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In recent years, a number of powerful techniques have 
been developed for noninvasive biomedical imaging, 

including ultrasound, x-ray computed tomography (CT), 
magnetic resonance imaging (MRI), and positron emission 
tomography (PET). Each of these methods has different ad­
vantages and limitations for particular cl inical applications. 
Optical imaging of tissue offers the potential of a noninvasive, 
h igh resolution diagnostic using non- ioniz ing radiation, and 
the possibil i ty of using spectroscopic properties to dist in­
guish tissue type and probe metabolic function. Recent ad­
vances i n optics and photonics technology, i nc lud ing 
semiconductor lasers, fiber optics, and h igh quantum effi­
ciency sol id state detectors, suggest the possibi l i ty of a c l in i ­
cally viable optical biomedical imaging technology. 

Information concerning the internal structure of bio­
logical tissue may be obtained f rom the time of flight of l ight 
backscattered f rom or transmitted through the tissue under 
study. Time gating of l ight backscattered f rom wi th in tissue 
samples localizes the depth or longi tudinal posit ion of inter­
nal tissue reflections. M ic ron resolution optical ranging mea­
surements have been demonstrated in the eye and skin using 
femtosecond laser pulses and nonlinear cross-correlation 
time gating techniques. 1 Time gating can also be used to 
enhance transil lumination imaging of turbid tissue by pref­
erentially rejecting multiply-scattered diffuse light, wh ich 
has a longer t ravel t ime th rough the t issue than the 
unscattered or forward scattered components. However , in 
traversing thick amounts of tissue, the image-bearing trans­

mitted component is severely attenuated relative to the dif­
fuse component, so high sensitivity and h igh contrast detec­
t ion are crit ical for system performance. Several coherent 2 - 4 

and incoherent 5 - 8 detection schemes have been developed 
for time-gated optical transi l lumination imaging (see also 
other special issue articles). 

A n alternative approach to time gating for optical rang­
ing and scattered light rejection is to use the coherence prop­
erties of light. White light interferometry is commonly used 
for dispersion measurements in gases and optical materials 
because small changes in optical path length through a sample 
can be measured wi th great accuracy. A n interferometer con­
structed using a semiconductor 9 or fluorescent 1 0 source of 
low-coherence light can provide distance measurements wi th 
micron-scale resolution, equivalent to femtosecond resolu­
tion in the time domain. L o w coherence interferometry has 
recently been used to obtain h igh resolution measurements of 
fiber optic and integrated optic structures, 1 1 , 1 2 and for optical 
ranging and optical property measurements in the eye and 
other t issues. 1 3 - 1 7 L o w coherence interferometry is also the 
basis of time-resolved holography. 3 , 4 

O P T I C A L C O H E R E N C E T O M O G R A P H Y 

In this article, we describe a new optical biomedical imaging 
technique for micron-scale resolution imaging of biological 
microstructure that we have developed. Opt ical Coherence 
Tomography (OCT) 1 6 is an extension of low coherence inter­
ferometry. Tomographic imaging is performed by trans­
verse scanning the incident optical ranging beam to generate 
two- or three-dimensional data sets corresponding to slices 
or blocks of tissue, wh ich may be plotted as false color or 
gray scale images. Us ing compact and inexpensive commer­
cial ly available optoelectronic components, spatial resolu­
tions of <20 μ m are achieved wi th detection sensitivities of 
greater than 100 dB. O C T thus achieves high spatial resolu­
tion and femtowatt sensitivity using a purely linear optical 
system, without the need for h igh peak power lasers and 
nonlinear optical detection systems. 

