(19 DANMARK (10 DK/EP 3900609 T3

(12) Overseettelse af
europaeisk patentskrift

Patent- og
Varemeaerkestyrelsen

(51) Int.CI.: A61B 3/10(2006.01) G 01 B 9/02(2022.01)
(45) Oversaettelsen bekendtgjort den: 2022-10-31

(80) Dato for Den Europaeiske Patentmyndigheds
bekendtgarelse om meddelelse af patentet: 2022-10-05

(86) Europaeisk ansggning nr.: 21168558.1

(86) Europaeisk indleveringsdag: 2021-04-15

(87) Den europeaeiske ansggnings publiceringsdag: 2021-10-27
(30) Prioritet: 2020-04-23 EP 20171060

(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

(73) Patenthaver: Optos PLC, Queensferry House , Carnegie Campus , Enterprise Way, Dunfermline KY11 8GR,
Storbritannien

(72) Opfinder: Preciado, Miguel Angel, , Dunfermline, Scotland, KY11 8GR, Storbritannien
Varughese Chacko, Lijo, , Dunfermline, Scotland, KY11 8GR, Storbritannien

(74) Fuldmaegtig i Danmark: Plougmann Vingtoft A/S, Strandvejen 70, 2900 Hellerup, Danmark

(54) Benasvnelse: SWEPT-SOURCE OPTISK KOHARENSTOMOGRAFI-BILLEDDANNELSESSYSTEM

(56) Fremdragne publikationer:
US-A1- 2014 268 038
US-A1-2017 122 722
US-A1-2018 226 773



DK/EP 3900609 T3



DK/EP 3900609 T3

DESCRIPTION

[Technical Field]

[0001] Example aspects herein generally relate to the field of optical coherence tomography
(OCT) imaging systems and, more specifically, to a swept source OCT imaging system.

[Background]

[0002] Swept source OCT is a form of Fourier domain OCT, by which a reflectivity depth profile
of the retina or other part of an eye can be obtained through Fourier analysis of a detected
interference signal. This well-established technique has been used in a variety of different
fields, for example in the medical field for ocular imaging, intravascular imaging, oncology (e.g.
laparoscopic OCT, endoscopic OCT and bronchoscopic OCT), dermatology (to image skin
tissue) and dentistry, among others. Swept source OCT also has various non-medical
applications, such as non-destructive testing (NDT), material thickness measurements (e.g.
thickness measurement of semiconductor wafers), surface roughness characterization, surface
and cross-section imaging and volume loss measurements, for example.

[0003] Figure 1 is a schematic illustration of a conventional ophthalmic swept-source OCT
imaging system that is used to image a retina of an eye. The illustrated swept-source OCT
imaging system has an interferometer which comprises a swept light source 10, a beam splitter
20, a reference mirror 30, a scanning element 40, a photodetector 50, and a sample
acquisition module 60. A light beam generated by the swept light source 10 is split into two
beams by the beam splitter 20, with a first of the beams being guided along a reference arm of
the interferometer to the reference mirror 30, and a second of the beams being guided along a
sample arm of the interferometer towards a retina of an eye 70 of a subject. The scanning
element 40 is controlled to direct the light beam 80 in the sample arm to a target scan region
90 of the eye 70, and guide backscattered light from the eye 70 back into the interferometer.
The back-reflected light travelling along the reference arm and the sample arm are then
combined at the photodetector 50 to generate an interference light signal. The wavelength of
the light produced by the swept light source 10 (which is typically provided in the form of a
tunable laser or other light source having a narrow linewidth) is rapidly swept over a range of
wavelengths for each scan location in the target scan region 90, and the generated
interference light signal is detected by the photodetector 50 during the sweep. The output of
the photodetector 50, i.e. an interferogram 95, as schematically illustrated in Fig. 1, is sampled
by the sample acquisition module 60, and an inverse Fourier transform of the sampled electric
signal is then calculated to obtain A-scan data, which provides information on the structure of
the retina in the depth direction. An A-scan can thus be acquired using a single wavelength
sweep, for each scan location in the target scan region 90.
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[0004] US 2017/0122722 A1, on which the two-part form of claim 1 is based, discloses an SS-
OCT comprising a bandpass filter receiving an OCT signal and a frequency converter to down
shift the frequency components output by the filter.

[Summary]

[0005] There is provided, in accordance with a first example aspect herein, a swept-source
optical coherence tomography, OCT, imaging system for imaging a region of an object, the
system comprising a swept light source arranged to generate a beam of light of a wavelength
which varies over time and a scanning element arranged to scan the beam of light across the
object. The swept-source OCT imaging system further comprises an interferometer having a
sample arm and a reference arm, and arranged to generate an interference light signal during
use of the swept-source OCT imaging system by combining light scattered by the region of the
object and propagating along the sample arm, as a result of the beam being scanned across
the object, with light from the beam propagating along the reference arm. The swept-source
OCT imaging system further comprises a photodetector arranged to receive the interference
light signal and generate an electrical signal that is indicative of the interference light signal, the
electrical signal comprising frequency components spanning a frequency band, wherein the
frequency components are caused by interference of the light scattered by the region of the
object and propagating along the sample arm, with the light from the beam propagating along
the reference arm. The swept-source OCT imaging system further comprises a band-pass
filter module arranged to generate a filtered electrical signal by band-pass filtering the electrical
signal, and a sample acquisition module arranged to acquire samples of the filtered electrical
signal. The swept source OCT imaging system comprises a control module arranged to set a
pass band of the band-pass filter module such that the bandpass filter module extracts at least
some of the frequency components spanning the frequency band from the electrical signal, the
control module being further arranged to set a sampling rate of the sample acquisition module
such that the sample acquisition module band-pass samples the filtered electrical signal to
acquire a set of samples of the filtered electrical signal for generating OCT image data
representing an image of the region of the object.

[Description of the drawings]

[0006] Example embodiments will now be explained in detail, by way of non-limiting example
only, with reference to the accompanying figures described below. Like reference numerals
appearing in different ones of the figures can denote identical or functionally similar elements,
unless indicated otherwise.

Fig. 1 is a schematic illustration of a conventional ophthalmic swept-source OCT imaging
system.

Fig. 2 illustrates three different interferograms based on electrical signals generated by a
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photodetector of a conventional ophthalmic swept-source OCT system.

Fig. 3a illustrates a first problem identified herein that arises when under-sampling an electrical
signal detected by a photodetector in a swept-source OCT imaging.

Fig. 3b illustrates a second problem identified herein that arises when under-sampling an
electrical signal detected by a photodetector in a swept-source OCT imaging.

Fig. 3c illustrates a third problem identified herein that arises when under-sampling an
electrical signal detected by a photodetector in a swept-source OCT imaging.

Fig. 3d illustrates a fourth problem identified herein that arises when under-sampling an
electrical signal detected by a photodetector in a swept-source OCT imaging.

Fig. 4 illustrates the effects of aliasing in an OCT image when an electrical signal detected by
the photodetector of a conventional ophthalmic swept-source OCT system is under-sampled.

Fig. 5 is a schematic illustration of an ophthalmic swept-source OCT imaging system according
to a first example embodiment herein.

Fig. 6 illustrates a region of an eye in the form of a cross-section of the retina that can be
imaged by the ophthalmic swept-source OCT imaging system of Fig. 5

Fig. 7 shows an example hardware implementation of a control module in the first example
embodiment.

Fig. 8 is a schematic illustration of a first example implementation of the ophthalmic swept-
source OCT imaging system according to the first example embodiment.

Fig. 9 illustrates an example of a band-pass filter module having an array of filters and a switch
for selecting a filter from an array of filters to filter the electrical signal from the photodetector,
according to an implementation of the first example embodiment.

Fig. 10A illustrates an interferogram generated by a photodetector of the ophthalmic swept-
source imaging system in accordance with the first example embodiment.

Fig. 10B illustrates the determination of depth information of the eye by performing an inverse
discrete Fourier transform on samples of the interferogram in Fig 9A.

Fig. 11 illustrates the generation, by a tomographic data generating module of an example
embodiment herein, of an array of A-scans by combining two groups of A-scans that
correspond to two different depths in an axial direction of the eye.

Fig. 12 illustrates a non-limiting example of a look-up table which can be used to determine the
pass band of the bandpass filter module and the sampling rate of the sample acquisition
module based on the scan angle of light illuminating the region of the eye.

Fig. 13 illustrates an example implementation of an ophthalmic swept-source OCT imaging
system according to a second example embodiment herein, wherein the system employs a
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second filter module and second sample acquisition module.

Fig. 14 illustrates a spectral diagram of a signal spanning a frequency band that is acquired as
two separate signals over two sub-bands using the ophthalmic swept-source OCT imaging
system of the second example embodiment herein.

Fig. 15 illustrates a non-limiting example of a mapping which maps data from a first subset of
A-scan data to a first set of A-scan elements of an A-scan, and data from the second subset of
A-scan data to a second set of A-scan elements of the A-scan.

Fig. 16 is a schematic illustration of a swept-source OCT imaging system according to another
example embodiment herein, wherein the system includes, among other components, an
interferometer comprising a micro-electromechanical switch for selecting an optical delay line
of a plurality of optical delay lines having different path delays.

[Detailed Description of Example Embodiments]

[0007] In a conventional swept-source OCT imaging system as described above with
reference to Fig. 1, the frequency of the interferogram 95 is directly proportional to an optical
path difference between the light in the sample arm and the light in the reference arm of the
interferometer. Furthermore, as the frequency of the swept light source 10 increases into the
megahertz range, the frequencies in the resulting interferogram 95 scale proportionally.

[0008] Although the highest frequency signal that can be acquired depends in part on the
bandwidth of the photodetector 50 and the coherence length of the swept light source 10, the
sampling rate of the sample acquisition module 60 is often the limiting factor in practice. As the
frequency of the interferogram 95 increases, the maximum sampling rate of the sample
acquisition module 60 effectively limits the maximum depth of the retina or other structure in
the eye 70 that can be imaged. In addition, due to the limitations in the maximum sampling rate
of the sample acquisition module 60, it is often not possible to acquire samples of the
interferogram 95 in accordance with the Nyquist criterion, namely, at a rate which is at least
twice the highest frequency component contained in the interferogram 95.

[0009] Figure 2 illustrates three different interferograms measured by the photodetector 50 of
the conventional swept-source OCT imaging system of Fig. 1. The horizontal axis in each
interferogram represents wavenumber, while the vertical axis represents the power of the
interference light signal detected by the photodetector 50. The interferograms in Fig. 2 were
obtained for different respective values of the optical path difference between light propagating
in the reference arm and the light in the sample arm, which increase from left to right in Fig. 2.
As illustrated in Fig. 2, a larger optical path difference results in an interferogram having a
higher frequency of oscillation along the wavenumber axis. For an interferogram having a
single frequency signal (corresponding to interference caused by a single retinal layer), the
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frequency of the interferogram may be proportional to a product of the wavelength sweep rate
of the swept light source 10 and the optical path difference between the reference arm and the
sample arm.

[0010] Conventionally, to reduce the frequency of the interferogram 95 to be detected, the
reference arm is typically adjusted to reduce the relative delay between the sample arm signal
and the reference arm signal, by moving the reference mirror 30. However, the mechanical
mirror moving mechanism employed for this purpose cannot allow the optical path difference to
be adjusted instantaneously, and this limitation leads to delays in the image capturing process.
In light of this problem, the present inventor has recognised/discovered that the high-frequency
components of the interference signal detected by the photodetector 50 can be acquired by
using bandpass sampling (also known as under-sampling) to effectively frequency-translate a
band pass signal detected by the photodetector that is caused by reflected OCT-light from a
target region in the eye, to the first Nyquist zone before processing the samples to determine
the depth profile.

