil 
and the camera aperture (or its image formed by the eye) contribute to the brightness in the pupil. These points lie 
within the intersection between the retinal spot and the cone formed by the point in the pupil and the image of the 
aperture. Points A, B, and C serve as an example of the different scenarios that can occur in the crescent profile 
(shown on the right side): null (A), increasing (B), and constant intensity (C). Panel (C) Relationship between 
relative defocus and the spherical error in photorefraction. Two images illustrating examples of crescents produced 
by opposite relative defocus are displayed in the upper part of the figure. If the light source were above the camera 
aperture, the two images would be exchanged. 

The appearance of the crescent depends on the refractive state of the eye relative to the working distance (𝐴) 
between the light source and the eye (Figure 1C), because both parameters determine the size of the retinal spot. 
Therefore, the crescent formation is better described in terms of the defocus of the eye (reciprocal of the distance 
to the far point) relative to the defocus induced by the proximity of the light source (1/𝐴) [34]. This relative 
defocus (𝐷) can be mathematically expressed in terms of the spherical refractive error 𝑆 of the eye (𝑆 < 0 for 
myopes; 𝑆 > 0 for hyperopes) as follows: 
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𝐷 = −൬𝑆 + 1𝐴൰ (1)

Note that in Equation (1), for a myopic eye with 𝑆 = −1/𝐴, 𝐷 = 0. Note also that 𝐷 refers to a defocus, 
while 𝑆  refers to a correction, as indicated by the negative sign in the equation. Figure 1C illustrates the 
relationship between the relative defocus and the spherical error. All hyperopic eyes have 𝐷 < −1/𝐴, while all 
myopic eyes have 𝐷 > −1/𝐴. The value 𝐷 = 0 represents a turning point for the orientation of the crescent 
within the pupil. The upper part of Figure 1C shows examples of crescents for positive and negative relative 
defocus, illustrating the different orientations. 

2.1. Description of the Luminance Slope Formation for an Extended Light Source 

The crescent formation for an extended light source can be conceptually understood using a similar approach 
to that used for point-like sources (Figure 2). An extended light source can be thought of as a combination of 
multiple point-like sources. In the first pass, each of the point-like sources creates overlapping retinal spots. Their 
combined effect produces an intensity distribution with a central area of constant intensity that fades smoothly to 
zero at the edges, as illustrated in Figure 2A. Recall that, for a point-like source, the retinal spot declines abruptly 
to zero at the edge. Now, in the second pass (Figure 2B), the larger retinal spot causes the beginning of the crescent 
to shift, resulting in a wider crescent. Simultaneously, the gradually declining intensity within the retinal spot 
increases the area of points in the pupil that collect increasing amounts of light from the retina. The resulting 
intensity distribution in the pupil takes the form of an extended intensity gradient. Schaeffel et al. [7] used rows of 
LEDs arranged at different eccentricities that simultaneously illuminated the eye to perform real-time measurement 
of accommodation in humans. This arrangement is equivalent to an extended light source and has been adopted in all 
the commercial designs of photorefractors noted in Section 1. Schaeffel et al. [7] found an almost linear intensity 
gradient in the crescent, with its slope showing a clear dependency with the eye’s refractive state.  

 

Figure 2. Photorefraction crescent formation in a myopic eye for an extended light source, which can be modeled 
as multiple point-like sources. Panel (A) In the first pass, each individual light source creates a retinal spot. The 
combined effect of all these sources is a larger retinal spot with an intensity distribution that gradually increases 
towards the center. Panel (B) In the second pass, the enlarged retinal spot shifts the beginning of the crescent (point 
A) resulting in a wider crescent. Additionally, the gradually declining intensity distribution within the spot increases 
the area of the pupil that collects light with varying intensity, as exemplified by point B. 

3. Obtaining Refraction Estimates from the Luminance Gradient of the Crescent 

Early studies using eccentric photorefraction used a point-like light source and relied on the extent of the 
crescent as the parameter to retrieve the refractive state of the eye [3,5,6,33]. This was a preferred parameter 
because measuring the extent of the crescent is simple, and there are available equations relating this parameter 
with the spherical error of the eye. However, such a calculation is limited in that the precise detection of the 
crescent edge can be erroneous owing to the pupil appearing illuminated overall from the light scattered in the eye. 
Additionally, the presence of higher-order aberrations in the eye also affects the photorefraction intensity 
distribution, obscuring a precise calculation of the crescent location [11–13]. Finally, the relationship between the 
extent of the crescent and the corresponding spherical refractive error is not linear—the crescent grows quickly 
for small values of the refractive error and asymptotes for larger values. These issues prevented the technique 
based on a single point-like light source from being automated [7]. 

