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Abstract: Achieving a high-quality wavefront sensing light spot and accurate wavefront estimation of
the rat eye is still challenging due to its large ocular aberrations and the back reflections from fundus
multilayer. Simulation and experiments of rat eye wavefront sensing are conducted to improve
the quality of sensing spot for accurate wavefront estimation. The simulation results show that a
smaller pupil diameter leads to a high quality of wavefront sensing light spot, and the model rat
eye reaches diffractive limitation when the pupil diameter is 0.8 mm. However, the experimental
results indicate a different conclusion. Consistent with the simulation results, the quality of the
sensing light spot significantly improves when the pupil diameter decreases from 3.6 mm to 1.8 mm.
The full width at half maximum (FWHM) of the sensing light spots decreases from 77.36 ± 8.95 µm
to 26.78 ± 3.25 µm, and the calculated Strehl ratio increases from 0.007 to 0.396. As the pupil
diameter continues to decrease to 1.2 mm, the sensing spot and calculated Strehl ratio continue to
improve, while the detected low-order aberrations exhibit a significant increase in both value and
variance. This observation suggests that using a half-filled pupil for rat wavefront detection may be a
more favorable choice, which assists in obtaining high-resolution retinal images in the rat eye using
adaptive optics technology.

Keywords: Shack–Hartmann wavefront sensor; refractive error; ocular aberration; rat eye

1. Introduction

Many diseases, such as glaucoma [1,2], Alzheimer’s disease [3], and diabetic retinopa-
thy [4], show pathological changes on retinal fine structures in their early stages. Oph-
thalmoscopy adopting adaptive optics technology presents an ideal method with cellular
resolution for studying the pathological development, disease progression, and thera-
peutic effectiveness of retinal diseases in vivo [5–9]. Accurate wavefront detection is the
basis for achieving high-resolution images with adaptive optics technology [9–11]. The
Shack–Hartman wavefront sensor (SHWS) is the most widely used instrument for ocular
wavefront detection [12–14]. It collects backscattered light from the fundus to produce the
sensing light spot for estimating the wavefront aberration, so the quality of sensing light
spot will directly impact the accuracy of wavefront estimation.

As one of the most popular model animals used in eye disease research, the high
numerical aperture and dioptric power of the rat eye provide a great potential for high-
resolution retinal imaging [15], but also cause far greater residual aberration in the presence
of errors in sensing plane, sensing wavelength, and corrector position, presenting chal-
lenges in precise wavefront detection [16]. Previous research into the rat eye mostly focuses
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on low-order aberrations, such as refractive error, and relatively little quantitative infor-
mation about the high-order aberrations of rat eyes is available. However, adaptive optics
technology has been applied to rat eyes, e.g., for detecting the wavefront of the rat eye with
a fluorescent signal [17,18], or obtaining high-resolution rat fundus images with wavefront
senseless adaptive optics [19,20]. Further investigations are essential to understand the
complexities of rat ocular aberrations and optimize wavefront sensing systems for these
unique biological models.

Rat eye aberration rises as the entry pupil diameter expands [21]. It is generally ac-
knowledged that a small pupil can mitigate the impact of aberrations on imaging. However,
the high ocular diopter may lead to an inaccurate wavefront measurement when the pupil
is too small. For instance, in the wavefront detection of the mouse eye, which is about half
the size of the rat eye [22], a pupil-filled beacon light is used to reduce the depth of focus
and prevent stray light. This is necessary because a high diopter power and a small pupil
size can elongate the light spot in the Shack–Hartmann wavefront sensor, leading to poor
quality wavefront sensing and inaccurate wavefront estimation [23]. Hence, the pupil used
for wavefront sensing in the rat eye should be chosen carefully to manage the elongation
of sensing light spots due to the extensive depth of focus and the blurred sensing spot
generated by ocular aberration.

