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We describe the design and performance of an adaptive optics retinal imager that is optimized for use during
dynamic correction for eye movements. The system incorporates a retinal tracker and stabilizer, a wide-field
line scan scanning laser ophthalmoscope (SLO), and a high-resolution microelectromechanical-systems-based
adaptive optics SLO. The detection system incorporates selection and positioning of confocal apertures, allow-
ing measurement of images arising from different portions of the double pass retinal point-spread function
(psf). System performance was excellent. The adaptive optics increased the brightness and contrast for small
confocal apertures by more than 2� and decreased the brightness of images obtained with displaced apertures,
confirming the ability of the adaptive optics system to improve the psf. The retinal image was stabilized to
within 18�m 90% of the time. Stabilization was sufficient for cross-correlation techniques to automatically
align the images. © 2007 Optical Society of America

OCIS codes: 170.1790, 170.3890, 170.4460, 330.2210, 330.4300, 010.1080.
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. INTRODUCTION
orrection of wavefront aberrations introduced by the hu-
an eye by using adaptive optics (AO) has been shown to

rovide superior resolution and contrast in retinal
maging.1–6 Systems using wavefront corrections include
ood illuminated systems,1,2 AO scanning laser ophthal-
oscopes (AOSLOs),5–9 and AO optical coherence tomog-

aphy (AOOCT),10–13 as well as multifunctional
ystems.14 While flood illuminated systems have been
hown to provide excellent imaging performance, they do
ot control for depth of field and stray or scattered light
ssential to high-contrast imaging and intrinsic depth
ectioning capability. AOSLO and AOOCT instrumenta-
ion address these limitations by using techniques that
ake them sensitive to only a narrow depth of field or to

rimarily singly scattered light with high axial resolution
ow-coherence techniques.

In clinical disease, one of the strongest signs is often in-
reased retinal scattering due to changes in tissue
roperties.15–21 Most AO systems typically operate at high
esolution and have a restricted field of view (FOV) (1 to
1084-7529/07/051313-14/$15.00 © 2
deg), making it difficult to identify the exact retinal lo-
us of the high-resolution view in relation to clinically ob-
erved changes. It becomes even more difficult to under-
tand images that include structures never visualized
efore in vivo, since the surrounding and more familiar
etinal structures are not within the FOV. One approach
o alleviate this problem is to construct a montage of
mall-field retinal images with known spatial relations to
ne another. This is a relatively straightforward solution
or individuals with good fixation and can be accom-
lished by systematically moving a fixation target and
erforming post hoc image alignment in a series. How-
ver, it is more difficult in individuals who do not fixate
ccurately, since entire portions of the retina may be
kipped unintentionally. Finally, in the case of AOSLO
nd AOOCT imaging, which build up raster images se-
uentially, eye movements can cause shearing of the reti-
al image within a frame and poor registration between
rames. While software algorithms22 can help with this, it
s not yet clear over what range of retinal motion veloci-
ies and saccadic amplitudes they can operate.
007 Optical Society of America
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In this paper we describe the design and implementa-
ion of a tracking AOSLO designed to overcome some of
he above limitations. We incorporated a configurable de-
ection channel23–25 to allow rapid changes in the imaging
ode, from tightly confocal, which provides a narrow

epth of field26–28 dominated by directly backscattered
ight, to large-aperture scanning, which incorporates light
rom both the peak and tails of the double pass point-
pread function (psf), as well as several stages in
etween.15,24,29 In addition, the confocal aperture position
s under computer control, allowing assessment of the in-
ormation coming back from different portions of the psf.
o provide both a context for the high-resolution image, as
ell as to correct for most eye movements in real time, we
ave incorporated a real time tracking system7,30–32 that
rovides both a wide-field view of the retina using a line-
canning laser ophthalmoscope (LSLO) and a real time
etinal tracker. The tracking system stabilizes the AO
aster on a desired retinal region, but with a simple se-
uence of offsets it also provides the ability to construct a
etinal montage by rapidly adding offsets to the tracking
alvanometers. This ability to move the high-resolution
O field within the FOV of the system without changing
xation allows rapid construction of a larger view, but it
reates the constraint that the field aberrations of the op-
ical system be small. By performing the montage scan-
ing and descanning at the pupil plane closest to the eye,
e ensured that most of the optical train effectively sees
nly the zero-field position. This decreases system aberra-
ions and allows a diffraction limited system over the en-
ire range of scan angles using off-the-shelf components.

Finally, because a goal of this system is to image a wide
ariety of retinal conditions, we incorporate a supplemen-
ary focusing system that allows us to move our plane of
ocus through the retinal layers dynamically without us-
ng the limited focusing range of the microelctromechani-
al systems (MEMS) mirror. In older subjects or those
ith high aberrations, this allows us to compensate the

arge aberrations present in older eyes33 using the de-
ormable mirror and to change the focal plane using the
upplementary system. Just as it was desirable to place
ost of the scanning elements close to the eye, it was de-

irable to place the focusing system close to the eye, al-
owing most of the optical system to work with an in-focus
mage. As a result, most of the optical system works at
igh f-number, decreasing both focus-dependent aberra-
ions and other optical problems such as vignetting. The
ystem we describe has some features in common with a
ystem described previously7 in that it includes similar
echnology for tracking and stabilization, but there are
everal major differences, in particular the design of the
LO as noted and the detection channel, as well as the in-
erface between optical subsystems.

. METHODS
he system is composed of four primary optical sub-
ystems, the AOSLO scanner, the wavefront sensor
WFS), the configurable detection system, and the wide-
eld tracking–stabilization system. There are separate
ontrol computers for the wavefront sensing and correct-
ng and for the eyetracking and image stabilization.
hese systems are in turn controlled by the retinal imag-
ng computer, which has direct control of the focus and de-
ection channel as well.

