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METHOD AND APPARATUS FOR MEASUREMENT OF OPTICAL 
PROPERTIES IN TISSUE

Reference To Related Applications

[01] This application claims the benefit of U.S. Provisional Application No. 
60/764,178 entitled "Method And Apparatus For Measurement Of Optical 
Properties In Tissue" filed January 31, 2006, which is incorporated by reference in 
its entirety.

Federally Sponsored Research Or Development

[02] The subject matter of this application may have been funded in part under 
a research grant from the National Institutes of Health, under NIH Grant Number 
1 R01 EB00108-1; and under a research grant from the National Science 
Foundation, under NSF East Asia Summer Institutes award number 0413596. The 
U.S. Government may have rights in this invention.

Background

[03] The removal of small samples of suspicious tissue by way of a biopsy is an 
important medical diagnostic procedure. The tissue samples that are removed may 
be subjected to full pathological testing in a laboratory to determine the presence 
and/or the degree of a medical disorder. A needle biopsy is a biopsy procedure in 
which a hollow needle is inserted into tissue to remove one or more tissue samples 
or to extract fluids of interest. Needle biopsies are typically performed to provide 
samples for diagnosis of breast cancer, prostate cancer, kidney disease, and liver 
disorders including cirrhosis, hepatitis, and liver cancer, among many others.

[04] In the diagnosis and treatment of cancer, for example, tumor tissue may 
be obtained for detailed pathological analysis by fine needle aspiration biopsy or by 
core needle biopsy. If the tumor can be felt, the biopsy needle may be guided to the 
tumor tissue by palpation. For non-palpable tumors, the biopsy needle is typically
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to the tumor tissue by palpation. For non-palpable tumors, the biopsy needle is 

typically guided by x-ray imaging (stereotaxis) or by ultrasound imaging 

(sonography). These conventional approaches to guiding biopsy needles, 

however, often yield tissue other than the tissue of interest, thereby leading to 

misdiagnosis or necessitating additional procedures.

[05] Improvements in the accuracy of biopsy procedures would be 

beneficial, as the quality of the tissue samples analyzed can have significant 

effects on the accuracy of the diagnosis and the efficacy of the subsequent 

treatment.

Summary of the Invention

[06] In one aspect, the invention provides a method of analyzing tissue 

including inserting a probe into tissue, impinging radiation upon the tissue, 

obtaining a sample signal of the radiation from the tissue, and determining a 

refractive index of the tissue from the sample signal, wherein the probe 

comprises: a housing, a piercing tip at a distal end of the housing, a groove in the 

housing, a radiation source, and a radiation collector, wherein an optical path 

extends across the groove between the radiation source and the radiation 

collector. The method may further include determining at least one other optical 

property of the tissue, such as attenuation coefficient, scattering profile, 

anisotropy factor, birefringence, spectral shift or texture.

[07] The method may further include identifying the tissue by the refractive 

index.

[08] In yet another aspect, the invention provides a method of performing a 

biopsy of tissue including identifying tissue according to the above method, and 

biopsying at least a portion of the tissue. The method may further include 

repeating the identifying until a tissue of interest is identified, prior to biopsying at 

least a portion of the tissue.

3784831.1 (GHMatters) P782ie.AU
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inserting a probe into tissue;

impinging radiation upon the tissue;

obtaining a sample signal of the radiation from the tissue; and

determining a refractive index of the tissue from the sample signal;

wherein the probe comprises:

a housing,

a piercing tip at a distal end of the housing, 

a groove in the housing, 

a radiation source, and 

a reflective surface,

wherein an optical path extends across the groove between the radiation 

source and the reflective surface.

[010] The method may further include identifying the tissue by the refractive 

index.

[011] In yet another aspect, the invention a method of performing a biopsy of 

tissue including identifying tissue according to the above method, and biopsying 

at least a portion of the tissue.

3784831_1 (GHMatteis) P782ie.AU
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[012] The following definitions are included to provide a clear and consistent 
understanding of the specification and claims.

[013] The term "tissue" means an aggregate of cells and their intercellular 
substances.

[014] The term "radiation" means electromagnetic radiation, including optical 
radiation in the visible, infrared, ultraviolet, or other spectral regions.

[015] The term "sample signal" means at least a portion of the radiation that is 
scattered from, reflected from, and/or transmitted through a sample, including a 
tissue sample.

[016] The term "optical property", with respect to tissue or other material, 
means a characteristic of the material that may be quantified by measuring a change 
in electromagnetic radiation when impinged upon the material, or an emission of 
radiation from the material.

[017] The term "optical fiber" means an elongated fiber capable of transmitting 
radiation from one end to the other.

[018] The term "optical path" means the path along which electromagnetic 
radiation propagates.

[019] The term "pathlength" means the distance between two objects based on 
optical measurements. The pathlength through a medium between two objects is 
dependent on the refractive index of the medium, such that the pathlength may be 
different from the physical distance between the two objects.

[020] The term "optically coupled" with respect to two components means that 
radiation may be transmitted from one component to the other component.

[021] The term "distal", with respect to a probe or needle, means a position or 
direction that would be toward or inside the body of the patient when the probe or 
needle is inserted.

-4-
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Brief Description OfThe Drawings

[022] The invention can be better understood with reference to the following 
drawings and description. The components in the figures are not necessarily to 
scale, emphasis instead being placed upon illustrating the principles of the 
invention.

[023] FIG. 1 depicts a method of analyzing tissue.

[024] FIG. 2 is a schematic representation of a device for acquiring low- 
coherence interferometry data.

[025] FIG. 3 is a cross-sectional representation of a probe containing a housing, 
a radiation source, and a refractive index measurement assembly.

[026] FIG. 4 is a cross-sectional representation of a probe containing a housing, 
an optical fiber and two lenses.

[027] FIG. 5 is a perspective representation of a probe containing a housing, an 
optical fiber, a gap, and a reflective surface.

