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Automated detection of ocular focus
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Abstract. We characterize objectively the state of focus of the human
eye, utilizing a bull’s eye photodetector to detect the double-pass blur
produced from a point source of light. A point fixation source of light
illuminates the eye. Fundus-reflected light is focused by the optical
system of the eye onto a bull’s eye photodetector [consisting of an
annulus (A) and a center (C) of approximately equal active area]. To
generate focus curves, C/A is measured with a range of trial lenses in
the light path. Three human eyes and a model eye are studied. In the
model eye, the focus curve showed a sharp peak with a full width at
half maximum (FWHM) of 60.25 D. In human eyes, the ratio C/A
was >4 at best focus in all cases, with a FWHM of 61 D. The optical
apparatus detects ocular focus (as opposed to refractive error) in real
time. A device that can assess focus rapidly and objectively will make
it possible to perform low-cost, mass screening for focusing problems
such as may exist in children at risk for amblyopia. © 2004 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1781669]
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1 Introduction
Accurate characterization of the eye’s ability to form a high-
contrast, focused image is essential in outcome studies of re
fractive surgery or cataract surgery and when screening fo
amblyopia. This ‘‘optical performance’’ of the eye has been
assessed in part by performing visual acuity assessment, r
fractive error measurement, glare testing, and other studies.1–4

These studies may require complex optical apparatus, be tim
intensive, or be highly subjective. Rapid, objective determi-
nation of the optical performance of the eye would therefore
be valuable in clinical and research settings, including screen
ing for amblyopia risk factors~where the cost and simplicity
of screening devices is paramount! and measurement of cata-
ract progression~where traditional photographic and refrac-
tive methods are not sufficiently sensitive to nonrefractive
factors!.

When an eye is looking toward, but is not focused on, a
point source of light, a blur patch of light falls on the retina of
the eye. Measuring the size of this retinal blur patch would
allow determination of the defocus an eye is experiencing.5,6

We developed a technique using a bull’s eye photodetector t
characterize the double-pass image of this retinal blur patc
automatically. In this paper, we show that this approach ca
accurately and proportionally measure the retinal blur patch in
both model and human eyes, objectively identifying the state
of acceptable focus.

2 Materials and Methods
2.1 Instrument Design
The critical component of the apparatus is a bull’s eye photo
detector~Fig. 1! with two concentric active surfaces of nearly
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equal area, a central circle, and a surrounding annulus.
working hypothesis was that this design could distingu
sharply focused light~falling on only the central area! from
defocused light~falling on both the central area and annulu!.
The surrounding annulus is critical to the design, as a lo
photodetector would determine only the intensity of incide
room light and would not allow establishment of a sing
threshold for all eyes. Myopic and hyperopic defocus bo
increase the size of the blur circle, as do higher order abe
tions; all cause a relative increase in light falling on the a
nulus and thus a decrease in the focus signal.

The detailed design of the focus detection system~FDS! is
depicted in Fig. 2. A monochromatic, noncollimated lig
source~830-nm laser diode! was placed 40 cm from the sub
ject’s eye. The distance of 40 cm was selected in anticipa
that the device could be used to test children. In our exp
ence, greater distances cause a young subject to lose int
in the target, while lesser distances place the instrument in
proximity of a curious child’s reach. A near-IR waveleng
was selected to minimize reflex pupillary constriction7 ~and
thus loss of signal power!. To help isolate the desired reflecte
signal from background noise, an LDD modulated the LD
create a square wave at 400 Hz.

Horizontal, linearly polarized light diverged from the LD
toward a PBS placed approximately 25 cm away. The be
splitter was oriented to pass all of the horizontally polariz
light toward the subject. The light emerging from the bea
splitter was then converted to circularly polarized light usi
a QWP. The light then passed through a TL and entered
eye. The small amount of light reflected by the fundus ma
tained most of its circular polarization but changed hand
ness on reflection, before exiting the eye and returning to
QWP. The reflected light emerged from the QWP vertica

1083-3668/2004/$15.00 © 2004 SPIE
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1103



e-
r.
ye
,

ve
r ac-

to
y a
nal
-
a of

nes
ca-
tor
g as
ate

led
ion

ted

Hunter et al.
Fig. 1 Representation of light imaged by eye onto bull’s eye photode-
tector: (a) when the eye is in focus, most returning light is imaged onto
C, and C/A@1; (b) when the eye is partially in focus, more light is
imaged onto C than A, and C/A.1; and (c) when the eye is out of
focus, returning light is imaged equally onto C and A, and C/A'1.
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polarized and was deflected toward the photodetector by th
PBS.

