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(587) Abstract: A system for refractive ophthalmologic surgery, particularly
for LASIK, m addition to the ablation laser and optionally further optical
guiding means (18, 30), comprises a device (34) tor optical coherence to-
mography as an integrated component in order to enable measurement re-
sults obtained with said device to either be displayed on a display device
and/or to be used for controlling the ablation.

(57) Zusammenfassung: Ein System fiir die refraktive ophthalmologische
Chirurgie, insbesondere die LASIK, hat zusitzlich zum Ablationslaser und
gegebenentalls weiteren optischen Fiihrungsmitteln (18, 30) als integrier-
ten Bestandteil eine Einrichtung (34) fiir die optische Kohirenztomogra-

’ phie, um mit dieser Einrichtung gewonnene Messergebnisse entweder zur
D

Darstellung aut emer Anzeigeeinrichtung und/oder zur Steuerung der Ab-
lation zu ermoglichen.
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System for refractive ophthalmological surgery

The invention relates to a system for refractive ophthalmological surgery.

In refractive ophthalmological surgery the optical refractive properties of the
eye, particularly of the cornea, are changed by using laser radiation in order to
correct or at least alleviate visual deficiencies. A prominent example of refrac-
tive ophthalmological surgery is LASIK, in which corneal tissue is resected (ab-
lated) in order to reshape the cornea for the purpose of correcting sight defects.
For the purpose of resecting corneal tissue, as a rule an excimer laser in the UV
region (typically 193 nm) is employed. The laser radiation is guided over the
eye in such a way with respect to time and location that a certain amount of
tissue is resected at selected points in the cornea. This resection is described by
the so-called ablation profile, i.e. the ablation profile specifies the resection (ab-
lation) to be performed at each point in the cornea.

The present invention relates, in particular, to LASIK.

The ablation profile is calculated, as a rule, prior to implementation of the surgi-
cal intervention in respect of the eye to be corrected. The basis of this calcula-
tion is a surveying of the eye in its actual state. For this surveying of the eye,

the state of the art is familiar with a variety of techniques, in particular topogra-

phy-measuring instruments (so-called topolyzers), wavefront analysers,
Scheimpflug instruments and also pachymeters.

Refractive ophthalmological surgery with a wavefront analyser or with a topog-
raphy-measuring instrument is hardly capable of resolving small local structures
of the cornea within the millimetre range effectively, let alone of assigning them
in defined and locally exact manner, in order to enable a locationally faithful
treatment. With topolyzers it is also hardly possible to detect so-called central
islands within the millimetre range — that is to say, prominences on the cornea

which often originate from preceding, not entirely perfect, operations from the
early days of PRK.
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At present, attempts are being made to track deviations from the desired abla-
tion process in online manner during the ablation, in particular deviations that
are based on a so-called cyclotorsion or on a so-called pupil center shift.

But with these processes that are known at present it is, as a rule, not possible
to detect local corneal irregularities precisely and to put the laser beam into
effect in the course of such a detection in precisely local manner only at this
point, and in the process also to track the outcome of the ablation.

50-called optical coherence tomography has been available for some time as a
measuring process for non-contacting surveying of biological tissues, cf. for
example B. Wolfgang Drexler, Journal of Biomedical Optics, 9(1), 42-74, 2004.
With optical coherence tomography, in particular using broadband irradiators, it
IS possible to survey very fine biological structures, in particular with resolutions
in the region of 1 ym and finer.

EP 1 231 496 A2 describes the application of optical coherence tomography
(OCT) for the controlled alteration of tissue in the eye, the treatment laser being
controlled as regards power, exposure-time and spot-size. Treated ocular tissue
IS distinguished therein from untreated ocular tissue by means of OCT and a
threshold value. The region of the ocular tissue that has been successfully
treated with the laser is determined with OCT.

US 2007/0282313 Al (Huang et al.) describes the use of OCT only for the pur-
pose of topographical surveying in refractive surgery. No reference is to be
found therein to an online-controlled photoablation by means of OCT. In this
state of the art the topographical data acquired with OCT are utilised merely for
the advance calculation of an ablation program.

EP 0 697 611 A2 describes a system similar to that of EP 1 231 496 A2, dis-
cussed above, with an autofocus system for an ophthalmological surgical micro-
scope. Topographical measurements in respect of the cornea are effected
therein, but no online control of a resection of tissue with OCT.
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US 2007/0073905 Al does not use OCT but describes generally the state of the art
of a surgical intervention in respect of the eye using previous model calculations.

