OPT.| @&« COHERENCE TOMOGRAPHY CORNEAL MAPPI NG APPARATUS Technical Field of
the.knvention The present invention relates to a cornea napping appar at us
and, in particular, to an optical coherence tonography corneal napping
apparatus. Background of the Invention Asiis well known, refractive surgery
I's a surgical procedure that has, as its primary objectiVe, correction of
an anetropia by nmaking incisions in a cornea to change the refractive power
of the cornea. Surgical manipulation of corneal shape requires an accurate
and. preci se net hod of measuring anterior corneal curvature from apex to

| i mbus. At present, neasurenent of curvature of the center of the cornea is
commonl y nmade using a keratoneter and, for nore precise neasurenents of
corneal topography, it is common to utilize photokeratoscopy or

vi deoker at oscopy. Current corneal topography measurenent apparatus are
nostly Pl aci do-di sc- based vi deokeratoscopes. In such an apparatus, a
series of concentric rings are configured on a cone-shaped housi ng so that
an imge reflected fromthe cornea is virtually flat in space. Then, the
configuration of the rings.is analyzed to determ ne the corneal topography.
A prior art apparatus of this type has been described . in an article
entitled "New Equi pnent and Met hods for Determ ning The Contour -of the
- Human Cornea" by M G Townsley, Contacto, 11(4), 1967, pp. 72-8 1. Such

vi deoker at oscopes have the follomnno dlsadvantaoes a due to the smal
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Technical Field of the Invention

The present invention relates to a cornea mapping apparatus and, in
particular, to an optical coherence tomography corneal mapping apparatus.

Background of the Invention

As is well known, refractive surgery is a surgical procedure that has, as its
primary objective, correction of an ametropia by making incisions in a cornea to change the
refractive power of the cornea. Surgical magipulation of corneal shape requires an accurate
and precise method of measuring anterior corneal curvature from apex to limbus. At
present, measurement of curvature of the center of the cornea is commonly made using a
keratometer and, for more precise measurements of corneal iopography, it is common to
utilize photokeratoscopy or videokeratoscopy. |

Current corneal topography measurement apparatus are mostly Placido-disc-
based videokeratoscopes. In such an apparatus, a series of concentric rihgs are configured
on a cone-shaped housing so that an image reflected from the cornea is virtually flat in
space. Then, the configuration of the rings is analyzed to determine the corneal
topography. A prior art apparatus of this type has been described in an article entitled
"New Equipment and Methods for Determining The Contour of the Human Cornea” by M.
G. Townsley, Contacto, 11(4), 1967, pp. 72-81. Such videokeratoscopes have the
following disadvantages: (2) due to the small radius of the cornea (~8 mm), a limited
number of rings can be resolved on the cornea (normally, the contour which can be



measur.ed is restricted to an area which ranges from0.8 to 11 mmin

di aneter on the cornea); (b) no information can be obtai ned between the

*rings; and (c) due to use of rings, in-line neasurenent is very difficult
when used in conjunctlon with an ophthal%nloglc surgical mcroscope. An

article entitled "Accuracy and Precision of Keratonetry, Phot oker at oscopy,

and Corneal Modeling on Calibrated Steel; Balls" by S. B. Hannush, S. L. -
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1993, pp. 188-192. Corneal topography measurements suffer in this apparatus because only
a limited number of points in the image of the projected grid pattern can be resolved by the
image optics. _ _

As is further known, since a posterior corneal surface contributes about
-14% of total corneal refractive power, in some cases, an anterior corneal topography, by
itself, does not provide sufficient information for use in a refractive surgical procedure. For
that reason, it becomes even more important to obtain cornéal topography measurements -
with a precision that cannot be provided by current corneal topography measurement |
apparatus.