The aim of this study is to investigate the impact of pupil diameter on wavefront
estimation in the rat eye in order to achieve a high-quality wavefront sensing light spot and
accurate rat ocular aberration estimation. Simulation and experimental results indicate that
the light spot quality improves as the pupil size used for wavefront detection decreases.
But the detected aberrations exhibit a large low-order aberration value and significant
variance between measurements when the pupil size continues to decrease, which may be
attributed to the multilayer structure of the rat eye and the large depth of focus associated
with a small pupil. This finding suggests that using a half-filled pupil diameter strikes
the right balance to enhance the quality of the wavefront sensing light spot and improve
the accuracy of ocular wavefront estimation in the rat eye, making it possible to obtain
high-resolution images of the rat retina.

2. Simulation
2.1. Rat Eye Model and Optical Simulation

The quality of focal light spot on the rat retina directly affects the quality of wavefront
sensing light spot, as the SHWS collects the back-scattered light from the retina. A rat eye
model is constructed to investigate this relationship. The model is developed from previous
studies, the radius of curvature and gradient index lens (GRIN) data were obtained from
Campbell and Hughes, and the refractive index is calculated from dispersion data from
Chaudhuri et al. [24,25]; the parameters are shown in Table 1. The core lens of the rat eye
model is designed as a GRIN lens, and the refractive index variation of the core lens is
described by Equation (1).

n(r) = n0 + nr1r + nr2r2 (1)

where n(r) represents the refractive index and r is the distance from the lens center to edge.
n0, nr1, and nr2 are the constants decided by wavelength, and the values are 1.486, 0, and
−0.038 at 735 nm. The pupil diameter decreases from 3.6 mm (equivalent to the dilated
pupil diameter of the rat) to 0 mm, and parameters are calculated for estimating the light
spot quality as the pupil diameter varies. It must be emphasized that the simulation is
carried out to find out the trend of light spot, and the calculated result may not precisely
align with the detected measurements in practical experiments.
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Table 1. Parameters of the schematic rat eye.

Surface n (@735 nm) Radius of
Curvature (mm) Thickness (mm) Conic Constant

Ant cornea −2.965 0.796
1.3776 0.26

Post cornea −2.705 0.407
1.3303 0.62

Ant lens −2.34 0.181
Core lens 1.486 (n0 in Equation (1)) 3.71
Post lens 2.34 0.268

1.3302 1.39
ILM 3.624

0.17
OLM 1.3302 3.624

GRIN: gradient index; ILM: inner limiting membrane; OLM: outer limiting membrane.

2.2. Simulation Results

Figure 1a displays the trends of the light spot radius and the Airy disk radius as the rat
pupil diameter changes. The size of the Airy disk is inversely related to the pupil diameter
according to the Airy disk formula, while the root mean square (RMS) radius of the light
spot decreases dramatically with the rat pupil diameter. In particular, when the pupil
diameter is 3.6 mm, the RMS radius is 329.435 µm, which is approximately 450 times larger
than the radius of the Airy disk. At a pupil diameter of 0.8 mm, the size of the light spot
is smaller than that of the Airy disk, suggesting that the optical system has reached its
diffraction limit.
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Figure 1. (a) Black solid line with black square dot: RMS radius of the light spot. Black solid line with
black triangular dot: Airy disk radius of the light spot; its value refers to the black axis on the left.
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axis on the right. (b) The calculated RMS wavefront error as the pupil diameter changes. The pupil
diameter value from 0 to 1.0 mm is enlarged in the red box.

It is understandable that a smaller light spot results in higher light energy concen-
tration and increased light intensity within a specific range. The encircled energy within
10 µm of the light spot is used to indicate the level of light energy concentration. The
simulation results in Figure 1a demonstrate that the encircled energy increases when the
pupil diameter decreases. The encircled energy reaches a maximum value when the pupil
diameter is 1 mm, and gradually drops as the pupil diameter decreases further. This
phenomenon can be attributed to the system reaching the diffraction limit when the pupil
diameter is less than 1 mm, where the distribution of light energy on the focal plane follows
the diffraction principles.

Figure 1b illustrates the RMS value of the wavefront error around the focal spot.
At a pupil diameter of 3.6 mm, the wavefront error is approximately 23 µm, which is
approximately 438 times larger than λ/14, the minimum required for achieving diffraction-
limited resolution according to the Maréchal criteria. Decreasing pupil diameter results in
a reduction in RMS wavefront error. Eventually, the system reaches the diffraction limit,
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and the RMS wavefront error becomes less than λ/14 when the pupil diameter is 0.8 mm.
This observation aligns perfectly with the conclusion drawn from the light spot radius.

