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SYSTEM AND METHOD PARALLEL IMAGING OPTICAL COHERENCE
TOMOGRAPHY

CROSS REFERENCE TO RELATED APPLICATIONS

{000.1] The present application claims the benefit of priority to U.S Provisional Patent

Application No. 61/734,168 filed December 6, 0 12; the entirety of which is incorporated

herein by reference

STATEMENT OF GOVERNMENT INTEREST

0 2 This invention was made with government support under R.0 EB 00

awarded by National institutes of Hea h (NIH)-N ational Institute of Biomedical Imaging

and Bioengineerixig BIB) H e government has certain rights in the invention.

FIELD OF DISCLOSURE

0003] The present disclosure relates to tomography and more particularly to optica

coherence tomography providing multi-point illumination and parallel imaging of a

specimen or sample.

BACKGROUND OF THE DISCLOSURE

10004] Optical coherence tomography (OCT) is an emerging optical imaging technique

thai enables micron-scale, cross-sectional, a d three-dimensional (3D) imaging of

biological tissues in situ and in real-time. OCT functions as a type of "optical biopsy,"

imaging tissue microstracture with resol utions approaching that of standard

liistopathofogy, but without the need to remove and process tissue specimens.

Accordingly, OCT captures and digitiz.es visual images of tangible objects such as

biological tissue. The penetration depth of OCT is usually 1-2 m in biological tissues.

OCT has been use for a wide range of clinical and biomedical applications particularly

I



in humans and animals, including ophthalmology, cardiovascular imaging, endoscopy

imaging, cancer imaging, dental applications, and research imaging applications

[ 05] Most commercial OCT systems scan a single beam on samples to obtain two-

dimensional (2D) and three-dimensional (3D) tissue images. Imaging speeds for OCT,

characterized as number of A-scans (axial scans) per second, is limited by the line rate of

line-scan cameras for spectral-domain OCT (SD-OCT) or by the laser sweep rate for

swept-soutce OCT (SS-OCT). Frame rate for cross-sectional 2D-OCT and volume rate

for 3D-OCT are also determined by the speed of the beam scanning mechanism. Parallel

acquisition of OCT images using multiple imaging beams is a new approach intended to

achieve significant speed improvement in A-scasi rate, frame rate, as well as in volume

rate.

6 ] Full-field OCT (FF-OCT) has been developed to use a Linnik i erfero eter and

a 2 D digital camera to acquire OCT images. FF-OCT takes advantages of parallel

imaging by illuminating the entire sample region and detecting interference signals from

each sample location using a 2D camera. Although FF-OCT a demonstrated impressive

image resolution, imaging sensit ity is usually poor for FF-OCT due to incoherent

scattered light and pixel crosstalk. The sensitivity of an OCT system is inversely

proportional to incoherent scattered light level. Incoherent scattered light limits the

maximum usable power before th camera saturates and, hence, limits the detection

sensitivity. Line-scan OCT (LS-OCT) has been developed to utilize a line-field

illumination, rather than full-field illumination, in o der to reduce incoherent scattered

light and pixel crosstalk. As a result, LS-OCT enables the sensitivity to be increased by

over an order of magnitude compared to FF-OCT. However, incoherent scattered light

7



and pixel crosstalk in L O T are stil much higher compared to OC T using the

foregoing single beam approach

[0 07] An improved parallel sca ing and imaging system is desired.

SUMMARY OF INVENTION

(0008} An optical coherence tomography (OCT) system is disclosed herein which uses a

parallel imaging tnterferometric method to improve imaging speed over the foregoing

approaches.

(0009] n one embodiment, a parallel imaging optica! coherence tomography system

includes: a light source producing light; a scan unit receiving incident light from the light

source, the scan unit movable in a sca ni g motion and including a plurality of apertures

configured to divide the incident light into a plurality of light beams: and an

interferometer. The interferometer includes: a beam splitter receiving the plurality of

light beams from the scan unit and dividing each of the plurality of light beams into a

reference beam and a sampling beam; a reference arm including a reference mirror

receiving a plurality of reference beams from the bea spli tter and returning reflected

reference light signals to the beam splitter; and a sampling arm receiving a plurality of

sampling beams from the beam splitter and scanning the plurality of sampling beams

onto a sample. The beam splitter further receives and combines the reflected reference

light signals from the reference arm and reflected sampling light signals returned fro

the sample t generate an interference signal comprising an inte ferogranr based on the

reflected reference and sampling Sight signals. The interferometer further includes a

detector arm inciuding a detector configured to obtai the interference signal from the

beam splitter and generate a output signal convertible into a digitized image of the



sample. n one embodiment, the sca -unit is a spinning disk having a rotational scanning

motion. The apertures may be pinholes or other shaped openings.

[ 10 n another embodiment, a parallel imaging optical coherence tomography system

includes: a light source producing light; a scan unit recei ving incident light from the light

source and movable in a scanning pattern, the scan unit including: a collector disk

comprising a niicrolens array; and an aperture dis comprising a aperture array and

mounted on a common rotational axis w th the collector disk, the scan unit being

rotatab!e about the rotational axis and configured to transmit the incident light through

the niicrolens and aperture arrays and divide the incident light into a plurality of light

beams. The system further includes an interferometer including; a beam splitter

receiving the plurality of light beams from the spinning disk and dividing each o f the

plurality of light beams into a reference beam and a sampling beam; a reference arm

including a reference .mirror receiving a plurality of reference beams fro the beam

splitter and returning reflected reference light signals to the beam splitter: and a sampling

arm receiving a plurality of sampling beams rom the beam splitter and scanning the

plurality of sampling beams onto a sample. The bea splitter further receives and

combines the reflected reference light signals from the reference arm a d reflected

sampling light signals returned from the sample to. generate an interference signal

comprising an mierferogram based o the reflected reference and sampling light signals.

