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OPTICAL IMAGING DEVICE AND METHOD FOR IMAGING A SAMPLE 

Cross-Reference To Related Application 

5 [0001] This application claims the benefit of priority of US provisional application 

No. 61/774,340, filed 07 March 2013, the content of it being hereby incorporated by 

reference in its entirety for all purposes. 

Technical Field 

10 

[0002] Various embodiments relate to an optical imaging device and a method for 

imaging a sample. 

Background 

[0003] Optical coherence tomography (OCT) is an established in vivo optical imaging 

technology that provides micrometer resolution and millimeter penetration depth in 

human tissues. It has been validated clinically that OCT enables in vivo visualization of 

human eyes, coronary arteries, gastrointestinal tracts, and airway tissues at a resolution 

comparable to histology. OCT has been widely used clinically to diagnose a wide range 

of diseases in the retina and the anterior segment of the eye. Recently, intracoronary OCT 

technology has been used clinically to image the coronary artery disease, and endoscopic 

OCT technology used for detection of gastrointestinal neoplasm. 

[0004] Ophthalmology is the dominant OCT application. In 2010, the estimated OCT 

charges in U.S.A and wordwide were $780M and $1B respectively, and it is estimated 

that the sale of ophthalmologic OCT systems was approximately $250 million. There are 

more than 10 suppliers of ophthalmic OCT products, where one such supplier alone 

delivered over 10,000 ophthalmic OCT units worth $0.7B to the market by 2008. Over 

the next four years, the OCT market is expected to grow annually at approximately 60%. 

[0005] Since its invention in 1991, OCT technology has evolved from a time-domain 

OCT (TD-OCT, first generation technology) to a spectral-domain/Fourier-domain O.CT 
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(second generation technology). An existing spectral-domain OCT (SD-OCT) setup 100 

is illustrated in FIG. 1, showing a-small-source SD-OCT setup with a light source 

(LS) 102. Based on the laser safety regulations provided in IEC (International 

Electrotechnical Commission) 60825, a "small source" is defined as a source with an 

5 angular subtense, a, less than, or equal to, the minimum angular subtense, amm (generally 

defined to be 1.5 mrad). The angular subtense, a, may be defined as a visual angle 

subtended by a source at the eye of an observer or at the point of measurement. The 

angular subtense, a, may also be defined as the angle subtended by an apparent source 

(defined as the real or virtual object that forms the smallest possible retinal image) as 

10 viewed at a point in space, e.g. at the viewer's eye. 

[0006] In the small-source SD-OCT setup 100, an output light 104 of the light source 

(LS) 102 is divided by a, beam splitter 106 into a sample light radiation 108 and a 

reference light radiation 110. The sample light radiation 108 propagates through a sample 

arm (S) 120 of the setup 100 while the reference light radiation 110 propagates through a 

15 reference arm (R) 150 of the setup 100, where the sample arm (S) 120 and the reference 

arm (R) 150 define an interferometer. 

[0007] The sample light radiation 108 is directed or guided to a tissue sample 190 under 

investigation through focusing optics, e.g. a collimation lens (LI) 122 and a focusing lens 

(L2) 124 and one or more beam scanners (SC) 126 in the sample arm (S) 120. The 

20 sample light radiation 108 is directed to a spot 192 on the tissue sample 190. A reflected 

and/or backscattered light radiation 109 is generated from the interaction between the 

sample light radiation 108 and the tissue sample 190 at all the depths the sample light 

radiation 108 interacts with the tissue sample 190 along an axial line (A-line) defined 

between the surface and the bulk of the tissue sample 190. The reflected and/or 

25 backscattered light radiation 109 is directed or guided by the same focusing optics of 

LI 122 and L2 124 and the beam scanner(s) (SC) 126 of the sample arm (S) 120 towards 

the beam splitter 106, in a direction opposite to the propagating direction of the sample 

light radiation 108. 

[0008] The reference light radiation 110 is directed or guided to a reference minor 

30 (RM) 160 through focusing optics, e.g. a pair of lens 152, 154, and a reflected light 

radiation 111 is generated, as a result of reflection from the reference mirror (RM) 160, 
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and directed or guided towards the beam splitter 106. The back reflected light 

radiations 111 from the reference arm (R) 150 and the back reflected and/or back 

scattered light radiation .109 from the sample arm (S) 120 are recombined through the 

beam splitter 106 to form a spectral interference signal 112 and guided to a 

5 spectrometer 170. The spectrometer 170 includes a grating 172, a lens 174 and a 

detecting element (e.g. a camera) 176. The spectral interference signal 112 is recorded by 

the spectrometer 170 and processed by a computer (not shown). 

[0009] The axial line profile (A-line) of the tissue sample 190 can be retrieved by Fourier 

transform of the spectral interference signal 112. A two-dimensional (2D) cross-sectional 

10 image of the tissue sample 190 can be obtained by transversely scanning the sample light 

radiation 108 using the beam scanner (SC) 126 while continuously acquiring axial line 

profiles (A-lines). A three-dimensional (3D) image can be obtained by transversely 

scanning the sample light radiation 108 using 2-axis (X and Y) scanners. 

[0010] All existing laser scanning OCT systems use spot sources, which are small--

15 sources. Although the existing SD-OCT technology provides a few orders of magnitude 

higher sensitivity than the TD-OCT technology, thereby enabling higher penetration 

depth and/or faster imaging speed, the ability of OCT to provide diagnostic information is 

still limited by its sensitivity, especially when the radiant exposure/irradiance applied to 

human tissues is restricted to a maximum permissible exposure (MPE) by laser safety 

20 regulations such as ANSI (American National Standards Institute) Z136 in the United 

States and IEC (International Electrotechnical Commission) 60825 internationally. 

Summary 

25 [0011] According to an embodiment, an optical imaging device is provided. The optical 

imaging device may include an optics arrangement configured to generate an extended-

source illumination pattern including a plurality of separate spectral bands, and to 

illuminate a respective section of a sample to be imaged with a respective spectral band 

of the plurality of separate spectral bands, wherein the optics arrangement is further 

30 configured to form an interference signal from a sample light comprising respective 

return lights from respective sections of the sample illuminated by respective spectral 

SUBSTITUTE SHEET (RULE 26) 



WO 2014/137290 PCT/SG2014/000101 

bands of the extended-source illumination pattern, and a reference light, and a detector 

configured to receive the interference signal for generating an image corresponding to the 

sections of the sample. 
t ' . J 

[0012] According to an embodiment, a method for imaging a sample is provided. The 

5 method may include generating an extended-source illumination pattern including a 

plurality of separate spectral bands, illuminating a respective section of a sample to be 

imaged with a respective spectral band of the plurality of separate spectral bands, forming 

an interference signal from a sample light including respective return lights from 

respective sections of the sample illuminated by respective spectral bands of the 

10 extended-source illumination pattern, and a reference light, and generating an image 

corresponding to the sections of the sample based on the interference signal. 

[0013] According to an embodiment, a method for generating an image with diffraction 

limited lateral resolution and coherence length limited axial resolution is provided. The 

method may be carried out using the optical imaging device as described herein. The 

15 method may include scanning an extended-source illumination pattern across an area of a 

sample such that respective sections of the sample in the area to be imaged are 

illuminated. by an entire spectrum corresponding to the extended-source illumination 

pattern, and performing a spectral signal remapping algorithm to extract an entire 

interference spectrum corresponding to a section of the respective sections of the sample 

20 for generating an image corresponding to the area of the sample, wherein the interference 

spectrum is formed from a return light from the section of the sample and a reference 

light. , 

Brief Description of the Drawings 

25 

[0014] In the drawings, like reference characters generally refer to like parts throughout 

the different views. The drawings are not necessarily to scale, emphasis instead generally 

being placed upon illustrating the principles of the invention. In the following 

description, various embodiments of the invention are described with reference to the 

30 following drawings, in which: 
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[0015] FIG. 1 shows a schematic diagram of a spectral-domain optical . coherence 

tomography (SD-OCT) system of prior art. 

[0016] FIG. 2A shows a schematic diagram illustrating small-source viewing. 

[0017] FIG. 2B shows a schematic diagram illustrating extended-source viewing. 