Recently, a new ophthalmic measurement apparatus, an optical coherence
tomography ("OCT") apparatus, has been disclosed which has advantages over the above-
described prior art ophthalmic measurement apparatus. An OCT apparatus uses a short

. coherence light source for range measurements based on the principle of white light
interferometry. OCT has been proposed recently for use in several ophthalmologic
applications. For example, such proposals have been made in a preprint of an article which
has been submitted for publication entitled "“Micron-Resolution Imaging of the Anterior Eye
in Vivo with Optical Coherence Tomography" by J. A. Izatt, M. R. Hee, E. A. Swanson, C.
P. Lin, D. Huang, J. S. Schuman, C. A. Puliafito, and J. G. Fujimoto, 1994, pp. 1-24 ("Izatt



Recently, a new ophthal mi ¢ nmeasurenent apparatus, an optical coherence

t onogr aphy (" OCT") apparatus, has been disclosed which has advant ages over
t he above- described prior art ophthal mi ¢ neasurenent apparatus. An OCT
"apparatus uses a short coherence |ight sodrce for range neasurenents based
on the principle of white light interferometry. OCT has been proposed
recently for use in several ophthalnnloglc applications. For exanple, such
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I mpl ement abplications o£ OCTa(a)lpreviding leraszisedtiongl imapéshufiths entire anterior chamber for
use in elucidating pathologies of the cornea, anterior angle region, and iris and for use in
identifying and monitoring intraocular masses or tumors; (b) measuring anterior chamber
depth, corneal curvature, and corneal refractive power; and (c) providing high resolution
images showing corneal thickness variations and the distribution of scattering in corneal
stroma for quantitative analysis of corneal pathologies.
There are two major disadvantages of the above-described OCT apparatus.
The first major disadvantage of the above-described device is that the described data
acquisition time of several seconds is too long for in vivo measurements of the cornea
because saccadic movement of the eye would disturb in vivo measurements. In fact, in
practice, in order to preclude disturbance by saccadic movement, data acquisition times
smaller than 0.1 seconds are required.
The second major disadvantage of the above-described device is that the
" signal-to-noise ratio of an OCT signal is determined by shot noise of back scattered light,
which shot noise depends on the average number of detected photons. The number of
detected photons can be increased by using a brighter OCT beam or by utilizing a longer
infegration time per sampling point. Either of these methods are problematic. For example,
the maximum permissible power of the OCT beam at the cornea of the human eye is limited
and regulated by ANSI standards. Second, utilizing a longer integration time per sampling
point implies a longer acquisition time for a given number of sampling points and
exacerbates the data acquisition problem discussed above. '



instrunentation. Finally, the preprint nmakes the foll ow ng suggestions for
.potential clinical applications of OCT: (a) providing cross-sectional
‘images of the entire anterior chanber for use in elucidating pathol ogi es of
the cornea, anterior angle region, and i #is and for use in identifying and
nonitoring intraocul ar nasses or tunors; (b) neasuring anterior chanber
depth, corneal curvature, and corneal refractive power; and (c) providing
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means to an eye and for transferring the sampling optical output reflected from the eye back

to the OCT apparatus through the raster scanning means; and (d) analyzing means, coupled
to the raster scanning means, the altering means, and reference and sampling interaction
output from the OCT apparatus for causing: (i) the raster scanning means to move the
sampling optical output to points in a raster; (ii) the altering means to alter the length of the
reference beam path over a predetermined amount at each of the points; and (iii)
determination of the corneal mapping from the reference and sampling interaction output at
the points in the raster.

An embodiment of a second aspect of the present invention is an OCT
comneal mapping apparatus which comprises: (a) an OCT apparatus which is comprised of
means for altering the fength of a reference beam path; (b) raster scanning means for raster
scanning sampling optical output from the OCT apparatus over an eye and for transferring
the sampling optical output reflected from the eye back to the OCT apparatus; and (c)
analyzing means, coupled to the raster scanning means, the altering means, and reference
and sampling interaction output from the OCT apparatus for causing: (i) the raster scanning
means to move the sampling optical output to points in a raster; (ii) the altering means to
alter the length of the reference beam path over a predetermined amount at each of the
points; (iii) the altering means to alter the length of the reference beam path in response to
reference'and sampling interaction output obtained at one or more points; and (iv)