The simulation results indicate that a large pupil diameter results in a light spot on
the retina with low quality, scattered energy, and considerable aberrations. Conversely, the
light spot quality improves as the pupil diameter decreases, and reaches the diffraction
limit when the pupil diameter is around 0.8 mm. The results are consistent with the widely
known fact that a smaller pupil diameter produces a better quality light spot in the rat eye
model. However, the simulation only accounts for the impacts of dioptric power and pupil
size, without including multiple retinal layers or the depth of focus.

3. Wavefront Detection Experiments
3.1. Optical System and Wavefront Detection

Figure 2 depicts the diagram of the wavefront sensing system, which is a modified
version of a system initial developed for human use. The light source is a single-mode
fiber-coupled 735 nm semiconductor laser diode (LD), with a light power at the rat cornea
below 100 µW, which is approximately 1/20 of the ANSI MPE (Maximum Permissible
Exposure) for a duration of 2 h [26]. The laser source is collimated using a reflective
collimator and reflected by a beam splitter. Through the utilization of an afocal system
consisting of spherical lenses, the collimated light is transmitted to the scanning mirrors
and the rat pupil, ultimately focusing on the fundus. The backscattered light from the
rat fundus retraces its path, passing through the beam splitter before being collected by
the SHWS. The light source, scanning mirrors, and wavefront sensor are interconnected
through an off-axis spherical mirror afocal telescope, all of which are conjugated to the rat
eye pupil. The system is designed with a non-planar alignment, with optimization of the
angles and distances between the mirrors to minimize systemic aberrations.
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Figure 2. Schematic of the wavefront sensing system. LD: semiconductor laser diode; RC: reflective
collimator; BS: beam splitter; SM: spherical mirror; FM: fold mirror; SC: scanning mirrors, TL: tunable
lens. Different detecting pupil size is generated with different spherical mirror pairs.

The custom-made SHWS consists of a lenslet array (MCR-150, 150 × 150 µm pitch,
5 mm focal length, Thorlabs, Newton, NJ, USA) and a digital CCD camera (acA1300-60gm,
1282 × 1026 pixel, 5.3 µm pixel size, Basler AG, Ahrensburg, Germany), and provides
high-dynamic-range aberration measurements with a speed of 60 Hz. The beacon light
is resized by means of spherical mirror pairs (shown as Figure 2) to detect rat eyes with
different pupil sizes, and the backscattered light is resized for fully utilizing the pupil
diameter of the SHWS sensor. According to the simulation results, four different pupil
diameters from 3.6 mm to 1.2 mm are selected for the wavefront sensing experiment. The
calculated results obtained with larger pupil diameters are truncated and renormalized to
analyze the aberrations with smaller pupil diameters.
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In front of the rat eye, a tunable lens is positioned to compensate for refractive errors,
similar to the spectacle lens used in retinoscopy. The dioptric power of the TL can be
adjusted within a range of −18D to +18D, which covers the reported refractive error of the
rat eye. Assuming the rat has hyperopia, the TL is initially set to the maximum diopter
value (+18D). Then, the TL is fine-tuned until the estimated defocus aberration in the SHWS
is close to zero. At this point, the diopter of the TL is considered equivalent to that of the
rat eye.

3.2. Animal Preparation

Four 16-week-old Long–Evans rats are used for wavefront measurements with differ-
ent beacon light sizes. Before experiments, rats are anesthetized by means of an intraperi-
toneal injection of ketamine (60 mg/kg) and xylazine (5 mg/kg). Eye drops containing top-
ical anesthetic (proxymetacaine hydrochloride eye drop, 0.1 mg/mL; Alcon Laboratories)
and mydriatic (0.5% tropicamide-phenylephrine eye drop, 5 mg/mL; Alcon Laboratories)
are used for corneal local anesthesia and pupil dilation.

The anesthetized rat is positioned on a custom-made platform that offers adjustable
height, position, and angle settings to align the optical axis of the rat eye and the optical
system precisely. During wavefront measurements, a warm pad is utilized to maintain
the rat’s body temperature, and saline drops are intermittently applied to keep the cornea
moist. The optical system is adjusted for different beacon light diameters after all rats have
been tested.

