rays onto the retina and form an image. Since the optical power of an optical element is
the reciprocal of focus distance in the free space, the more curved the lens surface is,
the larger the optical power is. Lens with positive (negative) power converge (diverge)
incident rays. For the human eye, the vitreous chamber (the pink area on the right of the
lens in Figure 2.1.1) is approximately 16 mm in length, and the required optical power
from the lens and the cornea together is about +60 diopter = (0.016 m)™ (Atchison, D.A.
and Smith, G., 2000). In optometry, the unit of optical power is “diopter” or “D”, which is

the reciprocal of meter.

Figure 2.1.1 Anatomy of the human eye.

Refractive error: Refractive error occurs when the focus power of an eye doesn’t match
the length of eye. The common names of refractive errors are near-sightedness, far-
sightedness, and astigmatism. A near-sighted eye (myopia) has either too much focus
power or a longer eye ball. As a result, the focused image falls in front of the retina as
shown in upper left of Figure 2.1.2. To obtain a good vision, a negative lens is required
(Figure 2.1.2 right). A far-sighted eye (hyperopia) has a shorter eye ball or a weaker

focus power. Consequently, the focused image falls behind the retina surface as shown
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In Baker’s dissertation work (Baker, 2009), the APR hardware was assembled on the
laboratory bench top and the APR theory was tested using a Heine (HEINE) atrtificial
model eye (Figure 2.2.10). This commercial artificial model eye was designed for use in
medical training for practicing the operation of the retinoscope, a hand-held device
similar to the ophthalmoscope in Figure 1.1.3. This model eye comprises a positive lens,
an aperture, and a rough surface to mimic or simulate the focusing elements (lens and
cornea), the pupil, and the retina of human eye, respectively. The distance between the
lens and the rough surface can be adjusted to provide refractive errors setting from +6 to

-7 D in steps of a 0.5 D. The pupil size is also adjustable from 2 mm to 8 mm.

Figure 2.2.8 shows the APR 2-dim fitting result of Baker (Baker, 2009) for this artificial
eye at O diopter (upper picture) and -6 diopter (lower picture). He used a Gaussian-like
surface for the fitting to determine a maximum and a minimum FWHM and the rotation
angle of the coordinate (as shown in the right upper corner of each picture). The fitted
FWHM increased with the refractive error of the fake eye, as shown in the red line in
Figure 2.2.9. For comparison, theoretical predictions were performed by Tan (2009)
using a thin-lens model (black dashed line) and a modified Navarro eye model (blue
dash-dot line). The comparison showed some discrepancy that required further

investigation.
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Figure 2.2.8 APR 2-dimensional fitting results of the relative APS reflex intensity of an artificial
eye with pupil setting at 5 mm (Baker, 2009). The upper figure was result with the refractive error

of the eye at 0 diopter and the lower picture represents a myopic error of -6 diopter.

34



FWHM vs. refraction: Smm pupil diamter

24 T T T T X XL " . T T T T
G ===:Thin lens prediction P

22 kAN =-=--Avg human eye predictior g
€ A © MaxFWHM :
£ s Min FWHM s
£ 20p & Mean FWHM el
= £l

18 — ) f' rd -
% K. Baker's

16 s A
E measurement
g; 14 PN -
> Fake eye E 2N

12 : ; ]
3 .l /. BoTan’s,
+— L
= — / 5 .
) # calculation]

1 1 1 1 1 ' 1 1 1 1 1
% = 4 3 1 3 4

-2 -1 0
Refractive error (D)

Figure 2.2.9 Comparison of the experimentally determined widths (FWHM) using an artificial eye

(by Baker 2009) and the theoretical predictions (by Tan 2009). The pupil of eye was set at 5 mm

diameter. The symbols indicate the experimental results: red circle’s o correspond to the max

width, the green x’s x corresponds to the min width, and the magenta triangle’s A corresponds to

the average of the two widths. The two other curves indicate the theoretical prediction results:

black dashed line corresponds to the use of thin lens eye model and the blue dash-dot line

corresponds to the simulation using an average human eye model lens.
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Figure 3.3.4 Both Gaussian and Cauchy-like bell- shape fitting show good agreements with the

PR mean intensity values.

