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Th is cont ri bution pr esents an app licati on of frequenc y-domain optical

tomo graphy to ophthalmolog y . Essential theoretical foundation s of time-
-domain and frequency- domain optical tomography are presented. Images
of sections through the anterior chamb er, the corneo- scleral angle and fun-

dus of the eye are reconstructed from the spectral f ringes. T he morphologi cal
inf ormation gained by tomograms is imp ortant for diagnosi ng and plannin g
of a treatment of glaucoma.
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1. I n t rod uct io n

In opti cal coherence to m ography (OCT), one detects l ight scattered back
from an object tha t is i l lum inated by a l ight source of low tem pora l but high
spati al , coherence. The narro w beam of such l ight penetra tes the obj ect, scatters
from the elements of i ts structure and is brought to interf erence wi th a reference
beam by the use of an interf erom eter. Because of low tem pora l coherence of the
l ight the interf erence can occur only when the opti cal paths of the ref erence and
scattered beam s are equal to wi thi n the range of the longi tudi nal coherence length.
Theref ore, i f an opti cal delay l ine is employed to change the opti cal path of the
ref erence beam , the depth positi on of the scatteri ng centre is easily obta ined f rom
the corresp ondi ng positi on of a reference m irror on registra ti on of the interf erence
signal .
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Some im pro vements in OCT techni que have been m ade to eliminate m ov-
ing parts, shorten the col lection ti m e, enhance signal - to-noise rati o and make the
system insensiti ve to low frequency oscil lati ons. One of the m ost prom ising new
im plementati on is frequency- dom ain OCT [1]. Here, inform ati on on the distri bu-
ti on of the scatteri ng centres along the path of the pro bing beam is obta ined sim ply
by the Fouri er tra nsform of the interf erence pattern superimposed on a spectrum
of the l ight produced at the output of the interf erom eter. Frequency-dom ain OCT
requi res a spectro meter (a grati ng) to pro duce a spectrum , and a CCD cam era to
register i t. As i t does not requi re m ovi ng parts i t potenti al ly could be faster tha n
ti m e-domain OCT.

At present, the tem pora l OCT techni que dom inates. The frequency-dom ain
techni que is lessmature and theref ore, so far, lesspopul ar in appl icati on. Ho wever,
the elimina ti on of m ovi ng parts integ ra l to the measurement [2], the short col lec-
ti on ti m e, and the inherentl y di rect access to spectra l inf orm ati on [3], al l render
thi s techni que adv anta geous in comparison wi th tem pora l OCT. The depth range,
whi ch basical ly depends on spectra l resoluti on, may be extended by appl icati on of
a so-called com plex analysis [4]. Fouri er spectra l radar is a techni que ori ginati ng
from frequency- domain OCT. It m easures the proÙle of a skin surf ace, as Ùrst
dem onstra ted by H�ausl er and Li ndner [5].

The most adv anced appl icati on of OCT is in ophtha lmology, where im aging
studi es have demonstra ted signiÙcant potenti al for routi ne clinical exam inati on of
the anteri or chamb er of the eye, of the crysta l l ine lens, and of the reti na [6].

In the present contri buti on, the techno logical implem enta tio n of frequency-
-dom ain OCT to ophtha lmology is presented.

2. T heor y

The basic techni que of the OCT is parti al coherence interf erometry , i .e. in-
terf erence of broadband l ight wa ves. A beam ori ginati ng from a l ight source is
spl it into two parti al ly coherent beams. One beam penetrates an obj ect a long the
z -axi s, and is scattered from the i -th scatteri ng centre. The opti cs ensure tha t
onl y the fracti on whi ch is scattered back along the z -axi s is tra nsmi tted back to
the interf erometer. The com plex representa ti on of the pol ichrom atic l ight wa ve u i

scattered from the obj ect is fol lowing :

u i = u ( t + §i ) =

Z + 1

À1

U i ( ¡ ) exp[ À 2¤ i ¡ ( t + § i ) ]d ¡ ; (1)

where U i ( ¡ ) i s a com plex ampl itude.
The com plex representati on of the beam reÛected from the reference

m irro r is

u r = u (t + § r ) =

Z + 1

À1

U r ( ¡ ) exp[ À 2¤ i ¡ ( t + § r )] d ¡ ; (2)
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These two beam s are delayed by §i = 2 z i =c and § r = 2 z r =c, respecti vely. Resulti ng
interf erence is registered by a photo detecto r.

