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ABSTRACT

This paper gives an introduction to optical coherence tomography (OCT), explains its basic principles, and
discusses the information content of OCT images. Various interferometric techniques used in OCT are re-
viewed and a short survey of results obtained so far in different fields of application and possible future

developments are presented.
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1 INTRODUCTION

Tomography is based on the reconstruction of
cross-sectional images of an object from its projec-
tions. While the basic mathematics was described
as early as 1917 by J. Radon,' the implementation of
this principle in medical imaging took a rather long
time and led to a great number of configurations,
depending on the properties of the Varrous radia-
tions used to generate the projections. 2 In the mean-
time, the term tomography is no longer restricted to
image reconstruction from projections. It is also
used whenever two-dimensional data are derived
from a three-dimensional object to obtain a slice im-
age of the internal structure. Depending on the ra-
diation used, data acquisition is performed either
by transmitted or reflected radiation. Three basic
tomographic principles (Figure 1) can be used in
optical transmission and reflection tomography:
straight ray tomography, diffraction tomography,
and time-resolved tomography.

At present, straight ray tomography is by far the
most important and has been realized with a great
variety of rays ranging from ultrasound to j-rays.
Time-resolved straight ray tomography [Fig. 1(c)]
involves detecting and measuring the ﬂight times
of photons through the object to generate an 1mage
This technique is still in a rather immature state.®
Straight ray tomography, however, is a borderline
case. It is a good approximation if diffraction and
refraction can be neglected. In this case the filtered
backprojection algorrthm can be used to obtain
cross-sectional images of the ob]ect * If high-
resolution images are required using optical radia-
tion, diffraction and refraction become limiting fac-
tors and cannot be neglected.

Diffraction tomography [Fig. 1(b)] is part of the
general problem of inverse scattering.” A basic
mathematical theorem used to perform the recon-
struction of the ob;ect structure is the Fourier dif-
fraction theorem.®” Much attention has also been
paid to the development of further algorithms.*®
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One-dimensional and two-dimensional optical re-
constructions of cross-sectional images of an object
were obtained from holographically recorded scat-
tered field data nearly two decades ago.”!’ These
first attempts, however, were not further extended
at that time because no spatially coherent broad-
band light sources were available. Later, with the
availability of spatially coherent broadband light
sources, diffraction tomographic principles were
used to measure intraocular distance.

In straight ray reflection tomography [Fig. 1(a)],
transit times of the waves used or depth positions
of reflecting sites in the object are measured. In di-
agnostic ultrasound, e.g., the waves propagate suf-
ficiently slowly so that transit times can be mea-
sured with purely electronic means. In optics,
specific techniques such as femtosecond impulses,
photon density waves, and/or coherence tech-
niques have to be used.® At present, in optical co-
herence tomography (OCT), the reflected straight
ray approach is used and the object is scanned by
the probing rays.

The first (in vitro) OCT images were presented by
a group of researchers from Tufts University and
Massachusetts Institute of Technology using a co-
herence domain reflectometer device based on low
coherence interferometry (LCI). 12 The first in vivo
tomogram (of the human optic disk) was published
by our group™ and was based on a dual beam
LCL'*® After initial studies,'” the Boston group
quickly presented studies on the chnrcal apphcatron
of OCT in ophthalmic dlagnostlcs in the examina-
tion of the anterior eye," and the human retina,”*'
and demonstrated the efficiency of this imaging
technique in the quantitative evaluation and moni-
toring of Varlous drseases of the macula and the
optic nerve head.?

2 INFORMATION CONTENT OF OCT

In optics all approaches using straight rays, includ-
ing the time-resolved techniques, neglect diffrac-
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Fig. 1 Basic configurations of reflection tomography. Transversal
resolution of these techniques is critically dependent on the aper-
ture angles (a and B) of the light beam used. (a) Straight ray to-
mography needs depth location and lateral scanning (double ar-
row) to generate an image of the object; usually a single
photodetector is moved synchronously with the beam. Depth reso-
lution depends on transit time or path length resolution. (b) Diffrac-
tion fomography yields a diffraction pattern from which the object
structure can be computed. Longitudinal resolution depends on the
spectral width of the radiation used. (c) Time-resolved straight ray
tomography yields a projection along various pathways through
the object. Usually here, too, the illuminating beam laterally scans
the object (double arrow). Again, depth resolution depends on
transit time or path length resolution. OB, object; SC, scattering
center; PD, photodetector; PA, photodefector array; BS, beam
splitter.

tion. Hence these techniques are not sensitive to ob-
ject structures comparable to a wavelength or
smaller. In order to see what type of information
can be obtained from optical tomography, we start
with a short analysis of diffraction tomography,*®
use the Fourier diffraction theorem,” to discuss the
available object data, and finally confine the treat-
ment to backscattering (or reflected) straight ray to-
mography.

The basic physical situation is shown in Fig. 2,
where the object is illuminated by a Gaussian light
beam. Let the object be positioned at the beam
waist and the object depth T be of the order of mag-
nitude of the Rayleigh length of the light beam.
Then we can assume the object is illuminated by an
approximately plane wavefront E®:
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Fig. 2 Wave vectors in diffraction tomography. k! is the wave
vector of the illuminating Gaussian wave, k! is the wave vector of
the scattered wave, and K=k!¥/-k!! is the scattering vector. OB,
object; LB, illuminating light beam; T, object depth.

EN(r X, H=Aexp(ikr—iot), (1)

where k' is the wave vector of the illuminating
wave and |k"”|=k=(2-7/\) is the wave number. Let
E(s)(r,k(s),t) be the scattered light wave. In 1969,
Wolf® showed that within the accuracy of the first
Born approximation, the three-dimensional distri-
bution of the scattering potential F(r) of the object
can be computationally reconstructed from the dis-
tribution of amplitude and phase of the light scat-
tered by the object. Wolf’s solution for the scattered
field is a volume integral extended over the illumi-
nated object volume V(r'):

1
E(S)(r,k(s),t) =— ﬂ
. V(')
G(|r—r'|)-d%, (2)

with Green’s function of the wave equation

E(r')-ED(' kD, 1)

exp(i-k®-[r—1'|)

G(|r_r’|): |r—r’|

and the scattering potential

F(r)=—k*[m*(r)—1], ©)

which determines the relative amplitudes of the
scattered wavelets. m=n+i-k is the complex re-
fractive index of the object with n being the real
part obeying the Lorentz-Lorenz equation and « be-
ing the absorption coefficient.”” In the past, mainly
in vitro data on the refractive index of biological
materials were collected.”** Until very recently,
only few data were available on refractive indices
of in vivo human tissue obtained e.g., from low-
coherence  reflectometry®® and  Scheimpflug
photography” (see also Secs. 5.1 and 5.2). In bio-
logical tissue the scattering potential mainly de-
pends on the protein content:

m=n=n,+a-C,

with ng=refractive index of the solute, a = specific
refractive increment of proteins [mostly approxi-
mately 0.0018 (100 ml/g)] and C= concentration.
Hence basically the distribution of the refractive in-
dex or protein content contributes to the image.
Furthermore it can be shown that far-field scatter-
ing is a reasonable approximation in LCIL. Then the



Fig. 3 Ewald sphere representation of backscattering in OCT. E;
and E, are the Ewald spheres corresponding to wavelength \; and
\, respectively. ki and ki are the wave vectors of illuminating
and scattered waves with wavelength A;. K; is the corresponding
scattering vector. Using forward scattering (a) and backscattering
(b) and a wavelength range from \; to \, gives access to Fourier
data in the shadowed areas between the two corresponding Ewald
spheres E; and E,. LCl only gives access fo Fourier data on the
K -axis.

scattered field is proportional to the Fourier trans-
form of the scattering potential of the object:'!