5 [0018] FIG. 3A shows a schematic cross-sectional view of an optical imaging device, 

according to various embodiments. 

[0019] FIG. 3B shows a'flow chart illustrating a method for imaging a. sample, according 

to various embodiments. 

[0020] FIG. 4A shows a schematic view of an optical imaging device, according to 

10 various embodiments. 

[0021] FIG. 4B shows a schematic view of an optical imaging device, according to 

various embodiments. 

[0022] FIG. 4C shows a schematic view of an optical imaging device, according to 

various embodiments. 

15 [0023] FIG. 5A shows a plot of simulation results for sensitivity as a function of 

reference reflectivity for a small-source spectral-domain optical coherence tomography 

(SD-OCT) device. 

[0024] FIG. 5B shows a plot of simulation results for sensitivity as a function of 

reference reflectivity for an extended-source spectral-domain optical coherence 

20 tomography (SD-OCT) device. 

[0025] FIG. 6 shows, as schematic views, scanning of a sample at various scanning times 

of a sample light radiation scanning method, according to various embodiments. 

[0026] FIG. 7 shows a schematic representation of a spectral signal remapping algorithm, 

according to various embodiments: 

25 [0027] FIG. 8A shows a diagram illustrating a spectral remapping method. 

[0028] FIG. 8B shows a diagram of the DC component of one B-scan frame of a 

resolution chart while FIG. 8C shows a diagram of the B-scan frame of FIG. 8B after 

remapping. 

[0029] FIG. 9 shows a cross-sectional image of the resolution chart obtained by Fourier 

30 Transforming of the spectral remapped B-scan frame of FIG. 8C. 

5 
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Detailed Description 

[0030] The following detailed description refers to the accompanying drawings that 

show, by way of illustration, specific details and embodiments in which the invention 

5 may be practiced. These embodiments are described in sufficient detail to enable those 

skilled in the art to practice the invention. Other embodiments may be utilized and 

structural, logical, and electrical changes may be made without departing from the scope 

of the invention. The various embodiments are not necessarily mutually exclusive, as 

some embodiments can be combined with one or more other embodiments to form new 

10 embodiments. 

[0031] Embodiments described in the context of one of the methods or devices are 

analogously valid for the other methods or devices. Similarly, embodiments described in 

the context of a method are analogously valid for a device, and vice versa. 

[0032] Features that are described in the context of an embodiment may correspondingly 

15 be applicable to the same or similar features in the other embodiments. Features that are 

described in the context of an embodiment may correspondingly be applicable to the 

other embodiments, even if not explicitly described in these other embodiments. 

Furthermore, additions and/or combinations and/or alternatives as described for a feature 

in the context of an embodiment may correspondingly be applicable to the same or 

20 similar feature in the other embodiments. 

[0033] In the context of various embodiments, the articles "a", "an" and "the" as used 

with regard to a feature or element include a reference to one or more of the features or 

. ^elements. 

[0034] In the context of various embodiments, the phrase "at least substantially" may 

25 include "exactly" and a reasonable variance. 

[0035] In the context of various embodiments, the term "about" or "approximately" as 

applied to a numeric value encompasses the exact value and a reasonable variance. 

[0036] As used herein, the term "and/or" includes any and all combinations of one or 

more of the associated listed items. 

30 [0037] As used herein, the phrase of the form of "at least one of A or B" may include A 

or B or both A and B. Correspondingly, the phrase of the form of "at least one of A or B 

6 • 
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or C", or including further listed items, may include any and all combinations of one or 

more of the associated listed items. 

[0038] Various, embodiments may relate to optical coherence tomography (OCT), for 

example spectral-domain OCT (SD-OCT) or Fourier-domain OCT. As a further example, 

various embodiments may relate to extended-source SD-OCT and may provide a device 

or system employing extended-source SD-OCT technology. 

[0039] Various embodiments may provide an extended-source SD-OCT technology. In 

various embodiments, an extended-source SD-OCT device or system may be realized by 

modifying a small-source SD-OCT system. For the extended source SD-OCT system, 

various embodiments may provide a sample light radiation focusing scheme, a sample 

light radiation scanning method, and a signal mapping method, as will be described later. 

[0040] Various embodiments may provide that a sample light radiation produced by the 

device or system of various embodiments to be safer for biological tissues or samples 

than an equal-power sample light radiation produced by existing technologies so that the 

maximum permissible exposure (MPE) for various embodiments may be higher than for 

existing technologies. 

[0041] Compared to the existing methods or technologies, various embodiments may 

enable one or more of the following: (1) a higher maximum permissible exposure (MPE); 

(2) a higher penetration depth that may be achieved safely without compromising the 

image acquisition rate; or (3) a higher image acquisition rate that may be achieved safely 

with a sensitivity at least equal to that of the existing methods. 

[0042] Conventional SD-OCT devices use a small-source. A "small-source" is a source 

with an angular subtense, a, less than, or equal to, the minimum angular subtense, amm, 

where amin =1.5 mrad, as provided in the laser safety regulations IEC 60825. A small-

source includes all spot sources or spot illumination patterns, as a spot source or a point 

source has a typical angular subtense, a, much smaller than 1.5 mrad. Generally, a spot 

illumination has an angular subtense, a, of no more than 0.15 mrad, which is ten times 

smaller than the value for defining a small source. 

[0043] In contrast, various embodiments provide an extended-source SD-OCT. An 

"extended source" is a source with an angular subtense, a, more than the minimum 
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angular subtense, amm. An extended source may include, for example, a line illumination 

pattern, a square illumination pattern, and a rectangular illumination pattern. 

[0044] Angular subtense is defined as the visual angle subtended by a source at an eye of 

an observer, in which the source is located at a distance greater than 100 mm from the 

5 pupil of the eye. Angular subtense, a, may be defined as (diameter of source /100 mm). 

[0045] FIG. 2A shows a schematic diagram 200 illustrating small-source viewing. For a 

small-source 202a using a low numeral aperture (NA) lens, as viewed by an observer's 

eye, light (represented by solid line 204a) may be traced from the small-source 202a 

towards the eye ball 206 of the observer's eye to form an image 208a. Light (represented 

10 by dashed lines 210a) may be traced from the image 208a through the pupil 212. The 

angle subtended by the dashed lines 210a is the angular subtense, a\, of the small-

source 202a. 

[0046] For a small-source 202b using a high numeral aperture (NA) lens, as viewed by an 

observer's eye, light (represented by solid line 204b) may be traced from the small-source 

15 202b towards the eye ball 206 of the observer's eye to form an image 208b. Light 

(represented by dashed lines 210b) may be traced from the image 208b through the 

pupil 212. The angle subtended by the dashed lines 210b is the angular subtense, ai, of 

the small-source 202b. By the use of a high NA lens, the diverging angle is larger but if it 

is a laser source, the diameter or size of the source becomes smaller. Therefore, the 

20 corresponding angular subtense actually becomes smaller as the definition of angular 

subtense is (diameter of source /100 mm). Therefore, oti is less than a\, where both ai 

and a\ are less than oc^m-

[0047] FIG. 2B shows a schematic diagram 220 illustrating extended-source viewing. For 

an extended-source 222, as viewed by an observer's eye, light (represented by solid 

25 line 224) may be traced from the extended-source 222 towards the eye ball 226 of the 

observer's eye to form an image 228. Light (represented by dashed lines 230) may be 

traced from the image 228 through the pupil 232. The angle subtended by the dashed 

lines 230 is the angular subtense, <23, of the extended-source 222. <23 is more than each of 

«i and «2, and is also more than amm. In the case of an extended source, the size of the 

30 extended-source is larger than that of a small-source, and so the corresponding angular 

subtense is larger. 
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[0048] Sensitivity of an SD-OCT system may be defined as the signal-to-noise 

ratio (SNR) for a perfect sample reflector. The SD-OCT image quality may be directly 

related to the system sensitivity, for example for Doppler SD-OCT and polarization-

sensitive SD-OCT. Sensitivity of a SD-OCT system may also determine its penetration 

5 depth. As the signal power may decay exponentially as a function of tissue or sample 

depth due to light scattering and absorption of the signal by the tissue, at a certain tissue 

or sample depth, the signal power may drop below the noise power such that it may 

become challenging for tissue information to be retrieved or possibly the tissue 

information cannot be retrieved. This tissue depth, beyond which the noise power may 

•10 dominate compared to the signal power provided by the power source of the SD-OCT 

system, is the penetration depth of the SD-OCT system. 