3.3. Wavefront Sensing and Aberration Analysis

The wavefront sensing results are shown as the wavefront map on the sensor and the
estimated Zernike coefficients with the custom-made software, which is expressed in terms
of Zernike coefficients up to the 7th order, following the ANSI standard [27]. Notably, the
Zernike coefficients of each rat are averaged from ten consecutive measurements after the
application of a saline drop, and there are minimal variabilities among the images. The
aberration information with smaller pupil diameters is calculated from the truncated and
renormalized wavefront map. Strehl ratios and modulation transfer functions are subse-
quently calculated based on the average of the estimated Zernike coefficients. These metrics
provide valuable insights into the optical performance and image quality of the system.

4. Results
4.1. Wavefront Sensing

Figure 3 presents typical wavefront sensing map patterns obtained with different
pupil diameters. In Figure 3a, the light spot obtained with a 3.6 mm pupil shows a poor
quality. The light spot within each sub-aperture is blurred and scattered, with irregu-
lar shapes. The light intensity across the image is uneven, with brighter patches in the
middle area compared to the outer area. Moreover, there are some absent bright areas
in the photograph.

Using a 2.4 mm pupil considerably enhances the quality of the light spot in pho-
tographs, as depicted in Figure 3b. Each light spot grows more consistent and brighter, and
the cross-section of the light spots in Figure 3f indicates that the light intensity conforms
to a normal distribution. The brightness of the light spots is uniformly spread over the
image. Nevertheless, several areas on the outer edge still display uneven shapes and
multiple patterns.

The light spot map acquired using a 1.8 mm pupil diameter shows finer and sharper
light spot shapes, with the intensity distribution within the spots following a normal
distribution. The brightness of light spots exhibits minimal fluctuation throughout the
photograph. However, there are small areas where the light spots display an uneven shape.

The quality of light spots improves steadily with a 1.2 mm pupil diameter. However,
the light spot’s maximum intensity is lower than others, maybe due to the reduced pupil
size. The light spot on the left side of the image appears to be slightly weaker compared



Photonics 2024, 11, 359 6 of 11

to the light spots in other areas. Additionally, there are artificial light spots in the image,
possibly resulting from scattered light from different fundus layers.
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Figure 3. Figures (a–d) depict representative images of the sensing light spot on the Shack–Hartmann
wavefront sensor with different pupil diameters: 3.6 mm, 2.4 mm, 1.8 mm, and 1.2 mm. Figures
(e–h) display the cross-sectional gray value of a single light spot. These images are captured with
refractive error compensation. The average full width at half maximum (FWHM) of the light spot
within the red box is calculated for analysis.

After that, the cross-sectional gray values of a single light spot within the wavefront
maps are measured with ImageJ software and shown as Figure 3e–h. The light spot
obtained from a 3.6 mm pupil diameter exhibits a multimodal pattern with a large variation
in the distribution of light intensity. In contrast, pupil diameters of 2.4 mm to 1.2 mm
result in light spots with a unimodal pattern and a light intensity that conforms to a
normal distribution. The FWHM of nine light spots within the red box at the center of
the four images is measured as follows: 77.36 ± 8.95 µm for the 3.6 mm pupil diameter,
36.55 ± 8.64 µm for the 2.4 mm pupil diameter, 26.78 ± 3.25 µm for the 1.8 mm pupil
diameter, and 22.86 ± 1.65 µm for the 1.2 mm pupil diameter. Additionally, the radius of
the Airy disk of the lenslet array is determined to be 29.89 µm; the smaller light spot size
may be due to lower light intensity.