Based on the work by Schaeffel et al. [7], this challenge is overcome in present-day photorefractors by using an 
extended light source and considering the readily estimable luminance gradient formed across the pupil (Figure 3A–E). 
This luminance gradient remains largely linear in eyes with regular refractive error and, its slope, obtained using 
standard least-square linear regression analysis over the central 80% of the pupil area, tends to be directly 
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proportional to the magnitude of refractive error (Figures 3F–O) [7,10,30,35]. As illustrated earlier, the polarity of 
this luminance gradient is dependent on the relative locations of the camera and the light source—for a schema 
where the camera is placed above the light source, the luminance gradient for hyperopia eyes progressively 
increases from the bottom to the top of the pupil (Figure 3A,F,K) while the luminance gradient for myopia eyes 
shows the opposite trend (Figure 3C–E,H–J,M–O). Emmetropic eyes do not show any such gradient, and the eye 
is uniformly illuminated from the scattered light reflected from the retina (Figure 3B,G,L). Identical analyses can 
be applied to an eye accommodating to a near target, wherein the increased myopic luminance profile may indicate 
the magnitude of the accommodative response [7,19,36]. The linearity of these profiles across the pupil in eyes 
with refractive errors are evident in the 3D and 2D plots shown in Figure 3F–J,K–O, respectively. 

 

Figure 3. Eccentric infrared photorefraction profiles obtained in representative eyes with high hyperopia, 
emmetropia, and low to high myopia. Panels (A–E) represent the actual photorefraction profile from these eyes. 
Panels (F–J) show 3D surf plots of the luminance profile distribution across the pupils. Panels (K–O) show the 
same luminance gradient plots, this time collapsed across the horizontal extent of the pupil, making it amenable to 
2D linear regression fitting. The bright spot in each photorefraction profile is the 1st Purkinje image and this is 
routinely used to determine the gaze position of the eye, using standard Hirschberg ratio calculations [37,38]. In all 
these images, the camera was placed above a 4 × 6 rectangular array of infrared LED light sources. Images were 
captured from a viewing distance of 1 m. Figure adopted from Patel et al. (2022) [30]. 

3.1. Absolute and Relative Calibration of the Slope-Based Photorefraction Profile 

The photorefraction technique is used (1) to accurately estimate the absolute value of the eye’s sphero-
cylindrical refractive error and (2) to accurately estimate the change in refraction values from one viewing state to 
another. The former has value in eye screening endeavors or cohort-level studies that measure the absolute value 
of a refractive error [14,16,39,40] or accommodative lag [41–43] while the latter is useful in cross-sectional studies 
that measure the gain of accommodation [7,19,36,44] or in studies that measure longitudinal changes in the eye’s 
refractive error state [21,23–27]. That these purposes are met is critically dependent on the calibration of the 
photorefraction luminance profile into units of diopters. Two different techniques have been described in the 
literature towards this end—an absolute calibration technique meant for the former purpose and a relative 
calibration technique meant for the latter purpose. The readers are referred to papers by Blade and Candy [45], 
Schaeffel et al. [7] and Bharadwaj et al. [10] for a detailed description of these techniques. Briefly, the absolute 
calibration technique involves comparing the refractive output of the photorefractor to a standard technique like 
retinoscopy [45]. Relative calibration involves precise estimation of the rate of change of the luminance gradient 
per unit change in the eye’s dioptric power [7,10,45]. Absolute calibration is technically more challenging and 
cumbersome to conduct, compared to relative calibration. Therefore, the relative calibration technique and its 
dependencies have been explored in greater detail in the literature (See Section 3.2 for details). Most studies in 
literature that use commercial photorefractors perform the relative calibration procedure to gain certainty about 
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the change in refractive power estimates in their measurements. These studies either assume that their device is 
either accurate for absolute measures of refractive error or they refrain from making any claims about the absolute 
refractive error state of the eye. 