[0011] Figures 3a to 3d are schematic spectral diagrams illustrating some practical challenges
that have been found to arise when under-sampling a swept-source OCT interference light
signal that is detected by a photodetector. In Fig. 3a, a signal 310 in a third Nyquist zone is the
signal of interest that resulted from OCT light reflected by a target region 90 within the eye 70.
When undersampling the signals in Fig. 3a at a rate of fs, signal 310 will alias with signal 315 in
a first Nyquist zone, meaning that the depth profile corresponding to signal 310 cannot be
correctly determined from the acquired samples. Figure 4 further illustrates the effects of
aliasing in an OCT image when the signal detected by the photodetector is under-sampled.
The X-direction in Fig. 4 defines the transverse direction of the scan (i.e. along the surface of
the retina) while the Z-direction defines the axial/depth direction of the eye 70 (i.e. along the
propagation direction of the light beam). In Fig. 4, the high frequency components
corresponding to a deeper region of the eye 70 are aliased onto the lower frequency
components (corresponding to a "shallower" region) and aliasing also occurs at the Nyquist
frequency due to critical sampling.

[0012] Figure 3b illustrates an example where the band-pass signal 320 lies between two
Nyquist zones. In this scenario, when signal 320 is under-sampled at a rate of fs, the portion of
signal 320 in a second Nyquist zone will alias with the portion of signal 320 in the first Nyquist
zone. A similar problem occurs in the example of Fig. 3¢, where the bandwidth of signal 330
exceeds the size of a Nyquist zone for a given sampling rate. In this case, aliasing is
unavoidable. Figure 3d illustrates an example where the frequency of the interference light
signal generated by the interferometer exceeds the cut-off frequency of the photodetector and
therefore cannot be acquired by the photodetector 50.

[0013] To overcome the limitation in maximum imaging range imposed by the limitation in
sampling rate, a tunable anti-aliasing filter module is employed in example embodiments
herein to select different frequency components in the detected electrical signal that
correspond to different regions in the depth direction of the eye 70. Furthermore, a sample
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acquisition module having an adjustable sampling rate is used to acquire samples of the
filtered electrical signal using a sampling rate that is based on the frequency band of interest,
in order for samples to be acquired in accordance with bandpass sampling criterion. In this
manner, during a retinal scan, for example, high-frequency components in the electrical signal
resulting from retinal layers at greater depths can effectively be "wrapped" into the first Nyquist
zone, thus significantly relaxing the requirements on sampling rate of the sample acquisition
module. Swept-source OCT imaging system(s) according to at least some example
embodiments described herein thus employ band-pass sampling to acquire a reflectivity profile
for retinal depths that would otherwise not be measurable owing to limitations imposed (at least
in part) by the maximum sampling rate of the sample acquisition module 60.

[0014] In the case where the size of the region along the axial direction of the eye 70 results in
a pass band signal having a bandwidth that exceeds half of the maximum sampling rate of the
sample acquisition module 60, a filter bank may be employed to separate the signal into sub-
bands and acquire samples of the signal in each sub-band using an appropriate sampling rate
in accordance with the band-pass sampling theorem.

[0015] Furthermore, while the band-pass sampling allows high-frequency signals generated by
the photodetector to be acquired, this solution does not overcome the problem where the
optical path-delay between the reference arm and the sample arm is great enough to cause an
interference light signal having frequency components that lie above the cut-off frequency of
the photodetector (defined as the frequency at which the output current of the photodetector
decreases by 3 dB from the low frequency response). To overcome this limitation imposed by
the photodetector, the inventor has discovered, and there is described in the following, a way
of performing fast adjustment of the path-delay, using an optical switch to select between one
of a plurality of optical delay lines, each having a different optical delay.

[0016] Another benefit of a swept-source OCT imaging system according to at least some of
the example embodiments herein is to allow the acquisition of OCT image scans in which at
least some image artefacts caused by a curvature of the retina within the imaged region are
suppressed or eliminated. This is particularly relevant for ultra-wide field (UWF) OCT scans.

[0017] Example embodiments will now be explained in detail, with reference to the
accompanying drawings.

[0018] Figure 5 is a schematic illustration of an ophthalmic swept source OCT (SS-OCT)
imaging system 400 for imaging a region 90 of an eye 70 according to a first example
embodiment herein. Figure 6 illustrates the region 90 of the eye 70 that can be imaged by the
swept-source OCT imaging system 400 in Fig. 5, and also shows the scanning element 40 of
the system 400 and beam 80 of light (also referred to herein as a "light beam 80"). As shown in
Fig. 6, the region 90 of the eye 70 may, as in the present example embodiment, be a cross-
section of a retina 85 of the eye 70. Furthermore, the region 90 may, as in the present
example embodiment, extend along an imaging axis of the swept-source OCT system 400 in
the depth direction of the eye 70 (that is, along a propagation direction of the beam 80 of light



DK/EP 3900609 T3

incident on the eye 70 during use of the ophthalmic swept-source OCT imaging system 400),
henceforth defined as the axial direction of the eye 70.

[0019] As illustrated in Fig. 5, the ophthalmic swept-source OCT imaging system 400
comprises a swept light source 10 arranged to generate a beam 80 of light of a wavelength
which varies over time. The swept light source 10 may, as in the present example embodiment,
output substantially monochromatic light while the wavelength of the monochromatic light is
swept across a range of wavelength values. The ophthalmic swept-source OCT imaging
system also has the scanning element 40 operable to scan the beam 80 of light across the eye
70.

[0020] The ophthalmic swept-source OCT imaging system 400 further comprises an
interferometer 410 having a sample arm 414 and a reference arm 412. The interferometer 410
is arranged to generate an interference light signal (the light interference signal being labelled
Lint in Fig. 1) during use of the ophthalmic swept-source OCT imaging system 400 by
combining light from the swept light source 10, which has been scattered by the eye 70 and is
propagating along the sample arm 414 (this light being labelled Lg in Fig. 1), with light from the

swept light source 10 that is propagating along the reference arm 412 (this light being labelled
L, in Fig. 1).

[0021] The ophthalmic swept-source OCT imaging system 400 further comprises a
photodetector 50 that is arranged to receive the interference light signal and generate an
electrical signal that is indicative of the interference light signal. The electrical signal comprises
frequency components spanning a frequency band which are caused by interference of the
light from the swept light source 10 which has been scattered by the region 90 of the eye 70
with the light from the swept light source 10 that is propagating along the reference arm 412.
For example, the electrical signal may, as in the present example embodiment, be indicative of
a power of the interference signal measured by the photodetector 50.

[0022] The ophthalmic swept-source OCT imaging system 400 further comprises a band-pass
filter module 420 arranged to generate a filtered electrical signal by band-pass filtering the
electrical signal. The ophthalmic swept-source OCT imaging system 400 further comprises a
sample acquisition module 440 arranged to acquire samples of the filtered electrical signal.

[0023] In addition, the ophthalmic swept-source OCT imaging system 400 comprises a control
module 430 arranged to set a pass band of the band-pass filter module 420 such that the
band-pass filter module 420 extracts at least some of the frequency components spanning the
frequency band from the electrical signal S. The control module 430 is further arranged to set
a sampling rate of the sample acquisition module 440 such that the sample acquisition module
440 band-pass samples the filtered electrical signal Sg to acquire a set of samples of the

filtered electrical signal Sg for generating OCT image data representing an image of the region
90 of the eye 70.
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[0024] Figure 7 shows an example implementation of a signal processing apparatus 500 of an
example embodiment herein, in the form of programmable signal processing hardware. In one
example embodiment herein, the signal processing apparatus 500 can form the control module
430 of Fig. 5. The signal processing apparatus 500 comprises an interface module 510, which,
in a case where the apparatus 500 forms the control module 430, is for outputting a filter
control signal to the band-pass filter module 420 (Fig. 5) to set its pass band and outputting a
sampling control signal to the sample acquisition module 440 (Fig. 5) to set its sampling rate.
The signal processing apparatus 500 further comprises a processor (CPU/FPGA) 520 for
controlling the overall apparatus 500 (and control module 430, in the case there the apparatus
500 forms the control module 430), a working memory 530 (e.g. a random access memory)
and an instruction store 540 storing a computer program comprising computer-readable
instructions which, when executed by the processor 520, cause the processor 520 to perform
the processing operations of the apparatus 500 (and control module 430). The instruction
store 540 may comprise a ROM (e.g. in the form of an electrically-erasable programmable
read-only memory (EEPROM) or flash memory) which is pre-loaded with the computer-
readable instructions. Alternatively, the instruction store 540 may comprise a RAM or similar
type of memory, and the computer-readable instructions can be input thereto from a computer
program product, such as a computer-readable storage medium 550 such as a CD-ROM, etc.
or a computer-readable signal 560 carrying the computer-readable instructions.

[0025] In the present example embodiment, the combination of the hardware components
shown in Fig. 7, comprising the processor 520, the working memory 530 and the instruction
store 540, is arranged to implement the functionality of the control module 430.

[0026] Figure 8 is a schematic showing an example implementation of the ophthalmic swept-
source OCT (SS-OCT) imaging system 600 according to the first example embodiment,
wherein the system 600 includes the same components as the system 400 of Fig. 5, and also
includes an A-scan data generating module 610 and a tomographic data generating module
620. In Fig. 8, the swept light source 10 is arranged to perform, for each A-scan measurement
location of one or more A-scan measurement locations, a sweep of the wavelength of the
output light across a range of wavelengths. The swept light source 10 thus outputs light whose
wavelength changes over time. Denoting the wavenumber of the light output by the swept light
source 10 at time ¢ by k(f), the wavenumber k(f) is swept linearly and can be written as k(f) = kg

+ Ok x t, wherein kg is a starting wavenumber at the start of the sweep, and 6k = Ak/At is a rate

at which the wavenumber of the output light is swept, wherein Ak is the range over which the
wavenumber changes during the sweep, and At is the duration of the sweep. The linewidth of
the swept light source 10 (i.e. a width, such as a full width at half-maximum (FWHM), of the
spectrum of light generated by the swept light source 10) determines the coherence length of
the light and therefore the imaging depth of the swept-source OCT imaging system 600, while
the wavelength/wavenumber sweep range determines axial resolution.

[0027] The ophthalmic swept-source OCT imaging system 600 of Fig. 8 further comprises
scanning element 40 that is operable to scan the light beam 80 across the region 90 of the eye
70. The scanning element 40 may, as in the present example embodiment, take the form of a
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two-mirror scanner arrangement comprising an H-galvanometer mirror and a V-galvanometer
mirror, which are provided in an optical arrangement that scans the light beam 80 in a
horizontal direction and a vertical direction onto the retina 85. The two galvanometer mirrors
forming the scanning element 40 may be rotated by respective motors, for example, under the
control of a controller of the swept-source OCT imaging system 600 (not shown) so as to vary
the optical path of the light beam 80 and therefore vary the location on the retina 85 that is
imaged. In the present example embodiment, the scan angle of the light beam 80 scanned into
the eye 70 depends on the inclination angles (8,¢) of the H-galvanometer mirror and the V-
galvanometer mirror, wherein angle @ is an inclination angle of the H-galvanometer mirror and
angle ¢ is an inclination angle of the V-galvanometer mirror. The inclination angles 8 and ¢
respectively indicate the degree of rotation of the H-galvanometer mirror and the V-
galvanometer mirror about their respective axes of rotation. Although the scanning element 40
of the present example embodiment employs two scanning mirrors, another configuration of
one or more scanning elements may be used, such as, for example, a single scanning mirror
that is rotatable about two orthogonal axes.