In order to m ake theo reti cal equati ons more comprehensi ve we assume one
state of polarisati on and equal intensi ti es of l ight reÛected from the reference m irro r
and scattered back from an obj ect.

2.1. T ime-domai n OC T

The inform ati on on the positi on of scatteri ng centres in tem pora l OCT de-
ri ves di rectl y from the equati on describi ng the interf erence of two beams

I ( §i À § r ) = I r + I i + Ref À ( §i À §r ) g ; (3)

where I r = h u ( t + § r ) u Ê ( t + § r ) i and I i = h u ( t + §i ) u Ê ( t + § i ) i are the intensi ti es of
l ight scattered at the i - th centre and reÛected f rom the mirro r, respectivel y, and
À ( §i À § r ) ² h u ( t + § ) u Ê ( t + §i ) i i s a Ùrst- order electri c Ùeld correl ati on functi on.

It is clear from Eq. (3) tha t interf erence wi l l be registered i f the delay §

intro duced by a mirro r di splacement is equal to §i = 2 z i =c wi thi n the coherence
length.

2.2. Frequency-domai n OC T

In f requency-dom ain OCT, the interf erogram is measured as a functi on of
frequency [7]:

G U U ( ¡ ) = G U U ( ¡ ) +

i

G U U ( ¡ ) + 2R e
i 6 j

G U U (¡ )

+ 2Re
i

G U U (¡ ) ; (4)

where G U U ( ¡ ) ² l imT !1

U ¡ U ¡

T
i s cal led cro ss-spectra l density func-

ti on [8], U ( ¡ ) ²
1

À1
u ( t + § ) exp( 2¤ i ¡ t ) d t = FT À [ u (t + § )] i s the Fouri er

tra nsform of the l ight wave reÛected from the reference m irror, and
i

U i ( ¡ ) ²

i

1

À1
u ( t + §i ) exp( 2¤ i ¡ t )d t =

i
FT À [ u ( t + § i )] originates from l ight wa ves

backscattered along the penetra ti ng beam wi thi n the obj ect. Theref ore, a Fouri er
tra nsform of the cross-spectral density functi on G U U ( k ) yi elds

FT À [ G U U ( ¡ )] = FT
À

[ G U U ( ¡ )] +

i

FT À [ G U U ( ¡ )]

+2

i 6 j

FT À [ G
U U

( ¡ )] + 2

i

FT À [ G
U U

( ¡ )] ; (5)

where superscript R denotes the real part of G .
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Accordi ng to the W iener{ Khi nchi n theo rem [7], there is a corresp ondence
between a trunca ted real spectrum and the com plex Ùrst- order electri c Ùeld cor-
relati on functi on, À :

À ( § ) = 4

Z
+ 1

0

G R
U 1 U 2

( ¡ ) exp( À 2 ¤ i ¡ t ) d ¡ : (6)

Appl yi ng thi s theo rem to Eq. (5), one obta ins

FT À 1 [ G U U ( ¡ )] = À r (§ ) +
X

À i ( § ) +
X

i 6= j

À ( § + §j À §i ) +
X

i 6= j

À ( § + §i À § j )

+
X

i

À ( § + §i À § r ) +
X

i

À (§ + § r À §i ) : (7)

The functi on described by Eq. (7) is sym metri cal about § = 0 because i t represents
a Fouri er tra nsform of a real functi on. Two Ùrst term s pro duce intense peaks at
§ = 0 . The two next depend on m utua l positi ons of scatteri ng centres wi thi n the
obj ect and do not convey any useful inf orm ati on on the structure of the obj ect.
Both groups m ay be regarded as parasiti c ones. Two last term s in Eq. (7) pro-
vi de di rect inform ati on on the positi ons of scatteri ng centres wi th respect to the
(co nstant) positi on of the reference m irro r. It may be noted tha t the positi on of
the Ùrst four term s on the § scale does not depend on the positi on of the refer-
ence m irro r whi le the last two term s by deÙniti on depend on the positi on of the
ref erence m irro r.