WO 2006/087180 A2 describes a process for ablation, though without using OCT.
DE 103 23 422 Al also does not describe a use of OCT, but only the detection of an

optical pressure range in the tissue.

The object underlying the invention is to provide a system of the type stated in the
introduction that enables improved surgical outcomes.

To this end, the invention teaches a system for refractive ophthalmological surgery

with
a)

D)

C)

a)

a first laser adapted to resect corneal tissue for changing the optical

refractive properties of the eye,

means for time-controlled and location-controlled guidance of the

radiation of the first laser onto the eye,

a device for optical coherence tomography with a second laser for

implementing optical coherence tomography in respect of the eye,

means for time-controlled and location-controlled guidance of the

radiation of the second laser onto the eye, and with

a computer which

el) in the course of the resection of corneal tissue in accordance with a
program controls the first laser and the stated means for time-
controlled and location-controlled guidance of the radiation of the
first laser onto the eye for the purpose of achieving a reshaping of

the cornea,
e2) controls the device for optical coherence tomography and is

programmed in such a way that during the resection of corneal

tissue measurements in respect of the cornea (12) are carried out,
wherein the computer is programmed in such a way that also before the
start of and after conclusion of the resection of corneal tissue
measurements in respect of the cornea are carried out, the computer
under specifiable conditions, controls the program flow for the resection
of corneal tissue subsequent to a measurement by means of optical
coherence tomography depending on the result of the measurement.
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The invention accordingly integrates a module for optical coherence tomography
(OCT) into a system for refractive ophthalmological surgery in such a manner
that the results of measurement acquired thereby have an influence, in virtually
online manner, on the process of the surgical intervention. In particular, high-
resolution and high-speed OCT (HHS-OCT) enables the ascertainment and rep-
resentation of the corneal structures with resolutions within the ym range at
very high speed by virtue of scanning-rates within the range from a few MHz up
to several GHz, in particular up to 10 GHz and even up to 100 GHz, and with
measuring-times distinctly shorter than one second. Hence it is possible not
only to survey the initial structure prior to the resection of corneal tissue and the
final structure of the cornea after the resection, but also to track the entire pro-
gress of the treatment in between and to control the treatment in a manner
depending on results of OCT measurement that are acquired during the treat-
ment.

According to the present invention, a resection of tissue, guided by OCT, is, in
particular, effected with a UV laser (typically an excimer laser), in the course of
which certain areas of the cornea are targeted and then corneal tissue is re-
sected via a number of shots which are controlled in real time (online) until the
OCT measurement in virtually real time (online) yields the desired result of
measurement.

By reason of the integration of the OCT module into the system for refractive
surgery, it IS moreover possible to recognise certain irregularities of the cornea,
in particular the so-called central islands, and to take them into account in the
treatment. Such central islands — that is to say, irregular prominences on the
corneal surface — have dimensions in the region of a few millimetres and less
and were therefore barely capable, or not capable, of being registered by con-
ventional measuring methods in the course of refractive surgery. Such irregu-
larities were also not discoverable, or barely discoverable, before or during the
treatment, or accurately addressable for the laser control. Corresponding re-
marks apply in respect of extremely fine irregularities in the form of scars which
likewise sometimes arise on the corneal surface.

With broadband optical coherence tomography such irregularities are recognis-
able, and correspondingly the ablation profile can be formed in such a way that,
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for example, in the region of central islands (that is to say, prominences on the
cornea) locally more corneal tissue is resected in targeted manner than in other
regions of the cornea, so that a smooth surface arises overall, whereas in the
case of the aforementioned scars the resection in the region of these scars is so
greatly reduced that, as a result, a substantially smooth corneal surface likewise
arises. If in the state of the art such irregularities were not recognised in the
result of measurement and taken in account in the ablation, they were substan-
tially preserved in the course of the ablation and resulted in corresponding ir-
regularities also on or in the treated cornea.

With the integration, according to the invention, of OCT into the system for
refractive ophthalmological surgery, it is possible to detect the exact corneal
structure as regards cross-section, thickness, anterior surface and posterior
surface, and to track it momentarily (instantaneously) during the treatment.
Therefore a special configuration of the invention teaches to calculate during the
ablation process (that is to say, during the refractive surgery) virtually in real
time (online) the respective momentary imaging properties of the cornea such
as obtain momentarily by reason of the ablation stage that has been reached,
and to conclude the ablation precisely when the imaging properties of the eye
that have been calculated online in this way correspond to a desired, specifiable
objective. This makes parallel topographical measurements or even wavefront
measurements no longer absolutely necessary.