The interferometer further includes a detector arm including a detector configured to

obtain the interference signal from the bea splitter and generate an output signal

convertible into a digitized image of the sample.



{0011] A method for imaging a sample using a parallel imaging optical coherence

tomography system is provided. The method includes: providing an optical coherence

tomography system comprising a light source producing light, a scan unit, and

interferometer comprising a reference ar defining a first optical path and a sample arm

defining a second optical path; illuminating the sca unit with light from the light source;

movi g the sca unit in a scanning motion; transmitting the light through a plurality of

apertures its the scan u to form a plurality of light beams moving in the scanning

motion; splitting the plurality of ligh beams into a plurality of reference beams and a

plurality of sampling beams; transmitting the plurality of reference beams to the reference

arm, the reference arm including a reflecting mirror producing a reflected reference light

signals; transmitting the plurality of sampling light beams to the sample arm; scanning

the plurality of sampling beams onto a surface of a sample; combining the reflected

reference light signals from the reference ar and reflected sampling light signals

returned from the sample to generate an interference signal comprising an interferograra

based on the reflected reference and sampling light signals; detecting the interference

signal in a detector arm of the interferometer with a detector; and the detector generating

an output signal comprising the interferograra for conversion into a digitized image of the

sample.

BRIEF DESCRIPTION OF T E DRAWINGS

{00.12] The features of the preferred embodiments will be described with reference to

the following drawings where like elements are labeled similarly, and in which:

{00.13] FIG . 1 is a schematic diagram of a parallel imaging optical coherence

tomography (OCT) system including a spinning disk and interferometer;



[0014] FIG. 2 is a schematic diagram of a parallel imaging optical coherence

tomography (OCT) system including a dual spinning disk assembly with microienses and

interferometer;

{00 5] FIG. 3 is schematic diagram of the OCT system of FIG. 1 coupled wit an

optical fiber imaging probe;

[0016] FIG. 4 is a schematic diagram of the OCT system of FIG 2 coupled with an

optical fiber imaging probe; and

[0 ] FIG. 5 is a side cross-sectional view of a single microlens and aperture from the

dual spinning disk assembly of FIG. 2 showing light collection and transmittance paths

] drawings are schematic and not to scale .

DETAILED DESCRIPTION OF THE INVENTION

{0019] The fea tures and benefits of the invention are illustrated and described herein by

reference to preferred embodiments. Accordingly, the invention expressly should not be

limited to such preferred embodiments illustrating some possible non-limiting

combination of features that may exist alone or in other combinations of features; the

scope of the inventio being defined by the claims appended hereto. This description of

preferred embodiments is intended to be read in connection with the accompanying

drawings, which are to be considered part of the entire written description. The drawing

figures are not necessarily t scale and certain features ma be show exaggerated i

scale or in somewhat schematic form in the interest of clarity and conciseness.

Accordingly, size, thicknesses, and spacing of various layers of materials or structures

shown in the accompanying drawings are not limited to the relative sizes, thickoesses, or

spacing shown in the accompanying drawings.



00 0j n the description of embodiments disclosed herein, any reference to direction or

orientation s merely intended for convenience of description and is not intended in any

way to limit the scope of the present invention. Relative terms such as "lower," "tipper,"

"horizontal " "vertical,", "above." "below," " "down," "top" and "bottom" as. well as

derivative thereof (e.g., "horizontally," "downwardly ," "upwardly," etc.) should be

construed to refer to the orientation as then described or as shown in the drawing under

discussion. These relative terms are for convenience of description only and do not

require tha the apparatus be constructed or operated in a particular orientation. Terms

used herein to describe the physical relationship between various elements, features, or

layers such as "attached," ''affixed," "connected," "coupled," "interconnected," or similar

should be broadly construed to refer t a relationship wherein such elements, features, or

layers may be secured or attached to one another either directly or indirectly through

intervening elements, features, or layers, as well as both movable or rigid attachments or

relationships, unless expressly described otherwise. Similarly, the terra " when used

herein to describe the physical relationship between various elements, features, or layers

should be broadl construed to include contact between one another that is direct or

indirect through intervening -elements, features, or layers, unless expressly described

otherwise.

| | n various embodiments of the present invention disclosed herein, a parallel

imaging OCT system and related method are disclosed which utilize interferometry and a

movable mask comprised of patterned apertures such as pinholes to produce multi-point

illumination of the sample simultaneously with multiple imaging beams. Each imaging



beam is spatially separated by the pinholes thus significantly reducing incoherent

scattered light and pixel crosstalk, thereby improving imaging sensitivity for OCT.

[ 022 In one non-limiting embodiment, the mask can be rotated forming a spinning

scanning disk ("spinning disk") or otherwise translated to ensure the entire imaging area

is covered by the imaging or sampling beams. The spinning disk receives incident light

from a light source and divides the light to produce a plurality of imaging or sampling

beams which are simultaneously scanned on a sample to capture image signals. The

point illumination created through each pinhole produces a plurality of corresponding

scan lines or traces on the sample to be imaged. A spinning-disk OCT according to the

present disclosure achieves h gh imaging speed with parallel imaging while obtaining

high imaging sensitivity by reducing incoherent scattered light and pixel crosstalk.

