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HIGH RESOLUTION OPTICAL COHERENCE TOMOGRAPHY BASED

IMAGING FOR INTRALUMINAL AND INTERSTITIAL USE

IMPLEMENTED WITH A REDUCED FORM FACTOR

Related Applications

[0001] This application is based on a prior copending provisional application,

Serial No. 60/915,903, filed on May 3, 2007, the benefit of the filing date of which is

hereby claimed under 35 U.S.C. § 119(e).

Background

[0002] Optical Coherence Tomography (OCT) is an emerging non-invasive

biomedical imaging technology that can perform cross-sectional imaging of tissue

microstructures in vivo and in real-time. OCT is analogous to ultrasound, except that

it uses low coherence light, rather than acoustic waves. The echo delay time or the

depth of light backscattered from tissue is measured using a technique referred to as

low coherence interferometry.

[0003] OCT has significant advantages over other medical imaging

technologies. Medical ultrasound, magnetic resonance imaging (MRI), and confocal

microscopy are ill suited to high-resolution morphological deep tissue imaging, as

ultrasound and MRI have insufficient resolution for imaging microstructures, while

confocal microscopy lacks the ability to image deeply enough (i.e., beyond several

hundred micrometers in highly scattering tissues), an ability that is required for

morphological tissue imaging. OCT is analogous to ultrasound B-mode imaging,

except that it uses low coherency, near-infrared light, rather than sound, and no

matching medium is required. OCT imaging is non-invasive, and imaging can be

performed in situ and in real time. In addition to micro-structural imaging, OCT can

also provide additional functional information, such as high-resolution Doppler flow,

and spatially revolved tissue spectroscopy.

[0004] As indicated above, a fundamental aspect of OCT is the use of low

coherence interferometry (either in the time domain or the Fourier domain). In



conventional laser interferometry, the interference of light occurs over a distance of

meters. In OCT, the use of broadband light sources (i.e., light sources that can emit

light over a broad range of frequencies) enables the interference to be generated

within a distance of micrometers. Such broadband light sources include super

luminescent diodes (i.e., super bright light emitting diodes (LEDs)), extremely short

pulsed lasers (i.e., femto-second lasers) and wavelength/frequency-swept lasers.

White light can also be used as a broadband source.

[0005] Essentially, the combination of backscattered light from the sample

arm and reference light from the reference arm gives rise to an interference pattern,

but only if light from both arms have traveled "substantially the same" optical

distance (where "substantially the same" indicates a difference of less than a

coherence length). By scanning the mirror in the reference arm or using Fourier

domain techniques, a reflectivity profile of the sample can be obtained. Areas of the

sample that reflect more light will create greater interference than areas that reflect

less light. Any light that is outside the short coherence length will not contributes

significantly to the interference signal. This reflectivity profile, referred to as an A-

scan, contains information about the spatial dimensions and location of structures

within the sample. An OCT image (i.e., a cross-sectional tomograph generally

referred to as a B-scan), may be achieved by laterally combining multiple adjacent

axial scans at different transverse positions.

[0006] FIGURE 1 (Prior Art) schematically illustrates a conventional OCT

system. This system includes a Michelson interferometer that uses a low coherence

light source 20. The light source is coupled to an OCT probe 24 in the sample arm

and to a reference arm 28 through an optical fiber coupler or beam splitter 22. The

sample arm delivers an optical beam from the light source to a target 26 (generally a

tissue sample) and collects the backscattered light. The reference arm provides a

reference optical path length for the interference signal (with the path length scanned

as in time-domain OCT or unscanned as in Fourier domain OCT). Path length

scanning can be achieved, for example, by using a translating retro-reflective mirror

or a phase-controlled scanning delay line (not separately shown). A backscattered

intensity versus depth data set is developed with an axial scan. Two- or

three-dimensional data sets formed by multiple adjacent axial scans are obtained by

scanning the OCT beam along the transverse direction after each axial scan. A

photodetector 30 (or a detector array)produces a corresponding analog signal

comprising the data set. The analog signal is processed by detection electronics



module 32, which produces corresponding digital data. The resulting digital data set

can be further processed, displayed and stored, using a computer 38, as a false-color

or gray-scale map, to form a cross-sectional OCT image.

[0007] Barrett's esophagus is a chronic metaplastic condition characterized

by a change in the epithelial lining of the esophagus, from normal squamous

epithelium to a specialized columnar epithelium. Its prevalence is highly correlated

to gastro esophageal reflux disease. Although Barrett's esophagus often does not

cause symptoms, individuals having this condition have a significantly higher risk of

developing esophageal cancer. The incidence of this usually lethal malignancy has

increased 350% over the past two decades in the United States. Currently, the

standard surveillance procedure for Barrett's epithelium is endoscopy, along with

four-quadrant pinch biopsies at 1-2 cm intervals throughout the Barrett's epithelium.

Recently, minimally invasive endoscopic ablative therapies (such as PDT, and electro

or laser coagulation) have been developed and show significant potential to eradicate

Barrett's esophagus, with the goal of preventing the development of esophageal

cancer. Following ablation, there is return of normal-looking squamous epithelium.

However, biopsy studies have shown that residual Barrett's esophagus remains

underneath the neo-squamous epithelium in approximately 5% of cases. The true

prevalence of this condition could be much higher, considering the random sampling

nature of biopsy. Residual Barrett's epithelium under squamous epithelium has been

reported to lead to the development of cancer. A major concern for ablative therapies

is that if Barrett's remains under squamous epithelium, it cannot be detected using

conventional endoscopic technologies. Currently, there are no imaging techniques

that are capable of detecting islands of Barrett's epithelium under squamous

epithelium. It would thus be desirable to provide a method and apparatus that can be

used to detect such residual Barrett's epithelium.

[0008] Referring to FIGURE 1, it will immediately be apparent that the form

factor or size of OCT probe 24 limits the application of this technology within the

body of a patient. However, reduced form factor OCT probes have been developed

for use with intra-luminal, intravascular and interstitial catheters. FIGURE 2A

schematically illustrates a Prior Art catheter-based OCT probe 40, which includes a

single mode optical fiber 44 for conveying light to and from a sample 52, a gradient

index (GRIN) lens 46, and a beam deflecting element 48. These optical elements are

disposed in a housing 42, and an opening 50 in housing 42 enables light to reach



sample 52. In general, an object distance, Ll, combined with properties of the lens,

determines a working distance, Wl, that can be achieved.

[0009] FIGURE 2B (Prior Art) graphically illustrates the relationship

between object distance, working distance, and transverse resolution that can be

achieved using the probe configuration of FIGURE 2A. At a working distance of

about 8 mm (required for esophageal imaging), the best transverse resolution

obtainable with a given GRIN lens using the probe configuration of FIGURE 2A is

about 75 microns, assuming that that the optical fiber and GRIN lens are coupled

using optical cement (i.e., L l corresponds to the thickness of the layer of optical

cement). Unfortunately, that resolution is insufficient to enable fine structures (i.e.,

structures less than about 50 um in size)to be detected using OCT imaging. It would

be desirable to provide additional probe designs facilitating improved resolution,

while maintaining a compact form factor.

Summary

[0010] A key aspect of the concepts disclosed herein relates to optical

configurations enabling exemplary reduced form factor OCT probes to be achieved.

As noted above, existing reduced form factor OCT probes do not have sufficient

transverse resolution at a working distance of about 8 mm or larger (e.g. 12-15 mm)

to enable Barrett's endothelium to be detected using OCT imaging. Disclosed herein

are a plurality of optical configurations enabling reduced form factor OCT probes to

be achieved, with increased transverse resolution, enabling such OCT probes to be

employed to detect Barrett's endothelium using OCT imaging. The various

configurations exhibit consistent performance parameters, permitting accurate

prediction of their performance when used as an OCT probe, facilitating engineering

various probes according to specific needs. As described in greater detail below, such

reduced form factor OCT probes with enhanced transverse resolution can also be

employed for other medical imaging purposes.

[0011] Significantly, where a relatively high resolution is desired, without

also requiring a reduced form factor, larger aperture optics could simply be employed.

In the context of the concepts disclosed herein, it will be understood that the OCT

imaging probes will be employed in a body lumen or orifice or interstitially, so that

such larger optics cannot be employed to achieve the desired resolution, because of

the form factor limitations imposed by anatomical restrictions. Preferably, OCT

probes for use in body lumens will be about 3 mm in diameter or less, with OCT



probes designed for use interstitially will be about 500 um in diameter or less. To

achieve the required form factor and resolution, compound optics are employed.

[0012] In an exemplary embodiment, the compound optics include a beam

adjusting element configured to manipulate light from the optical fiber so that a light

beam exiting a distal end of the beam adjusting element has a smaller beam diameter

than a light beam exiting the distal end of the optical fiber, thus increasing a

numerical aperture of the OCT probe relative to that at the distal end of the optical

fiber, and a distal lens element configured to focus light manipulated by the beam

adjusting element at the predefined working distance proximate the sample. In

particularly preferred embodiments, the beam adjusting element and distal lens

element are implemented using GRIN lenses.

[0013] Thus, one aspect of the concepts disclosed herein is an OCT imaging

probe including a single mode optical fiber and a compound lens for focusing light

from the single mode optical fiber at a predefined working distance, while enabling a

diameter of the optical probe to be reduced as compared to an optical probe

configured to focus light at the predefined working distance using a single component

lens. In at least one embodiment, the compound lens is configured such that a

position of individual elements in the compound lens are fixed relative to one another.

Preferably, the compound lens comprises a plurality of GRIN lenses or other

miniature lenses (preferably with a cylindrical shape to facilitate probe

manufacturing). The optical properties of the plurality of GRIN lenses are selected to

achieve a desired resolution. If side scanning or circumferential scanning is desired, a

beam reflecting element can be disposed distally of the compound lens. If forward

scanning is desired, no beam reflecting element is required. With respect to

esophageal imaging in particular, side scanning/circumferential scanning is

particularly preferred. In embodiments where two different GRIN lenses are

employed, the GRIN lenses can, for example, be adhesively coupled together using

optical cement. In some embodiments, an optically transparent element is disposed

between the proximal GRIN lens and the single mode optical fiber. Significantly, a

length of the optically transparent element corresponds to an object distance, a linear

dimension of which has an effect on the transverse resolution that can be achieved

using the selected GRIN lenses. The linear dimension of the optically transparent

element required to provide the desired resolution is calculated (based on the optical

properties of the selected GRIN lenses and a predetermined working distance), and

the optically transparent element is cleaved to achieve the required dimension. The



optically transparent element is then thermally fused to a distal end of the single mode

optical fiber and to a proximal end of the most proximally disposed GRIN lens. The

use of the thermally fusing technique is significant. If optical cement were used for

joining the optically transparent element to the single mode optical fiber and to the

GRIN lens, that optical cement would have a specific linear dimension, which in turn

would affect the transverse resolution (by effecting the object distance) that could be

achieved using a particular combination of lenses and a specific working distance. It

is very difficult to control a shape of a layer of optical cement joining two optical

components, and the relative positions of the two optical components to be

connected, when the gap between the optical components to be connected is relatively

large (e.g. larger than a diameter of the larger of the two optical components). A

relatively long junction made of optical cement could compromise the mechanical

robustness of the probe. Thus, in the context of a high resolution and robust OCT

imaging probe, the use of optical cement in a location corresponding to a relatively

large object distance is undesirable (e.g. larger than a diameter of the larger of the two

optical components). The thermal fusion technique enables the object distance to be

more precisely controlled, which in turn enables the working distance and transverse

resolution to be more precisely calculated and implemented. In addition, junctions

made by thermal fusion have proven to be mechanically robust. Preferably, the

optically transparent element is a glass rod, whose diameter substantially corresponds

to a diameter of the single mode optical fiber. Note that the dimension of the

optically transparent element is chosen to ensure no beam clipping occurs within the

optically transparent element, and the beam diameter can be predicted when the distal

and proximal GRIN lenses and the object distances are determined, to achieve a

desired transverse resolution at a given working distance.

[0014] In embodiments employing two different GRIN lenses, the GRIN

lenses can be selected such that a proximal GRIN lens is configured to increase a

numerical aperture of the OCT probe relative to the distal end of the single mode

optical fiber and to reduce the beam mode-field diameter from the single mode fiber

to a smaller diameter at an exit surface of the proximal GRIN lens, and the distal

GRIN lens is configured to focus light from the OCT probe at the predefined working

distance.

[0015] In exemplary embodiments employing three different GRIN lenses, a

first GRIN lens is thermally fused to a distal end of the single mode optical fiber. The

first GRIN lens is then thermally fused to a second GRIN lens, and the second GRIN



lens is adhesively coupled to a third GRIN lens. Generally, consistent with the linear

dimension of the optically transparent element discussed above, a linear dimension of

the first GRIN lens can be precisely controlled to achieve a desired resolution based

on the optical properties of the GRIN lenses and a predefined working distance.