A
4-7-D

E®(r, k) t)=— exp(i-k-r—i-w-t)

f F(r')-exp(—i-K-1')-d°t’,
V(r')
(4)

where the amplitude A® of the illuminating wave
has been assumed constant within the object. D is a
mean distance of the position r from the object.
Hence the three-dimensional scattering potential
F&rg can be obtained from the scattered field
E¥@rk®) by an inverse Fourier transform.
K=k®)-k!) is the scattering vector. For any direc-
tion of the scattered light, K points onto the surface
of a sphere. This is the Ewald sphere, well known
in crystallography.®®** The Ewald sphere can be
used to further discuss the relation between scatter-
ing and available Fourier data as shown in more
detail in Figure 3.

To obtain a true three-dimensional reconstruction
of the scattering potential F, a certain range of data
E® in the three-dimensional Fourier space has to
be measured. However, as can be seen from Fig. 3,
only a rather limited section of the Fourier data of
the object can be obtained from scattered light data.
Using one particular wavelength, we have access to
Fourier data only on the surface of the correspond-
ing Ewald sphere. These data are basically two-
dimensional. Additional wavelengths have to be
used in order to get access to a true three-
dimensional Fourier data set. Forward scattering
and a wavelength range from \; to \,, for example,
gives access to Fourier data in the shaded volume
indicated in Fig. 3(a). Using forward scattering lim-
ited to #=0 would only give access to the Fourier
datum at the origin. Hence, according to Fourier
theory® Fourier inversion yields the three-
dimensional definite integral [F(x,y,z)dxdydz of

OrtICAL COHERENCE TOMOGRAPHY

the scattering potential, extended over the illumi-
nated volume. No structural information will be ob-
tained in this case. At present all OCT techniques
use backscattering at 6=— and a wavelength range
from, say, \; to \,. These techniques give access to a
set of Fourier data on the K,-axis. Hence from Fou-
rier theory the two-dimensional definite integral
JE(x,y,z)dxdy of the scattering potential is ob-
tained, yielding an average over the illuminated
area in the x-y plane with spatial resolution in the z
direction.

In addition, it can be seen that backscattering as
used in LCI and OCT gives access to only high spa-
tial frequencies, i.e., discontinuities, in the scatter-
ing potential. With a wavelength range from \; to
A\, we obtain Fourier components in the scattering
potential within the spatial frequency range [Ki,
Ky]=[4m/N 41/ \,]. With a superluminescent diode
(SLD) at a wavelength of A=800 nm and a wave-
length range of AA=*10 nm, we have
[K;,K,]=[0.0157 nm~!, 0.016 nm~!] or spatial (opti-
cal) period lengths of the order of magnitude of A
(which does not necessarily correspond to the reso-
lution that might actually be available). Neverthe-
less, only relatively abrupt changes in the scattering
potential, occurring within a few wavelengths, can
be seen by backscattering tomography.

Finally let us consider the direction of the scatter-
ing vector K. From Eq. (4) it follows, that the scat-
tered field is determined by waves with amplitudes
proportional to Fourier components of the three-
dimensional scattering potential F(r) of the form
exp(—i-K-r). For illustration, let us split exp(-i-K-r)
into cosine and sine parts. The cosine component
cos(K-r) represents a cosinusoidal distribution (of
the scattering potential) in space with K as its nor-
mal vector, i.e., as a vector normal to planes K-r
=constant. The additional sinusoidal components
allow for the possibility of adjusting the spatial
phases properly.*” Hence the scattering experiment
yields a decomposition of the scattering potential
into a three-dimensional spectrum of harmonics
that are constant in planes normal to K. Hence
backscattering light gives access to only those har-
monics in the spatial Fourier spectrum of the scat-
tering potential which have their plane normals ori-
ented more or less parallel to the direction of
illumination.

The above results correspond to an alternative
theoretical analysis performed recently by Pan
etal*! These authors show by means of Monte
Carlo simulations that in turbid tissue OCT detects
the local variations in path length-resolved reflec-
tance.

3 LOW COHERENCE INTERFEROMETRY

LCI or “interference with white light"** has been
used for many years in industrial metrology, e.g., to
measure the thickness of thin films,* as a position
sensor,** and with other measurands that can be
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Fig. 4 Partial coherence Michelson (two-beam) interferometer.
SCLS, short coherence length light source; BS, beam splitter; RM,
reference mirror, terminating the reference beam; FL, focusing lens,
focuses the measurement beam onto the object; OB, object illumi-
nated by the measurement beam; PD, photodetector; BP, band
pass; S(d), electronic interferometer signal.

converted to a displacement.*> At present all OCT
techniques use LCI to obtain depth information.
Though diffraction tomography would be the more
or less natural tomographic technique,* it is not
used at present because of the large amount of data
that would have to be recorded and processed. So
far only (one-dimensional) length measurements
have been performed with this technique.'' At
present all OCT techniques rely on conventional
LCI. Nevertheless, below we use a one-dimensional
version of Wolf's® solution for diffraction tomogra-
phy to obtain an analytical description of the light
wave backscattered from the object. In the subse-
quent one-dimensional analysis, it is more conve-
nient to use a convolution formulation to solve the
scattering process. This can be directly derived
from Eq. (4), which can also be expressed as a con-
volution of the scattering potential with the scatter-
ing function exp(iKr):

E®) (1, k®),t)

AD . exp(—i-w-t) .
S cexp(i-k®. f F(r'
4-7-D exp(i ) V') (1)

. exp( —1- (k(s)_k(l)) . r’)
cexpli- (K®)— k). 1] 3¢

:_A( )e:p;—l;wi‘) 'eXp(i'k(i)‘r)fv(r,)F(r,)
~exp(—i-K-(r—r’))~d3r’
__A(i)'exp(—i-w-t)
4.-7-D
-F(r)®exp(iKr). (5)

Let us consider the low coherence interferometer
depicted in Fig. 4. The two interferometer arms are
assumed to be illuminated by light waves

-exp(i-k-1)

E(z,k,t)=A®" exp(ikz—iwt)

and
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E(x,k,t)=ADexp(ikx—iwt),

respectively ~ with ~ the  same  intensities
[V=1eycn[AD|* at the beam splitter BS at x=z=0.
Hence we have two waves, each returning from one
arm of the interferometer:

First there is the reference wave Ej reflected at
the reference mirror at x=d with the scattering po-
tential 6(x—d):

A
Er(x,k,t)=— Eexp(ikx— iwt)-exp(—iKx)
®6(x—d)

A
=— Eexp[—ik(x—Zd)—iwt]

=E[—(x—2d),k,t]. (6)

This wave is reflected as a collimated wave; hence
we have omitted the attenuating factor D in the de-
nominator of the scattered amplitude. As this beam
is reflected at the beam splitter toward the (nega-
tive) z axis, from here on we replace the x argument
in Eg by z:

Er(z,k,t)=E(—(z—2d),k,t).