[0028] The interferometer 410 may, as in the present example embodiment of Fig. 8, further
comprise an optical coupler/beam splitter 20, which is arranged to split the light from the swept
light source 10 into two beams, and direct a first of the beams into the reference arm 412 (Fig.
5), which, in one example embodiment herein, comprises the reference mirror 30 (Fig. 8), and
direct a second of the beams into the sample arm 414 (Fig. 5). For example, the light emitted
from the swept light source 10 may be fed into an optical coupler (e.g., splitter 20) via a first
optical fiber, and be split into reference light and signal light. The reference light may be guided
to the reference arm 412 (comprising mirror 30) via a second optical fiber, while the signal light
may be guided to the scanning element 40 via a third optical fiber.

[0029] In the reference arm 412, the reference mirror 30 returns the reference light to the
optical coupler 20 via the same optical path along the reference arm 412, by reflecting the
reference light. The reference mirror 30 may, as in the present example embodiment, be a
movable mirror that is moveable in the direction of the optical axis of the reference light, such
that the length of the optical path of the reference light can be adjusted by moving the position
of the reference mirror 30 along the optical axis. However, it is to be noted that the reference
mirror 30 is maintained in a fixed position for each A-scan measurement.

[0030] One or more light guiding components (not shown) may be used to direct light from the
scanning element 40 into the eye 70. By example and without limitation, the light guiding
components may be one or more mirrors and/or lenses arranged to guide the light from the
scanning element 40 into the eye 70. Furthermore, the scanning element 40 of the present
example embodiment is arranged to guide light from the sample arm 414, which has been
scattered by the retina (herein referred to as 'sample arm return light'), to the optical coupler
20 via a fourth optical fiber (not shown).

[0031] The sample arm 414 return light propagating along the sample arm 414 is
superimposed with the reference light propagating along the reference arm 412 at the
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photodetector 50.

[0032] The photodetector 50 may, as in the present example embodiment, generate an
electrical signal based on the intensity of the interference light signal detected thereby. As an
example, for a region 90 of the eye 70 having N retinal layers, each layer having a depth z,

from the surface the retina, photodetector current /p(k) of the photodetector 50 for

wavenumber k is given by:

Ip(k) o< S(k) EN=1/Ru Ry (cos 2k 2,), (1)

where S(k) is the optical power spectral density of the swept light source 10 defined as a
function of wavenumber k. Ry, is the reflectivity of the n-th retinal layer, and Rg is the reflectivity

of the reference mirror 30. A plot of the detected intensity of the interference light signal over
time corresponds to an interferogram of the kind shown schematically in Fig. 2.

[0033] The electrical signal detected by the photodetector 50 is therefore indicative of the
power of the interference light signal and therefore the intensity of the interference light signal.
In the present example embodiment, the photodetector 50 takes the form of a balanced
photodetector comprising two photodiodes connected in series so that the photocurrent of
each photodiode is subtracted from each other. However, the photodetector 50 may
alternatively take the form of any standard point detector.

[0034] In Fig. 8, while the wavelength of the swept light source 10 is being swept, the power of
the interference light is repeatedly detected by the photodetector 50, and corresponding values
of the electrical signal are generated by the photodetector 50. The respective value of the
electrical signal generated by the photodetector 50 for each wavelength of a plurality of
wavelengths covered by the sweep is indicative of the reflectance profile of the retina for that
wavelength. As explained in relation to Figs. 1 and 2, the electrical signal comprises frequency
components that result from backscattered light from different layers of the retina 85, with
deeper layers giving rise to higher frequency components.

[0035] In Fig. 8, the electrical signal generated by the photodetector 50 is provided to the
band-pass filter module 420, which may, as in the present example embodiment, be arranged
to generate the filtered electrical signal Sg by extracting the frequency components of the

electrical signal in the frequency band and substantially attenuating signals outside the
frequency band. However, in other embodiments, the band-pass filter module 420 may not be
arranged to extract the frequency components across the whole of the frequency band, but
may instead extract frequency components only in a sub-band of the frequency band.

[0036] In Fig. 8, the sample acquisition module 440 is arranged to acquire a set of samples of
the filtered electrical signal for generating OCT image data representing an image of the region
90 of the eye 70. In the present embodiment, the sample acquisition module 440 is arranged
to acquire, as the set of samples, samples of the electrical signal in the frequency band by
band-pass sampling the electrical signal in the frequency band. More specifically, for a
frequency band that has a center frequency f, and a bandwidth of B, band-pass sampling
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refers to the selection of a sampling rate f5 in accordance with the following criteria:
ZfC_B 2fc+B

2P s 2T
n _fs_n+1 2)

wherein n is any positive integer that ensures the Shannon-Nyquist criterion of fg > 2B is

satisfied for the selected sampling rate f;.

[0037] By selecting the sampling rate fs in accordance with the band-pass sampling theorem

defined in equation (2), aliasing is avoided as the signal in the frequency band can be
frequency-translated into the first Nyquist zone without overlapping with the spectral images of
the band-pass signal that are caused by sampling. Although equation (2) is presented using
specific variables, it should be noted that the band-pass sampling theorem can also be
presented differently using different variables (such as the upper bound and the lower bound
of the frequency band which the band-pass signal spans) and still represent the same
theorem.

[0038] It should be noted that, although the band-pass sampling theorem above indicates that
a band-pass signal can be accurately sampled and reconstructed by selecting any fs that

satisfies the criterion in equation (2), additional implementation constraints may exist due to
non-ideal band-pass filters and instabilities of a sample rate clock generator being used. More
particularly, since an ideal band-pass filter (i.e. a Sinc filter or a brick-wall filter) cannot be
realised in practice, the transition bands (the band between the pass band and the stop band)
of the band-pass filter module 420 need to be taken into account when selecting f5. Selecting a

lower sampling rate fg may require the band-pass filter module 420 to have a steeper roll-off in

its transition bands in order to ensure that signal content in an adjacent Nyquist zone does not
alias onto the signal in the frequency band of interest.

[0039] In the present example embodiment, to ensure that a guard band exists between
Nyquist boundaries and the spectral images of the signal in the frequency band of interest after
band-pass sampling, the maximum and minimum terms for fg in equation (2) are not used for a

particular value of n. This is because setting f5 to the maximum term for f5 in equation (2) will
lead to the spectral images of the signal in the frequency band to directly abut the Nyquist
boundaries at integer multiples of fg. Furthermore, setting fs to the minimum term for 75 in
equation (2) will lead to the spectral images of the signal in the frequency band to directly abut
Nyquist boundaries at 0.5f5, 1.5fs, 2.5f5 etc. Accordingly, the control module 430 may, as in the

present example embodiment, provide the sampling control signal to cause the sample
acquisition module 440 to acquire samples of the signal in the frequency band using a
sampling rate fs that is the average of the maximum and minimum sampling rates in equation

(2), for a given value of n, more specifically:
fi =37+
2L n n+1

(3)

[0040] By setting the sampling rate in accordance with equation (3), a guard band can be
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created on either side of each spectral image of the signal. Any aliasing occurring in the guard
band does not distort the signal of interest and therefore allows the filter constraints to be
relaxed so that a filter with a higher roll-off factor can be used. However, it should be noted that
the sampling rate f5 is by no means limited to the specific formula in equation (3). Rather, any

intermediate value between the maximum and minimum terms in equation (2) would allow for
the spectral images of the signal in the frequency band to be moved away from the Nyquist
boundaries and therefore provide a guard band against aliasing. In some example
embodiments, the sampling control signal may cause the sample acquisition module 440 to
acquire samples at a sampling rate of:

fi=k (4)

m
for any positive, odd integer that allows fs > 2B to be satisfied. Using a sampling rate of f5 as

defined in equation (4) allows the under-sampled signal in the first Nyquist zone to be centred
at 0.25f;. Setting the sampling rate in accordance with equation (4) is advantageous as it

allows any spectral inversion of the original spectrum to be corrected in a straightforward
manner. More specifically, when n is selected to be an odd integer in equation (2) (equivalent
to when fs is selected such that the signal of interest is located in an even numbered Nyquist

zone (i.e. the 2™ 4th 6t Nyquist zones...etc)), the under-sampled signal that is frequency-
shifted into the first Nyquist zone will be spectrally inverted such that it will have the same
spectral shape as the negative spectrum of the original signal. In cases where the spectrum of
the signal in the frequency band of interest is not symmetric about its center frequency,
additional processing needs to be performed on the acquired samples in order correct for the
spectral inversion. VWWhen the samples are acquired using the sampling rate in equation (4), the
resulting spectrum of the under-sampled signal is centred at 0.25f;, and spectral inversion can

be correctly by multiplying the acquired time-domain samples by a sequence of alternating plus
ones and minus ones, alternating plus ones and minus ones (1, -1, 1, -1, etc.) which can be

denoted as (-1)P, where p is the number of time domain discrete samples. Multiplying the

discrete time samples by (-1)P causes the spectrum of the under-sampled signal in the first
Nyquist zone to be spectrally inverted about 0.25f;. This causes the spectrum of the under-

sampled signal in the first Nyquist zone to have the same spectral orientation as the spectrum
of the original signal in the frequency band of interest.

[0041] In some example embodiments, the sample acquisition module 440 may be arranged
to sample at a sampling rate of:

fo =22 ()

for any positive, even integer that allows fg > 2B to be satisfied. Setting the sampling rate in

accordance with equation (5) ensures that the under-sampled signal in the first Nyquist zone
has the same orientation as the original signal in the frequency band of interest. This therefore
avoids additional processing required for correcting spectral inversion.

[0042] Returning to Fig. 8, the band-pass filter module 420 may, as in the present example
embodiment, comprise a tunable band-pass filter having a pass band with a tunable center
frequency. The control module 430 is arranged to set the pass band of the band-pass filter
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module 420 by adjusting the center frequency of the pass band based on a location indicator I

which is indicative of a location of the region 90 along a propagation direction of the beam 80
of light incident on the eye 70 during use of the ophthalmic swept-source OCT imaging system
600 to acquire the set of samples of the filtered electrical signal for generating the OCT image
data representing the image of the region 90 of the eye 70. The location indicator I_ that is
indicative of the location of the region may be provided to the control module 430, or may
alternatively be determined by the control module 430. For example, the control module 430
may derive the location indicator I based on a region of the eye selected by the user for

imaging, or identified through a feature detection algorithm.

[0043] By using a tunable band-pass filter (for module 420) that is capable of adjusting its pass
band, frequency components of the detected electrical corresponding to different regions in the
depth direction of the eye 70 can be obtained. For a band-pass filter having a lower cut-off
frequency of fi and an upper cut-off frequency of fy (corresponding to the -3dB cut-off

frequencies at which the filter output drops by -3dB from its maximum gain value), the center
frequency f, may, as in the present case, be defined the arithmetic mean of fi and fy but may

in some cases be calculated as the geometric mean of the two terms. The bandwidth of the
filter is defined as the difference between the two cut-off frequencies, fy - f;, and the pass band

of the band-pass filter is defined as the frequency range between f; to fy.

