
micrometer spatial resolutions and high detec- 
tion sensitivities (12). 

We have extended the technique of low- 
coherence reflectometry to tomographic im- 
aging in biological systems. In low-coherence 
reflectometry, the coherence property of light 
reflected from a sample provides information 
on the time-of-flight delay from the reflective 

Optical Coherence Tomography boundaries and backscattering sites in the 
sample. The delay information is then used to 

DAVID HUANG, ERIC A. SWANSON, CHARLES P. LIN, determine the longitudinal location of the 

JOEL S. SCHUMAN, WILLIAM G. STINSON, WARREN CHANG, reflection sites. The O m  system performs 

MICHAEL R. HEE, THOMAS FLOTE, KENTON GREGORY, multiple longitudinal scans at a series of Iat- 

CARMEN A. PULIAFITO, JAMES G. FUJIMOTO* eral locations to provide a two-dimensional 
map of reflection sites in the sample. This 

A technique called optical coherence tomography (OCT) has been developed for mode of operation is analogous to ultrasonic 
noninvasive cross-sectional imaging in biological systems. OCT uses low-coherence pulse-echo imaging (ultrasound B-mode). 
interferometry to produce a two-dimensional image of optical scattering from internal The optical sectioning capability of OCT 
tissue microstructures in a way that is analogous to ultrasonic pulse-echo imaging. is akin to that of confocal microscopic sys- 
OCT has longitudinal and lateral spatial resolutions of a few micrometers and can tems (13, 14). However, although the lon- 
detect reflected signals as small as -10-lo of the incident optical power. Tomographic gitudinal resolution of confocal microscopy 
imaging is demonstrated in vitro in the peripapillary area of the retina and in the depends on the available numerical aperture 
coronary artery, two clinically relevant examples that are representative of transparent (15), OCT's resolution is limited only by the 
and turbid media, respectively. coherence length of the light source. Thus, 

OCT can maintain high depth resolution 

T OMOGRAPHIC LMAGING TECH- surements of microstructure have been per- even when the available aperture is s m d .  
niques such as x-ray computed to- formed in the eye and the skin with This feature will be particularly useful for in 
mography ( I ) ,  magnetic resonance femtosecond laser pulses (5 ) .  Time gating by vivo measurement of deep tissues, for exam- 

imaging (2), and ultrasound imaging (3) means of coherent ( 6 )  as well as noncoher- ple, in transpupillary imaging of the poste- 
have found widespread applications in med- ent (7) techniques has been used to prefer- rior eye and in endoscopic imaging. 
icine. Each of these techniques measures a entially detect directly transmitted light and The OCT scanner (Fig. 1) is an extension 
different physical property and has a resolu- obtain transmission images in turbid tissue. of previous low-coherence reflectometer sys- 
tion and penetration range that prove ad- Low-coherence reflectometry has been used tems (12). High-speed, continuous-motion 
vantageous for specific applications. In this for ranging measurements in optical compo- longitudinal scanning is used to increase the 
report, we discuss OCT. With this tech- nents (8), for surface contour mapping in data acquisition rate, and a transverse scan- 
nique it is possible to perform noninvasive integrated circuits (9) ,  and for ranging mea- ning mechanism makes possible two-dimen- 
cross-sectional imaging of internal stmc- surements in the retina (10) and other eye sional imaging. The heart of the system is 
tures in biological tissues by measuring their structures (10, 11). the fiber optic Michelson interferometer, 
optical reflections. In contrast to time domain techniques, low- which is illuminated by low-coherence light 

Both low-coherence light and ultrashort coherence reflectomeq can be performed with (830 nm wavelength) from a superlumines- 
laser pulses can be used to measure internal continuous-wave light without the need for cent diode (SLD). The tissue sample is 
structure in biological systems. An optical ultrashort pulse laser sources. Furthermore, re- placed in one interferometer arm, and sam- 
signal that is transmitted through or reflect- cent technological advances in low-coherence ple reflections are combined with the reflec- 
ed from a biological tissue will contain reflectomeq have allowed the construction of tion from the reference mirror. The ampli- 
time-of-flight information, which in turn compact and modular systems that use diode tudes and delays of tissue reflections are 
yields spatial information about tissue mi- light sources and fiber optics and have achieved measured by scanning the reference mirror 
crostructure. Time-resolved transmission 
spectroscopy has been used to measure ab- 
sorption and scattering properties in tissues Fig. Schematic OCT scan- 
and has been demonstrated as a noninvasive ner. The SLD output is coupled 
diagnostic measure of hemoglobin oxygen- into a single mode fiber and split at 
ation in the brain (4). Optical ranging mea- the 50/50 into and 