Second, at the beam splitter we have the object
wave backscattered by the scattering potential of
the object:

Al
Eo(z,k,t)=— ﬁexp(ikz—iwt)j F(z")
-exp[ —iK(z—z")-dz']

=E(—z,k,t)®F(z).

In the denominator of the scattered amplitude we
have used a mean distance s (cf. Fig. 4) of the object
from the beam splitter.

These two waves interfere on their way back after
passing the beam splitter. The intensity then is (we
omit some constant factors)46:

I(d,k)=(|Eg+Eq|*)=Ig+Io+2Re{(Eg#*- Eq)}.

Behind the beam splitter the two waves propagate
colinearly along the negative z axis. Hence we have

(ER*-Eoq)=(E*[—(z—2d),k,t]-E(—2z,k,t)®F(z))
=(E*[—(z—2d),k,t]-E(—z,k,t))®F(z);
(---) is the ensemble average over the product of
two wave fields with unit amplitude delayed by
2d
T=—
c

This ensemble average depends only on the time
delay between the two waves, i.e., on the (time) co-
herence ¢*(7) of the light used:



A(i)Z

(E *.F >:_ (1) 2d
R 0 167T2Sg

T) ®F(d). )
Hence at reference mirror position z=d, the inter-
ference term equals the real part of the convolution
of the scattering potential F(z) with the coherence
function ¢M(7) of the light used:

I(d)=Ig+1y+2-Re{{|Ex+Eo|*)}

AD2 (24
=IR+IO+mRe[g (T)@F(d)]/ (8)

i.e., the coherence function obviously plays the role
of a point spread function (PSF).

Most of the light sources used in OCT at present
do have a Gaussian frequency spectrum. Hence
they also have a Gaussian degree of first-order
coherence®®

gV (r)=exp(—iwgr— 5 6°7%), 9)

where 7.=2[2-1n2]"/2/6 is the FWHM value of
g(l)(T) or coherence time (& is the half width at
60.65% of the maximum of the Gaussian frequency
spectrum and Aw is the FWHM value), and c- 7.=1,
is the coherence length of Gaussian frequency light:

l_4~1n2 A2
< AN

(10)

AN is the corresponding spectral wavelength width.
(If the coherence time is defined as
At=[12gM(7)|*-d7,* we have I.=1.3-c-At.)

The intensity at the photodetector at the interfer-
ometer exit is

A2
I(d)=1R+IO+ m

~Re[exp —iw0§—152<§)2}®1:(d)]
c 2 c
A2 2d
:IR+IO+m' COS((D()T)
4.-In2-d\?
-exp —(T ®F(d), (11)

i.e., the longitudinal PSF is exp{—11.1-[(d—z)/
1.]%} with a FWHM of 1,/2.

Besides the time delay considered above, the
wave may also experience scattering and absorp-
tion on its way to and from the backscattering site
in the object. Whereas absorption only attenuates
the amplitude, scattering introduces waves with
additional path differences and thus will reduce the
coherence of the backscattered wave.
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Fig. 5 LCI signal obtained with the dualbeam technique at the
papilla at 10 deg nasal and 2 deg superior (\=852 nm; [.=30 um
in tissue). The signal peaks are ILM, inner limiting membrane; GCL,
ganglion cell layer or interface between nerve fiber layer and GCL;
RPE, retinal pigment epithelium (Bruch’s membrane); CH1 and
CH2, choroid layers (Sattler, Haller).

3.1 NOISE

One of the main noise sources in interferometry is
mechanical 1/f noise. To achieve shot-noise-limited
detection, a heterodyne technique can be used. The
most straightforward realization in optics is to use
the Doppler effect, e.g., by simply moving the ref-
erence mirror with constant speed v. Then we have
d=v-t and the interference term of I(d) is time
modulated by I(t) = Ig + I, + VIg-I,cos[2wy(v/ct)].
The corresponding photodetector signal is band-
pass filtered with the Doppler frequency 2wyv/c as
the center frequency, then rectified and low-pass
filtered. The output of the low-pass filter is the en-
velope S(d) of the oscillating part of I(d) from Eq.
(11):

S(d)=exp

d 2
—11.1~<—) }@F(d)
T.C
f (d—z)2

= | exp| —11.1- i

Hence the electronic interferometer signal S(d)
equals the scattering potential convolved with the
envelope of the real part of the coherence function.
(Figure 5 shows an example of an interferometric
signal S(d) obtained at the fundus of a human eye
in vivo.)

In addition to 1/f noise, there are several other
noise sources such as quantum noise, shot noise,
and electronic noise.* The impact of these distur-
bances on the measurement can be described by the
signal-to-noise ratio (SNR), which is the ratio of the
expected mean photocurrent power to its standard
deviation. The dynamic range DR of an instrument

-F(z)-dz. (12)
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is defined by the ratio of the maximum to the mini-
mum measurable photocurrent power P of the in-
terferometer signal S:

max

p
DR=10010gP =10-10g(SNR ) -

min

Photocurrent P power is proportional to the square
of the light intensity img)ingin% at the fhotodetec-
tor; hence P ./Pmin=Rmax/ Rmin=1/Rmin and we
have

DR = —20-108(R min),

where R, is the minimal reflectivity in the object
beam producing a photodetector signal power
equal to the standard deviation of the photocurrent
power generated by a reflectivity of R, =1. In case
of LCI and OCT, the intensity at the photodetector
is caused by the interference of the object beam
with the reference beam. Hence according to the
interference law, the signal intensity at the photo-
detector is proportional to the square root of the
object intensity and we have in this case

DR=—-10-10og(R yin)-

Dynamic ranges of 90 to 140 dB were reported*’™"
when using the reflectometer technique, whereas 57
dB were reported for the original dual-beam
technique.”’ The main reasons for the smaller DR
reported so far for the orisginal dual-beam technique
are different definitions.” Moreover, the curvature
of the reference wave reflected at the cornea re-
stricts the aperture for the detection of the interfer-
ences in the dual beam technique. However, this
latter restriction can easily be removed, e.g., by fo-
cusing the reference beam at the corneal surface.

3.2 RESOLUTION

In imaging optics, transversal resolution is usually
defined by the Rayleigh criterion: Two object points
are resolved if the center of the PSF (Airy disk) of
one object point falls on the first zero of the PSF
generated by the second.” The same is true in OCT.
Longitudinal (or z-) resolution in OCT, however,
depends on coherence length of the light used. As
shown above, the longitudinal PSF in LCI might
not have zeros. Correspondingly, we define here
the minimum resolvable longitudinal separation as
twice the FWHM of the longitudinal PSF. As can be
seen from Eq. (12), the FWHM width of the expo-
nential equals /./2. Hence the z resolution of LCI
with backscattered light is Az=1_/2. Modern SLDs in
the near-infrared range at A=800 nm have spectral
bandwidths of approximately 15 nm. Using multi-
electrode pumping of single quantum well hetero-
structure SLDs, spectral bandwidths of approxi-
mately 70 nm have been achieved.” Assuming a
Gaussian frequency spectrum, these bandwidths
lead to corresponding coherence lengths in the
range from 43 to 10 um. Using fluorescence light of
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an Ar laser-pumped Ti-sapphire crystal, a spectral
width of AA=144 nm (centered at 780 nm) has been
obtained™ with a corresponding coherence length
of [,=4.2 um. Also, synthesized light sources might
be used to enhance resolution. Using two multi-
mode laser diodes with a wavelength difference of
AN=108 nm (centered at A=730 nm), an effective co-
herence length of [.=4 um was obtained.* Resolu-
tion in the range of one wavelength (and below)
can be achieved if the so-called central fringe, i.e.,
the maximum of the intensity I(d) at the photode-
tector can be identified. Wang et al.”® describe a
technique based on the application of two mutually
incoherent sources with different central wave-
lengths. This technique, however, might only be
useful in LCL

