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(57) Abrege(suite)/Abstract(continued):

source. Further, the apparatus comprises a control device, which Is set up to control the light source and the detector in such a
way that the detector performs intensity acquisitions in accordance with a defined number of measurements, while the light source
IS tuned, the control device further being set up, for the purpose of altering the measurement depth or/and the axial resolution of

the tomography, to alter the defined number of measurements or/and a spectral measurement bandwidth, within which the
detector performs the intensity acquisitions.
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(57) Abstract: An apparatus for optical swept-source
coherence tomography comprises a spectrally tune-
able source for emitting coherent light, and a detector
for acquiring the intensity of remitted light backs-
cattered from an object irradiated with the coherent
light of the source. Further, the apparatus comprises a
control device, which 1s set up to control the light
source and the detector in such a way that the detector
performs intensity acquisitions in accordance with a
defined number of measurements, while the light
source 1s tuned, the control device further being set
up, for the purpose of altering the measurement depth
ot/and the axial resolution of the tomography, to alter
the defined number of measurements or/and a spectral
measurement bandwidth, within which the detector
performs the intensity acquisitions.
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APPARATUS AND METHOD FOR OPTICAL SWEPT-SOURCE
COHERENCE TOMOGRAPHY

The present disclosure relates generally to optical coherence
tomography (in short: OCT). In a preferred embodiment, the present
disclosure provides for an apparatus and a method for swept-source (in short:
SS) coherence tomography that make it possible to vary the measurement
depth and/or the longitudinal (axial) measurement resolution of the
tomograms generated by the apparatus or by the methoa.

Background of the Invention

OCT is an imaging method based on the superposition of reference
radiation and backscattered (remitted) radiation. It acquires the intensity of
the interference signal, i.e. the superposed radiation fields of the reference
radiation and of the remitted radiation, where the remitted radiation is
backscattered at the object to be imaged. In the following, the term “light”
refers to the radiation used in the case of an optical coherence tomography,
which may (or may not) be outside the wavelength range that is perceptible by
the human eye (visible wavelength range). In the context of the present
disclosure, therefore, the reference to light is intended to include wavelengths
both inside and outside the range that is visible to humans.

In the case of optical coherence tomography, a distinction can be
made, in general, between OCT in the Fourier domain (in short: FD) and OCT
in the time domain (in short: TD). FD-OCT, for its part, can be divided into an
SD-OCT (spectral domain, in short: SD) and an SS-OCT (swept-source, in
short: SS).

Brief Summary of the lnvention

SD-OCT typically uses a light source that continuously emits
broadband light of a particular spectral bandwidth AA, as well as a detector
such as a spectrometer. The spectrometer in this case separates the
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broadband interference signal spatially into varicoloured light beams. The
Intensities of the individual light beams are then measured individually by a
piurality of sensor elements of the detector. As a result, an intensity
distribution over the wavelength A or over the wave number k (such as circular
5 wave humber; k = 211/A) of the detected light, an interferogram, may be

obtained. This represents the interferometric unconditioned signai on the
basis of which the tomogram (an A-scan) is determined. The number N of
sampling points with which the interferogram is sampled may correspond to
the number of sensor elements.

10

SS-OCT typically uses a light source that is spectrally tuneable (i.e.

with respect to the wavelength of the emitted light), which instantaneously
emits spectrally narrow-band light and which is tuned continuously across a
spectral bandwidth AA, as well as a detector such as a single photodiode or a

15 "balanced detector” with two photodiodes. The interferogram is acquired
chronologically over the wavelength A or the wave number k of the detected
light and sampled, with a number N of sampling points, over the course of the
spectral tuning of the light source over time.

20 In the case of FD-OCT, the longitudinal measurement resoiution Az
(l.e. the resolution along the direction of propagation of the radiation, also
referred to as "axial resolution”) depends on the spectral bandwidth AA, or Ak.
The following relationship can apply, in the case of Gaussian-shaped spectra,
between the longitudinal measurement resolution Az and the spectral

25 bandwidth:

21In(2) A (1)

It is generally applicable that:

Ak = 272'%?-
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With (2) it follows that:

4In(2) 1
AZGauﬂ = ( ) Ark - (3)
L FWHM
and 41n(2) 1
AR g = - (4)
L AZGauﬁ

wherein n is the refractive index and A is the central wavelength of the
spectrum, in this case of the Gaussian-shaped spectrum. The index 'Gauly
indicates that the corresponding quantities related to a Gaussian-shapea
spectrum. The index 'FWHM' means full width at half maximum of the

10 Gaussian-shaped spectrum. If the real part of the complex-valued
interference signal is evaluated, an effective imaging depth zmax is obtained
(also called “maximally attainable measurement depth”), which is a further
important parameter of FD-OCT. For the measurement depth zyax, 1t Is
possible to formulate the following dependence on the spectral bandwidth AA,
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Choma et al., Sensitivity advantage of swept source and Fourier domain
optical coherence tomography, Optics Express, 11, 2183-2189, 2003):

1« 1 7T
A — . o -
G A/
max,Gauf Y on Sk 7 p —

N (9)

20 with 8k as the wave number spacing in the case of linear sampling in k, and N
as the number of samplings, or of spectral channels. From (2) and (5) one

obtains:

2 /12
A U U

max,Gauf 4. n 5/1 4.n A/,LFWHM ( )
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wherein OA is the wavelength spacing in the case of linear sampling in A.

