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(57) Abstract: The invention provides a method and system for non-invasive analysis, especially suitable for determining attributes
of targets, such as measurement of layer thickness of tissue, or the concentration of glucose within human tissue. The invention in -

o eludes an optical source and an optical processing system that provides probe and reference radiation; applies the probe beam to the
target to be analyzed; re-combines the probe and reference beams interferometrically, to generate one or more concurrent interfero -
metric signals that are detected and processed. The location within the target to which an interference signal relate is aligned and re -

o gistered with respect to the target is by means of a field of light based imaging device. The invention is not limited to human tissue
in vivo, nor to in vivo non-invasive analysis.



Title

Improved Correlation of Concurrent Non-invasively Acquired Signals

CROSS REFERENCES TO RELATED APPLICATIONS

[001] This application claims priority from US provisional patent application docket number

CI120620PR, filed July 3rd, 201 1, which provisional is itself related to US patent number

7,248,907 filed on 10/19/2005 titled " Correlation of Concurrent Non-invasively Acquired

Signals", the contents of which is incorporated by reference as if fully set forth herein. It is

also related to and claims priority from US provisional application number 61/628,709,

docket number CI1 11101PR filed on 11/04/201 1, titled An Optical Monitoring Device and

System, the contents of which is incorporated by reference as if fully set forth herein; which

said provisional patent application is also related to US patent number 7,526,329 titled

Multiple reference non-invasive analysis system and US patent number 7,751,862 titled

Frequency resolved imaging system, the contents of both of which are incorporated by

reference herein as if fully set forth.

FIELD OF USE

[002] The invention relates to non-invasive analysis in general. In particular the invention

relates to optical techniques involving both infra-red and shorter wavelength (visible or ultra

violet) radiation for imaging and analyzing surface and sub-surface structures; and relates to

the use of Optical Coherence Tomography (OCT) for sub-surface imaging and analysis.

BACKGROUND OF THE INVENTION

[003] Non-invasive analysis, which for purposes of this application includes non-destructive

analysis, is a valuable technique for acquiring information about systems or targets without

undesirable side effects, such as damaging the system being analyzed. Non-invasive analysis

has a broad range of applications including, non-destructive analysis of artifacts for defects,

verification of the authenticity of documents, such as, bank notes, biometric analysis and bio

medical analysis of living entities. In the case of analyzing living entities, such as human



tissue, undesirable side effects of invasive analysis include the risk of infection along with

pain and discomfort associated with the invasive process.

[004] There are several variations of OCT technology including: Time Domain or TD-OCT,

of which Multiple Reference OCT or MRO is a particular variation (described in more detail

in two of the US patents numbered 7,526,329 and 7,751,862 incorporated herein by

reference; Spectral Domain or SD-OCT; Fourier Domain or FD-OCT. For purposes of this

invention OCT will include any interferometric system including, but not limited to, the

above-mentioned OCT variations.

[005] In general OCT imaging or analysis consists of: (a) generating probe radiation, at least

a portion of which is applied to a target to generate back-scattered radiation; (b) generating

reference radiation; (c) combining at least a portion of the back-scattered radiation and the

reference radiation to produce at least one interference signal; (d) detecting the resulting

interference signal by means of a detector; (e) extracting information from the detected

interference signal; and (f) processing the extracted information to generate one or more

depth scans of the target which may be further processed to determine an attribute of the

target.

[006] Attributes of a target that can be determined by OCT include, but are not limited, to the

following: a depth scattering profile; structural aspects such as layer thicknesses; a one, two

or three dimensional image of the target; concentration of an analyte such as glucose

concentration.

[007] It is frequently useful to make interferometric measurements to determine depth related

information at known locations in the target and to correlate such depth related information

with correlating with data previously stored in memory. It is also useful to use registration

marks associated with the target to align the probe radiation with an image of the target area.

Such an image of the target area can be derived, for example, from a conventional charged

coupled device (CCD) detector and displayed on a conventional LCD or TFT display (liquid

crystal display (LCD) or thin film technology (TFT) display).