A preferred configuration of the system according to the invention for refractive
ophthalmological surgery provides that the computer is programmed in order to
represent on a display device results of measurement acquired in the course of
optical coherence tomography before and/or during the resection of corneal
tissue. In this way the treating physician can inspect virtually in online manner -
that is to say, practically in real time — the progress of the ablation, represented
graphically. For example, the initial shape of the cornea (before the start of the
intervention) can be presented to the physician on the display screen by means
of a line (in the case of two-dimensional representation) or by means of a sur-
face (in the case of three-dimensional representation), and then, below that,
correspondingly the momentary corneal structure by means of a, for example,
colour-contrasted line or surface successively during the intervention. In this
connection, in addition the surface of the cornea on the inside of the eye, which
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IS also capable of being surveyed with coherence tomography, can also be op-
tionally indicated to the physician. This helps, in particular, to avoid excessively
thin residual thicknesses of the cornea. Further structures of the eye being
treated that are of interest, such as the lens and/or the pupil, can also be sur-
veyed with OCT and represented on the display device.

If the aforementioned process is employed in the course of LASIK and if in this
case the so-called flap incision is carried out with a femtosecond laser, for ex-
ample, then the incision arising can be tracked with OCT and represented on the
display device, and in the course of the subsequent ablation of corneal tissue the
aforementioned lines or surfaces in the graphical representation can be ascer-
tained by computation in such a way that the situation after folding the flap back
and after the assumed healing process can be calculated and represented.

Another preferred configuration of the invention provides that an input device is
provided, with which a user can cause the computer to bring about an additional
resection of corneal tissue with the first laser within a selected range of the
represented results of measurement of optical coherence topography, or to
reduce the resection of corneal tissue within a selected range.

The invention also teaches the use of extremely fast devices for OCT using fem-
tosecond radiation-sources, preferably with repetition-rates in the region of

10 GHz and preferably in the region of 100 GHz or more, in particular the use of
so-called VECSELs or VCSELs (Vertical External Cavity Surface Emitting Lasers).
Such semiconductor laser diodes can be pumped electrically or optically and
attain very high outputs and efficiencies, despite a physical size within the cen-
timetre range. Femtosecond fibre lasers may also be employed for the inven-
tion. The invention also teaches the use of such radiation-sources with
generation of fs supercontinua with bandwidths greater than 100 nm up to
1000 nm and with repetition-rates greater than 100 GHz, so that an extremely
high measuring-rate can be attained — that is to say, the generation of images of
structures of the cornea on, for example, a display screen with an extremely
short time-delay in comparison with the state of the cornea actually achieved
momentarily in the course of an ablation procedure, i.e. the actual state of the
cornea is represented graphically virtually in real time (without time-delay) and
may also be processed by computation without time-delay.
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An exemplary embodiment of the invention will be described in more detail in
the following on the basis of the drawings. Shown are:

Fig. 1 schematically, a system for refractive ophthalmological surgery;
and
Fig. 2 schematically, a display device for displaying data acquired with

optical coherence tomography.

Figure 1 shows an eye 10 to be treated by refractive ophthalmological surgery,
schematically the cornea 12 thereof, the pupillary margin 14 and a so-called
irregularity 16 of the cornea, here in the form of a so-called central island — that
IS to say, a prominence on the cornea having dimensions within the mm range

- to um range.

In known manner the system exhibits a fixation laser 18 which emits a (weak)
laser beam 18’ and is sighted by the patient for the purpose of fixing the eye.

In @ manner known as such, the system exhibits - as in the case of a LASIK
apparatus - a UV laser 20, for example an excimer laser, which emits radiation
20" with a wavelength of 193 nm which is directed onto scanner mirrors 24, 24’
via a lens 22 and is deflected onto the eye 10 via a deflecting mirror 26. A com-
puter C controls the laser 20 and the scanner mirrors 24, 24’, in @ mannher con-
ventional as such, in accordance with a previously calculated ablation profile.
With the system that has been presented, a LASIK, for example, is carried out in

known manner.