[028] FIG. 6 is a cross-sectional representation along line 6-6 of the probe of 
Figure 5.

[029] FIG. 7 is a perspective representation of a probe containing a housing, first 
and second optical fibers, and a gap.

[030] FIG. 8 is a cross-sectional representation along line 8-8 ofthe probe of 
Figure 7.

[031] FIG. 9 depicts a method of identifying tissue.

[032] FIG. 10 depicts a method of performing a biopsy of a tissue of interest.

[033] FIG. 11 depicts a flowchart of an example of a software system for
determining a refractive index of tissue from a sample signal.

[034] FIG. 12A-B are optical coherence tomography (OCT) images from human 
breast tissue samples.

- 5 -



WO 2007/090147 PCT/US2007/061364

[035] FIG. 13A-B are graphs of the axial intensity as a function of scan depth in
the tissue, where the scan lines were along the arrows in FIG 12A and 12B,
respectively.

Detailed Description

[036] The present invention makes use of the discovery that refractive index can 
be used to distinguish between different tissues, even if the tissues appear similar 
when examined by other imaging techniques. Mammalian tissues typically have a 
refractive index (n) near n = 1.4, with variations (An) between cellular structures of 
up to approximately An = 0.07. These variations may be used to distinguish 
between tissues that otherwise would require histological analysis. For example, the 
refractive indices of benign breast tumors and malignant breast tumors in humans 
have been reported as n = 1.403 and n = 1.431, respectively. Refractive index 
may be determined by interferometry with a sensitivity on the order of An = 0.007 
or less.

[037] The present invention includes methods and apparatuses for analyzing 
and identifying tissue by determining refractive index, either alone or in 
combination with determining other optical properties of the tissue. The methods 
may be combined with biopsy procedures to improve the accuracy of the placement 
of the biopsy needle prior to removal of tissue. The apparatus may be used to 
identify tissue at a specific area in a patient, allowing a subsequently inserted biopsy 
needle to target the identified tissue for removal. The apparatus may also be 
combined with a biopsy needle in a single instrument.

[038] Figure 1 represents a method 100 of analyzing tissue that includes 
inserting a radiation source into tissue 110, impinging radiation upon the tissue 120, 

obtaining a sample signal of the radiation from the tissue 130, and determining a 
refractive index of the tissue from the sample signal 140. The method 100 of

-6-
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analyzing tissue optionally includes determining at least one other optical property
of the tissue 150.

[039] Inserting a radiation source into tissue 110 may include inserting a probe 
into the tissue, where the probe includes a radiation source. Examples of radiation 
sources include, but are not limited to, optical fibers, light-emitting diodes (LEDs), 
and laser devices. Impinging radiation upon the tissue 120 may include emitting 
radiation from the radiation source to the tissue. The emitted radiation may pass 
through at least a portion of the tissue, or the radiation may be reflected from a 
surface of the tissue. In one example, a probe includes an optical fiber having an 
exposed end, and radiation may be passed to the tissue by passing radiation from 
one end of the optical fiber through the fiber and to the exposed end. The radiation 
emitted from the exposed end may then be transmitted along an optical path to the 
tissue. In another example, an LED in a probe may be connected to an electrical 
source sufficient to cause an emission of radiation to be transmitted along an optical 
path to the tissue.

[040] Obtaining a sample signal of the radiation from the tissue 130 may 
include collecting radiation with an optical fiber. For example, radiation from the 
tissue may be collected by the same optical fiber from which the radiation was 
emitted, or it may be collected by a second optical fiber. Obtaining a sample signal 
130 may include collecting radiation from the tissue with an electrooptic sensor. 
Examples of electrooptic sensors include, but are not limited to, charge-coupled 
devices (CCDs), photodiodes, photon multiplying tubes, or photo resistors.

[041] Determining the refractive index of the tissue from the sample signal 140 

may include combining the sample signal with a reference signal to produce an 
interferogram. The interferogram may be analyzed to determine the measured 
distance between two objects, and comparison of this measured distance with the 
physical distance between the objects may provide the refractive index of the 
portion of the tissue through which the radiation passes. Determining the refractive

- 7-
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index 140 may include measuring the angle of displacement of the radiation as it 
passes through the tissue. For example, one or more electrooptic sensors may be 
located at a distance from the radiation source. The positions of the sensors 
detecting the maximum intensity of radiation from the tissue may then be correlated 
with the angle of refraction of the radiation through the tissue, from which the 
refractive index may be determined. Determining the refractive index of tissue from 
the sample signal 140 may include measuring the refractive index by reflection 
refractometry.

[042] Optionally determining at least one other optical property of the tissue 
150 may include determining one or more of the attenuation coefficient, the 
scattering profile, the anisotropy factor, the birefringence, the spectral shift, or the 
texture of the portion of the tissue through which the radiation passes. If the method 
is performed using interferometry, one or more of these optical properties may be 
determined from analysis of the interferogram.

[043] The method 100 preferably is carried out using low-coherence 
interferometry. Low-coherence interferometry includes dividing low-coherence 
radiation between two paths in an interferometer, a reference path and a sample 
path. Radiation traveling along the reference path may be reflected off a reflective 
surface, as in a Michelson interferometer, or transmitted through an optical system 
or through free space, as in a Mach-Zender interferometer, prior to being collected 
as a reference signal. Radiation traveling along the sample path is transmitted to the 
tissue, and radiation that is scattered from, reflected from, and/or transmitted 
through the tissue may be collected as a sample signal. The sample and reference 
signals may be combined to form an interferogram, from which information about 
the properties of the tissue may be obtained. Direct measurement of the intensity of 
the interferogram using an electrooptic sensor may yield the response over a region 
of the tissue with a dimension in the propagation direction that is directly related to 
the coherence properties of the radiation source. The location of this tissue region is 
determined by the pathlength between the tissue region and the low-coherence

-8-
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radiation source, relative to the pathlength from the reference reflective surface to
the low-coherence radiation source, since constructive interference is maximized for
radiation passing over the same pathlength. The depth of the tissue response region
may be changed by varying the reference path distance, thus changing the
pathlength for which the maximum constructive interference occurs.