[008] This approach of identifying sites within the target by locating characteristics or marks,

referred to as registration marks, from an image of the target area to assist in positioning the

OCT monitoring or measuring system in order to determine a biometric characteristic or

generate an image of the target is described in US patent 7,248,907 incorporated herein by

reference.



[009] Provisional application, docket number CI1 11101PR also incorporated herein by

reference describes generating a first image of a target using a conventional camera and by

synchronously illuminating the target with at least one specific wavelength while performing

at least one interferometric based depth scan by means of an interferometric device (such as

an OCT system) at a location within the target wherein the location of the depth scan is

registered with the first image.

[010] In the approaches described above the use of a conventional camera or imaging device

requires that the camera be focused correctly to obtain a clear image of the target while the

OCT system has to be correctly depth aligned to obtain depth measurements of the target at

the appropriate depth.

[01 1] The problem of acquiring a well focused image while also correctly depth aligning the

OCT system is further complicated in the particular application requiring a image of the

retina of an eye while also acquiring biometry or depth images of the retina by means of an

OCT system. For example, the axial length of an eye can vary significantly from eye to eye.

A variation in axial length affects both focusing and depth alignment of the OCT system. A

fundus camera is currently used in conjunction with an OCT system to make retinal

measurements at known locations. The focusing requirements of a fundus camera require

either a complex alignment system or a trained operator.

[012] In the case of this ophthalmic application it is desirable to also acquire information

from the anterior of the eye while making retinal measurements. Such information can be

useful in ensuring the overall imaging and analysis system is well located with respect to the

eye and for tracking motion of the eye.

[013] Furthermore, in the case of applications, such as the above ophthalmic application,

where images and measurements are to be taken without the aid of a skilled operator,

complex focusing and alignment procedures may not be practical. For example, home or

mobile use of a monitor by an untrained subject (who may have less than perfect vision)

would preclude any elaborate focusing and alignment procedures.

[014] Digital Light Field Photography is well known. Recent developments in computer

science and fabrication techniques of detector and micro-lens arrays make Digital Light Field

Photography technical feasible for consumer devices. A good treatment of Digital Light Field

Photography may be found in the dissertation of Ren Ng, entitled "Digital Light Field

Photography", copyright 2006 submitted to Stanford University in partial fulfillment of the

requirements for the degree of doctor of philosophy.



[015] Digital Light Field Photography does not require a skilled operator for focusing.

Moreover Digital Light Field Photography provides information regarding the distances

between images that can be used to facilitate alignment. However integrating a plenoptic

camera (i.e. field of light imaging device) with an OCT system is fraught with difficulties,

not the least of which is ensuring the OCT system is correctly depth aligned with the region

of interest in the target.

[016] There remains, therefore, an unmet need for an imaging or analysis system suitable for

non-invasive sub-surface imaging or measurement that does not require focusing. Moreover

there is an unmet need for an imaging or analysis system suitable for non-invasive sub

surface imaging or measurement with robust alignment capabilities.

SUMMARY OF THE INVENTION

[017] The invention is a method, apparatus and system for non-invasive analysis. The

invention includes an optical source and an optical processing system that provides probe and

reference radiation. It also includes a means that applies the probe beam to the target to be

analyzed, re-combines the probe and reference beams interferometrically, to generate one or

more concurrent interferometric signals that are detected and processed. The location within

the target to which an interference signal relate is aligned and registered with respect to the

target by means of a field of light based imaging device.

[018] An embodiment of determining an attribute of a target according to the invention

comprises the steps of generating probe radiation; applying at least a portion of the probe

radiation to the target to generate back-scattered radiation; generating reference radiation;

combining the back-scattered radiation and the reference radiation to produce at least one

interference signal; detecting the interference signal by means of a detector; extracting

concurrent information from the detected interference signal; acquiring a field of light based

image of the target using a field of light imaging device; registering the concurrent

information extracted from the detected interference signal with the field of light based

image; and outputting data.