From (1) and (6) one obtains:

N = 8111(2) Zmax,Gauﬂ (7)
T AZoyy
5 For rectangular spectra, the following relationships apply between the

longitudinal measurement resolution Az and the spectral bandwidth AA, or Ak:

2
Azwc - ——L /10 (8)
2.-nAAy,
with (2): |
) Az, ==~ (9)
n DKy

10  wherein the index FW relates to the full width of the corresponding rectangular

distribution. For the measurement depth z.ax, the following applies:

1l 7w 1 7«
Z”zax'reCHZ'}’lék—-Z‘nk;;—W

N (10)

with (2): |\ R_ 1R (11)
Z = — — «
max,rec 4-}’[ 52} 4.72 A/lFW
15  From (8) and (11) one obtains:
12
N — 2 Zmax, Fee ( )
AZFW

According to the preceding formulae, the resolution Az and the
measurement depth znax are determined by the parameters AA, or Ak, and N.
20 Therefore, the resolution Az or/and the measurement depth znax can be
altered by varying the spectral bandwidth AA, or Ak, or/and the number N.
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SD-OCT is limited by the opto-mechanical structure of the
spectrometer to a fixed, acquirable bandwidth: if the bandwidth of the light
emitted by the Iigh't source is increased, the spatial divergence of the
spectrum split at the dispersive element (e.g. grating or prism) of the
spectrometer also increases, such that, in the case of an otherwise unaltered
geometry, the original sensor elements are no longer sufficient to detect the
light beams of all wavelengths/wave numbers. For a consistent number of
sampling points N, therefore, either the dispersive element or the sensor
should be exchanged. This is typically not possible or at least is very difficult

when the OCT apparatus is operating.

More extensive information concerning optical coherence tomograpny

and its application can be found in the following publications:

Wolfgang Drexler, James G. Fujimoto (Eds.): "Optical Coherence
Tomography - Technology and Applications", Springer-Verlag
Berlin Heidelberg 2008;

Jiefeng Xi et al.: "Generic real-time uniform K-space sampling
method for high-speed swept-Source optical coherence
tomography", Optics Express, Vol. 18, No. 9, 26 April 2010, pages
0511-9517:

Michalina Gora et al.; "Ultra high-speed swept source OCT imaging
of the anterior segment of human eye at 200 kHz with adjustable
imaging range", Optics Express, Vol. 17, No. 17, 17 August 2009,
pages 14880-14894.

It is an object of embodiments of the invention to provide a user of an
apparatus and method for optical coherence tomography with a broad range
of application in that the user can effect such variations that differing regions
of an object can be imaged using, if necessary, differing longitudinal
resolutions. The user may be able to switch over easily between differing

measurement depths in order that, for example during an eye-surgery

PCT/EP2012/076130
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treatment, optionally differing sections of the treated eye can be obtaineq, it

necessary at differing resolutions, displayed on a monitor or in another form.

According to certain embodiments, an apparatus for optical swept-
source coherence tomography is provided. The apparatus comprises a
spectrally tuneable source for emitting coherent light, a detector for acquiring
the intensity of interference light that results from superposing, on reference
light, remitted light backscattered from an object irradiated with the coherent
light of the source, and a control device. The control device Is set up to
control the light source and the detector in such a way that the detector
performs intensity acquisitions in accordance with a defined number N of
measurements, while the light source is tuned. The control device is further
set up, for the purpose of altering the measurement depth zmax or/and the
axial resolution Az of the tomography, to alter the defined number N of
measurements or/and a spectral measurement bandwidth AAy or Ak, within

which the detector performs the intensity acquisitions.

The light source can emit coherent light of narrow, instantaneous line
width, designated as Oy ight sourceA OF OLight sourceK. FOT the purpose of performing
a tomography, the light source - controlled by the control device - is tuned
within a defined spectral sweep bandwidth, designated as AA or Ak, with
respect to the wavelength A, or the wave number k, of the emitted light. The
spectral sweep bandwidth AA, Ak is delimited by the minimum wavelength A
and the maximum wavelength A,, or the minimum wave number k1 and the

maximum wave number ks, I1.e.

AA=|As- A (13)

and
Ak=|k¢- k2] (14)

The centroid of the spectral sweep bandwidth AA, Ak is Ap or ko, respectively.

PCT/EP2012/076130
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The detector - likewise controlled by the control device - can acquire
the intensity of the interference light (OCT signal) at N different instants (N
corresponds to the defined number of measurements). During the period of
time when the N intensity measurements are performed, the light source is
tuned within the measurement bandwidth AAy or Aky. In this way, a spectral
interference pattern, i.e. a spectral interferogram, can be acquired. The
intensity measurements performed by the detector can be processed, in a
manner known per se (for instance, through use of a Fourier analysis with at
least one Fourier transformation), to yield an A-scan, which represents a one-
dimensional, depth-resolved reflection profile of the object to be imaged.

The intensity measurements of the detector can be performed, for
example, linearly over the wavelength A, according to a fixed timing, e.g. at
regular intervals of time. For this purpose, the control device can comprise,
for example, an internal timer, or the device can use an internal time signal of
an A/D converter connected in series to a photodiode in the detector.
Alternatively, the intensity measurements can be performed linearly over the
wave number k, for instance with the use of a so-called linear-k clock. Such a
linear-k clock can be, for example, a fibre-based Mach-Zehnder

interferometer.

The sampling intervals dsampiingh OF Osampiingk between the total of N
successive intensity measurements can be equidistant, i.e. the measurements
can be distributed at equal intervals over the wavelength A, or over the wave
number k. The spectral measurement bandwidth AAy or Aky, within which the
measurements are acquired and that is significant for the measurement deptn
and the longitudinal resolution, is obtained, for equidistant sampling intervals,
from AAy = N-O,A, or Aky = N-5,k. Non-equidistant sampling intervals oA or

5k are by no means precluded within the scope of the present disclosure.

In general, the value of the spectral measurement bandwidth AAy or
Aky corresponds maximally to the value of the spectral sweep bandwidth AA

or Ak with which the light source is tuned, i.e. AAy < AA, or Akm < Ak, In
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certain embodiments, the light source and the detector can be controlled, for
example in a first mode, in such a way that the measurement bandwidth

Ay or Aky corresponds to the sweep bandwidth AA or Ak. For this purpose,
the N measurements (samplings) can be distributed over the entire sweep
bandwidth AA or Ak. In other embodiments, the light source and the detector
can be controlled, in a second mode, in such a way that the total of N
measurements (samplings) are performed only during a sub-section of the
sweep bandwidth AA, Ak, and no measurements are performed outside this
sub-section. In this case, the measurement bandwidth is less than the sweep
bandwidth, i.e. AAy < AA, or Aky < Ak.