The circular polarization system was designed to detec
maximum light reflected from the fundus while removing half
of the depolarized light~produced by facial reflections and
other diffuse reflections! from the signal. As a result, any
reflected light emerging from the QWP with horizontal polar-
ization, such as that resulting from ocular birefringence, was
not deflected toward the detector by the PBS. As long as
substantial fraction of the circularly polarized light reflected
1104 Journal of Biomedical Optics d September/October 2004 d Vol. 9
from the retina retained its polarization, this optical arrang
ment maximized the light returning to the bull’s eye detecto8

The photodetector assembly consisted of the bull’s e
photodetector~Silicon Sensor GmBH SSO-KP-6.28-3, Berlin
Germany!, a 2.97-mm-diam detector with the central acti
area having essentially the same total area as the annula
tive area ~central area53.142 mm2; annulus area53.127
mm2!. This size detector at 40 cm, which is calculated
encompass a retinal diameter of 0.12 mm when imaged b
typical eye, provided the best compromise between sig
strength and sensitivity.9 Two photodiode preamplifiers pro
cessed the photodetector output, one for each active are
the bull’s eye photodiode.

The detectors and LD were aligned in conjugate pla
using parallax, then visibly centered under high magnifi
tion. Exact optical conjugacy of the point source and detec
was essential for proper performance, ensuring that as lon
the eye was focused, the retina remained optically conjug
to both.

The detector output was amplified, filtered, and samp
using the analog-to-digital converter on a data acquisit
board in a microcomputer running LabView software~Na-
tional Instruments, Austin, Texas! for analysis. The program
displayed the signal of interest and calculated and plot
power spectra of both the center~C! and annulus~A! signals.
For each signal, only the component at 400 Hz in the f
quency domain was used, thus eliminating artifacts commo
observed at frequencies such as 60 and 120 Hz~including
power line noise!.

The output of the detectors for individual subjects w
plotted as(C2A). The subtraction eliminated any signal th
might have been created by diffuse reflection. To adjust
potential differences in overall reflectivity of the eye, whic
might cause variability in the peak value ofC2A for eyes
that were equally focused, the ratioC/A was calculated, pro-
ducing a minimum value ofC/A51 for a defocused eye. This
Fig. 2 FDS (viewed from above). The subject is seated adjacent to a lens holder and fixates on an 830-nm laser diode (LD) point source at 40 cm.
Linearly polarized light with horizontal orientation [modulated at 400 Hz by a laser diode driver (LDD)] diverges from the point source toward the
polarizing beamsplitter (PBS). The emerging light is converted to circularly polarized light by a quarter-wave plate (QWP) before passing through
a trial lens (TL) and entering the eye. A portion of the circularly polarized light is reflected from the fundus, where it changes handedness on
reflection and returns through the QWP, which converts it to vertically polarized light. The PBS deflects the vertically polarized component of
returning light toward the bull’s eye photodetector, which is optically conjugate to the point source. To help reduce background noise, apertures (A)
are used to limit the light spread from the LD and to limit the acceptance angle of the bull’s eye photodetector.
No. 5
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Automated detection of ocular focus
ratio enabled FDS readings to be compared among subjec
with varying reflectivity. As the value ofA approached zero,
the ratioC/A approached infinity. Therefore in some experi-
ments, the normalized ratio(C2A)/(C1A) was calculated.
This ratio produced a predictable range of FDS output from 0
for an unfocused eye to 1 for an ideally focused eye.

2.2 Model Eye Studies
A model eye~American Optical Corporation!, consisting of a
single glass lens~simulating the cornea and crystalline lens!
with adjustable aperture~simulating the iris! and a movable,
flat paper surface~simulating the retina! was used for all
model eye studies. Compared with the human eye, the mod
eye had high reflectivity and low aberration, producing a
strong double-pass signal. This model eye was positioned a
the location of the subject’s eye depicted in Fig. 2. The simu
lated retina was temporarily replaced with a translucent, IR
detecting film to optimally focus and position the model eye
in the system, simulating fixation.

Trial lenses were placed before the model eye to simulat
various refractive errors including myopia, hyperopia, and
astigmatism. The lenses were tilted 9 deg for the experimenta
arrangements used for this study to minimize reflections. A
plano lens was used when a 0-diopter~D! lens was desired to
keep reflections as constant as possible. At least five measur
ments were obtained for each lens. To determine the influenc
of pupil size, the internal model eye iris aperture was adjuste
prior to obtaining measurements.

