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1 Introduction

Astronomy and military technology has made extensive use o
adaptive optics to measure and compensate for optical aber
rations of the human eye. In the last 10 years several groups
have investigated the use of different adaptive optical ele-
ments for use in ophthalmic imagirtg? Liquid crystal spatial
light modulators have been investigated for use in wave front
compensatiod>® However, they have limited modulation
ranges, slow time response, and required operation with
monochromatic and polarized
generated holograms based on ferroelectric liquid-crystal spa-
tial light modulators have also been demonstrated to generate
wave fronts with higher speed but with the penalty of reduced
optical throughpuf. The most widely used technology has
been piezodriven multiple segment mirr6fs> Segmented
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could be useful for adaptive optics applications in ophthal-
¢ mology, they are usually very large and expensive, making
them impractical for low-cost applications. Prices for these
devices are about $40 000—$50 000. Recently, we have built
an adaptive optical system based on a low-cost 37-element
micromachined membrane deformable mir(etMDM ) with
a continuous membrarté.

In a previous study we demonstrated the use of a compact
low-cost multichannel MMDM to generate wave fronts of
Zernike modes for adaptive optical compensation in a retinal
imaging applicatiot? MMDM devices have recently been
developed for operation at moderate spéed., a few hun-
dred hertz* MMDMs have the potential to be used as low-
cost corrective elements in adaptive optics systems for various
practical applications such as correcting aberrations of human
eyes and laser beams. However, use of the MMDMs for wave

mirrors have been used to visualize the cone mosaic of the : . .
. ; front generation or aberration compensation has not been well
photoreceptors in a human eye. The advantage of using seg- . . - . . . .
) . ; investigated owing to the difficulty in controlling this device.
mented mirrors has been that each portion of the mirror can

be adjusted individually. The disadvantage has been the rela-!Due to norjllnear and coupled.responses.of control channels, it
. ; . . . . is not straightforward to obtain the required control voltages
tive high cost of the mirror and electronics. A detailed review

. . ) . for desired mirror surface shapes. We developed an iterative
of the history of adaptive optics applicable for ophthalmology control algorithm based on experimentally measured MMDM
has been given by RoorddAlthough, piezodriven deform-

bl . din adapt ¢ cal i . ‘ response characteristics and were able to use a 19-channel
able mirrors used in adaptive astronomical Imaging systems \,\pu to compensate some aberrations of a model eye in an
adaptive optics systefd:'* We modified the adaptive algo-

Address all correspondence to Dirk-Uwe Bartsch. UCSD Shiley Eye Center, Uni-
versity of California San Diego, 9415 Campus Point Dr., La Jolla, CA 92093-
0946. Tel: (858) 534-4392; Fax: (858) 534-7985; E-mail: dbartsch@ucsd.edu 1083-3668/2002/$15.00 © 2002 SPIE

Journal of Biomedical Optics * July 2002 * Vol. 7 No. 3 451



Bartsch et al.

Electrode Layout Active 0V surface
e Al-coated shape Initial surface
membrane shape

Q4

............................. i

- | ]
i Control N
Voltages “ " ﬁ 0
Fig. 1 Diagram (left) and photograph (right) of the MMDM. The de-
vice has a total of 37 electrodes over a circular aperture of 15 mm in

diameter with its boundary attached to the supporting substrate. The
center of the membrane can be deformed up to 7 um. We used the
central 12 mm in diameter circular part (19 electrodes) of the mem-
brane as an active aperture of the device.

Fig. 2 Diagram of electrical control of the MMDM and bias voltage.
The dashed line shows the zero voltage position of the aluminum
coated mirror membrane. The dotted line represents the initial surface
shape at half the maximum bias voltage. The solid line shows the