Again, the required linear dimensions (for the first and second GRIN lens, which are

preferably the same diameter as the single mode fiber) take into account that no beam

clipping occurs within the two GRIN lenses, the beam spot size at the exit surface of

the second GRIN lens is minimized, and the gap between the second and the third

GRIN lenses is relatively small (such that the gap can be filled using optical cement).

[0016] In exemplary embodiments employing three different GRIN lenses,

the GRIN lenses are selected such that a proximal GRIN lens is configured to

collimate light emitted from the distal end of the single mode optical fiber, a middle

GRIN lens is configured to receive the collimated light and to refocus the beam with

an increased numerical aperture relative to the distal end of the single mode optical

fiber, and a distal GRIN lens is configured to focus light from the middle GRIN lens

at the predefined working distance. A diameter of the proximal and middle GRIN

lenses can be substantially the same as a diameter of the single mode optical fiber and

substantially smaller than a diameter of the distal GRIN lens, greatly facilitating the

manufacturing process.

[0017] Where the optical probe is intended to be used for esophageal

imaging, the predefined working distance can range from about 8 mm to about

15 mm. A working distance of 8 mm was selected to serve as an example for

analysis and illustration. One exemplary embodiment of the OCT probe further

comprises an inflatable balloon configured to center the OCT probe in the esophagus,

and to substantially flatten esophageal folds.

[0018] Another aspect of the concepts disclosed herein is a system for high-

resolution OCT imaging of the esophagus. One exemplary embodiment of such a

system comprises a low coherence light source, a sample arm having an OCT probe

that includes a single mode optical fiber and a compound lens and which is

configured to scan an esophagus. The embodiment also includes a reference arm, a

detector, a prime mover (such as an electric motor), and a fiber-optic rotary joint

disposed at a proximal end of the OCT probe. The rotary joint cooperates with the

prime mover to enable the OCT imaging probe to be selectively rotated within the

balloon catheter, and with a linear translation component to enables the OCT probe to



be selectively linearly translated within the balloon catheter relative to the esophagus.

A processor and memory are logically coupled to the detector, the OCT probe, the

prime mover, and the translation component. The processor is configured to execute

a plurality of machine instructions residing in the memory to carry at least one of

circumferential scanning of an esophagus, and three-dimensional spiral imaging of

the esophagus.

[0019] Another aspect of the concepts disclosed herein is directed to an

optical probe for use in high resolution OCT imaging. An exemplary embodiment of

the optical probe includes a single mode optical fiber and a beam focusing structure.

The beam focusing structure has a plurality of optical elements, including at least one

GRIN lens; a proximal element in the beam focusing structure is thermally fused to a

distal end of the single mode optical fiber.

[0020] Another aspect of the concepts disclosed herein is a method for

detecting under (or sub-) squamous Barrett's endothelium using OCT imaging. In the

method, a medical device that includes an OCT probe in an expandable member is

introduced into a patient's esophagus. The OCT probe is configured to detect not

only visible Barrett's endothelium at the surface of the esophageal wall, but also

Barrett's tissue hidden under normal-looking squamous epithelium (referred to as

sub-squamous Barrett's epithelia or glands). The expandable member is employed to

center the OCT probe in the patient's esophagus and to substantially flatten

esophageal folds. The OCT probe is activated, and the medical device is manipulated

to achieve at least one of circumferential OCT imaging and three-dimensional spiral

OCT imaging, thereby collecting OCT image data. The OCT image data is then

analyzed to detect the presence of Barrett's endothelium, if present in the patient's

esophagus.

[0021] Another aspect of the concepts disclosed herein is an optical probe for

use in high resolution OCT guided needle biopsy. An exemplary optical probe

includes a needle-like housing, a single mode optical fiber, and an optical element for

focusing light from the single mode optical fiber to the predefined working distance.

A proximal end of the optical element is thermally fused to a distal end of the single

mode optical fiber, and a length of the optical element is determined as a function of

the predefined working distance. The optical element can be a GRIN lens, in at least

one exemplary embodiment. In some exemplary embodiments, the optical element

and a distal end of the single mode optical fiber are disposed in a durable glass inner



housing, which is disposed within the needle-like housing. In other exemplary

embodiments, the optical element is a compound lens, comprising two or three GRIN

lenses, oriented generally consistent with the configurations discussed above.

[0022] Still another aspect of the concepts disclosed herein is a method for

making an optical probe for use in high resolution OCT imaging. This method

includes the step of selecting a working distance for which the optical probe will be

optimized. A single mode optical fiber, a first optical element, and a second optical

element selected as a function of the working distance are provided. A distal end of

the first optical element is fixedly coupled with the second optical element using

optical cement. Based on a first linear dimension of the combined first and second

optical elements, a second linear dimension of the first optical element required to

enable the selected working distance to be achieved is then determined. The first

optical element is sized so as to achieve the second linear dimension, and a proximal

end of the first optical element is thermally fused to a distal end of the single mode

optical fiber and to a proximal end of the second optical element, such that the first

optical element is disposed between the single mode optical fiber and the second

optical element. In some related exemplary embodiments, the first optical element is

a glass rod to expand the beam diameter as it is conveyed to the next optical element;

while in other exemplary embodiments, the first optical element is a GRIN rod lens

configured to similarly expand the beam diameter, collimate light from the single

mode optical fiber, and direct the collimated light to the next optical element. The

second optical element can be a compound lens comprising two GRIN lenses, which

are coupled together. Preferably all the optical elements, including the single mode

fiber, the glass rod, the first GRIN (rod) lens, and the final GRIN lens are thermally

fused together, to provide enhanced mechanical stability and to facilitate

manufacture. However, particularly if the final GRIN lens has a diameter that differs

from a diameter of the preceding optical element, that optical element and the last

GRIN lens can be coupled together with optical cement.

[0023] If desired, a matching fluid can be introduced into any voids within

the probe housing of any of the exemplary OCT probes described above.

Furthermore, additional elements can be incorporated to facilitate variable focus and

focus tracking. Such elements are described in detail in a commonly assigned U.S.

Patent Application, Serial Number 11/332,780, entitled "Simultaneous Beam Focus

and Coherence Gate Tracking for Real-Time Optical Coherence Tomography," the



specifϊcation and disclosure of which are hereby specifically incorporated herein by

reference.

[0024] This Summary has been provided to introduce a few concepts in a

simplified form that are further described in detail below in the Description.

However, this Summary is not intended to identify key or essential features of the

claimed subject matter, nor is it intended to be used as an aid in determining the scope

of the claimed subject matter.

Drawings

[0025] Various aspects and attendant advantages of one or more exemplary

embodiments and modifications thereto will become more readily appreciated as the

same becomes better understood by reference to the following detailed description,

when taken in conjunction with the accompanying drawings, wherein:

[0026] FIGURE 1 (Prior Art) is a schematic block diagram of a typical OCT

system;

[0027] FIGURE 2A (Prior Art) is a schematic representation of a prior art

OCT probe having a relatively small form factor suitable for use in a catheter;

[0028] FIGURE 2B (Prior Art) graphically illustrates the relationship

between working distance, object distance, and transverse resolution that can be

achieved using the OCT probe of FIGURE 2A;

[0029] FIGURE 3A is an OCT image including the features of glycogenic

squamous endothelium (GSE), an ulcer, a basal cell layer (BCL), and lamina propria

(LP);

[0030] FIGURE 3B is a conventional histological image of the same portion

of tissue shown in FIGURE 3A, including the features of glycogenic squamous

endothelium, an ulcer, the basal cell layer (BCL), and the lamina propria (LP),

confirming that such features can be clearly visualized in OCT images;

[0031] FIGURE 3C is an OCT image including the features of squamous

epithelium (SE), sub-squamous Barrett's epithelia (SBE) or glands, and blood vessels

(BV);

[0032] FIGURE 3D is a conventional histological image of the same portion

of tissue shown in FIGURE 3C, including the features of squamous epithelium (SE),



sub-squamous Barrett's epithelia (SBE) or glands, and blood vessels (BV),

confirming that such features can be clearly visualized in OCT images;

[0033] FIGURE 4 schematically illustrates an OCT probe combined with a

balloon catheter, to enable esophageal OCT imaging to be used to detect Barrett's

esophagus;

[0034] FIGURE 5A schematically illustrates an OCT probe having a reduced

form factor suitable for use in a catheter that employs a compound lens in order to

increase a transverse resolution without increasing a relative size of the form factor,

as compared to the prior art OCT probe of FIGURE 2A;

[0035] FIGURE 5B schematically illustrates an OCT probe similar to that

illustrated in FIGURE 5A, in which an optically transparent member is fused to a

distal end of a single mode optical fiber and a proximal end of a first lens element, a

linear dimension of the optically transparent member enabling a dimension of a first

object distance Ll to be precisely controlled and the probe to be mechanically robust;

[0036] FIGURE 5C graphically illustrates the relationship between working

distance (W), object distance (L2), and transverse resolution that can be achieved

using the OCT probe of FIGURE 5B, which employs first and second GRIN lenses;

[0037] FIGURE 5D schematically illustrates another OCT probe based on

the probe of FIGURE 5A, in which both a first object distance L l and second object

distance L2 can be precisely controlled;

[0038] FIGURE 5E graphically illustrates the relationship between working

distance, object distance L2, and transverse resolution that can be achieved using the

OCT probe of FIGURE 5B with a second GRIN lens having a shorter pitch length as

compared with the second GRIN lens for the relationship of FIGURE 5C (note the

dramatic differences in object distance L2 for a working distance of 8 mm in

FIGURES 5C and 5E);

[0039] FIGURE 5F schematically illustrates yet another OCT probe based on

the probe of FIGURE 5D, in which both a first object distance L l and second object

distance L2 are precisely controlled by selecting a second GRIN lens having shorter

pitch length as compared with the second GRIN lens for the relationship of FIGURE

5C;



[0040] FIGURE 6 is a functional block diagram of an OCT system

incorporating the OCT probe of FIGURE 5B, to enable esophageal OCT imaging to

be used to detect Barrett's esophagus;

[0041] FIGURE 7A is an esophageal OCT image acquired using a system

substantially identical to that illustrated in FIGURE 6, illustrating that circumferential

esophageal OCT imaging is achievable;

[0042] FIGURE 7B is an esophageal OCT image acquired using a system

substantially identical to that illustrated in FIGURE 6, illustrating that three-

dimensional spiral esophageal OCT imaging is achievable;

[0043] FIGURE 8 schematically illustrates an OCT probe including a

compound lens formed from three GRIN lenses;

[0044] FIGURE 9 schematically illustrates an OCT probe configured for

image guided needle biopsy;

[0045] FIGURE 1OA schematically illustrates an OCT probe incorporated

into a stainless steel hypodermic needle;

[0046] FIGURE 1OB schematically illustrates the relative sizes of the OCT

probe of FIGURE 1OA and a U.S. 10 cent coin (i.e., a dime);

[0047] FIGURE 1OC is an OCT image including muscle fiber bundles

obtained using the OCT probe of FIGURE 1OA, graphically illustrating that relatively

small structures can be visualized in OCT images acquired using the OCT probe of

FIGURE 1OA;

[0048] FIGURE 1OD graphically illustrates the relationship between working

distance, object distance, and transverse resolution that can be achieved using the

OCT probe of FIGURE 1OA;

[0049] FIGURE 11 schematically illustrates an OCT probe incorporated into

a transparent inner housing, the inner housing being small enough to be inserted into

a stainless steel hypodermic needle;

[0050] FIGURE 12 graphically illustrates the relationship between working

distance, lens pitch, and transverse resolution that can be achieved using the OCT

probe of FIGURE 11;

[0051] FIGURE 13 schematically illustrates an OCT probe incorporated into

a transparent inner housing, the inner housing being small enough to be inserted into



a stainless steel hypodermic needle, in which the OCT probe includes an optically

transparent spacer between a distal end of a single mode optical fiber and a proximal

end of a GRIN lens, the spacer enabling a desired resolution to be achieved at a given

working distance;

[0052] FIGURE 14 schematically illustrates an OCT probe incorporated into

a transparent inner housing, the inner housing being small enough to be inserted into

a stainless steel hypodermic needle, in which the OCT probe includes a compound

lens including three different GRIN lens, the compound lens enabling a desired

resolution to be achieved at a given working distance;

[0053] FIGURE 15A is a functional block diagram of an OCT system

incorporating one or more of the exemplary OCT probes of FIGURES 1OA, 11, 13,

and 14, to enable OCT image guided needle biopsy; and

[0054] FIGURE 15B schematically illustrates an exemplary OCT system

incorporating one or more of the exemplary OCT probes of FIGURES 1OA, 11, 13,

and 14, to enable OCT image guided needle biopsy;

[0055] FIGURE 16 is a functional block diagram of an OCT system

incorporating a laser for marking a region of interest, where the laser light is delivered

using the same optical fiber that is used for OCT imaging;

[0056] FIGURE 17 schematically illustrates an exemplary OCT balloon

catheter including electrodes on an outer surface of the balloon enabling marking to

be implemented using electrocauterization; and

[0057] FIGURE 18 schematically illustrates a lumen marked using ink dots.