23| Although the spinning disk technique has been use in eonfocal microscopes to

obtain reflectance and fluorescent images of bioiogicai samples, there are significant

limitations. Confbeal microscope provides 2D e face images of the sample. Although

D images can be obtained using eonfocal microscopes, serial 2D en face images of the

sample ee to be taken by translating (e.g. oscillating) the sample in the depth

dimension mechanically. This results in slow 3D imaging speed. Furthermore, it is not

always practical or possible to oscil late th sample particularly in medical imaging

applications for in vivo patient examination.

0024] Compared to a eonfocal microscope, spinning-disk OCT according to the present

disclosure can be used to obtain 3D structural and functional (e.g. Doppler OCT,

polarization sensitive OCT) images of the sample based on intrinsic contrast rather than

fluorescence labeling. With a Fourier-domain detection method, ac uisition of OCT



signals may be parallelized wit respect to imaging depth, resulting in fast 3D imaging

speed. A key difference between th present interferometer-based spinning disk OCT

system 0 an the confoeal microscope is that the present system utilizes light

interference (interleromeiry) to provide depth sectioning capability and to construct

tomography of the sample n some embodiments, the spinning-disk OC T can be used in

combination with a eonf ca microscope to provide multi-modal imaging of the samples.

( 025] FIG 1 is a schematic diagram of a parallel imaging spinning disk OCT system

100 according to the present disclosure. OCT system 1 0 includes a spinning disk 1

and interferometer 105, as further described below.

{ 26 In one embodiment, a low coherence broadband light source 0 may provide

light L for the OCT system 10 and operation of interferometer 05. Without limitation,

such light source 0 ca be for example a halogen lamp, a Xenon arc lamp, a super-

luminescent diode SLD), a super continuum light source, a broadband laser, a

wavelength tunable laser or other source (operated in sweeping mode), femtosecond

lasers, or other suitable broadband sources. The light output from a broadband light

source .0 comprises multiple wavelengths or colors covering a broad range of

wavelengths or frequencies.

ΘΘ27] Source light L output from th light source 0 is transmitted along a Sight source

path to and illuminates a scan unit 1.20. In some embodiments, a lens or collimator (not

shown) may be provided to he p illuminate the light from light source 0 onto the scan

unit. CoHimated light is preferred in an exemplary non-limiting embodiment. Scan unit

20 includes a movable light transmitting substrate havin a scanning motion and a

plurality of apertures operable to receive a d transmit source light L. Solid portions (e.g.



optically opaque) of the substrate between the apertures block part of the incident light

from light source 0. The light transmitting substrate ma be moved by a

commercially-available drive mechanism m any suitable scanning motion to scan the

light onto sample 0 (e.g. near/ rans ation in. one or ore -directions, rotational, or

combinations thereof) depending on the intended scan pattern to be produced.

| 02 j a one non-limiting embodiment, th light transmitting substrate of scan uni 0

may be a rotating aperture disk; such as spinning disk having a rotational scanning

motion and axis of rotation R offset from and general ly parallel to the light source path

which defines a first optical axis P. Incident light L from the light source illuminates

a portion of the spinning disk 121, as illustrated n FIG. 1. Spinning disk 121 is fixedly

connected to a motor-dri ven spindle 203 (defining the axis of rotation R) coupled to an

electric- drive motor 204 which rotates the disk. The rotational speed of the spinning disk

1 may be varied in some embodiment by appropriately configured motor control

circuitry. This allows the scanning rate of the sample to be adjusted.

[0 29] Spinning disk 1, which may be a Nipkow disk i some embodiments, includes

a plurality of light transmittance apertures which are operable to receive divide, and

transmit incident source light L axialiy through the disk, thereby producing a plurality of

light beams B from light source 1 which may be then scanned on a sample 0 to

collect imaging data. The apertures ma e configured as pinholes 1.22 in some non-

limiting examples which extend completely through the spinning disk 2 1 between a

substantially flat rear surface 124 {e.g. incident light side of disk) and an opposing

substantially flat front surface 5 (e.g. light transmittance side of disk). The beam of



source Sight L is preferably wide enough to simultaneously illuminate a pluralit of

pinholes 122 for producing the multiple light beams B as graphically depicted in F G I

[ 3 The pinholes 2 ca be organized in different patterns, including without

limitation a fixed angle spiral pattern, a t etragonal pattern, and an equal-pitch spiral

pattern (e.g. Archimedian spiral or other). Each pinhole :2 acts as an independent

illumination source which may each be focused onto the sample 0 through suitable

optical lenses (tube lens, relay lens, objectives, etc.) in the sample ar of the

interferometer 5, as further described herein. As a result, mitltiple sampie locations are

illuminated simultaneously on the sample 130 as the sampling beams are scanned across

the surface of th sample. The diameter of the pinholes 2 and spacing between

pinholes may be varied to adjust the ligh transmission rate and other parameters.