Relative calibration of photorefraction may be readily achieved using straightforward empirical protocols. 
While different variants of this protocol are available in the literature [10,20,45–47], all of these, in principle, 
involve inducing known values of myopia and hyperopic refractive errors before the eye and obtaining a luminance 
gradient for each of these errors (Figure 4A). The luminance gradient (in units of grayscale luminance/pixel) 
difference between the two eyes is then calculated for each lens power and the resultant anisometropia is regressed 
against the induced refractive error values (in diopters) to obtain the calibration function (Figure 4B). The slope 
of this function is the calibration factor, which is used to scale the raw data for accurate estimates of refractive 
power changes.  

 

Figure 4. Panel (A) Representative images of a participant on whom the relative calibration of the photorefraction 
luminance gradient is performed. The top image shows the right eye occluded using an infrared transmitting filter 
while the fellow eye is open and fixated on a target. The bottom image shows the same set up but with a negative 
lens before the occluded eye. The photorefraction luminance gradient corresponding to the induced hyperopia is 
apparent in the bottom image, even while the profile of the fellow eye remains unchanged. Panel (B) A 
representative photorefraction calibration function obtained by placing trial lenses before the infrared filter 
occluded eye. The resultant anisometropia in the luminance profile slopes was regressed against the trial lens power 
over the linear portion of the data (note the saturation of luminance profiles beyond ±7D) to obtain the calibration 
factor. Data from two calibration sessions on the same participant are shown here to demonstrate measurement 
repeatability. Panel (B) is adapted with permission from Bharadwaj et al. [10] © Optica Publishing Group. Panel 
(C) A representative photorefraction calibration profile obtained from a commercial photorefractor that reads-out 
the data in units of diopters. The protocol for deriving this calibration profile is identical to panel (B), but with both 
the abscissa and ordinate variables represented in diopters. Panel (D) Box and Whisker plot showing the distribution 
of defocus calibration factors in different ethnic groups tested by Sravani et al. [35]. The solid red line shows the 
median defocus calibration factor of that ethnic group, and the box boundaries and error bars show the data variance. 
The dashed black line indicates a unity defocus calibration factor (i.e., when the output anisometropia equals the 
input lens power in panel (A) of this figure). Panels (C,D) are adapted with permission from Sravani et al. [35] © 
Nature Publishing Group.  
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Estimations of astigmatism are also performed by utilizing the slope in the intensity profile. This slope only 
provides information about the refractive error along the meridian defined by the line connecting the light source 
and the center of the camera aperture. This method is sufficient to obtain a measurement for an eye with only a 
rotationally symmetrical refractive error such as defocus. However, for an eye with astigmatism, it’s necessary to 
use rows of LEDs oriented at multiple meridians, as described by Gekeler et al. (1997) [48]. The values obtained 
from these measurements are then combined to produce a full refraction, comprising sphere, cylinder, and axis. 

3.2. Determinants of the Relative Calibration Function of Eccentric Infrared Photorefraction 

In practice, the relative calibration factor may be influenced by several parameters, some of which are easily 
controllable while others are not. In general, this photorefraction calibration factor does not vary significantly with 
age, uncorrected refractive error or viewing distance [13,46]. The ensuing section describes the parameters that 
may influence the calibration factor. 

3.2.1. Ocular Accommodation 

Placing a trial lens before the eye for epochs that exceed the latency period of the accommodative step 
response (~300–500 ms in human adults and infants [49,50]), invariably runs the risk of stimulating the eye’s 
accommodation during the calibration process. This is undesirable, for the photorefraction gradients may no longer 
represent the impact of only the induced trial lens but some combination of the induced lens power plus the resultant 
change in accommodation. This is avoided in the calibration protocol by typically occluding the eye that is to be 
calibrated using an infrared transmitting filter that eliminates form vision (thus negating blur-driven accommodation) 
even while the photorefractor continues recording the refraction values through the lens (Figure 4A). The fellow eye 
remains open and this helps with stable fixation at a distant object. However, the infrared light emitting diodes of 
the photorefractor remain visible through the infrared transmitting filter and an assumption is made that this target 
does not trigger blur-feedback to impact the resultant calibration function. As a second check on accommodation, 
the photorefraction luminance gradients of both eyes—the infrared filter occluded eye with the trial lens and the 
fixating eye—are recorded simultaneously and the resultant interocular difference in the luminance gradients 
(“measured anisometropia” in Figure 4B) is plotted against the induced trial lens for obtaining the calibration 
function. This protocol assumes that the accommodative responses in the two eyes are consensual [51] and the net 
anisometropia obtained for a given trial lens will remain unimpacted even if the accommodation varies through 
the calibration protocol. As such, the calibration measures obtained using this technique are quite repeatable 
(Figure 4B), but the readers are referred to Bharadwaj et al. [10] for a detailed treatment on the inter- and intra-
subject variability of the calibration function. While this protocol may offer immunity to the calibration estimates 
against accommodative changes, the protocol may not be straightforward to implement in children who are 
resistant to occlusion or in those with strabismus, wherein the eye might deviate under occlusion [47], or in those 
with only one functional eye [52] or in the rare instances where the accommodative responses are indeed bilaterally 
dissimilar (notwithstanding confounding factors such as artefacts from peripheral refraction, eye movements and 
oblique astigmatism arising from the experimental set up) [20]. Under such circumstances, the trial lenses may be 
introduced before the eye for much shorter epochs and the change in the eye’s refractive power before initiation 
of the accommodative response may be considered for calibration. 