We have implemented O C T in both retroreflection and 
t ransi l luminat ion imaging geometries. In retroreflection 
O C T , cross-sectional images of microstructure in tissues 
are obtained by measur ing the depth of reflections versus 
transverse posi t ion. In this conf igurat ion, O C T performs 
noncontact and noninvasive micron scale imaging, and is 
especial ly power fu l for imaging tissues w i th low scatter­
ing, such as i n ophthalmic diagnosis (Figs. 1 and 2). O C T is 
also capable of performing optical t ransi l luminat ion imag­
ing in h ighly scattering tissues to obtain projection images 
of embedded structures. In this conf igurat ion, a showgram 
simi lar to an x-ray radiograph is constructed by scanning 
in the transverse plane. We have performed studies in 
simple mode l systems and bio logical specimens that ex­
p l o re the po ten t i a l of O C T for re t ro re f l ec t i on and 
transi l luminat ion tomography. 

INTERFEROMETRIC R A N G I N G A N D T O M O G R A P H Y 

Both transi l lumination and retroreflection optical coherence 
tomography rely on h igh resolution optical ranging using 
low coherence interferometry. 9 - 1 2 In low coherence interfer­
ometry, light f rom a broad bandwidth source is used to 
perform highly accurate distance measurements. When light 
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f r o m a n a r r o w b a n d l i g h t s o u r c e s u c h as a laser i s i n c i d e n t 
o n a s i m p l e M i c h e l s o n i n te r f e rome te r (F ig . 3) , c h a n g e s i n the 
re la t i ve p a t h l eng ths of the i n te r f e rome te r a r m s resu l t i n 
s i n u s o i d a l i n te r fe rence f r i nges at the o u t p u t . If the i n c i d e n t 
l i g h t i s b r o a d b a n d , h o w e v e r , the re l a t i ve p h a s e s o f the d i f ­
ferent f r e q u e n c y c o m p o n e n t s a d d c o h e r e n t l y o n l y w h e n the 
i n te r fe rome te r a r m p a t h l eng ths a re m a t c h e d to w i t h i n the 
sou rce cohe rence l e n g t h . T h u s , the d i s t a n c e to a d i sc re te 
re f l ec t i on i n the s a m p l e m a y b e accu ra te l y m e a s u r e d b y 
n o t i n g the p o s i t i o n o f the re fe rence a r m at w h i c h in te r fe r ­
ence f r i nges a p p e a r at the o u t p u t . A l t e r n a t i v e l y , fo r a s a m p l e 
w i t h d i s t r i b u t e d re f l ec t i v i t y s u c h as b i o l o g i c a l t i s sue , a m a p 
of re f l ec t i v i t y v e r s u s d i s t a n c e i n t o the s a m p l e i s o b t a i n e d b y 
s w e e p i n g the re fe rence a r m a n d s y n c h r o n o u s l y r e c o r d i n g 
the i n te r f e rome t r i c s i g n a l . 

O u r O C T sys tems are i m p l e m e n t e d u s i n g c o m p a c t f iber 
op t i c i n te r fe romete rs 1 5 , 1 6 (F ig . 4). In the re t ro re f lec t ion g e o m ­
et ry , l o w coherence 830 ran l igh t f r o m a b r o a d b a n d w i d t h 
s u p e r l u m i n e s c e n t d i o d e ( S L D ) is c o u p l e d i n to a s ing le m o d e 
f iber op t i c M i c h e l s o n in te r fe rometer . L i g h t e x i t i n g the s a m p l e 
a r m f iber is c o l l i m a t e d a n d d i r e c t e d in to the s p e c i m e n b e i n g 
m e a s u r e d . L i g h t backsca t te red f r o m t issue s t ruc tu res i s c o m ­
b i n e d i n a f iber op t i c beamsp l i t t e r w i t h l i gh t f r o m a s c a n n i n g 
reference m i r ro r . S ince the s u p e r l u m i n e s c e n t d i o d e sou rce 
has a shor t coherence l e n g t h o n the o r d e r o f 10 μ m , h i g h 
reso lu t i on r a n g i n g m e a s u r e m e n t s are poss i b l e . T h e s a m p l e 
a r m f iber a l so serves as a m o d u l a r p r o b e that c a n b e in ter ­
f aced to a va r i e t y of i n s t r u m e n t s s u c h as m e d i c a l d i a g n o s t i c 
i ns t r umen ts or m i c r o s c o p e s . T o m o g r a p h i c i m a g e s are c o n ­
s t ruc ted b y c o m b i n i n g l o n g i t u d i n a l scans w i t h la te ra l s c a n ­
n i n g o f the p r o b e b e a m across the s a m p l e u n d e r s t u d y . T h e 
d i g i t i z e d s c a n sequences cha rac te r i z i ng the op t i ca l re f lec t i v i t y 
o r backsca t te r ing i n the t i ssue c ross -sec t ion are m a p p e d u s i n g 
i m a g e p r o c e s s i n g so f tware to g ray -sca le o r fa l se -co lo r images . 