The spectral measurement bandwidth AAy, Aky can be influenced
through the number of intensity measurements and/or through the magnitude

of the sampling intervals OsampingA OF OsamplingK.

Generally, in the case of certain embodiments of the invention, the
measurement depth znax and/or the axial resolution Az of the tomography can
be varied, in that the control device varies the measurement bandwidth AAy,
Aky and/or the number N of measurements, i.e. the number of sampling
points. For example, by varying the number of sampling points per spectral
sweep while simultaneously keeping constant the bandwidth over which these
sampling points are distributed (i.e. measurement bandwidth), the
measurement depth may be varied without at the same time altering the
longitudinal resolution. Alternatively, the measurement depth may be varied,
for example, by altering the spectral bandwidth used during a sweep (i.e. the
measurement bandwidth), but without at the same time altering the number N
of measurements. In this case, the altered measurement depth involves an
altered longitudinal resolution, an increased measurement depth involving a

loss of resolution, and vice versa.

In order fully to exploit the performance capacity of the apparatus, an
OCT apparatus according to the invention can be operated in such a way that
the entire sweep bandwidth AA or Ak is used for the intensity measurements,

l.e. AAy = AA, or Aky = AKk. The total of N measurements for intensity
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acquisition Is then distributed to the entire spectral sweep bandwidth. In the
case of equidistant sampling intervals, AA = NOsampiingA, OF AK = N-OsamplingK.
then results. This is to be taken as a basis in the following, for which reason
no distinction is made in the following between AAy and AA, or Aky and Ak. In
the following, therefore, the spectral bandwidth is to be understood to include
both the spectral sweep bandwidth of the light source (i.e. the bandwidth by
which the light source is tuned under the control of the control device) and the

spectral measurement bandwidth.

In a particular design, the control device can be switched over between
a plurality of at least two predefined operating modes, which differ from one
another in the measurement depth z,ax or/and in the axial (longitudinal)
resolution Az, By assignhment to each of these operating modes, one or more
parameter values necessary for setting the respective operating mode can
then be stored in a memory that can be accessed by the control device. If a
switchover is to be effected from one operating mode to another, the control
device can read out from the memory the at least one parameter value stored
for the new operating mode and, in accordance with the at least one
parameter vaiue that is read, can effect a corresponding adaptation of the
operation of the OCT apparatus. The adaptation results in the values for the
measurement depth zmax and for the axial resolution Az, which are

characteristic of the new operating mode.

The at least one parameter value that is stored can comprise, for
example, the number N of intensity measurements to be performed per
sweep. Alternatively or additionally, the at least one parameter value can
comprise information that serves to specify the measurement bandwidth AAw,
Ak, for example a lower range limit or/and an upper range limit or/and the
magnitude of the spectral sampling interval between two consecutive
measurements. Alternatively or additionally, the at least one parameter value
can comprise information that serves to specify the central wavelength Ag or
the central wave number kg, for example the central value, the median or the

spectral centroid of the measurement bandwidth AAy, Aky.

PCT/EP2012/076130
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In a preferred embodiment, the measurement depth of the operating
modes can in each case be matched to a differing length of portion of a
human eye. Such an eye portion can comprise, for example, substantially
only the human cornea over its entire thickness (i.e. from the anterior to the
posterior corneal surface), or it can comprise, for example, the cornea up to
and including the anterior chamber, but substantially excluding the human
lens. Alternatively, it can comprise, for example, the cornea, the anterior
chamber and the human lens, but without extending as far as the retina, or it
can comprise, for example, all structures over the entire length from the
cornea as far as the retina. From these example, it is clearly evident that a
differing length of the imaged portions means an extent of differing length in
the direction from the cornea as far as the retina, i.e. along the direction of the
optical axis of the human eye. This is to be illustrated, in the following, in

exemplary calculations:

(1) Imaging of cornea (high resolution)

- measurement depth (desired): Zmax & 3Mm

- light source parameters: Ay = 1050nm, AApw = 100nm
- axial resolution according to (8): AZiec =~ 5.5um (in air, n=1)

Azrec ~ 4.0um (in the cornea, n~1.38)
- required number of measurement N ~ 1090 (air)
points according to (12): N ~ 1500 (cornea)

(1) Imaging of lens (high resolution)

- measurement depth (desired): Zmax ~ 4.5mm
- light source parameters: as in (1)
- axial resolution according to (8): Azrec ~ 4.0um (in the lens, nx1.4)

- required number of measurement N ~ 2250 (lens)

points according to (12).

(1) Imaging of anterior chamber (high resolution)

- measurement depth (desired): Zmax =~ 4.5mm

- light source parameters: as in (1)
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AZiec ~ 4.0um (in the anterior

chamber, n=~1.34)
N =~ 2250 (anterior chamber)

(IV) Anterior chamber and lens (in the case of a defined number of

measurement points)

measurement depth (desired):

light source parameter
(Ag Unaltered).

number of measurement points:

axial resolution according to (8):

required AAgw of the light source

according to (8):

(V) Total eye length

measurement depth (desired):

light source parameter
(Ao Unaltered):

axial resolution (desired):

required number of measurement

points according to (12):

required AArw Of the light source

according to (8):

Zmax ~ omm
Ag = 1050nm

N =~ 1500

AZec ~ 12.0um (in the anterior
chamber, n=1.34)

AZiee = 12.0um (in the lens, nx1.4)
AAryy = 46nmM

Zmax & 25mm
Ao = 1090nm

AZec = 10.0um
N ~ 5000 (forn= 1)

AArwy = 55nm

Predefining, in such a manner, differing operating modes whose

measurement depth is matched to eye portions of differing lengths makes it

possible optionally to display, e.g. on a monitor screen, sections of an eye that

differ in size. These sections can at the same time be combined with differing

axial resolutions, such that, for example, an operating mode having a greater

measurement depth has a more coarse or rough axial resolution than another
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operating mode that has a smaller measurement depth but, for that, has a

finer axial resolution.