4.2. Zernike Coefficients

Figure 4 shows the Zernike coefficients calculated from the wavefront measurements,
excluding piston and tilt aberrations. While the tunable lens can correct most of the defocus
aberration, lower order aberrations such as defocus and astigmatism remain prevalent and
are the main types of aberrations, mirroring the wavefront measurement of the human eye.
Trefoil aberration and spherical aberration consistently have the greatest values among the
higher order aberrations in all measurements. Aberrations are largest when measured with
a 3.6 mm pupil diameter but drop dramatically in the other three measures. Overall, there is
a continuous pattern of reduced aberrations as the pupil diameter decreases, although some
aberrations may be slightly more pronounced with a small pupil diameter. Measurements
taken with a 1.2 mm pupil diameter show higher values for lower order aberrations and
significant variances in each measurement, which could be attributed to the elongated
sensing spot caused by the large depth of focus, leading to substantial variability in the
aberration measurement.
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4.3. Strehl Ratio and Modulation Transfer Functions

Figure 5a shows the Strehl ratio calculated from the detected wavefront and the results
for the undetected pupil obtained from the truncated wavefront map. The Strehl ratio
increases as the pupil diameter decreases, and the estimated values show a good fit with
a quadratic function. At a pupil diameter of 2.4 mm, there is little difference between the
measured and truncated results, with values of 0.18 ± 0.047 and 0.20 ± 0.043, respectively.
Although a noticeable variance is observed between the truncated and measured results at
a pupil diameter of approximately 1.8 mm, the average value of these two results aligns
well with the fitting result. Additionally, when the pupil diameter is reduced to 0.8 mm,
the Strehl ratio is expected to exceed 0.8, which is consistent with the simulation results
obtained with the rat eye model.
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Figure 5b displays the calculated MTF for different pupil diameters. The 3.6 mm
diameter exhibits the lowest MTF performance across all spatial frequencies, with a sig-
nificant decrease in value that approaches zero for frequencies above 200 cycles/mm. For
frequencies below 200 cycles/mm, the MTF value is higher for a 1.2 mm pupil compared to
a 2.4 mm pupil and almost equal to a 1.8 mm pupil. As the frequency increases, the MTF
value for a 1.2 mm pupil remains higher than that of a 1.8 mm pupil and nearly equal to
that of a 2.4 mm pupil. When the frequency exceeds 450 cycles/mm, the MFT values for all
pupil sizes are nearly identical.



Photonics 2024, 11, 359 8 of 11

5. Discussion
5.1. Simulation

According to previous studies about the optical properties of rodent animals’ eyes,
the pupil diameter has a direct effect on the quality of the light spot on the retina and
wavefront sensor. Therefore, we first perform a simulation to determine the trends of light
spot quality as the pupil diameter varies. The simulation results indicate that a pupil-filled
beacon light is unsuitable for detecting wavefronts in the rat eye due to the potential for a
larger light spot size, increased dispersed light energy, and significant ocular aberrations.
The spherical aberration is the most significant high-order aberration in the rat eye model,
and its value is directly related to the fourth power of the pupil diameter. It can be inferred
that reducing the pupil size used for wavefront detection is a straightforward and effective
method to enhance the quality of the light spot. As the pupil size decreases, the light spot
size becomes smaller, light energy concentrates, and aberration lowers; the eye model
achieves the diffraction limit at a pupil size of 0.8 mm.

However, the pupil diameter and the depth of focus in the model eye have an inverse
relationship. In the wavefront measurement of mouse eyes, the decreased pupil diameter
leads to a larger depth of focus, which results in backscattered light from the retinal
multilayer and artificial sensing spots on the wavefront sensor. This phenomenon may
occur during the wavefront sensing process of a rat’s eye. On the other hand, a smaller
pupil used for wavefront detection leads to less ocular aberration information. Determining
an accurate pupil diameter from simulation data is challenging due to the presence of
multilayer dispersed light, significant ocular aberration, and the depth of focus. After
analyzing the simulation findings and the optical path of the system, four beacon sizes are
chosen for experimental wavefront detection.

5.2. Wavefront Detection

The experimental results align with the simulation in that sensing light spots on the
Shack–Hartmann wavefront sensor improve as the pupil diameter decreases. A larger pupil
diameter can result in low-quality light spots, which makes it difficult to accurately identify
centroids within sub-apertures of the sensor and leads to inaccuracies in calculating Zernike
coefficients. When detecting with a small pupil diameter, the backscattered light from
unwanted layers is minimized. This results in clear and sharp sensing light spots, with
energy distribution across the light spot approaching the diffraction limit. However, the
reduced pupil diameter not only enhances the quality of the light spot, but also weakens
the reflected light intensity from the retina. Despite the incident light intensity remaining
constant, the detected light intensity is weaker at a 1.2 mm pupil diameter, leading to a
reduction in the estimation accuracy.