[044] Figure 2 is a schematic representation of a low-coherence interferometry 
device 200 for analyzing a portion of tissue 290. The device 200 includes a low- 
coherence laser source 210, a fiber optic assembly 220, a reference assembly 230, a 
sample assembly 240 and an analyzer 250. The fiber optic assembly 220 includes a 
beam splitter 226 that divides the radiation between the reference assembly 230 and 
the sample assembly 240. The reference assembly 230 includes a reference mirror 
232, which may be moved toward or away from the fiber optic assembly 220. The 
sample assembly 240 exposes the tissue to the radiation and obtains a sample signal 
of the radiation that may be scattered, reflected and/or transmitted by the portion of 
the tissue that is exposed to the radiation. At least a portion of the sample assembly 
240 of a low-coherence interferometry device may be incorporated into a probe that 
can be inserted into tissue in a patient. The radiation that is reflected from the 
reference assembly 230 constitutes the reference signal, and the reference signal and 
sample signal are combined to form an interferogram. The interferogram may be 
directed to the analyzer 250, or the reference and sample signals may be directed to 
the analyzer and then combined to form the interferogram. The analyzer 250 may 
process the signals to measure or display the low-coherence interferogram. The 
analyzer 250 may also determine the refractive index of the tissue and may 
optionally determine at least one other optical property of the tissue. The analyzer 
250 may provide feedback, such as a visual display of the determined values of any 
optical properties and/or a signal indicating whether a particular tissue has been 
identified.

[045] In one example of a low-coherence interferometry device, the low- 
coherence laser source is a NdiYVCL pumped titanium: sapphire laser that yields

-9-
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radiation having a wavelength range from approximately 650nm to approximately 
900nm after passing through a non-linear fiber. Dispersion and polarization are 
matched in the reference and sample assemblies. A precision galvanometer is used 
to scan a reference mirror, and non-linearities in galvanometer speed are relatively 
small so that interferometric triggering methods are not used. Special fibers, a 3-dB 
splitter, lenses, signal filtering, and demodulation are used to support the broad 
optical and electronic bandwidths. The analyzer collects the interferogram data at 
multiple reference mirror positions and digitizes the signal with an oversampling 
ratio of at least 2. For applications involving real time analysis, spectral detection 
with a CCD detector array or accelerated digitization and processing using a field- 
programmable gate array (FPGA) may be used.

[046] Figure 3 is a schematic representation of a probe 300 that includes a 
housing 310, a radiation source 320, and a refractive index measurement assembly 
330. The housing 310 optionally may be configured as a needle with a piercing 
point 340 at the distal end 350 of the probe. In other configurations, the probe may 
be attached to a needle or to a medical device containing a needle. The width of 
the probe may be, for example, from 400 micrometers to 2.0 mm (27-14 gauge). 
Preferably the probe width is from 450 micrometers to 1.8 mm (26-15 gauge), and 
more preferably is from 500 to 900 micrometers (25-20 gauge). Preferably the 
probe size is minimized so as to reduce the invasiveness of the analysis procedure. 
The probe 300 may be optically coupled to a low-coherence interferometer device.

[047] The radiation source 320 may include an optical fiber that introduces 
radiation from an external source. Radiation may be passed from one end of the 
optical fiber through the fiber and to the exposed end, so that the exposed end is a 
radiation source in the probe. The radiation emitted from the exposed end may 
then be transmitted along an optical path to the tissue. Typically, optical fibers are 
made of quartz, glass, or a transparent plastic, such as poly(methyl methacrylate) or 
polystyrene with a fluoropolymer cladding. Examples of optical fibers include 
single-mode fibers, multi-mode fibers, photonic-crystal fibers, hollow-core fibers,
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polarization-maintaining fibers and dual-clad fibers. Typical diameters for optical 
fibers are from 5 to 1,000 micrometers. The optical fiber may be a single-mode 
fiber or a multi-mode fiber. Single-mode glass fibers typically have diameters on the 
order of 10 micrometers. Multi-mode glass fibers typically have diameters on the 
order of 50-100 micrometers. Plastic optical fibers typically have diameters on the 
order of 1,000 micrometers.

[048] The refractive index measurement assembly 330 may include one or more 
optical components configured to provide a measurement of the pathlength between 
two objects along an optical path traversed by the radiation. The refractive index of 
the tissue may be calculated by Equation 1:

EQ. 1 n = L/d,

where n is the refractive index, L is the physical distance between two objects, and 
d is the measured pathlength between the two objects. The probe may also include 
one or more other devices for measuring the refractive index or other optical 
properties besides the refractive index.

[049] One example of a refractive index measurement assembly includes a 
radiation splitter and one or more lenses configured to produce two foci separated 
along the optical path. The radiation splitter divides the incoming radiation into two 
distinguishable groups, providing for separate measurements of each focus point. 
Examples of radiation splitters include, but are not limited to, polarization 
modulators, beamsplitters, spectral filters, and cylindrical lenses. In this example, 
the L value is the distance between the foci when the probe is in air, and the d value 
is the measured distance between the foci when the probe is in the tissue.

[050] Another example of a refractive index measurement assembly includes a 
reflective surface separated from an exposed end of an optical fiber at a known 
distance along the optical path. In this example, the L value is the physical distance 
between the exposed end of the optical fiber and the reflective surface, and the d
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value is the measured pathlength between the exposed end of the optical fiber and 
the reflective surface when the probe is in the tissue.

[051] Another example of a refractive index measurement assembly includes an 
optical fiber having an exposed end, separated from the radiation source at a 
predetermined distance along the optical path, where the optical fiber is optically 
coupled to the low-coherence interferometer system. In this example, the L value is 
the physical distance between the radiation source and the exposed end of the 
optical fiber, and the d value is the measured pathlength between the radiation 
source and the exposed end of the optical fiber when the probe is in the tissue. The 
radiation source may be an optical fiber having an exposed end.