The apparatus can comprise a user interface arrangement, which is
5 connected to the control device and allows a trigger signal to be input by a
user. The control device can be set up to automatically compile a first
tomogram of the object, in a first operating mode, upon input of the trigger
signal, and then, in a second operating mode that differs from the first
operating mode, to compile a second tomogram of the object.
10
The first and/or the second tomogram can constitute a one-, two- or
three-dimensional tomogram. The object can comprise at least one element
of the following group: a human eye, a part of a human eye, the cornea of an
eye, the anterior chamber of an eye, the iris of an eye, the posterior chamber
15 of an eye, the lens of an eye, the vitreous body of an eye, the retina of an eye,
an applanation plate, a test plate and/or a pattern on and/or within a test plate.
Accordingly, the object can also be understood as an object group consisting
of at least two sub-objects. The test plate can be composed of polymethyil
methacrylate (in short: PMMA).
20
A measurement depth of the first operating mode can be greater than
the measurement depth of the second operating mode. Preferably, the
measurement depth of the first operating mode is matched to a first portion of
the object, and the measurement depth of the second operating mode is
25 matched to a second portion of the object. The second portion can be a sub-
portion of the first portion. Preferably, the axial resolution of the second

operating mode is finer than the axial resolution of the first operating mode.

The control device can further be set up to identify in the first
30 tomogram, by means of image processing, at least one fist feature of the
object. The control device can further be set up to identify in the second
tomogram, by means of image processing, at least one second feature of the
object. In particular, the control device can be set up to identify in the second

tomogram, by means of image processing, the at least one first feature of the
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object also identified in the first tomogram, and at least one second feature of
the object. The controf device can also be set up to ascertain the shape,
position and/or orientation of the first feature in the first tomogram relative to
the shape, position and/or orientation of the first and/or second feature in the

5 second tomogram. The control device can also be set up to reference the first
and the second tomogram to one another on the basis of the shapes,

positions and/or orientations of the first and/or second feature.

In a preferred development, the OCT apparatus can comprise a user
10 interface arrangement, which is connected to the control device and which
allows a user to input instructions that effect an alteration of the measurement
depth or/and of the axial resolution. This enables a user of the OCT
apparatus to perform the tomography, in a manner elected by the user, with a
differing measurement depth or/and differing axial resolution. In particular,
15 the alteration of the measurement depth or/and of the axial resolution can be
effected by the user in that the latter switches over between a plurality of
predefined operating modes of the OCT apparatus that each differ from one
another in their differing measurement depth or/and their differing axial
resolution.
20

The scope of the invention, however, does not preclude the user from
being able to effect a continuous adjustment, e.g. of the measurement depth,
via the user interface arrangement. It is also not precluded that the control
device can effect automatic switchover from one of the predefined operating
25 modes to another, for example controlled through corresponding instructions
in a software program for an examination to he performed using the OCT

apparatus.

The user interface arrangement can comprise, for example, a

30 mechanical key arrangement or a key arrangement realized by means of a
touch-pad (e.g. touch-screen), by means of which the user can call up the
respectively desired operating mode. Alternatively or additionally, the user
interface arrangement, for the purpose of switching over between differing

operating modes, can comprise a button arrangement, which can be
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represented on a graphical user interface (in short: GUI) on a monitor screen
and which can be controlled by the user with the aid of an electronic pointer

device (e.g. mouse, trackball, keyboard).

For example, the user interface arrangement in this case can comprise
appropriate visual instructions providing the user with information concerning
which portion of the human eye the respectively selected operating mode

corresponds to.

For the user, operation of the OCT apparatus is thus made particularly

simple and clear.

The control device can be set up to control the light source and the
detector in such a way that the detector performs the intensity acquisitions in
accordance with a defined clock signal. The clock sighal can be
characterized by a fixed timing. In particular, the clock signal can be adapted
in such a way that the detector performs the intensity acquisitions linearly over
the wave length A or over the wave number k of the light emitted by the light
source. In the latter case, a Mach-Zehnder interferometer can be provided for
determining the clock signal, a portion of the light emitted by the light source
being coupled into the Mach-Zehnder interferometer, and the intensity of the
auto-correlation signal being acquired as a function of time, on the basis of
which a clock signal is determined, which clock signal is transmitted to the

control device and forwarded by the latter to the detector.

Within the scope of the invention, the OCT apparatus can be realized
as an autonomous device that serves, if necessary together with further
diagnostic modules, purely for diagnostics. It is also conceivable, however,
for the OCT apparatus to be integrated into a laser-assisted treatment system
that can be used to perform laser-surgery interventions on a human eye, for
instance to produce incisions in the eye tissue by photodisruption or to ablate
corneal eye tissue. Such a treatment system typically comprises a laser
source that provides pulsed laser radiation, for example in the UV or near-IR

wavelength range, controllable scanning components for spatially setting a
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focal position of the laser radiation, and focussing optics for focussing the
laser radiation. Insofar as a source other than the laser source of the
treatment system is used for generating the emitted light of the OCT
apparatus (measurement light), the same focussing optics as used for the
laser radiation of the treatment system can nevertheless be used to focus the
measurement light of the OCT apparatus onto the eye to be

examined/ireated.

According to advantageous embodiments, a method for optical swept-
source coherence tomography is provided. The method comprises the steps
of;

- emitting coherent light from a spectrally tuneable source,

- acquiring the intensity of interference light by means of a detector, the
interference light resulting from superposing, on reference light, remitted
light backscattered from an object irradiated with the coherent light of the
source, and

- controlling the light source and the detector by means of a control device,
in such a way that the detector performs intensity acquisitions in
accordance with a defined number of measurements, while the light
source is tuned, the defined number of measurements or/and a spectral
measurement bandwidth, within which the detector performs the intensity
acquisitions, being altered by means of the control device, for the purpose
of altering the measurement depth or/and the axial resolution of the
tomography.