rithm so that we can generate arbitrary reflected wave fronts deformation of the mirror membrane at maximum voltage. By adjust-
such as wave fronts of individual Zernike modes or any com- ing the individu'al voltages, it becomes possible to generate different
bination of Zernike modes. We demonstrated the production $"2Pes ' the mirror membrane.
of the first 20 Zernike modes with modulation depth of sev-
eral wavelengths using a 37-channel MMDM. A
Hartmann—Shack wave front sensof(HSWS and a null in- bias is achieved by using a divergent incident spherical wave
terferometer are used to qualitatively and visually measure thefront and corresponding bias voltage of half the maximum.
generated wave fronts. The results show that lower order This allows us to adjust the shape of the membrane in both
modes can be generated with good accuracy and large modudirections as shown in Figure 2. This gives the MMDM the
lation depth, whereas the generation of higher order modes isdynamic range expressed in wavelengths of 8.%or low
limited by the working range and the channel number of the order aberrations and abouhZor higher order aberrations. A
MMDM device. more detailed description of the MMDM device can be found
In the present study, we are using the MMDM in a retinal elsewheré"*?The experimental optical system setup with the
imaging setup to correct the measured wave front and providleMMDM is shown in Figure 3. A laser beam is expanded by a
adaptive optical correction in a human eye. Complete wave spatial filter and collimated by lens LO. The expanded laser
front measurements are provided. beam is projected onto the retina by lenses L1 and L2. An
infrared light emitting diode is used to illuminate the cornea
. and centration is verified with the control camera CCD1 lo-
2 Materials and Methods cated in the pupil plane. A dichroic mirror allows separation
We have built an adaptive optical system based on a 37-of the infrared viewing light. The retinal surface acts as a
channel MMDM device(OKO Technology, Delft, The Neth-  specular reflector and thus becomes the light source of the
erlands. The MMDM device consists of an aluminum-coated light detected by the wave front sensor. The light passes
silicon nitride membrane with 37 electrostatic electrodes un- through the beamsplitter and lens L3 before entering the de-
derneath. The electrodes are of hexagonal shape and arrangefcus adjustment consistent of mirrors M3 and M4. The lens
in a circular pattern. Three concentric rings of electrodes sur- L4 images the pupil plane onto the deformable mirror
round the central electrode. The electrostatic forces betweenMMDM. Since the MMDM surface can only be deformed
the membrane and the electrodes pull down the membraneinto a concave shape, M3 and M4 are displaced slightly to
and modulate the shape of the membrane. The electrodes ar@rovide a divergent spherical wave front bias in the MMDM
driven with voltages ranging from 0 to 200 V. This device is plane. The MMDM s tilted to separate the incident and re-
similar to a device developed at the University of Heidellferg, flected beams by an angle of 20°. Although the tilt of the
with the difference that it uses solid-state technology rather MMDM introduces some aberrations, these aberrations along
than coated plastic membranes. The device has a circular apwith initial aberrations due to imperfection of the MMDM
erture of 15 mm in diameter with its boundary attached to the surface were corrected by setting the mirror shapes. The tilt
supporting substrate. The center of the membrane can be deimproves the light efficiency without using a beamsplitter to
formed up to 7um. We used the central 12 mm in diameter separate the incident and reflected beams and shows the flex-
circular part of the membrane as an active aperture of the ibility of using the MMDM. The reflected wave front is next
device, thereby allowing modulating the wave front at the imaged onto the HSWS measurement plane using L5 and L6.
edge of the active aperture. Thus, we only used 19 of the 37 The wave front is analyzed and fitted to the Zernike polyno-
electrodes for our study. A diagram and photograph of the mial wave front description by our software. The HSWS con-
device is shown in Figure 1. sists of a lenslet array and a charge coupled deW@gD)
Since the membrane can only be deformed in the direction camera located in the focal plane of the lenslet. The wave
toward the control electrodes, an initial bias is necessary. Thisfront is reconstructed from the measured slopes of the wave
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Fig. 4 Graph of change of phase error over number of iterative steps
needed to achieve a steady state.

was calculated and the wave front contour and three-
dimensional representation of the wave front surface derived.
A center of mass algorithm was used to determine the location

Fig. 3 Diagram of the optical setup of our ophthalmic imaging device.
The wave front is generated by the laser and passes through L1 and L2
into the eye. The light reflected from the retina passes L3, L4, the
MMDM, and L6 to reach the HSWS. Here the light is recorded by
CCD2 and the wave front calculated. For retinal imaging, the light
from the light source passes through L1 and L2 into the eye. The light
passes through L3, L4, the MMDM, L5, L7, and L8 to reach the image
sensor at CCD3. The retinal image is recorded and stored. The com-
bination of M3 and M4 allows defocus correction.

of the wave front. In this algorithm, the entire wave front
image is divided into subapertures according to the geometry
of the lenslet array. The center of mass of the intensity distri-
bution for each subaperture is calculated as the position of the
focus. This centroid algorithm is simple, able to tolerate rela-
tively strong noises from the CCD, and capable of providing
resolution better than a single pixel. In addition, the compu-
tation speed can be very fast depending on the image size of

the subaperture and the speed of the computer used for calcu-
lation. The centroid algorithm yields the slope information. A

front at subapertures of the lenslet array detected from the modal algorithm is used to reconstruct the wave front from
HSWS imagée? The measured wave front is then fed into our the slope values based on a Zernike polynomial decomposi-
control algorithm described later to drive the MMDM actua- tion of the wave front. This algorithm is less sensitive to noise
tors in a closed-loop configuration. This procedure is per- and the reconstructed wave front is easily related to the clas-
formed iteratively until the desired wave front is synthesized. sical aberrations such as defocus and astigmatism.
A Pentium Il PC running our software in Matlab and-G- is
used to implement the algorithm in the closed-loop iterative
System_ 3 Results