[052] The refractive index measurement assembly 330 may include electrooptic 
sensors arranged to measure the angle of displacement of an optical path of the 
radiation as it passes through the sample. In this example, the refractive index of the 
tissue may be calculated by Equation 2:

EQ.2 Π = Dref (Sin 0ref / Sin 0tissue)

where n is the refractive index of the tissue, nref is the refractive index of a reference 
medium, 0ref is the angle between the incident radiation path and the measured 

radiation path in the reference medium, and ©tissue is the angle between the incident 
radiation path and the measured radiation path in the tissue.

[053] The probe 300 may include more than one refractive index measurement 
assembly. The probe 300 also may include a refractive index measurement 
assembly that includes two or more of the optical components described above. For 
example, a probe may include a radiation splitter and one or more lenses for 
measuring the distances between two foci, and also may include a reflective surface 
separated from the radiation source. In addition, the radiation source and the 
refractive index measurement assembly independently may include other optical or
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electrical components. For example, filters, prisms, gratings and lenses may be 
incorporated into one or more components of the probe.

[054] In addition to refractive index, the probe 300 may facilitate the 
determination of one or more other optical properties of the portion of the tissue 
adjacent to the probe. For example, these other determinations may be arrived at by 
analysis of an interferogram from which the refractive index was determined. These 
other determinations may be arrived at by analysis of a different interferogram from 
which the refractive index was determined. For example, a different sample signal 
may be obtained by impinging low-coherence radiation upon a portion of the tissue 
and then collecting radiation from the portion of the tissue, where one or more of 
the optical components of the refractive index measurement assembly are bypassed. 
The use of a separate sample signal to determine other optical properties may yield 
increased accuracy of these determinations, since the sample signal parameters may 
be optimized separately for determination of the refractive index and for 
determination of the other optical properties.

[055] One example of another optical property is the attenuation coefficient, 
which is a mathematical parameter governing the change in radiation intensity 
resulting from propagation through a medium. For a probe having a refractive index 
measurement assembly containing an object, such as a reflective surface or an 
optical fiber, at a fixed physical distance from the radiation source, the attenuation 
coefficient may be calculated by Equation 3:

EQ. 3 σ = -In (I/Io)/L,

where σ is the attenuation coefficient, I is the intensity of the radiation measured at 
the object in the tissue, Io is the intensity of the radiation at the object in a vacuum, 
and L is the is the physical distance between the object and the radiation source.
The attenuation coefficient may also be calculated using an interferogram generated 
from radiation at another region within the tissue. See, for example, Faber, D.J. et 
al., "Quantitative measurement of attenuation coefficients of weakly scattering
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media using optical coherence tomography", Optics Express, 12(19), 4353-4365 
(2004).

[056] Another example of another optical property is the scattering profile, 
which is a measure ofthe intensity of radiation reflected or backscattered from the 
tissue as a function of depth within the tissue. This may be especially useful to 
identify boundaries between different types of tissues. The scattering profile is 
analogous to an optical coherence tomography (OCT) axial-scan, in which the tissue 
is scanned along the depth dimension (axially) as opposed to an OCT b-scan, which 
scans in two dimensions (both axially and laterally). See, for example, Fujimoto,
J.G. et al., "Optical Coherence Tomography: An Emerging Technology for 
Biomedical Imaging and Optical Biopsy", Neoplasia, 2(1-2), 9-25 (2000). See also 
Zysk, A.M. et al., "Computational methods for analysis of human breast tumor tissue 
in optical coherence tomography images", Journal of Biomedical Optics, 11(5), 
054015-1 to 054015-7, 2006.

[057] Another example of another optical property is the scattering coefficient, 
which is a mathematical parameter governing the change in radiation intensity due 
to scattering as a result of propagation through a medium. See, for example, Levitz, 
D. et al., "Determination of optical scattering properties of highly-scattering media 
in optical coherence tomography images", Optics Express, 12(2), 249-259 (2004).

[058] Another example of another optical property is the anisotropy factor, 
which is a measure of the angle over which incoming radiation is scattered from a 
medium. See, for example, Levitz, D. et al., "Determination of optical scattering 
properties of highly-scattering media in optical coherence tomography images", 
Optics Express, 12(2), 249-259 (2004).

[059] Another example of another optical property is the birefringence, which is 
a physical parameter governing the change in polarization of radiation due to 
propagation through a medium. See, for example, de Boer, J.F. et al., "Two-
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dimensional birefringence imaging in biological tissue by polarization-sensitive 
optical coherence tomography", Optics Letters, 25(2), 934-936 (1997).

[060] Another example of another optical property is the spectral shift, which is 
a measure of the change in wavelength of the radiation due to propagation through 
a medium. See, for example, Morgner, U. et al., "Spectroscopic optical coherence 
tomography", Optics Letters, 25(2), 111-113 (2000).

[061] Another example of another optical property is the texture, which is a 
measure of the local variations in brightness within a region of an image. See, for 
example, Gossage, K.W., "Texture analysis of optical coherence tomography 
images: feasibility for tissue classification", Journal of Biomedical Optics, 8(3), 570- 
575 (2003).

[062] Further examples of optical properties that may be determined in addition 
to refractive index include Doppler shifts; phase resolution, including phase- 
resolved Doppler measurements and phase-resolved spectroscopic measurements; 
light scattering parameters; and spectroscopic absorption. The optical properties 
listed above may be used in a variety of combinations with refractive index 
measurements. The refractive index and one or more other optical properties may 
be determined continuously; ora single optical property determination may provide 
a baseline analysis, which is then augmented by the determination of the refractive 
index and/or one or more other optical properties.