The system exhibits moreover a so-called eye-tracker. The eye-tracker includes
a camera 30 with which images from the eye 10 in the direction of the arrow 32
are recorded via a deflecting mirror 28, which are then subjected to image proc-
essing in @ manner known as such, in order to track movements of the eye
which the patient frequently cannot avoid, despite the fixation laser 18, and to
track the control of the scanner mirrors 24, 24’ for the laser beam 20’ in a man-
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ner corresponding to the movements of the eye, so that the ablation profile is
resected in @ manner that is as locationally faithful as possible.

The digitally acquired recordings of the camera 30 are processed in the com-
puter C, and the computer C then controls the scanner mirrors 24, 24’ corre-
spondingly with respect to the ablation beam 20°.

Integrated into the system for LASIK is a device 34 for optical coherence tomo-
graphy, which in a manner known as such includes an appropriate laser. The
device 34 for optical coherence tomography emits radiation and receives radia-
tion in accordance with the double-headed arrow 36. The scanning is effected
via scanner mirrors 38, 40. The interaction of the computer C with the individual
components is indicated in Figure 1 by lines and arrows. Correspondingly, the
computer C controls the device 34 for optical coherence tomography and the
scanner mirrors 38, 40 pertaining thereto.

The device 34 for optical coherence tomography operates with scanning-rates in
the region of a few MHz up to scanning-rates within the GHz range, depending
on the radiation-source being used, so that measuring-times for an entire sur-
face to be surveyed (that is to say, corresponding roughly to the ablation region
of the cornea) are attained that are distinctly shorter than 1 second.

The radiation-source of the device 34 for optical coherence tomography - for
example, a laser - is an extreme broadband radiation-source with a broadband
measure distinctly greater than 100 nm and with very high repetition-rates
greater than 10 MHz up to more than 100 GHz. This enables a high three-
dimensional resolution in the region of 10 um and better. In this case, an image
of interest of a surface of the cornea - for example, the momentary surface
during the successive ablation - can be surveyed in less than 1 second and can
be represented on a display device D via the computer C. The broadband radia-
tion with AA >> 100 nm has centre wavelengths A in the region of about 800 nm
to 1300 nm. Hence, according to the exemplary embodiment that is shown, the
topography of the cornea, the thickness thereof, the extent of the anterior
chamber of the eye and the local position of the adjoining structures - such as
iris and crystalline lens - are surveyed, and corresponding geometrical images of
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these structures are represented, alternatively and in desired combination, on
the display device D via the computer C.

The resolution in depth (ordinarily designated as the z-direction) in this case lies
within the pm range, for example better than 3 pm, whereas in the transverse
direction (ordinarily designated as the xy-direction) resolutions distinctly better
than 10 pm are likewise attained. Hence substructures of the cornea - such as
the epithelium, Bowman’s membrane, or the position of the microkeratome
Incision in the case of LASIK - can be recognised well.

Figure 2 shows schematically a representation with OCT-surveyed structures on
the display device D in accordance with a control by the computer C. Shown is
the surface K1 of the cornea obtaining before the start of the ablation, with a
first irregularity I in the form of a central island — that is to say, a prominence.
The prominence has dimensions within the mm range to um range (is accord-
ingly extremely enlarged in the Figure in comparison with the dimensions of the
cornea). The two flanks of the prominence have gradients G1, G2, i.e. slopes in
relation to the adjoining surface K1 of the cornea 12. Moreover, in the example
that is represented the surface K1 of the cornea 12 has scars N which likewise
have dimensions within the mm range to um range.

Moreover, Figure 2 shows the set surface K2 of the cornea to be striven for on
the basis of the calculated resection of the ablation profile — that is to say, the
outcome of the operation to be striven for. Figure 2 also shows the inner sur-
face K3 of the cornea schematically.