4 In light of the above, there is a need in the art for a corneal mapping
appar at'us whi ch sol ves the above-identified problens and provides rapid
dat'a’acquisition and | ow noise for reconstructing a three-di nensional
structure of a cornea. Sunmary of the InvEntion An enbodi nent of the
present invention conprises an optical coherence tonography ("OCT") corneal
‘mappi ng appar atus whi ch solves the above-identified problens in the art by
provi di ng dé&piniingtisncofakélbornédl infappid dronPietefefecd id saapling interattidiowput at

t hr ee- di nepsi onql . Sthr ucture of a cornea. In particular, an enbodi ment of a
first aspect PO WE'BFBEnt i nvention is an OCT corneal mapping appar at us
whi ch conprises: (a) an OCT apparatus which is conprised of neans for
altering aB;igiﬁébﬁun]“mpgmmpé (b) raster scanning neans for raster

scanni ng sanprrng Tcar output fromthe OCT apparatus; (c) curved mrror
means for transferring the sanpling optical output fromthe raster scanning
means to an eye and Fpg. f Sy B Hiét0Half6n, OR8] dbdRRédt R the bt invBhd&et ed
fromthe eé’ﬁ{fgaCk t.o the QCT ag ar at-us thrgug{béﬂg raster scanni ng neans;
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poi nts; an%g{a}gt{,gslg%%ﬁ@ai.i on of the corneal mapping fromthe reference
and sanpl i I nteraction qut’put at the points in the raster. An enbodi ment

of a second aspect oFIGfeshomssingraphicabfarmeaptical pathdengthay hEmrtiomphtimeg

appar at us Md@?mﬁﬁeﬂ:mm}smlgpggr'at us which is conprised of neans
for altering the

en f. a referen beam pat h; (b) raster scanni ng nmeans
for raster scanning gﬁf%@&%&ﬂ*@&@%ﬁ%&*ﬁ?@ﬁﬁ@w of the-pTE3eRt over an
eye and f oinventemsbltich corgprises an OCT corneal mapping apparatus; and
' FIG. 6 shows, in pictorial form, a corneal mapping OCT scan pattern.

Components which are the same in the various figures have been designated
by the same numerals for ease of understanding.

Detailed Description

a In accordance with the preseat invention, the data acquisition time of an
inventive corneal mapping apparatus is reduced by reducing the sampled volume so that the
volume of the cornea which is scanned is small compared to other parts of the anterior
chamber of the eye which do not belong to the cornea.

FIG. 1 shows, in pictorial form, a first embodiment of the present invention
which comprises optical coherence tomography ("OCT") corneal mapping aﬁparatus 100.
As shown in FIG. 1, OCT corneal mapping apparatus 100 comprises OCT interferometer 1.
An OCT sample beam is output from OCT interferometer 1 in single mode fiber 250. The
OCT sample beam output from single mode fiber 250 is collimated by collimator lens 3 and
is deflected by mirror 4 to impinge upon scanner mirror 5. The OCT sample beam is then
reflected by scanner mirror 5 toward scanner mirror 6 and is reflected, in turn, by scanner
mirror 6 toward curved mirror 7. The OCT sample beam is then reflected by curved mirror
7 onto eye 8.



-the sanpling optical output reflected fromthe eye back to the OCT
apparatus; and (c) anal yzi ng means, coupled to the raster scanni ng neans,
the 'altering neans, and reference and sanpling interaction output fromthe
OCT apparatus for causing: (i) the raster &canning neans to nove the
sanpling optical output to points in a raster; (ii) the altering neans to
alter the length of the reference beam path over a predeterm ned anount at
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interference bgtween radiation reflected from the object (eye 8) and radiation reflected from

helical reference mirror 290 if the optical path difference is smaller than the coherence

length of radiation source 220. As shown in FIG. 3, helical reference mirror 290 is rotated

with a substantially constant velocity by means which are well known to those of ordinary

skill in the art (not shown) and, as a result, the interference is detected as a periodic

variation of a detector signal produced by photodetector 275, the periodic variation having

a frequency equal to the frequency of rotation of helical reference mirror 290. The helical

surface of helical reference mirror 290 is described by the formula:

z=henIl

where h is the step height of the helical surface and @ is the azimuthal rotating angle. Asis
known, the reference arm length of OCT interferometer 1 is changed periodically when
helical reference mirror 290 is rotated. FIG. 4 shows, in graphical form, the optical path
length variation as a function of time produced by rotating helical reference mirror 290. In
accordance with the present invention, the height h of the helical surface is chosen so that
the depth scan provided by the optical path length variation of the reference arm of OCT
interferometer 1 is in the order of the thickness of the cornea. This reduces the scan volume
and, thereby, reduces the data acquisition time required for a comneal mapping. In
accordance with the present invention, the use of a helical reference mirror is advantageous
because it can be rotated very fast and, thereby, a short data acquisition time can be
achieved.