[0049] Deep tissue structures sUch as the optic nerve head (ONH), the lamina 

cribrosa (LC) and the posterior sclera (PS) are thought to be important biomechanical 

players in ocular disorders such as glaucoma, myopia, and papilledema. The sensitivity of 

15 current SD-OCT technology is just sufficient to visualize the upper portion of these deep 

tissue structures, and the image quality of the detectable portion is still inferior to that of 

histology. This limitation in sensitivity not only precludes the possibility of detecting 

early sign(s) of these diseases and clinical hypothesis testing using SD-OCT, but also 

may result in clinical misinterpretation and morphometric (parameterization) errors. 

20 [0050] Generally, there are two practical ways to enhance the SD-OCT sensitivity based 

on the current commercially available devices: increasing the sample light radiation 

applied on the tissue and increasing the exposure time of the sample light radiation. 

However, the radiant exposure/irradiance applied to human tissues (for example eye and 

skin) is restricted to-a maximum permissible exposure (MPE) by laser safety regulations 

25 such as ANSI Z136 in the United States and IEC 60825-1 internationally. Additionally, 

increasing the exposure time reduces the image acquisition rate, thereby increasing 

motion artifacts in the image, especially for three-dimensional imaging. 

[0051] According to IEC 60825-1, the maximum permissible exposure (MPE) at the 

cornea for direct exposure to laser radiation within a wavelength or spectral range of 

30 700 rnn - 1400 nm, for a time duration, t < T2, may be determined as 

MPE = 18 t °'75 C4 C6 J*nT2 (Equation 1), 
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"where t is the exposure time, C4 is the correcting factor for different wavelengths, and C& 

is the correcting factor for extended sources. -

[0052] T2 may be defined as: 

T2= 10"x io[(a:amin)/98-5]s (Equation 2), 

5 where a is the angular subtense and Omm is the minimum angular subtense, where 

Omin =1.5 mrad. amm refers to the value of angular subtense of the apparent source above 

which a source is considered an extended source. For a < 1.5 mrad, T2 = 10 s, and for 

a> 100 mrad, T2 = 100 s. 

[0053] C4 may be defined, for a spectral range of 700 nm - 1050 nm, as: 

10 , C4 = 100,002(^-700) (Equation 3), 

where X is the wavelength. For a spectral range of 1050 nm - 1400 nm, C4 = 5. 

[0054] For an extended-source, such as an extended-source laser radiation (for example, 

diffuse reflection viewing) at wavelengths, 1, from about 400 nm to about 1 400 nm, the 

thermal ocular hazard MPEs may be increased by the factor C6 provided that the angular 

15 subtense, a, of the source (measured at the viewer's eye) is greater than 04™, where o^m 

is equal to 1.5 mrad. The correction factor C6 is given as: 

Cf, " 1 for a < amm 

C6 Ol/ttrnin for Q?niiii &<: Q^max 

C(i (Xmax/Q^min (~ 66,7) for (X ^ ttmax 

20 (Equation 4), 

where amax =100 mrad. amax refers to a maximum angular subtense which is the value of 

angular subtense of the apparent source above which the MPEs are independent of the 

source size. 

[0055] FIG. 3A shows a schematic cross-sectional view of an optical imaging 

25 device 300, according to various embodiments. The optical imaging device 300 includes 

an optics arrangement 303 configured to generate an extended-source illumination 

pattern 307 including a plurality of separate spectral bands 308a, 308b, 308c, and to 

illuminate a respective section 394a, 394b, 394c of a sample 390 to be imaged with a 

respective spectral band 308a, 308b, 308c of the plurality of separate spectral bands 308a, 

30 308b, 308c, wherein the optics arrangement 303 is further configured to form an 

10 
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interference signal 312 from a sample light comprising respective return - lights 309a, 

309b, 309c from respective sections 394a, 394b, 394c of the sample 390 illuminated by 

respective spectral bands 308a, 308b, 308c of the extended-source illumination 

pattern 307, and a reference light, and a detector 370 configured to receive the 

5 interference signal 312 for generating an image corresponding to the sections 394a, 394b, 

394c of the sample 390. 

[0056] In other words, an optical imaging device 300 may be provided. The optical 

imaging device 300 may include an optics arrangement 303, which for example may have 

an assembly of optical elements. The optics arrangement 303 may be configured to 

10 generate an extended-source illumination pattern (e.g. a sample light radiation) 307 for 

illuminating a sample 390 that is to be imaged. 

[0057] The extended-source illumination pattern 307 may include individual spectral 

bands 308a, 308b, 308c separate from each other. By "separate", it is meant that the 

plurality of spectral bands 308a, 308b, 308c may be distinct from each other and 

15 respective spectral bands 308a, 308b, 308c may propagate through different Optical paths. 

Further, this means that respective portions of the extended-source illumination 

pattern 307 may be defined by respective spectral bands 308a, 308b, 308c. There may be 

spatial overlapping among spectral bands 308a, 308b, 308c. Further, by "separate", it 

does not necessarily mean that the plurality of spectral bands 308a, 308b, 308c may be 

20 discontinuous spectrally or spatially. 

[0058] In various embodiments, the entire extended-source illumination pattern 370 

generated may illuminate the sample 390 at any one time. This may mean that the 

plurality of separate spectral bands 308a, 308b, 308c may simultaneously illuminate the 

sample 390 such that the respective sections 394a, 394b, 394c of the sample 390 may be 

25 illuminated by the respective spectral bands 394a, 394b, 394c at at least substantially 

similar time or simultaneously. 

[0059] The optics arrangement 303 may be further configured to illuminate a respective 

section 394a, 394b, 394c of the sample 390 to be imaged with a respective spectral 

band 308a, 308b, 308c of the plurality of separate spectral bands 308a, 308b, 308c. For 

30 example, as shown in FIG. 3A, the spectral band 308a may illuminate section 394a of the 

sample 390, the spectral band 308b may illuminate section 394b, while the spectral 
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band 308c may illuminate section 394c. As a non-limiting example, the extended-source 

illumination pattern 307 may illuminate the sample in the form of a line illumination 

pattern 392. A return light 309a, 30b, 309c may be induced or generated from each 

section 394a, 394b, 394c of the sample 390 resulting from interaction between the 

5 respective spectral bands 308a, 308b, 308c of the extended-source illumination 

pattern 307 and the respective sample sections 394a, 394b, 394c. For example, a return 

light 309a may originate from the sample section 394a. Each return light 309a, 30b, 309c 

may include information associated with the respective sample sections 394a, 394b, 394c 

illuminated by the respective spectral bands 308a, 308b, 308c. It should be appreciated 

10 that the term "section" in relation to a sample may include a point on the sample. 

[0060] The optics arrangement 303 may be further configured to form an interference 

signal (or a spectral interference signal) 312 from a sample light including respective 

return lights 309a, 309b, 309c from respective sections 394a, 394b, 394c of the 

sample 390 illuminated by respective spectral bands 308a, 308b, 308c of the extended-

15 source illumination pattern 307, and a reference light. For example, a light (e.g. a 

reference light radiation) may be reflected from a reference point or plane (e.g. by means 

of a reflector or a mirror) to form a reference light. In various embodiments, the sample 

light may originate from a sample arm (S) or a sample optical path while the reference 

light may originate from a reference arm (R) or a reference optical path, where the 

20 sample arm (S) and the reference arm (R) may define an interferometer or an 

interferometric arrangement. In various embodiments, the reference light may interfere 

with the sample light by means of the interferometric arrangement to form the 

interference signal 312. The interference signal 312 therefore may be an interferometric 

signal. 