2.3 Human Eye Studies
All subjects were employees of the Wilmer Eye Institute, Bal-
timore, Maryland. Informed consent was obtained from all
subjects, and the tenets of the Declaration of Helsinki were
followed. The Johns Hopkins Institutional Review Board ap-
proved the study procedures. Safe light levels10 were used at
all times.

An ophthalmologist~DLG or DGH! measured the refrac-
tive error of subjects using standard clinical techniques
Spherical trial lenses bracketing the point of best focus by
65 D in 0.25- or 0.50-D increments were then selected. The
smaller increments were used closer to the point of best focu

For each measurement session, a background signal w
obtained with the subject positioned in front of the apparatus
with eyes closed. This signal, which measured internal reflec
tions in the apparatus, was subtracted from all subseque
measurements to improve the SNR. For any experimental a
rangement used in this study, the background signal varied b
less than 5%. Pupil area was measured in ambient lightin
conditions using an image capture system with a coaxial
near-IR light source.

The subject was seated at the apparatus, with the eye p
sitioned behind the desired lens, and was asked to gaze t
ward the point source. The monochromatic, near-IR poin
source was readily visible to observers as a moderately in
tense spot of red light. Subjects had no difficulty judging
when the point source appeared to be in best focus. Younge
subjects were encouraged to avoid accommodation by lookin
toward but not focusing on the blurry point source of light.
The subject then depressed a button to record a focus dete
tion measurement. Each measurement was obtained in le
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than 0.2 s. At least five measurements were obtained and
eraged for each trial lens. To maintain tear film integrity, t
subject was asked to blink between each measurement.

To determine the effect of pupil size on the focus cur
profile, the pupil was constricted or dilated using pharma
logic manipulation. For constriction, a drop of 1% pilocarpin
was administered. Focus curves were generated at inte
after maximum constriction as the pupil returned to its nat
size. For dilation, a drop of 1% tropicamide was administer
and focus curves were generated at intervals as the pupi
turned to its native size.

3 Results
3.1 Model Eye Focus Curves
The signals obtained from the center~C! and annulus~A! of
the bull’s eye photodetector using the model eye are show
Fig. 3~a!. As the defocus increased in either the myopic
hyperopic direction,C decreased, whileA simultaneously in-
creased, consistent with spread of defocused light ove
wider area of the detector. This is further characterized in F
3~b!, illustrating the differential signal magnitude at variou
levels of spherical defocus. The shape of the combined sig
C2A obtained from the model eye was similar to the sha
of the center signal~C! due to the minimal scatter of light a
best focus. At greatest defocus, the amplitude ofC was nearly
equal to the amplitude ofA, so thatC2A approached zero
The peak value had a full width at half maximum of60.25 D.

3.2 Human Eye Focus Curves
A representative sample of the time-based, subtracted ou
of C2A obtained from a human eye is shown in Fig. 4. T
400-Hz carrier signal is evident in Fig. 4 whether the eye is
or out of focus. The signal amplitude increased when the
was in focus. A typical focus curve of a human eye is sho
in Fig. 5 for a presbyopic, nonaccommodating subject. T
peak in this curve, located at approximately11.25 D, is lo-
cated where the point source appeared to be in best fo
according to the observations of the subject. The point of b
focus was shifted to the right due to chromatic aberration
the eye for near-IR light relative to the eye’s refraction for t
test distance in white light.

The change in the strength and profile of the focus cu
obtained from this human eye as pupil size varied is illu
trated in Fig. 6. With decreasing pupil area, overall sign
power decreased, with a corresponding broadening of
peak. A slight hyperopic shift was also observed. With larg
pupil area, overall signal power was increased, but the sha
of the focus curves remained similar, and no myopic or h
peropic shift was observed. A similar relationship betwe
signal strength and aperture size was observed in the m
eye, except that no myopic or hyperopic shift was observ

The focus profile usingC/A is shown for four eyes of
three subjects in Fig. 7. The curves have been shifted horiz
tally to place the peak values at zero defocus for compari
purposes. The ratioC/A was.4 in all cases when the prope
corrective lens was introduced, and the width of the foc
curve was about61 D at half maximum. From this analysis
C/A>4 was considered a candidate threshold of accepta
focus ~Fig. 7, horizontal line.! Nearly identical curve shape
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1105
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Hunter et al.
Fig. 3 Focus detection curves (model eye): (a) signal voltage obtained
from the center (C) and the annulus (A) of the bull’s eye photodetector,
plotted as a function of the change in focus of the model eye, and (b)
the magnitude of the differential signal (C2A) at various levels of
spherical defocus illustrated by plotting C2A measurements as a
function of defocus (in diopters). The full width at half maximum of
the peak is 60.25 D.
1106 Journal of Biomedical Optics d September/October 2004 d Vol. 9
were observed when the normalized ratio,(C2A)/(C1A),
was calculated.