With the device 34 for optical coherence tomography and with the computer C
which processes the results of measurement of said device, the curve K1 accord-
Ing to Figure 2 can be generated and can be represented on the display device
D. In this connection the computer C is programmed in such a way that it rec-
ognises the stated irregularities having dimensions within the um range and,
according to an option of the user, represents them in emphasised manner, for
example in colour or by means of thick lines. With processes of image process-
ing that are known as such, the computer can ‘recognise’ the irregularities on
the basis of the gradients G1, G2 by comparison with specifiable threshold val-
ues and can represent them. In the course of image processing, for example,
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by comparison of contiguous measuring-point ranges a gradient G1, G2 can be
recognised that lies above a specified threshold value and indicates that an ir-
regularity is possibly present at this point. According to a preferred configura-
tion, the option can then be made available to the user to call up and represent
an enlarged representation of the momentary state of the cornea in this critical
region. This representation can be continually repeated online during the im-
plementation of the ablation — that is to say, during the stepwise resection of
corneal tissue, layer by layer - so that the physician can track the progress of the
treatment - i.e. the temporal procedure of the successive resection of corneal
tissue, layer by layer - on the display device D on the basis of the measurements
by coherence tomography. If on the basis of the irregularities the physician
detects certain problem regions in which a stronger ablation or even a weaker
ablation than originally stipulated in accordance with the ablation profile is re-
quired, then according to a preferred configuration he/she can intervene in the
process directly. If, for example, the physician detects on the representation an
irregularity corresponding to the prominence I (central island), then he/she can
place markers M1 M2, between which in this case an increased resection of
corneal tissue in comparison with the surrounding regions of the cornea is re-
quired, and he/she can set the markers M1, M2 corresponding to the delimita-
tion of this region via an input device E. It will be understood that these
markers are to be placed three-dimensionally — that is to say, also in the down-
ward direction from the plane of the drawing they have roughly the dimension
that is given in the plane of the representation. The physician can then specify
via the input device E how strong the additional resection of tissue is to be in the
region of the irreqularity.

Corresponding remarks apply to the region of the scars N, in which the ablation
then has to be diminished where appropriate, in order, as a result, in cases of all
irregularities then to obtain a relatively smooth corneal surface as designated by
K2 in Figure 2.
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List of Reference Symbols

10
12
14
16
18

18’

M1 M2
G1,G2
K1,K2,K3,K4

eye
cornea

pupillary margin
scar or central island
fixation laser
fixation laser beam
UV laser

lens

scanner mirror
scanner mirror
deflecting mirror
deflecting mirror
camera

arrow

OCT system
double-headed arrow
scanner mirror
scanner mirror
computer

display

Input

central island
scar(s)

markers

gradients

surfaces
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Claims

1. System for refractive ophthalmological surgery with

a) a first laser adapted to resect corneal tissue for changing the
optical refractive properties of the eye,

b) means for time-controlled and location-controlled guidance of the
radiation of the first laser onto the eye,

C) a device for optical coherence tomography with a second
laser for implementing optical coherence tomography in
respect of the eye,

d) means for time-controlled and location-controlied guidance of the
radiation of the second laser onto the eye, and with

e) a computer which

el) in the course of the resection of corneal tissue in
accordance with a program controls the first laser and
the stated means for time-controlled and location-
controlled guidance of the radiation of the first laser
onto the eye for the purpose of achieving a reshaping
of the cornea,

e2) controls the device for optical coherence tomography
and is programmed in such a way that during the resection
of corneal tissue measurements in respect of the cornea are

carried out,

e3) controls, under specifiable conditions, the program flow for the
resection of corneal tissue subsequent to a measurement by
means of optical coherence tomography depending on the
result of the measurement, and

e4) is programmed in order to represent results of measurement
acquired in the course of optical coherence tomography on a
display device before and/or during the resection of corneal
tissue; and

f) an input device with which a user can cause the computer to bring

about an additional resection of corneal tissue with the first laser

within a first selected range of represented results of measurement of

optical coherence topography or to reduce the resection of corneal

tissue within a second selected range.
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System for refractive ophthalmological surgery according to claim 1,
wherein the representation of the results of measurement acquired with
optical coherence tomography includes an at least two-dimensional image of
a curve which reproduces, before and/or during the resection of corneal
tissue, the respectively current state of a corneal surface to be treated or

being treated.

System for refractive ophthalmological surgery according to claim 1,
wherein:

an input device is provided, with which a user can cause the computer to

bring about an additional resection of corneal tissue with the first laser
within a first selected range of the represented results of measurement of
optical coherence topography or to reduce the resection of corneal tissue

within a second selected range;
the representation of the results of measurement acquired with optical

coherence tomography includes an at least two-dimensional image of a
curve which reproduces, before and/or during the resection of corneal
tissue, the respectively current state of a corneal surface to be treated or

being treated; and
the computer is programmed in such a way that the first selected range is

capable of being marked by the user in relation to the image.

System for refractive ophthalmological surgery according to any one of
claims 1 to 3, wherein the computer is programmed in such a way that the
results of measurement acquired with optical coherence tomography are
analysed as to whether a corneal surface to be ablated exhibits an

irregularity.

' System for refractive ophthalmological surgery according to claim 4,
wherein the stated analysis includes the ascertainment of gradients of the

corneal surface.
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