reference arms. Reflections from 
the two arms are combined at the 

D. Huang, M. R. Hee, J .  G. Fujimoto, Department of coupler and detected by the ~ h o t o -  
Electrical Engineering and Computer Science and Re- diode. Longitudinal scanning is 
search Laboratory of Electronics, Massachusetts Institute performed by translating the refer- 
of Technology, Cambridge, MA 02139. 
E. A. Swanson, Lincoln Laboratory, Massachusetts In- with a stepper motor 

stage at 1.6 mm s-', generating a StitUte of Technology, Lexington, MA 02139. 
C. P. Lin, J. S. Schuman, W. G. Stinson, W. Chang, C. 3.8-kHz Doppler shift. The piezo- 
A. Puliafito, Department of Ophthalmology, Harvard electric transducer (PZT) in the 
Medical School and'the Laser Research Laboratory, sample arm further provides 21.2- 
Massachusetts Eye and Ear Infirmary, Boston, MA kHz phase modulation to the interferometric signal. Interferometric modulation of the output intensity 02114. 
T, Flotte and K. Gregory, wellman Laboratories, M ~ ~ .  is detected by the photodetector when the reference and sample arm delays are nearly matched. The 
sachusetts General Hospital, Boston, MA 02114. detector output is demodulated at the sum modulation frequency of 25 kHz to produce the envelope 

of the interferometric signal, which is then digitized (AD) and stored on computer. A series of 
*To whom correspondence should be addressed. longitudinal scans are performed. The lateral beam position is translated after each longitudinal scan. 
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sponding to a sensitivity of 10 fW. This high 
sensitivity is achieved by optical heterodyne 
detection. The interferometric signal is 

position and simultaneously recording the 
amplitude of the interferomemc signal. Inter- 
feromemc signal is detected o d w h e n  the 
reflections from the sample and reference 
arms of the interferometer are nearly matched 
in group delay (time-of-flight). Because of the 
low coherence, the signal falls off rapidly with 
delay mismatch and the delay or longitudinal 
location of sam~le reflections can be deter- 
mined with high resolution. 

In our system, the full-width-half-maxi- 
mum (FWHM) longitudinal resolution was 
17 p,m in air. The position of reflective 
boundaries inside a sample can usually be 
measured with much higher accuracy than 
the FWHM figure. In the absence of strong 
nearby reflecdons, the origin of a sample 
reflection can be repeatably located with a 
spatial resolution of less than 2 p,m Because 
light travels slower in tissue than in air, the 
optical delay is divided by the group velocity 
index of the tissue (16) to obtain the actual 

physical depth inside the tissue. 
To acquire data for a two-dimensional im- 

age, a series of longitudinal scans are performed 
with the optical beam position translated later- 
ally between scans. The lateral resolution of the 
image is limited by the beam diameter inside 
the sample. In our measurements, the beam 
diameter was 9 p,m (FWHM). The two-di- 
mensional scanning measurements map optical 
scattering as a function of depth and transverse 
position in an "optical sectionn of the tissue 
sample 9 p,m thidr, and the resulnng data array 
can be viewed directly as a gray scale or false- 
color image. In contrast to x-ray computed 
tomopphy or magnetic resonance imaging, 
OCT does not require large amounts of com- 
putation for image reconstruction. 

OCT can measure reflected signals with 
an extremely high detection sensitivity. Us- 
ing only 20-p,W incident optical power, the 
OCT system can detect reflections of 5 x 
lo-'' of the incident optical power corre- 

modulated at a high frequency by Doppler 
shift and piezoelectric modulation (Fig. 1). 
The interferometer output is then frequen- 
cy-filtered in the demddulator to separate 
the desired interferometric signal from noise 
outside the signal bandwidth. 

In order t o  demonstrate the feasibilitv of 
OCT, we examined two complementary sys- 
tems: the peripapillary region of the retina and 
the coronary artery. The retina is a transparent 
layered structure with wellestablished mor- 
phological features. The arterial wall is a highly 
scattering turbid medium whose internal struc- 
ture is normally obscured by scattering. 