3.3 Astigmatic Eyes
Planocylindrical lenses ranging from plano~0 D! to 13 D
were placed in front of the model eye, and focus curves w
generated for each lens. As cylinder power increased,
cross-sectional profile of the focus curve decreased in ove
height and also developed a double peak that straddled
point of zero spherical power. The separation between pe
increased proportionally with increased cylindrical pow
The focus curve of astigmatic human eyes showed alterat
similar to those observed in the astigmatic model eye~Fig. 7,
subject 1, OD!.

4 Discussion
If a point source of light is not focused onto the retina, t
double-pass image should be proportional in diameter to
retinal blur circle.5,6,11 Measuring the size of the double-pa
image of a point source should thus determine the goodnes
image focus. A procedure to measure light spread of the op
of the eye using a double-pass image of a slit of light w
introduced in 1955 by Flamant.12 This approach was subse
quently modified to utilize a point source of light.13 Advances
in the quality of charge-coupled devices allowed better ch
acterization of this double-pass image.14,15 In 1994, West-
heimer and Liang5 developed a system using an ultrasensit
charge-coupled-device camera to create an ‘‘index of li
diffusion,’’ where light was measured in separate but uneq
central and annular zones. Elliott and Mickelson16 had previ-
ously developed and patented a system to detect focused
using central and annular photodetectors, also of unequal a
Their focusing system was devised specifically for a vide
disk reading system to ensure that the scanning beam
always focused precisely at the videodisk.
Fig. 4 Representative FDS signal from human eye: time-based sample of differential signal (C2A) measurements as a function of time (in seconds).
Whether the eye is in or out of focus, the 400-Hz carrier signal is evident. Signal amplitude, however, changes with focus, with an increase in the
focused state and a decrease when the eye is out of focus.
No. 5



Automated detection of ocular focus
Fig. 5 Focus curve for a representative human eye: differential signal (C2A) measurements obtained from a presbyopic, nonaccommodating
subject plotted as a function of defocus (in diopters). The curve peak (approximately +1.25 D) matched the point of subjective best focus.
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Guyton et al.17 combined Westheimer’s concept of measur-
ing the double-pass image of a point light source produced b
the eye with Elliott’s concept of utilizing a simple, dual-area,
concentric detection system to assess the state of focus. Sp
cifically, they described the concept of using a bull’s eye pho-
todetector, consisting of a center~C! and annulus~A!, to as-
sess the size of the blur patch of the eye. This approach
unique in that it determines when the blur patch exceeds
particular threshold without need for subsequent image analy
sis. This is simpler and less expensive than approaches th
use a camera to produce~and a computer to characterize! the
double-pass image. The use of a small center, and an annul
of equal area, further simplifies differential detection by auto-
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matically excluding unfocused or scattered light from the d
ferential signal.17 The purpose of this study was to determin
whether such an approach could be used to characterize
focus of the eye in human subjects.

The focus detection system produced a maximum signa
the point of best focus in both the model eye@Fig. 3~b!# and
the human eye~Fig. 5!. The signal obtained from the mode
eye was superior to the signal obtained from the human e
with higher power and sharper focus curves. This was an
pated due to the more efficient single reflective layer of
model eye, the increased precision of the fixed focus of
model eye, the imperfect optics of the human eye~including
spherical aberration and coma!, and the possible reduction i
Fig. 6 Dependence of signal power on change in pupil area in a representative subject.
iomedical Optics d September/October 2004 d Vol. 9 No. 5 1107



Hunter et al.
Fig. 7 FDS focus profiles from four human eyes, centered about zero defocus: the signal ratio (C/A) was plotted as a function of defocus (in
diopters). To adjust for potential differences in overall reflectivity of the eye, which might cause variability in the peak value of C2A for eyes that
were equally focused, the ratio C/A was calculated; OD, right eye; OS, left eye.
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SNR caused by reflections from the face and other surface
around the human eye. In addition, subjects 1 and 2 had no
mal accommodation, and while procedures were utilized to
minimize any variability from accommodation, such variabil-
ity would have broadened the peaks.