Al l term s m ix, whi ch deteri orates signal - to-noise rati o and obscures the in-
terpreta ti on of the results. Theref ore the m ost im porta nt task is to extra ct tw o last
term s whi ch conta in di rect inform ati on on the positi ons of scatteri ng centres. The
di ˜erent dependence of parasiti c and useful term s on the reference m irro r positi on
al lows to extra ct the useful signal . In the sim plest metho d the reference m irro r is
shi fted by a distance larger tha n m ax( z i À z j ) causing tha t the term s conta ini ng
useful inform ati on are separated from the obscuri ng ones. Such a pro cedure re-
duces a useful m easured range whi ch is especial ly severe in the case of the objects
of considerable thi ckness. Ano ther m etho d | so-cal led com plex metho d [4] | al -
lows to calculate the phase ¢ ( ¡ ) and am pl i tude a ( ¡ ) of com plex G U i U ( ¡ ) from the
Ùve consecuti ve measurements of G U U ( ¡ ) at Ùve di ˜erent positi ons of the refer-
ence m irro r. Fi na l ly, the FT À 1

f a (¡ ) exp[ i¢ ( ¡ )] g yi elds pure structura l inf orm ati on
of the obj ect.

The OCT instrum ent is based on the Mi chelson interf erometer setup (Fi g. 1).
The l ight source is a superlum inescent diode emi tti ng at 810 nm wi th a 20 nm
FW HM (Sup erlum , Mo scow) ; for detai led descripti on of the superlum inescent
di odes see [9]. The reference m irro r is placed on the piezo-tra nslato r (Fi g . 1a) for
the compl ex m etho d. The detecti on uni t consists of a di ˜ra cti on grati ng
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(1800 grooves/ mm blazed at Ñ b = 800 nm ) and a 16-bi t CCD cam era (Ando r
T echnologies). A hel ium { neon laser serves for beam adj ustm ent. The software,
whi ch contro ls the equipm ent and analyses the data , is wri tten in the Lab-Vi ew
envi ronm ent.

Fig. 1. Optical scheme of (a ) comple x frequency- domain O CT device used in

corneo- scleral angle measurement, (b) frequency- domain OC T applied to measure a

fundus: SL D | superlumin escent dio de, BC | colli mator, EBS | edge beam splitter,

H eN e | helium{neo n laser, R M | reference mirror, PI | pie zo-element, BS | b eam

splitter, O L | obj ective lens, L1 | lens, T S | transversal scanner, BE | b eam

expander, D G | di ˜raction grating, C L | camera obj ective, C C D | camera.

In order to create im ages of the corneo-sclera l angle i t was necessary to
rota te the opti cal axi s of the eye appro xi matel y 30£ from the opti cal axi s of the
instrum ent. The tra nsverse scanner TS and the cornea were placed at the focal
points of the obj ect lens OL (f = 8 0 m m). Such design ensures tha t the di recti on of
the beam is insensiti ve to the scanner angle. The opti cal system pro duces rel ati vel y
smal l pro bing spot size (Â x ¤ 3 5 ñ m) to gether wi th relati vel y long depth of f ocus
Â z ¤ 3 m m.

For im aging of the reti na the im aging system employs the lens L1 ( f =

8 0 mm ), whi ch focuses the beam on the scanner and the object lens OL ( f =

1 2 m m). These two lenses form a tel escope pro duci ng a para l lel beam, whi ch
is focused on the reti na by an opti cal system of the eye. The arra ngement of
the opti cal system guarantees tha t the scanning beam enters the eye at di ˜erent
angles but hi ts the same point at the pupi l . The spot size and depth of focus are
Â x ¤ 1 0 ñ m , Â z ¤ 0 : 5 m m, respecti vely. In order to increase the signal -to -noise
rati o al l lenses were coated wi th anti reÛection layers. In both cases the inci dent
power wa s appro xi matel y 2 5 0 ñ W .