The MMDM mirror has a continuous membrane. Thus, the We tested the instrument with a normal volunteer. The images
different electrodes cannot be independently adjusted. Thewere taken in the right eye of a 33 year old male with a
setting of one single electrode will have an effect on the entire refractive error as determined by refractometiikon Au-
membrane. Thus, we developed a feedback control algorithmtorefractometer, Nikon, Melville, NY of —0.5 D + 0.75
to adjust and correct the wave front. First, the subject is askedD<90°. The graph in Figure 5 shows the wave front measure-
to fixate at a target. The feedback control is used to minimize ment recorded before and after wave front compensation. Due
the wave front aberrations by adjusting the MMDM. The re- to the relative large astigmatism in the subject and the limited
sult of the change in phase error over number of iterations is overall displacement of the MMDM, the system was unable to
shown in Figure 4. The resultant MMDM surface contour is correct for the astigmatic error.
then used to acquire the high-resolution images of the retina. The MMDM has a limited range of compensation. To
For comparison we also tested a model eye with our adaptiveeliminate the influence of static influence such as defocus and
optics setup. The model eye was composed of an USAF-1951astigmatism, we tested the instrument while wearing spectacle
resolution targefNewport Corp, Newport, CAand a singlet correction. Thus, we asked the volunteer to wear the pre-
lens (f =50 mm). We introduced known aberrations into the scribed spectacle correction and repeated the measurement.
optics by presetting coma onto the MMDM as previously The initial wave front including eye aberrations and system
described? Additionally, we introduced aberrations with the aberrations is shown in Figure 6. After compensation, a re-
help of two cylindrical lense§0.12 and 0.5 D powerused in sidual aberration remained in the optical system as can be
ophthalmic clinical trial framegNikon, USA). seen in the lower graph of Figure 6. It can be seen that the

The algorithm to calculate the wave front data has been wave front is almost flat within the central region of the dia-
described previoush# In brief, the first step was to acquire gram at a level of about two wavelengths. Near the edge of
the wave front with a CCD camera. Subsequently, the dis- the wave front, the plot shows some elevation up to five
placement of each image point from the reference location wavelengths. The initial wave front including higher-order
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Fig. 5 Wave front measurements in uncorrected eye before (top) and
after (bottom) MMDM correction. It can be noted that after correction
a significant refractive error remains in the wave front. This error is

Wavefront Contour

Wavefrort Contour

due to the large astigmatism present in the subject.

Wavefront Contour

Wavefroft Contour

Fig. 6 Wave front measurements in eye with spectacle correction be-
fore (top) and after (bottom) MMDM correction. It can be noted that
after correction the wave front is almost flat. It has some elevation
over zero, due to edge effects of the membrane mounting.

Fig. 7 Example images taken with the MMDM adaptive optical system. The top image pair is for reference only. They show the volunteer’s eye at
30°%30° recorded with a scanning laser ophthalmoscope taken with infrared laser light (left) and green laser light (right). The images on the bottom
are the 3°X3° image taken with the cooled CCD in our setup. The image on the left was taken before adaptive correction, the image on the right
after adaptive correction. The black lines are for guidance to locate the 3°X3° area within the overview image.
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eye aberrations and system aberrations is shown in the upper
graph of Figure 6. After compensation, the wave front aber-
ration was significantly smaller than before. The graph can be
seen on the right in the lower graph of Figure 6. It is remark-
able to note that the wave front was almost plane in the center
of the pupil while edge effects remained. Figure 7 shows
some of the example images taken with our device. The top
image pair is for reference only. They show the volunteer’s
eye at 30%30° with infrared laser lightleft) and green laser
light (right). The image on the bottom left is a:83° image
taken with the cooled CCD in our setup. The image is blurry
due to the aberrations of the eye and imaging system. After
compensation(bottom righ}, the image quality has signifi-
cantly improved, as striation in the image is visible. Based on
the visibility of fundus features we estimated that the resolu-
tion improvement is about threefold from around 30-11®.

