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Ultra-high-resolution 
optical coherence 
tomography gets 

adaptive-optic ‘glasses’

ROBERT J. ZAWADZKI, BARRY CENSE, STEVEN M. JONES, SCOT S. OLIVIER, 

DONALD T. MILLER, AND JOHN S. WERNER

daptive-optics techniques, which 
are well known for correcting 
Earth-based atmospheric eff ects 
in astronomical images, are fi nd-
ing new practical application on a 

smaller scale for retinal imaging. 
In only 15 years, optical coherence tomography 

(OCT) has revolutionized treatment and monitor-
ing of retinal diseases.1 Its superb axial resolution, 
independent from lateral resolu-
tion, allows precise in vivo visu-
alization and characterization 
of all the main cellular layers in 
the human retina. Unfortunately, 
as in other imaging techniques, 
lateral resolution and therefore 
the quality of OCT imaging is 
reduced by imperfections in the 
eye’s optics. Incorporation of 

wavefront correctors in  various 
retinal imaging systems, includ-
ing OCT, can improve lateral 
resolution.2

While adaptive optics (AO) 
reduces the degrading impact 
of ocular aberrations, full com-

pensation of both low- and high-order aberrations of the 
eye has not been achieved. Th is is a limiting factor for AO-
OCT systems in clinical settings. Standard methods of re-
fractive vision correction, such as placement of trial lenses 
in front of the eye, adversely aff ect the implementation of 
OCT imaging. As a possible solution to this problem, we 
recently reported a novel “trial-lens-free” AO design that 
cascades two deformable mirrors3 for the purpose of ex-

Ultra-high-resolution OCT 

imaging that uses adaptive 

optics is improved with a new 

source and optics for clinical in 

vivo visibility of the human retina.
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A
FIGURE 1. Adaptive optics placed 

in the sample arm of an ultra-high-

resolution OCT instrument corrects 

ocular aberration in real time.
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MEDICAL OCT, continued

tending the correction range (ampli-
tude) beyond that of systems using a 
single wavefront corrector.4, 5

In a previous AO-OCT imaging sys-
tem, we attained an axial resolution of 
approximately 6.5 μm with a broadband 
light source (see www.laserfocusworld.
com/articles/248111). Now, we have de-
veloped a new generation of adaptive-
optics ultra-high-resolution (UHR) 
OCT, (AO-UHR-OCT) instrumentation 
that combines an ultrabroadband spec-
tral light source and a custom achroma-
tizing element to increase measured ax-
ial resolution to approximately 3.5 μm, 
without reduction in lateral resolution 
and image quality. 

New AO-UHR-OCT instrument 

Like the previous device, the new 
AO-UHR-OCT instrument uses an AO 
system in the spectral/Fourier-domain 
OCT sample arm to facilitate correc-
tion of a patient’s ocular aberrations. 
Th e detection channel of the OCT 
spectrometer acquires spectral fringes 
of light back-scattered from the retina 
combined with light from the refer-
ence arm. Th e OCT-control unit drives 
vertical and horizontal scanners with 
programmable scanning patterns 
(maximum of 4° fi eld of view), and ac-
quires and displays 32 frames/s with 
500 lines/frame of OCT data. An AO-
control system operates the closed-
loop correction at a rate of 16 Hz. Th e 
current AO-control soft ware corrects 

one deformable mir-
ror at a time. Th e light 
source, used for both 
wavefront sensing and 
imaging, is a superlu-
minescent diode (SLD) 
with a center wave-
length λ 0 of 836 nm and 
a spectral bandwidth 
Δλ of 112 nm, providing 
3.5 μm  axial resolution. 
A series of focal tele-
scopes images the eye’s 
pupil on all key optical 
components, including 
vertical and horizontal 
scanning mirrors, wave-
front correctors (de-
formable mirrors DM1 
and DM2), the Shack-
Hartmann wavefront 
sensor, and the sample 

arm entrance (see Fig. 1). 

Chromatic aberration

Th e human eye suff ers from signifi cant 
chromatic aberration, due primarily 
to its watery composition for which 
the refractive index varies with wave-
length. Researchers have extensively 
studied longitudinal chromatic aber-
ration (LCA) and transverse chromat-
ic aberration (TCA) of the eye, which 
refer to the variation in focus and im-
age size with wavelength, respectively. 
Two groups have recently implement-
ed an achromatizing element for AO-
OCT retinal imaging.6, 7

In our work, the achromatizing el-
ement was designed for placement at 
the entrance of the sample arm and 
adjacent to the collimating objective. 
Th is position prevents back-refl ections 
from the fl at surfaces of the achroma-
tizing lens from entering the Shack-
Hartmann wavefront sensor that can 
otherwise occur if placed between the 
subject’s eye and sensor. We inserted 
an achromatizing elemement into the 
same optomechanical mount tube as 
the collimating objective (a commer-
cial achromat). Th is ensures that the 
achromatizing element is well centered 
on the system’s optical axis and pu-
pil, and that no extra pupil plane is re-
quired in the imaging system, thereby 
allowing straightforward integration 
into existing instruments with only 
minor modifi cations. 