T h e t r ans i l l um ina t i on O C T s y s t e m 1 8 , 1 9 is qua l i ta t i ve ly s i m i ­
la r to the re t ro re f lec t ion s y s t e m except that the in te r fe romete r 
is e x t e n d e d to a M a c h - Z e h n d e r g e o m e t r y , a n d a h i g h e r p o w e r 

sou rce i s u s e d . Because h i g h de tec t i on sens i t i v i tes are re ­
q u i r e d for t r a n s i l l u m i n a t i o n i m a g i n g t h r o u g h th ick t u r b i d 
m e d i a , a K e r r - l e n s - m o d e l o c k e d f e m t o s e c o n d T i : A l 2 O 3 l aser i s 
u s e d as a h i g h p o w e r shor t coherence l e n g t h l i gh t sou rce . I n 
th is s y s t e m , l i gh t re t ro re f lec ted f r o m the re ference m i r r o r 
r e c o m b i n e s at a s e c o n d beamsp l i t t e r w i t h l i gh t t r ansm i t t ed 
t h r o u g h the s a m p l e . In ter ference occu rs o n l y fo r the c o m p o ­
nen t of the t r ansm i t t ed p u l s e that is coheren t w i t h a n d t e m p o ­
r a l l y o v e r l a p s the re ference p u l s e . T h e m o d e l o c k e d T i : A l 2 O 3 

l aser w a s c h o s e n because of i ts h i g h o u t p u t p o w e r a n d b r o a d 
w a v e l e n g t h t unab i l i t y . A l t h o u g h a shor t p u l s e sou rce is u s e d , 
the t e m p o r a l r e s o l u t i o n o f the s y s t e m d e p e n d s o n l y o n the 
coherence t i m e of the l i gh t sou rce so that a shor t coherence 
l e n g t h c o n t i n u o u s - w a v e l i gh t sou rce w o u l d f u n c t i o n a n a l o ­
g o u s l y . 

O C T S Y S T E M P E R F O R M A N C E 

T h e o p t i c a l d e t e c t i o n s c h e m e u s e d i n O C T is e q u i v a l e n t to 
o p t i c a l h e t e r o d y n e d e t e c t i o n a n d y i e l d s e x c e p t i o n a l m e a ­
s u r e m e n t d y n a m i c r a n g e . S i n c e h e t e r o d y n e de tec t i on i s s e n ­
s i t i ve to the p r o d u c t o f f i e l d a m p l i t u d e s , the w e a k s i g n a l 
b e a m e m e r g i n g f r o m the s a m p l e i s m u l t i p l i e d b y the r e l a ­
t i v e l y s t r o n g re fe rence l i gh t to e n h a n c e the d e t e c t i o n o f v e r y 
w e a k o p t i c a l s i g n a l s i n the p r e s e n c e o f t h e r m a l a n d o the r 
p o s t - d e t e c t i o n n o i s e sou rces . I n the re t ro re f l ec t i on g e o m ­
e t ry , D o p p l e r m o d u l a t i o n t e c h n i q u e s are u s e d to o b t a i n h i g h 
s p e e d , h i g h d y n a m i c r a n g e m e a s u r e m e n t o f the i n te r fe ro ­
me t r i c s i g n a l . T h e re ference a r m l e n g t h is repe t i t i ve l y s c a n n e d 
at a cons tan t v e l o c i t y to p r o d u c e a D o p p l e r sh i f t o f the 
re f l ec ted s i g n a l f r o m the re fe rence m i r r o r , w h i c h i n t u r n 
m o d u l a t e s the i n te r fe rence s i g n a l . T h e m o d u l a t e d s i g n a l i s 
t h e n d e m o d u l a t e d u s i n g b a n d p a s s f i l t e r i n g a n d e n v e l o p e 
de tec t i on , a n d d i g i t i z e d a n d r e c o r d e d o n a c o m p u t e r . U s i n g 
~500 μ W of p o w e r at 830 nm c o u p l e d i n t o the f i be r in te r fe r ­
o m e t e r w i t h ~200 μ W i n c i d e n t o n the s p e c i m e n , a d e t e c t i o n 
s e n s i t i v i t y o f 94 d B is a c h i e v e d i n re t ro re f l ec t i on . 