The last test of the retinal imaging setup was performed
with a model eye comprised of a 50 mm focal length singlet
lens with an Airforce resolution target in the focal plane. We
tested two types of aberrations—coma and astigmatism. The
results are shown in Figure 8. In the first experiment we ap-
plied a calculated set of voltages to the MMDM to achieve
coma in the opticgFigure 8, top left. Then we turned on the '
adaptive optics control system to adjust the voltages until the
best correction was achieveBigure 8, top right It can be
seen that the resolution was significantly improved. In the ;
second experiment we introduced a known astigmatic lens . L

—

a8 w 4
il il b

Fo—

(0.12 D cylindrical power at 45° aXisinto the system by

placing a cylindrical lens into the beam paffigure 8, middle

left). After correction of the adaptive optics control system the
r_esolutlon targ_et was s_lgnn‘lcantl_y clear(sﬁflgure_& mlddle_ Fig. 8 The top pair of images shows on the left side the image of the
”gh_t)- In the third exp_enment we introduced a d|ff§rent astig-  resolution target with the induced coma and on the right side the
matic lens(0.5 D cylindrical power at 135° axjisinto the image of the resolution target after aberration compensation. The
system(Figure 8, bottom left After correction of the adap-  middle pair of images shows on the left side the image of the resolu-
tive optlcs control System the resolution target was S|gn|f|_ tion‘target with the 0.1 ZD cylindrical lens at 4.50 and on the I’tht side
cantly cleareFigure 8, bottom right However, the image in the image of the resolution target after aberration compensation. The

thi t | th ted i for the 0.1 ottom pair of images shows on the left side the image of the resolu-
IS case was not as clear as the corrected Image 1or the 0. 14, target with the 0.5 D cylindrical lens at 135° and on the right side

D lens. the image of the resolution target after aberration compensation.

. . ond. A faster camera will allow quicker measurement and
4 Discussion quicker compensation. Further research with smaller field of
This study has shown that the MMDM offers a reasonable view needs to be done.

alternative to conventional piezodriven adaptive mirrors and  The limitations of the MMDM are based on the limited
spatial light modulators. The potential advantage is the low deflection range of the MMDM and the low number of elec-
cost of this device compared to competing devices while trodes in our MMDM. Other researchers have used piezo-
maintaining the high reflectivity of a mirror surface. The dis- driven mirroré®6 that have a significantly larger deflection
advantage of this type of device is the nonuniform character- range. Additionally, our MMDM has only 19 electrodes,
istic response of the continuous membrane surface and thewhile the system used by others has 37 elements. In general,
associated problems in compensating. The process of com-MMDMs use continuous membrane mirrors and are thus con-
pensation requires iterative adjustments that require a certainstrained by their continuous surface. However, this feature is
amount of time to be completed. The wave front compensator likely to be less of a problem since the optical surfaces of the
is capable of correcting static higher order aberrations. Fur- human eye are also continuous. One would not expect large
ther refinement to our optical setup is required to allow easier variations in neighboring regions. The bigger problem is
defocus adjustment. Faster computers and better software indikely to be the nonuniform response of the surface to electri-
terfaces will allow faster processing time and thus our itera- cal stimulation. When comparing MMDMSs to segmented mir-
tive approach will reach a steady state more rapidly. Hofer rors it appears that MMDMs have an advantage as they cover
and associates have developed a real time Hartmann—Shack00% area of the mirror surface. Segmented mirrors have
wave front sensor that can sample at frequencies of up to 60gaps between mirror elements that cause light loss and may
Hz.1® Currently, our camera is limited to two frames per sec- cause interference. It appears that the main limitation of
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MMDMs are the limited deflection and lower number of elec-
trodes.

An area that has only recently become of interest is digital 1L
12.

image restoration based on deconvolutibrf: Our group has
experience in applying blind deconvolution algorithms to an-
giographic images recorded with a scanning laser ophthalmo-
scope. One limitation of blind deconvolution is that we have
to estimate the point-spread function and use it to reconstruct
the original image. In an iterative approach, we calculate the
original image and the point-spread function based on intelli-
gent guessing. By using the measured wave front and its as-
sociated point-spread function, a better and faster deconvolu-

10.

tion can be achieved.
Adaptive optics can be applied to conventional fundus

15.

cameras and scanning laser ophthalmoscopes as well. Scan-

ning laser ophthalmoscopes offer the advantage of lower light ;¢

levels and high image contr&tThey are ideally suited for
adaptive optical applications. The entire field of scanning la-

ser ophthalmoscopy and tomography can benefit from adap-17:

tive optical components. Angiography*will allow more de-

tailed analysis of fine vessel structures in diseases such as
diabetic retinopathy, age-related macular degeneration, and

macular edema. Confocal tomography® will benefit from
improved reproducibility and thus may allow earlier diagnosis

18.

of diseases such as glaucoma, epiretinal membranes, and oth-

ers.

In conclusion, low-cost adaptive optics are an option for
conventional retinal imaging devices and will offer a signifi-
cant improvement in resolution over existing imaging tech-
niques.
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