3.3 SPECTRAL CHANGES AND DISPERSION

Longitudinal resolution might be impaired by spec-
tral changes of the light emitted by the source on its
path through the interferometric setup. Spectral
changes of li§ht can occur as a result of
propagation,”””® interference,”* multimode dis-
persion in fibers,®' band-limited reflection and anti-
reflection coatings of bulk optics (W. Drexler, pri-
vate communication) and as a result of chromatic
dispersion in fibers and/or bulk optics and in the
object under measurement. Dispersion reduces
fringe contrast and elongates the coherence length.
The usual LCI technique locates the maximum of
the coherence function to perform the measure-
ment. Hence, resolution might be substantially re-
duced by dispersion.®> However, it is possible to
maintain high precision, even in case of severe dis-
persion: Danielson and Boisrobert® showed how
the phase slope of the Fourier transform of the
(time-domain) interferogram can be used to locate
reflections arising from refractive index disconti-
nuities with a precision of approximately 20 nm.
LCI implies interference between finite wave pack-
ets or wave ““groups’” rather than interferences be-
tween monochromatic waves. Length is measured
by detecting the amplitude maximum of the wave
group. In a dispersive medium, the phase velocity
depends on the frequency. Hence the group veloc-
ity differs from the phase velocity and to obtain
geometrical distances, the optical distances from
LCI measurements have to be divided by the group
index of the medium.*#©°

3.4 IMPLEMENTATION OF LCI

The most straightforward implementation of LCI
would be to use the interferometer depicted in Fig.
4. In fact, a corresponding system has been used by
Dresel et al.* for surface-profiling of industrial ob-
jects. In medicine and biology, however, the inher-
ent mechanical instability of in vivo objects leads to
errors in the interferometer signal. This problem
can be overcome either by moving the reference
mirror at high speed,”” or by using the self-



Fig. 6 Dualbeam Michelson interferometer.52 SLD, superlumines-
cent diode; PD, photodetector; S(d), interferometer signal. The ob-
ject is illuminated by a dual beam (E' and E’) generated by a
Michelson interferometer. If the distance D of light-remitting sites 1
and 2 in the object is matched to the path difference d of the
interferometer, interferences between corresponding beam compo-
nents (E} and E5) occur. Here a translational movement of the ob-
ject has no impact on the matching condition and does not gener-
ate an error in the distance measurement. Moving one of the
interferometer mirrors with constant speed yields the LCl scan and @
corresponding heterodyne Doppler shift.

compensating dual-beam technique.'* Similar dual-
beam interferometers for remote measurements
have been described by other authors.®®*?

The first application of LCI to ophthalmology,
however, was described by Fercher and coworkers
in 1986."* They used the dual-beam technique in a
Fabry-Perot interferometer configuration and a
multimode laser diode. Operating the laser at low
injection current levels, a coherence length in the
range of 10 um has been obtained. No heterodyne
technique was used in these early experiments. The
Fabry-Perot configuration is particularly simple
and easy to adjust. One problem of this interferom-
eter is, however, that path difference zero between
the two interferometer plates can hardly be ob-
tained. Hence this technique is limited to the mea-
surement of distances larger than, say, a few tens of
micrometers and, what is more, calibration of the
instrument to path difference zero is difficult to
achieve. Hitzenberger has described a dual-beam
Michelson interferometer using the Doppler hetero-
dyne technique (Fig. 6).”> He too used a multimode
laser diode at A=780 nm and a coherence length of
approximately /,=100 um. Later™* he used SLDs at
A=830 nm with a coherence length of approxi-
mately [,=20 um as light sources.

One problem of the original dual-beam technique
is that the intensity of the two beam components
illuminating cornea and retina cannot be adjusted
independently. Sekine et al.”* use a Mach-Zehnder
configuration to achieve that separation. In addi-
tion, they use wavelength tuning of a single-mode
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laser diode by modulating the injection current and
derive the distance to be measured from the result-
ing phase shift of the interference fringes. The
phase shift of the interference fringes in an attached
Michelson interferometer with a known path differ-
ence is used to calibrate the measurement. Because
of the limited tuning range of this technique, the
precision obtained was not very convincing. The
use of tunable lasers with external resonators, how-
ever, could definitely improve this situation. An-
other modification of the dual-beam technique has
been proposed by Chen et al.”” They use the dual-
beam technique together with a tilted optical flat to
separate the two beam components illuminating the
eye. Using a laser diode biased below its threshold
(I;~21 um) yielded a precision of up to 2 um.

In 1987 Takada et al.”® and Danielson et al.”” de-
scribed a new reflectometer for fault location in op-
tical waveguides and fibers based on LCIL. They also
used a dual-beam principle. A superluminescent di-
ode was used as a light source in a fiber optic inter-
ferometer together with a bulk-type Michelson in-
terferometer  implementing the  dual-beam
principle. At the same time Youngquist et al.”® de-
scribed their so-called coherence-domain reflectom-
etry technique, which in fact is LCI. They use a par-
tial coherence Michelson interferometer with a
short-coherence length laser diode. One of the inter-
ferometer mirrors is replaced by the device under
evaluation. The reference mirror translates to match
the reflection site within the device. A piezoelectric
transducer (PZT) attached to the reference mirror
oscillates in order to generate the heterodyne fre-
quency of the interferometer signal.

The first application of a conventional coherence
domain reflectometer to ophthalmology was de-
scribed by the Boston group in 1991."7 A bulk-optics
interferometer with a modified Michelson configu-
ration was used. The light source was a laser diode
(center wavelength A=818 nm) with antireflection
coatings on both facets to convert it into a SLD. The
reference mirror was mounted on a computer-
controlled translation stage. Heterodyne operation
was achieved with a PZT transducer vibrating the
reference mirror and lock-in detection of the inter-
ferometer signal. A resolution of 10 um was ob-
tained with that instrument.

Clivaz and co-workers” also used a fiber-optic
Michelson interferometer and an edge-emitting di-
ode (LED) at A=1300 nm with a bandwidth of
AN=60 nm and a corresponding resolution of 14 um
in air. They used lock-in detection with piezoelec-
tric fiber stretching phase modulation. Later®” they
improved the spatial resolution dramatically by us-
ing fluorescent light of a Ti-sapphire -crystal
pumped by an Ar laser. An extremely broad spec-
trum of AA=144 nm was obtained at A=780 nm,
yielding a spatial resolution of 1.5 um in tissue.