[0044] In some example embodiments, the tunable band-pass filter may alternatively or
additionally have a tunable bandwidth, and the control module 430 may be further arranged to
set the pass band of the band-pass filter module 420 by adjusting the bandwidth of the tunable
band-pass filter based on a range indicator Igr which is indicative of a size of the region 90

along the propagation direction of the beam 80 of light. As the frequency components of the
electrical signal depend on the distribution of reflecting layers of the retina, the bandwidth of
the band-pass filter defines a range along the axial direction (or propagation direction of the
light beam) of the swept-source OCT system for which a depth profile can be obtained, this
range being set based on the range indicator Ig. Accordingly, by setting a higher bandwidth for

the tunable band-pass filter via a corresponding value of the range indicator IR, reflectivity

information from a larger cross-section of the eye 70 can be extracted. In addition, using a
tunable band-pass filter with an adjustable bandwidth allows the filter to pass only the
frequency components of the electrical signal which are caused by light reflected from the
region of interest, thereby allowing for a reduced sampling rate to be used to perform band-
pass sampling of the filtered electrical signal.

[0045] The implementation of the tunable band-pass filter 420 is not limited, and may take one
of many different forms known to those skilled in the art. For example, the tunable band-pass
filter may, as in the present example embodiment, take the form of a tunable planar filter that
employs tunable MEMS capacitor as a tuning element to adjust the pass band of the filter.
However, any suitable tunable filter implementation may be used, such as, for example, a
cavity filter, surface acoustic wave filter, passive LC filter, or an active filter. Furthermore,
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instead of the MEMS capacitor, another suitable tuning element may be used, such as, for
example, a digitally tunable capacitor, a Yittrium Iron Garnet ferrimagnet or varactor diode.

[0046] Although the band-pass filter module 420 in the present example embodiment
comprises a tunable band-pass filter, the band-pass filter module 420' of an alternative
example embodiment may instead comprise a plurality of non-tunable band-pass filters each
having a different pass band with different center frequencies. The control module 430 may in
that case be arranged to set the pass band of the bandpass filter module 420" by selecting a
non-tunable band-pass filter from among the plurality of non-tunable band-pass filters to band-
pass filter the electrical signal S to generate the filtered electrical signal Sg. In one example

embodiment herein, the selecting is performed based on the location indicator I which is

indicative of a location of the region 90 along a propagation direction of the beam 80 of light
incident on the eye 70 during use of the ophthalmic swept-source OCT imaging system 600 to
acquire the set of samples of the filtered electrical signal for generating the OCT image data
representing the image of the region 90 of the eye 70.

[0047] As an example, the band-pass filter module 420’ may, as illustrated in the example of
Fig. 9, comprise a filter bank 422 having an array of n non-tunable filters 424-1 to 424-n, and a
switch 426 for selecting a single non-tunable filter from the array of non-tunable filters 424-1 to
424-n to perform filtering of the electrical signal S from the photodetector 50 to generate the
filtered electrical signal Sg. In some example embodiments, each filter of the array of non-

tunable filters in the filter bank 422 may have substantially the same bandwidth but a different
center frequency. Furthermore, the center frequencies of the plurality of non-tunable filters
424-1 to 424-n may be spaced substantially equidistant from each other such that the pass
band of each non-tunable filter is substantially adjacent along the frequency axis to the pass
band of another non-tunable filter of the filter bank 422. In some example embodiments, a
spectral overlap may be arranged between the pass band of a non-tunable filter and the pass
band of another non-tunable filter in the filter bank 422. This overlap may ensure that if the
filtered signal output by a first non-tunable filter is critically sampled, the depth information
corresponding to the Nyquist frequency can still be obtained by selecting a second non-tunable
filter that has a pass band overlapping with the pass band of the first non-tunable filter.

[0048] It should be noted that the implementation of the filter bank is by no means limited to
the example described above. For example, in an alternative example embodiment herein, the
array of non-tunable filters in the filter bank may have the same center frequency but different
predetermined bandwidths. In this case, selecting a different filter in the filter bank is equivalent
to selecting a corresponding different range of frequencies caused by reflected OCT light from
region 90 of a different size in the eye 70. Furthermore, in some example embodiments herein,
the filter bank may comprise a mix of tunable and non-tunable filters.

[0049] Figure 10A is a schematic illustration of the electrical signal generated by the
photodetector 50, which signal is represented by an interferogram that correlates the detected
power of the interference light with the wavenumber of the swept light source 10.
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[0050] If the electrical signal over time is denoted by w(t), and the sampling rate of the sample
acquisition module 440 is fg = 1/ T, where T is the sampling interval, the sampled signal /(f)

is given by:
1(®) = w(t) Xy-oo 6(t — 1) (6)

[0051] The ophthalmic SS-OCT imaging system 600 may, as in the example embodiment of
Fig. 8, further comprise the A-scan data generating module 610, which is arranged to generate
A-scan data by calculating an inverse Fourier transform of the samples of the /() signal
acquired by the sample acquisition module 440. In particular, for an ophthalmic swept-source
OCT imaging system, the depth reflection profile or distance information can be determined by
the inverse Fourier transform of the detected electrical signal over wavenumber. The inverse
Fourier transform of the detected intensity /p(k) in equation (1) yields:

Ip(z) o Ei=1y/ RuRg [y (22,) +y(=22,)] (7)

wherein y(z,) is the coherence function that is the inverse Fourier transform of the power

spectral density of the light source S(k). As an example, denoting the samples of the electrical
signal by ifm), m=0,1, 2 ... M - 1, the inverse Discrete Fourier Transform (IDFT) of the data
sequence is given by:

1 2mlm
A =EZ%;%i(m)e M, (1=01,2...M—1)
where A(/) may be understood to represent a data point to be mapped to an A-scan element of
an A-scan, for example, the ~th data element of an A-scan defined by an array of M data
points. As the output of the IDFT operation is complex-valued, only the magnitude of each A())
value is taken to denote reflection information. For computational efficiency, the A-scan data
generating module 610 may, as in the present example embodiment, compute the IDFT of the
samples i(m) using a Fast Fourier Transform algorithm. As an example, Fig. 10B illustrates a
plot of intensity against depth that is obtained performing inverse Fourier transform on the
samples of the detected electrical signal in Fig. 10A. The A-scan data generating module 610
can be implemented using signal processing hardware, such as that of the apparatus 500
shown in Fig. 7.

[0052] In the present example embodiment, the adjustment of the pass band of the band-pass
filter module 420 and the adjustment of the sampling rate of the sample acquisition module
440 allow the scan location to be adjusted in the axial direction (i.e. along the propagation
direction of the light beam) of the swept-source OCT imaging system 600 without requiring any
mechanical movement of the reference arm 412. Furthermore, mechanical adjustment of the
reference arm 412 cannot typically be done between scans. Using the presently described
methods, the imaging region in the depth direction of the eye 70 can be instantaneously
changed. This is advantageous as the adjustment can be done between groups of scans when
performing wide-field OCT scan of the eye 60.

[0053] Furthermore, when band-pass sampling is not used, the sample acquisition module 440
may be required to sample at a rate of at least twice the maximum frequency component in the
frequency band of interest. This may limit the maximum axial depth for which imaging can be
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perform, and be computationally inefficient. However, by band-pass sampling the electrical
signal generated by the photodetector 50, the sampling rate for acquiring samples of the
electrical signal can be significantly reduced. It should be noted, however, that the bandwidth
of the sample acquisition module 440 is still required to be sufficiently high to capture the
highest frequency component of interest in the interference light signal, in order to generate a
corresponding electrical signal S having the same frequency components.

[0054] In some embodiments, the scanning element 40 is arranged to scan the light beam 80
generated by the swept light source 10 by varying its scan angle (6,¢). The A-scan data
generating module 610 is further arranged to generate A-scan data Da_gcan Of @ plurality of A-

scans by calculating an inverse Fourier transform of the samples of the filtered electrical signal
Sk that have been acquired by the sample acquisition module 440 for varying values of the

scan angle (0,¢). Each A-scan of the plurality of A-scans is based on samples of the filtered
electrical signal Sk acquired by the sample acquisition module 440 from a respective region of

a plurality of regions in the eye 70 that have been imaged in the scan.

[0055] The tomographic data generating module 620 of the ophthalmic swept-source OCT
imaging system 600 is arranged to generate tomographic data by arraying the A-scans to form
an array of the A-scans, wherein A-scan elements of each A-scan in the array are arranged
along a first direction (Y) of the array, and the A-scans are arrayed in a second direction (X) of
the array. Furthermore, the tomographic data generating module 620 is arranged, when
generating the tomographic data, to offset by an offset amount each A-scan in the array along
the first direction (Y) relative to other A-scans in the array. This offset amount is based on a
location indicator indicative of a location of the region in the axial direction, which region has
been imaged to obtain the A-scan. The array may, as in the present example embodiment, be
a two-dimensional array constituting a B-scan, although a three-dimensional array constituting
a C-scan may be similarly formed. Furthermore, the first and second directions of the array
may respectively correspond to first and second dimensions of the array.

[0056] Figure 11 illustrates an example in which the tomographic data generating module 620
generates tomographic data by combining two groups of A-scans, each group corresponding
to a region at a different location in the depth direction of the retina. In Fig. 11, the first group
820 of A-scans are obtained by setting the pass band of the band-pass filter module 420 to 1-
1.05 GHz with the scan location of the imaging system 600 directed to a first lateral position on
the retina 85 of the eye 70. The second group 830 of A-scans is obtained by setting the pass
band of the band-pass filter module 420 to 1.05 - 1.1 GHz with the scan location of the
ophthalmic swept-source OCT imaging system 600 directed to a second, different lateral
position on the retina 85. The two groups of A-scans therefore correspond not only to cross-
sections at different depth locations in the axial direction, but also different lateral locations of
the eye 70. In Fig. 11, each A-scan 815 comprises a plurality of A-scan elements 810. The
position of each A-scan element 810 in the group of A-scans is indicated by a4 ... as4 in the

case of the first group 820 and indicated by b44 ... bg4 in the case of the second group 830.



DK/EP 3900609 T3

[0057] In Fig. 11, the tomographic data generating module 620 generates an array 850 of A-
scans by arraying the first group 820 and the second group 830. As illustrated in Fig. 11, the A-
scan elements in the array 850 of A-scans are arranged in a Y-dimension of the array 850,
wherein the Y-dimension of the array corresponds to an axial direction along the imaging axis
of the ophthalmic swept-source OCT imaging system 600 (i.e. along the depth direction of the
eye 70 in the propagation direction of the light beam) such that an A-scan element having a
higher Y-coordinate value corresponds to a deeper position under the surface of the retina 85,
than an A-scan element having a lower Y-coordinate value. On the other hand, different A-
scans are arrayed in the X-dimension of the array 850. The X-dimension of the array 850
corresponds to a transverse scanning direction of the ophthalmic swept-source OCT imaging
system 600 (i.e. a lateral direction across the surface of the retina 85) such that an A-scan
element having a higher X-coordinate value corresponds to a position further across the
surface of the retina.

[0058] As the second group 830 of A-scans are obtained by setting the pass band of the band-
pass filter module 420 to a higher frequency band (compared to the frequency band used to
generate the first group 820), the second group 830 of A-scans therefore corresponds to a
deeper region under the surface of the retina 85 compared to the first group 820. Accordingly,
when arraying the first group 820 and the second group 830 to form array 850, the
tomographic data generating module 620 may, as in the present example embodiment, offset
the first group 820 by a predetermined amount relative to the second group 830, along the Y-
dimension of the array 850. The tomographic data generating module 620 may, as in the
present example embodiment, determine the offset amount for group 820 based on a location
indicator indicative of a location of the region in the eye 70 that was imaged to generate group
820. As an example, in Fig. 11, a larger offset amount is applied to a group of A-scans that are
generated based on reflected OCT light from a shallower location of the eye (along the
propagation direction of the light beam). In some example embodiments, the ophthalmic
swept-source OCT imaging system 600 may store a predetermined mapping of offset amounts
against various locations within the eye 70.