Conmponents which are the sane in the various figures have been designated
by the same nunerals for ease of understanding. Detailed Description In
accordance with the present invention, the data acquisition tine of an

i nventive corneal mapping apparatus is redlced by reducing the sanpled

vol une so that the volunme of -the cornea which is scanned is small conpared
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out put frommeRr dhichrertt& heliédl reference mirror 290 are operated under the control of

computer 210 in a manner which is well known to those of ordinary skill in the arf. This -

provides information to computer 210 which enables it to determine three-dimensional
coordinates from the geometry of the apparatus; scanner mirrors 5 and 6 providing a raster
scan and helical reference mirror 290 providing a depth scan.
) In accordance with the present invention, and as shown in FIG. 1, the radius.
of mirror 7 is chosen so that the principal ray of the scanned beam always goes through the
center of curvature 15 of the cornea of eye 8. As the OCT sample beam output from fiber
250 is tranversely scanned by scanner mirrors 5 and 6, the optical path length from 50/50
coupler 240 to dotted curve 71 in front of eye 8 is constant for all positions of scanner
mirror 6. Further, this constant optical path length is equal to the optical distance between

- 50/50 coupler 240 and helical reference mirror 290 for home position 291, i.e., the high
point of helical reference mirror 290. In addition, dotted curve 72 describes a curve of
equal optical path length for home position 292, i.e., the low point of helical mirror 290. At
each transverse position provided by scanner mirrors 5 and 6, helical reference mirror 290 is
caused to rotate by 360 degrees to provide a depth scan over a distance of 2h, i.e,, the
distance between dotted curves 71'and 72. During a depth scan, the OCT signal received
by computer 210 provides data which is used to locate the structure of the cornea at the
respective transverse position. As one can readily appreciate from this, in accordance with
the present invention, the data acquisition time has been shortened by use of a helical mirror
and by reducing the depth scan to a distance equal to 2h. In accordance with the present
invention, 2h is adjusted to be the minimum distance required to span the corneal thickness.



I's coupled into optical fibers 250 and 270, respectively. The output from
fiber 270 is inmaged by |l ens 280 onto helical reference mrror 290 and the
output fromfiber 250 is directed to inpinge upon eye 8 as was descri bed
above. Then, radiation reflected fromeye8 is coupled back into fiber 250
and superinposed by 50/50 coupler 240 with radiation reflected from heli cal
reference mrror 290 and coupl ed back into fiber 270. Superinposed
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370. Because reflection from pupil 370 is very low, the CCD image shows pupil 370 to be

dark and to be surrounded by a bright iris 360. Further, the image of OCT sample beam
scan traces 300-350 exhibit a dark portion where the scan traces pass though an area
corresponding to pupil 370 (except for the vertex of the cornea) and a bright portion when
they pass through an area corresponding to iris 360. Asa result, one can manually
reposition apparatus 100 so that the OCT sample beam scan traces pass through the center
of pupil 370. In addition, the image produced by CCD camera 115 can be analyzed by
computer 210 to determine the center of pupil 370 by edge detection and the position of the
scan traces be adjusted in response thereto. .

In response to data acquired during the depth scans, computer 210 identifies
various portions of the cornea at a transverse scan point by detecting various signal-strength
maxima. In accordance with the present invention, scanner mirrors S and 6, in accordance
with instructions from computer 210, provide a raster, i.e., transverse, OCT scan of the
cornea and OCT interferometer 1, in accordance with instructions from computer 210 to
helical reference mirror 290, provides a depth OCT scan of the cornea. The results are
analyzed by computer unit 210 to obtain corneal topography measurements such as: ()
anterior corneal surface contours, (b) posterior corneal surface contours, and (c) the



achi eved. 7 As shown in FIG 2: (a) the output from photodetector 275 is
applied as input to denodul ator 285 to be denodul ated; (b) the denodul at ed
out put from denodul ator 285 is applied as input to analog to-digital
converter 295 (A/D 295) to be converted to% digital signal; and (c) the
digital signal output fromA/D 295 is applied as input to conputer 210 for
anal ysis. I n accordance mﬁth the present invention, the interference signal
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pat enat re actlon %Een the raster scan is completed, computer 210 performs a fit of the spatial
coordinates of the surfaces to provide posterior and anterior corneal surface contours.
Then, the surface contours are utilized to provide a measure of the curvature of the
posterior and anterior surfaces of the cornea and, from them, a measure of corneal
refractive power.