Several papers from the Boston group describe
further modifications of the reflectometer tech-
nique. For example, a high-speed fiber optic Mich-
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Fig. 7 Fiber optic high-speed Doppler reflectometer applied in
ophthalmology (adapted from Swanson®°). AL, aiming laser; SLD,
superluminescent diode; FC, fiber coupler, PA, probe arm; PD,
photodetector; RM, reference mirror; LCI (double arrow), reference
mirror shift (and corresponding reference signal shift in LCI). Note:
An axial movement of the object with respect to the reference mir-
ror position during the measurement leads to a corresponding error
in the measured position of the lightreflecting site in the object.

elson Doppler interferometer with a SLD as light
source was described by Swanson et al. (Figure 7)™
The FWHM value of the power spectrum was 17.4
nm and a resolution of approximately 17 um had
been achieved. A fiber optic heterodyne Michelson
interferometer with a titanium-sapphire laser at
A=830 nm and piezoelectric fiber optic phase modu-
lation has been used by Hee et al. in transillumina-
tion tomography 8% Here the temporal discrimina-
tion of the femtosecond technique is improved by
simultaneously using coherent heterodyne detec-
tion.

An interesting new implementation of LCI was
put forward by Plissi et al.®> They describe a twin
Mach-Zehnder interferometer. Here a sensing in-
terferometer used to perform the measurement has
a preset optical path difference whereas the refer-
ence interferometer matches the path difference
within the coherence length. The interesting feature
here is that the reference interferometer is imple-
mented as an integrated optics configuration in
lithium niobate. One of the arms of the interferom-
eter can be scanned by the electro-optic effect.

4 OPTICAL COHERENCE TOMOGRAPHY

As already mentioned, the most straightforward
technique for obtaining tomographic images would
be to use diffraction tomography. The object would
be illuminated by a light beam and from the mea-
sured scattered field data, the three-dimensional
distribution of the scattering potential F(r) would
be computed and used to computationally generate
two-dimensional tomographic images of any orien-
tation. There are, however, two constraints that
hinder the implementation of three-dimensional
diffraction tomography. First of all, the inversion of
the scattered field data is satisfactorily solved only
in case of weakly scattering objects. Second, the
amount of scattered field data needed to obtain a
true high-resolution three-dimensional reconstruc-
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LCI

Fig. 8 Simple sector scan of the eye’s fundus with the dual beam
technique. At each fundus position the reference mirror M” scans
(open double arrow) a distance corresponding to the depth of the
tomogram. SLD, superluminescent diode; M’, M”, Michelson inter-
ferometer mirrors; BS, beam splitter, SM, scanning mirror; CL, con-
denser lens; PD, photodetector.

tion of the object is so large that currently available
light sources and scanning devices would lead to
unacceptably large data acquisition times. Hence at
present all OCT schemes are straight ray scanning
beam schemes that obtain the depth information by
LCI. The measured two-dimensional LCI signal
data set is converted to gray scale or false-color im-
ages, usually on a logarithmic scale. Basically, as in
diagnostic ultrasound, simple sector scan (Figure
8), simple linear scan (Figure 9), and compound
scan are possible.

A first step toward tomography is the generation
of topograms. Figure 10 shows the first topogram of
the human fundus obtained with dual beam LCI,
presented at the ICO-15 SAT conference in 1990.34%*

The first application of LCI to obtain tomogra}lvhic
images was described in 1991 by Huang et al.'> A
fiber-optic Michelson interferometer with an SLD
operating at A = 830 nm and a coherence length of
34 um was used as a light source (Fig. 9). Hetero-
dyne operation was achieved by a combination of
Doppler shift together with piezoelectric phase
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Fig. 9 Scheme of the first OCT scanner (adapted from Huang
et al.'?) based on the reflectometer technique. SLD, superlumines-
cent diode; FC, fiber coupler; PM, piezoelectric phase modulator;
SA, sample; RM, reference mirror; PD, photodetector; LCI (double
arrow), LClI scan; OCT (double arrow), lateral scanning of the
probe beam.
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Fig. 10 First topographic surface profile of the pigment epithelium
(or Bruch’s membrane) of a human eye in vivo obtained by LCI.
Note that the external fovea can be seen, hence the corresponding
LCI signal is caused by Bruch’s membrane or a closely associated
interface.

modulation and frequency filtering of the photode-
tector signal. The longitudinal LCI scan was per-
formed by high-speed continuous motion of the ref-
erence mirror of the Michelson interferometer.
Tomographic images were synthesized from a se-
ries of LCI signals obtained from beam positions
translated laterally between the LCI scans.

The first in vivo tomogram was obtained with the
dual-beam LCI technique.” In this first implemen-
tation, the dual beam illuminating the eye was fixed
and the eye was rotated with the help of a fixation
beam illuminating the fellow eye. In the same year
the Boston group presented in vivo tomograms ob-
tained with the reflectometer LCI technique.’ In
both techniques the tomographic image has to be
synthesized from linear LCI scan data. Usual image
processing techniques can be used to interpolate
adjacent image data. When acquiring in vivo data
from patients with the reflectometer, motion arti-
facts occur from involuntary rotational and transla-
tional eye movements. These artifacts from transla-
tions can be compensated, at least partially, by
cross-correlating interferometer signals obtained
from adjacent LCI scans. The dual-beam technique,
however, is not sensitive to translational move-
ments of the eye.

5 RESULTS

OCT and LCI have found applications in industrial
metrology as well as in medical imaging. These ap-
plications include such different fields as optical
characterization of materials, characterization of
fluid velocity, microscopy in scattering media, fem-
tosecond transillumination tomography, and mea-
surement of surface profiles. At present, however,
the generation of tomographic images in ophthal-
mology is by far the most important application of
OCT. OCT has been shown to be a powerful tool in
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imaging of macular diseases, in high-resolution im-
aging of the anterior eye, in retinal imaging, and in
the quantification of the thickness of nerve fiber
layers. Using light with a large spectral width not
only yields short coherence lengths but also gives
access to the spectral dependence of the measured
figures. The correlation of optical properties with
the physiologic function of a tissue is expected to
provide relevant diagnostic information.

5.1 LCI

The interferometer signal S(d) is dependent on sev-
eral object parameters such as optical layer thick-
ness, spatial distribution of the refractive index,
scattering coefficient, birefringence, and absorption
coefficient, and on the transmittance of the interfer-
ometer. Hence besides the geometrical parameters
such as the positions of scattering potential discon-
tinuities, LCI also gives access to optical properties
of biological tissue and thus enables differentiation
of tissue infrastructure.

5.1.1 Measurement of Optical Properties of
Tissues

Most of the results mentioned above were obtained
on more or less transparent tissues. LCI can also be
used to measure distances and parameters in turbid
media. The first use of LCI to measure parameters
of diffusing multiple-scattering tissue was made by
Clivaz et al.” The structure of the wall of postmor-
tem bovine superior mesenteric arteries has been
analyzed using an LED at A=1300 nm. From the LCI
signal, the refraction index of the intima surface, the
thickness of the arterial wall, and the total transmis-
sion coefficient could be evaluated. Later, authors
from the same group™ reported on high-resolution
LCI measurements using an Ar laser-pumped Ti-
sapphire crystal at N = 780 nm. The (geometrical)
thickness of the cornea of fresh postmortem excised
pig eyes was measured with a precision of *2.3
pum. In spite of the high resolution obtained with
this device, no internal structure of the cornea was
seen. In another experiment, measurements on the
arterial wall of bovine superior mesenteric arteries
have been repeated with this interferometer. Now,
due to the high resolution of the instrument, details
of the structure of the intima have become clearly
visible.

