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ABSTRACT

A MEMS deformable mirror (DM)-based new generation adaptive optics scanning laser ophthalmoscope (AOSLO) has
been developed for in-vivo microscopic imaging of the living human retina. With the miniaturized optical aperture of a
uDMS-Multi™ MEMS DM made by Boston Micromachines Corporation (Watertown, MA), we were able to confine a
compact and robust optical system to a mobile 30"x30"” breadboard while keeping the system aberrations diffraction-
limited over an imaging field of view up to 3x3 degrees. A customized Shack-Hartmann wavefront sensor was devised
to facilitate the MEMS DM based adaptive optics (AO) system. The ocular aberration is compensated over a 6mm pupil
based upon a modal wavefront correction strategy. The AO correction is done for both ingoing and outgoing paths of
the scanning laser ophthalmoscope. After AO correction, the root mean square wave aberration is reduced to less than
0.1pm for most eyes. The lateral resolution is effectively enhanced and the images reveal clear cone mosaic near the
foveal center. The significant increase of the throughput at the confocal pinhole allows for a confocal pinhole whose
diameter is less than the Airy disc of the collection lens, thereby fully exploiting the axial resolution capabilities of the
system. The MEMS DM as well as its successful application represents the most significant technological breakthrough

of this new generation AOSLO.
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1. INTRODUCTION

The development of the adaptive optics scanning laser ophthalmoscope (AOSLO) by Roorda et al.' marked a significant
progress in ophthalmoscopy. The use of adaptive optics (AO) to correct the ocular aberrations of the human eye (which
is the objective lens of the scanning laser ophthalmoscope® (SLO)) bestows the confocal SLO® with all the fundamental
merits of a confocal scanning imaging mechanism such as enhanced resolution and fine optical sectioning ability. The
merits of confocal imaging are very well treated by Webb*, Roorda’, Sheppard and Shotten® and Wilson and Sheppard’.
The first AOSLO produced microscopic real-time views of the living human retina with unprecedented optical quality.
It yielded the first real-time images of photoreceptors and blood flow in the human retina at video rates, which
facilitates many promising applications in revealing retinal disease mechanisms®’, improving diagnosis'’ and SLO

psychophysics''. The AOSLO has become an attractive microscopic imaging modality for living human eye.

AO has proved to be an indispensable mechanism for high quality ophthalmic optical imaging'>'* and the DM plays the
key role in realization of an effective and efficient AO system. The first AOSLO employed a 37-channel mechanical

DM (Xinetics Inc., Devens, MA), which has a continuous mirror face sheet offering a 46mm effective optical aperture
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that is fixed to an array of individually addressable, discrete piezoelectric actuators. In order to map the human pupil to
the effective aperture of the DM, relay telescopes with large magnification ratios had to be applied thus leading to a
fairly large overall system structure which occupied about 1.5mx1m area on an optical table'. The DM performed very

well but with a high cost and large size.

The evolution and use of AO systems for visual optics is paralleled by the progress and manufacturing technology of

DMs. Dreher et al.'® used a 13-segment DM to compensate the astigmatism of the eye. Liang et al.”

successfully
employed a mechanical DM (Xinetics, Andover, MA) of 37 channels over 46mm aperture with lead zirconate-titanate
(PZT) actuators to correct high order ocular aberration. Based on the Liang et al. system, Hofer et al.'” realized a close-
loop dynamic AO retinal imaging system and further improved the imaging quality with a Xinetics lead magnesium
niobate (PMN) DM. Fernandez et al.'"® and Hermann et al."” employed 37-channel micromachined membrane DMs
(OKO Technologies, Holland). Vargas-Martin et al.”” exploited a transmissive liquid-crystal spatial light modulator.
More recently, Doble et al.*'** reported their exploration of a prototype microelectromechanical (MEMS) DM (Boston
Micromachines Co., Boston, MA) for AO in the human eye. Judged by the actuator density, the maximum stroke, the
response speed, the compactness as well as the potentially low cost, the MEMS DM demonstrates significant
advantages in building a robust AO system, and represents the most promising technology. Boston Micromachines Co.
(BMC) has pushed the MEMS DM from prototype to real product”?* that, to a reasonable degree, meets the
requirements for an effective AO system for vision applications® ™.