[0059] In array 850, the empty positions may be filled using other generated A-scans, the
details of which are not relevant to the present example embodiment. It should be noted that in
array 850, the two groups 820 and 830 are arrayed along the X-direction as the two groups
correspond to different lateral positions across the retina 85. However, when the groups of A-
scans generated correspond to regions of different depth under the retina 85 but of the same
lateral position in the eye 70, the tomographic data generating module 620 may form the array
by arraying two groups of A-scans in the Y-direction instead.

[0060] In an example where the variation of a layer of interest in the retina 85 as the scanning
laser is swept in a transverse direction (i.e. along the surface of the retina 85) is known, the
pass band of the bandpass filter module 420 and the sampling rate of the sample acquisition
module 440 may be adjusted based on this known variation in order to "follow" the layer of
interest. More specifically, in a variant of the present example embodiment, the control module
430 may be arranged to adjust the pass band of the bandpass sampling module 420 and the
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sampling rate of the sample acquisition module 440 using a predetermined variation of the
pass band and the sampling rate with a scan angle (8,¢) of light illuminating the region 90 of
the eye 70 during the OCT scan, such that the ophthalmic swept-source OCT imaging system
600 images, as the region 90 of the eye 70, a cross-section of a retina 85 that is of
substantially constant thickness from a surface of the retina 85, for example. The
predetermined variation may, as in the present example embodiment, be based on a known
geometry of the eye 70, such as, for example, a particular curvature of the retina or a specific
layer under the retina 85.

[0061] More specifically, referring back to Fig. 5, it is noted that the eye 70 has a particular
curvature such that the light backscattered from the vicinity of point A on the retina travels a
greater distance in the sample arm 414 than light backscattered from the vicinity of point B on
the retina. As a result, the ophthalmic swept-source OCT imaging system 600 may scan further
under the retina 85 in the vicinity of point B than in the vicinity of point A, because the
maximum imaging range (namely, the maximum depth for which interference occurs, which is
determined by path length of the reference arm 412 and the coherence length of the swept-
light source 10) extends further into the retina 85 in the vicinity of point B than in the vicinity of
point A. This causes the imaged cross-section of the retina 85 in the vicinity of point A to be of
a smaller thickness from the surface of the retina 85 compared to the imaged cross-section in
the vicinity of point B. When an OCT scan of a region around point A is combined with an OCT
scan of a region around point B, the layers of the eye 70 which are of interest may not extend
substantially horizontally across the overall OCT image. Furthermore, the geometry of the eye
70 varies from patient to patient and it may be difficult to configure the imaging system in a way
that is suitable for all patients.

[0062] The aforementioned problem can be solved by the control module 430 dynamically
adjusting the pass band of the band-pass filter module 420 based on a known geometry of the
eye 70, which may be determined by carrying out an initial scan. This geometry may, for
example, be characterised by the distance travelled by the light in the sample arm 414 when
imaging various regions of eye 70, or a particular curvature of the surface of the retina 85 or a
layer under the surface of the retina 85. Based on this determined geometry of the eye 70, an
appropriate pass band can be set for each scan angle @ of the ophthalmic swept-source OCT
imaging system. As an example, referring back to Fig. 5, as backscattered light travels a longer
distance along the sample arm 414 when reflected from point A than from point B, the control
module 430 may be arranged to set a pass band of the band-pass filter module 420 with a
higher center frequency when scanning central regions of the retina 85 that correspond to
smaller scan angles (for example, in the vicinity of point A in Fig. 5). Furthermore, as the
backscattered light travels a shorter distance from point B compared with point A, the control
module 430 may set the center frequency of the pass band to a lower value when scanning
peripheral regions of the retina 85 that correspond to larger scan angles. As the pass band is
adjusted, the control module 430 may also adjust the sampling rate in accordance with the
band-pass sampling theorem. Accordingly, a predetermined variation or mapping between the
scan angle(s) and the sampling rate of the sample acquisition module 440 may also be used.
This predetermined variation of the pass band and sampling rate with the scan angle may be
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stored or provided in any suitable form, such as a look-up table.

[0063] Figure 12 illustrates a non-limiting example of a look-up table which can be used to
determine the pass band of the bandpass filter module 420 and the sampling rate of the
sample acquisition module 440 based on the scan angle (8,¢) of light iluminating the region 90
of the eye 70 during the OCT scan. As illustrated in Fig. 12, each entry of the table
corresponds to a respective pair of scan angle values, and stores data identifying the pass
band (PB) and the sampling rate (Fs) to be selected for pair of scan angle values.

[0064] In the aforementioned example embodiments, it has been assumed that the bandwidth
of the band-pass filter module 420 is high enough to capture the entire frequency band
corresponding to the region 90 of interest in the eye 70. However, in a scenario where the
physical size of the region 90 along the axial direction corresponds to a frequency band that is
too wide in its bandwidth to be band-pass sampled, the signal across the frequency band may
instead be acquired in separate sub-bands by using a filter bank and a plurality of sample
acquisition modules are then used to acquire samples of signals in each sub-band at a lower
sampling rate.

[0065] An example variant of the swept-source OCT imaging system (400 and/or 600) in
accordance with another example embodiment herein will now be described with reference to
Fig. 13. This example embodiment comprises a swept-source OCT imaging system 900 having
components like those represented in Fig. 8 (including the photodetector 50, the band-pass
filter module 420, and the sample acquisition module 440), and also comprising a control
module 430", a filter module 910 (also referred to herein as "second filter module 910"), a
sample acquisition module 920 (also referred to herein as "second sample acquisition module
920"), an A-scan data generating module 610', and tomographic data generating module 620',
whose functionality is described below. For convenience, the swept light source 10,
interferometer 410 and scanning element 40 (of Fig. 5) are not shown in Fig. 13.

[0066] The second filter module 910 is arranged to generate a second filtered electrical signal
Sgo by filtering the electrical signal S received from the photodetector 50. Furthermore, the

swept-source OCT imaging system 900 of the present example embodiment further comprises
the second sample acquisition module 920 that is arranged to acquire a second set of samples
I>(f) of the second filtered electrical signal (received from module 910) to be used for

generating OCT image data (i.e., by virtue of tomographic data generating module 620' in Fig
13). The control module 430" is further arranged to set the pass band of the band-pass filter
module 420 such that the band-pass filter module 420 extracts frequency components of the
electrical signal S (received from photodetector 50) in a first sub-band of the frequency band
and substantially attenuate signals outside the first sub-band. Furthermore, in the present
example embodiment, the control module 430" is further arranged to set the sampling rate of
the sample acquisition module 440 such that the sample acquisition module 440 acquires the
set of samples /1(f) (e.g., a first set of samples) by band-pass sampling the frequency

components of the filtered electrical signal Sg (received from bandpass filter module 420) in
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the first sub-band of the frequency band. The first sub-band corresponds to a first sub-region
of the region 90 of the eye 70, and the frequency components spanning the first sub-band are
caused by interference of the light from the swept-light source 10 which has been scattered by
a first sub-region of the region 90 of the eye 70, with the light from the swept-light source 10
that is propagating along the reference arm 412.

[0067] Moreover, in these variants, the control module 430" is further arranged to set a pass
band of the second filter module 910 such that the second filter module 910 extracts frequency
components of the electrical signal S in a second sub-band of the frequency band which
partially overlaps the first sub-band, the second sub-band corresponds to a second sub-region
of the region 90. Furthermore, the partial overlap between the first sub-band and the second
sub-band corresponds to an overlapping region between the first sub-region and the second
sub-region. The frequency components spanning the second sub-band are caused by
interference of the light from the swept-light source 10, which has been scattered by a second
sub-region of the region 90 of the eye 70, with the light from the swept-light source 10 that is
propagating along the reference arm 412.

[0068] In addition, the control module 430' is further arranged to set a second sampling rate of
the second sample acquisition module 920 such that the second sample acquisition module
920 acquires the second set of samples /»(f) by sampling the frequency components of the

electrical signal in the second sub-band using the second sampling rate that is different from
the first sampling rate.

[0069] Fig. 14 illustrates an example of how a signal spanning frequency band 1000 and
having a bandwidth that exceeds half of the maximum sampling rate of the sample acquisition
module 440, can be acquired as two separate signals spanning two respective sub-bands of
the frequency band 1000 by using the components in Fig. 13. Referring to amplitude-
frequency plot 1110 in Fig. 14, the control module 430" sets the pass band of the second filter
module 910 to pass frequency components of the electrical signal in a sub-band 1120 of the
frequency band 1000. The signal in sub-band 1120 is then critically sampled at a sampling rate
of fg¢ that is twice the bandwidth of the sub-band 1120. In amplitude-frequency plot 1130 in Fig.

14, the control module 430' also sets the pass band of the band-pass filter module 420 to pass
frequency components of the electrical signal S in a sub-band 1140 of the frequency band
1000, wherein sub-band 1140 overlaps in part with sub-band 1120 and comprises the
remaining portion of the frequency band 1000 not included in sub-band 1120. The frequency
components of the signal in sub-band 1140 may, as in the present example embodiment, be
band-pass sampled using a sampling rate of fs> that is lower than the sampling rate fs1.

Furthermore, in the present example, a spectral overlap 1150 exists between sub-band 1120
and sub-band 1140, such that a Nyquist boundary for sampling rate fg¢ is comprised in sub-

band 1140, and that a Nyquist boundary for sampling rate fs» is comprised in sub-band 1120.

This spectral overlap ensures that the reflectivity information corresponding to critical
frequency 0.5fs¢ can be provided by samples of the frequency components in sub-band 1140.

Similarly, reflectivity information corresponding to critical frequency 0.5f5> can be provided by
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samples of frequency components in sub-band 1120. In this manner, any aliasing caused by
critical sampling of a signal in one sub-band can be corrected with samples acquired for the
signal in the other sub-band. It should be noted that the term "critical frequency” used herein is
a term of art, and is not intended to limit the scope of the invention in any way.

[0070] It should also be noted that, although Fig. 14 illustrates the signal in frequency band
1000 to be a low-pass signal and the second filter module 910 to be a low-pass filter, the
frequency band may instead be a band-pass signal and second filter module 910 may be a
band-pass filter as a result. In addition, although the example embodiments described with
reference to Figs. 13 and 14 split the frequency band into two sub-bands (by using two filter
modules and two sample acquisition modules), the frequency band may be similarly split in N
number of sub-bands using N number of filter modules (N being an integer greater that 2),
each filter module having a pass band that corresponds to a particular sub-band and wherein a
spectral overlap is arranged between adjacent sub-bands to allow any aliasing due to critical
sampling to be corrected.

[0071] Returning to the example embodiment described above with reference to Fig. 13, the
A-scan data generating module 610" may be arranged to generate A-scan data of an A-scan
by calculating an inverse Fourier transform of the first set of samples /1(f) (acquired by

sampling frequency components in the first sub-band) to generate a first subset of A-scan data
(¢4, Co, ... ), calculating an inverse Fourier transform of the second set of samples (acquired

by sampling frequency components in the second sub-band) to generate a second subset of
A-scan data (d4, do, ... dp). Furthermore, the tomographic data generating module 620’ may

be arranged to generate an A-scan by mapping data from the first subset of A-scan data to a
first set of A-scan elements of the A-scan based on a location of the first sub-region along a
propagation direction of the beam 80 of light incident on the eye 70 during use of the
ophthalmic swept-source OCT imaging system to acquire the first set of samples and the
second set of samples. The tomographic data generating module 620' may be further
arranged to generate the A-scan by mapping data from the second subset of A-scan data to a
second set of A-scan elements of the A-scan based on a location of the second sub-region
along the propagation direction of the beam 80 of light. As an example, each A-scan element
of the A-scan represents a pixel of the A-scan, and the amplitude of the A-scan data assigned
to an A-scan element represents an intensity of the pixel. As the A-scan data represents
intensity values measured along an axial direction of eye 70 that is in the propagation direction
of the light beam 80, each data point of the A-scan data therefore corresponds to a particular
frequency, or a particular depth in the axial direction of the eye 70. Therefore, each data point
of the A-scan data can be mapped to a corresponding A-scan element based on the region of
the eye 70 to which the data point corresponds.