Results: The measurements of the artificial eye were acquired under five pupil size
conditions, 3.3-, 4.-4, 5.5-, 6.6-, and 8.8-mm diameters, and refractive errors were
adjusted from -7D to +6D in 0.5D increments. Using the Cauchy fitting method, the
FWHM results of the reflex from the artificial eye were plotted in Figure 3.3.5. The
results showed a monotonic and stable increase with both the refractive errors and the
pupil diameter, indicating the feasibility of APR approach. As discussed earlier, the
FWHM was roughly proportional to both pupil diameter and the refractive defocus,
(FWHM = WD = p = |AR,|) in the thin-lens model. To examine this relationship, Figure

3.3.6 presents the Y-axis in “FWHM / p”. The convergence of the data points showed

that the thin-lens model actually described the fake eye reasonably well. In fact, the
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Figure 3.3.6 The dependence of pupil size on the FWHM was examined. The artificial eye FWHM

data indicate a non-linear dependence on pupil diameter.
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measurement. By analyzing the average difference and the mean of the two (Bland-
Altman plot), for all three parameters of refractive error: the spherical equivalent (SE),
regular cross cylinder (Jo) and irregular cross cylinder (J4s). Again, the result showed a
standard error of ~1.2D and the cylindrical error up to 0.84D. Comparing to the random
error of 0.25 to 0.5D caused by the choice of examiners and the eye variations such as
accommodation and the 0.5D of most of the commercial monocular autorefractors that
were used in the optometry/ophthalmic office, this APS-I result obtained with this linear
approach was far from satisfactory. Although, APS was not intended to attain a standard
error of 0.25D, which is the best performance of a clinical measurement, a measurement

uncertainty of no greater than 0.5D is desired.

When applying a higher pupil power of 1.5 to correct the FWHM as performed in Figure
3.3.7 and Figure 3.3.14, Figure 3.4.3 was corrected to obtain Figure 3.4.6, and the new
refractive error measurements results were shown in Figure 3.4.7 and Figure 3.4.8. The
standard error of APS measurement on the mean refraction of humans decreased from

1.20D to 1.06D.
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Figure 3.4.3 FWHM normalized by pupil size vs. Refractive Error. Two calibration lines (red and

green) were fitted for both negative and positive defocus respectively.
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Figure 3.4.4 Comparison of APR measurement with the clinical result for spherical aberration.
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Figure 3.4.5 Bland-Altman plots from top to bottom: spherical equivalent (SE), cylinders (Jo, Jgs)-
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Figure 3.4.8 Bland-Altman plots show reduced standard deviation after a power law correction.
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Small Circle Template
™ SKU: 37168

e 39circles

¢ (Circles in 1/64" Increments from 1/16" to 1-3/8"

¢ Fractional inches with decimal inches and mm
equivalents

¢ Ink risers on reverse side prevent smudging when
using ink pen

e Centering lines are printed around cut-outs

o Designed for use with 0.5mm lead

s Made from dimensionally stable .03" green transparent
shatter resistant plastic

¢« Dimenslons: 4" x 7-1/4"

Figure 3.6.1 Helix small circle template designed for use with 0.5mm lead. 3 pieces (2.38 4.37
and 7.14 mm) were cut off to put in front of the test artificial eye. Thus the actual apertures are

2.88, 4.87 and 7.64 mm respectively.

Light source(s) used for pupil sizing: Because that the eccentric PR image does not
have a rotationally symmetric intensity distribution, it is not favorable for the pupil-sizing
purpose (see color maps such as Figure 3.4.9). In contrast, the coaxial PR images are
basically rotationally symmetric and are better candidates for pupil sizing. However, the

intensity pattern in the coaxial pupil reflex varies with the eye’s refractive error and the

PR system parameters. To visualize this problem, Figure 3.6.2 shows the cross section
intensities of the coaxial reflex images in different refractive errors. The corneal reflection
(a peak at the center) has been identified and omitted in the figure. In addition to using
the coaxial PR image to decide the pupil size, 17 LEDs (the coaxial LED plus the 16

LEDs in the 2 inner most rings) were used to obtain a less refraction-biased PR image
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for pupil sizing purpose. The cross sections of the three different refractions were shown
in Figure 3.6.3. In both figures, colored horizontal lines are used to define the maximum
intensity level, the base-line, 50% maximum, and 25% maximum levels. It is clearly
shown that the common FWHM approach cannot provide the accurate pupil size when

the refraction of the eye is unknown. The method of accurate pupil sizing will now be

addressed.

PR illumination=coaxial LED

Figure 3.6.2 Cross sections of coaxial pupil reflex intensity of the artificial eye at different

refractive errors as indicated.

PR illumination=coaxial LED+2 rings =17 LEDs
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Figure 3.6.3 Cross sections of pupil reflex intensity of the artificial eye at different refractive errors

as indicated. The coaxial LED as well as the 16 LEDs in the 2 inner most rings were used.
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Figure 3.7.9 Correlation between self-calibrated refractive errors and clinical results. The

standard deviation of 0.65D was observed.
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