Description

Figures and Disclosed Embodiments Are Not Limiting

[0058] Exemplary embodiments are illustrated in referenced Figures of the

drawings. It is intended that the embodiments and Figures disclosed herein are to be

considered illustrative rather than restrictive. No limitation on the scope of the

technology and of the claims that follow is to be imputed to the examples shown in

the drawings and discussed herein.

[0059] Preliminary Ex-vivo Studies: One application of the concepts

disclosed herein is to use OCT imaging to detect sub-squamous Barrett's esophagus

(and other sub-squamous abnormal structures such as cancer). To determine whether



OCT can be used to detect sub-squamous Barrett's esophagus, extensive ex vivo

studies were performed. Fourteen human esophagectomy specimens were imaged

using a bench-top OCT system (generally consistent with the OCT system illustrated

in FIGURE 1) with the esophageal specimen cut open. Representative OCT images

are shown in FIGURES 3A and 3C, with FIGURES 3B and 3D showing

corresponding histological images obtained using microscopic techniques. Features

that can be identified in the OCT image of FIGURE 3A and the corresponding

histological image include normal glycogenic squamous epithelium (GSE), an ulcer

(erosion), a basal cell layer (BCL), and lamina propria (LP). Significantly, such

features are readily apparent in both the OCT image of FIGURE 3A, as well as the

corresponding histological image of FIGURE 3B, indicating that such features can be

readily identified in OCT images. Features that can be identified in the OCT image

of FIGURE 3C include sub-squamous Barrett's epithelium (SBE) and some blood

vessels (BV). Significantly, such features are readily apparent in both the OCT image

of FIGURE 3C as well as the corresponding histological image of FIGURE 3D, thus

indicating that sub-squamous Barrett's glands (and some blood vessels) can be clearly

identified in OCT images and correlate very well with histology.

[0060] A double-blind study has indicated that OCT imaging offers a more

than 80% sensitivity and 90% specificity for detecting sub-squamous Barrett's

esophagus. The main reason for a false positive diagnosis is the difficulty in

distinguishing sub-squamous Barrett's glands from large blood vessels; however, this

would not be a problem in an in vivo environment, because in vivo blood flow will

enable blood vessels to be differentiated from sub-squamous Barrett's esophagus (i.e.,

in vivo Doppler imaging will enable blood vessels to be differentiated from Barrett's

glands, as there will be no blood flow in the Barrett's structures).

[0061] Need for a Balloon Catheter: OCT imaging of internal organs (such as

the gastrointestinal tract) has been made possible by the development of flexible and

miniature fiber-optic OCT catheters, such as the OCT probe of FIGURE 2A. The

small diameter (1-2.5 mm) of an OCT catheter permits its delivery through the

working channel (3.7 mm in diameter) of a standard GI endoscope. The procedure is

to choose a region of interest under the field of view of a GI endoscope, deliver the

OCT catheter to the region, and acquire high-resolution images in situ. In spite of

two possible scanning modes (linear scan and circumferential scan), it is challenging

for OCT imaging to be performed over a large area in a systematic fashion using

current OCT catheters.



[0062] In the case of esophageal imaging, the esophagus folds present further

challenges. In addition, imaging of a relatively large area requires a relatively

prolonged imaging time, and consequently potential motion artifacts can be

introduced into the images. Thus, in order to systematically image the esophagus

over a large area, it will typically be necessary to stabilize the OCT catheter in

relation to the esophagus, and to avoid the esophageal folding, so that imaging of the

full circumference of the esophagus is possible. Thus, in one exemplary embodiment

of the approach discussed herein, an OCT balloon catheter is used that integrates

circumferential OCT imaging and position stabilization.

[0063] Such an exemplary OCT balloon catheter 90 is schematically

illustrated in FIGURE 4 . In balloon catheter 90, an OCT probe is introduced into an

inner lumen 94 of the catheter, and an additional lumen (not specifically shown)

enables pressurized air (or some other fluid) to be supplied to inflate a balloon 106

that is included on the catheter. At least the portion of lumen 94 overlapping

balloon 106 can be made of a generally optically transparent material, to enable a

light beam 104 emitted from OCT optics 102 (and deflected by a reflector 98, which

can comprise a micro prism) to reach a sample. Of course, at least a portion (or all)

of balloon 106 is similarly optically transparent, for the same reason. Additional

elements of the OCT probe include a single mode optical fiber 100, disposed within a

hollow metal drive wire 92, which enables the OCT probe to be selectively positioned

within lumen 94. OCT optics 102 can be enclosed in a durable housing 96 (such as a

metal or glass housing), which includes an opening or transparent window adjacent to

reflector 98 to enable light to reach a sample area.

[0064] The function of the balloon is to flatten out or generally reduce the

esophageal folds and stabilize the OCT catheter. The radius of the balloon required

to perform this function is about 8 -15 mm (when inflated), which is approximately

the radius of a human esophagus when the esophageal folds are flattened.

Consequently, a relatively large working distance (i.e., -8-15 mm) is required for the

OCT catheter, which imposes a significant challenge in creating a usable optical

design that can: (1) provide a reasonably useful transverse resolution; and,

(2) maintain a small catheter diameter (e.g., 2 mm or less), so that the entire balloon

catheter can still be delivered to the esophagus through the working channel of a GI

endoscope. Significantly, most existing OCT imaging catheters require either direct

or close contact with the esophageal wall, due to a relatively small 2-3 mm working

distance. Thus, yet another aspect of the concepts disclosed herein is an optical



design that achieves a high transverse resolution (-20-40 µm) in a compact form

factor (i.e., having a diameter that is less than or equal to about 1.5 mm), with a

working distance sufficient for enabling the OCT optics to be spaced apart from the

esophageal wall to achieve the circumferential imaging noted above. Effective

parameters for such an optical design include a target transverse resolution of

approximately 20-40 µm, a working distance of approximately 8-15 mm, and an

overall optical diameter of less than or equal to 1.5 mm.

[0065] A major challenge in developing such a probe is achieving the

relatively high transverse resolution target, while maintaining a small diameter (e.g.,

1.5 mm). For the conventional OCT catheter of FIGURE 2A, the working distance

and transverse resolution can be tuned by changing the object distance L l (i.e., the

distance between a distal tip of single mode optical fiber 44 and the proximal surface

of GRIN lens 46). The calculated transverse resolution and working distance for such

a design, as determined by Gaussian beam optics, are shown in FIGURE 2B, as noted

above. As indicated in FIGURE 2B, the best transverse resolution for an 8-mm

working distance (required for esophageal imaging), given the probe design of

FIGURE 2A, is about 75 µm, which is a relatively poor resolution. Systematic

analysis reveals that such a relatively poor transverse resolution is primarily caused

by a limited numerical aperture (NA) of the beam from the single mode optical fiber

(e.g., NA-0. 11), and the restriction on the GRIN lens diameter (e.g., <1.5 mm). In

contrast, the novel concepts disclosed herein provide a catheter-sized OCT probe

design that achieves a higher resolution with the same minimal form factor, by

employing a miniature compound lens, in which a first lens element tightly focuses

the beam and effectively increases the beam's NA (by a factor of about 2), and a

second lens element that refocuses the beam with the increased NA to the desired

working distance (about 8 mm for esophageal imaging, although other working

distances may be desirable for different imaging applications).

[0066] FIGURE 5A schematically illustrates an OCT probe 60 having a

reduced form factor suitable for use in a catheter, and which employs a compound

lens in order to increase a transverse resolution without increasing a relative size of

the form factor, as compared to the Prior Art OCT probe of FIGURE 2A. Thus, the

novel OCT probe of FIGURE 5A satisfies the design criteria noted above. OCT

probe 60 includes housing 42, into which a distal portion of single mode optical

fiber 44, a first GRIN lens 62, a second GRIN lens 66, and a reflector 48 are

disposed. An opening 50 in housing 42 enables a light beam 51 to reach a sample 68.



As with conventional catheter OCT based probes, the optical elements (i.e., the single

mode optical fiber, the first and second GRIN lenses, and the reflector) can be glued

together using optical cement, such that Ll and L2 correspond to the thickness of the

optical cement layer bonding the adjacent optical components.

[0067] Assembling multiple miniature lenses requires precision alignment,

and the object distance between any two adjacent elements (e.g., L l and L2 in

FIGURE 5A) should be accurately controlled. To alleviate engineering challenges

and facilitate future mass production, a slightly modified OCT probe 60a (as

illustrated in FIGURE 5B) was designed. In OCT probe 60a, an optically transparent

member 70 (preferably implemented by a glass or plastic rod) is disposed in object

distance Ll (between a distal end of single mode optical fiber 44 and first GRIN

lens 62). In a working model, the first GRIN lens was implemented using a miniature

GRIN rod lens (or a GRIN fiber-optic lens), and the second GRIN lens was

implemented using a conventional GRIN lens. Significantly, the length of the glass

rod and the GRIN fiber optic lens (i.e., first GRIN lens 62) can be precisely controlled

by cleaving, with an accuracy of ±5 µm (or better). The glass rod fiber (optically

transparent member 70) is thermally fused to a distal end of the single mode optical

fiber and a proximal end of the first GRIN lens. This configuration enables the object

distance Ll to be controlled with great precision (note that as indicated in

FIGURE 5C and as discussed in detail below, the resolution is a function of object

distance (both Ll and L2); thus, controlling the object distance with precision enables

resolution to be predicted and controlled with precision). The distal end of first GRIN

lens 62 is fixedly attached to a proximal end of second GRIN lens 66 using optical

cement, and the distal end of the second GRIN lens is fixedly attached to the reflector

using the same technique.

[0068] To tightly focus the beam from the distal end of the single mode

optical fiber, a large α-value is required for the first GRIN rod (or fiber) lens, the α-

value being determined using a refractive index profile relationship

n(r) = /I0(1 - V / 2) . With a GRIN fiber lens of /I0 = 1.49 1 and a = 6.05 / mm for

first GRIN lens 62, the predicted working distance and transverse resolution are

graphically illustrated in FIGURE 5C. These results indicate that a transverse

resolution of about 30 µm can be achieved for an 8 mm working distance (required

for esophageal imaging using a balloon OCT catheter) when probe 60a employs a

glass rod of 0.247 mm (i.e., an object distance Ll of 0.247 mm; noting that while

FIGURE 5C shows L2, but not Ll, a similar relationship can be graphed for Ll), a



0.369 mm long GRIN fiber lens for first GRIN lens 62, a conventional GRIN lens of

0.25 pitch and a 1.0 mm diameter for second GRIN lens 66, and a separation of

-220 µm between the first GRIN lens and the second GRIN lens (i.e., object distance

L2 is -220 microns). Using these components, the diameter of all the optics will be

less than 1.2 mm, achieving a form factor that can be easily integrated with a double-

lumen balloon (such as those available from Wilson-Cook, Winston Salem, NC),

having a 2.2 mm diameter transparent inner lumen, and an outer diameter of about

8 mm when the balloon is inflated.

[0069] Thus, for a probe configured as shown in FIGURES 5A (or

FIGURES 5B/5D/5F), four different variables determine the resolution and working

distance: (1) the parameters of GRIN lens 62 (pitch and α-value); (2) the dimension

of object distance Ll; (3) the parameters of GRIN lens 66 (pitch and α-value); and

(4) the dimension of object distance L2. These variables can be varied as desired

until a useful resolution and working distance are achieved. The following exemplary

techniques for defining these four variables are intended to be exemplary, rather than

limiting.

[0070] The form factor of the probe will limit the diameter of GRIN lenses

that can be employed (probes for relatively smaller lumens will require relatively

smaller diameter GRIN lenses). Limiting GRIN lens 62 to lenses that have

approximately the same diameter as the optical fiber can facilitate manufacture of the

OCT probe, because thermal fusion between components having the same general

diameter is relatively straightforward. As noted above, to tightly focus the beam from

the distal end of the single mode optical fiber, GRIN lens 62 must also have a

relatively large α-value.