High-resolution imaging of retinal structure 
is clinically relevant for the diagnosis of a 
variety of -&eases such as glaucok, macular 
degeneration, and macular edema. The diagno- 
sis and management of glaucoma are currently 
diflicult clinical problems. Intraocular pressure 
measurements often do not adequately predict 
the progression of glaucoma (1 7). Loss of 
visual field and cupping of the optic nerve head 
may be late clinical fin* detected only after 
up to 50% of retinal nerve fibers have been lost 
(18). New diagnostic techniques that measure 
properties of-the retinal nerve fiber layer 
(RNFL) (19), retinal thickness (20), and con- 
tour changes in the optical disk (21) are being 
actively pursued. Because of its high resolution, 
OCT may be a sensitive method for the detec- 
tion of these anatomic changes. 

Figure 2A shows an OCT image of the 
retina and optic disk of the human eye. The 
morphological features of the OCT image 
directly correspond to histological findings 
(Fig. 2B). OCT scanning was performed after 
the removal of cornea and lens to simplify 
beam positioning. In the intact eye, the same 
measurement could be carried out with a 
beam-positioning system similar to that used 
in the scanning laser ophthalmoscope (14). 

The RNFL. the anatomic structure that is 
affected in glaucoma, can be identified in the 
OCT image. The RNFL is a relatively high- 
ly scattering layer compared to the vitreous 
and the subjacent retinal structures. Because 
of the cylindrical nature of the nerve fibers, 
the strength of the backscattered signal from 
the RNFL is expected to be strongly depen- 
dent on the incident angle of the light (22). 
This angle dependence accounts for the at- 
tenuation of the RNFL signal that is ob- 
served at the margin of the optic disk where 
the nerve fibers descend into the optic nerve. 

The tomograph in Fig. 2 images the retina 
and optic disk with higher depth resolution 
than can be obtained from clinical ultrasound 
or confocal scanning systems (23). It provides 
information on the contour and thickness of 
important retinal structures that can be the 
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ability to distinguish between normal arteri- 
al wall and atherosclerotic plaques could be 
important in guiding laser or other devices 
in intra-arterial angioplasty techniques. The 
fiber optic light path in the OCT scanner can 
potentially be coupled to optical fiber or 
fiber bundles in an endoscopic system. 

The data acquisition time for the images 
shown here was determined by the longitu- 
dinal scan rate of 1.6 mm s-'. For a wide- 
field image consisting of 150 longitudinal 
scans of 2 mm depth (Fig. 2A), the minimum 
image acquisition time is -190 s. The acqui- 
sition rate is ultimately limited by the trade- 
off between signal bandwidth and detection 
sensitivity. If the incident optical power is 
increased up to 200 p,W [the ANSI safe 
ocular exposure standard (25)] and the sys- 
tem is optimized to perform with near optical 
shot noise-limited detection (26), an OCT 
image like that shown in Fig. 2A can be 
acquired in 200 ms. Smaller or coarser grain 
images with fewer pixels can be acquired 

large numerical ape&es. The presence of 
speckle noise will prevent the detection of 

basis of new clinical diagnostic procedures. was, on the average, roughly 3 x lo-" of the subtle differences in tissue backscattering 
For example, q ~ a n t i ~ t i v e  assessment of the incident power in the fatty-calcified material properties. In turbid media such as the vascu- 
RNFL thickness would be a major advance in and 2 x lo-' in the fibrous connective tissue. lar wall, multiply scattered light (echoes) re- 
the management of glaucoma, a disease for Because 830-nm light is poorly absorbed in tains suflicient coherence to be detected by 
which there is no objective test for the evalu- tissue, the shadowing or attenuation of signal the OCT system. These echoes will limit the 
ation of disease progression. with depth is mainly due to scattering (24). In depth range of OCT in situations where 

The coronary arterial wall is another clini- the fatty-calcified material, attenuation is rap- scattering predominates over absorption (27). 
cally important tissue that can be examined by id and the signal falls to near noise level Because OCT is an optical method, a 
OCT. Laser angioplasty and other technolo- within 150 to 200 pn. In the fibrous con- variety of optical properties can be utilized 
gies for the removal of vascular obstructions nective tissue, the signal was only attenuated to identify tissue structure and composition. 
in the heart and other organs have been by roughly a factor of 3 in the full 500-pm Directionally oriented tissues such as the 
limited by poor delineation of pathologic and vessel wall thickness. The very weak signal elastic lamina of arteries and the RNFL are 
healthy tissues. OCT offers a method for (<lo-* of the incident power) at distances birefringent. OCT can analyze the polariza- 
probing the vessel wall in both open surgical below the specimen may be attributed to tion of reflected light in order to enhance the 
and catheter-based vascular surgeries. ghost echo effects from multiple scattering in differentiation of birefi-ingent tissue struc- 