A very thorough study on the measurement of
optical properties of biological tissue by LCI was
performed by Schmidt et al.** Using a commercially
available reflectometer operating at A=1300 nm
layer thickness, backscattering coefficients and at-
tenuation coefficients of in vivo dermis from three
locations on a human subject and a variety of ex-
cised animal tissues were obtained. The single-
mode fiber through which the light was emitted
and captured was placed in direct contact with the
sample. A curve-fitting method for media consist-
ing of homogeneous layers has been developed. It
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is based on a single backscattering approximation,
taking into account attenuation along the path of
the wave before and after it is backscattered. For
example, the epidermis appeared to be thickest in
the finger, followed by the forearm, the thinnest in
the lip. The total attenuation coefficient of the der-
mis was found to be approximately 4 or 5 mm™" on
the finger and forearm with relatively small varia-
tions whereas the dermis on the lips was signifi-
cantly less optically dense.

Characterization of optical fibers is an important
task in various fields. Wang et al.* report on the
application of LCI to the characterization of human
scalp hairs using a fiber optic interferometer with
an SLD at A=850 nm. Cross-sectional scans normal
to the hair axis reflect the three distinct hair layers:
the outermost portion or cuticle, the cortex, and the
medulla. Because the cortex is the densest portion
of the shaft, light is assumed to propagate primarily
through this layer. Hence longitudinal LCI scans
were used to estimate the refractive index of the
cortical region. Regardless of shaft color, the refrac-
tive index of the cortical region turned out to be
within the range from 1.56 to 1.59.

LCI has also been shown to yield birefringence
information. Attenuation and birefringence of the
tunica media in a calf coronary artery has been
measured using a low-coherence reflectometer.®”
Combining this information with measurements of
layer thickness may enable noninvasive identifica-
tion and evaluation of the thickness of retinal nerve
fibers thermally damaged versus normal tissue, and
arterial plaque versus normal arterial wall.

A new technique that demonstrates how light
propagates in diffusely scattering materials has
been described recently by G. Hausler etal® A
Mach—Zehnder interferometer with one of the mir-
rors replaced by the sample is used. The sample is
illuminated by the one interferometer beam and the
scattered light is observed perpendicularly to the
axis of illumination via the second interferometer
arm. Using LCI techniques, it is possible to visual-
ize those photons which have traveled the same
path length. Hence the spatial distribution of ab-
sorption and scattering and the scattering anisot-
ropy coefficient can be measured with this tech-
nique.

5.1.2 LCI in Ophthalmology: Intraocular
Distances

The eye is an optical instrument. Its performance
relies on several parameters such as axial length,
chamber depth, optical power of cornea and lens,
and others to remain stable within narrow limits.
One of the more important applications of intraocu-
lar distance biometry at present is the axial eye
length (AEL) measurement for cataract surgery.
The problem here is to predict the converging
power of that artificial lens that would produce em-
metropia. The precision of the standard ultrasonic
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technique is limited to 0.1 mm at most, but 0.2 mm
are more realistic. The remaining error of 0.2 to 0.3
mm in the axial length, however, causes a residual
error of 1 diopter in the outcome of the surgery
procedure and the patient would have to use cor-
rective glasses. Other important geometrical param-
eters in ophthalmology are the corneal thickness
(CT), anterior chamber depth (ACD), lens thickness
(LT), retinal thickness, and the thickness of single
retinal layers.

AEL measurements were evaluated in a realistic
situation.*” A total of 196 cataract eyes were mea-
sured using dual-beam LCI and two different ultra-
sonic techniques. The performance of dual-beam
LCI was evaluated as a function of cataract grade
and compared with the ultrasonic techniques. The
optical technique yielded systematically longer eye
lengths than ultrasound. More than 90% of the cata-
ract eyes were measurable using a prototype dual-
beam LCI instrument. A precision of 20 um was
obtained independently of the cataract grade. Prob-
lems occurred only with very dense cataract lenses
and with patients suffering from heavy tremor or
other fixation problems because of the rather slowly
working prototype interferometer.” CT profiles
were measured on 18 eyes ranging from 20 deg na-
sal to 25 deg temporal. The precision was *1.6 um
for central measurements and decreased to *=3.5
um at the large angles.”” This result is considerably
better than that of conventional optical pachom-
eters or ultrasound pachometers. In addition, no
significant interobserver variability was observed.
In ACD and LT measurements, a precision of *+10
um was obtained.”’ Preliminary accommodation
studies revealed a decreasing ACD and an increas-
ing LT with decreasing focus distance.

The interferometer signal from the fundus shows
several peaks (see Fig. 5). At the moment, only the
identity of the peaks from the internal limiting
membrane and from the retinal pigment epithelium
(RPE) respectively from Bruch’s membrane seem
warranted because of the structure of their topo-
grams (see, e.g., Fig. 10). There is, however, good
evidence (see results) that the distance between the
first two larger peaks (ILM and GCL in Fig. 5) cor-
relates with the nerve fiber layer thickness even
though the association of the GCL peak with the
ganglion cell layer is speculative. On this basis, the
thickness of retinal layers was measured with a pre-
cision of *5 um.>!

5.2 OCT

OCT uses LCI to generate two-dimensional images
of internal structures of biological tissues or other
objects. Multiple LCI scans are performed at a se-
ries of laterally adjacent positions analogous to ul-
trasound B-mode imaging. Low-coherence
reflectometry’®> and dual beam LCI"® have been
used.



5.2.1 Metrologic Applications of OCT

Tearney et al.”! used OCT to determine the refrac-
tive index of human tissue in vitro and in vivo. In
the first method, the refractive index was computed
from the optical thickness of the tissue as obtained
from an OCT image. In the second method, OCT
was used to measure noninvasively the refractive
index by focus tracking when moving the sample in
an axial direction. In vitro and in vivo refractive in-
dices of human skin, muscle, and adipose tissue
were measured with a standard deviation on the
order of 0.01. Optical Doppler tomography was
used by Wang et al.* to determine the velocity pro-
files of fluid flows in vitro with a modified reflecto-
meter. The fluid velocity was obtained from the
power spectra of the Doppler-shifted interferometer
signal. In these experiments, a relative velocity un-
certainty of 7% was obtained.

5.2.2 OCT in Imaging

OCT has furthermore been used to improve exist-
ing imaging procedures. For example, OCT was
used to enhance optical sectioning in confocal
microscopy.”? By fixing the reference arm length of
the low coherence interferometer and transverse
scanning, high-contrast transversal slice images of
an object embedded in a scattering medium were
obtained. This technique is particularly promising if
the light distribution in the image plane is domi-
nated by light scattered from other planes. OCT has
also been used to improve the femtosecond transil-
lumination technique.*! Here time gating is im-
proved by coherent heterodyne detection of ballis-
tic photons. Submillimeter resolution was obtained
in images of absorbing objects in media of 27 mean-
free-scattering path thicknesses. If ballistic photons
are absent, the early-arriving coherent portion can
also be detected using LCI heterodyne detection.®?

Schmidt et al.”® describe the application of LCI in
a Mach-Zehnder interferometer to image-absorbing
structures in a random medium. Here too, the tem-
poral discrimination property of LCI is used to
preferentially detect ballistic photons transmitted
through a random medium. A dramatic depen-
dence of the optical thickness through which im-
ages can be transmitted on the coherence length of
the light used has been found.