. AOSLO Optical Design
here were several optical design goals for our system.
irst, we planned to use a Boston Micromachines MEMS
irror because of its compact size, ability to work over a
ide range of aberrations (each actuator has a limited in-
uence on adjacent apertures), and relatively good sur-
ace quality. However, this MEMS mirror has only a 4 �m
troke, and thus it can correct only up to 8 �m of optical
ath difference. Thus, we require additional forms of cor-
ection for lower-order aberrations.34 Defocus is varied in
n SLO system for two purposes: first, to correct for the
mmetropia state of a subject’s eye and second, to allow
he operator to choose the depth in the retina at which the
OSLO is focused. The retina is not a flat surface, and
ven in otherwise healthy eyes there are significant dif-
erences between the foveal pit and the surrounding
etina, as well as from the elevated neuroretinal rim to
he lamina cribrosa in the cup. While in principle this sec-
nd type of focusing could be done with the MEMS mirror,
his is dependent on the degree to which the stroke of the
EMS is used in correcting high-order aberrations. Eye

racking and building up a wide-field view add additional
onstraints in that the system must be able to provide a
ear-diffraction-limited view of the retina over a rela-
ively large range of angles (because the beam may be dis-
laced 5 deg during a small saccade). Thus we designed
he AOSLO to provide diffraction limited performance
ver a ±10° FOV. The solution for obtaining this combina-
ion of requirements was to use a combination of excellent
ptics for the design, to incorporate a dynamic computer-
ontrolled focusing system, and to leave a provision for in-
erting correcting lenses.

Figure 1 is an optical schematic of the resulting optical
ystem. The imaging beam (SLD1) is provided by a Super-
um Broadlighter light source, with a 50 nm bandwidth
entered at 840 nm. This SLD is coupled into the imaging
ystem using a wedged beam splitter (BS1). Light from
he SLD is relayed onto the deformable mirror (DM) by
he first pair of relay mirrors (SM1, SM2). Light from the
M is relayed onto the fast scanner FS (an 8 kHz reso-
ant scanner from EOPC) by turning mirrors and another
air of relay mirrors (SM3, SM4), which provide rapid
orizontal scanning. The horizontal scanner is then re-

ayed onto a slow, vertical-scan galvanometer (VS) using a
air of mirrors (SM5, SM6), which are off axis vertically
Fig. 1, inset). Just after VS (between the eye and the VS),

pair of galvanometers are located (SG1 and SG2—not
hown because they are vertically placed), which steer the
eam under the control of the tracking system. These mir-
ors are used in the tracking system to control the loca-
ion of the retinal field being imaged (see below). That is,
he VS mirror deflects the beam onto a vertical steering
irror and then onto a horizontal steering mirror. These

wo additional galvanometers are placed such that they
pproximately bracket an optical conjugate to the center
f rotation of the eye, and when driven by the tracking
ystem, they allow for compensation of eye movements
nd move the pupil of the system to compensate rotation
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nduced changes in pupil position, as well as tracking the
etinal location.31 Finally, the scanned beam is relayed
nto the eye using a pair of relay lenses (L1, L2). Because
he optical design for the wide-field system31 (see below)
equires very different trade-offs than for a high-
esolution small-field system, we kept the two optical sys-
ems as independent as possible, and thus we use a di-
hroic beam splitter (BS3) to combine light from the wide-
eld/tracking system ��900 nm� with the imaging system

�900 nm�.
To provide a diffraction limited design for montaging

nd tracking the high-resolution imaging field over a
ange of positions, we placed the deflectors for the scan-
ing and tracking system, as well as the focusing system,
lose to the eye to maintain as low a numerical aperture
s possible for the optical field propagating through the
ptical train for as much of the system path as possible.
ecause it has a relatively small stroke, the MEMS mir-
or, generates relatively smaller angles of incidence in our
ystem than in the Badal or scanning systems. We there-
ore placed the MEMS mirror farther from the eye, mini-
izing the angles of incidence on mirrors SM1–SM4.
Even with the small angles at the spherical mirrors,

ff-axis astigmatism accumulates in the system. To com-
ensate for this off-axis astigmatism, we folded the final
air of mirror relays (from the fast-scan resonant galva-
ometer to the slow-scan galvanometer) out of the plane
f the rest of the optical system (Fig. 1, inset).25 The angle
hat minimizes system astigmatism was calculated using
emax. Our optimization resulted in a diffraction limited
erformance over at least the 3 deg FOV that can be pro-
uced by the fast scanner (FS). The design has an RMS
avefront error under � /20 and a Strehl ratio �0.95 for
ll the scan positions within 3 deg of the optical axis. For
arger angles, there is increasing astigmatism, but even
t 5 deg the system remains diffraction limited (RMS er-

ig. 1. (Color online) Schematic of the optical layout of the AOS
ulative astigmatism from the off-axis relay mirrors, the final pa

ism, which cancels the horizontal astigmatism from the rest of
or �� /5) except for small defocus changes. The contribu-
ion to aberrations from the refractive afocal relay was
ot included in this calculation since it was negligible, al-
hough the measurements include the first of the two
enses (see below).