[063] Figure 4 is a cross-sectional representation of a probe 400 that includes a 
housing 410 having a width 412, an optical fiber 420 having an exposed end 422, 

and a refractive index measuring device 430 including a radiation splitter 432 and 
one or more lenses 434. Housing 410 has an optional piercing tip 414. The width 
412 of housing 410 may be in the approximate range from 400 to 800 micrometers. 
Probe 400 may be inserted into tissue by piercing the tissue with optional piercing 
tip 414; by piercing the tissue with a needle connected to the probe; or by piercing 
the tissue with a needle, and then guiding the probe along the needle into the tissue.
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When the probe has been inserted into tissue, the exposed end 422 of the optical 
fiber 420 permits radiation that is passed through the optical fiber to travel along an 
optical path that includes a portion of the tissue that is adjacent the probe. The one 
or more lenses 434 produce two foci within the tissue, where the two foci are 
separated along the optical path. The probe 400 may be optically coupled to a low- 
coherence interferometer device.

[064] Radiation that is reflected or backscattered from the tissue may be 
collected by the optical fiber 420 through exposed end 422. This collected 
radiation is a sample signal that may be combined with a reference signal to 
produce an interferogram. The pathlength between the two foci in the tissue as 
determined from the interferogram may be compared to the pathlength that would 
separate the foci in air by Equation 1 to provide the refractive index of the tissue.
The pathlength that would separate the foci in air may be controlled by varying the 
parameters of the radiation splitter 432 and the one or more lenses 434. See, for 
example, Kniittel, A. et a/., "Spatially confined and temporally resolved refractive 
index and scattering evaluation in human skin performed with optical coherence 
tomography", Journal of Biomedical Optics, 5(1), 83-92 (2000); and Zvyagin, A.V. et 
al., "Refractive index tomography of turbid media by bifocal optical coherence 
refractometry", Optics Express, 11(25), 3503-351 7 (2003). Determining other 
optical properties of the portion of the tissue may include analyzing the 
interferogram used to determine the refractive index. Another sample signal may be 
obtained and combined with a reference signal to produce another interferogram, 
and this interferogram may be analyzed to determine one or more other optical 
properties.

[065] Figure 5 is a perspective view representation of a probe 500 that includes 
a housing 510, an optical fiber 520 having an exposed end 522, a gap 530, and a 
reflective surface 540. Figure 6 is a cross-sectional representation of the probe 500, 

including the housing 510 having width 512, the optical fiber 520 having exposed 
end 522, the gap 530 having a distance 532, the reflective surface 540, and an
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optical path 590. Housing 510 has an optional piercing tip 514. The width 512 of
housing 510 may be from 400 to 800 micrometers. The probe 500 may be optically
coupled to a low-coherence interferometer device.

[066] The exposed end 522 of the optical fiber 520 permits radiation that is 
passed through the optical fiber to travel along optical path 590, which traverses the 
distance 532 of the gap 530. When the probe has been inserted into tissue, the gap 
530 may be filled with a portion of the tissue, such that the optical path 590 

includes a portion of the tissue. The reflective surface 540 is positioned at the end 
of the optical path 590 and is separated from the exposed end 522 by the gap 
distance 532. Radiation that is transmitted through the portion of the tissue and 
reflected back by the reflective surface 540 may be collected by the optical fiber 
520 through exposed end 522. This collected radiation is a sample signal that may 
be combined with a reference signal to produce an interferogram. Preferably the 
gap distance 532 is in the approximate range from 50 micrometers to 2.0 mm.
More preferably the gap distance 532 is from 50 micrometers to 1.0 mm, more 
preferably is from 100 to 400 micrometers, and more preferably is from 120 to 200 
micrometers. A focusing element, such as a GRIN lens, may be attached to the 
exposed end 522 ofthe optical fiber.

[067] The optical pathlength from the exposed end 522 to the reflective surface 
540 as determined from the interferogram may be compared to the physical gap 
distance 532 by Equation 1 to provide the refractive index of the tissue.
Determining other optical properties of the tissue may include analyzing the 
interferogram used to measure the refractive index. Another sample signal may be 
obtained and combined with a reference signal to produce another interferogram, 
and this interferogram may be analyzed to determine one or more other optical 
properties.

[068] Figure 7 is a perspective view representation of a probe 700 that includes 
a housing 710, a first optical fiber 720 having a first exposed end 722, a gap 730,
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and a second optical fiber 740 having a second exposed end 742. Figure 8 is a 
cross-sectional representation of the probe 700, including the housing 710 having 
width 712, the first optical fiber 720 having first exposed end 722, the gap 730 

having a distance 732, the second optical fiber 740 having second exposed end 
742, and an optical path 790. Housing 710 has an optional piercing tip 714. The 
width 712 of housing 710 may be in the approximate range from 400 to 800 
micrometers. The probe 700 may be optically coupled to a low-coherence 
interferometer device.

[069] The exposed end 722 of the optical fiber 720 permits radiation that is 
passed through the optical fiber to travel along optical path 790, which traverses the 
distance 732 of the gap 730. When the probe has been inserted into tissue, the gap 
730 may be filled with a portion of the tissue, such that the optical path 790 lies 
within the portion of the tissue. The second exposed end 742 of the second optical 
fiber 740 is positioned at the end of the optical path 790 and is separated from the 
exposed end 722 by the gap distance 732. Preferably the gap distance 732 is in the 
approximate range from 50 micrometers to 2.0 mm. More preferably the gap 
distance 732 is from 50 micrometers to 1.0 mm, more preferably is from 100 to 400 
micrometers, and more preferably is from 120 to 200 micrometers. Radiation that is 
transmitted through the portion of the tissue may be collected by the second optical 
fiber 740 through second exposed end 742. This collected radiation is a sample 
signal that may be combined with a reference signal to produce an interferogram. A 
focusing element, such as a GRIN lens, may be attached to the first exposed end 
722 of the first optical fiber.