T h e t r a n s i l l u m i n a t i o n O C T s y s t e m is u s e d p r i m a r i l y fo r 

Figure 1. Retro-reflection OCT image of the anterior segment of a 
human eye obtained in vitro, showing large-scale morphology of 
ocular structures. Clearly identifiable features include the cornea, 
sclera, iris, anterior angle, and lens anterior capsule. False color 
scale dynamic range: 5 0 dB. 

Figure 2. In vivo retro-reflection OCT image of the foveal region in 
the left eye of a human subject. The foveal pit is centrally located; 
lateral to the fovea, identifiable retinal layers include: RNFL = retinal 
nerve fiber layer; IPL = inner plexiform layer; OPL = outer plexiform 
layer; PRL = photoreceptor layer. The vertical scale is expanded by 
a factor of 2 for clarity. False color scale dynamic range: 35 dB. 
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en face imaging in the transverse plane, and thus reference 
arm scanning is impractical. In this case, modulat ion of the 
interference signal is accomplished w i th a piezoelectric fiber 
stretcher placed in the reference arm. The modelocked laser 
source provides an average coupled power of ~150 m W of 
830 run light, w i th ~50 m W incident on the specimen. Us ing 
dual balanced detection to cancel excess laser intensity noise, 
we have achieved quantum shot noise l imited detection 
sensitivity to transmitted signals of up to 130 dB, or 1 part in 
10 1 3 of the incident optical power. 

RETROREFLECTION OCT IN OPHTHALMIC DIAGNOSIS 

We have begun prel iminary investigations to explore retro-
reflection O C T in a variety of cl inical imaging applications, 
inc luding skin cancer detection i n dermatology, detection 
and characterization of coronary artery disease in cardiol­
ogy, and in endoscopic procedures for a new type of "opt ical 
b iopsy." Several features of retroreflection O C T make it par­
ticularly attractive, however, for cl inical applications i n oph­
thalmic diagnostics. 2 0 Whi le retroreflection O C T is an optical 
analog of ultrasound B-scan, unl ike ultrasound it does not 
require direct contact w i th the eye or saline immersion of the 
eye. In addit ion, the axial ranging resolution (13 μ m in our 
current set-up) is a factor of 5-10 higher than standard ultra­
sound. The optical sectioning capabil i ty and resolution of 
O C T is similar to that of confocal microscopy, w i th the 
addit ional benefit that the axial resolution is determined by 
the coherence properties of the source and, thus, does not 
depend upon the available numerical aperture or the quali ty 
of the beam focus. In contrast, for scanning confocal retinal 
imaging systems, such as scanning laser ophthalmoscopy 2 1 

or scanning laser tomography, 2 2 the pup i l aperture and ocu­
lar aberrations l imit the axial resolution in the back of the 

eye to several hundred microns. Final ly, the penetration 
depth of the O C T probe l ight is essentially unl imi ted i n the 
transparent med ium of the eye. Therefore, deep structures 
may be v isual ized without signal or contrast loss due to 
absorption or mult ip le scattering of light. 