Encouraged by the results of the first AOSLO and the progress of the MEMS DM manufacturing technology, a new
generation AOSLO is being developed aimed at better compensation of the wave aberrations of the eye thereby

rendering higher-quality microscopic views of the living retina, all housed in a compact structure that is clinically

deployable.

In this paper, we present the development and imaging results of the new AOSLO that uses the cutting-edge MEMS
DM.

2. METHODS

2.1. AOSLO Optical System

Shown in Fig.1 is the general system of the new generation AOSLO. The light from the tip of a single mode fiber is
collimated by lens L1 and is relayed by the telescope which is constituted by L2, L3 and the beam splitter (BS) to the
DM, the HS, the VS, and finally to the eye where it scans to form a raster pattern on the retina. The diffusely reflected
light from the retina transmits inversely along the ingoing path to the VS, HS, DM and to the beam splitter, where most
of the light passes through and is relayed by a telescope, constituted by L4-L5, to the collection lens L6. A confocal
pinhole is placed at the focal point of the collector lens. The signal is received by the photo detector and is acquired and

processed by the computer for storage and display. The optical system occupies about 0.5mx0.5m area on a mobile
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optical work table while keeping the system aberrations diffraction-limited over an imaging field up to 3x3 degrees.

Shown in Fig.2 are the spot diagrams of the scanning optical system at 9 points over its 3 degree scanning field.

Fig.1. LD, laser diode; FO, fiber output; PC, computer; D, display; BS, beam splitter; HS, horizontal scanner (16KHz); VS, vertical
scanner (30, 60 Hz); CL, cylindrical lens; WS, wavefront sensor; CP, confocal pinhole; PMT, photomultiplier tube; M1~M3, flat

mirrors; S1~S6, spherical mirrors; L1~L6, achromatic lenses.
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Fig.2. AOSLOII scanning optics configuration matrix spot diagram

2.2. MEMS DM based AO

The MEMS DM is the puDMS-Multi™ made by Boston Micromachines Corporation (Watertown, MA), which consists
of a single membrane supported by an underlying actuator array. Deflection of the mirror surface is via electrostatic
attraction, and each actuator is individually addressable. Although this DM has a continuous membrane reflecting
surface, it differs from a conventional membrane design. Cross-talk between actuators is minimized by constructing the
actuator array with a double cantilever design. The mirror is described in detail elsewhere® **. The specific mirror array
is a 140 actuator design (12 X 12 with no corner actuators) over a 4.4 mm clear aperture. The actuator stroke is 3.5

microns.
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A Shack-Hartmann wavefront sensor was built to facilitate the AO system. The lenslet array has a 0.328mmx0.328mm
pitch with a 24mm focal length. By scanning a diffusely scattering surface through the focal point of a model eye, we

calibrated the wavefront sensor. The result is shown in Fig.3.
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Fig.3. AOSLO wavefront sensor calibration

The DM, the lenslet array of the Shack-Hartmann wavefront sensor, the HS, VS, the pupil plane of the eye and the
collection lens are designed and delicately aligned such that they conjugate to each other. The wavefront is corrected for

both ingoing and outgoing path.

A modal approach is adopted to run the AO closed loop. A 10" order Zernike polynomial is fitted to the wavefront
slopes. The actuator deflections are then calculated directly from the best fit wavefront. We adopted a proportional

control strategy and achieved a closed-loop update frequency of about 10 Hz.
2.3. Light Sources and Imaging Acquisition