[070] The optical pathlength from the exposed end 722 to the second exposed 
end 742 as determined from the interferogram may be compared to the gap distance 
732 by Equation 1 to provide the refractive index of the tissue. Determining other 
optical properties of the tissue may include analyzing the interferogram used to 
determine the refractive index. Another sample signal may be obtained and 
combined with a reference signal to produce another interferogram, and this

-18-



WO 2007/090147 PCT/US2007/061364

interferogram may be analyzed to determine one or more other optical properties. 
For example, radiation that is reflected or backscattered from the tissue sample may 
be collected by the first optical fiber 720 as a second sample signal. In this 
example, a first sample signal includes the transmitted radiation collected by second 
optical fiber 740, and a second sample signal includes the reflected or backscattered 
radiation collected by first optical fiber 720.

[071] Figure 9 represents a method 900 of identifying tissue that includes 
analyzing tissue 910, identifying the tissue by the refractive index 920, and 
optionally identifying the tissue by at least one other optical property of the tissue 
930. The method may be carried out in vivo, or it may be carried out ex vivo. The 
method 900 may be used to determine what type of tissue is present in a sample or 
in an organism and may further be used to determine the condition of that tissue.
For example, the method may be used to determine whether the tissue is fat tissue, 
breast tissue or tumor tissue. In another example, the method may be used to 
determine whether tumor tissue is benign, malignant or metastatic.

[072] Analyzing tissue 910 may include impinging radiation upon tissue, 
obtaining a sample signal of the radiation from the tissue, determining the refractive 
index of the tissue from the sample signal, and optionally determining at least one 
other optical property of the tissue. Analyzing tissue 910 may also include inserting 
a radiation source into tissue prior to impinging radiation upon the tissue. For 
example, a guide needle containing a probe may be inserted into the tissue, where 
the probe includes a housing, a radiation source and a refractive index measurement 
assembly on a guide needle.

[073] Identifying the tissue by the refractive index 920 may include comparing 
the determined refractive index with known refractive indices of various tissues. 
Refractive index values of tissue are reported, for example, in Gottschalk, W., "Ein 
MePverfahren zur Bestimmung der optischen Parameter biologisher Gwebe in 
vitro", Dissertation 93 HA 8984, Universitat Fridericiana Karlsruhe, 1992; and in

-19-



WO 2007/090147 PCT/US2007/061364

Bolin, F.R. et al., "Refractive index of some mammalian tissues using a fiber optic 
cladding method," Applied Optics, 28, 2297-2303 (1989).

[074] Optionally identifying the tissue by at least one other optical property 930 

may include comparing the determined optical property with known values of the 
optical property for various tissues. These comparisons may be done sequentially 
and in any order. For example, the comparison of refractive index may reduce the 
number of possible tissue types to only those types having a refractive index within 
a numerical margin around the determined refractive index. The second 
comparison may then be used to identify the tissue from this reduced set. These 
comparisons also may be done simultaneously. For example, the determined 
refractive index and at least one other determined optical property may be 
compared to the known combinations of these values to identify the tissue having 
the highest overall correlation to both values.

[075] Figure 10 represents a method 1000 of performing a biopsy of a tissue of 
interest that includes identifying tissue 1010, optionally repeating the identifying 
tissue 1020, and biopsying a portion of the tissue 1030. Identifying tissue 1010 may 
include inserting a radiation source into tissue, impinging radiation upon the tissue, 
obtaining a sample signal of the radiation from the tissue, determining the refractive 
index of the tissue from the sample signal, optionally determining at least one other 
optical property of the tissue, identifying the tissue by the refractive index, and 
optionally identifying the tissue by at least one other optical property of the tissue.

[076] Identifying tissue 1010 may include inserting a guide needle containing a 
probe, where the probe includes a housing, a radiation source and a refractive index 
measurement assembly on a guide needle. After being used to identify the tissue of 
interest the probe may be removed from the tissue, leaving the guide needle in 
position at the tissue of interest, or the probe may be maintained in position with the 
guide needle. A biopsy needle may be inserted into the tissue by way of the guide 
needle, placed at the tissue of interest, and activated to biopsy a portion of the tissue
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1030. Identifying tissue 1010 may also include inserting a biopsy needle containing
a probe, where the probe includes a housing, a radiation source and a refractive
index measurement assembly on a guide needle. In this way, a single apparatus
may be used to guide the biopsy needle and to biopsy a portion of the tissue 1030.

[077] Identifying tissue 1010 may further include determining whether the 
identified tissue matches the tissue of interest to be biopsied. This determination 
may be performed manually, or it may be performed automatically through a 
feedback system. In one example, a feedback system may include a visual and/or 
audio display of the refractive index of the tissue, and optionally of at least one other 
optical property of the tissue. In another example, a feedback system may include a 
visual and/or audio display of the type of tissue that has been identified. In another 
example, a feedback system may include a visual and/or audio signal indicating if a 
pre-selected tissue of interest has or has not been identified.

[078] The optionally repeating the identifying 1020 may be performed if the 
identified tissue does not match the tissue of interest to be biopsied. The optional 
repeating may include moving a probe from one location to another location within 
the tissue. If the tissue at the new location still does not match the tissue of interest, 
the repeating may be performed again, and this process may be continued until the 
tissue of interest is identified.

[079] Biopsying a portion of the tissue 1030 may be performed with a 
conventional biopsy needle, such as an Easy Core® core biopsy needle (Boston 
Scientific Corporation, Natick, MA), a Surecut™ aspiration biopsy needle (Boston 
Scientific), a Max Core® biopsy needle (Bard Biopsy Systems, Tempe, AZ), a Quick- 
Core® biopsy needle (Cook, Inc., Bloomington, IN), or a multi-hole aspiration biopsy 
needle (Millex Products, Inc., Chicago, IL). If the guide needle and probe are 
maintained in the tissue during the procedure, the biopsy needle may be removed, 
and the guide needle and probe may be repositioned until the tissue of interest is 
again identified or until another tissue of interest is identified. For example, the
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guide needle and probe may be repositioned to another tumor within the normal
tissue. A biopsy needle may again be inserted along the guide needle, and another
tissue sample may be biopsied.