[0071] In one exemplary embodiment, the first object distance L l (optically

transparent member 70 in FIGURE 5B, or in some cases, a relatively thin layer of

optical cement) and the pitch length of GRIN lens 62 (i.e. a GRIN fiber lens) are

defined by varying the parameters of L l and GRIN lens 62 to minimize the focused

beam spot size at the exit surface of GRIN lens 62, while ensuring the beam is not

clipped within the glass rod (Ll) or GRIN lens 62 (each of which are preferably of

the same diameter of the single mode optical fiber, i.e. 125 um). Once Ll and the

pitch length of GRIN lens 62 are determined, the objective distance L2 between

GRIN lens 62 and GRIN lens 66, and parameters for GRIN lens 66, are then varied to



achieve the designed working distance, and the transverse resolution of the entire

probe can be found for the designed working distance using Gaussian beam optics.

[0072] In one exemplary, but not limiting embodiment, L2 is intentionally

minimized, so that GRIN lens 62 and GRIN lens 66 are coupled together each other

with optical cement (thus, L2 is implemented using optical cement).

[0073] In another embodiment, L2 is varied to include dimensions longer

than can be readily implemented using optical cement, and in such embodiments an

optically transparent spacer (such as a glass rod) can be used to implement L2.

[0074] If desired, a beam deflecting element 48 (if required) is attached to

GRIN lens 66 with optical cement.

[0075] It should be recognized that L l and the pitch length of GRIN lens 62

can also be selected (along with object distance L2) using Gaussian beam optics with

a multiple parameter search, so that the smallest focused beam spot is achieved at the

final desired working distance (e.g. 8-15 mm) without causing beam clipping within

the glass rod and the GRIN fiber lenses.

[0076] A unique feature of such a balloon imaging catheter (i.e., as shown in

FIGURE 4) is its large working distance, which is achieved while still maintaining a

small focused spot size (i.e., high lateral resolution) and a small diameter (permitting

the deployment of the balloon catheter into the esophagus through the standard

accessory port of a GI endoscope). Such an OCT imaging catheter enables high-

resolution circumferential imaging of the entire human esophagus. Compared to a

single lens catheter design (FIGURE 2A) where either a long or short pitch GRIN

lens is used, the disclosed compound lens catheter design (1) offers a much better

transverse resolution at a given long working distance (e.g. by about a factor of 2);

and (2) facilitates designing probes suitable for mass production. As noted above, the

large working distance, high lateral resolution, and small overall diameter are

achieved by using a compound lens made of several rod lenses and spacers

(FIGURE 5B; noting that a spacer can be disposed between GRIN lens 62 and GRIN

lens 66 when L2 is larger than can be accommodated using optical cement). Note

that implementing L l or L2 using optical cement is very challenging, if the object

distance (i.e., L l or L2) is larger than the diameter of the smaller of the GRIN lens (or

optical elements) being joined. Furthermore, optical cement is not as mechanically

robust or stable as thermal fusion, thus when possible thermal fusion is preferred.



[0077] A significant feature of the OCT probe designs disclosed herein is that

thermal fusion can be used to connect at least some elements. In an exemplary

fabrication technique, a glass rod spacer used to implement L l is thermally fused to a

single-mode fiber, and then cleaved to the desired dimension for L l . The glass rod is

then fused to the GRIN fiber (or rod) lens used to implement GRIN lens 62. That

GRIN lens (i.e., GRIN lens 62) is then cleaved at the desired pitch length. GRIN

lens 66 is coupled to GRIN lens 62 with optical cement, with the object distance L2

precisely tuned (e.g. by a precision micron translation stage) to achieved the designed

working distance. Where L2 is implemented with a spacer, that spacer and GRIN

lens 66 can be similarly fused together and precisely cleaved, followed by joining

[spacer (Ll) + GRIN lens 62] to [spacer (L2) + GRIN lens 66)] together with optical

cement, enabling precise control of the dimension of L l and L2, and the pitches (i.e.,

lengths) of each GRIN lens. When coupled in series, these components create a

compound lens that enables the catheter to achieve the desired working distance,

while maintaining an acceptably small focused spot size. A micro-prism or beam

deflector is used to redirect the beam 90°, into the tissue. A prototype of such an

OCT probe was successfully constructed and exhibited a working distance of

9.6 mm, and a measured focused spot size of 39 µm.

[0078] Circumferential OCT imaging can be performed by rotating the

imaging catheter of FIGURE 4 within the double lumen balloon. To systematically

image a segment of an esophagus of interest, a spiral scanning pattern can be

achieved by pulling back the OCT catheter while it is being rotated. This approach is

analogous to spiral CT and 3-D intravascular ultrasound (IVUS) imaging. The 3-D

structure of the esophageal wall can be reconstructed from the spiral scan by using

standard computer interpolation algorithms. A computer-controlled direct current

(DC) motor with an accurate position encoder can be used to perform pull-back. The

pull-back speed will depend on the imaging acquisition speed, the circumferential

pixel density, and the spiral scan pitch. Assuming an OCT axial scanning speed of

30,000 A-lines per second (achievable with a swept source or spectral domain OCT)

and a circumferential pixel size of 20 µm (e.g., about half of the transverse

resolution), each circumferential scan will take about

2π *8 mm / 20 µm/(30,000 s 1) , or about 0.08 seconds for a balloon having an 8 mm

radius. If the spiral scan pitch is 50 µm, a pull-back speed of about 0.6 mm/sec would

be required, which is readily achievable. The rotation, pull back and data acquisition

can be controlled and synchronized by software for the spiral 3D imaging.



[0079] A key component for implementing circumferential scanning is a

fiber-optic rotary joint, which couples light from a rotating catheter to a stationary

source fiber. The rotary joint is disposed at a proximal end of a catheter, providing a

convenient way to switch catheters. A working exemplary prototype embodiment of

a compact rotary joint having dimensions of about 1.5 cm in diameter and about 8 cm

in length has been successfully fabricated. Such a rotary joint can be coupled to a

spiral-scan pull-back motor and incorporated into a single handheld unit, facilitating

manipulation of the balloon imaging catheter of FIGURE 4 . This type of handheld

unit will be suitable for use in an in vivo or a clinical environment. Alternatively,

mechanisms for rotating the micro-prism or reflector disposed at the distal end of the

OCT probe could be employed to achieve the circumferential scanning, with a lateral

translation stage being employed to achieve the spiral scanning.

[0080] As noted above, precise control of L l and L2 enables specific

resolutions and working distances to be achieved. FIGURE 5D schematically

illustrates an OCT probe 60b in which variations in L2 enable different working

distances and resolutions to be achieved, as graphically indicated in FIGURE 5C.

OCT probe 60a includes single mode optical fiber 44, first GRIN lens 62, a spacer 45

disposed between the optical fiber and the first GRIN lens (i.e., spacer 45 is Ll),

second GRIN lens 66, a spacer 47 between the first GRIN lens and the second GRIN

lens (i.e., spacer 47 is L2), and reflector 48. Spacer 47 can be implemented by a

controlled thickness of an adhesive such as optical cement, a physical spacer having a

predefined thickness (such as a cylindrical or ring shaped plastic mass), or a

combination of cement and physical spacer. Exemplary techniques for determining

the lengths (Ll, the length of the GRIN fiber lens and L2) are described above.

[0081] FIGURE 5F schematically illustrates an OCT probe 60c in which

GRIN lens 66 has a relatively shorter pitch length, and the desired dimension of a

spacer for L2 is sufficiently large that the use of optical cement alone would be

impractical. The relationship between L2, working distance and resolution for OCT

probe 60c is graphically indicated in FIGURE 5E. OCT probe 60c includes single

mode optical fiber 44, first GRIN lens 62, spacer 45 disposed between the optical

fiber and the first GRIN lens (i.e., spacer 45 is Ll), second GRIN lens 66, a spacer 49

between the first GRIN lens and the second GRIN lens (i.e., spacer 49 is L2), and

reflector 48. Spacer 49 is implemented using a plastic or glass rod that is

substantially transparent to the wavelengths of light that are emitted and received by



OCT probe 60c, because spacer 49 is too long to implement using optical cement

alone.

[0082] FIGURE 6 schematically illustrates an OCT system incorporating the

OCT probe of FIGURE 5B, to enable esophageal OCT imaging to be used to

systematically detect Barrett's and sub-squamous Barrett's esophagus, using either

circumferential scanning or spiral three-dimensional scanning, generally as discussed

above. A system 110 includes an OCT probe 112 (substantially similar to the

esophageal OCT catheter probes discussed above), a rotary joint 114, a pull-back

stage 116 (with one or more prime movers to rotate and linearly translate the OCT

probe, the rotary joint and pull-back stage optionally being enclosed in a common

housing 115), a controller 118 (e.g., implemented using a processor and a memory

storing machine instructions executed by the processor, although such a controller can

also be implemented using a custom logic circuit), and additional required OCT

components (generally consistent with the OCT system of FIGURE 1). The prime

mover can rotate the rotary joint via a timing belt, and the rotary joint along with the

prime mover can be linearly translated using a precision motorized stage. The

combination of rotation and linear translation achieves a spiral beam scanning pattern

for performing spiral 3-D volumetric imaging.

[0083] Real-time OCT imaging using a balloon catheter based on the

exemplary embodiments of FIGURES 4 and 5B was experimentally demonstrated

using a standard swept source OCT system modified to generally correspond to the

system of FIGURE 6 . This exemplary OCT system utilized a 1310 nm swept laser

source with a Full Width at Half Maximum (FWHM) bandwidth of 106 nm and a

sweeping frequency of 6 kHz, corresponding to an imaging speed of 12,000 axial

scans per second. The line width of the swept source is about 0.15 nm corresponding

to an imaging depth of ~2 mm. The measured axial resolution was 8.5 µm. The

system had a signal-to-noise ratio of about 120 dB at 6.5 mW incident power on the

sample. In a test of this system, OCT images from a pig esophagus were acquired.

The deflated balloon catheter was inserted into the pig esophagus and then fully

inflated.

[0084] FIGURE 7A is a circumferential esophageal OCT image of a pig

esophagus acquired using the system described above (i.e., a system substantially

identical to that illustrated in FIGURE 6), illustrating that circumferential esophageal

OCT imaging is achievable. The image size is ~2 mm x 60 mm (2000 x 3000 pixels,



axial x circumferential). Note that the void space in the middle of the image is not to

actual scale, the void has been included purely for the purpose of enlarging the

display of the tissue portion of the image. The imaging frame rate was 4 Hz, which

can be significantly improved upon by using a faster swept source or spectral domain

OCT system. The identifiable layers include the epithelium (E) 124, lamia propria

(LP) 126, muscularis mucosa (MM) 128, submucosa (SM) 130, and muscularis

propria (MP) 132.

[0085] FIGURE 7B is an esophageal OCT image of a pig esophagus

acquired using the system described above (i.e., a system substantially identical to

that illustrated in FIGURE 6), illustrating that three-dimensional spiral esophageal

OCT imaging is achievable (note that the pitch displayed is not to scale, since the

Figure is purely for illustration). The experimental pitch length of the spiral is about

20 µm.

[0086] The exemplary balloon imaging catheter (based on FIGURES 4 and

5B) provides 2-D and 3-D images of esophageal tissue. The catheter overcomes

limitations in conventional OCT endoscope design and provides a simple scan

mechanism, permitting methodical imaging of the entire esophagus for Barrett's

(surface and sub-squamous) surveillance and cancer detection to be achieved. Using

such apparatus, OCT imaging can be used to detect Barrett's esophagus, and for

analyzing the collected images for structures corresponding to the sub-squamous

Barrett's glands of FIGURE 3C. As discussed in detail above, in ex vivo images such

sub-squamous Barrett's structures could be mistaken for blood vessels, but during in

vivo imaging, the presence of blood flow will enable blood vessels and Barrett's

structures to be easily differentiated.

[0087] Other configurations of a compound fiber-optic lens for achieving a

relatively high resolution at a desired working distance are also possible.

Furthermore, the same general principles can also be used to focus the OCT beam at

relatively shorter working distances, such as those required in an intravascular

catheter for imaging a small vessel or for interstitial imaging with a much higher

spatial resolution. Such an exemplary embodiment is schematically illustrated in

FIGURE 8. The compact form factor, shorter working distance, and high spatial

resolution are achieved by using a compound lens comprising three different GRIN

lenses. While additional GRIN lenses could be employed, it should be noted that

optical losses are associated with the connecting (e.g. by thermal fusion) multiple



GRIN lenses, and employing more than three GRIN lenses to achieve a compound

lens may lead to unacceptable optical losses.

[0088] Referring to an OCT probe 72 of FIGURE 8, a distal end of a single

mode optical fiber 78 is stripped of its protective coating 76, and is coupled to a

compound lens formed of three GRIN lenses 80, 82, and 84. A reflector 86 directs a

light beam 88 through an opening in a housing 74 toward a sample 90. Preferably an

optical window 73 fills the opening, although an inner optically transmissive housing

encompassing the compound lens can also be employed. Fabrication of OCT

probe 72 is accomplished by thermally fusing a distal end of single mode optical

fiber 78 to GRIN lens 80, and thermally fusing GRIN lens 80 to GRIN lens 82.