3i | In one embodiment the pinhole !22 pattern on the spinning disk can be

designed and arranged to repeat ore tha one time for every revolution of the spinning

is 2 . T is arrangement advantageously increases the scan rate. In one embodiment,

as shown in FIG. 1, a plurality of pinhole arrays 23 eac comprising a cluster of

multiple pinholes 122 may be provided which extend radially outwards from the center of

the spinning disk 2 1 n a suitable pattern such as linear or curved spiral arms. When the

spinning disk 1 rotates, each pinhole 22 has one or more corresponding pinholes

located at the same radia distance from the center of the disk, but located i one o more

of the other mult le pinhole arrays. Accordingly, with each revolution of the spinning

disk 12 each of the pinholes 22 located at the sa e radial distance will allow the

sampling beam passing through the pinholes to traverse the same sample point on the

sample 130 more than once per revolution of the disk.



| Θ 2] Other variations of the spinning disk 1 aperture shapes may be used h some

embodiments, the apertures of the spinning d s may include multiple sets of slits instead

of spirally arranged or other patterned pinholes 122. The slits may be arranged in linear

arrays n the disk which are oriented in parallel, perpendicular, or in other patterns

including spirals. Slits generally produce brighter i llumination and hence higher signal

throughput, whereas pinholes generally produce greater resolution and sensitivity. Either

slits or pinholes may be used depending on the specific application and desired

performance parameters of the OCT system 100. Spinning disks are commercially

available from companies such as Yokogawa Electric Corporation and others.

J 33 ] t bears noting that in addition to scanning motions other than rotational as

described above, the light transmitting substrate of scan unit 0 may accordingly have

shapes other than disk or circular including for example polygonal or rectilinear

configurations. Appropriate commercially available scan unit 0 drive

mechanisras/raotors may be provided depending on the shape and intended motion of the

light transmitting substrate which is wel within the ambit of those skilled in the art to

select. Accordingly, the invention is expressly not limited by the type of translating

motion provided for the light transmitting substrate of scan unit 0 , shape of the

substrate, or the shape of the apertures disposed therein. The spinning disk 121 therefore

represents one possible, but non-limiting example of a movable scan unit 0 .

{0634] Interferometer 5 will now be described in greater detail. With continuing

reference to FIG. 1, the plurality of light beams produced from the source light by the

spinning disk 121 is transmitted along the light source path to the interferometer 105.

interferometer 105 includes an optical beam sp tter 0 which may be placed in light



source path to receive incident light transmitted from the spinning disk 121 comprising

the plurality of light beams. The beam splitter 150 ma be located between the spinning

d s 121 and an objective lens 140 m the sampie am 104 alo g a first opiicai path in one

embodiment A tube lens 0 may be located between the spinning disk 1 1 and beam

splitter 150 to help focus the incident light onto the bea splitter.

[903 ] Any suitable type of beam splitter .50 may be used including a conventional

transparent bea splitter cube comprised of two triangular glass prisms bonded together

along mating 4 5 degree sides. In other possible embodiments, the beam splitter 150 ma ¬

be a half-silvered mirror, pellicle beam splitter, or other commercially available type of

beam splitter used the art operable to transmit a portion of the incident light and reflec t

a portion of th incident light.

{0036] Beam splitter 0 splits or divides the incident light into reference light in a

reference a 102 and sampling light in a sample arm 4 of the interferometer 5. n

one embodiment, the interferometer may he configured as a iche lso interferometer,

whose arrangement and operation are well known in the art. The reference a m 10 2

defines a reference light path which may be aligned along a second optical axis, which in

one non-limiting embodiment may be transversely oriented with respect to the light

source path (first optical axis) defined between beam splitter 50 and light source .

Reference a m 102 includes a reference mirror 0 that is conjugated to the sample

location. An objective lens 2 may be provided to focus the reference light from beam

splitter 0 onto the reference mirror 160.

037 T sample arm 04 defines a sampling light path which may be transversely

oriented with respect to the reference light path. The sampling light: comprises a plurality



of sampling beams produced by the spinning disk 1 and transmitted through beam

splitter 0 . o e embodiment, the sampling beams may be focused onto the sample

through an objective lens 0, which may be a convex lens. A 5 objective lens (e.g.

Mitutoyo, 5X NIR or other) may be used in certam embodiments; however, other suitable

lenses and powers may be used depending on the given OCT scanning application. The

spacing between the sample locations corresponding to the sampling beams on the

sample are determined by the spacing of pinholes in spinning disk 1 and the

magnification of the optical system provided. The spacing can be optimized based on the

intended applications to minimize light scattering between sampie locations and

maximize imaging parallelization.

[ 038 In operation, reflected light from the reference arm 102 and reflected light

returned through the sample arm 104 produced by surface and internal structures within

sample 0 from scanning the sample with the plurality of sampling beams are combined

at the beam splitter 0 producing an interference signal comprising an raterferogram

(i.e. interference pattern or fringe pattern). The "detection light" containing the

interference signal .from the beam splitter 150 is then transmitted through the detection

arm 06 of the interferometer 105 to a light-sensitive digital image sensor or detector

0 . Detector 190 is operable to convert th incident optical electromagnetic light energy

(i.e. analog spectral signals) of the detection light comprising the interference signal into

digitized electronic/electrical signals that may be further processed to convert the

interference signal into a digitized image of the sample 0 using a processor-based data

processing system, as further described herein. An objective lens 1 0 may be provided in



the detection arm 6 to help focus the detection light containing the interference signal

properly o to the detector 0 .

[0039) In one embodiment, the detector 1 0 may be an image sensor comprised of a 2D

(two-dimensional) photodetector array (or "detector array" for short). Without

limitation, the 2D detector 1 0 can be charge-coupled device (CCD camera, a

complementary metal-oxide semiconductor (CMOS) camera, an InGaAs camera or other

suitable 2D detector operable to capture and detect th interference pattern n the

detection light beam. Such image sensors/detectors are well known in the art without

undue elaboration. When the spinning disk 1 rotates, each of the multiple sampling

beams focused on the sample 0 form sample locations that change and move across the

surface of the sample as the disk spins. The associated interference signals produced

from the different sample locations are collected by the corresponding digital camera

pixels of detector 0. The scanned sampling beams produce scanning ines or traces

across the sample surface corresponding to rotation of the spinning disk 12 while the

sample 130 remains stationary in one embodiment.