[080] Implementations of the tissue analysis methods, the tissue identification 
methods, and the tissue biopsy methods each may include computer readable 
program code. These algorithms, devices and systems may be implemented 
together or independently. Such code may be stored on a processor, a memory 
device or on any other computer readable storage medium. The program code may 
be encoded in a computer readable electronic or optical signal. The code may be 
object code or any other code describing or controlling the functionality described 
in this application. The computer readable storage medium may be a magnetic 
storage disk such as a floppy disk; an optical disk such as a CD-ROM; 
semiconductor memory or any other physical object storing program code or 
associated data. A computer readable medium may include a computer program 
product including the computer readable program code.

[081] Figure 11 represents a flow chart of an example of a computer program 
product, which includes computer readable program code, for determining a 
refractive index of tissue from a sample signal of radiation that has impinged upon 
the tissue. The computer program product begins by reading the axial scan data 
1110 obtained by low-coherence interferometry. The axial scan data is then 
truncated to a range resulting from known tissue refractive index values 1120. This 
truncated data optionally may be subjected to smoothing or other de-noising 
processes 1130. Optionally the axial scan data may be convolved with the known 
reflector response 1140, and the response location optionally may be weighted by a 
function of the previous reflector responses 1150, if applicable. The location of 
maximum response intensity is then located 1160. This value of "d" is used to 
calculate the refractive index using Equation 1 (1170), and the output of the 
resulting refractive index is then produced 1180. The computer program product 
optionally may wait for the next axial scan data to become available 1190.
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[082] The following examples are provided to illustrate one or more preferred
embodiments of the invention. Numerous variations may be made to the following
examples that lie within the scope of the invention.

EXAMPLES

[083] Example 1: Refractive Index Analysis By Low-Coherence Interferometry

[084] A fiber-based low-coherence interferometer was used to measure the 
refractive indices of different types of tissue. A diode-pumped mode-locked 
titanium-.sapphire laser source with a center wavelength around 780 nm was used as 
the optical source. This laser pumped an ultrahigh numerical aperture (UHNA4, 
Nufern) fiber to spectrally broaden the output bandwidth to 120 nm. Dispersion 
and polarization were matched in the interferometer arms. A precision linear 
optical scanner was used to scan the reference arm, and the small nonlinearity (less 
than 0.5%) was corrected by calibration. The axial resolution of this system was 
measured to be 3 pm in air. A high-speed (5 Mega-samples per second, 12-bit) 
analog-digital converter (NI-PCI-6110, National Instruments) was used to acquire 
interferometric fringe data. Axial scans containing the interferometric signals were 
sampled at 100,000 data points.

[085] Samples of human breast tissue were placed on a reflective surface, and 
the reflective surface was positioned at a distance from the end of the optical fiber of 
the sample arm. The refractive index of each tissue was determined by measuring 
the distance from the end of the optical fiber to the reflective surface, and then 
calculating the refractive index according to Equation 1.

[086] Figure 12A is an OCT image of fat (adipose) tissue from a human breast, 
and Figure 12B is an OCT image of invasive ductal carcinoma tissue from a human 
breast. These displaced reflector images also provided for refractive index 
calculations. See, for example, Tearney, G.J. et a/., "Determination of the refractive
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index of highly scattering human tissue by optical coherence tomography", Optics
Letters, 20(21), 2258-2260 (1995). The adipose tissue had a higher refractive index
than did the carcinoma tissue.

[087] Figure 13A is a graph of the axial intensity as a function of scan depth in 
the adipose tissue, where the scan line was along the arrow in Figure 12A. Figure 
13B is the same type of graph for the carcinoma tissue. Each of these axial intensity 
profiles had a depth-dependent decay in intensity, with the decay being more 
pronounced for the carcinoma tissue. The carcinoma tissue had a higher attenuation 
coefficient than did the adipose tissue.

[088] The determined refractive index of breast tissue was from 1.27 to 1.33.
The determined refractive index of fat was from 1.44 to 1.46, which compared well 
with published values of 1.44 to 1.53. The determined refractive index of invasive 
ductal carcinoma was 1.34 to 1.42. These results demonstrate that tissues 
commonly found in the breast may be distinguished based on refractive index, 
either alone or in combination with other optical properties.

[089] Example 2: Optical Guidance of Biopsy Needle

[090] A PinPoint® guiding introducer needle (Boston Scientific) is modified by 
replacing the piercing tip with a probe. The probe includes a housing having a 
piercing tip at the distal end, an optical fiber having an exposed end and an optical 
path extending from the exposed end, a gap, and a reflective surface positioned 
across the gap from the exposed end and within the optical path. See, for example, 
Figures 5-6. The width of the housing is 400 micrometers, and the width of the gap 
is 150 micrometers. The optical fiber is single-mode fiber N47A7AS3/1060 from 
Fiber Instrument Sales, Inc. (Oriskany, NY), and is secured in a groove in the probe 
with an adhesive. The fiber is extended from the probe along the needle, and is 
optically coupled to a low-coherence interferometer system, such as those described 
in Example 1. Thus, the probe is a part of the sample arm of the interferometer. A
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GRIN lens is attached to the exposed end, and the reflective surface is positioned 

perpendicular to the optical path. The low-coherence interferometer is coupled to 

a visual display that displays the refractive index of the tissue being analyzed, as 

well as an identification of the tissue type.

[091] The modified introducer needle is inserted into the breast of a patient, 

and the visual display is observed until tumor tissue is identified as being in 

contact with the probe. The modified introducer needle is removed, leaving the 

cannula in place. A Delta Cut® core biopsy needle (Boston Scientific) attached 

to an Easy Core™ biopsy device is inserted through the canula of the introducer 

needle. The biopsy needle is activated to cut a sample of the tumor tissue, and 

then removed to retrieve the tissue sample. The modified introducer needle is 
inserted and repositioned until another tumor tissue is in contact with the probe, 

as indicated by the visual display. A biopsy needle is inserted through the canula 

of the introducer needle, a sample of tumor tissue is cut, and the biopsy needle is 

removed. The location of tumor tissue and biopsy of tissue samples is repeated 

until the desired number of tissue samples is obtained.