This study suggests that the main reason for the poor quality of the light spot in the
rat eye is the presence of large ocular aberrations, especially lower order aberrations. For
instance, by solely compensating for defocus aberration, the calculated Strehl ratio of the
light spot improves from approximately 0.225 to 0.670 for a 2.4 mm pupil diameter and from
0.396 to 0.645 for a 1.8 mm pupil diameter. However, with a 3.6 mm pupil diameter, the
Strehl ratio shows minimal improvement even with defocus aberration compensation, and
when all lower order aberrations are corrected, the Strehl ratio actually decreases, which
suggests that the aberrations measured with a 3.6 mm pupil diameter may be incorrect.

It is observed that the aberration decreases as the pupil diameter decreases. However,
the increased depth of focus simultaneously leads to the creation of an artificial light spot on
the sensor. Shown as a wavefront map obtained with a 1.2 mm pupil diameter, the increased
depth of focus leads to multiple back reflections from the optically thick rat retina, which
may cause incorrect centroid detection within sub-apertures of SHWS, contributing to the
large low-order aberration value and significant variance in measurements. In addition,
the MTF value for the 1.2 mm pupil is supposed to be larger than others at low frequencies,
but the computed result is practically the same as that for the 1.8 mm pupil, which may be
owing to the poor wavefront sensing spot intensity.
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The use of a half-filled pupil for wavefront detection in rats is a more favorable choice
compared with other tested pupil diameters, providing a high-quality sensing light spot
and sufficient aberration information for accurate wavefront detection and high-resolution
retinal imaging.

5.3. Comparison of Wavefront Measurement for the Human, Mouse, and Rat Eye

Wavefront measurement for the human eye was introduced into ophthalmoscopy
decades ago, and has been widely used in high-resolution retinal imaging [5–8]. In wave-
front detection of the human eye, a large-diameter beacon light is used to reduce the depth
of focus for higher axial resolution and to focus on the retinal layer of interest [9]. But in
some commercial instruments, a small-diameter light beam is typically used so that the light
spots on the wavefront sensor are less susceptible to focus and aberration artifacts on the
first surface of the eye [28]. For wavefront sensing in the mouse eye, the pupil-filling beacon
light is used to reduce the depth of focus to avoid backscatter from multiple retinal layers.

Referring to the wavefront detection of the human and mouse eye, we carry out
simulations and experiments of wavefront detection in the rat eye. The results show that
a small-diameter beacon light provides a high-quality sensing light spot and accurate
wavefront estimation. However, the high dioptric power of the rat lens prevents wavefront
sensing with too small a beacon size due to the large depth of focus and backscattered
light. By choosing a proper sensing beam size, it is possible to detect and compensate the
aberrations in the rat eye for high resolution retinal imaging. The numerical aperture of a
dilated rat eye is about 2.5 times that of the human eye, and the resolution of rat retinal
imaging is higher than that of the human eye in theory, which is sufficient for observing
fine structures in the retina, analyzing pathological and physiological features at the early
stage of disease, or finding the mechanism of treatment.

6. Conclusions

To achieve high-quality wavefront sensing and accurate wavefront estimation in the
rat eye, our research involved simulations and experiments to investigate the trends in
sensing light spots. The simulation results indicate that a smaller pupil diameter leads
to improved light spot quality. The experiments agree with the simulating results that
detecting with a smaller pupil diameter is a successful strategy for enhancing the quality
of the light spot and accurately assessing wavefront aberrations. However, when the
pupil size became too small, the detected aberrations exhibited large low-order aberration
values and significant differences between measurements, which could be attributed to the
multilayer structure of the rat eye and the large depth of field associated with the small
pupil size. Therefore, adopting a half-filled detecting pupil can provide effective wavefront
detection for the rat eye, enabling high-resolution retinal imaging and the continuous
observation of disease progression or treatment efficacy.
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