[019] A preferred embodiment for a system according to the invention comprises system for

determining an attribute of a target, said system comprising: an optical system for generating

probe radiation and reference radiation, and configured to apply at least a portion of the probe

radiation to the target to generate back-scattered radiation and configured to combine the



back-scattered radiation with the reference radiation to produce an interference signal; a

detector that detects the interference signal from which interference signal concurrent

information is extracted, and where the concurrent information is used by a processing and

control module to register the optical image with a field of light image of the target; a field of

light imaging device coupled to the optical system, and positioned to acquire a field of light

image of the target; a field of light optical source illuminating the scene of the target; an

illumination module functionally coupled to the field of light device and the field of light

optical source, so as to control illumination of the target scene; a mirror coupled to the optical

system and the field of light imaging device, where the mirror is transmissive at wavelengths

of the optical system probe radiation and reflective at wavelengths illuminating the target

scene; a processing and control module controlling the optical system, the field of light

imaging device, and the illumination module, and processing data acquired from the optical

system and the field of light imaging device, so as to generate information to align the optical

system with respect to a preselected target area; and a display module that receives data from

the processing and control module.

[020] The inventive system and method are suitable for determining attributes of targets, such

as, for example, measurement of layer thickness of tissue, or the concentration of glucose

within human tissue. However, the invention is not limited to in vivo analysis.

BRIEF DESCRIPTION OF THE DRAWINGS

[021] The following drawings are provided as an aid to understanding the invention:

Fig 1 is an illustration of the overall analysis system according to the invention.

Fig 2 is an illustration of the steps of the inventive method, using the overall analysis system

represented in Fig 1.



DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

[022] The invention taught herein is an imaging or analysis system suitable for non-invasive

sub-surface imaging or measurement with robust alignment. The preferred embodiment is

illustrated in and described with respect to Figure 1 of Sheet 1. An interferometric system,

such as an OCT system 101 generates probe and reference radiation and applies at least a

portion of the probe radiation to the target 103, which in a preferred embodiment is an eye.

[023] At least some of the probe radiation is scattered within the target (typically at refractive

discontinuities, such as occur at layer boundaries). A portion of the scattered probe radiation

is scattered back in the direction of the OCT system 101 to form back-scattered radiation.

The OCT system 101 also generates reference radiation that it combines with the reference

radiation to produce one or more interference signal which is detected by a detector, such as a

photo-diode, including a multi-segment diode, or a photo-diode array including but not

limited to a CCD (Charged Coupled Device).

[024] For purposes of this invention the term interference signal includes: a substantially

single frequency interference signal; a composite interference signal with more than one

frequency present; raw or processed versions of interference signals, such as their envelopes,

etc.

[025] The detected interference signal is processed to extract information related to the

attribute of the target. For example in the case where the target is the retina of the eye, one

example of an attribute of interest is the thickness of the retinal nerve fiber layer (RNFL) as

the thickness of this layer can provide valuable information regarding the onset of glaucoma.

As a second example of an attribute of interest, the distance between the inner limiting

membrane (INL) and the retinal pigment epithelium (RPE) is valuable as the thickness of this

layer can provide valuable information regarding the onset or progression of age related

macular degeneration.

[026] In order to accurately measure attributes (such as those mentioned above) of the target,

the layer boundary positions must be measured simultaneously or at high speed with respect

to motion of the target to minimize motion artifacts. The information extracted from

interference signals that are acquired either at high speed or simultaneously is referred to

herein as concurrent information.

[027] For purposes of this application concurrently includes simultaneously or at a high speed

with respect to motion artifacts. Similarly concurrent signals includes simultaneous signals



and also signals occurring at a high speed with respect to motion artifacts, thereby making

such signals substantially insensitive to motion artifacts.

[028] It is also valuable to know the location of the site at which the attribute of the target is

being measured. For purposes of this invention the term "location of the site" refers to the

point on a surface of the target that is capable of being imaged by non-interferometric means

and through which the probe beam passes. For example in the case of measuring aspects of

the retina of an eye and where the region of interest is the RPE, the location of the site at

which the attribute of the target is being measured would be the point at which the probe

radiation enters the front surface of the retina.