25 [0061] The interference signal 312 may include a signal resulting from interference 

between the sample light and the reference light, which may be used for generating an 

image of the sample 390. It should be appreciated that constructive interference and/or 

destructive interference between the sample light and the reference light may carry 

information which may be used for generating the image. Further, it should be 

30 appreciated that for a spectral interference or spectral domain OCT (SD-OCT) device, the 

path length difference between the sample light and the reference light may be large. 
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[0062] The optical imaging device 300 may further include a detector 370 configured to 

receive the interference signal 312 so as to form an image of the. sections 394a, 394b, 

394c of the sample 390. The detector 370 may obtain from the interference signal 312 

spectral information associated with respective sample sections 394a, 394b, 394c 

5 illuminated by respective^spectral bands 308a, 308b, 308c. 

[0063] In the context of various embodiments, the term "extended-source" may mean a 

source with an angular subtense, a, more than the minimum angular subtense, ovm, 

where amjn -= 1.5 mrad. Accordingly, an extended-source illumination pattern may mean 

an illumination pattern that may subtend an angle at a sample (e.g. eye) greater than the 

10 minimum angular subtense, fa, of 1.5 mrad. In other words, an extended-source 

illumination pattern, with respect to a sample,- may provide an angular subtense, a, of 

more than 1.5 mrad (i.e. a> 1.5 mrad). In various embodiments, angular subtense maybe 

defined as (diameter of source /100 mm). 

[0064] In the context of various embodiments, the extended-source illumination 

15. pattern 307 may provide an illumination pattern other than a spot illumination, which is a 

small-source as a-spot source or a point source has a typical angular subtense much 

smaller than 1.5 mrad (amjn). 

[0065] In the context of various embodiments, the extended-source illumination 

pattern 307 may include but not limited to a line illumination pattern, a square 

20 illumination pattern, or a rectangular illumination pattern. 

[0066] In the context of various embodiments, the extended-source illumination 

pattern 307 may penetrate into the bulk or depth of the sample 390, meaning that the 

extended-source illumination pattern 307 may provide sub-surface illumination. 

[0067] In various embodiments, the optics arrangement 303 may include an optical 

25 element (D) configured to generate the extended-source illumination pattern 307. The 

optical element may be arranged to receive a light and to generate the extended-source 

illumination pattern 307 from the light received. For example, the light may be a small 

source (e.g. a spot source), which may be shaped by the optical element to generate the 

extended-source illumination pattern 307. In this way, the radiation spectrum of the small 

30 source may be spread by the optical element to generate the extended-source illumination 
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pattern 307, for example in the form,of a line. As a non-limiting example, the optical 

element may be a diffraction grating. 

[0068] In various embodiments, the optical element may include a dispersive element. 

The dispersive element may include at least one of a refractive element (e.g. a prism) or a 

5 diffractive element (e.g. a grating). 

[0069] In various embodiments, the optics arrangement 303 may be further configured to 

scan the extended-source illumination pattern 307 across at least a portion of the 

sample 390. The optics arrangement 303 may include a scanning device (SC) that may be 

movable to scan the extended-source illumination pattern 307 across at least a portion of 

10 the sample 390. The scanning device may act as a light director, and may be arranged to 

re-direct the extended-source illumination pattern 307 towards the sample 390, for 

example by way of reflection. The scanning device may include a mirror or a reflector to 

reflect light. 

[0070] For example, by scanning the extended-source illumination pattern 307 across at 

15 least a portion of the sample 390, a first group of sections of the sample 390 may be 

illuminated and then scanning of the extended-source illumination pattern 307 may be 

carried out to illuminate a second group of sections of the sample 390. It should be 

appreciated that some sections of the first group of sections may overlap with some 

sections of the second group of sections. This may mean that some sections 394a, 394b, 

20 394c may be illuminated during the scanning process, possibly with a different spectral 

band 308a, 308b, 308c during each scan or illumination of the same section at different 

scanning times. 

[0071] In various embodiments, the optics arrangement 303 may include a collimation 

lens configured to produce a collimated light from which the extended-source 

25 illumination pattern 307 may be generated. 

[0072] In various embodiments, the optics arrangement 303 may include a beam splitter 

arranged to receive and split a light into a first light from which the extended-source 

illumination pattern 307 may be generated, and a second light from which the reference 

light may be derived. This may mean that the sample light may be derived from the first 

30 light produced by the beam splitter. In various embodiments, the collimation lens may be 

arranged to receive the first light from the beam splitter and to produce the collimated 
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light from which the extended-source illumination pattern 307 may be generated. In the 

context of various embodiments, the sample light and the reference light may interfere at 

the beam splitter to form the interference signal 312. 

[0073] In the context of various embodiments, the optics arrangement 303 may include a 

5 relay optics assembly optically coupled to the extended-source illumination pattern 307. 

The extended-source illumination pattern 307 may propagate through the relay optics 

assembly. The relay optics assembly may interact with the extended-source illumination 

pattern 307, for example the relay optics assembly may manipulate or act on the 

extended-source illumination pattern 307. For example, the relay optics assembly may 

10 focus and collimate the plurality of separate spectral bands 308a, 308b, 308c of the 

extended-source illumination pattern 307. In this way, an intermediate or apparent source 

source may be generated. 

[0074] In various embodiments, the optics arrangement 303 may include a beam splitter 

arranged to receive and split light corresponding to the extended-source illumination 

15 pattern 307 into a first portion for illuminating the respective sections 394a, 394b, 394c 

of the sample 390, and a second portion from which the reference light may be derived. 

In the context of various embodiments, the sample light and the reference light may 

interfere at the beam splitter to form the interference signal 312. 

[0075] In various embodiments, the optics arrangement 303 may include focusing optics 

20 (e.g. having at least an objective lens) for focusing the extended-source illumination 

pattern 307 onto a focal plane on the sample 390 corresponding to the sections 394a, 

394b, 394c of the sample 390. 

[0076] In various embodiments, the detector 370 may include a grating arranged to 

spectrally disperse the interference signal 312. 

25 [0077] In the context of various embodiments, the detector 370 may be a spectrometer. 

[0078] In the context of various embodiments, the detector 370 may include a detecting 

element such as a camera (e.g. a line camera). 

[0079] In various embodiments, the optical imaging device 300 may further include a 

processor configured to obtain information (e.g. spectral information) corresponding to 

30 the sections 394a, 394b, 394c of the sample 390 from the interference signal 312 for 

generating the image corresponding to the sections 394a, 394b, 394c of the sample 390. 
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The processor may be configured to obtain, from the interference signal 312, .information 

corresponding to the respective section 394a, 394b, 394c of the sample 390 imaged with 

the respective spectral band 308a, 308b, 308c, and to interpolate the obtained information 

in time domain to obtain information corresponding to the respective section 394a, 394b, 

5 394c for a subsequent spectral band adjacent (e.g. immediately adjacent) to the respective 

spectral band 308a, 308b, 308c. In the context of various embodiments, the processor 

may be configured to perform Fourier transform on the interference signal 312. 

[0080] In various embodiments, the optical imaging device 300 may further include a 

light source (LS), wherein the optics arrangement 303 may be configured to generate the 

10 extended-source illumination pattern 307 based on a light produced by the light source. 

As a non-limiting example, the light source may be a diode laser source. 

[0081] In the context of various embodiments, the extended-source illumination 

pattern 307 may be an oblong illumination pattern. This may mean that the extended-

source illumination pattern 307 may have a shape or form elongated in one direction, 

15 e.g. a rectangular illumination pattern. In various embodiments, the extended-source 

illumination pattern 307 may be a line (linear) illumination pattern. 

[0082] In the context of various embodiments, the extended-source illumination 

pattern 307 may have a length with a corresponding angular dimension that is more than 

1.5 mrad (i.e. > 1.5 mrad). For example, the extended-source illumination pattern 307 

20 may have a length with a corresponding angular dimension >1.5 mrad, and a width with 

a corresponding, angular dimension < 1.5 mrad. 

[0083] In the context of various embodiments, the optical imaging device 300 may be an 

optical coherence tomography (OCT) device. As an extended-source illumination 

pattern 307 is provided onto a sample 390, the OCT device may be an extended-source 

25 OCT. Further, as information associated with respective sample sections 394a, 394b, 

394c may be encoded in terms of wavelengths (spectral), accordingly, the optical imaging 

device 300 may be an extended-source spectral domain OCT device. 