As a result of this design, the final stage of the system
equires a large FOV to allow both for imaging different
egions of the retina to create a montage and for compen-
ation of eye movements. This was not readily achieved
ith an all reflective design. For this reason we used a
air of on-axis lenses for the final relay pair. This pair
orms a Badal optometer. By changing the distance be-
ween these two lenses, we could alter the focus of the
ystem without changing the position of the exit pupil. In
rinciple, either a pair of off-axis parabolic mirrors or
igh-quality lenses could be used to ensure diffraction

imited performance over the entire FOV (see below). For
ost reasons, we chose traditional spherical lenses. The
istance between the lenses was varied by mounting the
ntire AOSLO section, except the final lens, on a 2��2�
1 ft=30.48 cm� optical breadboard (dashed line on Fig. 1),
hich in turn was mounted on a movable stage under

omputer control. Thus, major defocus errors were cor-
ected by the Badal system, preserving the stroke of the
eformable mirrors for both higher-order corrections and
mall focus changes. It should be noted that some of these
hanges come about because the afocal relay (LI and L2)
as unconnected Petzval curvature, but this is equivalent
o defocus error over the small imaging field, which can be
orrected within the loop by our system (see Section 3).
his was confirmed by the Zemax ray trace calculation for
ifferent configurations of the first afocal relay.
We measured the performance of the optical system by

lacing a paper target in the first retinal plane (between
he two relay lenses L1 and L2) and measuring the wave-
ront using different positions of the scanners.

etails are provided in the text. Inset: To compensate for the cu-
irrors (SM6, SM7) are offset vertically, adding vertical astigma-
tem.
LO. D
ir of m

the sys
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. Detection Channel
ost of the near-infrared light returning from the retina

asses through the beam splitters arrives at the light col-
ection lens and then is focused onto a retinal conjugate
lane. At this plane is located one of eight different con-
ocal stops. The stops are mounted on an aperture wheel,
hich is positioned using a stepper motor, allowing rapid

nterchange of the apertures. The stepper motor is in turn
ounted on a computer controlled XY stage (Thorlabs),
hich allows precise positioning of each aperture. Light

hat passes through the confocal aperture is then imaged
nto an RCA avalanche photodiode (APD) with custom
lectronics.24 This detection arrangement allows us to
uild up an image that ranges from tightly confocal
0.87� the size of the diffraction-limited Airy disc) to wide
pen (120� the size of the Airy disc). In addition each con-
ocal aperture can be translated, allowing us to measure
he image returning from the retina for different portions
f the double pass psf. The signal from the APD system is
nput directly into a data translation 3152 imaging board
o form the video image. For the current work, the video
oard is clocked at 8.4 MHz (512�512 image at 15
rames/s), but it can run up to 1024�1024 at 30 frames/s
16.8 MHz pixel clock). The typical high-resolution field
ize is about 1.25° �1.25° on the retina, but data can be
ollected at larger, less-magnified FOVs with a simple
lectronic adjustment. This adjustment does not alter the
ptical resolution of the system, however.

. Wavefront Sensor and Wavefront Control
avefront sensing is performed using the Shack–
artman sensor (SHS) (Fig. 1) based on a 12-bit sensor

Uniq Vision 1820) cameralink camera. The SHS included
lenslet array with approximately 450 samples within a

ominal pupil of 6 mm (on the eye). This pupil is slightly
maller than in many AO systems and was chosen since
e designed the system for use in older patients. The ar-

ay sampling is chosen such that each actuator of the de-
ormable mirror is covered by four lenslets. This allows us
o minimize the effects of waffle mode error. In addition,
he denser sampling allows us to eliminate measurement
pots that have very low power, which can occur in older
ubjects due to local lens changes, and that occur along
he edges of the pupil due to slight head movements since
he wavefront is oversampled by the lenslet apertures.
he WFS beacon is provided by a 680 nm SLD with
0 �W input into the eye through a 5% coupler (Fig. 1,
S2). The size of the beacon light at the pupil of the eye
as 1 mm. We chose 1 mm for several reasons. A small
upil provides a large depth of field for the beacon, and
ince one goal is to image retinal diseases where there
ay be considerable retinal thickening, having the bea-

on in focus, even when imaging far from the plane of
aximum reflectance, was considered advantageous. An-

ther advantage of our optical configuration is that the
eacon is located away from the center of the pupil, mini-
izing the effect of corneal reflections. In a WFS, reflec-

ions can provide severe biases in estimating the wave-
ront, and these reflections are compounded in a system
hat is performing retinal stabilization, since the retinal
eld is moving dynamically. This issue is covered in more
etail in Section 4. BS2 introduces the light for the WFS
etween the eye and the DM. This location is used to
inimize the impact of local changes in the DM shape on

he shape of the retinal beacon. While this is not neces-
ary for a beacon with a large pupil, a small pupil can be
ery rapidly effected by changes in the control of a single
ctuator, potentially resulting in large and rapidly chang-
ng alterations of the quality of a small spot.

Wavefront control is performed by a MEMS DM (Bos-
on Micromachines, Inc.) with a 4.4 mm aperture, 140 ac-
uators (400 �m center-to-center actuator spacing), and
�m of stroke. The control algorithm uses the following
pproach. First, the SHS was calibrated by injecting a
avefront into the system at BS1 that was diffraction

imited, except for 0.2 diopters of spherical error. This
avefront was generated by placing a point source at 5 m.
hen a reflective sample was introduced at the first reti-
al relay, and the influence function of the system was
easured by determining the relation between moving a

ingle actuator and the SHS response. Actuators that
ave no influence on the image formed by any of the SH

enslets within the pupil are eliminated, as are lenslets
or which no actuator influences the position of the image
roduced by the lenslet. The resulting matrix was in-
erted using a singular value decomposition with a
ikhonov regularization35 for correcting the possible am-
lification of small noise induced error in the inverse.
uring imaging the SHS obtains images that are syn-

hronized to the scan system (see below). Centroids are
alculated in a shrinking box approach36 for each region
n the SH image that is included in the control matrix.
hese are differenced from calibration locations identified
uring system calibration to produce a matrix of slope es-
imates. In addition, areas in the pupil for which the len-
let spots are poor, as can occur due to movement of the
upil edge or local changes in the lens of the eye, are de-
ermined on the fly by using a simple statistic that re-
orts the presence or absence of a “spot.” If a spot is miss-
ng or very weak, we first place zeros into the slope table
or that location. We then low pass filter the slope matrix,
hich changes the erroneous zeros toward the average of