GRIN lens 84 is coupled with GRIN lens 82 either by thermal fusion (or by using

optical cement if the thermal fusion loss is not acceptable due to the mismatch of the

diameters). The design concept is generally the same as discussed above with respect

to the exemplary OCT probes of FIGURES 5A and 5B, in that the proximal

compound lens elements (GRIN lenses 80 and 82) tightly focus light emitted from the

distal end of the single mode optical fiber, while the distal lens element (GRIN

lens 84) refocuses the beam to a desired working distance with a high transverse

resolution.

[0089] The details of exemplary OCT probe 72 are as follows. GRIN lens 80

is implemented using a 0.25-pitch length lens that collimates the beam from the single

mode optical fiber. GRIN lens 82 is also implemented using a 0.25-pitch length lens;

however, the middle GRIN lens has more focusing power (e.g., GRIN 82 has a larger

α-value than does GRIN lens 80). GRIN lens 82 focuses the collimated beam to a

smaller spot at its exit surface, and the new focused spot size is provided by the

following relationship:

where Di is the input spot size for GRIN lens 80 (i.e., the mode field diameter of the

single mode optical fiber), αi is the α-value of GRIN lens 80), α is the α-value of

GRIN lens 82, no\ is the on axis refractive index of GRIN lens 80, and nO2 is the on

axis refractive index of GRIN lens 82.

[0090] GRIN lens 84 has a lower focusing power than the other GRIN

lenses, but a larger aperture, and GRIN lens 84 images the focused spot D to a final



focused spot. Significantly, the pitch number of GRIN lens 84 can be selected to

achieve a desired working distance. Customized GRIN fiber lenses (having a

diameter of about 125 microns) can be used to implement GRIN lenses 80 and 82,

and a commercially available GRIN lens (having a diameter of about 250 µm) will be

used to implement GRIN lens 84. The single mode optical fiber, GRIN lens 80, and

GRIN lens 82 will be thermally fused in tandem, and each of GRIN lens 80 and

GRIN lens 82 will be precisely cleaved to achieve a 0.25 pitch length. Because the

aperture of GRIN lens 84 is larger than the aperture of the other GRIN lenses, beam

vignetting within GRIN lens 84 is prevented. GRIN lens 84 is attached directly to

GRIN lens 82 with optical cement, and no appreciable space is required between the

two. Based on the above parameters, Gaussian calculations indicate that the final

beam focused spot size will be about 7.1 microns, at a working distance of about

500 microns, using a 0.327-pitch length GRIN lens for GRIN lens 84. Significantly,

such a spot size represents a 200% reduction (i.e., improvement) compared to a

traditional single GRIN lens approach. The resultant high transverse resolution will

be appreciated when considering the small optics diameter (125-250 microns) and the

working distance achieved (e.g. 500 microns, which is sufficient to enable the focus

to be disposed in tissue that can be placed in direct contact with the beam window of

the miniature probe). This transverse resolution will be close to the axial resolution

produced by the 1300 nm light source commonly employed in OCT systems. All

three GRIN lenses and the reflector can be encased within a protective glass tube (a

durable quartz glass having good optical and structural properties is employed in an

exemplary embodiment). Previous designs have employed polished optical cement

for the optical window. However, polished optical cement can be easily scratched,

significantly reducing optical clarity and the service lifetime of the imaging probe.

The use of a glass housing eliminates this problem. If desired, matching fluid can be

used to fill any void spaces within the glass housing to reduce undesired back

reflection or beam profile distortion.

[0091] Yet another aspect of the present invention is directed to incorporating

OCT imaging into needle biopsy probes, to achieve image guided needle biopsy.

Such technology can perform high-resolution, microscopic imaging of biological

tissues in vivo and in real-time. This technology will permit real-time assessment of

the tissue in situ by providing structural and/or quantitative information before tissue

removal, leading to improved tissue sampling accuracy and reduced biopsied tissue

volumes, thereby making biopsy less invasive.



[0092] It should be noted that in addition to high-resolution imaging of tissue

microanatomy in situ, it has been demonstrated that the depth-dependent OCT signals

can be analyzed to obtain localized tissue optical properties, which are related to

cellular morphologies such as the shape, size and density of the cell organelles and

nuclei. Significantly, such properties can be altered by neoplastic changes, and thus

such properties might be used to detect morphological changes. The quantitative

information can then provide objective evaluation of the target "suspicious" tissue.

This can be very complementary to structural imaging, in particular, when the lesion

is homogeneous as in the case of poorly differentiated adenocarcinoma. The

quantitative information would also allow systematic comparison between normal

and pathologic tissues. The high-resolution morphologic imaging and the

quantitative information about localized tissue optical properties enhance the OCT

needle probes capability of targeting pathologic tissues of small volumes for biopsy.

[0093] As disclosed herein, the development of a 27-gauge (or 400 µm

diameter) OCT imaging needle enables interstitial high-resolution imaging of solid

tissues/organs beyond a depth of 1-3 mm, which is about as deep as can be achieved

when performing OCT imaging from outside the tissue. The OCT imaging needle

includes passive fiber-optic components, and can be directly introduced into tissue

with no electric hazard. Preliminary studies have demonstrated that the small

diameter of the OCT needle does not cause visible bleeding or trauma when

introduced into solid tissue.

[0094] FIGURE 9 schematically illustrates an exemplary OCT image-guided

biopsy probe 150 that includes an imaging needle 152, with OCT optics, and a biopsy

needle 154 (including a biopsy window 156, configured to extract a relatively small

portion of tissue for analysis). OCT image-guided biopsy probe 150 can be

positioned proximate a mass of tissue 158, so that needle 152 can be advanced into

the tissue. An optical beam 160 emitted from a distal end of needle 152 enables a

generally cylindrical region of tissue 162 to be imaged (by rotating the optics in the

needle, generally as discussed above with respect to circumferential and 3-D spiral

scanning). Should any of the imaged tissue indicate a sample of tissue is required,

biopsy needle 154 is advanced into the tissue to obtain a sample.

[0095] Significantly, when imaging needle 152 is implemented using a 27-

gauge needle, the resulting imaging needle is significantly smaller than

conventional 11-18 gauge core biopsy needles. The small size and the capability of



imaging tissue micro-anatomy make such an OCT imaging needle an excellent

candidate to be integrated with a biopsy needle, for providing image guidance in situ.

Interstitial imaging can be performed by rotating the needle using a computer

controlled precision DC motor with the image plane perpendicular to the rotation

axis, generally as discussed above with respect to esophageal scanning. Imaging at

various planes can be achieved by inserting or retracting the OCT needle and a 3-D

image can be constructed using well-established computer algorithms such as are

used in spiral CT. An imaging penetration depth of approximately 1-3 mm results in

a cylindrical imaged tissue volume of 2-6 mm in diameter and several millimeters to

centimeters in length with a single needle insertion. This result is a significant

improvement compared to what is provided by taking a 1-mm diameter core biopsy

specimen in a conventional approach. Since the imaged area scales as the square of

the diameter, needle-based OCT can evaluate volumes 4 times to 36 times larger than

that of a single 1 mm diameter core biopsy. As noted above, the OCT imaging needle

is inserted through the biopsy needle into the lesion, and high-resolution interstitial

images are then taken along the insertion path. Upon identification of a suspicious

region (by structural imaging and/or quantitative tissue optical properties), the core

biopsy needle can then slide over the OCT needle to the target region to withdraw a

biopsy sample. The OCT imaging needle will then be retracted and standard tissue

biopsy can then be performed on the specimen taken. The relatively small size of

such an OCT needle would dramatically reduce the chance of blocking the

conventional image-guidance for directing needle biopsy.

[0096] FIGURE 1OA schematically illustrates an OCT probe 164, where an

outer housing 166 comprises a 27-gauge hollow steel needle having a sharpened

tip 168. A distal end of a single mode optical fiber 170 is coupled to a 250 micron

diameter GRIN lens 172 using a layer of optical cement 179. Lens 172 directs a light

beam 176 from the single mode optical fiber to a reflector 174, through an optical

window 177 made of polished optical cement (which also attaches lens 172 to

reflector 174) toward a sample 178. FIGURE 1OB shows the size of OCT probe 164

relative to a U.S. ten cent coin 180 (i.e., a dime).

[0097] Key design parameters considered in developing exemplary OCT

probe 164 included: (l) the imaging beam focused spot size (which determines the

transverse resolution); and, (2) the working distance, which is the distance between

the distal end-surface of the GRIN lens to the beam focus. For a given GRIN lens,

the focused spot size and working distance are controlled by the "object distance,"



i.e., the separation between the single mode optical fiber tip and the GRIN lens.

FIGURE 1OD graphically illustrates these two parameters versus the object distance,

as calculated using Gaussian optics. A standard parabolic refractive index of the

GRIN lens was used for the calculation, e.g., n(r) =no(l - a 2r2/2) where r is the

distance from the lens center, n0 =1.4685, a=\.6/mm , and the length of the GRIN

lens is quarter-pitch (i.e., 0.25*2π / a = 0.9817 mm). Notice that an increase in the

object distance will result in a smaller focused spot size (or a higher transverse

resolution), and a shorter working distance. In general, once the required working

distance is determined, the relationships illustrated in FIGURE 1OD can be used to

determine the object distance that will enable the required working distance to be

achieved, while also enabling a determination to be made as to whether the selected

working distance/object distance combination will achieve an acceptable resolution

(spot size), for a given GRIN lens. The required shortest working distance will be

equal to the needle diameter, in order to have the beam focus outside of the needle.

Considering a 27-gauge needle (-400 µm in diameter), an optimal working distance

of -500 µm was selected, to enable the OCT needle imaging probe to have the

flexibility to set the position of the focal point outside the optical window (e.g., by

adjusting the distance between the GRIN lens and the 90° reflector). According to

FIGURE 1OD the smallest focused spot size corresponding to a 500 µm working

distance will be 11 µm.

[0098] FIGURE 1OC shows an OCT image obtained using an exemplary

prototype device corresponding to OCT probe 164. Significantly, fine structures such

as muscle fibers 182 can be seen in the image. Imaging was performed using a

1300 nm light source with axial resolution of - 5 µm (in tissue). The sector image

includes 625 x 1250 pixels (i.e., circumferential x radial). No bleeding from needle

insertion was observed as the image was acquired. It should be noted that the image

was obtained using an optical window comprising polished optical cement (i.e., a

relatively poor quality optical window). Improvements in distal end beam focusing

optics and optical window design should yield significant improvements in image

quality. OCT probe 164 is small (-400 µm in diameter) and can easily pass through

the core of an 18-gauge biopsy needle, which has an inner diameter of about 1.6 mm.

[0099] Some limitations were identified in the prototype exemplary OCT

imaging needle design (i.e., the prototype based on OCT probe 164). It was of

limited durability, and it was difficult to control the imaging beam parameters and

quality. In the prototype, the optical components at the needle's distal end were glued



together, and an optical window was produced by polishing the optical cement

disposed at the distal end. Because optical cement is not as strong as glass, the optical

window surface was easily damaged/scratched when the needle was introduced into

soft tissue, causing severe degradation of image quality or failure to acquire any

image at all. In addition, the miniature GRIN lens (250 µm in diameter) was

assembled manually (i.e., joined to the distal end of the single mode optical fiber and

coupled to the reflector) within the needle, making it extremely difficult to control the

position of the GRIN lens relative to the other miniature optical components.

Consequently, imaging beam parameters, such as the focused spot size and the

working distance, were difficult to adjust, and these parameters were often achieved

by trial and error. The engineering protocol was delicate and tedious, resulting in

high fabrication costs, rendering the design impractical for mass production.

[00100] One technique to improve the mechanical stability of the needle OCT

probe, and to simplify fabrication, is to thermally fuse the GRIN lens with the single

mode optical fiber. This approach will eliminate the object distance between those

elements, and the imaging beam parameters can then be controlled purely by the pitch

number of the GRIN lens (for a given refractive index profile). A further

improvement is to encapsulate the optical components in a glass inner housing (which

provides structural support as well as a high quality optical window), which can then

be inserted into an outer hollow (metal) needle. FIGURE 11 schematically illustrates

such an exemplary OCT probe 190, where an inner housing 192 comprises a quartz

glass tube having a diameter sufficiently small to enable the quartz glass tube to fit

inside the 27-gauge hollow steel needle employed in OCT probe 164 of

FIGURE 1OA. A distal end of single mode optical fiber 170 is thermally fused (thus

eliminating any object distance at this location) to a 125 micron diameter GRIN

lens 172a. Note that use of the smaller GRIN lens relative to probe 164 of

FIGURE 1OA (125 µm diameter vs. 250 µm diameter) enables the optics to be placed

inside the quartz glass tube inner housing. GRIN lens 172a directs light beam 176

from the single mode optical fiber to reflector 174, through the quartz glass tube

(which functions as a housing and a high quality optical window) and a beam

window 173 (i.e., an opening in the hollow steel needle; noting that if the inner

transparent tube is not employed, beam window 173 can be filled with an optically

transmissive material, rather than simply being an opening) toward a sample 178.