[029] The location of a measurement site can be determined by using a conventional camera

or imaging device in conjunction with the interferometric or OCT measuring system and

where the probe radiation of the OCT system has a known (or determined) alignment

relationship with the imaging device. For purposes of this invention the image generated by a

non-interferometric imaging device is herein referred to as a spatial image.

[030] The location of the interferometric measurement can then be determined from the

registration marks in the spatial image, as described in US patent 7248907 (incorporated

herein by reference). The location of measurement sites may be identified by using

characteristics of the target.

[031] Such characteristics include, but are not limited to: blood vessels; finger prints;

freckles; or edges of tissue blemishes; artificial marks such as tattoos; and in the specific case

of the retina of an eye being a target, a fovea pit; an optic nerve; defects in an eye (layer

separation, fovea deformations, etc.). For purposes of this application these characteristics are

referred to as registration marks.

[032] In the preferred embodiment, the spatial image is a field of light based image that is

acquired by a field of light imaging device. A field of light imaging device, also referred to as

a plenoptic camera, is a camera that uses a micro lens array to capture 4D light field

information about a scene. For purposes of this invention, a field of light based image that is

acquired by a field of light based imaging device is referred to as a target scene.

[033] Unlike a conventional camera that captures a single plane of light, a field of light

imaging device or plenoptic camera captures the entire light field, which consists of

substantially all of the light traveling in every direction in every point in space from the

target.



[034] Importantly, and unlike a conventional camera such as a fundus camera, a field of light

imaging device does not require focusing. The data acquired by the field of light imaging

device can be processed to produce well-focused spatial images of multiple aspects of the

target scene.

[035] For example in the preferred embodiment involving retinal measurement where the

target scene is an eye, the data acquired by the field of light imaging device is processed to

generate a well focused spatial image of the retina while also the same data may be processed

to generate one or more well focused spatial images of the anterior chamber region of the

eye.

[036] Furthermore, some of the meta data developed in generating the well-focused spatial

images of the retina and of the anterior chamber region of the eye provides information

regarding the distance between these images.

[037] Thus the images and meta data generated or developed in processing the data acquired

by the field of light imaging device can be used to: (a) align the combined field of light

imaging device and the OCT with the eye such that the OCT system will measure at the

desired location or set of locations; and (b) depth align of the OCT system with the region of

interest within the retina.

[038] Referring again to Figure 1 of sheet 1, the field of light imaging device 105 collects

light from the target scene, in this case the eye 103 that is reflected to the field of light

imaging device 105 by a mirror 107 that is coated to be reflective at wavelengths illuminating

the target scene 103 by means of optical sources, such as LEDs, two of which are 109 and

111 and controlled by an illumination module 113.

[039] The field of light imaging device 105, can thereby acquire the data to generate spatial

images of front regions of the eye, such as the cornea 117 and also the front of the retina in

the region indicated by the double arrow 119.

[040] The mirror 107 is also transmissive at the wavelength of the OCT probe radiation 115

thereby enabling the OCT system 101 to generate interference signals related to the retina at

the location 121.

[041] A processing and control module 123 controls the illumination module 113, the field of

light imaging device 105 and the OCT system 101. The processing and control module 123

also acquires data from the field of light imaging device 105 and the OCT system 101 .

[042] The processing and control module 123 processes the acquired data to generate

information to align the overall imaging and analysis system and to align the OCT system



with respect to the retinal region of the eye. In an alternate embodiment where no OCT is

engaged, the processing and control module processes data from the field of light imaging

device to perform a measurement of an attribute of interest.

[043] The processing and control module 123 also provides data to one or more display

modules 1 5. The display modules 125 may include local or remote displays or a

combination of local and remote displays. One or more local displays can be used by the

subject of the ophthalmic analysis or by a caregiver. Data may also be transmitted for display

or archival storage and display at a later time.

[044] Displayed information can include, but is not limited to: an image of at least a portion

of the fundus of the eye (i.e. the interior surface of the eye, opposite the lens optic disc,

macula and fovea, and posterior pole); a one, two or three dimensional image of a region of

the retinal area; an image of the fundus image of the eye with a clear indication of the

location of one or more measurements of an attribute of the eye; a numerical or graphical

representation of one or more measurements of an attribute of the eye; one or more images of

the anterior chamber of the eye.