Preferably, in the case of the method, the control device is used to switch
over between a plurality of at least two predefined operating modes, which
differ from one another in the measurement depth or/and in the axial
resolution. One of the operating modes can have a finer axial resolution, but
a shorter measurement depth, than another of the operating modes. The
operating modes differ from one another in their differing measurement
depths, the measurement depth of each operating mode being matched to a

portion of the object, in particular of a human eye, of differing length.
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In the case of the method, upon input of a trigger signal by a user, a first
tomogram of the object can be compiled automatically, in a first operating
mode, and then, in a second operating mode that differs from the first

operating mode, a second tomogram can be compiled.

In the case of the method, an alteration of the measurement depth
or/and or the axial resolution can be effected through input of instructions by a

user,

The detector is preferably controlied by means of the control device In
such a way that the detector performs the intensity acquisitions in accordance

with a defined clock signal.

The clock signal can be characterized by a fixed timing. The clock
signal can be adapted in such a way that the detector performs the intensity
acquisitions linearly over the wavelength of the light emitted by the light
source. Alternatively, the clock signal can be adapted in such a way that the
detector performs the intensity acquisitions linearly over the wave number of

the light emitted by the light source.

The clock signal can further be determined by means of a Mach-
Zehnder Interferometer, which is connected to the control device and into
which a portion of the light emitted by the light source is coupled for the
purpose of auto-correlation, and which is set up to iteratively acquire the

intensity of the auto-correlation signal as a function of time.

Insofar as a method, or individual steps of a method, for optical swept-
source coherence tomography is/are described in this description, the
method, or individual steps of the method, can be executed by a
corresponding apparatus for optical swept-source coherence tomography.
The same applies to the explanation of the manner of operation of an
apparatus that executes the method steps. To that extent, the method feature

and the apparatus features of this description are equivalent.
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Brief Description of the Drawings

The invention is explained further in the following with reference to the

appended figures, wherein;

Fig. 1 shows a schematic block representation of an apparatus for

optical swept-source coherence tomography, according to a first embodiment,

Fig. 2 shows a schematic block representation of an apparatus for
optical swept-source coherence tomography, according to a second

embodiment,

Fig. 3 shows a schematic block representation of an apparatus for
optical swept-source coherence tomography, according to a thira

embodiment,
Fig. 4 shows a representation of a pattern made in a PMMA plate,

Figs. 5a and 5b show a representation of an applanation piate ar

an eye in the non-flattened state and in the flattened state, and
FFig. 6 shows a representation of an eye, the iris and the pupil.

In Figs. 1 and 3, an apparatus for optical swept-source coherence
topography is denoted in general by 10. In the example, the apparatus 10 is

used to examine an object, shown as a human eye 12.

A first embodiment of the apparatus 10 is shown schematically in Fig.
1. The apparatus 10 comprises a spectrally tuneable light source 14 for
emitting coherent light of a narrow, instantaneous line width. The light source
14 is realized as a swept-source light source and is tuned within the spectral
sweep bandwidth AA defined by a control device 16, in the wavelength A of
the emitted light, in accordance with a tuning curve. The tuning curve, which

describes the variation of the output wavelength as a function over time, has a
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linear, substantially liner or approximately linear, unidirectional tuning
characteristic, from a short to a long wavelength A, or a bidirectional tuning

characteristic, from a short to a long to a short wavelength A.

The tuning of the light source 14 is effected by varying the resonator
length of the light source 14 realized as a laser. A so-called tuneable filter is
used for this purpose. For example, a Fabry-Perot etalon disposed in the
beam path within the resonator, or a grating that defines the resonator length
of the laser in a Littrow configuration, is tilted relative to the direction of
propagation of the laser beam in the resonator. Adaptation of the spectral
range used, and therefore switchover of the resolution, Is possible for
tuneable filters operated in a resonant manner and tuneable filters operated in
a non-resonant manner. MEMS-based SS light sources are mostly operated
In a resonant manner, whereas piezo-based systems are not necessarily
operated in a resonant manner. Alternatively, a polygon mirror can also be

used.

The light emitted by the light source 14 is directed onto a beam splitter
18. The beam splitter 18 is a constituent part of an interferometer, and splits
the incident optical power in accordance with a defined division ratio, for
example 50:50. The one beam 20 runs within the reference arm, the other

beam 22 running within the sampling arm.

The light branched off into the reference arm is incident on a mirror 24,
which reflects the light back in a collinear manner onto the beam splitter 18.
The distance in the reference arm between the mirror 24 and the beam splitter
18 is constant in respect of time. The light branched off into the sampling arm
Is incident on the object 12 to be examined, which scatters, or reflects, the
light back in the direction of the beam splitter 18. Provided within the
sampling arm are further optical elements 26 and positioning components 28,
which are set up to focus the incoming light beam 22 from the beam splitter
18 onto the object 12 and to adjust the focal position in one of the two, or in
both, lateral (i.e. transverse relative to the direction of beam propagation)
directions. The control device 16 controls the positioning components 28 in a
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manner known per se, for the purpose of obtaining 2D or 3D tomograms. The

computed tomograms are displayed on a display unit 30.

At the beam splitter 18, the light reflected back from the mirror 24 in the
reference arm is superposed in a collinear manner on the light back-scattered
from the object 12 in the sampling arm to form an interference beam 32. The
optical path lengths in the reference arm and sampling arm are substantially
equal, such that the interference beam 32 indicates an interference between
the component beams 20, 22 from the reference arm and sampling arm. A
detector that comprises a photodiode, or a balanced detector 34, acquires the
intensity of the interference beam 32 as a function of time, in accordance with
a number N of measurements defined by the control device 16. The number
N of measurements/samplings corresponds to a number of trigger signals for

acquisition electronics of the detector 34.

Through simultaneous tuning of the light source 14 and measuring of
the intensity of the interference beam 32 by means of the detector 34, an
interferogram is acquired over the wavelength A, where the intensity

measurements are distributed equidistantly over the waveiength A.

For this purpose, the control device is set up to control the light source
14 and the detector 34 in such a way that the detector 34 performs the
Intensity acquisitions in accordance with a defined clock signal. The clock
signal is adapted in such a way that the detector 34 performs the intensity
acquisitions linearly over the wavelength A of the light emitted by the light

source 14.