Commercial photorefractors often have the calibration factor built into their algorithm, enabling the devices 
to directly report the refractive error estimates in diopters. The calibration factor may be derived during device 
development by employing a protocol such as the one described above and incorporating the population-average 
value into the algorithm. As will be seen in the section below, there are reasons to believe that this population-
average calibration factor may not be accurate at all times—an individual calibration is thus recommended to 
verify the output of the refractive error estimates obtained from the photorefractor. Under such circumstances, the 
same calibration protocol described above may be repeated, except that the calibration function will plot the 
observed anisometropia against the induced anisometropia, with both anisometropia values represented in dioptric 
units (Figure 4C). The slope of this function—a unitless entity—can be used as a scaling factor to adjust the raw 
data obtained from the photorefraction device [35]. 

3.2.2. Ethnicity 

Bharadwaj and colleagues reported ethnicity-dependent variability in the calibration factor [10,35]. The 
calibration factors were higher for those with Indian and African descent, relative to those with European 
Caucasian descent (Figure 4D). The calibration factors of East Asian eyes were somewhere in between that of the 
other two cohorts (Figure 4D). While the exact reason for this difference remains unknown, obvious factors like 
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eye color and pupil size were ruled out as contributors to this variability in their study [35]. This ethnicity-
dependent difference in the calibration factor does induce a significant magnitude of error in the refractive error 
estimates obtained using photorefraction. For instance, in the Sravani et al. study, the errors were as high as 51% 
over-estimation of the refractive error in Indian eyes when the built-in calibration factor was used for estimation 
(presumably obtained from Caucasian eyes, based on the device’s origin in Nuremberg, Germany) [35]. A more 
recent study by Pophal et al. [53] found the sensitivity/specificity of a commercial photorefractor in detecting 
uncorrected refractive errors in a pediatric population to vary based on skin pigmentation. Based on these results, 
the authors of this study asserted the need for considering ethnic and racial diversity in future advances of the 
photorefractor technology. This suggestion could simply be incorporated by having ethnicity-dependent calibration 
factors built into the software of these commercial photorefractors and choosing the appropriate calibration factor 
from a drop-down list of the device’s software interface prior to data collection. A second undesired consequence of 
this ethnic variability is the saturation of the photorefraction profiles at earlier dioptric values in eyes with higher 
calibration factors, compared to those with lower calibration factors. Unfortunately, this issue effectively narrows the 
operating range of the photorefractor in the former cohorts, relative to the latter [10,35]. 