[0072] Figure 15 illustrates a non-limiting example mapping of data from the first subset of A-
scan data (¢4, Co, ... Cy) to a first set of A-scan elements 962 of an A-scan 960, and data from

the second subset of A-scan data (d4, do, ... dp) to a second set of A-scan elements 964 of the

A-scan 960. In Fig. 15, each A-scan element 966 of the A-scan 960 corresponds to a pixel of
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the A-scan and therefore corresponds to a different depth position in the eye 70 in the
propagation direction of the light beam 80. As the first subset (¢4, ¢o, ... cy) and second subset

(dq, do, ... dp) of A-scan data provide the reflectivity information in the depth direction of the
eye 70, data points from the first subset (cq, ¢, ... cpyy) and the second subset (dq, d, ... dp) of

data are mapped to corresponding to A-scan elements based on the region (in particular the
depth of the region) of the eye 70 to which the data points correspond.

[0073] Referring back to Fig. 14, to ensure that correct depth information is obtained at the
Nyquist frequency, the A-scan element in an A-scan that corresponds to the Nyquist frequency
0.5fg¢1 may be assigned a data point from the second subset of A-scan data corresponding to a

frequency to which 0.5f54 is mapped after band-pass sampling using a sampling rate of fs.
Similarly, the A-scan element in the A-scan that corresponds to the Nyquist frequency 0.5f>

may be assigned a data point from the first subset of A-scan data corresponding to the
frequency to which 0.5 is mapped after band-pass sampling using a sampling rate of fg1. For

the region of spectral overlap between the first sub-band and the second sub-band, the data
points corresponding to the region of spectral overlap from either the first subset of A-scan
data or the second subset of A-scan data may be mapped to the corresponding A-scan
elements in the A-scan.

[0074] Referring to Fig. 13, in some example embodiments herein, the control module 430
may be further arranged to set the pass band of the band-pass filter module 420 and the
sampling rate of the sample acquisition module 440 based on a location of the first sub-region
along a propagation direction of the beam 80 of light incident on the eye 70 during use of the
ophthalmic swept-source OCT imaging system 900 to acquire the set of samples of the filtered
electrical signal for generating the OCT image data representing the image of the region of the
eye 70. Furthermore, the control module 430' is further arranged to set the pass band of the
second filter module 910 and the second sampling rate of the second sample acquisition
module 920 based on the location indicator I_ that is indicative of a location of the second sub-

region along the propagation direction of the beam 80 of light. The location indicator | may be

provided to the control module 430', or may alternatively be determined by the control module
430'. For example, the control module 430" may derive the location indicator || based on a

region of the eye selected by the user for imaging, or identified through a feature detection
algorithm. The control module 430' may, as in the present example embodiment, set the pass
band of the second filter module 910 using a mapping between the location of the second sub-
region (in the propagation direction of beam 80 of the incident light) and the pass band of the
second filter module 910. In some example embodiments, the control module 430' may be
further arranged set the pass band using a mapping between the size of the second sub-
region along the propagation direction of the beam 80 of light and the pass band of the second
filter module 910. The second sampling rate may be determined from the pass band of the
second filter module 910 by using a pass band to sampling rate mapping or conversion
algorithm that is based on the bandpass sampling theorem.

[0075] In Fig. 13, the bandpass filter module 420 may be implemented in any manner as
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described in previous example embodiments, such as, for example, as a tunable filter, or
alternatively as an array of non-tunable filters from which one filter may be selected.
Furthermore, the second filter module 910 may comprise a tunable filter having a pass band
with a tunable center frequency, and wherein the control module 430’ is further arranged to
adjust the center frequency of the pass band of the tunable filter based a location of the
second sub-region along a propagation direction of the beam 80 of light incident on the eye 70
during use of the ophthalmic swept-source OCT imaging system 900 to acquire the second set
of samples of the filtered electrical signal. The control module 430’ may be arranged to adjust
the center frequency of the pass band based using a mapping between the location of the
second sub-region and the center frequency of the pass band of the tunable filter. In some
example embodiments, the tunable band-pass filter may alternatively or in addition, have a
tunable bandwidth, and the control module 430 may further be arranged to adjust the
bandwidth of the tunable filter based on a range indicator indicative of a size of the second
sub-region along the propagation direction of the beam 80 of light. The control module 430
may, in some example embodiments, be arranged to adjust the bandwidth of the pass band
based using a mapping between the size of the second sub-region and the bandwidth of the
second tunable filter.

[0076] In some example embodiments, instead of a tunable filter, the second filter module 910
may instead comprise a plurality of non-tunable filters having pass bands with different center
frequencies, and wherein the control module 430' is arranged to set the pass band of the
second filter module 910 by selecting a non-tunable filter from among the plurality of non-
tunable filters. In one example embodiment herein, each non-tunable filter may be a band-
pass filter or a low-pass filter, and the selecting can be performed based on a location indicator
which is indicative of a location of the second sub-region along a propagation direction of the
beam of light incident on the eye 70 during use of the ophthalmic swept-source OCT imaging
system to acquire the second set of samples. For example, the control module 430’ may select
the non-tunable filter using a predetermined mapping between the location of the second sub-
region and the non-tunable filter to be selected.

[0077] In the above example embodiments, it is assumed that the maximum frequency
component of interest in the interference light signal generated by the interferometer falls
within the detection bandwidth of the photodetector such that an electrical signal having
corresponding frequency components is generated. However, in cases where a path delay
between the reference arm and the sample arm is great enough such that the resulting
interference signal has frequency components whose frequencies exceed the cut-off frequency
of the photodetector, the path delay can be reduced so that the frequency components of the
interference light signal come below the cut-off frequency of the photodetector. As explained
above, reference arm delay adjustment has traditionally required physical movement of the
reference mirror 30 (Fig. 1) using a stepper motor or the like, and has therefore been slow to
implement.

[0078] Another example embodiment herein, relating to a reference arm delay adjustment
mechanism, will now be described with reference to Figure 14. In Figure 14, a swept-source
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OCT imaging system 1300 according to the present example embodiment is shown, wherein
the system 1300 comprises photodetector 50, scanning element 40 for scanning eye 70, and
swept light source 10, which are similar to those corresponding components described above,
and wherein the system 1300 also comprises an interferometer constructed according with the
present example embodiment. Although not shown in Fig. 14 for convenience, the system
1300 also may comprise a band-pass filter module, a sample acquisition module and control
module, and preferably also an A-scan data generating module and a tomographic data
generating module, as described in one or more of the example embodiments described
above. In the present example embodiment, the interferometer comprises a beam splitter 20
and a reference mirror 30 as described above, as well as a reference arm delay adjustment
mechanism 412' that allows relatively fast adjustment of path delay (as compared to reference
arms without mechanism 412'), which can be useful to reduce the frequency of the
interference light signal detected by the photodetector 50. More specifically, reference arm
delay adjustment mechanism 412' shown in Fig. 14, which forms a reference arm of the
interferometer, comprises a plurality of optical delay lines 1220-1 to 1220-4, each of which has
a different optical path length. The reference arm delay adjustment mechanism 412' further
comprises a micro-electromechanical (MEM) switch 1210, which is arranged to select an
optical delay line of the plurality of optical delay lines 1220-1 to 1220-4 by rotating one or more
micro-mirrors therein. In example embodiments herein that include the reference arm delay
adjustment mechanism 412', the control module 430" may be arranged to generate a
reference arm adjustment signal based on a location indicator indicative of a location of the
region 90 along a propagation direction of the beam 80 of light incident on the eye 70 during
use of the ophthalmic swept-source OCT imaging system 1300 to acquire the set of samples of
the filtered electrical signal Sg for generating the OCT image data representing the image of

the region 90 of the eye 70. Furthermore, the control module 430 of the present example
embodiment may be arranged to control the MEM switch 1210 to select, based on the
reference arm adjustment signal, an optical delay line of the plurality of optical delay lines
1220-1 to 1220-4 to allow light to propagate in the reference arm delay adjustment mechanism
412', using the selected optical delay line and thereby set an optical delay between the light
propagating along the reference arm delay adjustment mechanism 412' and the light
propagating along the sample arm 414. The location indicator may be provided to the control
module 430', or may alternatively be determined by the control module 430' based on a region
of the eye to be imaged selected by the user or identified by a feature detection algorithm.
Furthermore, in some example embodiments, the control module 430" may be arranged to
control the MEM switch 1210 to select the optical delay line based on a predetermined
mapping between the location of the region and the optical delay line to be selected.

[0079] Furthermore, the control module 430 may be arranged to control the MEM switch 1210
to select, as the optical delay line, an optical delay line of the plurality of optical delay lines
1220-1 to 1220-4, such that a frequency of the interference light signal (caused by interference
of light propagating in the selected optical delay line in the reference arm delay adjustment
mechanism 412' and light in the sample arm 414) is below a cut-off frequency of the
photodetector 50. The optical delay lines may be fiber-based or free-space based.
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[0080] The use of MEM switch 1210 to change the optical path length of the mechanism 412’
by selecting an optical delay line from a set of optical delay lines 1220-1 to 1220-4 that have
different optical path lengths allows almost instantaneous adjustment of the path delay. In one
example embodiment herein, only a limited number of optical delay lines are arranged for
selection. Nonetheless, coarse path length adjustment achieved using MEM switching can be
combined with fine adjustment of imaging depth that is achievable through band-pass sampling
as described in the above example embodiments.

[0081] It should be noted that, in other example embodiments herein, another type of fast
optical switch (in other words, another kind of fast optical router) may be used in place of a
MEM switch 1210 to select an optical delay line of the plurality of optical delay lines 1220-1 to
1220-4 as described above. For example, the optical switch (not shown) may take the
alternative form of a photonic switch, which is arranged to steer the light beam to a selected
one of the optical delay lines 1220-1 to 1220-4 by exploiting a non-linear property of a material
(e.g. a semiconductor-based material) in the photonic switch. In other example embodiments,
the optical switch may steer the light beam to a selected one of the optical delay lines 1220-1
to 1220-4 using a piezoelectric effect displayed by a material in the optical switch, for example.
As a further alternative, an optical switch which relies on a magneto-optic effect may be used in
place of MEM switch 1210.

[0082] Although the example embodiments described above relate to an ophthalmic swept-
source OCT imaging system for imaging a region of an eye, it should be appreciated that the
applicability of the methods described therein is not limited to the field of ocular imaging. These
methods are more generally applicable to swept-source OCT imaging systems for imaging
objects other than the eye. For example, a swept source OCT imaging system according to an
example embodiment may alternatively be used in cardiology and intravascular applications
(intravascular OCT), oncology (laparoscopic OCT, endoscopic OCT and bronchoscopic OCT),
dermatology (for imaging skin tissue) or dentistry (to acquire dental OCT scans). Furthermore,
the object to be imaged need not be biological. Swept source OCT imaging systems according
to other example embodiments may be used in industrial applications such as material
thickness measurements (e.g. thickness measurement of semiconductor wafers), surface
roughness characterization, surface and cross-section imaging, and volume loss
measurements in a variety of materials.