A user can provide user input using a user interface arrangement 36
connected to the control device 16 to switch back and forth between a
plurality of operating modes, for example four operating modes. For this
purpose, operating elements - denoted here by 38a, 38b, 38c, 38d - that can
be actuated by the user are provided on the user interface arrangement 36.
One of the operating elements 38a-d is assigned, respectively, to each

operating mode in the example shown. Upon actuation of an operating
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element 38a-d, the control device 16 switches over {o an operating mode
assigned to the operating element 38a-d, and adapts the number of
measurements and the acquired spectral bandwidth in such a way that the
apparatus 10 acquires a tomogram that has a measurement depth zyax

assigned to the operating mode and has an axial resolution Az assignea to

the operating mode.

Upon actuation of the first operating element 38a, the control device 16
switches, for example, into a first operating mode, and adapts the number of
measurements and the acquired spectral bandwidth in such a way that the
measurement depth zmnax 1 is matched to a portion of the eye 12 that extends
substantially along the optical axis of the eye 12, from the epithelial layer of
the cornea as far as the retina, for the purpose of measuring the optical axial
length of the eye 12, the axial resolution Az corresponding to a coarse or

rough resolution.

Upon actuation of the second operating element 38b, the control
device 16 switches, for example, into a second operating mode, and adapts

e A

the number of measurements and the acquired spectral bandwidth in sucn a
way that the measurement depth zZmax2 < Zmax 1 is matched to a portion of the
eye 12 that extends substantially along the optical axis of the eye 12, from the
epithelial layer of the cornea as far as the boundary surface of the human lens
that faces towards the retina, the axial resolution Az, < Az corresponding to a

less coarse or rough resolution.

Upon actuation of the third operating element 38c¢, the control device
16 switches, for example, into a third operating mode, and adapts the number
of measurements and the acquired spectral bandwidth in such a way that the
measurement depth zmax3 < Zmax2 is matched to a portion of the eye 12 that
extends substantially along the optical axis of the eye 12, via the anterior eye

chamber, the axial resolution Az; < Az, corresponding to a fine resolution.

Upon actuation of the fourth operating element 384, the‘_ control device

16 switches, for example, into a fourth operating mode, and adapts the
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number of measurements and the acquired spectral bandwidth in such a way
that the measurement depth znax 4 < Zmax 3 is matched to a portion of the eye
12 that extends substantially along the optical axis of the eye 12, from the
epithelial layer as far as the endothelial layer of the cornea, the axial

resolution Az4 < Az; corresponding to a very fine resolution.

Apparatus 10 may have any suitable number of operating modes, such

as two, three, four, or more operating modes.

A second embodiment of the apparatus 10 is shown schematically in
Fig. 2. In this figure, components that are the same or perform the same
function as those in Fig. 1 are denoted by the same references. However, the
SS light source 14 in Fig. 2 is tuned in such a way that the funing curve is
approximately linearly and the detection is non linearly in A, I.e. not
chronologically equidistant. In this case, both a unidirectional and a
bidirectional tuning characteristic of the wave length A as a function of time
may be used. Through simultaneous tuning of the light source 14 and
measuring of the intensity of the interference beam 32 by means of the
detector 34, an interferogram is acquired over the wave number k, where the

intensity measurements are distributed equidistantly over the wave number K.

For this purpose, the control device 16 is set up to control the light
source 14 and the detector 34 in such a way that the detector 34 performs the
intensity acquisitions in accordance with a defined clock signal. The clock
signal is adapted in such a way that the detector 34 performs the intensity
acquisitions linearly over the wave number k of the light emitted by the light
source 14. For the purpose of determining the clock signal, a Mach-Zehnder
interferometer 40 is provided, into which a portion of the light emitted by the
light source 14 is coupled for the purpose of auto-correlation. The Mach-
Zehnder interferometer 40 acquires the intensity of the auto-correlation signal
as a function of time and, on the basis of that, determines a linear clock signal
for change in the wave number k. The clock signal is transmitted to the
control device 16 and forwarded by the latter for timing the detector 34.
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The Mach-Zehnder interferometer 40 is therefore used by the

apparatus 10 as a linear-k clock. The linear-k clock generates trigger signals.

Upon each trigger signal, intensity is measured. The number of trigger

signals of the linear-k clock in this case is dependent on the total spectral
width of the light source 14 and, in particular, on the arm length difference

Azyz of the Mach-Zehnder interferometer 40. The arm length of the Mach-

Zehnder interferometer 40 is adapted in the case of a change in the spectral

range in order to continue to obtain a constant number of sampling signals in

accordance with

AA (15)

N=2——Az
Ag Mzl

Fig. 3 shows a third embodiment of the apparatus 10. In this figure,
components that are the same or perform the same function as those in Figs.
1 and 2 are denoted by thé same references. The apparatus 10 according to
Fig. 3 is part of a treatment system 100 for ophthalmological laser surgery. In
this case, the apparatus 10 is used to examine the eye 12, and the freatment

_-.u.

imoilogical treatment oOf {

system 100 is used for ophth
The treatment system 100 comprises a laser source 102 for providing
laser radiation 104, controllable scanning components 106 for setting a focal
position of the laser radiation 104 in the axial direction, and controllable
scanning components 108 for setting the focal position of the laser radiation
104 in the axial direction. The laser radiation 104 is focussed onto or into the
eye 12 by means of the optical element 26. A control arrangement 110 that
controls the laser source 102 and the scanning components 106, 108 causes
the scanning components 106 or/and 108 to effect a scanning movement,
such that the focal position of the laser radiation 104 at or in the eye 12
follows a defined path. The laser radiation 104 acts upon the tissue of the eye
12 by photodisruption, for example for the purpose of refractive correction.
Further, for persons skilled in the art, it is understood that the treatment

system 100 can also be used for other applications in the 2D or 3D field such
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as, for example, keratoplasty, in particular DALK (deep anterior lamellar
keratoplasty).

The control device 16 of the apparatus 10 is connected to the control
arrangement 110 of the treatment system 100, and transmits to the latter
control arrangement structure data of the eye 12, which data is based on the
tomogram acquired by the apparétus 10. The control arrangement 110
adapts the path of the focal position of the laser radiation 104 on the basis of
the structure data in such a way that a optimal ophthalmological result can be

achieved.