[0084] FIG. 3B shows a flow chart 340 illustrating a method for imaging a sample, 

according to various embodiments. 

30 [0085] At 342, an extended-source illumination pattern is generated, where the extended-

source illumination pattern includes a plurality of separate spectral bands. 

16 
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[0086] At 344, a respective section of a sample to be imaged is illuminated with a 

respective spectral band of the plurality of separate spectral bands. 

[0087] At 346, an interference signal is formed from a sample light including respective 

return lights from respective sections of the sample illuminated by respective spectral 

5 bands of the extended-source illumination pattern, and a reference light. 

[0088] At 348, an image corresponding to the sections of the sample is generated based 

on the interference signal. ....._ 

[0089] The method may further include scanning the extended-source illumination 

pattern across at least a portion of the sample. 

10 [0090] In various embodiments, a collimated light may be provided or generated, and the 

extended-source illumination pattern may be generated from the collimated light. In other 

words, a collimated light may be employed to generate the extended-source illumination 

pattern. 

[0091] In various embodiments, a light may be received, for example from a light source, 

.15 and the light may be split into a first light from which the extended-source illumination 

pattern may be generated, and a second light from which the reference light may be 

derived. 

[0092] In various embodiments, the plurality of separate spectral bands of the extended-

source illumination pattern may be focused and collimated. This may generate an 

20 apparent or intermediate light source for illuminating the sample. 

[0093] In various embodiments, light corresponding to the extended-source illumination 

pattern may be split into a first portion for illuminating the respective sections of the 

sample, and a second portion from which the reference light may be derived. 

[0094] In various embodiments, the method may further include focusing the extended-

25 source illumination pattern onto a focal plane on the sample corresponding to the sections 

of the sample. , 

[0095] In various embodiments, the interference signal may be spectrally dispersed. This 

may be earned out prior to .generating the image corresponding to, the sections of the 

sample. 

30 [0096] In, various embodiments, at 348, for generating the image, information 

corresponding to the sections of the sample may be obtained from the interference signal. 
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This may include obtaining, from the interference signal, information corresponding to 

the respective section of the sample imaged with the respective spectral band, and 

interpolating the obtained information in time domain to obtain information 

corresponding to the respective section for a subsequent spectral band adjacent to the 

5 respective spectral band. In various embodiments, a Fourier transform may be performed 

^ on the interference signal to obtain the information. 

[0097] In various embodiments, the extended-source illumination pattern may be an 

oblong illumination pattern, e.g. a line illumination pattern. The extended-source 

illumination pattern may have a length with a corresponding angular dimension that is 

10 more than 1.5 mrad (i.e. >1.5 mrad). 

[0098] While the method described above is illustrated and described as a series of steps 

or events, it will be appreciated that any ordering of such steps or events are not to be 

interpreted in a limiting sense. For example, some steps may occur in different orders 

and/or concurrently with other steps or events apart from those illustrated and/or 

15 described herein. In addition, not all illustrated steps may be required to implement one 

or more aspects or embodiments described herein. Also, one or more of the steps depicted 

herein may be carried out in one or more separate acts and/or phases. 

[0099] Various embodiments may also provide a method for generating an image with 

diffraction limited lateral resolution and coherence length limited axial resolution using 

20 the optical imaging device described herein. The method may include scanning an 

extended-source illumination pattern across an area of a sample such that respective 

sections (or points) of the sample in the area to be imaged are illuminated by an entire 

spectrum corresponding to the extended-source illumination pattern, and performing a 

spectral signal remapping algorithm to extract an entire interference spectrum 

25 corresponding to a section of the respective sections of the sample for generating an 

image corresponding to the area of the. sample, wherein the interference spectrum is 

formed from a return light from the section of the sample and a reference light. It should 

be appreciated that the spectral signal remapping algorithm may be carried out to extract 

the entire interference spectrum corresponding to any section of the sample in the area to 

30 be imaged. 
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[0100] Various embodiments may also provide a method for generating images with 

diffraction limited lateral resolution and coherence length limited axial resolution based 

on the optical imaging device described herein. The method may include a mechanism 

that may scan the extended-source (or an extended-Source illumination pattern) so that all 

5 the points (or sections) of a sample (e.g. a tissue sample) in the imaged area may be 

illuminated by entire spectrum of the light source, and a spectral signal remapping 

algorithm to extract the entire interference spectrum corresponding to any point of the 

sample in the imaged area. 

[0101] A sample light radiation focusing scheme, a sample light radiation scanning 

10 method, and a signal mapping method may be provided for the device or system of 

various embodiments. 

[0102] In the existing SD-OCT technology, a small source (angular subtense 

a<1.5 mrad) is used as the sample light radiation field. Normally, it is apoint source of a 

laser diode or a single mode fiber pinhole. However, for various embodiments, the 

15 sample light radiation field (apparent source as defined in IEC 60825) is modified to a 

linear source (angular subtense a >1.5 mrad), so that the apparent source for the SD-OCT 

device of various embodiments qualifies as an extended source according to the safety 

regulations such as IEC 60825-1. In other words, an extended source is employed for the 

device of various embodiments. 

20 [0103] The sample light radiation focusing scheme of various embodiments will now be 

described by way of the following non-limiting examples. 

[0104] FIG. 4A shows a schematic view of an optical imaging device 400a, according to 

various embodiments. The optical imaging device 400a may be an extended-source SD-

OCT device. The optical imaging device 400a includes a light source (LS) 402 which 

25 may provide a light 404, for example in the form of a small-source, to a beam 

splitter 406. The beam splitter 406 may split the light 404 into two 403, 410, which are 

respectively provided to a sample arm (S) 420 and a reference arm (R) 450 of the optical 

imaging device 400a. Light 403 may be collimated by a collimation lens (LI) 422, which 

then passes through a dispersive element (D) 430. The dispersive element (D) 430 may 

30 include prism(s), grating(s) or other dispersive component(s). The dispersive element 

(D) 430 may spread the radiation or light spectrum of the small source (light 403) to an 
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extended-source, e.g. a line or linear source 436. In details, the dispersive element 

(D) 430 may generate an extended-source illumination pattern 407 from the light 403. As 

a result of passing through the dispersive element (D) 430, spectral bands making up the 

extended-source illumination pattern 407 may become separate from each other. As 

5 shown in FIG. 4A, the illustrated extreme spectral bands 408a, 408b are separate from 

each other. A relay optics assembly having relay optics lens (L3 and L4) may be provided 

such that the lens L3 432 may focus the plurality of spectral bands, including spectral 

bands 408a, 408, to form an intermediate or apparent linear source 436, which is then 

collimated by the lens L4 434. The spectral bands, including bands 408a, 408b, may then 

10 be directed by a beam scanner or a scanning device (SC) 426 towards a sample (e.g. a 

tissue sample) 490 to be imaged, forming a line illumination 492 at the sample 490. Light 

radiation at a given point within the line 436 may have a narrow spectral line width. The 

center wavelength and the line width at a given point in the linear source 436 may be 

determined by the dispersive property of the dispersive element (D) 430 and the focusing 

15 power of the relay lens L3 432. The linear source 436 may be located at a plane 

conjugated with the sample 490, so that on the sample 490, the illumination light 

radiation field may also be a line. 

[0105] An objective lens (L2) 424 may be arranged to focus the extended-source 

illumination pattern 407 including the spectral bands towards a focal plane on the 

20 sample 490. Respective spectral bands of the extended-source illumination pattern 407 

may illuminate respective sections of the sample along the line illumination 492. The 

scanning device (SC) 426 may be moved, for example in directions represented by the 

arrow 427, during the scanning process so as to scan different parts of the sample 490 so 

that a two or three-dimensional image of the sample 490 may be formed. -

25 [0106] Interaction between respective spectral bands and the respective sample sections 

result in respective return lights being generated. Each return light may include light 

reflected and/or light scattered from the sample section. Respective return lights, for 

example 409a, 409b, may propagate through at least substantially similar optical paths as 

for the respective spectral bands, but in an opposite direction, through the objective lens 

30 (L2) 424, the scanning device (SC) 426, the relay optics lens L4 434 and L3 432, the 
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dispersive element (D) 430 and the lens LI 422 towards the beam splitter 406 to define a 

sample light 405. 