[0083] The example aspects described herein avoid limitations, at least some of which are
specifically rooted in computer technology, relating to conventional swept-source OCT imaging
systems such as those in which the performance thereof is limited by acquisition sampling rate
limitations and/or an inability to adjust optical path differences quickly enough to avoid/reduce
performance limitations. By virtue of the example aspects described herein, for example,
different frequency components in a detected electrical signal (corresponding to different
regions in a depth direction of an object) are selected (e.g., using a tunable anti-aliasing filter
module), and samples of the filtered electrical signal are acquired using a sampling rate based
on a frequency band of interest (using a sample acquisition module having an adjustable
sampling rate), in accordance with bandpass sampling criterion. In this manner, during a retinal
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scan, for example, high-frequency components in the electrical signal resulting from retinal
layers at greater depths can be "wrapped" into the first Nyquist zone, thus significantly relaxing
sampling rate requirements. As a result, at least some example imaging systems described
herein can acquire a reflectivity profile for retinal depths that would not otherwise be
measurable owing to conventional limitations imposed (at least in part) by a maximum
sampling rate of a sample acquisition module. Also, at least some example embodiments
described herein can perform faster path-delay adjustment (i.e., relative to conventional
systems) by, for example, employing switchable selection between optical delay lines.
Moreover, at least some example embodiments herein allow acquisition of OCT image scans
in which at least some artefacts caused by a curvature of a retina of an eye within an imaged
region are suppressed or eliminated. By virtue of the capabilities of the example aspects
described herein, at least some of which are rooted in computer technology, the example
aspects described herein improve computer processing (e.g., by enabling sampling rate
requirements to be relaxed, enabling acquisition of reflectivity profiles at more retinal depths
than known conventionally, enabling faster path-delay adjustments, supressing/eliminating
undesired artefacts, and reducing computer processing and memory storage requirements as
a result), and also improve the field(s) of medical imaging and medical devices, in addition to
OCT imaging systems.

[0084] In the foregoing description, example aspects are described with reference to several
example embodiments. Accordingly, the specification should be regarded as illustrative, rather
than restrictive. Similarly, the figures illustrated in the drawings, which highlight the functionality
and advantages of the example embodiments, are presented for example purposes only. The
architecture of the example embodiments is sufficiently flexible and configurable, such that it
may be utilized in ways other than those shown in the accompanying figures.

[0085] Software embodiments of the examples presented herein may be provided as, a
computer program, or software, such as one or more programs having instructions or
sequences of instructions, included or stored in an article of manufacture such as a machine-
accessible or machine-readable medium, an instruction store, or computer-readable storage
device, each of which can be non-transitory, in one example embodiment. The program or
instructions on the non-transitory machine-accessible medium, machine-readable medium,
instruction store, or computer-readable storage device, may be used to program a computer
system or other electronic device. The machine- or computer-readable medium, instruction
store, and storage device may include, but are not limited to, floppy diskettes, optical disks,
and magneto-optical disks or other types of media/machine-readable medium/instruction
store/storage device suitable for storing or transmitting electronic instructions. The techniques
described herein are not limited to any particular software configuration. They may find
applicability in any computing or processing environment. The terms "computer-readable”,
"machine-accessible medium", "machine-readable medium", ‘'instruction store", and
"computer-readable storage device" used herein shall include any medium that is capable of
storing, encoding, or transmitting instructions or a sequence of instructions for execution by the
machine, computer, or computer processor and that causes the machine/computer/computer
processor to perform any one of the methods described herein. Furthermore, it is common in
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the art to speak of software, in one form or another (e.g., program, procedure, process,
application, module, unit, logic, and so on), as taking an action or causing a result. Such
expressions are merely a shorthand way of stating that the execution of the software by a
processing system causes the processor to perform an action to produce a result.

[0086] Some embodiments may also be implemented by the preparation of application-specific
integrated circuits, field-programmable gate arrays, or by interconnecting an appropriate
network of conventional component circuits.

[0087] Some embodiments include a computer program product. The computer program
product may be a storage medium or media, instruction store(s), or storage device(s), having
instructions stored thereon or therein which can be used to control, or cause, a computer or
computer processor to perform any of the procedures of the example embodiments described
herein. The storage medium/instruction store/storage device may include, by example and
without limitation, an optical disc, a ROM, a RAM, an EPROM, an EEPROM, a DRAM, a VRAM,
a flash memory, a flash card, a magnetic card, an optical card, nanosystems, a molecular
memory integrated circuit, a RAID, remote data storage/archive/warehousing, and/or any other
type of device suitable for storing instructions and/or data.

[0088] Stored on any one of the computer-readable medium or media, instruction store(s), or
storage device(s), some implementations include software for controlling both the hardware of
the system and for enabling the system or microprocessor to interact with a human user or
other mechanism utilizing the results of the example embodiments described herein. Such
software may include without limitation device drivers, operating systems, and user
applications. Ultimately, such computer-readable media or storage device(s) further include
software for performing example aspects of the invention, as described above.

[0089] Included in the programming and/or software of the system are software modules for
implementing the procedures described herein. In some example embodiments herein, a
module includes software, although in other example embodiments herein, a module includes
hardware, or a combination of hardware and software.

[0090] While various example embodiments of the present invention have been described
above, it should be understood that they have been presented by way of example, and not
limitation. It will be apparent to persons skilled in the relevant art(s) that various changes in
form and detail can be made therein. Thus, the present invention should not be limited by any
of the above described example embodiments, but should be defined only in accordance with
the following claims and their equivalents.

[0091] Further, the purpose of the Abstract is to enable the Patent Office and the public
generally, and especially the scientists, engineers and practitioners in the art who are not
familiar with patent or legal terms or phraseology, to determine quickly from a cursory
inspection the nature and essence of the technical disclosure of the application. The Abstract is
not intended to be limiting as to the scope of the example embodiments presented herein in
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any way. It is also to be understood that any procedures recited in the claims need not be
performed in the order presented.

[0092] While this specification contains many specific embodiment details, these should not be
construed as limitations on the scope of any inventions or of what may be claimed, but rather
as descriptions of features specific to particular embodiments described herein. Certain
features that are described in this specification in the context of separate embodiments can
also be implemented in combination in a single embodiment. Conversely, various features that
are described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable sub-combination. Moreover, although features may
be described above as acting in certain combinations and even initially claimed as such, one or
more features from a claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed to a sub-combination or variation of
a sub-combination.

[0093] In certain circumstances, multitasking and parallel processing may be advantageous.
Moreover, the separation of various components in the embodiments described above should
not be understood as requiring such separation in all embodiments, and it should be
understood that the described program components and systems can generally be integrated
together in a single software product or packaged into multiple software products.

[0094] Having now described some illustrative embodiments and embodiments, it is apparent
that the foregoing is illustrative and not limiting, having been presented by way of example. In
particular, although many of the examples presented herein involve specific combinations of
apparatus or software elements, those elements may be combined in other ways to
accomplish the same objectives. Acts, elements and features discussed only in connection with
one embodiment are not intended to be excluded from a similar role in other embodiments or
embodiments.

[0095] The apparatuses described herein may be embodied in other specific forms without
departing from the characteristics thereof. The foregoing embodiments are illustrative rather
than limiting of the described systems and methods. Scope of the apparatuses described
herein is thus indicated by the appended claims, rather than the foregoing description, and
changes that come within the meaning and range of equivalence of the claims are embraced
therein.
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Patentkrav

1. Swept-source optisk kohaerenstomografi-, OCT, billeddannelsessystem (400,
600) til billeddannelse af et omrade (90) af et objekt (70), omfattende:

10

15

20

25

30

en swept-light-kilde (10) indrettet til at generere en lysstrale (80) med en
bglgelaengde, som varierer over tid;

et scanningselement (40) indrettet til at scanne lysstralen (80) over
objektet (70);

et interferometer (410) med en prgvearm (414) og en referencearm (412),
og indrettet til at generere et interferenslyssignal under anvendelse af
swept-source-OCT-billeddannelsessystemet (400, 600) ved kombination af
lys spredt af omradet (90) af objektet (70) og som udbredes langs
prgvearmen (414), som et resultat af stralen (80) som scannes over
objektet (70), med lys fra stralen (80) som udbredes langs referencearmen
(412);

en fotodetektor (50) indrettet til at modtage interferenslyssignalet og til at
generere et elektrisk signal (S), som indikerer interferenslyssignalet, idet
det elektriske signal (S) omfatter frekvenskomponenter, som er spredt
over et frekvensband (1000), idet frekvenskomponenterne er forarsaget af
interferens af lyset spredt af omradet (90) af objektet (70), og som
udbredes langs prgvearmen (414), med lyset fra stralen (80), som
udbredes langs referencearmen (412);

et bandpasfiltermodul (420) indrettet til at generere et filtreret elektrisk
signal (Sr) via bandpasfiltrering af det elektriske signal (S);

et prgveindhentningsmodul (440) indrettet til at indhente prgver af det
filtrerede elektriske signal (Sr); kendetegnet ved et styremodul (430)
indrettet til at indstille et pasband af badndpasfiltermodulet (420), saledes
at bandpasfiltermodulet (420) ekstraherer i det mindste nogle af
frekvenskomponenterne, som spreder sig over frekvensbandet (1000) fra
det elektriske signal (S), idet styremodulet (430) er yderligere indrettet til
at indstille en samplingrate af prgveindhentningsmodulet (440), sdledes at
prgveindhentningsmodulet (440) bandpassampler det filtrerede elektriske
signal (Sk) for at indhente et szet af pragver af det filtrerede elektriske signal
(S#) til generering af OCT-billeddata, som repraesenterer et billede af
omradet (90) af objektet (70).



10

15

20

25

30

DK/EP 3900609 T3

2. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge krav 1, hvor
bandpasfiltermodulet (420) omfatter et justerbart bandpasfilter med et pasband
med en justerbar centerfrekvens, og hvor styremodulet (430) er indrettet til at
indstille pasbandet af bandpasfiltermodulet (420) ved justering af
centerfrekvensen af pasbandet baseret pa en lokationsindikator, som indikerer en
lokation af omradet (90) langs en udbredelsesretning af lysstralen (80)
indfaldende pa objektet (70) under anvendelse af swept-source-OCT-
billeddannelsessystemet (400, 600) for at indhente saettet af prgver af det
filtrerede elektriske signal (Sr) til generering af OCT-billeddataet, som
repraesenterer billedet af omradet (90) af objektet (70).

3. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge krav 1, hvor
bandpasfiltermodulet (420) omfatter et justerbart bandpasfilter med et pasband
med en justerbar bandbredde, og hvor styremodulet (430) er indrettet til at
indstille pasbandet af bandpasfiltermodulet (420) ved tilpasning af bandbredden
af pasbandet baseret pd en omradeindikator, som indikerer en stgrrelse af
omradet (90) langs en udbredelsesretning af lysstralen (80).

4. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge krav 1, hvor
bandpasfiltermodulet (420) omfatter en flerhed af ikke-justerbare bandpasfiltre,
som hver har et forskelligt pasband, og hvor styremodulet (430) er indrettet til at
indstille pasbandet af bandpasfiltermodulet (420) ved valg af et ikke-justerbart
bandpasfilter fra flerheden af ikke-justerbare bandpasfiltre til at bandpasfiltrere
det elektriske signal (S) for at generere det filtrede elektriske signal (Sf), hvor
udvaelgelsen udfgres baseret pa en lokationsindikator, som indikerer en lokation
af omradet (90) langs en udbredelsesretning af lysstralen (80) indfaldende pa
objektet (70) under anvendelse af swept-source-OCT-billeddannelsessystemet
(400, 600) for at indhente szettet af prgver af det filtrerede elektriske signal (SF).