3.2.3. Pupil Size and Fundus Reflectance 

A third factor that influences the photorefraction calibration values is the overall brightness of luminance 
profile, as determined by the eye’s fundus reflectivity and pupil size. Eyes with lower fundus reflectivity and 
smaller pupil sizes result in duller photorefraction profiles, relative to those at the other end of the spectrum. The 
luminance slope for the former category may be shallower than those of latter, leading to erroneous estimates of 
refractive error (Figure 5, for pupil size dependency) [13]. This is typically corrected by performing a grayscale 
luminance gain correction on the photorefraction images, prior to the slope calculation. Fortunately, commercial 
photorefractors have this gain correction built-into their software and the average user of these devices need not 
be concerned much about this issue. Investigators who embark on building their own photorefractor should, 
however, consider this as a critical step in their software development process. Expectedly, there is a limit to which 
the gain correction process can fix the overall brightness of the photorefraction reflex. Images obtained over very 
small (<2.5–3 mm) or very large (>7.5 mm) pupil diameters may not be fixable with this process—the reflex may 
be too dark in the former category for meaningful estimation of the luminance slope while the reflex may be 
saturated in the latter category to perform the same operation [13]. Commercial photorefractors therefore tend to 
impose a pupil size range limitation on their device functionality—pupil diameters between 3 and 7 mm, typically, 
fall within the operating range of most commercial photorefractors. As a practical tip, saturation of the 
photorefraction profile owing to large pupil diameters may be overcome by turning the room lights on to produce 
pupillary miosis or reducing the camera aperture (for custom-designed photorefractors) or reducing the camera’s 
gain in the device software (for commercial and custom-designed photorefractors). 

A brighter than usual photorefraction reflex may be observed when the infrared camera capturing this reflex 
becomes on-axis with the eye’s optic nerve, more so when the pupils are dilated than undilated. This is evident in 
Figure 6, wherein the photorefraction reflexes are uniformly bright in both eyes during primary gaze when the 
camera is largely on-axis to the two eyes (Figure 5A). Yet, when the eyes move to ~15° of levoversion or 
dextroversion position, the optic nerve of the right and left eye become on-axis with the camera, respectively, 
leading to bright photorefraction reflexes in these eyes (Figure 5B,C). When gain is corrected, the bright 
photorefraction reflex shows a myopic luminance distribution across the pupil, as seen in Figure 5D. This issue 
may need to be factored in while using the eccentric infrared photorefraction technique for estimating the 
peripheral refraction of the eye (Figure 5D) [54,55]. Interestingly, similar observations are reported in off-axis 
visible light photography, wherein reflections from the optic nerve manifest as unilateral leukocoria in otherwise 
healthy eyes, often confusing with ophthalmic pathologies like retinoblastoma [56,57]. 
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Figure 5. Bilateral eccentric infrared photorefraction profiles obtained from primary position of gaze (panel A) and 
from ~15° of levoversion (panel B) and dextroversion (panel C). The photorefraction reflex increases in brightness 
in the eye whose optic nerve becomes on-axis with the camera. Panel D) Mean (±1SD) (red trace) and individual 
(gray traces) normalized photorefraction values obtained across the vertical meridian of the pupil plotted as a 
function of gaze eccentricity for five individuals. The photorefraction reflex shifts towards a myopic value at ~15° 
of nasal gaze position, wherein the optic nerve becomes on-axis with the photorefractor. 

3.2.4. Higher-Order Wavefront Aberrations  

The impact of higher-order wavefront aberrations on the photorefraction luminance profile has been reported 
in detail by Roorda and colleagues [11,12] and, more recently, by Wu et al. [13]. In general, their influence ranges 
from simply shifting the entire calibration along the dioptric axis (for radially symmetric Zernike polynomials like 
spherical aberration) to altering the linearity of the luminance profile formed across the pupil (for radially 
asymmetric Zernike polynomials like coma or trefoil) (see Figure 6 in Wu et al. [13]). These effects are expected 
to scale with the pupil size, owing to an overall increase in the magnitude of the wavefront aberrations. In an 
otherwise optically healthy eye, the magnitude of these higher-order wavefront terms is small [31] and thus the 
influence of higher-order wavefront aberrations on the photorefraction profile is likely to be negligible. Their 
impact, on the other hand, is likely to be more pronounced in eyes with distorted optics (e.g., keratoconus [58,59], 
keratorefractive surgeries [60,61]). Such non-linearities in the photorefraction luminance profile have been 
identified in eyes with keratoconus [29,30] and they have been quantified as a means of detecting this disease 
condition using photorefraction, vis-à-vis, standard corneal tomography (Figure 6) [30]. These profiles have also 
been recently used to train artificial intelligence and deep learning models for further enhancing the diagnostic 
capability of photorefraction in detecting keratoconus [62]. However, with such significant non-linearities, the 
photorefraction profile may not even be meaningfully calibrated using the protocols described earlier (Figure 4). 
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Thus, this technology’s primary use as an objective estimator of the eye’s sphero-cylindrical refractive error may 
remain unfulfilled in such highly distorted eyes. 