FIGURE 2. An ultrabroadband superluminescent diode 

improves resolution in images of a 0.5 mm section of 

a healthy retina. The improved AO-UHR-OCT system 

incorporated a source with 3.5 μm axial resolution in tissue 

(dashed rectangle, top right, magnifi ed in bottom right), 

which shows reduced speckle size in comparison with 

an AO-OCT system with 6.5 μm axial resolution (dashed 

rectangle, top left, magnifi ed in bottom left).
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MEDICAL OCT, continued

FIGURE 3. Frame averaging improves images of inner 

retina layers of a healthy 55-year-old volunteer. Single-

frame image (top left, magnifi ed in bottom left) and 10 

frame-averaged images (top right, magnifi ed in bottom 

right) were obtained with an AO-UHR-OCT system.

Clinical performance

We have imaged more than 30 individu-
als (including healthy and diseased reti-
nas) with our AO-UHR-OCT system. 
We incorporated a forehead rest and 
bite bar together with an external fi xa-
tion light to minimize head and eye mo-

tion. Before each imaging 
session, the subject’s eyes 
were dilated and cyclople-
ged (given an eye drop to 
increase pupil size and 
paralyze the eye’s abil-
ity to focus). To illustrate 
the benefi ts of increased 
spectral bandwidth on 
AO-OCT images, we ac-
quired two images with 
AO-OCT and AO-UHR-
OCT systems over the 
same retinal location (4.5° 
nasal retina) with the AO 
focus set on the photore-
ceptor layers (see Fig. 2).
Th e main diff erence be-
tween these two scans is 
the spectral bandwidth of 

the superluminescent diode (SLD) used 
as a light source for imaging. 

One image was acquired with an SLD 
providing approximately 6.5 μm axial 
resolution and the second was acquired 
with a SLD having approximately 3.5 μm 
axial resolution in tissue. Th e ultrabroad-
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band light source clearly reduced speckle 
size in the axial dimension. In addition, 
we observed a change in the thickness at 
the photoreceptor layer junctions that act 
as refl ecting surfaces; namely the photo-
receptors’ inner and outer segment junc-
tions and Verhoeff ’s membrane (the end 
tips of cone photoreceptors outer seg-
ments). Th e diff erence in speckle size be-
tween the two OCT images seems to have 
an even bigger eff ect on visibility of reti-
nal features. 

Frame averaging

Next, we applied multiple-frame averag-
ing to enhance image sensitivity (see Fig. 
3).6 In this case, our AO subsystem was fo-
cused on inner retinal layers (the top three 
layers show increased intensity: the retinal 
nerve-fi ber layer, the inner plexiform layer, 
and ganglion-cell layer). Frame averag-
ing resulted in a clear speckle reduction 
and improvement in contrast observed 
between nerve-fi ber bundles and some 
capillaries in the two images, making the 
AO-UHR-OCT images easier to interpret. 
Note that even for this large eccentricity, 
we observed that TCA had no clear eff ect 

on image lateral resolution or intensity. 
Moreover, microscopic scattering struc-
tures, probably single cell bodies, unrelat-
ed to speckle noise that lie within retinal 
layers are more readily observed. 

Th e improved AO-UHR-OCT instru-
ment was used for in vivo imaging of the 
retina in several subjects, allowing iso-
tropic, ultrahigh volumetric resolution of 
3.5 μm3. We used a custom achromatiz-
ing element to correct for the eye’s natu-
ral lateral  chromatic aberration across 
the near-infrared wavelengths at which 
the ultrabroadband light source operated. 
We did not observe degradation of image 
quality attributed to transverse chromat-
ic aberration, which suggests that TCA is 
small, as theory predicts. Cascading two 
wavefront correctors enabled diff rac-
tion-limited lateral resolution, while a 
large-stroke bimorph deformable mirror 
corrected high-magnitude, low-order ab-
errations. A high- fi delity microelectro-
mechanical systems (MEMS) deformable 
mirror corrected low-magnitude, high-
order aberrations. Overall, the combina-
tion of these features improved micron-
scale three-dimensional resolution, and 

reduced speckle size signifi cantly to im-
prove visibility of microscopic structures 
in the retina, moving such instruments 
toward clinical applications. ❏
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Tell us what you think about this article. Send an 
e-mail to LFWFeedback@pennwell.com.
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