* FIG. 5 shows, in pictorial form, a second embodiment of the present '
invention which comprises OCT corneal mapping apparatus 500. As shown in FIG. 5, OCT
corneal mapping apparatus 500 comprises CW radiation source 220, for example, a
superluminescent laser diode having an output centered substantially at 850 nm. Output
from radiation source 220 is directed toward beamsplitter 540. Beamsplitter 540 splits the
output into reference beam 541 which is directed toward retroreflector 550 and sample
beam 542 which is directed toward a scanner apparatus, which scanner apparatus is
comprised of orthogonally mounted, galvanometer driven scanner mirrors 565 and 566
which are mounted on a pair of galvanometers (not shown). Scanner motors 565 and 566
are operated under the control of computer 210 in a manner which is well known to those
of ordinary skill in the art. The raster scanner formed of scanner mirrors 565 and 566 is
located in the back focal plane of scanner lens 31. - This provides a telecentric optical
configuration wherein the-pn'ncipal rays of scanned sample beam 542, in the various scan
positions, are parallel. Further, this telecentric optical configuration guarantees that the
scan length on the cornea is independent of the cornea in the z direction, i.e., along the

- direction shown by arrow 1000 in FIG. 5. However, the "surface of equal path length" for
a raster scan is a plane which is indicated by dotted curve 571 in FIG. 5. This is



coupler 240 to dotted curve 71 in front of eye 8 is constant for al
positions of scanner mrror 6. Further, this constant optical path length
is equal to the optical distance between 50/50 coupler 240 and heli cal
reference mrror 290 for hone position 2919 i.e., the high point of helical
reference mrror 290. In addition, dotted curve 72 describes a curve of
equal optical path length for home position 292, i.e., the |ow point of
helical mrror 290. At each transverse position provided by scanner mrrors
5 and 6, helical reference mrror 290 is caused to rotate by 360 degrees to
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As further shown in FIG. 5, reference beam 541 is directed from
retroreflector 550 toward helical reference mirror 290. At each transverse position
provided by scanner mirrors 565 and 566, helical mirror 290 is rotated by 360 degrees to
provide a depth scan over a distance of 2h in the manner discussed above with respect to
embodiment 100 shown in FIG. 1. Helical reference mirror 290 is rotated with a
substantially constant velocity by means which are well known to those of ordinary skill in
the art (not shown). Reference beam 541 is reflected from helical reference mirror 290 and
is superimposed, by beamsplitter 540, with radiation from sample beam 542 which is
reflected by eye 8. The superimposed radiation is detected by photodetector 275. The
output from photodetector 275 is demodulated by demodulator 285, the demodulated
output from demodulator 285 is converted to a digital signal by analog-to-digital converter
295 (A/D 295), and the output from A/D 295 is apphed as input to computer 210 for
analysis.

During a transverse scan of sample beam 542 by scanner mirrors 565 and
566, helical mirror 290 rotates a predetermined number of times, for example, n. The pair
of scanning galvanometers which drive scanner mirrors 565 and 566 and a motor which
rotates helical reference mirror 290 are operated under the control of computer 210 in a
manner which is well known to those of ordinary skill in the art. In accordance with a
preferred embodiment of the present invention, OCT data are collected synchronously by



to radi ation at wavel engths of the OCT sanple beamis al so about 90% The
i mage produced by CCD canera 115 shows eye 8 and a scan trace of the OCT
sanpl’e beamon the iris and on the vertex of the cornea. The inmage of the
scan trace of the OCT sanple beamresults finomradiation reflected by eye 8
which is transmtted through notch filter 20. A scan trace can be i nmaged
even though transm ssion of the reflected OCT sanple beamis small since
CCD canera 115 is very sensitive to radiation at wavel engths in the region
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depth of the anterior surface at a predecessor point along the transverse scan. The
difference in depth of the anterior surface at the two adjacent points along the transverse
scan is used to move retroreflector 550 so that it tracks the curved shape of the cornea.
This tracking is done by having computer 210 apply the negative of the difference in depth
of the anterior surface at the two adjacent points as an input signal to galvanoscanner 532
through filter 555. In response to this signal,'galvanoscanner 532 moves retroreflector 550
so that it causes the depth scan to follow the surface of the cornea. As a result, an effect is
produced wherein the surface of constant path length differénce, i.e., dotted curve 571,
adapts automatically to the surface of the cornea under investigation. In this manner, and in
accordance with the present invention, the data acquisition time of the depth scan is
shortened. Filter 555 is used to avoid oscillation of galvanoscanner 532 and may be
fabricated as a PI-controller which is well known to those of ordinary skill in the art.
Lastly, as shown in FIG. 5, eye 8 is monitored with CCD camera 115ina
manner similar to that shown for embodiment 100 of FIG. 1. In particular, eye 8 is
illuminated with infrared light from infrared source 80 which is obtained, for example, by
filtering an incandescent lamp with an infrared filter. The infrared light reflected from' eye 8
is imaged onto CCD 115 by lens 537 through notch filter 575. In accordance with the
present invention, notch filter 575 reflects the infrared light which illuminates the eye and