0 4 ) Detector 0 generates electronic/electrical output signals (comprising the

interference signals an hence image data for digitally reconstructing an image of sample

0) for further processing by an appropriately configured processor-based data and

signal processing system such as without limitation a computer 2 . Computer 2

includes a processor whose operation is configured and directed by program instructions

(e.g. software or control logic) including signal processing mathematical algorithms or

software for extracting and generating two or three-dimensional (2D or 3D) digitized

images obtained from the interference signals produced by scanning sample The



processor performs signal processing of th interference signals received fro detector

19 in a manner well known in the art. During operation of t re OCT system 0, the

aeqiiired output signals from detector 0 may be streamed continuously to the processor

of computer 2 or other suitable processor-based device or PLC (programmable logic

controller) that may be used. The digital image data generated by computer 2 may be

rendered on a visual display device such as display 94 and/or stored in the memory for

further processing, export, storage, etc.

0 -4 ί It will be appreciated that t e term "computer" as used herein is to be broadly

construed and representative of any appropriately configured data a d signal processing

device having a central processing unit (CPU), microprocessor, micro-controller, or

computational data processing device or circuitry configured for executing computer

program instructions (e.g. code or software) and processing the acquired output signals

from detector 90 to generate a digitized image of sample 0 . This may include, for

example without limitation, desktop computers, personal computers, laptops, notebooks,

tablets, pad devices, and other processor-based devices having suitable processing power

and speed. Computer 192 may include all the usua appurtenances associated with such a

device or data processing system, including without limitation the properly programmed

processor, a memory device(s), power supply, a video card, visual display device or

screen (e.g. graphical user interface}, firmware, software, user input devices (e.g., a .

keyboard, mouse, touch screen, etc.), wired and/or wireless output devices, wired and/or

wireless communication devices {e.g. Ethernet, Wi-Fi, Bluetooth, etc) for transmitting

captured sampling images. Accordingly the invention is not limited by any particular

type of processor-based device.



4 The memory may be any suitable non-transitory computer readable medium such

as, without limitation, any suitable v ati or non-volatile memory including random

access memory (RAM) and various types thereof, read-only memory (ROM) and various

types thereof, USB flash memory and magnetic or optical data storage devices (e.g.

internal/external hard disks, floppy discs, magnetic tape CD-ROM, DVD-ROM, optical

disk, ZIP™ drive, Blu-ray disk, and others), which may be written to and/or read by a

processor operably connected to the medium

[0043] It will further be appreciated that various aspects of the present embodiment ma ¬

be implemented in software, hardware, firmware, or combinations thereof. The

computer programs described herein ar not limited to any particular embodiment, and

may be implemented in an operating system, application program, foreground or

background process, driver, or any combination thereof, executing on a single computer

or server processor or multiple computer or server processors.

[0044] With continuing reference to FIG 1, still digitized images and/or moving video

digitized images of the sample 0 captured and recorded by the present OCT system 10

and the detector 0 ay be rendered on any suitable visual display 4 by computer 2

for observation by a system user. n healthcare related applications of me OCT system

0 , the user may be a health care provider, technician, or other health care professional.

The digitized sample images displayed on the visual display 4 are representati ve of the

actual sample or specimen (e.g. human or other animal tissue in some embodiments)

being analyzed by the OC T system 0 and useful as a diagnostic medical tool. Any

suitable type of visual display 4 may be used, including for example without limitation



LED (Sight e itti g diode), LCD (liquid crystal display), or other displa screens

including capac iv or resistive touch type screens,

[0045 In one non-limiting embodiment, the time-domain OCT detection method

performed by computer 192 can be used to analyze the interference signals from detector

0 when a non-wavelength-tunable broadband light source, such as halogen lamp, a

Xenon arc lamp, a super-luminescent diode (SLD), a super continuum light source, a

broadband laser, etc. is utilized as described above. Such light sources produce ligh

comprised of broadband wavelengths simultaneously. Computer progra instructions

(e.g. control logic) executed by the computer 2 processor including suitable

mathematical algorithms can be used to implement the time-domain OCT detection

method. This detection method is well known in the art without undue elaboration. In

this case, the reference mirror 0 on the reference a m 2 is mounted on an oscillator

64 , such as a piezoelectric transducer (PZT), that can change the phase and optical delay

of the reference arm. At least two images are recorded successively during each period

of the phase modulation, the second image called 'out~of~phase" having phase shifted

by pi compared to the first image called win-phase.w One can substantially eliminate the

background and keep only the interferometrie signal by subtracting the two images.

Other demodulation method, such as four-quadrant integrating can also be used to extract

interference signal. The rotation/movement of the sca unit 0 (e.g. spinning disk 1 1

can be synchronized with the phase modulator and the 2D detector 0 to ensure proper

acquisition and phase demodulation of the interference signal. The reference minor 0

can also be translated to match to different depths of the sample location and provide

optical sectioning.