he surrounding estimates of the slopes (from good lens-
ets). We finally substitute in the original “good” slope val-
es at their original locations. This approach allows us to
apidly deal with missing centroids within the real time
oop. These slope estimates are then used in a simple pro-
ortional control loop.37 To allow real time focus changes
sing the MEMs mirror, we use a slope displacement
echnique. Since defocus produces a change in slope that
s proportional to the distance from the center of the pu-
il, we can simply create a distance matrix corresponding
o each SHS lenslet. Defocus is then varied by multiplying
his matrix by a gain (the defocus value) and adding the
esulting matrix to the displacement matrix from the
HS.
Each SHS image was integrated for 30 ms, synchro-

ized to the start of each imaging field. Processing was
erformed as soon as a frame was acquired and required
pproximately 30 ms. Thus, images were acquired during
he first half of a scan and were processed during the sec-
nd half of each frame, and the mirror was updated before
he start of the subsequent frame (and the next SHS im-
ge acquisition). Displays were either updated during
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pare time, or they could be continuously updated, which
lowed the loop somewhat.

. Wide-Field Retinal Imaging
he principles and performance of the wide-field imaging
ystem have been previously described.31,38,39 It is a con-
ocal, tracking line-scan SLO (TSLO, Fig. 1) that in the
urrent implementation uses an imaging wavelength of
20 nm. The wide-field imaging system and the AOSLO
maging beams are combined with a dichroic mirror,
hich is placed directly in front of the subject’s eye (Fig.
, BS3). Thus, the wide-field imaging system and eye
racker have only this single optical element in common
ith the AOSLO. This separation was necessary to facili-

ate the very different optical requirements of the two
ystems. As a result, the range of positions over which the
OSLO imaging field can be placed in relation to the
ide-field imaging FOV is determined by the relation of

he apertures of L1 and L2, which subtend a much
maller angle ��12 deg�, and the position of the wide-field
mage ��35 deg�. In practice we cannot achieve the full
2 deg range for the AOSLO, since the field is apodized at
he edges.

. Retinal Tracking and Stabilization
he tracker is designed to stabilize the location of the il-

umination light on the retina with respect to a specific
etinal feature in a manner similar to the method de-
cribed previously.31,38,39 In the current implementation
e have changed several parameters to adapt it for use
ith the AOSLO. The tracker is a confocal reflectometer

hat illuminates the retina with a 30 �m spot of light
1064 nm�. This spot revolves in a circle at 16 kHz, form-
ng a “donut” of illumination on the retina. Light return-
ng from the illuminated region is detected by an indium
allium arsenide APD, and the response is measured us-
ng narrowband phase-sensitive detection. Thus, the
hase of the response provides information as to the pat-
ern of retinal reflectivity along the donut-shaped path of
he illuminating beam. This signal provides the input to a
igital signal processor (DSP), which implements the
racking algorithm and operates control circuitry to de-
ect and maintain the donut on the retinal feature cho-
en. The retinal feature is typically the center of the optic
erve head but can be any feature with high contrast in
wo dimensions. The polarity of the tracking feature can
e software controlled, allowing tracking of dark features
uch as vessel crossings. Since the wide-field imaging op-
ics reflect off the same tracking mirrors, the wide-field
mage is stabilized at the same time. However, the
OSLO image must be controlled separately. The DSP
rovides control voltages to the steering galvanometers
SG1 and SG2, Fig. 1). The control voltages are scaled and
ltered versions of the voltages controlling the tracking,
ith the scaling and filtering set by the user during cali-
ration. Offsets can be added to the steering mirrors to
hange the relation between the tracked feature and the
enter of the imaging field, which allows the high-
esolution imaging system to image over a retinal range
f 10 deg by changing the relation between the imaging
nd the tracking beams.
. Calibration of the Tracker for AOSLO Stabilization
ecause of the separation of the optics between the wide-
eld and the AOSLO imaging systems, the tracking sys-
em must control the steering mirrors to position the
OSLO beam. This requires calibration of the system in
itu. The goal is to set a relation between the internal
racking mirrors of the TSLO and the steering galvanom-
ters of the AOSLO. Since both can be calibrated to match
hanges in external angles with voltage, in principle this
nly needs to be done once. To perform the calibration a
ubject’s retina is first imaged with both systems operat-
ng. With tracking turned on, the subject alternately fix-
tes the top, bottom, left, and right of a target that was
pproximately 2 deg in diameter. During the horizontal
ye movements, the amount of displacement of the high-
esolution image was measured for the horizontal direc-
ion. The gain was then changed to increase or decrease
he displacement, iteratively and in conjunction with a
imilar vertical calibration, until the position of the
OSLO image of the retina before and after a fixation
hift was the same.

. System Control and Electronics
he electronic control of the system is implemented as

hree subsystems on separate computers that allow the
perator to select a region of interest, correct the wave-
ront aberrations for that retinal location, and acquire a
ighly magnified image at high sampling density (Fig. 2).
he AO computer system receives start-of-frame synchro-
ization signals from the D/A converter, which drives the
low-scan galvanometer, acquires an SHS image, and
hen computes the resulting mirror control signals. While
aiting for the next acquisition signal, the AO control

omputer updates the computer display, including wave-
ront error estimation, SHS deflection map, and a mirror
eflection map. The entire loop runs at roughly 10 Hz.
he AO control computer receives control input from and
rovides control state information to the imaging com-
uter via TCP/IP interface.
The tracking computer provides a wide-field image of

he eye and the controls necessary to move the highly
agnified AOSLO FOV to a desired region of interest.
his is performed by adding an offset to positions of the
teering mirrors. This offset is then summed with a scaled
ersion of the retinal motion signal to provide a signal
hat causes the AOSLO image to track the retina. The
racking computer also controls real time wide-field imag-
ng, including video acquisition and storage, and provides
he control information and an interface to the DSP,7,40

Fig. 2) but it does not influence retinal illumination or
mage acquisition timing, gain, or any function other than
ocation.