9 thickness of the cornea. These data can be used, for exanple, for on-line
moni tori'ng of corneal refractive power during a refractive surgical
procedure or for fitting contact lens and so forth. In one enbodi nent of
this first aspect of the present inventiorkZ2 thresholds are input to
conputer 210 for the purpose of identifying signal maxima corresponding to
predeterm ned surfaces of the cornea. Then, conputer 210 nmakes a
correspondence between signals having |l evels above the maxima with the
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cornea and, fromthem measure of corneal refractive power. FIG 5 shows,.
in pictorial form a second enbodi nent of the present invention which
conprises OCT corneal nmapping apparatus 500. As shown in FIG 5, OCT
corneal mappi ng apparatus 500 conprises CWradiation source 220, for

exanpl e, a superlum nescent |aser di ode having an output centered
substantially at 850 nm Qut put




fromradiation source 220 is directed toward beanspl i tter 540. Beansplitter
540 splits the output into reference beam 541 which is directed toward
fetroreflector 550 and sanpl e beam 542 which is directed toward a scanner

apparat us, which scanner apparatus is conp3ised of orthogonat--y—weunted,
gal vanoneter driven scanner mrrors 565 and 566 whi ch pair
of gal vanoneters (not shown). Scanner notors 565 and meﬁa B (,mnder
the control of conputer 210 in a manner which is welt known

ordinary skill in the art. The raster scanner fornmed.of scanner mrrors 565

and 566 i Vhabiselamedisit he back focal pl ane of scanner lens 31. This
provides a telecentric optical configuration wherein the princi pal rays of
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raster scanning means to move the sampling optical output to points in a raster; (b) the

altering means to alter the length of the reference beam path over a predetermined amount
at each of the points; and (c) determination of the corneal mapping from the reference and
sampling interaction output at the points in the raster.

2. The optical coherence tomography (OCT) corneal mapping
apparatus of claim 1 wherein the altering means comprises helical reference mirror means
disposed in the reference beam path. | '

_ 3. The optical coherence tomography corneal mapping apparatus of
claim 2 wherein the raster scanning means comprises orthogonally mounted mirrors,

4,  The optlcal coherence tomography corneal mappmg apparatus of
claim 2 which further comprises:

| means for irradiating the eye with infrared radiation;

means for detecting the infrared radiation; and

means, responsive to output from the detecting means for dlsplaylng an
image of the eye.

S. An optical coherence tomography (OCT) corneal mapping apparatus
.which comprises: |

an OCT apparatus which is comprised of means for altering the length of a
reference beam path;



“whi'ch will be described bel ow), wand 535 i's rotated and retrorefléctor 550
is noved along a direction indicated by arrow 1010. Sinc

" movenent of gal vanoscanner 532 is snall, subsequent

retroreflector 550 is substantially al odd a straight mﬂywmﬂm

in accordance with a preferred enmbodi ment of the secoﬁﬁ aspe

present invention, the notion of gal vanoscanner 532 changes the plane
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S converted to %Ir nal by anal og-to-digital converter 295 (A/D
295) , anﬁuﬁpﬂbatd‘ll}?ﬁﬁ‘P 295 is applied as input to conputer 210 for
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apparatus of claim 5 wherem the altering means fuxther comprises movable reﬂectlng means

disposed in the reference beam path.