For imaging of the eye and retina for ophthalmic diag­
nosis, we have coupled the sample arm probe l ight into a 
s t a n d a r d s l i t l a m p b i o m i c r o s c o p e . T w o o r t h o g o n a l 
galvonometric scanning mirrors located colinear w i th the 
microscope v iewing optics scan the probe beam in preset 
two-dimensional patterns on the retina under computer con­
trol. Us ing our current optomechanics, typical 100 (lateral) 
X 500 (axial) p ixe l images require approximately 2.5 sec­
onds for a retinal image. Image acquisit ion times are cur­
rent ly l im i ted by the l inear i ty and duty cycle of the 
longi tudinal scan system, as we l l as the available incident 
power. Acquis i t ion times may also be decreased by reduc­
ing axial resolution, signal-to-noise ratio, or the number of 
lateral pixels sampled. 

Figure 1 shows an O C T tomograph of the anterior seg­
ment of a human eye obtained in vitro. Several structures 
w i th in the eye are clearly resolved, inc luding the cornea (the 
clear front part of the eyeball), sclera (the white of the eye), 
iris (pupil), and lens anterior capsule (the membrane wh ich 
encloses the lens). Backscattering from wi th in both the nomi­
nal ly transparent cornea and through the fu l l depth of the 
iris is visible because of the h igh sensitivity of O C T . Several 
cl inical ly relevant measurements can be performed using 
images such as Figure 1. The profi le and internal structure 
(as revealed by backscattering density) of the cornea are 
important for diagnosing corneal disease. The thickness and 
curvature of the cornea also provide a highly accurate deter­
minat ion of the corneal refractive power, wh ich is an impor-

3 4 

Figure 3. Low coherence interferometry. Interference fringes are 
observed at the detector output only when the sample and reference 
arm path lengths are matched to within the coherence length of the 
light source. 

Figure 4 . Schematic diagram of the OCT system. In retro-reflec­
tion, axial profiles of sample reflectivity versus depth are generated 
by scanning the reference mirror and synchronously recording the 
magnitude of the interferometric signal. Tomographic images are 
constructed from a sequence of multiple laterally displaced axial 
reflectivity profiles. In transillumination, the reference mirror position 
selects a "coherence gate" of allowed path length through the 
sample. 2-D scanning generates shadowgraphs of structures embed­
ded within the turbid media. 
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tant parameter for contact lens fitt ing and intraocular lens 
implant power calculations prior to cataract surgery. Cross-
sectional images of the eye may also be useful for identif ica­
tion of masses, tumors, or foreign bodies. 

One of the most challenging and successful init ial appl i ­
cations of O C T is in cross-sectional imaging of the retina. 
The retina has important structural features on the micron 
scale and has very weak backscattering. In addit ion, since 
the retina is located at the back of the eye, O C T is one of the 
only diagnostic techniques capable of performing high reso­
lut ion cross-sectional imaging in this tissue. 

The noninvasive measurement of retinal structure has 
diagnostic applications for a w ide range of retinal diseases. 
Figure 2 shows one of the first retinal O C T tomographs 
obtained in vivo. This image is a saggittal section taken 
through the macular region of a human volunteer. The fovea 
(the region of highest visual acuity) is visible as a character­
istic thinning of the retina due to the lateral displacement of 
the overlying structures in the area of central v is ion. Lateral 
to the fovea, layers of alternating h igh and low scattering 
reveal the stratified cellular structure of the retina. To com­
pensate for involuntary patient movement dur ing data ac­
quisit ion, motion artifacts were removed from Figure 2 using 
cross-correlation image processing techniques. To the best 
of our knowledge, this and other retinal O C T images are the 
highest resolution tomographic images of the l iv ing retina 
that have ever been obtained. 