[045] Relevant attributes of the eye include, but are not limited to: the thickness of one or

more layers of the retina; the axial length of the eye; the thickness of one or more regions of

the cornea; corneal angles; corneal curvature; the thickness of one or more regions of the

crystalline lens.

[046] In the case of a display visible to the subject of ophthalmic analysis, displayed

information can also include a fixation image (which may be a point image) which may be

used to induce the eye of the subject to be appropriately aligned with respect to the OCT

system, so that a desired location can be analyzed by the OCT system.

[047] In one embodiment a display visible to the fellow eye of the subject of ophthalmic

analysis, can display information that can include a fixation image.

[048] An example of the steps by which the overall system would be used to perform an

ophthalmic analysis of a subject is described in Figure 2 of Sheet 2 and consists of the

following steps:

Step 1. acquiring and processing field of light data related to the target scene;

Step 2. aligning the overall analysis system with respect to the target scene (where the

"overall analysis system includes the field of light imaging system and the OCT system);

Step 3. using meta data generated by processing the field of light data to depth align the OCT

system;



Step 4 . guiding the subject's eye to align probe one or more locations using an illuminated

fixation point (where such guidance is implemented by displaying a fixation image such that

it is visible to the eye being analyzed or its fellow eye and where such guidance locates the

region of interest, referred to as a target site, of the target in the path of the OCT probe

radiation);

Step 5. acquiring one or more data sets from one or more selected target sites using the OCT

system;

Step 6. processing one or more data sets acquired by the OCT system to determine a attribute

of the target (and where the data related to the attribute of the target may be correlated with a

previously acquired data, for the purpose of averaging in the case of recent previously

acquired data, or for the purpose of monitoring for change in the case of archived previously

acquired data);

Step 7 . displaying an image of the target scene in conjunction with a value and location of the

target attribute (where such displaying may be local so as to be visible to the subject or a

care-giver, or remote so as to be visible to a physician or other interested party).

[049] While the preferred embodiment described above is directed towards an ophthalmic

application, it should be understood that the above description is intended to be illustrative

and not restrictive. For example, the invention can be used in many different applications

including, but not limited to: bio-metric imaging or analysis of skin tissue; defect analysis of

artifacts; authentication of documents, such as bank notes; monitoring glucose levels non-

invasively.

[050] In the biometric analysis application, identification of individuals may be made more

accurate by combining a three dimensional map of skin and sub-surface tissue with

conventional fingerprint analysis techniques. For purposes of this application, the term

"fingerprint" includes a conventional fingerprint and the three dimensional map of skin, sub

surface tissue and any substance in proximity to the surface of the skin.

[051] In the defect analysis application, artifacts such as, plastic or ceramic parts, biological

enzymes, or semiconductor components can be analyzed to ensure they are defect free.

In the bank note authentication application, an advantage of this approach is that internal sub

surface or embedded characteristics can be analyzed and used to authenticate the note.

[052] It can be appreciated by one of average skill in the relevant art that the source of optical

probe and reference radiation can be an SLD; a wavelength tunable laser; a mode-locked



laser; a VCSEL (Vertical Cavity Surface Emitting Laser), an LED; or arrays of such devices.

The selection of the source is related to the type of OCT system being used.

[053] With respect illuminating the target scene, while the preferred embodiment describes

LEDs as the illuminating light, other forms of illumination could be used. For example,

structured illumination could be used to extract more detailed information from target

surfaces.

[054] The practitioner of average skill can appreciate that although the preferred embodiment

discussed herein is an in vivo application of the method and system, the invention is

applicable to target analysis where the target is tissue is other than the eye, and analysis other

than in vivo analysis.

[055] Many of the features have functional equivalents that are intended to be included in the

invention as being taught. Many variations and combinations of the above embodiments are

possible therefore the scope of this invention should therefore not be determined with

reference to the above description, but instead should be determined with reference to the

appended claims and drawings, along with the full scope of equivalents to which such claims

and drawings are entitled.