The imaging computer is responsible for directly con-
rolling image acquisition and the imaging system state,
ncluding photodetector gain, focus, aperture selection
nd position, and position of the slow-scan galvanometer.
he slow-scan galvanometer voltage signal is obtained

rom a programmable D/A converter, which also provides
tart-of-frame synchronization signals to the frame grab-
er and to the SHS sensor in the AO control system. In
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ddition this system indirectly controls the AO computer
nd tracking computer via IP links (Fig. 2). These links
rovide control for all standard operating interventions,
lthough it is necessary to initialize the AO control and
racking control on their host computers at the start of an
maging session. The imaging computer also is respon-
ible for recording the system state into a database, for
apid retrieval of relevant system information, by per-
orming a timed video acquisition in real time, consisting
f acquisition of between 2 and 28 sequential frames. All
tate information concerning the detection channel is
tored on the imaging computer, along with a pointer to
he position in the audio-video interleave (AVI) image file,
nd the AO computer status concerning the state of the
O control loop. The AO information includes both the
MS error of SH centroids and the Zernike coefficients

hrough the seventh order. This state of the tracking sys-
em is also recorded, including whether the tracking con-
rol is on or off and the offset of the steering mirrors to
ndicate retinal location. The imaging computer can also
nstruct the tracker to record a video sequence and pro-
ide a name for the sequence that is recorded in the da-
abase.

Image montaging and correction for sinusoidal distor-
ion are performed offline, using an AVI file browser that
as developed in MATLAB (Mathworks, Inc.). This browser
as a GUI that allows browsing through an AVI file while
imultaneously providing imaging details for each frame
rom the imaging database. Frames are marked using the
rowser by building a list of frames. Once a series of im-
ges is chosen, the software reads them into MATLAB, ap-
lies a polynomial dewarping algorithm to remove the
inusoidal warping, and places all of the selected images
oth into the MATLAB workspace and into a PowerPoint
le for manual alignment. While the galvanometer con-
rol voltages are recorded in the database, the software
as not yet been developed to make this process auto-
atic.

ig. 2. (Color online) Partition of imaging system control betwee
he wide-field imaging/tracking system (left), the high-resolution
esolution imaging system controls standard operational parame
This system design results in a session that typically
atches the following sequence: Subjects are first aligned
sing the wide-field imaging system. The tracking system

s then engaged, and individually dependent parameters
re set, such as the feature to be tracked and the tracking
ains. For all data in the current study, the optic nerve
ead was used as a tracking feature. Once set up and
racking, the system can then be controlled remotely from
he imaging computer. The focus of the AO system is then
et using the Badal optometer. When the desired focus is
chieved, such as near the plane of the photoreceptors,
he AO control is engaged, and fine control of the Badal
ptometer is used to minimize the stroke of the MEMS
irror. At this point, it may be necessary to introduce ad-

itional trial lens correction into the system if the MEMs
irror cannot adequately compensate for astigmatism or

f there is not a sufficient range in the Badal optometer to
ompensate for spherical errors. These trial lenses are lo-
ated next to the steering mirrors. The location of these
rial lenses away from a pupil conjugate can cause some
roblems with the tracking system, as detailed in Section
. Once the AO control loop is locked, the retinal features
f interest are imaged by moving the steering mirrors or
ontrolling the detection and AO system as appropriate.

. Subjects
e have tested eight subjects with the system, ranging

rom 21 to 56 years in age. All subjects except two had
ormal retinal status. Patients with retinal disease in-
lude an individual with recurrent central serous retin-
pathy and one with epiretinal membranes. The study
as approved by the Indiana University Institutional Re-
iew Board. Light safety was calculated based on ANSI
tandards41 and a recently published procedure for oph-
halmic instruments.42 All subjects provided informed
onsent before participating in the study.

ems. Dashed lines represent the three major control subsystems,
ng system (center), and the AO control system (right). The high-
the other two systems via IP (double black arrows).
n syst
imagi
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. RESULTS
. Optical System Performance
he system had excellent optical properties, allowing the
ynamic range of the MEMS mirror to be used to correct
ye aberrations. A Zemax wavefront estimate of the on-
xis performance is shown in Fig. 3(a) and predicted per-
ormance at 5 deg is shown in Fig. 3(c). Figures 3(b) and
(d) show the corresponding measured wavefronts. These
ere measured using the SHS, with a target placed at the
rst retinal conjugate (at the focus of the Badal system)

or both the on-axis and 5 deg off-axis locations. On axis,
he system is essentially diffraction limited, with an RMS
rror of � /10. When the steering mirrors are displaced to
he 5 deg position, the measured wavefront aberrations
re worse, with an RMS error of approximately � /5. This
ncreased aberration is almost purely astigmatism.

. Wide-Field Imaging Performance
ide-field imaging has been previously described.31,43

he current implementation uses a longer-wavelength
maging beam �920 nm� and an additional optical compo-
ent, and the images appear slightly noisier. This appears
o occur due to both the decreased transmission of water
t 920 nm and the decreased sensitivity of the line scan
CD camera. However, the use of 920 nm for wide-field

maging facilitates the combination of the wide-field im-
ging beam and the AOSLO imaging beam (with a wave-
ength band centered at 840 nm), using a dichroic beam
plitter. An unintended benefit of using these two closely
paced wavelengths for imaging is that some of the long
avelength signal of the AOSLO beam is seen as a bright
rea on the wide-field image, providing live confirmation
f the location of the high-resolution image.