Two light sources are currently used in the MEMS DM based AOSLO for different scientific purposes. One is a
common diode laser with a wavelength of 655nm and the other one is an 840 nm low-coherence superluminescent laser
diode (SLD) (Broadlighter S840-HP, Superlum, Russia), which is used to reduce interference artifacts and speckle in
the images®’. A photomultiplier tube (Hamamatsu, Japan) is employed to detect the signal photons that pass through the
confocal pinhole. A frame grabber digitizes pixels at a 20 MHz detection rate to generate 8-bit 512x512 frames at 30

frames per second.
2.4. Imaging Protocol

In practice, the human eyes were dilated (one topically applied drop each of 0.5 % tropicamide and 2.5 %
phenylephrine) and the correction was done over a 6mm pupil. Approvals for image human subjects were obtained by

the University of California, Berkeley IRB, and informed consent was obtained from each subject prior to imaging.
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Before running AO, we first used trial lenses to minimize the defocus and astigmatism so that we would not saturate the
DM actuators. When the 655nm diode laser is used, the illumination power at the cornea is 60pw, which is about 1/50™
of what the ANSI standard considers to be safe exposure levels’”. Whereas for the 840nm SLD, the illumination power

is 300pw, which is also far below the safety exposure level at this wavelength.

3. RESULTS

More than 10 human subjects including several with eye diseases have been imaged. The AO reduced the root mean

square wave aberration over a 6 mm pupil from 0.4pm to less than 0.1pm.

(© (d)
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Fig.4. (a) is a screen-shot of a single frame from the real-time imaging monitor, which was taken before AO correction but after
best correction of defocus and astigmatism with trial lenses. A real-time histogram was programmed to display the statistical
characteristics of each single frame. Frame (b) was taken after AO correction. (c) and (d) show the corresponding frames of (a) and
(b) after correction of the distortion generated by the sinusoidal scan pattern of the horizontal scanner. (¢) and (f) are registered
images of 10 frames before and after AO correction, respectively. These images were from a retinal area about 1° eccentricity from
the foveal center. The field of view is 1.2°. The registered images have been corrected for distortions due to eye movements'.

These images were obtained with the 840nm SLD

Fig.4 shows retinal images from one subject before and after AO correction. The AO correction demonstrates the

threefold benefit of increased brightness, improved contrast and enhanced lateral resolution of the images.

Shown in Fig.5(a)~Fig.5(e) are a series of images of another subject’s eye. Each image spans a 1.2x1.2 degree field of
view. The images were taken with the 840nm SLD light source. Fig.5(f) is a composite made by stitching together a
series of frames spanning about a 5.2x5.2 degree field of view. The squares indicate the positions of Fig.5(a)~Fig.5(e)
on the retina. O indicates the foveal center. Except for the very central 0.5 degree field at the foveal center, the images

show a well resolved and contiguous cone mosaic.

The robustness of the MEMS DM based AO is also demonstrated by its formation of a very compact focused spot at the
confocal pinhole via the collection lens. This enables us to use smaller pinholes while maintaining a decent signal to
noise ratio for imaging. Moreover, with smaller pinhole, the AOSLO has better axial resolution” %, Fig.6(a)~Fig.6(c)

show the images that were obtained from the same retinal area of a subject using 75um, 50um and 25um pinhole,
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respectively. We need note that the 25um pinhole is only 0.833 times of the Airy disc diameter of the collection optics
(655nm wavelength laser, beam diameter is 5.4mm, collection lens focal length is 100mm focal length). Fig.6(d)

illustrates the improvement of the axial discrimination capability with the decrease of the pinhole size as measured by

moving a diffusely scattering plane through the focal plane of a model eye.

Proc. of SPIE Vol. 6138 61380Z-7



5.2 degree

5.2 degree

6]

Fig.5 Foveal cone mosaic images obtained with the AOSLO
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Fig.6, (a), (b) and (c) are the same retinal area taken with 75pm, 50um and 25pm pinhole, respectively. They are from a location
about 1° eccentricity from the foveal center and have a field of view of 1.5°. These images were obtained with the 655nm diode laser.

(d) is the measured axial intensity distribution through the focus with pinholes of different diameters.

4. CONCLUSION

We have developed a compact and robust MEMS DM based AOSLO, which takes advantage of the cutting-edge
technology of the MEMS DM. We have obtained real-time images of microscopic structures in the living human retina
and have achieved correction levels that are comparable, and often better, than those that obtained in our first generation

AOSLO which uses a 37 element discrete actuator deformable mirror (Xinetics, Inc).
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