Preferably, the GRIN fiber lens, which has the same bare optical fiber diameter as the

single mode optical fiber (e.g., 125 µm in diameter), which in addition to fitting inside



the quartz glass tube also facilitates alignment during thermal fusion. After fusing the

single mode optical fiber and the GRIN fiber lens, the GRIN lens can be cleaved at

the appropriate length, according to the designed focused spot size and working

distance.

[00101] In theory, the index of refraction of the GRIN lens approximately

follows a parabolic profile (i.e., n(r) =no(l - a 2r2 /2) ) . Probe 190 can utilize a

customized GRIN fiber lens, which has a smooth refractive index profile as described

by the above equation. Using Gaussian optics, the working distance and the focused

spot size versus the pitch number of the GRIN fiber lens can be calculated. Again, an

optimal working distance of -500 µm is selected (for a 27-gauge needle), and this

configuration leads to a corresponding focused spot size (or transverse resolution) of

approximately 14.5 µm, when a 0.36-pitch (or 1.41 mm long) GRIN fiber lens is

used. The fusion junction between the single mode optical fiber and the GRIN lens

has proven to be mechanically strong and optically transparent. Such fabrication

techniques are straightforward, fast, cost-effective, and no manual alignment is

required.

[00102] Significantly, the use of a quartz glass inner housing (inner in that the

quartz glass housing, while encompassing the OCT optics, is designed to fit within

the outer 27-gauge hollow needle) solves the durability issue for the optical window.

Once the single mode optical fiber is fused with the GRIN fiber lens, those elements

and the micro reflector are introduced into a small fused silica tube (e.g., of an inner

diameter of 150-250 µm and a wall thickness of 100-50 µm). The inner glass housing

is then placed into (and secured using glue, epoxy, or optical cement) the hypodermic

needle, which includes a pre-cut opening through which light can pass. For

interstitial imaging, the fused silica tube will be in direct contact with the tissue, and

the glass is much more scratch-resistant than the polished optical cement window of

OCT probe 164. Stainless hypodermic tubes of different sizes (23-guage to 27-

gauge) or wall-thickness can be chosen to achieve desired mechanical strength and

flexibility. The distal end of the hypodermic tube will be sharpened to facilitate the

needle insertion into solid tissues.

[00103] As indicated in FIGURE 10D, the focused spot size can be reduced

by increasing the distance between a given GRIN lens and the distal tip of the single

mode optical fiber. In order to stabilize the space between the distal tip of the single

mode optical fiber and a GRIN lens required to achieve a desired object distance, in



some exemplary embodiments (as exemplified by FIGURE 13, which is described in

greater detail below) a glass rod (for example, one having an outer diameter

substantially equal to that of the single mode optical fiber) will be thermally fused to

the distal end of the single mode optical fiber and a proximal end of the GRIN fiber

lens. Note that the input beam spot size at the entrance surface of the GRIN lens

fused to the spacer will be larger after passing through the spacer; thus, the numerical

aperture of that GRIN lens can be fully utilized to achieve a tighter focus. If care is

taken when choosing the length of the spacer, the beam diameter within the GRIN

lens will remain smaller than a core diameter of the GRIN lens. Assuming the core

diameter of the GRIN lens is 110 µm, calculations based on Gaussian optics reveal

that the longest permissible glass spacer is 0.64 mm (to fully utilize the numerical

aperture of the GRIN lens). Once the spacer length is fixed, the working distance and

the focused spot size can be controlled by the pitch number of the GRIN lens. The

relationships between working distance and spot size versus the pitch number are

graphically illustrated in FIGURE 12. Note that for a 500 µm working distance, a

focused spot size of 9.9 µm can be achieved with a GRIN lens of a length 0.234 pitch

(or 0.92 mm), which represents an -32% spot size reduction compared to the

previous approach without using a glass spacer (as shown in FIGURE 1OA which had

a transverse resolution of about 14.5µm). The fabrication procedure will again be

straightforward and will include the following steps: (1) thermally fuse the glass

spacer with the distal end of the single mode optical fiber; (2) cleave the glass spacer

at a precise length (e.g., 0.64 mm in this example); (3) thermally fuse the GRIN fiber

lens to the glass spacer; (4) cleave the GRIN fiber at a precise length (e.g., 0.92 mm);

and, (5) encapsulate the distal end of the single mode optical fiber, the spacer, the

GRIN lens, and a micro-reflector in a quartz glass capillary tube. Although the

lengths of the glass spacer and the GRIN lens are relatively short, empirical studies

indicate that a cleaving accuracy of +/- 5 µm can readily be achieved with a

motorized fiber cleaver.

[00104] FIGURE 13 schematically illustrates an exemplary OCT probe 194

(for incorporation into a needle biopsy probe), in which a distal end of single mode

optical fiber 170 is thermally fused to a spacer 196, which in turn, is thermally fused

to a 125 micron diameter GRIN lens 198 (GRIN lens 198 differing from GRIN

lens 172a of FIGURE 11 by having a different pitch and/or a refractive index profile),

which directs the light beam from the single mode optical fiber to reflector 174,

through quartz glass housing 192 (which functions as a housing and a high quality



optical window), and toward a sample 178 through beam window 173 (i.e., an

opening in the needle; noting that if the inner transparent tube is not employed, beam

window 173 can be filled with an optically transmissive material, rather than simply

being an opening).

[00105] The focused spot size can be further reduced, even with maintaining

the required minimum working distance, if a compound GRTN lens is employed. In

this approach, a micro compound lens includes a plurality of GRIN (fiber) lenses of

different refractive index profiles and clear apertures. In general, two or three

different GRIN lenses work best, since if more than three GRIN lenses are employed,

the optical losses become unacceptably high. FIGURE 14 schematically illustrates an

OCT probe 200 (for incorporation into a needle biopsy probe), in which a distal end

of single mode optical fiber 170 (with its protective cladding 169 removed) is

thermally fused to a first GRIN lens 202. First GRIN lens 202 is then thermally fused

to a second GRIN lens 204. A 250 micron diameter GRIN lens 206 is coupled to a

distal end of second GRIN lens 204, to direct a light beam from the single mode

optical fiber to a reflector 174, through a quartz glass housing 192a toward a

sample 178. Quartz glass housing 192a functions as a housing and a high quality

optical window and is slightly larger in size than the glass housings discussed above,

to accommodate the larger 250 micron diameter GRIN lens. Of course, if desired,

beam window 173 (i.e., an opening in the needle) could be filled with an optically

transmissive material, rather than simply being an opening, particularly if the inner

transparent tube is not employed). An exemplary production sequence is as follows:

thermal fusion of single mode fiber 170 with GRIN lens 202; cleaving of GRIN

lens 202 to a desired length; thermal fusion of GRIN lens 202 with GRIN lens 204;

cleaving of GRIN lens 204 at a desired length; connecting GRIN lens 204 with GRIN

lens 206 using a pre-determined length of optical cement (or via thermal fusion if the

loss is acceptable).

[00106] First GRIN lens 202 can have a 0.25-pitch length and will collimate

the beam from the single mode optical fiber. Second GRIN lens 204 also can have a

0.25-pitch length and is implemented using a lens with more focusing power (e.g.,

with a larger a -value ) than first GRIN lens 202. Second GRIN lens 204 focuses the

collimated beam to a smaller spot at its exit surface, and the new focused spot size is

found using Eq. (1), where Di is the input spot size for the first GRIN lens (i.e., the

mode-field diameter of the single mode optical fiber); αi is the α-value for first GRIN

lens 202, «oi is the on-axis refractive index of first GRIN lens 202, α is the α-value



for second GRIN lens 204, and ?02 is the on-axis refractive index of second GRIN

lens 204. The larger and most distal GRIN lens 206 has a lower focusing power, but

a larger aperture, and images the focused spot D2 to a final focused spot. The pitch

number of GRIN lens 206 can be selected to achieve a desired working distance. The

first and second GRIN lenses are preferably implemented using customized GRIN

fiber lenses (with a 125-µm diameter), and a commercially available rod lens is used

to implement GRIN lens 206 (250 µm in diameter).

[00107] The single mode optical fiber, first GRIN lens 202, and second GRIN

lens 204 are thermally fused together. The pitch lengths of the first and second GRIN

lenses are then precisely cleaved to be 0.25. Note that because the aperture of GRIN

lens 206 is larger (250 µm vs. 125 µm), beam vignetting (or clipping) within GRIN

lens 206 is prevented. Preferably, GRIN lens 206 is attached directly to GRIN

lens 204 with optical cement, and no space (object distance) is required between the

two. Thermal fusion of the two GRIN lenses together is also possible if the optical

loss is acceptable. Calculations indicate that when the above optical parameters are

employed in conjunction with GRIN lens 206, which has a 0.327-pitch length, the

final beam focused spot size should be 7.1 µm, at a working distance of 500 µm.

Such a spot size represents -30% reduction compared to the approach using a glass

spacer and a single GRIN lens (i.e., as shown in FIGURE 13). The resultant

relatively high transverse resolution will be appreciated when considering the

relatively small optics diameter (125-250 µm), and the working distance of 500 µm,

which is quite sufficient for an extremely small imaging needle/probe. Such a

transverse resolution is relatively close to the axial resolution produced by the

1300 nm light source commonly used in OCT imaging systems. The three GRIN

lenses and the reflector can be encased within a quartz glass tube (or other optical

clear and durable glass or plastic enclosure), so that an optical window of glass (or

plastic) is provided for enhanced durability. Note that a transparent index matching

fluid can be added to within the hypodermic tube to reduce beam back reflection and

distortion at the probe optical window.

[00108] A summary of the focused spot size for the three designs discussed

above (i.e., FIGURES 11, 13 and 14) is given in Table 1, where the working distance

is all fixed at 500 µm.



Table 1 : Focused Spot Size for Three Needle Design Configurations

[00109] With respect to the OCT guide needle biopsy embodiments, a

circumferential image of tissue internal microstructure is acquired by rotating the

OCT imaging needle. The needle can be rotated continuously in one direction (e.g.,

either clockwise or counter-clockwise) using a DC motor. A rotational coupler/rotary

joint can be used to couple light from a stationary optical fiber to a rotating needle.

Three-dimensional data sets can be obtained by pulling back the imaging needle

while it is being rotated, in a spiral pattern analogous to a spiral CT or a pullback-

mode intravascular ultrasound (IVUS), generally as discussed above with respect to

esophageal OCT imaging.

[00110] In such embodiments, potential imaging limitations include spherical

and chromatic aberrations, and a cylindrical lens effect caused by the glass

housing/tube. It has been shown that the GRIN lenses employed in the above needle

biopsy embodiments exhibit negligible spherical aberration, in particular when the

beam goes through the GRIN lens symmetrically with respect to the lens longitudinal

axis. However, GRIN lenses do exhibit chromatic aberration, resulting in a loss of

OCT axial (and transverse) resolution. Compared to shorter wavelengths (e.g.,

visible or near 800 nm), GRIN lenses are less dispersive at 1300 nm, and thus exhibit

less chromatic aberration at 1300 nm. Resolution degradation due to chromatic

aberration can be characterized with a broadband light source by measuring the

change of the spectrum back-reflected at different positions across the focal plane. In

principle, special glasses (e.g., Gradium™ glass from LightPath Technology) can be

used to minimize the chromatic aberration, and micro GRIN lenses can be fabricated

from such materials.



[00111] The glass tube in which the micro optical components (such as the

single mode optical fiber, the GRIN lens(es), the glass rod spacer and the micro

reflector) are housed, will introduce a diverging cylindrical lens effect along a

direction perpendicular to the tube's longitudinal axis. This effect is expected to be

reduced when the window is in direct contact with tissue (due to rough index

"matching"). Furthermore, the lens effect caused by the inner surface of the glass

tube can be reduced by using an index-matching fluid to fill the space between the

GRIN lens and the micro reflector within the glass tube, and calculations confirm that

such an index-matching fluid will not substantially affect the focused spot size and

working distance.