Figure 4 compares views of the same retina from the
ide-field imager (left) and a montage of AO images ob-

ained from a 56-year-old male subject with epiretinal
embranes, showing dark structures in the AOSLO un-

nticipated from the view provided by the wide-field im-
ger and not found in normal retina. The wide-field image
ontains a bright region (long arrow) arising from light
rom the AO imaging being collected by the line scan de-
ector (it is bright due to the longer integrating time of
he line scan detector). This bright region slowly moves
due to aliasing from the differing frame rates of the two
ystems). The AOSLO images were focused in the plane of
he photoreceptors, and each image in the montage was
enerated from a single frame without signal averaging.
he montage was generated by adding displacements to

he steering mirrors that move the AOSLO system, allow-
ng us to obtain images from a number of locations rap-
dly. The right panel shows a second region of retina in
his subject, emphasizing retinal striae. To move the im-
ging location, the fixation point was moved and an offset
as applied to the steering mirrors control voltages. The

mages were then aligned by the operator after the ses-
ion was complete.
ig. 3. (Color online) Comparison of predicted (left column) and measured (right column) wavefronts for the optical system. Calculations
ere performed for both on-axis (top row) and 5 deg off-axis (bottom row) field positions. Measurements were made by placing a target
etween L1 and L2 (Fig. 1) and using the SH WFS to measure the aberrations.
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. Tracking Performance
o avoid amplifying the noise in the tracking system, and
ossibly cause ringing, we adjusted the high-frequency
utoff of the control system for the steering mirrors to
00 Hz. Because of this, the eye tracker did not keep up
ith saccades. Figure 5 is an example of three successive
OSLO frames obtained while the eye tracker was oper-
ting. During the second frame (middle panel) there was
small saccade. This appears as a tearing of the image,

.e., retinal movement to the right, followed by a rapid re-
urn when the eye tracker corrected the resulting error in

ig. 4. Imaging data from a 56-year-old male with an epiretinal
ide-field imaging system. The boxes show the approximate loca
rrow shows the location of the fovea. Retinal traction due to th
40 nm AO retinal montage generated by using the tracking mir
ere generated in about 2 min, once the subject was aligned and
onfocal aperture was 2.6� the diameter of the Airy disc. The sca
s the center image but for a different region of the the retina. Th
al membrane with stria in the lower right corner. The scale bars
iry disc.

ig. 5. Example of eye tracker compensation for small saccadic m
egan to slew (right moving then left moving blur in top and mid
he bottom of the middle frame the correct retinal position is ag
mall motions remain as described in the text. Scale bar is 100 �
he retinal image. By the third frame the image is re-
urned to approximately the original position on the im-
ge frame, although the eye has actually rotated between
he first and third frames.

We quantified this tracking performance by obtaining a
equence of image frames with image stabilization turned
n. A series of 10 within-frame locations, spanning the im-
ge frame, were defined in the first frame. A local subre-
ion around each of these locations was then cross corre-
ated with each of the subsequent frames. For each cross
orrelation, the peak of the cross-correlation function was

ane. Left: Near IR �920 nm� view of the retina, obtained from the
of high-resolution retinal montage (center and right). The short
tinal membrane is visible in the center of the field. Center: An
the AO system to offset the retinal location being imaged. Data
was adjusted. Individual frames were aligned manually offline.
represent 100 �m. Right: AO images, gathered in the same way

mes show detail of the region along the outer edge of the epireti-
ent 100 �m. The confocal aperture was 2.6� the diameter of the

ents. In the middle frame a saccade was initiated, and the retina
frame). The eye tracker compensates, with a slight delay, and by
ieved, and the third frame is well aligned to the first. Residual
membr
tions
e epire
rors in
the AO
le bars
ese fra
repres
ovem
dle of
ain ach
m.
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aken as the region of optimal alignment. We then calcu-
ated displacements as a function of time for all 10 loca-
ions. Figure 6 shows the results of this analysis for an
bserver with relatively poor fixation. In this subject, the
omputations described could not be carried out without
he stabilization, since many frames would contain im-
ges outside the bounds of the first image. With eye track-
ng we find that the modal displacement is 6 �m, 50% of
he time the images are within 10 �m of the mean posi-
ion, and 90% of the time images are within 18 �m. The
ong tail of the distribution represents position estimates
uring saccades and the resulting large displacements, as
hown in Fig. 6. The actual estimate of the error using
his quantification scheme is not accurate for these peri-
ds during active saccades, since the cross correlation will
ot have accurately determined the true motion. How-
ver, while this may affect the averages reported, it does

ig. 6. (Color online) Accuracy of retinal image stabilization wa
n a normally sighted subject with low fixation stability (left pan
ight points within a frame, over about 10 s of video. This includes
he histogram of the displacements measured (using the average
bility for a given location to move. During untracked epoch, this
arger than the image region. This means the eye movements we

ig. 7. Example of the imaging performance of the AO system.
f the retina of a 43-year-old female subject. B, Same region of ret
f the cones, with all cones within the field now resolved. C, Im
etinopathy, with AO control activated. C, System is focused at t
eturn and areas with poor cone light return. The white bar repr
ayer. Small retinal vessels are visible, and the continuous nature
ng retinal locations for images C and D.
ot change the distribution estimates, except that the er-
or for the large values probably represents a lower bound
ather than the true value.