TRANSILLUMINATION IMAGING IN TURBID MEDIA 

O C T can be also used to perform transi l lumination imaging 
i n highly scattering tissues. Recently, there has been interest 
in transi l lumination as an alternative to mammography for 
the early diagnosis of breast cancer. Opt ical radiation is 
relatively safe and may be capable of dist inguishing mal ig­
nant tissue based on the differential optical properties of the 
surrounding neovascularization. Several time- or spatially-
resolved optical imaging techniques have been proposed 
that reduce image degradation in transi l lumination by dis­
criminating against temporal or directional characteristics of 
mul t ip ly scattered l ight. 2 - 8 , 2 3 , 2 4 O C T performs both temporal 
and directional gating simultaneously. In O C T , the posit ion 
of the reference arm sets a "coherence gate" that detects 
transmitted optical signals at a given time delay, equivalent 
to performing femtosecond time-resolution gating. The use 
of single-mode fibers and a confocal sample imaging geom­
etry produces a directional selection of the transmitted opti­
cal s ignal s imi lar to pure ly spatial ly resolved imaging 
techniques such as confocal microscopy, optical heterodyne 
receivers, 2 3 and spatial incoherence imaging. 2 4 

Two-dimensional shadowgrams of objects embedded 
in scattering media are obtained in transi l lumination O C T 
by f ix ing the reference arm delay to select the earliest arriv­
ing transmitted light, and plott ing the magnitude of the 
interference signal whi le scanning the sample over each 
spa t i a l r e s o l u t i o n e lement . F i g u r e 5 i l l us t ra tes a 
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illus., 3 in color $65.00 
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described techniques being applied 
to real images, and it is built on the 
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field is to move from the 'black art' 
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claims to be serious about research 
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this work."—W. Eric L. Grimson, Al 
Laboratory, MIT 
Artificial Intelligence series 640 pp., 
285 illus. $65.00 
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A Bradford Book 424 pp. 
$45.00 
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transil lumination O C T image of an A i r Force resolution test 
chart immersed in a suspension of 1 μ m diameter latex 
m i c rosphe res 27 sca t te r ing mean- f ree -pa ths th ick . 
Microspheres were used because their scattering parameters 
may be accurately computed f rom M ie theory. The upper-
left image in Figure 5 shows a gray scale mapping of the test 
chart imaged through water alone. The lower right image 
was obtained through the scattering microspheres w i th an 
o p t i m a l coherence gate set to select ea r l y a r r i v i n g 
(unscattered) light. In traversing the microsphere suspen­
sion, the unscattered light was attenuated by a factor of -117 
dB. The resolution chart is almost perfectly reconstructed 
wi th 125 μ m spatial resolution, demonstrating that early 
light retains image information. When the reference delay 
was increased by only 300 fsec, a l lowing the detection of 
some scattered photons, the chart image was significantly 
degraded but sti l l visible (lower left). When the reference 
delay was increased to 1.3 psec, the image was overwhelmed 
by diffuse light and no bars were resolved (upper right). 
Each 130 X 100 pixel image in Figure 5 required 11 minutes 
acquisition time. 

A surprising result of transillumination O C T illustrated 
by Figure 5 is that diffuse light was detected wi th a coherent 
detection system. This is because the early-arriving diffuse 
light is the result of primari ly small angle scattering events, 
which cause only minor phase discontinuities. Further experi­
mental results have demonstrated that coherent time-resolved 
photon migration is qualitatively similar to results of earlier 
studies using incoherent detection, in that the transmitted light 
arrives in distinct ballistic and diffuse peaks. Investigations of 
the attenuation of both components of the transmitted light 
have been used to established a fundamental quantum noise 
limit on tissue thickness for ballistic light imaging, based on 
tissue scattering properties and damage thresholds. 1 8 