What is claimed is:

1. A method of determining an attribute of a target, comprising:

generating probe radiation;

applying at least a portion of said probe radiation to said target to generate back-scattered

radiation;

generating reference radiation;

combining said back-scattered radiation and said reference radiation to produce at least

one interference signal;

detecting said interference signal by means of a detector;

extracting concurrent information from said detected interference signal;

acquiring a field of light based image of the target using a field of light imaging device;

registering said concurrent information extracted from said detected interference signal

with said field of light based image; and

outputting data.

2 . The method of claim 1, wherein said step of outputting data further includes processing said

output data to determine said attribute of said target.

3 . The method of claim 1, wherein said step of outputting data further includes visually

displaying at least a portion of said output data.

4 . The method of claim 1, wherein said step of outputting data further includes outputting at

least a portion of said output data as a number.

5 . The method of claim 1, wherein said step of outputting data further includes correlating at

least a portion of said output with data from a data bank stored in memory.

6 . The method of claim 1, wherein said step of applying at least a portion of said probe

radiation to said target, further includes selecting tissue as said target.

1



7 . The method of claim 1, wherein said step of outputting data further includes the step of

outputting a measurement of a bio-metric characteristic.

8. The method of claim 1, wherein said step of outputting data further includes the step of

representing said attribute of said target as an image.

9 . The method of claim 1, wherein the step of registering said concurrent information extracted

from said detected interference signal with said field of light based image further includes the

step of achieving said registering by means of registration marks associated with said target

and where the location of said registration marks re available from said field of light based

image.

10. The method of claim 1, wherein said step of applying at least a portion of said probe

radiation to said target to generate back-scattered radiation further includes the step of

aligning said portion of said probe radiation with registration marks associated with said

target.

11. The method of claim 1, wherein said step of acquiring a field of light based image of the

target using a field of light imaging device further includes the step of using structured

lighting as the illumination used by said field of light based imaging device.

12. The method of claim 1, further including the step of correlating said concurrent information

with previously acquired data.

13. The method of claim 1, wherein said step of outputting data further includes the step of

selecting any of the following output modes:

(a) said field of light based image information,

(b) said detected interference signal information;

(c) said registering information.

2



14. A system for determining an attribute of a target, said system comprising:

an optical system, said optical system generating probe radiation and reference radiation, and

said optical system configured to apply at least a portion of said probe radiation to said target

to generate back-scattered radiation and configured to combine said back-scattered radiation

with said reference radiation to produce an interference signal;

a detector, said detector detecting said interference signal from which said interference signal

concurrent information is extracted, and where said concurrent information is used by a

processing and control module to register said optical image with a field of light image of

said target;

a field of light imaging device, said field of light imaging device coupled to said optical

system, and positioned to acquire a field of light image of said target;

a field of light optical source, said field of light optical source illuminating the scene of said

target;

an illumination module, said illumination module functionally coupled to said field of light

device and said field of light optical source, so as to control illumination of said target scene;

a mirror, said mirror coupled to said optical system and said field of light imaging device,

said mirror transmissive at wavelengths of said optical system probe radiation and reflective

at wavelengths illuminating the target scene;

a processing and control module, said processing and control module controlling said optical

system and said field of light imaging device and said illumination module, and

processing data acquired from said optical system and said field of light imaging device, so

as to generate information to align said optical system with respect to a preselected target

area; and

a display module, said display module receiving data from said processing and control

module.

15. The system as in claim 14, wherein said optical system is an OCT system.

3



16. The system as in claim 14, wherein said processing and control module outputs data and said

output data may be any of:

(a) field of light based image information,

(b) detected interference signal information;

(c) registering information.

17. The system as in claim 14, wherein said processing and control module, without signals from

an optical system, process data from said field of light imaging device to perform a

measurement of interest.

18. The system as in claim 14 wherein said field of light optical source is at least one LED.

19. The system as in claim 14 wherein said illumination module produces structured illumination

of said target scene.

20. The system as in claim 14 wherein said display module includes a memory and storage

device.

4
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