[092] While various embodiments of the invention have been described, it will 

be apparent to those of ordinary skill in the art that other embodiments and 

implementations are possible within the scope of the invention. Accordingly, the 

invention is not to be restricted except in light of the attached claims and their 

equivalents.

[093] In the claims that follow and in the preceding description of the 

invention, except where the context requires otherwise owing to express 

language or necessary implication, the word “comprise” or variations such as 

“comprises” or “comprising” is used in an inclusive sense, that is, to specify the 

presence of the stated features but not to preclude the presence or addition of 

further features in various embodiments of the invention.

[094] Further, any reference herein to prior art is not intended to imply that 

such prior art forms or formed a part of the common general knowledge in 

Australia or any other country.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of analyzing tissue, comprising: 

inserting a probe into tissue; 

impinging radiation upon the tissue;

obtaining a sample signal of the radiation from the tissue; and 

determining a refractive index of the tissue from the sample signal; 

wherein the probe comprises:

a housing,

a piercing tip, at a distal end of the housing, 

a groove, in the housing, 

a radiation source, and 

a radiation collector,

wherein an optical path extends across the groove between the radiation 

source and the radiation collector.

2. The method of claim 1, further comprising determining at least one other 

optical property of the tissue.

3. The method of claim 2, where the at least one other optical property is 

selected from the group consisting of attenuation coefficient, scattering profile, 

anisotropy factor, birefringence, spectral shift, and texture.

4. The method of any one of the preceding claims, where the impinging of the 

radiation comprises passing low-coherence radiation through an optical fiber to the 

tissue; and the determining of the refractive index comprises combining the sample 

signal with a reference signal to produce an interferogram.

5. The method of any of the preceding claims, where the radiation source 

comprises an optical fiber having an exposed end, a light-emitting diode or a laser 

device.

6. The method of any one of claims 1 to 4, wherein the radiation collector 

comprises an optical fiber having an exposed end.

3754031.1 (GHUaners) P75216.AU
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7. The method of any one of claims 1 to 4, wherein:

the radiation collector comprises an optical fiber having an exposed end; 

the obtaining of the sample signal comprises collecting radiation that has

been transmitted through the tissue from the radiation source to the exposed end; 

and

the determining of the refractive index comprises comparing a physical 

distance from the radiation source to the exposed end and a measured pathlength 

from the radiation source to the exposed end.

8. The method of any of claims 1 to 4, wherein: the radiation source comprises 

a first optical fiber having a first exposed end;

the radiation collector comprises a second optical fiber having a second 

exposed end;

the obtaining of the sample signal comprises collecting radiation that has 

been transmitted through the tissue from the first exposed end to the second 

exposed end; and

the determining of the refractive index comprises comparing a physical 

distance from the first exposed end to the second exposed end and a measured 

pathlength from the first exposed end to the second exposed end.

9. The method of claim 1, wherein:

the obtaining of the sample signal comprises collecting radiation that has 

been transmitted through the tissue from the radiation source to the radiation 

collector; and

the determining of the refractive index comprises measuring the angle of 

displacement of radiation that has been transmitted through the tissue from the 

radiation source to the radiation collector.

10. The method of any one of the preceding claims, wherein the radiation 

collector comprises an electrooptic sensor.

11. The method of any one of the preceding claims, wherein the distance 

between the radiation source and radiation collector is 50 micrometres to 2.0 

millimetres. 12. A method of analyzing tissue, comprising:
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inserting a probe into tissue;

impinging radiation upon the tissue;

obtaining a sample signal of the radiation from the tissue; and

determining a refractive index of the tissue from the sample signal;

wherein the probe comprises:

a housing,

a piercing tip, at a distal end of the housing, 

a groove, in the housing, 

a radiation source, and 

a reflective surface,

wherein an optical path extends across the groove between the radiation 

source and the reflective surface.

13. The method of claim 12, further comprising determining at least one other 

optical property of the tissue.

14. The method of claim 13, wherein the at least one other optical property is 

selected from the group consisting of: attenuation coefficient, scattering profile, 

anisotropy factor, birefringence, spectral shift, and texture.

16. The method of claim 12, wherein the radiation source comprises an optical 

fiber having an exposed end, a light-emitting diode or a laser device.

17. The method of claim 12, wherein:

the radiation source comprises an optical fiber having an exposed end; 

the obtaining of the sample signal comprises collecting radiation that has

been reflected from the reflective surface to the exposed end; and

the determining of the refractive index comprises comparing a physical

distance from the exposed end to the reflective surface and a measured pathlength 

from the exposed end to the reflective surface.

18. The method of claim 12, wherein:

the obtaining of the sample signal comprises collecting radiation that has 

been reflected from the reflective surface to an exposed end of an optical fibre, and
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the determining ofthe refractive index comprises comparing a physical 

distance from the exposed end to the reflective surface and a measured pathlength 

from the exposed end to the reflective surface.

19. The method of claim 12, wherein:

the obtaining ofthe sample signal comprises collecting radiation that has 

been reflected from the reflective surface, and

the determining of the refractive index comprises measuring the angle of 

displacement of radiation that has been reflected from the reflective surface.

20. The method of claim 19, wherein radiation is collected by an electrooptic 

sensor.

21. The method of any one of claims 12 to 20, wherein the distance between the 

radiation source and reflective surface is 50 micrometres to 2.0 millimetres.

22. The method of either claim 1 or 12, further comprising identifying the tissue by 

the refractive index.

23. A method of performing a biopsy of tissue, comprising:

identifying tissue according to the method of claim 22; and 

biopsying at least a portion of the tissue.
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