5. Swept-source-OCT-billeddannelsessystemet (600) ifglge et hvilket som helst
foregdende krav,

hvor
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scanningselementet (40) er indrettet til at scanne lysstralen genereret af
swept-light-kilden (10) ved at variere en scanningsvinkel af
scanningselementet (40), og

swept-source-OCT-billeddannelsessystemet (600) yderligere omfatter:

5 et A-scanningsdatagenereringsmodul (610) indrettet til at generere A-
scanningsdata af en flerhed af A-scanninger (820, 830) ved at
beregne en invers Fourier-transformation af prgverne af det filtrede
elektriske signal (Sr), som er blevet indhentet af
prgveindhentningsmodulet (440) for varierende veerdier af

10 scanningsvinklen, hvor hver A-scanning (815) af flerheden af A-
scanninger (820, 830) er baseret pa prgver af det filtrede elektriske
signal (Sr) udtaget af proveindhentningsmodulet (440) fra et
respektivt omrade (90) af en flerhed af omrader i objektet (70), som
er blevet billeddannet i scanningen;

15 et tomografisk datagenereringsmodul (620) indrettet til at generere
tomografisk data ved at opstille A-scanningerne (820, 830) for at
danne en opstilling (850) af A-scanningerne, hvor A-
scanningselementerne (810) af hver A-scanning (815) i opstillingen
(850) er indrettet langs en farste retning (Y) af opstillingen (850), og

20 A-scanningerne (820, 830) er opstillet i en anden retning (X) af
opstillingen (850), og
hvor det tomografiske datagenereringsmodul (620), ndr det genererer
de tomografiske data, er indrettet til med en forskydningsmaengde at
forskyde hver A-scanning (815) af opstillingen (850) langs den farste

25 retning (Y) i forhold til andre A-scanninger (820, 830) i opstillingen
(850), hvor forskydningsmaengden er baseret pa en
lokationsindikator, som indikerer en lokation af omradet (90) langs en
udbredelsesretning af lysstralen (80) indfaldende pa objektet (70)
under anvendelse af swept-source-OCT-billeddannelsessystemet (400,

30 600) for at indhente saettet af prgver af det filtrede elektriske signal
(S#) til generering af OCT-billedddannelsesdataene, som
repraesenterer billedet af omradet (90) af objektet (70).

6. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge et hvilket som
35 helst af kravene 1 til 4, yderligere omfattende:
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et filtermodul (910) indrettet til at generere et andet filtreret elektrisk (Sr2)

signal ved filtrering af det elektriske signal (S); og

et andet prgveindhentningsmodul (920) indrettet til at indhente et andet

seet af prgver af det andet filtrede elektriske signal (Sr2),

hvor styremodulet (430) er yderligere indrettet til:
at indstille pasbandet af bandpasfiltermodulet (420), saledes at
bandpas-filtermodulet (420) ekstraherer frekvenskomponenter af det
elektriske signal (S) i et fgrste sub-band (1120) af frekvensbandet
(1000) og i alt vaesentligt svaekker frekvenskomponenter af det
elektriske signal (S) uden for det fgrste sub-band (1120);
at indstille samplingraten af prgveindhentningsmodulet (440) saledes
at prgveindhentningsmodulet (440) indhenter saettet af prgver via
béndpas- sampling af frekvenskomponenterne af det elektriske signal
(S) i det fgrste sub-band (1120) af frekvensbandet (1000), idet det
fgrste sub-band (1120) svarer til et fgrste sub-omrade af omradet
(90) af objektet (70);
at indstille et pasband af filtermodulet (910), saledes at filtermodulet
(910) ekstraherer frekvenskomponenter af det elektriske signal i et
andet sub-band (1140) af frekvensbandet (1000), som delvist
overlapper det fgrste sub-band (1120), hvor det andet sub-band
(1140) svarer til et andet sub-omrade af omradet (90), hvor delvis
overlapning (1150) mellem det farste sub-band (1120) og det andet
sub-band (1140) svarer til et overlapnings-omrade mellem det fgrste
sub-omrade og det andet sub-omrade; og
at indstille en anden samplingrate af det andet
prgveindhentningsmodul (920), sdledes at det andet
prgveindhentningsmodul (920) indhenter det andet saet af prgver via
sampling af frekvenskomponenterne af det elektriske signal i det
andet sub-band (1140) under anvendelse af den anden samplingrate,
idet den anden samplingrate er forskellig fra den farste samplingrate.

7. Swept-source-OCT-billeddannelsessystemet (600) ifglge krav 6, yderligere
omfattende et A-scanningsdatagenereringsmodul (610) indrettet til at generere A-
scanningsdata af en A-scanning (815) ved:
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at beregne en invers Fourier-transformation af det fagrste saet af pragver for
at generere et fogrste sub-saet af A-scanningsdataene; og
at beregne en invers Fourier-transformation af det andet szet af prgver for

at generere et andet sub-saet af A-scanningsdataene.

8. Swept-source-OCT-billeddannelsessystemet (600) ifglge krav 7, hvor swept-
source-OCT-billeddannelsessystemet (600) yderligere omfatter et tomografisk
datagenereringsmodul (620) indrettet til at generere en A-scanning (815) ved:
mapping af data fra det fgrste sub-saet af A-scanningsdata til et forste saet
10 af A-scanningselementer (810) af A-scanningen (815) baseret pa en
lokation af det fgrste sub-omrade langs en udbredelsesretning af lysstralen
(80) indfaldende pa objektet (70) under anvendelse af swept-source-OCT-
billeddannelsessystemet (600) for at indhente saettet af prgver af det
filtrede elektriske signal (S¢) til generering af OCT-billeddata som
15 repraesenterer billedet af omradet (90) af objektet (70); og
mapping af data fra det andet sub-saet af A-scanningsdata til et andet saet
af A-scanningselementer (810) af A-scanningen (815) baseret pa en
lokation af det andet sub-omrade langs udbredelsesretningen af lysstralen
(80).
20
9. Swept-source-OCT-billeddannelsessystem (400, 600) ifglge et hvilket som helst
af kravene 6 til 8, hvor styremodulet (430) er yderligere indrettet til:
at indstille pasbandet af bandpasfiltermodulet (420) og samplingraten af
prgveindhentningsmodulet (440) baseret pd en lokation af det fagrste sub-
25 omrade langs en udbredelsesretning af lysstralen (80) indfaldende pa
objektet (70) under anvendelse af swept-source-OCT-
billeddannelsessystemet (400, 600) for at indhente saettet af prgver af det
filtrede elektriske signal (Sf) til generering af OCT-billeddataene, som
repraesenterer billedet af omradet (90) af objektet (70); og
30 at indstille pasbandet af filtermodulet (910) og den anden samplingrate af
det andet prgveindhentningsmodul (920) baseret pa en lokation af det
andet sub-omrade langs udbredelsesretningen af lysstralen (80).

10. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge et hvilket som
35 helst af kravene 6 til 9, hvor filtermodulet (910) omfatter et andet justerbart filter
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med et pasband med en justerbar centerfrekvens, og hvor styremodulet (430) er
yderligere indrettet til at justere centerfrekvensen af pasbandet af det andet
justerbare filter baseret pa en lokation af det andet sub-omrade langs en
udbredelsesretning af lysstralen (80) indfaldende pa objektet (70) under
anvendelse af swept-source-OCT-billeddannelsessystemet (400, 600) for at
indhente det andet saet af prgver af det filtrede elektriske signal.

11. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge krav 10, hvor
det andet justerbare filter har en justerbar bandbredde, og styremodulet (430) er
yderligere indrettet til at justere b&ndbredden af det andet justerbare filter
baseret pa en omradeindikator, som indikerer en stgrrelse af det andet sub-

omrade langs udbredelsesretningen af lysstralen (80).

12. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge et hvilket som
helst af kravene 6 til 9, hvor filtermodulet (910) omfatter en anden flerhed af
ikke-justerbare bandpasfiltre med pasband med forskellige centerfrekvenser, og
hvor styremodulet (430) er indrettet til at indstille pasbandet af filtermodulet
(910) ved at veelge et ikke-justerbart bandpasfilter fra den anden flerhed af ikke-
justerbare bandpasfiltre, hvor udvaelgelsen udfgres baseret pa en
lokationsindikator, som indikerer en lokation af det andet sub-omrade langs en
udbredelsesretning af lysstralen (80) indfaldende pa objektet (70) under
anvendelse af swept-source-OCT-billeddannelsessystemet (400, 600) for at
indhente det andet saet af prgver.

13. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge et hvilket som
helst foregaende krav, hvor referencearmen (412) omfatter en flerhed af optiske
forsinkelseslinjer (1220-1 to 1220-4), idet hver optisk forsinkelseslinje har en
forskellig optisk banelzengde, og hvor swept-source-OCT-systemet (400, 600)
yderligere omfatter en optisk omskifter (1210),
hvor styremodulet (430) er yderligere indrettet til:
at generere et referencearmsjusteringssignal baseret pa en lokations-
indikator, som indikerer en lokation af omradet (90) langs en
udbredelsesretning af lysstrélen indfaldende pa objektet under anvendelse
af swept-source-OCT-billeddannelsessystemet (400, 600) for at indhente
seettet af prover af det filtrede elektriske signal (SF) til generering af OCT-
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billeddataene, som repraesenterer billedet af omradet (90) af objektet (70);
0g

at styre den optiske omskifter (1210), baseret pa referencearmsjusterings-
signalet, til at vaelge en optisk forsinkelseslinje af flerheden af optiske
forsinkelseslinjer (1220-1 to 1220-4) for at lade lyse udbredes i
referencearmen (412) under anvendelse af den valgte optiske
forsinkelseslinje og derved indstille en optisk forsinkelse mellem lyset, som
udbredes langs referencearmen (412), og lyset som udbredes langs
prgvearmen (414).

14. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge krav 13, hvor
styremodulet (430) er indrettet til at styre den optiske omskifter (1210) til, som
den optiske forsinkelseslinje, at vaelge en optisk forsinkelseslinje af flerheden af
optiske forsinkelseslinjer (1220-1 til 1220-4), saledes at en frekvens af

interferenslyssignalet er under en graensefrekvens af fotodetektoren (50).

15. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge et hvilket som
helst foregaende krav, hvor objektet er et gje, og swept-source-OCT-
billeddannelsessystemet er et oftalmisk swept-source-OCT-billeddannelsessystem.

16. Swept-source-OCT-billeddannelsessystemet (400, 600) ifglge et hvilket som

helst af kravene 1 til 4, hvor objektet er et gje, og hvor
scanningselementet (40) er indrettet til at scanne lysstralen (80) genereret
af swept-light-kilden (10) ved at variere en scanningsvinkel af scannings-
elementet (40); og
styremodulet (430) er indrettet til at justere pasbandet af bandpasfilter-
modulet (420) og samplingraten af prgveindhentningsmodulet (440) under
anvendelse af en forudbestemt variation af pasbandet og samplingraten
med scanningsvinklen, sdledes at prgveindhentningsmodulet (440)
indhenter prgver fra flere omrader (90) af gjet (70) langs en
scanningsretning af scanningen for at danne et billede af et tvaersnit af en
nethinde (85), som i alt vaesentligt har en konstant tykkelse fra en
overflade af nethinden (85).
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