In the OCT image of coronary artery (Fig. the arterial wall. tures. OCT systems can also operate at 
3), fatty-calcified plaque and fibroatheroma- Our ability to distinguish with OCT be- multiple wavelengths in order to measure 
tous plaque-normal arterial wall were con- tween the two types of turbid tissues in Fig. spectral properties. Properties such as chro- 
trasted by the larger backscattering and shad- 3 suggests that this technique may be useful maphore content, oxygenation of hemoglo- 
owing effect in the fatty-calcified plaque; near in both endoscopic and open surgical pro- bin, hydration, or the size of light-scattering 
the intimal surface, the backscattered light cedures in a wide variety of tissue. The structures can be detected by spectral mea- 
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surements. Thus, OCT is a promising tech- 
nique for both basic research and clinical 
applications. 
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Cooperative Solution of Constraint Satisfaction 
Problems 

It is widely believed that a group of cooperating agents engaged in problem solving can 
solve a task faster than either a single agent or the same group of agents working in 
isolation from each other. Nevertheless. little is known about the auantitative 
improvements that result from cooperation. A number of experimental results are 
presented on constraint satisfaction that both test the predictions of a theory of 
cooperative problem solving and assess the value of cooperation for this class of 
problems. These experiments suggest an alternative methodology to existing tech- 
niques for solving constraint satisfaction problems in computer science and distributed 
artificial intelligence. 

T HAT COOPERATION LEADS TO IM- 

provements in the performance of a 
group of individuals underlies the 

founding of a firm, the existence of scientific 
and professional communities, and the es- 
tablishing of committees charged with solv- 
ing particular problems. In computation, 
the emergence of massively parallel ma- 
chines underscores the assumed power of 
concurrency for solving very complex tasks 
that can be decomposed into smaller pieces, 
and a large effort is being devoted to the 
design of parallel algorithms for the solution 
of computationally hard problems. 

Many of these tasks can be viewed as 
searches in large problem spaces. For realis- 
tic problems, where no algorithmic solution 
is known, heuristic methods are used to 
prune the search. Moreover, even with mas- 
sively parallel machines, the huge size of the 
search space means that there will still be a 
large amount of search per processor. Re- 
cently, a theory that elucidates the perfor- 
mance of cooperative processes searching 
through a large problem space was devel- 
oped (1 ) .  It showed that cooperative search- 
es, when sufficiently large, can display uni- 
versal characteristics, independent of the 
detailed nature of either the individual pro- 
cesses or the particular problem being tack- 
led. This universality manifests itself in two 
separate ways: first, the existence of a sharp 
transition from exponential to polynomial 
time required to find the solution as heuris- 
tic effectiveness is improved (2); second, the 
appearance of a lognormal distribution in 
the effectiveness of an individual agent's 

Dynamics of Computation Group, Xerox Palo Alto 
Research Center, Palo Alto, CA 94304. 

problem solving. The enhanced tail of this 
distribution guarantees the existence of 
some agents with superior performance. 
This can bring about a combinatorial implo- 
sion (3) with superlinear speedup in the 
time to find the answer with respect to the 
number of processes. 

We present a number of experimental 
results on cooperative problem solving that 
both test the predictions of the theory and 
provide a assessment of the 
value of cooperation in solving a class of 
problems. These experiments were carried 
out by having a number of computational 
agents solve a set of cryptarithmetic prob- 
lems and measuring their individual and 
global performance.?lhese results provide a 
striking example of the improvements in 
performance that result from cooperation 
and suggest an alternative methodology to 
existing techniques for solving constraint 
satisfaction problems in computer science 
and distributed artificial intelligence (4). 

Cryptarithmetic codes are typical of con- 
straint satisfaction problems that lie at the 
heart of studies of human and computer 
problem solving (5, 6) .  The task is to find 
unique digit assignments to each of the 
letters so that the numbers represented by 
the words add up correctly. The constraint 
of a unique digit for a unique letter in a 
decimal representation reduces the total 
number of possible states, N,,,,,,, from 10" 
to 10!/(10 - n)! where n is the number of 
unique letters in the problem. A familiar 
example of such problems is provided by the 
sum: DONALD + GERALD = ROB- 
ERT. This particular problem has n = 10 
and one solution, which is given by A = 4, 
B = 3 , D = 5 , E = 9 , G =  l , L = S , N =  
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