[0107] In the reference arm (R) 450, light 410 may propagate through a pair of lens, for 

example a collimation lens 452 which may collimate the light 410, and a focusing 

5 lens 454 which may then focus the collimated light onto a reference mirror (RM) 460. 

Light 410 incident on the reference mirror 460 is reflected by the reference mirror 460, 

which then propagates through the collimation lens 452 and the focusing lens 454 

towards the beam splitter 406 to define a reference light 411. 

[0108] At the beam splitter 406, the sample light 405 and the reference light 411 may 

10 interfere with each other or may be combined to form an interference signal 412 to be 

received by a spectrometer 470 acting as a detector. The spectrometer 470 may include a 

grating 472 to spectrally disperse the interference signal 412, which is then collimated by 

a collimation lens 474 prior to being detected or captured by a detecting element 476, e.g. 

a camera. 

15 [0109] Processing may be carried out to obtain spectral information corresponding to the 

sample 490 illuminated by the extended-source illumination pattern 407 from the 

interference signal 412. 

[0110] According to the safety regulations defined in IEC 60825, for the determination of 

MPE for non-circular sources, the value of the angular subtense, a, of a linear source may 

20 be determined by an arithmetic mean of the two angular dimensions (e.g. height and 

width) of the source. Any angular dimension that is greater than amax or less than amm 

shall be limited to a^x or amin respectively, prior to calculating the arithmetic mean. For 

extended-source SD-OCT, the angular subtense of the linear source 436 along the X 

dimension (horizontal direction as indicated in FIG. 4A), ax, is less than amm (i.e. «x < 

25 ctmin), such that ax = «min, while the angular subtense of the linear source 436 along the Y 

dimension (vertical direction indicated in FIG. 4A), ay, is more than amm (i.e. ay > amm), 

such that the angular subtense, a, of the linear source 436 may be as defined below: 

a • = V2 {ax + ay) 

V2 (amm ay) 

30 > «min (Equation 5). 
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[0111] Based on Equation 4, the correction factor C6 for the linear source is Cs > 1, while 

for a small source, C6 = 1. Therefore, the correction factor Ce for extended-source SD-

OCT of various embodiments may be larger than that of small-source SD-OCT. 

[0112] As a non-limiting example, if the Y dimension of the linear source 436 is about 
i 

5 0.5 mm, the angular subtense, ay, along the Y direction is (0.5 mm / 100 mm) = 50 mrad, 

because the angular subtense is determined at a point not less than 100 mm from the 

apparent source (or at the exit window or lens of the product or device if the apparent 

source is located at a distance greater than 100 mm within the window or lens), as defined 

in IEC 60825. Based on Equation 5, the angular subtense, a, for the linear source is (a = 

10 lA (amin + ay) = Vi (1.5 mrad + 50 mrad) = 25.75 mrad). Based on Equation 4, C6 for the 

linear source 436 may be defined as (Cg = ala^ = 25.75 mrad / 1.5 mrad = 17.17) As C$ 

for small-source SD-OCT is 1, the MPE at the cornea for the extended-source SD-OCT is 

17.17 times higher than small-source SD-OCT. Given that a SD-OCT system is shot-

noise limited, the maximum sensitivity of an extended-source SD-OCT device or system 

15 may be 17.17 times or 12.5 dB higher than that of the small-source SD-OCT system. 

Examples of simulation results for a small-source source SD-OCT system and an 

extended-source source SD-OCT system are shown in FIGS. 5A and 5B. 

[0113] FIGS. 5A and 5B show plots 500a, 500b of simulation results for sensitivity 

(theoretical sensitivity) 502a, 502b as a function of reference reflectivity for a small-

20 source (SD-OCT) device and an extended-source SD-OCT device, respectively. Also 

shown in FIGS. 5A and 5B are results 504a, 504b for shot noise, results 506a, 506b for 

detector noise and results 508a, 508b for "excess noise". 

[0114] For both cases of the small-source (SD-OCT) and extended-source SD-OCT 

devices, maximum sensitivity may be achieved at the camera saturation level, as 

25 represented by 510a, 510b. Camera parameters (e.g. corresponding to the detecting 

element 476) may be obtained from the specifications of E2V AVIIVA EM4 BA9. The 

light power on the sample is about 600 uW for small-source SD-OCT and about 10.698 

mW for extended source SD-OCT. The exposure time is about 50 p.sec. The spectrometer 

efficiency is about 0.5 and the grating efficiency corresponding to the grating 472 is 

30 about 0.7. 
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[0115] Another way to understand the sensitivity advantage of extended-source SD-OCT 

over small-source SD-OCT is as described below. Assuming that the total Y-direction 

scanning range is about 6 mm and 1024 A-lines are acquired per scan, the effective 

exposure time of extended-source SD-OCT is 6mm/0.5mmxl024 = 83 times larger than 

5 that of small-source SD-OCT. According to Equation 1, the MPE for extended-source 

SD-OCT may be 83° 75 = 28 times larger than that of small source SD-OCT, which means 

an approximately 14.5 dB sensitivity increase. 

[0116] FIG. 4B shows a schematic view of an optical imaging device 400b, according to 

various embodiments. The optical imaging device 400b may be an extended-source SD-

10 OCT device, for example a line-source SD-OCT device. The optical imaging device 400b 

may be similar to the optical imaging device 400a, for example in terms of optical 

elements, optical arrangement and operation, except that the relay optics assembly having 

lens L3 and L4, as incorporated in the optical imaging device 400a, is not provided in the 

optical imaging device 400b. 

15 [0117] FIG. 4C shows a schematic view of an optical imaging device 400c, according to 

various embodiments. The optical imaging device 400c may be an extended-source SD-

OCT device, for example a line-source SD-OCT device. The optical imaging device 400c 

may be similar to the optical imaging device 400b, for example in terms of optical 

elements, optical arrangement and operation, except that another beam splitter (beam 

20 splitter 2) 438 is included in the path of the extended-source illumination pattern 407, 

from which the reference arm 450 may be formed, rather than formed from the beam 

splitter 406. In this way, by adding a second beam splitter 438 after the dispersive 

element (D) 430, the dispersion between the sample arm 420 and the reference arm 450 

may be at least substantially balanced. 

25 [0118] As described above, the geometiy of the source or the extended-source illumiation 

pattern 407 may be controlled or manipulated - at the sample arm 420 of the optical 

imaging devices 400a, 400b, 400c. 

[0119] In various embodiments, the source may be extended by a dispersive element 430 

from a point source to a line source to provide a line illumination patterm, and the 

30 illumination pattern on the sample 490 is a line. 
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[0120] In various embodiments,' by using the dispersive element 430 to generate an 

extended-source illumination pattern (e.g. line illumination pattern) 407, the return light 

signal 409a, 409b reflected by a given point of the sample 490 is encoded by a certain 

wavelength, so that at the detector (spectrometer 470), it may be possible to determine 

that a signal associated with a particular wavelength is from a particular point of the 

sample 490, rather than from any other points. By doing so, transverse resolution may be 

maintained for the line illumination pattern. 

[0121] An extended-source illumination pattern may also be created by using a slit or a 

cylindrical lens, which may generate a line illumination pattern. However, there may be a 

degradation of transverse resolution along the direction of the line illumination generated 

by a slit Or a cylindrical lens as, when collected using a single mode fiber, once inside the 

single mode fiber (integration over all the points), it is not possible to differentiate which 

photon is from which location in the line illumination. 

[0122] The sample light radiation scanning method of various embodiments will now be 

described by way of the following non-limiting examples. At a given point O (xi, yi, zi) 

on a tissue sample that is illuminated by a sample light radiation, for small-source SD-

OCT, the entire available wavelengths in the spectrum of the sample light radiation is 

directed, to point O at the same time. In contrast, in extended-source SD-OCT, at a given 

time point, only a portion of the spectrum of the sample light radiation is directed to point 

O for a tissue sample, so that the irradiance at point O may be lower than that of small-

source SD-OCT. and therefore safer. 