The dyna m ic range 67 dB was estim ated experim enta l ly as the rati o of the
opti cal power corresp ondi ng to cam era satura ti on to the opti cal power, at whi ch
interf erence fri nges were sti ll di stinguishable from the noise.
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4 . R esul t s an d d iscu ssio n

The to mogram of the anteri or cham ber of a porci ne eye is presented in Fi g. 2.
The im age consists of 700 verti cal l ines. Here the compl ex metho d was used to ex-
tra ct the useful inf orm atio n from the to ta l signal . As a result, a depth of 0.4 cm
in the axi al di recti on, twi ce m ore tha n for the conventio nal frequency-dom ain
techni que, was obta ined. Such cl ear repro ducti on of a corneal proÙle m ay be
helpf ul in pl anni ng and fol lowi ng up kera toto m y operati ons. The anato my of the
corneo-scleral angle is parti al ly obscured by the nontra nsparent sclera.

Fig. 2. O ptical tomogram of the anterior chamb er of a pig eye i n v i t r o . C R | cornea,

SC | sclera, LS | lens, IR | iris.

Fig. 3. Optical tomographic image of the corneo- scleral angle of a pig eye in v it r o .

C R | cornea, SC | sclera, I R | iris, C- S | corneo- scleral angle region.

In order to get an im age of deta i ls of the corneo-scleral angle hidden under
sclera, the penetra ti ng beam was di rected at an angle of appro xi ma tel y 3 0 £ to
the opti cal axi s of the eye. The im age (Fi g. 3) exhi bi ts m ore deta i ls but due to
ref racti on the geom etry of the im age considerably di ˜ers f rom tha t presented at
Fi g. 2. Inf orm ati on pro vi ded here m ight be instrum enta l in planni ng and perform -
ing tra beculopl asty.
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Fig. 4. Frequency- domain OC T tomogram of part of a pig eye fundus in v it r o ,

RFN L | retinal nerve Ùbre layer.

Fi gure 4 shows the to m ogram of the reti na of the porci ne eye. The inform a-
ti on on the positi on of the scatteri ng centres was separated from the tota l signal
by an appro pri ate shift of the ref erence mirro r. The border between the vi treo us
and the surface of the reti na is sharp and the to pography of opti c disc is vi si-
bl e. As structura l parts of the reti na do not di ˜er in ref racti ve index, i ts interna l
structure, as revealed by OCT, is consi derabl y blurred. Neverthel ess, i t is possible
to estimate the thi ckness of the nerve Ùbre layer | the essential param eter in
di agnosis of glaucom a. The vi sibi l i t y of anato mical deta i ls depends on the rate of
change of ref racti ve index along the interro gati ng beam. If i t changes abruptl y, as
at the cornea{ ai r, cornea{ liqui d, vi treo us{ reti na interf ace, the image is sharp and
cl ear. If the ref racti ve index vari es gentl y, as in case of the reti na, the im age is
bl urred. Obvi ousl y, i f there is strong absorpti on or scatteri ng, the photo ns are lost
and the image cannot be reconstructe d to the desired depth. For weakl y absorbi ng
and weakl y scatteri ng m edia of the anteri or chamber the penetra ti on is l imi ted
onl y by spectra l resoluti on, whi le f or the reti na is merely 0.6 m m.

It shoul d be noted tha t the dim ensions in OCT to mogram s are in fact pro d-
ucts of refracti ve index and geom etri cal dim ensions. In order to obta in real ge-
om etry , theref ore, the im age must be corrected by ta ki ng refracti on into account.
The need of such correcti on is evi dent when two to m ograms col lected at di ˜erent
angles are com pared.

In our ori ginal setup the rate determ ining pro cess was data tra nsmission
between CCD and PC whi ch caused tha t i t to ok about 1.5 m inutes to col lect the
data necessary to reconstruct the im age com posed of 700 l ines (l ike in Fi g. 2), the
recent im prov ements in the CCD dri ver has shortened thi s ti m e to 2 seconds not
unaccepta bly long for a measurement in hum an pati ents. Our goal is to achi eve
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at least 1 0 0 ñ s per A-scan in order to perform real ti me reti nal OCT im aging.
Thi s wi l l inÛuence pati ent' s com fort and i t wi l l make the m etho d lesssensiti ve for
accidenta l eye and head m ovement, whi ch results in im prov ement of the qual i ty
of reti nal to m ograms.

5. Co n cl usion s

Thi s work presented in thi s paper demonstra tes the potenti al diagnostic
value of the OCT and indi cates the adv anta ges to be gained f rom the frequency-
dom ain metho d as compared wi th the ti m e-dom ain version.
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