i 46] n some embodiments, a wavelength tunable light source (e.g. S perl ra

Broadsweeper Model BS840-O1 etc.) may alternatively be used n OCT system 0

Such a light source may be operated to product* light of a br ad bandwidth by operating

the source i a "sweeping .mode" in which a single color or wavelength is discretely

produced at each moment and the output s rapidly tuned/cycled through a broad

wavelength range. With this type light source, a Fourier-domain OCT detection method

performed by computer .92 processor executing computer instructions including suitable

mathematical algorithms can be used. This detection method is also wel know in the

art without undue elaboration. In this case, the reference mirror 0 can be fixed (i.e. not

oscillated) so that oscillator 4 may be omitted and no phase modulaior is needed on the

reference arm 102. An ultrahigh speed camera (e.g. Y4, Red a e/ DT is generally

required to acquire one frame corresponding to one complete scan of the sample under

the illumination of about the same wavelength. The signal processing is based on

standard method for processing SS-OC 'T data (i.e. Swept So r e OCT), which may

include background subtraction, phase calibration, dispersion compensation and Fourier

transform steps. Optical frequency of the interference signal relates to imaging depths of

sampling light reflections retooled from the sample. Reflections from different sampling

depths produces interference patterns with different frequencies. Resolving the

reflections via Fourier transformation signal processing produces a depth reflectivity

profile (A-scan) at each sample location. Two-dimensional (2D) and three-dimensional

(3D) images of the sample can be obtained by combining A-scans from different sample

locations. A linearized tunable laser or a frequency comb tunable laser may be used to

provide linear k~space light output for each frame acquisition, which ca significantly



simplify image processing. Using the Fourier-domain detection method, synchronization

between the tunable laser light source 0 . the scan unit 20 (i.e. spinning disk 1) and

the 2 camera detector 0 i generally desirable.

{0 47] FIG . 2 illustrates another embodiment of a parallel scanning OCT system 00

having a movable scan unit 120 comprising a dual spinning disk assembly 200. Spinning

dis assembly 200 includes a first collector disk 2 containing with a plurality of

microlenses 202 and a second pkow pe spinning disk 121 comprising a plurality of

apertures such as without limitation pinholes 2, as already described herein. The

location of the microlenses 202 and the pinholes 122 are axially co-registered so that each

microlens focuses incident light received from light source i onto a corresponding

paired pinhole 122 in the spinning disk 1 1 (see, e.g. FIG. 5) Accordingly, in one

embodimen t the number and pattern of microlenses 20 in the first collector dis 20

may he the same as the number and pattern of pinholes in the spinning disk 2 The

microlenses 202 may therefore he clustered and arranged in microlens arrays 207 which

may substantially coincide in pattern and arrangement with the aperture arrays 123 of

pinholes 2 in the spinning disk 2 .

04 The collector disk 2 and the spinning disk 121 are axially spaced apart and

fixedly connected together by motor-driven elongated spindle 203 coupled to an electric

drive motor 204. Accordingly collector dis 201 and spinning disk 1 rotate

simultaneously in unison to maintain axial coaxiai alignment of each microlens 202 with

its paired pinhole 22. The fill factor, defined as the percentage li ht transmission

through a Nipkow-styie spinning disk 2 when using a first collector d sk 2 with

microlenses 202 is significantly improved compared to using a single Nipkow disk alone.



Accordingly, each micro ens 202 collects a greater portion of incident light on scan unit

12 than a plain aperture and efficiently focuses the captured light onto its paired pinhole

122 in the spinning disk The intensity of light transmitted through the dual spinning

disk assembly 200 may be varied by adjusting the diameter of the microienses without

changing size of the pinholes 2 in the lower spinning disk 1.

[9049] Microienses 202 and combination spinning disk-microlens assemblies are

commercially available from companies such as Yokogawa Electric Corporation and

others Non4i.miti.ng examples of microienses that .may be used are small transparent

optical lens having a diameter less than one millimeter; however, larger diameter lenses

may also be used The microienses 202 used may be any suitable type, including for

example without limitation single piano-convex lens, m it 4a ered lenses, icro-

Fresnel lenses, and others. The microienses maybe made of a y suitable transparent

material, including for example, polymers, fused silica, silicon, and others used in the art.

The microienses 202 may be fabricated by any suitable methods used in the art including

photolithographic and semiconductor fabrication processes. The microienses 202 may be

formed separately from the collector d s 201 substrate and then mounted there in or as an.

integral unitary structural part of the coliector disk 201 formed of the same material.

Either approach may be used.

[905 In operation, incident light from light source 10 strikes a portion of the rear

surface 205 of collector disk 201 and is transmitted through the microlens array 207 and

opposing front surface 206 to spinning disk 121 as shown n FIG. 2 . The plurality of

light beams produced by the microlens array 207 are each transmitted in turn through the



pinholes 2 of the spinning disk ί and o to the beam splitter 50, i a similar manner

already described above.

[0051 In some embodiments, the reference arm 2 n the interferometer 5 of OCT

system 0 may be omitted and replaced by inserting a half mirror 250 (e.g. half-

silvered or other type half mirror) reflecting a portion of the incident light) in the sample

arm 4, as shown in FIG. 2 . Interference will form between light reflected from the half

mirror 250 and the sample 30 to generate the interference signal (e.g. interferogram)

which can be detected by the 2D deiecior 190. Accordingly, embodiments of the OCT

system 0 shown in FIGS. 1 and 2 may use either a reference arm 2 or a half mirror

250 to create the interference signal

[ 052 It should be noted that the beam splitter 150 and the detection arm 06 (i.e. lens

80, 2D detector 0 . and other components thai may be provided in the detection light

path) do not need to be located after the spinning disk . Bea splitter 0 can be

placed between the collector d s and the pkow disk, or other location of tire optical

system based on applications. Relay optics may also be inserted in the optical system i

some embodiments.