The structure for beam guidance shown in Figs. 1 to 3, which is not
specified in greater detail, can be wholly or partially supplemented or replaced
by fibre-based optics components. For example, the Mach-Zehnder
interferometer 40 shown in Fig. 2 can have a fibre-based structure.

The user inferface arrangement 36 further comprises a trigger device
37, which allows a trigger signal to be input by a user. The control device 16
is set up to automatically generate a first tomograim of the object 12, in a first
operating mode, upon input of the trigger signal, and then, in a second
operating mode that differs from the first operating mode, to generate a

second tomogram of the object 12.

In the context of a first exemplary application, the object 12 is
constituted by a PMMA plate 12', which, prior to the treatment of a patient's
eye, is disposed in the region of the eye 12 represented in Figs. 1 to 3 in such
a way that it has a fixed relative position and orientation in relation to the
optical element 26 and consequently, to the entire apparatus 10. The PMMA
plate 12' is used for functional testing and calibration of the tfreatment system
100. The PMMA plate 12' is composed of PMMA plastic. The control
arrangement 110, by correspondingly controlling the laser source 102 and the
scanning components 106, 108, effects a pattern 50 made on and/or in the
PMMA plate 12'. The pattern 50 is produced by the laser radiation 104 acting
upon the PMMA plastic.

PCT/EP2012/076130
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Fig. 4 shows a top view of the PMMA plate 12' and the effected pattern
50. The PMMA plate 12' has, for example, a cylindrical geometry. In the
example shown here, the pattern 50 comprises a circle having two Inscribed
straight lines running parallelwise. In a first operating mode, upon input of the
trigger signal the control device 16 automatically compiles a first tomogram,
from the pattern 50. The measurement depth of the first operating mode in
this case is matched to a length that represents the geometry of the pattern
50. Then, in a second operating mode, the control device 16 automatically
compiles a second tomogram, from the entire PMMA plate 12', including the
pattern 50 effected therein/thereon. The measurement depth of the second
operating mode in this case is matched to a length that represents the
geometry of the PMMA plate 12'. The resolution of the first tomogram is finer

than the resolution of the second tomogram.

By means of image processing, the control device 16 identifies, in the
first tomogram, the circle and the two straight lines of the pattern 50 that run
parallelwise. In addition, by means of image processing, the control device
identifies, in the second tomogram, the circie and the two straight lines of the
pattern 50 that run parallelwise, as well as the two base surfaces of the
PMMA plate 12'. The control device 16 determines therefrom the positions
and orientations of the circle and of the two straight lines of the pattern 50 that
run parallelwise relative to the positions and the orientations of the circle and
of the two straight lines of the pattern 50 that run paralleiwise, as well as of
the two base surfaces of the PMMA plate 12'. This enables the first
tomogram to be referenced to the second tomogram. In particular, this
enables the pattern 50, or parts thereof, to be referenced in relation to the
PMMA plate 12, the apparatus 10 or the treatment system 100.

In the context of a second exemplary application, the object 12 is
constituted by an applanation plate 12", which, in the treatment of a patient's
eye 12, constitutes the contact element between the eye 12 and the
apparatus 10, or treatment system 100, and which is used to flatten the
cornea 42 of the eye 12 on to the apparatus 10, or treatment system 100. For
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example, the applanation plate 12" is disposed between the eye 12

represented in Figs. 1 to 3 and the opticai element 26.

In Fig. 5a, the eye can be seen in an as yet non-flattened state, while in
Fig. 5b the cornea 42 of the eye 12 has already been flattened. In a first
operating mode, upon input of the trigger signal the control device 16
automatically compiles a first tomogram, from the applanation plate 12". The
measurement depth of the first operating mode in this case is matched {o a
length that represents the geometry of the applanation plate 12". Then, in a
second operating mode, the control device 16 automatically compiles a
secohd tomogram, from a system comprising the eye 12, in the flattened

state, and the applanation plate 12".

The measurement depth of the second operating mode in this case is
matched to a length that represents the geometry of the system consisting of
the eye 12 and the applanation plate 12". The resolution of the first tomogram

Is finer than the resolution of the second tomogram.

By means of image processing, the control device 16 identifies the two
base surfaces 44a, 44b of the applanation plate 12" in the first tomogram. In
addition, by means of image processing, the control device identifies the two
base surfaces 44a, 44b of the applanation plate 12" in the second tomogram.
The control device determines therefrom the positions and orientations of the
two base surfaces of the applanation plate 12" in the first tomogram relative to
the positions and orientations of the two base surfaces of the applanation
plate 12" in the second tomogram. This makes it possible to determine the
position and the position tolerances of the applanation plate 12" and to

reference the eye 12 in relation to the position of the applanation plate 12",

In the context of a third exemplary application that relates to
keratoplasty, the object 12 is again constituted by a patient's eye 12. Fig. 6
shows the eye 12, and the cornea 42, the iris 46 and the pupil 48 of the eye
12. In a first operating mode, upon input of the trigger signal the control
device 16 automatically compiles a first tomogram, from the cornea 42 of the
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eye 12. The measurement depth of the first operating mode in this case is
matched to a length that represents the geometry of the cornea 42. Then, in
a second operating mode, the control device 16 automatically compiles a
second tomogram, from the system consisting of the cornea 42, the anterior
chamber and the iris 46 of the eye 12. The measurement depth of the second
operating mode in this case is matched to a length that represents the
geometry of the system consisting of the cornea 42, the anterior chamber and
the iris 46. The resolution of the first tomogram is finer than the resolution of

the second tomogram.

By means of image processing, the control device 16 identifies, in the
first tomogram, the shape, position and orientation of the cornea 42. In
addition, by means of image processing, the control device 16 identifies, in
the second tomogram, the shape, position and orientation of the cornea 42,
the iris 46 and the pupil 48. The control device determines therefrom the
shape, position and orientation of the cornea 42 in the first tomogram relative
to the shape, position and orientation of the cornea 42, the iris 46 and the
pupil 48 in the second tomogram. This enables the cornea 42 to be

referenced in relation to the iris 46 and/or pupil 48.