[0123] FIG. 6 shows, as schematic views, scanning of a sample (e.g. tissue sample) 490 

at various scanning times of a sample light radiation scanning method, according to 

various embodiments for extended source SD-OCT. As shown by the schematic 

diagram 600a, at Time 1, the sample light radiation (illumination pattern) may provide an 

extended-source illumination, for example a line illumination pattern 492a, on the 

sample 490, where different spectral bands of the sample light radiation may be directed 

to different parts or points on the line 492a on the sample 490. For clarity and ease of 

understanding, only three spectral bands 408a, 408b, 408c having lights with respective 

center wavelengths Xos, ^oi, and Xos of the sample light radiation are shown in FIG. 6. 

For example, spectral band light 408b having a center wavelength /-oi may be directed 
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towards the sample 490 at point O, indicated by 694, to illuminate that portion of the 

sample 490 at Time 1. The beam scanner (SC) 426 may then be operated to scan the 

sample light radiation, thereby shifting the line illumination pattern 492a for scanning of 

the sample 490 at Time 2, Time 3, Time 4 and so on. Based on the beam scanner 

5 scanning direction indicated in FIG. 6, for example, as shown by the schematic 

diagram 600b, at Time 3, a line illumination pattern 492b may be directed onto the 

sample 490, where the line illumination pattern 492b is equivalent to the line illumination 

pattern 492a at Time 1 but shifted to the left. At Time 3, spectral band light 408c having a 

center, wavelength X05 may be directed towards the same point O 694. Therefore, in 

10 various embodiments for an extended-source SD-OCT device, the center wavelength, at a 

particular point of the sample 490, such as point O 694 (Ao 1,2,3..-n, n = number of pixels 

of the line scan camera), sweeps as a function of time when the beam scanner (SC) 426 

scans the sample light radiation along the direction of the linear source or line 

pattern 492a, 492b, as illustrated in FIG. 6. In this way, different spectral bands of the 

15 sample light radiation may illuminate a particular point or region of the sample 490 at 

different times. 

[0124] For any given spectral band, since the spectral line width is small, the lateral spot 

size (or lateral resolution) may be diffraction limited. 

[0125] The signal mapping method or spectral signal remapping method will now be 

20 described by way of the following non-limiting examples. 

[0126] In an extended-source SD-OCT device, different spectral bands arrive, for 

example at point O (694, FIG. 6), as a function of time instead of simultaneously in the 

case of a small-source SD-OCT device. Therefore, spectral signal or information acquired 

by the detector (e.g. spectrometer 470, FIGS 4A to 4C) for point O may need to be 

25 remapped in time domain so as to obtain the correct axial profile associated with the 

section of the sample corresponding to point O. With regard to point O, the exact arrival 

time of each wavelength associated with a respective spectral band may be calculated 

based on the parameters of the dispersive element D (e.g. 430, FIGS 4A to 4C), the relay 

optics (e.g. L3 lens 432 and L4 lens 434, FIG. 4A), and the beam scanner (e.g. SC 426, 

30 FIGS 4A to 4C) angular position. The spectral data acquired- by the detector may be 
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remapped according to the calculated arrival time of each wavelength to obtain the entire 

interference spectrum corresponding to point O of the sample. 

[0127] FIG. 7 shows a schematic representation 700 of a spectral signal remapping 

algorithm, according to various embodiments.. The representation 700 illustrates a method 

5 of nearest-point interpolation employed-for remapping the spectral signal. In FIG. 7, the 

acronyms "ET" and "LP" refer to exposure time and camera acquisition line period 

respectively. The spectral data may be acquired as a function of time (e.g. Time 1, 2, 

3...). Each horizontal array (e.g. 701, 702, 703) represents a spectrum acquired at a given 

time using the spectrometer. As examples, the horizontal array 701 represents a spectrum 

10 acquired at Time 1, the horizontal array 702 represents a spectrum acquired at Time 2, 

while the horizontal array 703 represents a spectrum acquired at Time 3. Each cell 

(e.g. 711, 712, 713, 714, 715) of a horizontal array 701, 702, 703 represents data from 

each pixel of the line camera of the spectrometer. The black cells in the horizontal 

arrays 701, 702, 703 represent the spectral data originating from point O. 

15 [0128] Referring to FIGS. 6 and 7, at Time 1, the spectral band with the center 

wavelength A,QI is dwelling right at point O 694 of the sample 490 so as to illuminate 

point O 694, so that the first pixel of the spectral data acquired at Time 1 is the first pixel 

of the spectral data for point O 694. As shown in FIG. 6, At Time 1, spectral data, 

associated with the spectral band having a center wavelength /-o), originating from point 

20 O 694, may be provided on Pixel 1 711 of the camera of the detector. Further, for a 

spectral band having a center wavelength X02, the calculated arrival time may be between 

two acquisitions at Time 1 and Time 2, and the spectral data corresponding to point 

O 694 may be obtained through interpolating adjacent spectral data, such as the spectral 

data associated with the center wavelength A.pi, in time domain, and provided on Pixel 2 

25 712. At the same time, specUal data originating from other points or sections of the 

sample may be provided on other pixels, e.g. Pixel 3 713. At Time 2, spectral data, 

associated with a spectral band having a center wavelength X.03, originating from point O 

may be provided on Pixel 3 713. Spectral data for a spectral band having a center 

wavelength X04 corresponding to point O 694 may be obtained through interpolating the 

30 spectral data associated with the center wavelength A.03, in time domain, and provided on 

Pixel 4 714. At Time 3, spectral data, associated with a spectral band having a center 
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wavelength A,05, originating from point O may be provided on Pixel 5 715. The obtained 

spectral data may then be interpolated to obtain data associated with a center 

wavelength ^06-

[0129] For point O 694, entire interference spectrum corresponding to point O 694 of the 

5 sample 490 may be extracted based on the algorithm described in the context of FIGS. 6 

and 7, so that the axial profile at point O 694 may be obtained by Fourier transforming 

the extracted inferference spectrum after linearization in optical frequency space. As the, 

optical signal of the entire spectrum of the light source originating from point O 694 is 

used to generate the axial line profile, the axial resolution is only limited by the 

10 coherence length of the light source. 

[0130] As the optical signal of any given spectral band originating from point O 694 may 

be diffraction limited in the lateral direction, after Fourier transform, the lateral resolution 

may be diffraction limited. 

[0131] Spectral remapping may be carried out using an image phantom with a straight 

15 line, such as based on a United States Air Force resolution standard. Results obtained 

using USAF (United States Air Force) 1951 resolution standard will now be described. 

[0132] FIG. 8A shows a diagram illustrating a spectral remapping approach or method. 

The left diagram 800a illustrates a B-scan (brightness scan) frame obtained by extended-

source scanning. The left diagram 800a shows different triangles occupying different 

20 parts of the spectrum. For example, the triangle 802 occupies a red portion of the 

spectrum, the triangle 804 occupies a yellow-green portion, while the triangle 806 

occupies a blue portion. Cross-correlation may be carried out, resulting in the different 

triangles 802, 804, 806 being at least substantially aligned, as illustrated in the right 

diagram 800b, to form an image. 

25 [0133] FIG. 8B shows a diagram 810 of the DC component of one B-scan frame of a 

resolution chart based on the resolution standard. The diagram 810 illustrates a spectral 

frame composed of 812 A-lines acquired in a B-mode scan, in which the horizontal axis 

is the time or number of A-line, and the vertical axis is the wavelength. The strips (some 

of which represented by 812, 814, 816,-818) represent the metal-coated high reflective 

30 pattern of the resolution standard. A spectral remapping vector may be obtained by 
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performing cross-correlation analysis. The spectral frame illustrated in FIG. 8B after 

remapping is shown as diagram 820 in FIG. 8C. 

[0134] FIG. 9 shows a cross-sectional image 900 of the resolution chart obtained by 

Fourier Transforming of the spectral remapped B-scan frame of FIG. 8C. The cross-

5 sectional image 900 shows a representative cross-sectional image of the USAF 1951 

resolution target. 

[0135] Various embodiments, including the device or system, may be commercialized 

after confirmatory' safety validation. Although various embodiments conform to the 

safety standard set by ANSI Z136 in the United States and EEC 60825-1 internationally, 

10 confirmatory safety validation may be needed to obtain FDA (US Food and Drag 

Administration) approval. 