[0053] FIG. 3 shows another embodiment where the objective lens 0 in the sample arm

4 focuses light onto a probe 300, rather than onto the sample 0 directly. Probe 300

therefore transmits the sampling light to the sample. The probe 300 may have a bendable

and flexible structure for use in endoscopic, laparoscopic, an similar type medical

devices incorporating the OCT system 00 disclosed herein.

[0054] Without limitation, the probe 300 can include a flexible optical fiber bundle 302

which relates or transmits the incident sampling light from sample arm 10 4 to the sample



30 for imaging. The fiber bundle 302 is comprised of multiple individual optical fibers

which are structured an configured to tra smi light, as is well known in the ait Fiber

bundle 302 includes a proximal end 304 which is optically and physically coupled to

sample arm 104 and receives sampling light fro objective lens 140. A distal end 306 of

fiber bundle 302 is configured to transmit and scan sampling light onto sample 0 and

received reflected light signals returned fro the sample.

[ 055] In some embodiments, the optical fibers 305 which form fiber bundle 302 may

each be a flexible a d transparent fiber made of glass (i.e. silica) or plastic structured to

transmits light between each end 304 306 of the fiber. In one non-limiting example, the

fibers 305 may be Corning Inc., SMF2S fibers or other suitable optical fibers. Any

suitable length and diameter of optical fibers may be used for fiber bundle 302 depending

on the intended application and desired performance parameters. Accordingly, numerous

variations and configurations are possible

[0656] The fiber bundle 302 of probe 300 ca be less than a few millimeters in diameter

and flexible, so that it can be passed through an endoscope or laparoscope to allow

endoscopic imaging using OCT system 00 The optical length of the reference ar 102

will match to the total optical length of the sample arm 104, including the probe 300, to

enable formation of interference between th sample arm and reference arm reflected

light signals. The distal end 306 of the probe may be in direct contact with the sample

. 0 , or relay optics may be used between the distal end of the probe and the sample.

[0057] F G 4 shows another embodiment of the probe based system, where a half mirror

25 is used between the distal end 30 of the probe 300 and the sample 0 to provide

light interference. The half mirror 250 niav e mounted to the distal end 3 6 i anv



suitable manner. The reference arm 2 as shown in FIG. 3 ay therefore be removed in

this embodiment to make a more compact OCT system 0

[0 58] With respect to the optical beam splitter 0 or half mirror 250 described herei

it wi l be appreciated that any suitable optical division o splitting of input Light beams

identified as a percentage of the incident beam (e.g. 5/95, /90, 20/80, etc.) may b used

depending on the intended application and system parameters. Accordingly, the beam

splitter 50 and. invention is expressly not limited to a even 50/50 ight division

percentage, which represents merely one of many possible designs that might be used for

the beam splitter. It will be appreciated by those skilled in the art that the determination

of th optical split ratio depends on how much light is intended t o be directed into each of

the sample and reference arms. It is desirable to have as much power as possible on

sample while keep the power on sample to be within a safe limit. In the meantime,

sufficient power is needed on the reference arm to get shot-noise limited sensitivity.

[ 059] While the foregoing description and drawings represent the preferred

embodiments of the present invention, it wil l be understood thai various additions,

modifications and substitutions may be made therein without departing from the spirit

and scope of the present invention as defined in the accompany ing clai s in particular ,

it wi l be clear to those skilled in the art that the present invention may be embodied in

other specific forms, structures, arrangements, proportions, sizes, and with othe

elements, materials, and components, without departing from the spirit or essential

characteristics thereof. One skilled in the art will appreciate that the invention may be

used with many modifications of structure, arrangement, proportions, sizes materials,

and components and otherwise, use in the practice of the invention, which are



particularly adapted to specific environments and operative requirements without

departing from the principles of the present invention. The presently disclosed

embodiments are therefore to he considered all respects as illustrative and not

restrictive, the scope of the invention being defined by the appended claims, and not

limited to the foregoing description or embodiments.



CLAIMS

What is claimed is:

i A parallel imaging optical coherence tomography system comprising:

a light source producing light;

a scan unit receiving incident light fro the light source, the sca unit movable in

a scanning motion and including a plurality of apertures configured to divide the incident

light into a plurality of light beams; a d

an interferometer co mpr sing:

a beam splitter receiving the plurality of light beams f om the scan unit

and dividing each of the plurality of light beams nto a reference beam and a

sampling beam;

a reference arm including a reference mirror receiving a plurality of

reference beams from the beam splitter and returning reflected reference ligh

signals to the beam splitter;

a sampling ami receiving a plurality of sampling beams from the beam

splitter a d simultaneously scanning the plurality of sampling onto a

sample;

the beam splitter further receiving and combining the reflected reference

light signals from the reference arm and reflected sampling light signals retumed

fro the sample to generate an interference signal comprising an mterferogram

based on the reflected reference and sampling light signals; and

a detector arm including a detector configured to obtain the interference

signal from the beam splitter and generate an output signal convertible nto

digitized image of the sample.



The system of claim . further comprising a processor receiving the output signal

from the detector and configured to reader the digitized image of the sample on a

display.

The system of claim . , wherein the processor executes signal processing software

configured for converting the outpu signal into the digitized image of the sample.

The system of claim wherein th apertures of the sca unit are pinholes

arranged i a pattern.

The system of claim 1, wherein the light source produces broadband light

comprising multiple wavelengths which is received by the scan unit.

The system of claim 5, wherein the light source is selected from the group

consisting of a halogen lamp, a Xenon arc lamp, a super-luminescent diode

SLD) a super continuum light source, a broadband laser and a femtosecond

laser.