 

Figure 6. Sample eccentric infrared photorefraction profiles obtained in eyes with different grades of keratoconus. 
Panels (A–L) are identical in representation to Figure 3. The non-linearity in the luminance profile across the pupils is 
evident in these panels, especially for the mild to severe keratoconics. Figure adopted from Patel et al. (2022) [30]. 

3.2.5. Optical Magnification 

In addition to inducing defocus, the trial lenses used for calibrating the photorefractor also induce magnification/ 
minification of the entrance pupil of the eye over which the luminance gradient is computed (Figure 7A) [63]. 
Bharadwaj et al. [64] and Wu et al. [13] showed that this image magnification influences the photorefraction 
luminance profile by artefactually shallowing the profile for positive lenses and steepening the profile for 
negative lenses (Figure 7B). The myopic defoci induced by the positive lenses will be underestimated because of 
image magnification while the hyperopic defoci induced by the negative lenses will be overestimated because of 
image minification (Figure 7C). Indeed, Bharadwaj et al. [64] showed that the refractive error output for myopic 
eyes by a commercially-available photorefractor could be systematically manipulated by placing afocal magnifiers 
lenses before the eye—the myopia is underestimated with image magnification and overestimated with image 
minification, all relative to the eye without magnifiers (Figure 7D,E) [64]. Given that these magnification effects 
gain prominence with increased lens powers and with increasing vertex distances, caution is to be exercised while 
using high powered lenses at large vertex distances for calibration purposes [10,35]. Similar caution may also need 
to be exercised while performing photorefraction through the spectacle correction of individuals (e.g., when 
estimating the accommodative capability with best-corrected spectacles in children with Down syndrome [65,66]). 
The data may need to be corrected for the magnification effect, using the formula described in Bharadwaj et al. 
(2018) [64]. 
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Figure 7. Panel (A) Simulated photorefraction luminance gradients magnified and minified by magnitudes 
equivalent to those induced by ±6D of trial lenses. Panel (B) The luminance gradient slope plotted as a function of 
the image magnification for the four different gradient profiles, clearly indicating the impact of optical 
magnification/minification on all the non-zero gradient profiles. Panel (C) The dioptric output expected out of the 
photorefractor for different values of image magnification/minification for ±6D of trial lenses. Panel (D) Mean 
(±1SD) difference in the refractive power measured by the photorefractor for different levels of induced 
magnification/minification, relative to no induced magnification in eyes wearing the afocal magnifier. Panel (E) 
The same data as panel (D) but for eyes without the afocal magnifier. The dashed horizontal line indicates no 
change in the refractive power estimate of the photorefractor with induced magnification/minification. The 
underestimation of myopia for magnification and overestimation of myopia for minification is evident in panel (D). 
Figure adapted with permission from Bharadwaj et al. [64] © Optica Publishing Group. 

3.3. The Dead Zone in Photorefraction 

Eccentric photorefraction relies on analyzing the crescent (for single light source) or the luminance slope (for 
multiple light sources) that appears in the pupil (Figures 1 and 2). In the former type of photorefractors, there exists 
a refractive error range within which the crescent is not observable. This range is termed the ‘dead zone’. The 
limits of the dead zone are defined by the relative defocus values that result in the beginning of the crescent just at 
the margin of the pupil, that is, 𝑦 = ±𝑅 . The + and − signs apply for 𝐷 < 0 and 𝐷 > 0 respectively. 
Consequently, this establishes a dead zone centered at 𝐷 = 0  and a width of value 𝑤 = 𝑒 (𝑅𝐴)⁄ . Using 
Equation (1), the dead zone limits for the relative defocus can be converted into a spherical refractive error: 
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𝑆ଵ = − 1𝐴 − 𝑒2𝑅𝐴                𝑆ଶ = − 1𝐴 + 𝑒2𝑅𝐴 