[0136] Technically, as illustrated in FIGS. 4A to 4C, commercial applications of various 

embodiments may require minimal hardware and software modification to existing 

commercial products, so that in principle almost all the existing SD-OCT units may be 

15 directly modified without major reconstruction. 

[0137] SD-OCT products have substantially or totally replaced TD-OCT products mainly 

because SD-OCT offers approximately 20-30 dB sensitivity advantage over TD-OCT. As 

described above, various embodiments may be capable of enhancing sensitivity of 

existing SD-OCT technology by more than approximately 10 dB. Therefore, the 

20 commercial potential of various embodiments may be enormous. 

[0138] While the invention has been particularly shown and described with reference to 

specific embodiments, it should be understood by those skilled in the art that various 

. changes in form and detail may be made therein without departing from the spirit and 

scope of the invention as defined by the appended claims. The scope of the invention is 

25 thus indicated by the appended claims and all changes which come within the meaning -

and range of equivalency of the claims are therefore intended to be embraced. 

28 
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CLAIMS 

1. An optical imaging device comprising: 

an optics arrangement configured to generate an extended-source illumination 

5 pattern comprising a plurality of separate spectral bands, and to illuminate a respective 

section of a sample to be imaged with a respective spectral band of the plurality of 

separate spectral bands, 

wherein the optics arrangement is further configured to form an interference 

signal from a sample light comprising respective return lights from respective sections of 

10 the sample illuminated by respective spectral bands of the extended-source illumination 

pattern, and a reference light; and 

a detector configured to receive the interference signal for generating an image 

corresponding to the sections of the sample. 

15 2. The optical imaging device as claimed in claim 1, wherein the optics arrangement 

comprises a dispersive element configured to generate the extended-source illumination 

pattern. 

3. The optical imaging device as claimed in claim 2, wherein the dispersive element 

20 comprises at least one of a prism or a grating. 

4. The optical imaging device as claimed in any one of claims 1 to 3, wherein the 

optics arrangement comprises a scanning device being movable to scan the extended-

source illumination pattern across at least a portion of the sample. 

25 ' 

5. The optical imaging device as claimed in any one of claims 1 to 4, wherein the 

optics arrangement comprises a collimation lens configured to produce a collimated light 

from which the extended-source illumination pattern is generated. 

30 6. The optical imaging device as claimed in any one of claims 1 to 5, wherein the 

optics arrangement comprises a beam splitter arranged to receive and split a light into a 

29 
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first light from which the extended-source illumination pattern is generated, and a second 

light from which the reference light is derived. 

7. The optical imaging device as claimed in any one of claims 1 to 6, wherein the 

5 optics arrangement comprises a relay optics assembly optically coupled to the extended-

source illumination pattern. 

8. The optical imaging device as claimed in any one of claims 1 to 5, wherein the 

optics arrangement comprises a beam splitter arranged to receive and split light 

10 corresponding to the extended-source illumination pattern into a first portion for 

illuminating the respective sections of the sample, and a second portion from which the 

reference light is derived. 

9. The optical imaging device as claimed in any one of claims 1 to 8, wherein the 

15 optics arrangement comprises focusing optics for focusing the extended-source 

illumination pattern onto a focal plane on the sample corresponding to the sections of the 

sample. 

10. The optical imaging device as claimed in any one of claims 1 to 9, wherein the 

20 detector comprises a grating arranged to spectrally disperse the interference signal. 

11. The optical imaging device as claimed in any one of claims 1 to 10, further 

comprising a processor configured to obtain information corresponding to the sections of 

the sample from the interference signal for generating the image corresponding to the 

25 sections of the sample. 

12. The optical imaging device as claimed in claim 11, wherein the processor is 

configured: , . 

to obtain, from the interference signal, information corresponding to the 

30 respective section of the sample imaged with the respective spectral band; and 

30 

SUBSTITUTE SHEET (RULE 26) 



WO 2014/137290 PCT/SG2014/000101 

to interpolate the obtained information in time domain to obtain information 

corresponding to the respective section for a subsequent spectral band adjacent to the 

. respective spectral band. 

A" 

5 13. The optical imaging device as claimed in claim 11 or 12, wherein the processor is 

configured to perform Fourier transform on the interference signal. 

14. The optical imaging device as claimed in any one of claims 1 to 13, further 

comprising a light source, wherein the optics arrangement is configured to generate the 

10 extended-source illumination pattern based on a light produced by the light source. 

15. The optical imaging device as claimed in any one of claims 1 to 14, wherein the 

extended-source illumination pattern is an oblong illumination pattern. 

15 16. The optical imaging device as claimed in any one of claims 1 to 15, wherein the 

extended-source illumination pattern is a line illumination pattern. 

17. The optical imaging device as claimed in any one of claims 1 to 16, wherein the 

extended-source illumination pattern has a length with a corresponding angular. 

20 dimension that is more than 1.5 mrad. 

18. A method for imaging a sample, the method comprising: 

generating an extended-source illumination pattern comprising a plurality of 

separate spectral bands; , 

25 illuminating a respective section of a sample to be imaged with a respective 

spectral band of the plurality of separate spectral bands; 

forming an interference signal from a sample light comprising respective return 

lights from respective sections of the sample illuminated by respective spectral bands of 

the extended-source illumination pattern, and a reference light; and 

30 generating an image corresponding to the sections of the sample based on the 

interference signal. 
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19. The method as claimed in claim 18, further comprising scanning the extended-

source illumination pattern across at least a portion of the sample. 

5 20. The method as claimed in claim 18 or 19, further comprising providing a 

collimated light, 

wherein generating an extended-source illumination pattern comprises generating 

the extended-source illumination pattern from the collimated light. 

10 21. The method as claimed in any one of claims 18 to 20, further comprising: 

receiving a light; and 

splitting the light into a first light from which the extended-source illumination 

pattern is generated, and a second light from which the reference light is derived. 

15 22. The method as claimed in any one of claims 18 to 21, further comprising focusing 

and collimating the plurality of separate spectral bands of the extended-source 

illumination pattern. 

23. The method as claimed in any one of claims 18 to 20, further comprising splitting 

20 light corresponding to the extended-source illumination pattern into a first portion for 

illuminating the respective sections of the sample, and a second portion from which the 

reference light is derived. 

24. The method as claimed in any one of claims 18 to 23, further comprising focusing 

25 the extended-source illumination pattern onto a focal plane on the sample corresponding 

to the sections of the sample. 

25. The method as claimed in any one of claims 18 to 24, further comprising 

spectrally dispersing the interference signal. 

30 
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26. The method as claimed in any one of claims 18 to 25, wherein generating an 

image comprises obtaining information corresponding to the sections of the sample from 

the interference signal. 
f • • 

27. The method as claimed in claim 26, wherein obtaining information comprises: 

obtaining, from the interference signal, information corresponding to the -

respective section of the sample imaged with the respective spectral band; and 

interpolating the obtained information in time domain to obtain information 

corresponding to the respective section for a subsequent spectral band adjacent to the 

respective spectral band. 

28. The method as claimed in claim 26 or 27, wherein obtaining information 

comprises performing a Fourier transform on the interference signal. 

29. The method as claimed in any one of claims 18 to 28, wherein the extended-

source illumination pattern is an oblong illumination pattern. 

30. The method as claimed in any one of claims 18 to 29, wherein the extended-

source illumination pattern is a line illumination pattern. 

31. The method as claimed in any one of claims 18 to 30, wherein the extended-

source illumination pattern has a length with a corresponding angular dimension that is 

more than 1.5 mrad. 

32. A method for generating an image with diffraction limited lateral resolution and 

coherence length limited axial resolution using the optical imaging device as claimed in 

any one of claims 1-1.7, the method comprising: 

scanning an extended-source illumination pattern across an area of a sample such 

that respective sections of the sample in the area to be imaged are illuminated by an entire 

spectrum corresponding to the extended-source illumination pattern; and 
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performing a spectral signal remapping algorithm to extract an entire interference 

spectrum corresponding to a section of the respective sections of the sample for 

generating an image con-esponding to the area of the sample, wherein the interference 

spectrum is formed from a return light from the section of the sample and a reference 

5 light. 
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