8. The optical coherence tomography (OCT) comneal mapping
apparatus of claim 5 wherein the movable reflecting means compﬁses a retroreflector and
wherein the altering means further comprises galvanometer means for moving the
retroreflector means.

9. The optical coherence tomography corneal mapping apparatus of
claim S wherein the raster scanning means comprises orthogonally mounted mirrors. .

10.  The optical coherence tomography comeal mappmg apparatus of
claim S which further comprises:

means for irradiating the eye with infrared radiation;

means for detecting the infrared radiation; and

means, responsive to output from the detecting means for displaying an
image of the eye. )

11.  The optical coherence tomography corneal mapping apparatus of
claim 1 wherein the analysis means comprises means: (a) for detecting one or maxima of the
reference and sampling interaction output; (b) for associating the one or maxima with one
or more surfaces of the cornea; and (c) for providing contour maps of the one or more
surfaces.



preferred enbodi nent of the present invention,

synchronously by conputer- 210 so that, for exarrpl cans:
Sprovided by n rotations of helical reference mirror glgm m# ,wlone
transverse scan. The OCT signals receivkd by conputers 275

are preferably analyzed in.real tine. The coordi nates of various cor neal
structures are determ ned by anal ysis of peaks of the OCT signal received
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~at the fiolgiin YSowhéreinthbadalgisdnginb finthet bemprides ieans for détamminiag aalipaedecessor
poi nt al gz{legyihet\t}\%a{; Veétstﬁ scan. The . gthffer ence in depth of the anterior
surface FE W @Yoa e FOB%PH"gre aest he transverse scan is used to

nove retroreflector 550 so that it tracks the curved shape of the cornea.

This tracking is done by havi ng computer 210 apply the negative of the

difference in depth of the anterior surface at the two adjacent points as
an i nput signal to gal vanoscanner 532




“through filter 555. In response to this. signal, gal vanoscanner 532 noves
retroreflector 550 so that it causes the depth scan to follow the surface
of the cornea. As a result, an effect is produced wherein the surface of

- constant path length difference, i.e. lédotted curve 571, adapts
automatically to the surface of the cornea under investigation. In this
manner, and in accordance wth the present invention, the data acquisition

time of gpiqcAePCONSHNCE TOMOGRNPHY CORNERAL MAPHING! S ARATUS)I d
osci | | atTom of —garvanoscanner 532 and nay be fabricated as a Pl-controller

which is well known to those of, ordin skill in the art. Lastly, as shown
in FIG 5, eye 8 is mnitored#ﬁ-ﬁ—@é&%‘i’é—ﬁt < Ur€15 in a manner simlar to
that shown for enbodinent 100 of FIG 1. In particular, eye 8 is
illTumnated with ipfrared light from. nf, sour,ce 80 which is,ohtained,
for "exanpl e, by 't | PG Eoherie amhe bt DETES et FpRme AP P WHRR or | The
i nf r ar edntludés; i efitsbaspect dfitherpreyent vestiannrta)ad QOT epfabidud whichys ¢ormrised 7

t hr ough il 5. . b I Q%ERi,ON. notch
filter B ?@’Ff“éé%’?‘%eﬁ'é ian’?f%a"?‘%%g%?@ﬁ?ﬁm e F%@f Filter 3 &vE and 12
transni tSmpking Petiey Rutpyt fromeheOC Tonpatatys) (o) @ carysraniras for| teangferring the .

subst antdagiplig 8fticHl oiPuBREmtHe rabit? SCanfik tolaf@yé nd o2 trAhéferting thd QeRlingze t hat

and descittisaraibarebectsd e abackie e UG aprcess Bt mster Aot 1 o
i mt thendi(dyemanabyzet,xotipled po theirasterf soanmer]itbe lesing appavatus emdpyeference and
difi . wout : , : ' hi
whi oh araibife Haddd kR Fodife GCTHblrfius for calihe W) hefestl Rt a0 "9
Thus, i tmpye the shmplinglenticebautpetiatpointeing rastes (iHthe altrsmgiapparatis ie alterthended
to coveriegth of idrefrdlick besth path GVefla YrideRihinB® ambindat badhl of'thd poifts; and

(iii) determination of the corneal mapping from the reference and sampling interaction
output at the points in the raster.

Figure 1



the true scope and spirit of the invention. 13 What is clained is: 1.