The system of claim 5 wherein the light source is a wavelength tunable ight

source operated i a. sweeping mode.

The system of claim , further comprising an oscillator coupled to the reference

mirror and operable to oscillate the reference mirror

The system of claim , wherein the detector is an image sensor selected from the

group consisting of a charge-coupled device (CCD) camera, a complementary

metal-oxide semiconductor (CMOS) camera, and an nGaAs camera.

The system of claim wherein the reference arm and reference mirror are

omitted, and further comprising a half mirror disposed in the sample ar of the

interferometer between the beam splitter an sample.



. The system of claim . wherein the plurality of sampling beams is transmitted to

the sample through a probe comprising an optical fiber bundle.

2. The system of claim 1, wherein the scan un t includes a spinning d sk movable n

a rotational scanning motion.

. A parallel imaging optical coherence tomography system comprising:

a light source producing light;

a scan unit receiving incident light from the ligh source and movable in a

scanning motion, the scan unit comprising:

a collector disk comprising a microlens array; and

an aperture disk comprising an aperture array and mounted on a commo

rotational axis with the collector disk, the scan unit being rotatable about the

rotational axis and configured to transmit the incident light through the microlens

and aperture arrays and divide the incident light into a plurality of light beams;

an interferometer comprising:

a beam splitter receiving the plurality of light beams from the aperture

disk and dividing each of the plurality of light beams into a reference beam and a

sampling beam;

a reference a including a reference mirror receiving a plurality of

reference beams from the beam splitter and returning reflected reference light

signals to the beam splitter;

a sampling arm receiving a plurality of sampling beams from the beam

splitter and simultaneously scanning the plurality of sampling beams onto a

sample;



the beam splitter further receiving and combining the reflected reference

light signals from the reference am and reflected sampling light signals returned

from the sample t generate an interference signal comprising a interferogram

based on the reflected reference and sampling light signals; and

a detector ar including a detector configured to obtain th interference

signal fro the beam splitter and generate an output signal convertible into a

digitized image of the sample.

14. The system of claim , wherein the microlens array comprises a plurality of

ffiicroienses and the aperture array comprises a plurality of apertures, eac

microlens collecting a d focusing a portion of the incident light onto an ax y

co-registered apertur on the aperture disk.

15 . The system of claim . wherein the microlens array on the collector disk is

arranged in a pattern and the aperture array is arranged in a complementary

pattern.

. The system of claim S, wherein the patterns of the microlens and aperture arrays

each comprise spira! shaped clusters of icro enses and apertures respectively.

7. The system of claim wherein apertures of the apertures array of the aperture

disk are shaped as pinholes

18. The system of claim 13, further comprising a processor receiving the output

signal from the detector and configured to render the digitized mage of the

sample on a d s ay.

19. The system of claim 13, wherein the light source produces broadband light

comprising multiple wavelengths which is received by the scan unit.



20. The system of claim . , wherein the light source is selected from the group

consisting of a halogen lamp, a Xenon arc amp, a super-luminescent diode

(SLD), a super continuum light source, a broadband laser, and a femtosecond

laser.

2 . The system of claim 19 wherein the Sight source is wavelength tunable light

source operated in a sweeping mode.

22. The system of clai , further comprising a osc illator coupled to the reference

mirror and operable to oscillate the reference mirror.

23. he system of claim 1 , wherein the detector is an image sensor seiected from the

grou consisting of a charge-coupled device (CCD) camera, a complementary

metal-oxide semiconductor (CMOS) camera, and an InGaAs camera

24 The system of clai m 3 . wherein the reference arm and reference irror are

omitted, and further comprising a half mirror disposed in the sample ar of the

interferometer between the beam splitter and sample.

25. The system of claim 1 , wherein the plurality of sampling beams is transmitted to

the sample through a probe comprising an optical fiber bundle.

26. A method for imaging a sample using parallel imaging optical coherence

tomography system, the method comprising:

providing an optica coherence tomography system comprising a light source

producing Sight, a scan unit, and an interferometer comprising a reference arm defining a

first optical path and a sample arm defining a second optical path;

illuminating the scan unit with light fro the light source;

moving the scan un t in scanning motion;



transmitting the light through a plurality of apertures in the scan unit to form a

plurality of light beams moving in the scanning motion;

splitting the plurality of light beams into a plurality of reference beams and a

plural it of sampling beams ;

transmitting the plurality of reference beams to the reference arm, the reference

arm including a reflecting mirror producing a reflected reference light signals;

transmitting the plurality of sampling light beams to the sample arm;

scanning the plurality of sampling beams onto a surface of a sample;

combining the reflected reference light signals from the reference arm and

reflected sampling light signals returned from the sample to generate an interference

signal comprising an interferograrn based on the reflected reference and sampling light

signals

detecting the interference signal in a detector arm of the interferometer with a

detector: and

the detector generating an output signal comprising the interferogram for

con version into a digitized image of the sample.

27 The method of claim 26, further comprising a computer processor converting t e

output signal from the detector into the digitized image of the sample.

28. The method of clai 26, further comprising oscillating the reflecting mirror of the

reference arm.

29. The method of claim 26, wherein the scan unit includes an aperture disk, the

apertures being disposed in the aperture disk.

30 The method of claim 26, further comprising:



illuminating a collector disk comprising a microlens array with ig ht from the

light source before illuminating the scan unit; and

transmitting the light thro g the micr ens array and apertures of the scan uni

3 1 The method of claim 29 further comprising rotating the collector disk and

aperture dis in unison.

32. The method of claioi 26, wherein light from the ligh source is broadband light.
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