In terms of the spherical refractive error, the dead zone expands over a range of 𝑤 diopters centered at 𝑆 =−1 𝐴⁄ . Considering that in typical photorefraction practice A ≈ 1 m, this affects low myopes. 
It is always desirable to have the smallest possible dead zone, which can be achieved by reducing the ratio 𝑒 𝐴⁄ . As the 𝑒 𝐴⁄  ratio decreases, the extent of the dead zone reduces. However, it is also noted that this reduction 

occurs at the expense of increasing the rate at which the extent of the crescent approaches an asymptote, thereby 
limiting the effective working range of the technique. Nevertheless, the extent of the dead zone is often smaller 
than predicted by this geometrical approach. One reason for this discrepancy is that the light source is never point-
like. Consequently, this reduces the effective value of eccentricity, thus impacting the 𝑒 𝐴⁄  ratio. For eccentric 
photorefractors that utilize multiple light sources simultaneously to measure the slope [5,7], the dead zone is 
significantly reduced or even nonexistent. Other reasons for a reduced dead zone might be the presence of optical 
aberrations or light scattered within the eye—these factors are discussed in detail by Bobier and Braddick [5].  

In general, the dioptric range of the dead zone and the overall operating range of photorefraction depend on 
the eccentricity of the infrared light source from the camera aperture. Larger eccentricity of the light source results 
in wider dead zones but also wider operating ranges. Closer eccentricities of the light source result in the opposite 
effect. So, in theory, the operating range of the photorefractor can be extended to include higher refractive errors 
(e.g., > ±7D), but at the cost of this technique becoming insensitive to smaller refractive errors. While this may 
not be possible with commercial photorefractors that come with a fixed distance between the light source and the 
camera apertures, custom-designed photorefractors used for research purposes may build in this functionality 
depending on the cohort being examined.  

The existence of the dead zone, which may be considered a limitation of the technique, can also be 
conveniently exploited. The center of the dead zone corresponds to a defocus in the eye, such that the retina and 
the camera are optically conjugated. Controlled amounts of defocus can then be added to the eye until this condition 
is met. From here, the spherical refractive error of the eye can be estimated. Following this approach, Roorda and 
colleagues devised an eccentric photo-optometer based on a moving camera behind a Badal optometer [67].  

4. Outlook and Prospects 

Through the past seven decades of evolution, photorefraction has become the technology of choice for the 
screening of uncorrected refractive errors and other amblyogenic factors in the pediatric population and for research 
endeavors assessing accommodation and the near-triadic behavior. Despite this, there is certainly room for 
improvement both in technology and in its usage scope. These improvements will meet the dual-purpose of improving 
the accuracy of the refraction estimates obtained using photorefraction and democratizing eye care by making this 
technique more cost effective, more accessible and enabling detection of a wider scope of ophthalmic dysfunctions. 
For instance, recent works have reported the implementation of photorefraction using smartphones [68–70]. In recent 
years, smartphones with built-in cameras and an eccentric light source relative to the camera have achieved 
performance comparable to those used in the optical laboratory. The computational capabilities of these 
smartphones have grown enormously, making them ideal candidates for several biomedical applications, including 
eccentric photorefraction. Certain challenges involving the utilization of the images captured by these smartphones 
for eccentric photorefraction need to be addressed—first, the photorefraction images may not only show the effect of 
the refractive error, but they are also often affected by uncontrolled amounts of intraocular scattering and/or optical 
aberrations that impact the accuracy of the method. Second, the resolution of the cropped image of the pupil is small 
and may be affected by noise because the images must be taken in a low-light environment. Advances in imaging 
techniques combined with computational techniques such as machine learning [69,70] or deep learning [71,72] may 
hold key solutions for these challenges. 

Utilizing the photorefraction technique to identify corneal optical pathologies like keratoconus (Figure 6) [29,30] 
or near-vision dysfunctions like the spasm of near reflex [73,74] are examples of how the use of photorefraction 
may be extended beyond the screening of simple uncorrected refractive errors. Presently, the identification of the 
aforesaid conditions is reliant on technology that is very complex to implement, expensive, time-consuming and 
reliant of highly trained human resource [75]. All these preclude easy identification of these conditions in mass 
eye screening endeavors; perhaps, for the same reason, solid data on the prevalence and incidence of these 
conditions in the general public are not available from many parts of the world [75]. The advantages of 
photorefraction, listed in Section 1 of this review, allow overcoming several of the aforesaid challenges with the 
existing technology. Yet, other than the isolated reports noted above, the utility of photorefraction remains largely 
confined to one of screening uncorrected refractive errors. A concerted effort is needed from vision scientists, 
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clinicians and industry partners to overcome this barrier and establish photorefraction as a screening tool for other 
ophthalmic diseases of public health relevance. 
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