Focus profiles obtained for human eyes had a signal rati
of .4 for the focus peak and a full width at half maximum of
approximately61 D for all four volunteer eyes. This indi-
cates that the system, if set at a fixed threshold for all subject
has the potential to detect spherical focus within61 D. A
higher threshold produces a narrower range of acceptable fo
cus but might exclude focused eyes that produce a lower bu
otherwise-adequate signal.

In the pupil size experiments, the focus curves becam
broader as the pupil size decreased in the both human an
model eyes. A smaller pupil increases the depth of focus
which decreases the alteration in the double-pass imag
caused by defocus, thus producing a broader focus curve.
larger pupil decreases the depth of focus and narrows th
focus curve slightly, with further narrowing limited by the
size of the detector. The pharmacologic agents used to ma
nipulate pupil size may have affected the location of the pea
of the focus curves through action on accommodation bu
should not have affected the magnitude of the peak.

In astigmatic eyes, the focus curve consisted of a de
pressed double peak, the separation of which was proportion
to the amount of astigmatism present. This double peak wa
predicted by mathematical modeling of the extended conoid
of Sturm produced by an astigmatic double-pass point sourc
image~Fig. 8! and overlaying this cross section onto the bull’s
eye pattern. The astigmatic elliptical or line-shaped double
pass image falls at least partially onto both the center an
annulus of the bull’s eye detector, producing a partially defo-
cused FDS signal. The predictions of the model were consis
tent with the observation of a focus profile with two peaks
1108 Journal of Biomedical Optics d September/October 2004 d Vol. 9
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from subject 1 OD~Fig. 7!, who had an astigmatic error o
1.25 D. Smaller amounts of astigmatism were not detec
with the bull’s eye detector diameter used in this study,
this is not likely to be an important limitation, as astigmatis
of less than 1.25 D is not believed to increase the risk
conditions such as amblyopia.

The results of this study indicate that the FDS can be u
to identify eyes that produce acceptably focused images, w
out regard to traditional refractive error measurements.
example, our laboratory used the FDS to characte
cataract-induced blur.18,19 In that study, the FDS curves afte
cataract surgery were taller and narrower, and contained m
light energy.

The simplicity of the FDS is desirable considering its p
tential application of mass screening of patients for accepta
focus, such as screening of pediatric patients at risk for a

Fig. 8 Extended conoid of Sturm projected onto the bull’s eye photo-
detector: mathematical model representing cross sections of the ex-
tended double-pass conoid of Sturm, produced by an astigmatic eye
of a point source of light, overlaid onto the bull’s eye pattern. The
elliptical or line-shaped astigmatic double-pass images fall onto both
the center and annulus of the bull’s eye photodetector, producing at
best partially defocused FDS signals. The corresponding FDS signals
(C/A) are represented above the astigmatic blur images, with even the
peak signals depressed somewhat compared with those from sharply
focused spherical images.
No. 5
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Automated detection of ocular focus
blyopia. Spherical defocus, astigmatism, or other optical ir-
regularities will decrease the signal. The in-focus state can b
detected automatically, in near real time, without the necessit
of expert interpretation or cycloplegia. While more expensive
or elaborate approaches have been used to measure refract
error, the simplicity of the FDS will minimize the cost,
weight, and complexity of such a screening device.

The dependence on the accommodative status of the ey
may at first appear to be a disadvantage of the FDS, but fo
future screening applications this feature actually provides a
advantage over measurements of distance refractive error. F
example, a hyperopic eye that is compensated by accomm
dation will not become amblyopic and will pass the FDS
screening because the signal will be strong. But if accommo
dation is faulty, then the eye may already be amblyopic or
may become amblyopic, and this will be detected in the FDS
screening by a weak signal. If, however, the accommodativ
effort induces strabismus, a second system to detect eye mi
alignment simultaneously will be required.

The magnitude of the FDS signal represents a single
threshold of focus that the eye must achieve to indicate tha
no abnormalities, whether accommodative, refractive, or me
dia opacity, are interfering with the image-forming ability of
the eye. The FDS may thus represent a novel approach
automated vision screening. However, the achievable param
eters of sensitivity and specificity must still be determined.
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