These results suggest that ballistic l ight imaging w i th 

transil lumination O C T functions opt imal ly for applications 
that require very h igh spatial resolution and relatively shal­
low tissue penetration (up to a few m m tissue thickness for 
typical scattering parameters.). Thus, O C T may be useful as 
an adjunct to conventional l ight microscopy or as a new tool 
for histopathology. We have also used transi l lumination 
O C T to demonstrate imaging w i th early arr iv ing, or forward 
scattered, diffuse light through thick biological media at the 
expense of reduced spatial resolution. 1 9 A l though O C T is 
potentially simpler to implement than time-resolved imag­
ing approaches, the use of coherent detection may be a 
disadvantage because it rejects useful signals contained in 
other spatial f ield modes that wou ld be detected using direct 

detection techniques. The problem of deep tissue imaging is 
extremely challenging in general and addit ional investiga­
tions need to be perfomed to assess the potential of O C T and 
other techniques for applications such as in mammography. 

C O N C L U S I O N S 

Biomedical imaging is a fertile area for the application of 
ultrafast photonics technology. Opt ical imaging techniques 
w i th h igh spatial resolution such as O C T could have the 
potential for significant impact in cl inical situations where 
m ic roscop ic arch i tec tura l or anatomica l features and 
noninvasive image acquisit ion are important to disease d i ­
agnosis. In addit ion, polar izat ion a n d / o r spectral resolution 
may provide unique sensitivity to tissue properties such as 
laminar structure, directional orientation, chromophore con­
tent and concentration, oxygenation of hemoglobin, and tis­
sue hydrat ion. Fiber optic implementations can extend this 
capabli l i ty through the use of endoscopes and laparoscopes 
to remote locations wi th in the body. 

O C T combines femtowatt detection of backscattered or 
transmitted l ight w i th micron-scale axial and lateral resolu­
tion. The optoelectronics may be packaged into a compact, 
inexpensive diode laser/ f iber optic implementation that is 
readi ly compatible w i th existing medical instrumentation. 
Simple extensions of O C T can be designed to operate at 
mult ip le wavelengths for differential wavelength spectros­
copy, or to measure tissue birefringence properties. A l though 
the problem of optical imaging through thick tissues re­
mains chal lenging, we believe that O C T is a promis ing tech­
nique for basic research and cl inical applications i n a variety 
of biomedical and medical applications. 
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Figure 5. Transillumination OCT images of a resolution test chart 
embedded in a suspension of 1 μm diameter polymer microspheres, 
27 scattering mean-free-paths thick. Images are shown for various 
coherence-gate delays. 
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E L E C T R O N I C 

H O L O G R A P H Y 

F O R I M A G I N G 

T H R O U G H 

T I S S U E 
B Y E. L E I T H , E. A R O N S , H. C H E N , Y. C H E N , 

D . D I L W O R T H , J . L O P E Z , M . S H I H , P . - C . 

S U N , A N D G . V O S S L E R 

Image format ion through inhomogeneous media , 
especially biological tissue, is an important and chal­

lenging problem, and is being addressed by many different 
approaches. Holography is one way that appears quite prom­
ising. In fact, there are a variety of holographic methods that 
may be used ind iv idua l ly or i n combination. 

The earliest application of holography to the problem of 
imaging through such h ighly scattering material as biologi­
cal tissue was the holographic realization of the 1971 Duguay 
and Matt ick pr inciple of the first arr iv ing light. 1 

In this procedure, a narrow pulse of l ight is passed 
through a highly scattering med ium. The light emerging 
f rom the opposite side of the med ium (Fig. 1) dribbles out; 
the l ight that is scattered least or is scattered mostly in the 
forward direction emerges first, whereas light that is more 
severely scattered emerges later. Thus, the emerging light 
pulse is considerably lengthened, and may easily be hun­
dreds or thousands of times longer than the incident pulse. 
The l ight that emerges first, because it has been less severely 
scattered, is capable of forming the best image. If some smal l 
port ion of the l ight has emerged without scatter—light that 
may be called the specular component, and sometimes the 

1 
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