[00112] In addition, the outer surface of the tube can be slightly polished to

achieve a flat optical window where the light beam exits the glass tube. Such

embodiments will likely require a thicker walled glass tube (e.g., -100 µm), which

will increase the needle diameter by about 100-150 µm; but the overall size will still

be sufficiently small enough to fit inside a 23-gauge hollow needle, thereby still

permitting integration of the imaging needle with a core biopsy needle of 14-18

gauge.

[00113] FIGURE 15A schematically illustrates an exemplary OCT

system 210 incorporating the biopsy needle and OCT imaging probe of FIGURE 9

(where the OCT imaging probe can be implemented using any of the exemplary

embodiments of FIGURES 1OA, 11, 13, or 14), to enable OCT imaging to guide

needle biopsies, using circumferential scanning or spiral 3-D scanning, generally as

discussed above. Note OCT system 210 is similar to OCT system 110 of FIGURE 6,

differing primarily in regard to the OCT optics used and OCT probe form factor.

OCT system 210 includes an OCT probe and biopsy needle 212 (substantially similar

to the combination of FIGURE 9), an optional rotary joint 114, a pull-back stage 116

(with one or more prime movers to rotate and linearly translate the OCT probe),

controller 118 (which can be implemented using a processor and a memory storing

machine instructions, or a custom circuit), and additional appropriate OCT

components 120 (generally consistent with the OCT system of FIGURE 1). The

rotary joint is considered optional, because in some exemplary embodiments, where

the needle outer housing of the OCT needle probe is sufficiently long, the housing

itself might be rotated by a prime mover, instead of requiring the single mode optical

fiber to be rotated (which will likely require a rotary joint).



[00114] FIGURE 15B schematically illustrates one possible exemplary

implementation of OCT system 210 (the processor and additional OCT components

not being shown). OCT imaging needle 222 passes through biopsy needle 224 and is

actuated (or rotated) with a DC motor 232 (which drives a shaft 234 and gears 230).

If desired, a proximal end of OCT imaging needle 222 and the DC motor can be

encompassed in a housing 228. OCT imaging needle 222 (along with the DC motor)

can be translated by a linear motor 220 that is coupled to a translation stage or

plate 236 (for controlling the insertion depth). The platform also guides the insertion

of both needles in a common, single direction. A support 226 facilitates directional

control and support of the imaging needle and the biopsy needle. Support 226 can

include a central guiding barrel. The biopsy needle will first be placed within the

guiding barrel on the platform and locked in place with a setscrew (not separately

shown). Ruler ticks can be incorporated on the outer surface of the biopsy needle,

starting at its proximal end, for measuring the insertion depth. The OCT imaging

needle will then pass through the biopsy needle and be advanced into the sample.

Note that the distal end of the core biopsy needle will have a small channel for the

OCT needle to pass through. The platform that integrates both needles will be fixed

on a stereo tactic frame for controlling the needle's lateral position and orientation.

[00115] The exemplary steps of the operational procedure for the OCT image-

guided biopsy are as follows: (1) adjust the OCT imaging needle position and

orientation so that the imaging beam exits the center of the biopsy needle opening,

and record the positions of both needles; (2) advance the OCT imaging needle into

the sample, and once the region of interest is identified, stop advancing the OCT

needle and record the current depth and imaging beam direction; (3) align the biopsy

needle opening with the current imaging beam direction, and slide the biopsy needle

over the OCT needle to the identified depth; and (4) retract the OCT needle so that

the tissue can be recovered and biopsied, following standard biopsy procedures.

[00116] As noted above, OCT imaging can be used to identify abnormal

tissue. The following aspect of the concepts disclosed herein is a method for

registering the location of abnormalities identified in OCT images, to enable the

abnormalities to be localized for biopsy or therapy. Localization or registration

techniques for use with identifying a particular portion of esophageal tissue location

disclosed herein include laser marking, electrocauterization of a reference grid on the

surface of the esophageal lumen, and ink tattooing.



[00117] Laser Marking and Therapy : A region of interest in the GI tract (e.g.

the esophagus or the colon) can be identified in the OCT images during real time 3D

balloon catheter imaging, or during fast playback while the catheter maintains its

position relative to its initial position. Once the region of interest is identified, the

balloon catheter can be positioned back at the region of interest or adjacent to the

region of interest. Light from a high-power laser (such as a green yttrium aluminum

garnet (YAG) laser) can be passed through the catheter and targeted at the region of

interest (or its nearby region), creating a superficial cauterized mark on the surface of

the esophageal lumen. The laser can be disposed externally, and coupled to the

region of interest via optical fibers. If a laser of sufficient power is available having a

sufficiently small form factor, the laser itself can be incorporated into the catheter.

Multiple cauterized marks can be placed at or around the region of interest to allow

the physician to visually target the region of interest for further biopsy or treatment,

such as ablation or resection. The same procedure can be performed for other regions

of interest.

[00118] A region of interest can be identified visually during real-time OCT

imaging. This can be accomplished via computer tracking (i.e., an operator of the

OCT system can instruct a computer system used to display the OCT images in real

time to keep track of a region of interest identified by the operator during real-time

imaging), which will maintain a record of the image frames associated with each

region of interest identified. Such a record preferably will include information about

the relative positions of the regions of interest (e.g. the longitudinal distance from the

initial position of the imaging beam). A region of interest can also be identified

during playback mode (i.e., an operator of the OCT system can instruct a computer

system used to display the OCT images during playback to keep track of a region of

interest identified by the operator during playback). The catheter can then be moved

back to regions near each region of interest under precise computer control, and the

region of interest can be re-imaged while the OCT imaging catheter is precisely

targeted at the region of interest. The high-power laser, which preferably employs the

same optics as the OCT imaging beam, will deliver the laser energy to the target and

generate the cauterized marks, which can then be used to guide a clinician back to the

region of interest for biopsy, therapy or resection.

[00119] Particularly in embodiments wherein the laser light is delivered

through the same optical fiber used for OCT imaging, the laser light can be delivered

with great precision. FIGURE 16 is a functional block diagram of an OCT



system 240 incorporating a laser for marking a region of interest, where the laser light

is delivered using the same optical fiber that is used for OCT imaging. Note the

operator can select the light source going through coupler 242 either for OCT

imaging or for marking a region of interest. The OCT catheter in FIGURE 16 is used

to locate a region of interest, and once located, a focal point of the OCT catheter is

aimed at the region of interest, or immediately adjacent to the region of interest (in at

least some embodiments, the region of interest is labeled by marking/delineating a

proximal end and a distal end of the region of interest). Marking laser light is

directed through beam coupler 242 into the OCT imaging optics, to create an ablation

mark on the surface of the esophageal lumen (noting that if the catheter is employed

in a different body lumen, then tissue associated with that other body lumen will be

marked). It should be recognized that the laser can also be used to deliver targeted

therapy to ablate the tissue at the region of interest under OCT image guidance. The

OCT images can also be used to assess treatment response in real time (i.e., to

determine whether the abnormal tissue has been completely ablated) by allowing both

imaging light and marking light through coupler 242.

[00120] Electrocauterization Based Marking: In this technique, the exterior

surface of a balloon catheter 244 (schematically shown in FIGURE 17, alone with a

guidewire 246) includes electrodes 248 configured to place grid markings on the

surface of the esophageal lumen prior to OCT imaging (recognizing that the same

technique can be used in other body lumens) via cauterization. While many patterns

are possible, preferably electrodes 248 are disposed circumferentially about the

surface of the balloon, with each electrode section being separated by known

increments. The reference grid cauterized into the body lumen can be used during

OCT imaging to identify a particular grid location corresponding to a region of

interest.

[00121] Both monopolar and bipolar (also known as monothermy and

diathermy, respectively) cauterization technologies can be employed. Both

techniques involve high frequency alternating current and paired electrodes; a first

electrode referred to as the active electrode and the other electrode referred to as the

return electrode. The difference in the respective techniques lies in the placement of

these electrodes. In monopolar cauterization current is passed from the active

electrode (where cauterization occurs), and the patient's body serves as a ground. The

return electrode (also referred to as a grounding pad) is placed on the person's body

(often the thigh), and it carries the current back to the electrocauterization unit to



complete the circuit. The return electrode must be monitored carefully to prevent

burns, as extensive burns can occur undetected if the return electrode is not correctly

positioned. In bipolar cauterization the active electrode and the return electrode are

both disposed proximate the site of cauterization.

[00122] Ink/Tattooing Based Marking: The esophagus surface (or the surface

of another body lumen) can be tattooed with small ink dots using standard endoscopy

techniques. Many patterns of dots are possible. In an exemplary (but not limiting)

embodiment, the dots form a pattern indicating a relative longitudinal distance along

a body lumen, and a relative orientation on each cross-section. Such an exemplary

tattoo pattern is shown in FIGURE 18, in which dots 258, 260, 262 are used to mark a

first cross section of body lumen 250 and dots 264, 266, and 268 are used to mark a

second cross section of body lumen 250. Dots 258 and 264 are oriented at 12:00

o'clock, dots 260 and 266 are oriented at 1:00 o'clock, and dots 262 and 268 are

oriented at 6:00 o'clock. Each dot can be identical, or if desired, different colors or

shapes can be used to enable dots at different cross sections or different clock

positions to be distinguished.

[00123] The dots will show up on the OCT images and can be used as the

landmarks to identify the relative positions of various regions of interest (with respect

to the dots). The relative positions can then be translated into the physical positions

and used to guide the clinician to find a particular region of interest in the body lumen

for subsequently performing biopsy, ablation, or resection.

[00124] An Exemplary Method for OCT-guided therapy: Using the OCT

balloon catheter and a laser as shown in FIGURE 16, OCT imaging system 240 can

be used to identify abnormal structures such as high-grade dysplasia, intramucosal

carcinoma, or subsquamous Barrett's metaplasia. Once the margins of a region of

interest are identified, laser light can then be passed through the OCT catheter to

ablate tissue at the region of interest. The treatment effects can then be immediately

evaluated using OCT imaging (i.e., without removing the catheter) to assess the

treatment response and determine if further ablation is necessary.

[00125] It should be noted that with respect to esophageal imaging, the OCT

balloon probes disclosed above can not only examine esophageal surface tissue, but

sub-squamous tissue as well. This is significant, because if only esophageal surface

tissue is examined, then some Barrett's esophageal tissue (i.e., sub-squamous

Barrett's tissue) could be missed. Because of the strong link between the presence of



Barrett's esophageal tissue and an increased risk for esophageal cancer, it is desirable

to systematically scan the esophagus for both surface Barrett's esophageal tissue and

sub-squamous Barrett's esophageal tissue.

[00126] Another aspect of the concepts disclosed herein relates to a method

for assessing the effectiveness of therapy for treating of Barrett's esophageal tissue.

After the therapy has been performed (noting that in some embodiments disclosed

herein, a single probe can be used to provide both OCT imaging and laser ablation

therapy), OCT is used to examine each treatment site to determine if any Barrett's

esophageal tissue remains under the squamous layers. This is an important step, as

ablation therapy can eradicate Barrett's esophageal tissue at the surface of the

esophagus, while leaving traces of sub-squamous Barrett's esophageal tissue.

[00127] Where specific dimensions are referred to above, it should be

recognized that the disclosure is merely intended to be exemplary, and it is further

intended to be broadly interpreted so as to encompass variations to such specifically

identified parameters. Thus, such parameters should not be considered to be limiting,

unless limitations are specifically recited in the claims that follow.

[00128] Although the concepts disclosed herein have been described in

connection with the preferred form of practicing them and modifications thereto,

those of ordinary skill in the art will understand that many other modifications can be

made thereto within the scope of the claims that follow. Accordingly, it is not

intended that the scope of these concepts in any way be limited by the above

description, but instead be determined entirely by reference to the claims that follow.



The invention in which an exclusive right is claimed is defined by the

following:

1. A method for performing optical coherence tomography (OCT),

comprising the steps of:

(a) advancing an OCT probe comprising an optical fiber and a

compound lens to a position adjacent to a sample, wherein the compound lens

includes a plurality of optical elements;

(b) directing light from a distal end of the optical fiber through the

compound lens, the compound lens being configured to focus light from the OCT

probe at a predefined working distance, while enabling a smaller focused spot size to

be achieved at the predefined working distance as compared to an OCT probe having

a similar diameter that is configured to focus light at the predefined working distance

using a single component lens, the step of directing light from the distal end of the

optical fiber through the compound lens comprising the steps of:

(i) directing light from the distal end of the optical fiber

toward a beam adjusting element of the compound lens, the beam adjusting element

being configured to manipulate light from the optical fiber so that a light beam exiting

the beam adjusting element has a smaller beam diameter than a light beam exiting the

distal end of the optical fiber, thus increasing a numerical aperture of the OCT probe

relative to that at the distal end of the optical fiber; and

(ii) directing light from the beam adjusting element to a

distal lens element in the compound lens, the distal lens element being configured to

focus light manipulated by the beam adjusting element at the predefined working

distance proximate the sample;

(c) collecting light received back from the sample; and

(d) using light received back from the sample to generate OCT

data.