In the context of a fourth exemplary application that relates to cataract
treatment, the object 12 is again constituted by a patient's eye 12. In a first
operating mode, upon input of the trigger signal the control device 16
automatically compiles a first tomogram, from the human lens of the eye 12.
The measurement depth of the first operating mode in this case is matched to
a length that represents the geometry of the lens. Then, in a second
operating mode, the control device 16 automatically compiles a second
tomogram, from the entire eye 12. The measurement depth of the second
operating mode in this case is matched to a length that represents the
geometry of the entire eye 12. The resolution of the first tomogram is finer

than the resolution of the second tomogram.

By means of image processing, the control device 16 identifies, in the

first tomogram, the shape, position and orientation of the lens. In addition, by
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means of image processing, the control device 16 identifies, in the second
fomogram, the shapes, positions and orientations of the cornea, the lens and
the retina of the eye 12. The control device 16 determines therefrom the
shape, position and orientation of the lens in the first tomogram relative to the
5 shapes, positions and orientations of the cornea, the lens and the retina in the
second tomogram. This enables the lens to be referenced in relation to the

optical axis of the eye 12.
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Claims

1. An apparatus for optical swept-source coherence tomography,
comprising:

a spectrally tuneable source for emitting coherent light;

a detector for acquiring the intensity of interference light that results from
superposing, on reference light, remitted light backscattered from an object irradiated

with the coherent light of the source, and
a control device for controlling the light source and the detector in such a way

that the detector performs intensity acquisitions in accordance with a defined number
of measurements, while the light source is tuned;

wherein for the purpose of altering at least one of a measurement depth and
an axial resolution of the tomography, the control device is configured to alter at least
one of the defined number of measurements and a spectral measurement bandwidth
within which the detector performs the intensity acquisitions.

2. The apparatus of Claim 1, wherein the control device is configured to
switch between a plurality of at least two predefined operating modes, which differ
from one another in at least one of the measurement depth and the axial resolution.

3. The apparatus of Claim 2, wherein one of the operating modes has a
finer axial resolution and a shorter measurement depth than another of the operating

modes.

4. The apparatus of Claim 2 or 3, wherein the operating modes differ
from one another in their differing measurement depths, the measurement depth of

each operating mode being matched to a portion of the object of differing length.

5. The apparatus of any one of Claims 2 to 4, comprising:

a user interface device connected to the control device and allowing a trigger
signal to be input by a user, the control device being configured to automatically
generate upon input of the trigger signal a first tomogram of the object in a first
operating mode and a second tomogram of the object in a second operating mode

that differs from the first operating mode.
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6. The apparatus of any one of Claims 1 to 5, comprising:
a user interface device connected to the control device and allowing a user to
Input instructions that effect an alteration of at least one of the measurement depth

and axial resolution.

7. The apparatus of any one of Claims 1 to 6, wherein the control device
IS configured to control the detector in such a way that the detector performs the
Intensity acquisitions in accordance with a clock signal.

8. The apparatus of Claim 7, wherein the clock signal has a periodic
timing.

0. The apparatus of Claim 7 or 8, wherein the clock signal has a timing
adapted to allow the detector to perform the intensity acquisitions linearly over the
wavelength of the light emitted by the light source.

10. The apparatus of Claim 7 or 8, wherein the clock signal has a timing
adapted to allow the detector to perform the intensity acquisitions linearly over the
wave number of the light emitted by the light source.

11. The apparatus of Claim 10, comprising:

a Mach-Zehnder interferometer connected to the control device and arranged
to receive a portion of the light emitted by the light source for determining an auto-
correlation signal of the received light, wherein the Mach-Zehnder interferometer is

adapted to generate the clock signal by iteratively acquiring the intensity of the auto-
correlation signal as a function of time.

12. A method for optical swept-source coherence tomography, comprising:

emitting coherent light from a spectrally tuneable source,

acquiring the intensity of interference light by means of a detector, the
interference light resulting from superposing, on reference light, remitted light
backscattered from an object irradiated with the coherent light of the source; and

controlling the light source and the detector in such a way that the detector
performs intensity acquisitions in accordance with a defined number of

measurements, while the light source is tuned;
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wherein at least one of the defined number of measurements and a spectral
measurement bandwidth, within which the detector performs the intensity
acquisitions, are altered in order to change at [east one of a measurement depth and
an axial resolution of the tomography.

13. The method of Claim 12, comprising:
switching between a plurality of at least two predefined operating modes,
which differ from one another in at least one of the measurement depth and the axial

resolution.

14, The method of Claim 13, wherein one of the operating modes has a
finer axial resolution and a shorter measurement depth than another of the operating

modes.

15. The method to Claim 13 or 14, wherein the operating modes differ
from one another in their differing measurement depths, the measurement depth of
each operating mode being matched to a portion of the object of differing length.

10. The method of any one of Claims 13 to 15, comprising:

generating automatically upon input of a trigger signal by a user, a first
tomogram of the object in a first operating mode and a second tomogram of the
object in a second operating mode that differs from the first operating mode.

17. The method of any one of Claims 12 to 16, comprising:
altering at least one of the measurement depth and axial resolution responsive

to instructions input by a user.

18. The method of any one of Claims 12 to 17, comprising:

generating a clock signal; and
controlling the detector to perform the intensity acquisitions in accordance with

the clock signal.

19.  The method of Claim 18, wherein the clock signal has a periodic
timing.
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20. The method of Claim 18 or 19, wherein the clock signal has a timing
adapted to allow the detector to perform the intensity acquisitions linearly over the
wavelength of the emitted light.

21. The method of Claim 18 or 19, wherein the clock signal has a timing
adapted to allow the detector to perform the intensity acquisitions linearly over the
wave number of the emitted light.

22. The method of Claim 21, comprising:

directing a portion of the emitted light to a Mach-Zehnder interferometer to
generate an auto-correlation signal of the directed light;

determining the clock signal based on the auto-correlation signal.
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