. Adaptive Optics Imaging Results
hen operating on the eye, the AO system was effective

n improving image quality. Figure 7(A) shows single-
rame images for a male subject, aged 22 years, with a
orrection of 4 diopters with the AO turned off. Figure
(B) shows an image of the same subject and retinal loca-
ion with the AO on. In subjects with sufficiently low ab-
rrations we could also use the deformable mirror to rap-
dly change the plane of focus. Figures 7(C) and 7(D) show
mages from a 56-year-old male subject with recurrent
entral serous retinopathy, obtained with the best focus at

ured using the AO system. A short video sequence was recorded
oss correlation was then used to measure the shift in location of
mall saccades and considerable eye drift. The center graph shows
n as the standard). The right graph shows the cumulative prob-
ure could not be used, since the frame had numerous excursions
n greater than 100 �m.

ges are single frames of video. A, Uncorrected, best-focus image
t with the AO control loop activated. Note the increased contrast
the retina of a 56-year-old male with recurrent central serous
l of the cone photoreceptors, showing areas of strong cone light
100 �m. D, Same region of the retina, focused at the nerve fiber
inner retinal surface is evident. White arrows show correspond-
s meas
el). Cr
two s
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he level of the cones and the nerve fiber layer (respec-
ively) and by changing the curvature of the deformable
irror.
Displacement of the confocal apertures produced
arked changes not only in the intensity of light detected

ut also in the image contrast of different features. Figure
shows a region of retina imaged with an aperture diam-

ter 2.7� the diameter of the Airy disc. The left image
hows the resulting AOSLO image when the confocal pin-
ole was aligned to the psf; the right image was obtained
ith the aperture displaced by twice the aperture’s ra-
ius. In the aligned image, cones are readily apparent at
igh contrast. In the displaced aperture condition, cones
re mostly not visible. Figure 9 shows the interaction of
he AO control with aperture displacement for a 43-year-
ld female subject. In these six images the aperture has
een moved systematically from aligned (left column), to
isplaced by 1� the radius (with the edge of the aperture
n the center of the psf; middle column), and displaced by
� the radius (right column). This was done for both
O-on (top row) and AO-off (bottom row) conditions. The

eft column therefore shows the now traditional AO-on/
O-off comparison. The image in the top left has been
caled down in intensity by a factor of 0.5� for display.
orrected for the gain of the APD, the mean intensity
ver a region of 25,754 pixels for AO-on was 85.3 gray-
cale units �±41.8�, the intensity with AO-off was 38.0
±15.2�. That is, the average intensities differed by more
han a factor of 2�, and the standard deviations by 2.8
, due to the high contrast of the cones with AO-on. Thus,

he AO-on condition is brighter and sharper, as expected.
ith the aperture displaced by 1� the radius, there is a
uch smaller effect of AO; the intensities decrease to 48.5

±20.2� and 34.8 �±13.4� for AO-on and AO-off, respec-

ig. 8. Example of the effect of displacing the confocal aperture
isplaced 2� the Airy disc radius.
ively. Thus, cone contrast is still improved, but the image
s dimmer than for the centered aperture owing to the
apid drop in the psf in the AO-on condition. With AO-off,
here is not much difference between the centered and the
isplaced apertures, indicating that the double pass psf is
road. Finally, with the apertures displaced by twice its
adius, the AO-on condition is quite dark �25.4±10.7�, and
he AO-off condition is slightly brighter �26.6±11.12�.
hat is, turning on AO control decreases the amount of

ight in the tails of the psf, as expected. However, the im-
ge does not go completely dark. As has been previously
hown,20,21,44,45 some features show up well in multiply
cattered light.

The effect of multiply scattered light is also shown in
ig. 10, where we show the effect of changing the size of

he aperture on the retinal image. The set of four images
A–D) are of a region of retina from a 56-year-old male
ubject that includes a set of small blood vessels. The first
hree images (A–C) show the effect of changing focus with

confocal aperture 4� the size of the Airy disc, moving
rom the photoreceptor layer (A) to the inner retina (C).
igure 10(D) shows the same region with a large (26� the
iry disc diameter) aperture, with areas of scattering be-

ng bright. Figures 10(E) and 10(F) demonstrate the effect
f increasing the aperture size in an eye with retinal pa-
hology. Here we compare images from the retina of a sub-
ect with an epiretinal membrane. The confocal view, with

pinhole 2.6� the size of the Airy disc [Fig. 10(E)] shows
region where the membrane is folded. The open confocal

large aperture, �50� the size of the Airy disc) view
hows that there is considerable scattering in some of
hese regions, which leads to a large return of light
hrough the region of retina surrounding the small aper-
ure.

control active, aperture aligned; B, AO control active, aperture
: A, AO
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ig. 9. Example of the interaction of displacement of the confocal aperture with adaptive optics control. Images A–C were obtained with
he AO system activated and with successively larger displacements of the aperture from the peak of the Airy disc. A, Aligned aperture,
.6� the Airy disc diameter, centered on the Airy disc. This image has been scaled down in intensity by 2� to allow it to be printed at
he same level as the other five images. B, Same aperture, displaced one radius of the aperture, that is, with the circumference of the
perture on the center of the Airy disc. C, Same aperture, but now displaced by 1 diameter. D–F, Same positions of the apertures as A–C,
espectively, but now with the AO control system off. While the AO system increases the intensity for the aligned aperture, it decreases
ntensity for the misaligned aperture.
ig. 10. Images from a 54-year-old Caucasian male showing the effect of confocal aperture size on imaging performance of the AO
ystem. Images A–C were obtained using an aperture 2.6� the size of the Airy disc, focused at different retinal layers ranging from just
bove the photoreceptors (A) to the level of the outer capillaries (C). Image D was obtained with an aperture 26� the size of the Airy disc.
mages E and F are from a 56-year-old male with an epiretinal membrane. The images are obtained with the AO system active and with
he focus adjusted to the surface of the membrane. Here we see the rough surface and fold of the membrane in image E. Image F, ob-
ained with a large confocal aperture, shows increased scattering from several structures within the membrane.