An optical coherence tonography (OCT) corneal napping apparatus which
conprises: an OCT apparatus which is conprised of nmeans for altering a

ref erence beam path; raster scanning neans for raster scanning sanpling
optical output fromthe OCT apparat us;/@irved mirror means for transferri ng
the sanpling optical output fromthe-raster scanning nmeans to an eye and
for transferrinf the sanpling optical output reflectggl fromthe eye back to
the OCT appara?us t hrough the raster scanni ng neans; and anal 7zi ng neans,
coupled o the_raster scphnning nmeans, the alteri , andyr ef erence and
sanpl i ng i nt er@€di on out ing: ga) Zhe
raster s¢aNTERERORIEIBR [
raster; (b) the alterin
pat h over a predeterm ne
determ nation of the cor St :
i nteraction output at i e (Hs % J N of ence
t onogr aphy (OCT),QQN eal . ering
means conpri ses l'ical refer reference
beam pat h. 3. The opti cal ng appar atus
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claim2 wherein the raster scanning neans conprises orthogonally nmounted
mrrors.” 4. The optical coherence tonography corneal napping apparatus
of claim2 which further conprises: neans for irradiating the eye with
infrared radi ati on; neans for detecting the infrared radiation; and neans,
responsive to output fromthe detectin@/eans for displaying an i mage of

the eye. 5. An optical coherence tonography (OCT) corneal mapping
appar atus whi ch conprises: an OCT apparatus which is conprised of neans for
altering the length of a reference beam pat h; raster scanni ng neans for

raster scanning sanpling optical output fromthe OCT apparatus and for
transferring the sanpling optical output reflected fromthe eye back to the
OCT apparatus; and anal yzi ng neans, coupled to the raster scanning neans,
the altering nmeans, and reference and sanpling interaction output fromthe
OCT apparatus for causing: (a) the raster scanning neans to nove the
sanpling optical output to points in a raster; (b) the altering neans to
alter the length of the reference beam path over a predeterm ned anount at
each of the points; (c) the altering neansg@®Tralter the |l ength of the

reference beampath in response to rﬁ% d ling interaction
out put obtained fromone or nore poi g?ﬁgﬁﬁ“%g)Eggggrnination of the
corneal mapping fromthe reference and sanplijng i nteraction output at the

poi nts in the raster.
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6. The optical coherence tonography (OCT) corneal mappi ng apparatus of
claim5 wherein the altering nmeans conprises helical reference mrror means
di sposed in the reference beampath. 7. The optical coherence tonography
(OCT) corneal mapping apparatus of claim5 wherein the altering neans
_further conprises novable reflecting mebtk di sposed in the reference beam
path. 8. The optical coherence tonography (OCT) corneal mapping
apparatus of claim5 wherein the novable reflecting means conprises a
retroreflector and wherein the altering nmeans further conprises
gal vanonet er neans for. noving the retrorefl ector nmeans. 9. The opti cal
coherence tonography corneal mapping apparatus of claim5 wherein the
raster scanning nmeans conprises ort |y mounted mirrors. 10. The
opti cal coherence tonography co&pe i p aratus of cI ¥ m5 which
further conprises: neans for irr h |nfrarmd radi ati-on;
nmeans for detecting the infrared onsi ve to out put
fromthe detecting neans for dispiNaying an |na of th e. 11. The
optical coherence tonography corne iAg appar at us cIa|n11 wherein
t he anal ysis neans conprises nean detect.ing one or maxi ma of the
ref erence and ktqpllng |nteraci§: 0 b) for associating the one or
maxi ma with one qr nore surfacds of and (c) for providing
contour maps-o he one or nore surffpces.
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15 12. :The optical coherence tonography corneal mappi ng apparatus of
claim 11l wherein the anal ysis neans further conprises neans for determ ning
a di stance between at |east two of the one or nore surfaces. 13. The

opti cal coherence tonography corneal mapping apparatus of claimb5 wherein

t he anal ysis neans conprises neans: (a) 464 detecting one or maxi ma of the
reference and sanpling interaction output; (b) for associating the one or
maxi ma Wi th one or nore surfaces of the cornea; and (c) for providing
contour maps of the one or nore surfaces. 14. The optical coherence

t onogr aphy corneal mapping apparatus of claim 13 wherein.the anal ysis neans
further conprises neans for determning a di stance between at | east two of
t he one or nore surfaces.
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