In their first paper on OCT, the Boston group de-
scribed the (in vitro) application of OCT to the ex-
amination of the coronary arterial wall. Normal ar-
terial wall could be distinguished from
atherosclerotic plaque.”” A first experimental step
toward the application of OCT in dermatology was
carried out by Brunner et al.” Several techniques to
overcome the intensity problems caused by weak
signals from internal structures of turbid objects
were described in that study.

OrTICAL COHERENCE TOMOGRAPHY

5.2.3 OCT in Ophthalmology

The diagnostic potential of OCT for noncontact bi-
ometry and identification of abnormalities of the
anterior se%ment of the eye was demonstrated by
Izatt et al.” Using the reflectometer technique at
A=830 nm (and /=14 wm in air), structures such as
the cornea, sclera, iris, and lens anterior capsule
were clearly visible. High spatial frequency sam-
pling resulted in the visualization of the corneal
epithelium, the stroma, and the endothelium (see
Figure 11—color plate). Biometric data were ob-
tained from the anterior chamber depth, the ante-
rior chamber angle, the radii of curvature of the
cornea, the corneal refraction power, the corneal
thickness, and the thickness of the epithelial layer.
Also the first qualitative images from an in vitro
study on bovine eyes toward cataract grading were
reported.

Many retinal diseases are accompanied by
changes in retinal thickness. Hence high depth
resolution is an important feature of any imaging
technique used to diagnose retinal pathology. Cur-
rent diagnostic instruments such as the confocal
scanning laser ophthalmoscope are limited to a
depth resolution not better than 300 um.”” Against
this background, high-resolution OCT is an ex-
tremely promising new diagnostic technique. The
potential of OCT in diagnostic imaging of macular
diseases was assessed by Puliafito et al.” Fifty-one
eyes were examined in a recent study using light
from an SLD at A=830 nm, yielding a depth resolu-
tion of 10 um and a transversal resolution of 13 um
in the retina. Large-scale anatomical features such
as the fovea, optic disk, and retinal profile could
easily be identified by their characteristic morpho-
logical features. Retinal thickening caused by macu-
lar edema and other diseases could be estimated
quantitatively. Pathologies such as full thickness
macular hole (Figure 12—color plate), lamellar
macular hole, epiretinal membrane, cystoid macu-
lar edema, central vein occlusion, retinal detach-
ment, and the result of photocoagulation treatment
were correlated with fundus examination and fluo-
rescein angiography. OCT images of serous retinal
pigment epithelium and pigment epithelial detach-
ment demonstrated the accumulation of optically
clear fluid in the subretinal and sub-RPE spaces. A
comparison of tomograms of serous neurosensory
detachments showing a highly reflective band with
RPE detachments that displayed a thin, highly
backscattering layer just beneath the neurosensory
retina confirmed that the RPE and choriocapillaris
normally appear together as a highly backscattering
layer in the OCT images used here. Further
studies”?* demonstrated the potential of OCT to
quantify the amount of serous retinal detachments,
macular holes, and macular edema.

Quantitative measurements of the retinal thick-
ness and its layers are of particular importance in
the assessment of glaucoma. Using the reflectome-

JOURNAL OF BIOMEDICAL OPTICS * APRIL 1996 ¢ VoL. 1 No.2 167



FERCHER

Corneal Epithelium

" Corneal Endothelium

Ml Log Reflection

Fig. 11 High-resolution OCT of the cornea (courtesy of J. A. Izatt et al.'?); the image is displayed in
false color, where bright colors (red to white) correspond to high scattering potential, and dim colors
(blue to black) correspond to low scattering potential.

Fig. 12 Full thickness macular hole, including the neurosensory layer, terminating just above the highly
reflective band of RPE and choriocapillaris and an associated operculum at the internal limiting mem-
brane at the border fo the low scattering dark vitreous humor above (courtesy of C. A. Pulicfito et al.??).

Temporal Superior MNasal Inferior Temporal

Fig. 14 Optical coherence tomography of a normal eye taken in a cylindrical section of tissue concen-
tric with the optic nerve head, with a scan diameter of 3.37 mm. False color image as in Figs. 11 and 12.
The anteriormost (on top) red reflection is interpreted as nerve fiber layer. The red reflection on the bottom
is the RPE together with choroid and sclera. The nerve fiber layer thickens superiorly and inferiorly.
(Courtesy of J. S. Schuman et al.?%).

COLOR PLATE
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Fig. 13 Topo?rophic presentation of interfaces of retinal layers of
a normal eye.>' Vertical retinal section across the papilla slightly
nasal from the center at 14 deg nasal from 5 deg inferior to 6 deg
superior. The optical thickness of the retina ranges between 345
and 520 um; the optical thickness of the nerve fiber layer ranges
between 42 and 175 um. Geometrical distances can be obtained
by dividing the optical distances by the group index of the corre-
sponding eye media (approx. 1.4). ILM, inner limiting membrane;
GClL, ganglion cell layer; RPE, retinal pigment epithelium.

ter technique, Hee et al.”! demonstrated the appli-

cation of OCT to high-resolution imaging of the
normal human retina. A fiber optic reflectometer
with an SLD operating at A = 843 nm and an
FWHM-coherence length of 10 um in the eye was
used. The RPE and choriocapillaris were delineated
by a highly reflective band. The retinal thickness,
measured from the vitreoretinal interface to the
RPE and choriocapillaris, varied from 310 um at the
margin of the fovea to 130 um at its center. Another
highly backscattering band adjacent to the vitreo-
retinal interface could be associated with the retinal
nerve fiber layer (RNFL). In a 1.5-disk diameter cir-
cular tomogram centered at the optic disk, the NFL
thickness varied between 40 and 230 um.

Similar results were obtained by Drexler et al.”*
These authors used the dual-beam LCI technique.
By deriving the borders of retinal layers directly
from the LCI signals, topograms of retinal inter-
faces were obtained (Figure 13). A superlumines-
cent diode, Superlum SLD-361 (A=832 nm; AN=27
nm; /=26 um) was used. The maximum (geometri-
cal) NFL thickness at a slightly nasal location was
125 um and the minimum thickness was 45 um.
The (geometrical) retinal thickness ranged from 250
to 370 um. The standard deviation of repeated mea-
surements at the same retinal location was 5 um.

A pilot study on the quantification of NFL thick-
ness in normal and glaucomatous eyes was con-
ducted by Schuman et al.” A total of 59 eyes of 33
subjects were studied using, besides conventional
ophthalmologic examination, the reflectometer
technique with an SLD operating at A=843 nm and
an FWHM-coherence length of 10 um in the eye

OrtICAL COHERENCE TOMOGRAPHY

Fig. 15 Transversal (x) resolution in ophthalmologic OCT. Be-
cause of the limited depth of focus, optimal transversal resolution at
the fundus of the eye is obtained only at the focus F of the illumi-
nating beam.

(see Figure 14—color plate). The depth resolution
was also 10 um. As Tuulonen et al.?® have shown in
a clinical study that a decrease in NFL thickness
precedes the onset of glaucomatous field loss by up
to 6 years, one might expect OCT to dramatically
improve glaucoma diagnosis because of its unsur-
passed depth resolution. (In NFL thickness mea-
surements with confocal scanning laser ophthal-
moscopy, e.g., the variability is larger than 100 um.)
In the pilot study mentioned, NFL thickness mea-
sured by OCT also demonstrated a higher degree of
correlation with the functional status of the optic
nerve than cupping or neuroretinal rim area. Visual
field defects were strongly related to thinner NFL.
Finally, a decrease of NFL thickness with aging was
found.