2 . The method of Claim 1, wherein the step of directing light from the

distal end of the optical fiber through the compound lens further comprises the step of

directing light through the compound lens such that while propagating through the

compound lens, light does not encounter a void between adjacent optical elements of

the compound lens, and light does not encounter a beam deflector between adjacent

optical elements of the compound lens.



3. The method of Claim 1, wherein the beam adjusting element is further

configured to focus light emitted by the distal end of the optical fiber to a spot

disposed proximate a distal face of the beam adjusting element.

4 . The method of Claim 1, further comprising the step of marking a

region of interest identified using the OCT data.

5. The method of Claim 4, wherein the step of marking the region of

interest comprises the step of directing laser light through the optical fiber and the

compound lens, the laser light marking tissue at the region of interest.

6. The method of Claim 4, wherein the step of marking the region of

interest comprises the steps of:

(a) energizing electrodes disposed on an outer surface of a

balloon encompassing a distal end of the OCT probe to mark adjacent tissue with a

pattern; and

(b) documenting which portion of the pattern corresponds to the

region of interest.

7. The method of Claim 4, wherein the step of marking the region of

interest comprises the step of marking the region of interest with an ink or dye.

8. The method of Claim 1, further comprising the step of collimating the

light from the optical fiber before the light is incident on the beam adjusting element.

9. The method of Claim 1, wherein the step of directing light from the

distal end of the optical fiber through the compound lens comprises the steps of:

(a) directing light from the distal end of the optical fiber toward a

first optical element that approximately collimates the light from the optical fiber; and

(b) directing the light from the first optical element that has been

collimated to the beam adjusting element.

10. The method of Claim 1, wherein the step of directing light from the

beam adjusting element to the distal lens element comprises the step of directing light

into the distal lens element wherein the distal lens element has a larger aperture than

the beam adjusting element.



11. An optical probe for use in high resolution optical coherence

tomography (OCT), comprising:

(a) an optical fiber; and

(b) a compound lens having a plurality of individual elements, for

focusing light from the optical fiber at a predefined working distance, while enabling

a diameter of the optical probe to be reduced as compared to an optical probe

configured to focus light at the predefined working distance using a single component

lens, the compound lens comprising:

(i) a beam adjusting element configured to manipulate

light from the optical fiber so that a light beam exiting a distal end of the beam

adjusting element has a smaller beam diameter than a light beam exiting the distal end

of the optical fiber, thus increasing a numerical aperture of the OCT probe relative to

that at the distal end of the optical fiber; and

(ii) a distal lens element configured to focus light

manipulated by the beam adjusting element at the predefined working distance

proximate the sample.

12. The optical probe of Claim 11, wherein a diameter of the distal lens

element is larger than a diameter of the beam adjusting element.

13. The optical probe of Claim 11, wherein a diameter of the beam

adjusting element is substantially equal to a diameter of the optical fiber.

14. The optical probe of Claim 11, further comprising an optically

transparent spacer disposed between a distal face of the optical fiber and a proximal

face of the compound lens, the optically transparent spacer being thermally fused to

the distal face of the optical fiber and the proximal face of the compound lens, the

predefined working distance being a function of a length of the optically transparent

spacer.

15. The optical probe of Claim 11, wherein the beam adjusting element

and the distal lens element each comprise a gradient index (GRIN) lens, the beam

adjusting element and the distal lens element are adhesively coupled together using

optical cement, and the beam adjusting element is thermally fused to at least one of

the optical fiber and an optically transparent spacer that is disposed between the

optical fiber and the beam adjusting element.



16. The optical probe of Claim 11, wherein the compound lens further

comprises a proximal GRTN lens disposed between the optical fiber and beam

adjusting element, the proximal GRIN lens substantially collimating light from the

optical fiber.

17. The optical probe of Claim 16, wherein diameters of the optical fiber,

the proximal GRIN lens, and the beam adjusting element are:

(a) substantially the same; and

(b) smaller than a diameter of the distal lens element.

18. The optical probe of Claim 16, wherein an α-value of the beam

adjusting element is larger than an α-value of the proximal GRIN lens and an α-value

of the distal lens element.

19. The optical probe of Claim 16, wherein a pitch of at least one of the

beam adjusting element, the proximal GRIN lens, and the distal lens element is

different than a pitch of another one of the beam adjusting element, the proximal

GRIN lens, and the distal lens element.

20. The optical probe of Claim 11, wherein the probe further comprises a

beam coupler enabling a light source used for OCT imaging to be switched with a

laser light source to be used to mark a region of interest or to perform ablation

therapy.

21. The optical probe of Claim 11, wherein the probe exhibits a needle-

like form factor, enabling the probe to be sufficiently small to be employed in an

OCT image-assisted needle biopsy.

22. The optical probe of Claim 21, wherein the probe comprises an outer

metal needle-like housing, and an inner transparent housing, a distal end of the optical

fiber and the compound lens being disposed within the inner transparent housing.

23. The optical probe of Claim 21, wherein the probe comprises an outer

metal needle-like housing and an optically transparent window, a distal end of the

optical fiber and the compound lens being disposed to direct light through the

optically transparent window.



24. A system for carrying out high resolution optical coherence

tomography (OCT) of a body lumen, comprising:

(a) a low-coherence light source;

(b) a sample arm comprising an OCT probe configured to scan a

sample in the body lumen, the sample arm exhibiting a first optical path length and

being optically coupled to the light source, the OCT probe having a form factor

suitable for body lumen imaging, and including an optical fiber and a compound lens,

the compound lens comprising:

(i) a beam adjusting element configured to manipulate

light from the optical fiber so that a light beam exiting a distal end of the beam

adjusting element has a smaller beam diameter than a light beam exiting the distal end

of the optical fiber, thus increasing a numerical aperture of the OCT probe relative to

that at the distal end of the optical fiber; and

(ii) a distal lens element configured to focus light

manipulated by the beam adjusting element at the predefined working distance

proximate the sample;

(c) a reference arm exhibiting a second optical path length, the

reference arm being optically coupled to the light source;

(d) a detector optically coupled to the sample arm and the

reference arm;

(e) a prime mover and a fiber optic rotary joint disposed at a

proximal end of the OCT probe, the rotary joint cooperating with the prime mover to

enable the optical fiber to be selectively rotated;

(f) a linear translation component, enabling the OCT probe to be

selectively linearly translated relative to the sample; and

(g) a processor and memory logically coupled to the detector, the

OCT probe, the prime mover and the translation component, the processor being

configured to execute a plurality of machine instructions stored in the memory, to

carry out at least one of the following functions:

(i) controlling the prime mover and the OCT probe to

implement a circumferential scanning of the body lumen; and

(ii) controlling the prime mover, the linear translation

component and the OCT probe to enable a three dimensional spiral imaging of the

body lumen to be achieved.



25. The system of Claim 24, further comprising a beam coupler enabling

the low coherence light source to be switched with a laser light source to be used to

mark a region of interest or to perform ablation therapy.

26. A method for making an optical probe for use in high resolution

optical coherence tomography (OCT), comprising the steps of:

(a) selecting a desired working distance for which the optical

probe will be optimized;

(b) providing an optical fiber, a first spacer, a first lens, and a

second lens, the spacer and the first lens having been selected such that a diameter of

a light beam provided by the optical fiber will be reduced after passing through the

first spacer and the first lens, and the second lens having been selected to achieve a

desired resolution at the desired working distance, based on an object distance

between the first and second lenses;

(c) fixedly coupling a proximal end of the first spacer to a distal

end of the optical fiber;

(d) fixedly coupling a distal end of the first spacer to a proximal

end of the first lens; and

(e) determining if a second spacer is needed to fill the object

distance between the first lens and the second lens, and if so then fixedly coupling a

distal end of the second spacer to a distal end of the first lens and a proximal end of

the second lens, and if not, then coupling a distal end of the first lens to a proximal

end of the second lens.

27. The method of Claim 26, wherein the first spacer is coupled to the

optical fiber and the first lens using thermal fusion.

28. The method of Claim 26, wherein after coupling the first spacer to the

optical fiber, a length of the first spacer is precisely cleaved to control an object

distance between the optical fiber and the first lens.

29. The method of Claim 26, wherein after coupling the first spacer to the

first lens, a pitch length of the first lens is precisely cleaved to obtain the desired

working distance.



30. An optical probe for use in high resolution optical coherence

tomography (OCT) guided needle biopsy, comprising:

(a) a needle-like housing including an opening through which

light can pass, the opening being disposed at a distal end of the needle-like housing;

(b) an optical fiber; and

(c) an optical element for focusing light from the optical fiber at a

predefined working distance, wherein at least one of the following is true:

(i) the optical element comprises a compound lens; and

(ii) the optical element and a distal end of the optical fiber

are encapsulated in an inner optically transmissive housing, the inner optically

transmissive housing being disposed within the needle-like housing.

31. The optical probe of Claim 30, wherein the compound lens

comprises:

(a) a beam adjusting element configured to manipulate light from

the optical fiber so that a light beam exiting a distal end of the beam adjusting element

has a smaller beam diameter than a light beam exiting the distal end of the optical

fiber, thus increasing a numerical aperture of the OCT probe relative to that at the

distal end of the optical fiber; and

(b) a distal lens element configured to focus light manipulated by

the beam adjusting element at the predefined working distance proximate the sample;

32. The optical probe of Claim 30, wherein the compound lens

comprises:

(a) a first optical element configured to collimate light emitted

from the distal end of the optical fiber;

(b) a second optical element configured to receive the light that

was collimated and to increase a numerical aperture of the OCT beam relative to that

of the distal end of the optical fiber; and

(c) a third optical element configured to receive light from the

second optical element and to focus light from the OCT probe at the predefined

working distance.



33. The optical probe of Claim 30, wherein the compound lens

comprises:

(a) a first optical element configured to collimate light emitted

from the distal end of the optical fiber;

(b) a second optical element configured to receive the light that

was collimated and to focus the light that was collimated to a spot smaller than a

diameter of the beam from the optical fiber, the spot being proximate a distal face of

the second optical element, an αvalue of the second optical element being larger than

an αvalue of the first optical element; and

(c) a third optical element configured to receive light from the

second optical element and to focus light from the OCT probe at the predefined

working distance, the third optical element having a larger aperture than the second

element, but a smaller αvalue than the second optical element.

34. An optical probe for use in high resolution optical coherence

tomography (OCT), comprising:

(a) an optical fiber; and

(b) a beam focusing structure comprising a plurality of optical

elements including at least one gradient index (GRIN) lens, a proximal optical

element in the beam focusing structure being thermally fused to a distal end of the

optical fiber.

35. The optical probe of Claim 34, wherein the beam focusing structure

comprises a compound lens including a GRIN lens configured to manipulate light

from the optical fiber so that a light beam exiting a distal end of the beam adjusting

element has a smaller beam diameter than a light beam exiting the distal end of the

optical fiber, thus increasing a numerical aperture of the OCT probe relative to that at

the distal end of the optical fiber.

36. The optical probe of Claim 34, wherein the proximal optical element

includes an optically transparent spacer, a distal end of which is thermally fused to a

proximal end of one GRIN lens.



37. The optical probe of Claim 34, wherein the proximal optical element

comprises a first GRTN lenses, a distal end of the first GRTN lens being thermally

fused to a proximal end of a second GRTN lenses, a distal end of the second GRIN

lens being adhesively coupled to a proximal end of a third GRIN lens using one of an

optical cement or thermal fusion.

38. A method for using optical coherence tomography (OCT) to evaluate

a patient for the presence of Barrett's esophageal tissue; comprising the steps of:

(a) advancing an OCT probe capable of examining esophageal

surface tissue and sub-squamous tissue; and

(b) systematically scanning the patient's esophagus for the

presence of Barrett's esophageal tissue disposed both at a surface of the esophagus as

well as Barrett's esophageal tissue disposed sub-squamously, to ensure that sub

squamous Barrett's esophageal tissue is detected even in the absence of Barrett's

esophageal tissue disposed at the surface of the esophagus.

39. A method for using optical coherence tomography (OCT) to evaluate

an effectiveness of therapy provided to treat Barrett's esophageal tissue; comprising

the steps of:

(a) advancing an OCT probe capable of examining esophageal

surface tissue and sub-squamous tissue; and

(b) using OCT to identify each location where esophageal surface

tissue that has been treated destroy Barrett's esophageal tissue; and

(c) at each such location, using OCT to determine if any Barrett's

esophageal tissue remains sub-squamously, and if so, determining that additional

treatment is required.
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