4
W
d
m
t
t
u
g
R
t

f
m
o
m
b
u
m
S
p
q
W
p
f
t
I
s
n
l
a
i
a
d
l
p
i
e
t
c
r

i
h
i
n
t
t
n
w
f
t
g
t
i
i
l
t
p
w
a
a
f

l
7
t
w
m
t
t
w
t

s
p
r
v
s
g
b
p
a
T
w
i
s

r
o
i
d
l
i
h
r
c
h
t
t
w
r
t
b
r
o

t
t
d
m
i
l
p
m
c
c
s
b

e
d
p
r
r
i

1324 J. Opt. Soc. Am. A/Vol. 24, No. 5 /May 2007 Burns et al.
. DISCUSSION
e have described a system that allows us to generate

iffraction limited images of the human retina while si-
ultaneously tracking and stabilizing the retinal view in

he presence of eye movements. The optical system main-
ains diffraction limited performance over a large FOV by
sing primarily reflective optics, thereby minimizing
host reflections and providing achromatic performance.
efractive elements, which do introduce unwanted reflec-

ions (see below), are used only in the first afocal relay.
The current system is able to dynamically change both

ocal plane and the degree of confocality, allowing us to
ake precise biophysical measurements of the scattering

f light in the retina, as well as precise anatomical infor-
ation on the microscopic detail of the human retina in

oth normal and pathological eyes. Our system has
nique features that allow it to be used to make measure-
ents that are not commonly obtained from AO systems.
pecifically, the ability to rapidly and reliably change the
osition and size of the confocal apertures allows us to
uickly quantify spatial aspects of retinal light scattering.
e showed that in normal retina the contrast of the cone

hotoreceptors drops rapidly to less than 10% as the con-
ocal aperture is misaligned. Thus, controlling the aper-
ures allows us to sample different types of structures.
n this case of a normal retina, light that is multiply
cattered passes through the retina in the tails of the reti-
al psf. This occurs as a result of two processes. First,

ight singly scattered far from the plane of focus will have
large blur circle; and second, because multiple scatter-

ng, which occurs in the retinal pigment epithelium (RPE)
nd choroid will be more widely distributed in the retina,
epending on the scattering length. In near-infrared
ight, much of the light returning through the pupil has
enetrated into the choroid.46–48 The lack of cone contrast
n the tails of the psf is consistent with the findings of Pri-
to et al.49 that light from the RPE is not guided toward
he pupil. However, Choi et al.50 have argued that the
ones guide light impinging on them from the sclerad di-
ection.

The eye tracker/stabilizer provided two benefits. First,
t is helpful when imaging an eye to have a context for the
igh-resolution images. When viewing the small-field AO

mages, it is often nearly impossible to be sure where a
ew subject is actually fixating, unless it is possible to see
he fovea. The incorporation of the wide-field imaging sys-
em provides information to the experimenter on the reti-
al region under examination and its relation to the
hole posterior pole. The image stabilization is also use-

ul. Errors arise in the tracking due both to noise and to
he displacement between the tracked feature and the re-
ion being imaged at high resolution. While torsional mo-
ions of the eye are relatively small at the scale of the AO
mages, they can become important, and the stabilization
s currently limited to translational motions. Neverthe-
ess, while the stabilization is not perfect (co-adding mul-
iple frames without any intervening processing is not
ossible), it is sufficiently good that relatively simple soft-
are routines can operate unattended and align all im-
ges from a given nominal region and image type. It also
llows us to directly compare very different image types
or the same region, where features become difficult to re-
ate, even when only the plane of focus is shifted (see Figs.
(C) and 7(D)). Automatic frame rejection routines to de-
ect frames or subframe areas with saccadic transients
ithin them (Fig. 5) are not yet implemented. Such move-
ents degrade the local cross correlation of frames, and

hus automated software should be able to perform this
ask, and more sophisticated dewarping algorithms22

ould be a beneficial adjunct to the hardware-based
racking to remove the remaining distortions.

A related advantage of the system is that by adding off-
ets to the steering mirrors, the angle of the beam at the
upil can be rapidly changed, thereby shifting the retinal
egion being imaged. Thus we can rapidly obtain multiple
iews of the retina that can be stitched together relatively
imply. However, since these steering mirrors are conju-
ate to the center of rotation of the eye (approximately)
ut not to the pupil, they cause an appropriate change in
upil position for rotations of the eye, but an inappropri-
te pupil motion for a translation of the retinal image.
his limits the range over which we can scan the beam
ithout recentering the eye. This issue will be addressed

n the future by adding the offset to our fast- and slow-
can mirrors.7

A secondary problem arises from the interaction of the
etinal tracker with the current AOSLO first afocal relay
ptics (the Badal optometer). As the high-resolution FOV
s steered across the retina, lenses L1 and L2 (Fig. 1) pro-
uce reflections as the beam crosses the apex of the
enses. These reflections can degrade the wavefront sens-
ng owing to the low numerical aperture and the resulting
igh depth of field of the SHS. Additionally, where a large
etinal conjugate aperture is being used, the reflections
an also intrude into the retinal image. Most AO systems
ave a fixed FOV, and therefore system reflections can ei-
her be designed out, e.g., working slightly off axis with
he beacon, or be subtracted from the SHS. In a system
here the imaging angle is dynamically changing, these

eflections are not constant and therefore cannot be sub-
racted. Future implementations would be better served
y using a reflective system to implement refractive cor-
ection, either by using a high-stroke deformable mirror51

r a Badal system composed of mirrors.
Finally, the manner of introducing refractive correc-

ions into the system is important. Because we keep the
wo image channels separate, focus and field sizes are in-
ependent, and the relative gains of the retinal steering
irrors for each system are different, but fixed. However,

f we introduce correcting lenses (for astigmatism or high
evels of ammetropia) into our system, and they are not
recisely at a pupil plane, then we change the relative
agnification between the two systems. While this

hange is not critical for the imaging, it also changes the
alibration relation between the tracking system and the
teering mirror deflections, and a correction factor must
e introduced.
In summary, we have described what is to our knowl-

dge a new, MEMS-based AOSLO. This system has been
esigned to work with active retinal stabilization and to
rovide simultaneously a high-resolution AO view of the
etina and a lower-resolution, wider-field view of the
etina. We have incorporated a flexible detection channel
n the system and have shown that this type of detection
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hannel allows direct measurement of the contribution of
ifferent light paths to the retinal image.
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