6 RECENT AND POSSIBLE FUTURE
DEVELOPMENTS

6.1 HIGH-RESOLUTION OCT USING A
DYNAMIC COHERENT FOCUS (DCF)

One of the problems of the now established OCT
techniques is that transversal resolution depends on
the position of the beam focus within the object. To
attain equal x-y resolution throughout the whole
object depth during the LCI scan, the focus of the
measurement beam has to be moved synchronously
with the reference mirror, e.g., by shifting the focus-
ing lens FL in Fig. 4 synchronously with the refer-
ence mirror RM (see Figure 15). If the optical path
in the reference beam equals the optical path in the
measurement beam with the focus as end point, op-
timal transversal resolution will be maintained
throughout the depth of the whole object.

When using OCT in ophthalmology, however,
this technique cannot readily be used, because the
focusing lens is the eye’s optics. Here the concept of
the dynamic coherent focus can be used. In this
technique, a focus is created that remains coherent
to the reference beam during the whole scanning
procedure. The LCI scan is then performed by shift-
ing the coherent focus throughout the object depth.
The basic principle is depicted in Figure 16.

Here the reference mirror RM is fixed. The mea-
surement beam is first directed toward the focusing
lens FL and then focused into the beam focus BF
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Fig. 16 Dynamic coherent focus (DCF) interferometer. SLD, super-
luminescent diode; BS1, BS2, beam splitter; RM, reference mirror;
FL, focusing lens; SM, spherical scanning mirror performing the LCI
scan; BF, beam focus; DCF, dynamic coherent focus; CL, collimat-
ing lens; PH, pinhole, PD, photodetector.

coinciding with the center of curvature of the
spherical scanning mirror SM. The reflected beam is
recollimated by the focusing lens FL and the optics
of the eye forms the dynamic coherent focus DCF at
the fundus of the eye. If the focal length of FL
equals the focal length of the eye, the dynamic co-
herent focus DCF will be shifted by the same
amount along the optical axis as the beam focus BF.
The backscattered light is again reflected toward
the scanning mirror SM and from there toward the
photodetector via the two beam splitters. If the op-
tical length of the reference beam matches the opti-
cal length in the measurement beam with the dy-
namic coherent focus as end point, then this will be
maintained even if the dynamic focus DCF scans
the object. Hence optimal transversal resolution
throughout the whole scanning depth is obtained.

6.2 SPECTRAL OCT BY SPECTRAL
INTERFEROMETRY (SI)

The use of a spectrometer to evaluate the spectral
modulation of light remitted from an object illumi-
nated by spatially coherent light in order to mea-
sure distances of internal light remitting structures

was described by the author in 1991.”” This tech-
nique can be combined with spectroscopy. Spec-
troscopy has become an important tool in medical
diagnosis and pathology.”® Near-infrared spectros-
copy allows noninvasive monitoring of cerebral
oxygenation.” Visible light pulse oximetry has al-
ready been used to measure arterial oxygen satura-
tion from s]gectrally resolved reflectance at the reti-
nal fundus.” Schweitzer et al.’’! obtained reflection
spectra of fundus vessels and their neighborhood
with high spatial and spectral resolution using a
fundus camera together with a spectrograph. Be-
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Fig. 17 Spectral interferometry technique using a broadband light
source (e.g., a SLD) and a spectrometer. BB, broadband light
source; BS, beam splitter; RM, reference mirror; OB, object, DG,
spectrometer diffraction grating; PA, photodiode array.

cause Beer’s law includes the path length of the
light-absorbing structure, a more thorough tech-
nique would have to take into account the distance
travelled by the light through the tissue. This could
be provided by LCI or OCT. Using wavelength tun-
ing interferometry (see below) and SI ’fechniques,11
spectral and depth information could be obtained
at once.!?%1%

In the analysis of Sec. 2 it was shown that light of
a wide range of wavenumbers k has to be used in
order to obtain access to the three-dimensional ob-
ject structure. This can be performed by either LCI
or by spectral techniques. In the spectral tech-
niques, either a ““white”” or broadband light source
can be used together with a spectrometer, as indi-
cated in Figure 17 (SI technique) or a tunable laser
can be used as in the wavelength tuning technique
(WTI technique) indicated in Figure 18. Usually SI
uses broadband light sources emitting light with a
wide range of wavenumbers like SLDs. Then a
spectrometer is needed to display the intensity of
the remitted light at the various wavelengths (or
wavenumbers).

Here the spectral distribution of the scattered
light I(k) is measured with the help of a grating
spectrometer and the object structure is obtained
via an inverse Fourier transform of I(k). The first
length measurements on a stack of cover glasses'™*
as well as on a model eye and thickness measure-
ments of the cornea of a human eye in vivo have
been published.!''® A similar technique is being

Fig. 18 Wavelength tuning inferferometer with a tunable laser
(TL). BS, beam splitter; RM, reference mirror; OB, object; PD, pho-
todetector.



used to measure the scattering amplitude in tissue
phantoms.'®

6.3 SPECTRAL OCT BY WAVELENGTH
TUNING INTERFEROMETRY

In the WTI technique, the wavelength of the light
used is tuned over a range of wavenumbers k and
the spectral light intensity I(k) remitted from the
object is detected by a photodetector. From I(k) the
scattered field is obtained and an inverse Fourier
transform yields the distribution of the scattering
potential along the illuminating beam. Additional
implications of this technique have been discussed
in a recent publication."" This technique seems
rather promising since external cavity tunable la-
sers with wavelength tuning ranges up to 70 nm in
the 800-nm range might become commercially
available.'%

Wavelength tuning was used in the past by Sek-
ine et al.”* These authors used the wavelength shift
of a laser diode on a pulse-modulation drive.
Length was measured by relating the phase differ-
ences caused by the wavelength shift in the mea-
surement interferometer to those obtained from a
reference interferometer with a known path differ-
ence.

Another tuning scheme that might be used in the
future is based on the chirp technique, well known
from radar. Here too the frequency of the light
emitted is periodically varied, e.g., in a sawtoothed
fashion.'”” This leads to an additional narrowing of
the corresponding degree of coherence and it may
be possible to achieve a further shortening of the
coherence length beyond the limit given by the
usual frequency bandwidth/time duration limit.'%®
In addition, hopping between discrete wavelengths,
e.g., mode hopping and “’channel hopping,” which
have been used in the past to measure length,'*!!
might be used to further shorten the coherence
length and thus improve longitudinal resolution.

6.4 ODT (OPTICAL DOPPLER TOMOGRAPHY)

Recently LCI has been combined with the Doppler
technique to measure flow velocities at precisely
defined spatial locations.*’ Spatial profiles of fluid
flow velocities in transparent glass and turbid col-
lagen conduits were measured with a local resolu-
tion of approximately 5 um and a velocity uncer-
tainty of 7%.

7 CONCLUSION

OCT is an exciting, new, high-resolution imaging
technique. Transversal and longitudinal resolution
in the micrometer-range and dynamic ranges up to
140 dB have been obtained so far. OCT shows an
extremely high potential as a noninvasive diagnos-
tic tool in ophthalmology. Future developments
might include new fields of application such as der-

OrTICAL COHERENCE TOMOGRAPHY

matology and include additional information like
Doppler shift, birefringence, and tissue spectromet-
ric data.
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