
(12) STANDARD PATENT
(19) AUSTRALIAN PATENT OFFICE

(11) Application No. AU 2007238412 B2

(54) Title
Method and apparatus for the non-invasive measurement of tissue function and 
metabolism by determination of steady-state fluorescence anisotropy

(51) International Patent Classification(s)
A61B5/00 (2006.01)

(21) Application No: 2007238412 (22) Date of Filing: 2007.03.12

(87) WIPONo: W007/121009

(30) Priority Data

(31) Number (32) Date (33) Country
11/624,820 2007.01.19 US
60/744,831 2006.04.13 US

(43) Publication Date: 2007.10.25
(44) Accepted Journal Date: 2013.07.04

(71) Applicant(s)
Ralph Zuckerman

(72) Inventor(s)
Zuckerman, Ralph

(74) Agent / Attorney
Peter Maxwell & Associates, Level 6 60 Pitt Street, Sydney, NSW, 2000

(56) Related Art
MOHANTY S. K., et al., 'Depolarization of autofluorescence from malignant and 
normal human breast tissues, Applied Optics, 2001, Vol. 40(7), pages 1147-1154. 
ZUCKERMAN, R. et al., 'Noninvasive measurement of mitochondrial function in 
space, time and depth in retinal tissue: Metabolic mapping, Invest. Ophthalmol. 
Vis.
Sci., 2005, Vol. 46 (5), Suppl. S, page 4759; ARVO Meeting Abstracts, May 1st t
US 2005/0080323
WO 2005/032361
US 5701902
US 5495850
US 2004/0021848
US 5515864



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date 
25 October 2007 (25.10.2007) PCT (10) International Publication Number

WO 2007/121009 A3

(51) International Patent Classification:
A61B 5/00 (2006.01)

(21) International Application Number:
PCT/US2007/063768

(22) International Filing Date: 12 March 2007 (12.03.2007)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/744,831 13 April 2006 (13.04.2006) US
11/624,820 19 January 2007 (19.01.2007) US

(71) Applicant and
(72) Inventor: ZUCKERMAN, Ralph [US/US]; 400 Cypress 

St., Philadelphia, PA 19106 (US).

(74) Agent: NORTON, Gerard, P.; Fox Rothschild LLP, 997 
Lenox Drive, Bldg. #3, Lawrenceville, NJ 08648 (US).

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available)·. AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,

CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS, 
JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS,
LT, LU, LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ,
NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU, 
SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN, TR, 
TT, TZ, UA, UG, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available)·. ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL, 
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
— with international search report
— with amended claims and statement

(88) Date of publication of the international search report:
6 March 2008

Date of publication of the amended claims and statement:
17 April 2008

w
o 

20
07

/1
21

00
9 A

3 lll
llll
llll
llll
llll
llll
llll
llll
llll
llll
llll
llll
llll
llll
llll
llll
lffl (54) Title: METHOD AND APPARATUS FOR THE NON-INVASIVE MEASUREMENT OF TISSUE FUNCTION AND ME­

TABOLISM BY DETERMINATION OF STEADY-STATE FLUORESCENCE ANISOTROPY

(57) Abstract: A non-invasive measurement 
of biological tissue reveals information 
about the function of that tissue. Polarized 
light is directed onto the tissue, stimulating 
the emission of fluorescence, due to one or 
more endogenous fluorophors in the tissue. 
Fluorescence anisotropy is then calculated. Such 
measurements of fluorescence anisotropy are 
then used to assess the functional status of the 
tissue, and to identify the existence and severity 
of disease states. Such assessment can be made 
by comparing a fluorescence anisotropy profile 
with a known profile of a control.
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METHOD AND APPARATUS FOR THE NON-INVASIVE MEASUREMENT 
OF TISSUE FUNCTION AND METABOLISM

BY DETERMINATION OF STEADY-STATE FLUORESCENCE ANISOTROPY

CROSS-REFERENCE TO PRIOR APPLICATION

Priority is claimed from U.S. Provisional Patent Application Serial

No. 60/744,831, filed April 13, 2006, the entire disclosure of which is

incorporated by reference herein.

BACKGROUND OF THE INVENTION

This invention relates to the field of non-invasive measurements of

functions of biological tissues.

Structural damage in living tissues is always accompanied by 

functional deficit. However, the converse is not necessarily true. That

is, functional deficit may precede irreversible structural damage for many

years, in numerous disease states, and may therefore serve as a diagnostic

indicator of early disease and a prognostic indicator of disease

progression. For this reason, increasing attention has focused on

functional imaging of tissues, in situ, in humans.

PET scanning provides striking images of functional change; however,

its resolution is crude and its implementation expensive.

To provide high-resolution imaging of the functional state or

metabolic rates of tissues non-invasively and in situ, optical techniques

must be employed. The present invention provides such an optical

technique .
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The functional status of bodily tissues is stoichiometrically related

to tissue metabolism through the well-established mechanism of respiratory

control. In particular, in the process of electron transfer from

substrates such as glucose and pyruvate to molecular oxygen, the oxidation

of the flavin adenine dinucleotide FADH2 to FAD produces 2 molecules of

adenosine triphosphate (ATP), while the oxidation of the nicotinamide

adenine dinucleotide NADH to NAD yields 3 ATPs. ATP in turn is used to

power processes within living cells that support function within all living

cells. Therefore, the conversions of these two nucleotides may be used to

monitor cellular function and serve as sensitive indicators of cellular and

tissue health.

Both flavin and nicotinamide dinucleotides possess fluorescence

properties and lifetimes that change with cellular function and both are

endogenous fluorophors that are found within mitochondria as well as in

enzymes within other cellular compartments in tissues. Prior measurements

of the fluorescence intensity of either or both, or of the ratio of

fluorescence intensities of these molecules, have been used in research

studies by Chance and his colleagues to explore metabolism in a research

setting. However, these approaches have never successfully been extended

to the clinical setting because they require calibration of the system by

bringing the tissue to a uniform oxygen partial pressure of 0 mm Hg by

breathing an animal on 100% nitrogen. This obviously cannot be done in

humans without causing irreversible cell death.

The need to calibrate fluorescence intensity measurements arises from

the photobleaching of fluorophors during exposure to excitation light.

Moreover, fluorescence intensity is influenced by other factors that have

no relation to metabolism, such as absorption of excitation and emission

light by intervening tissues. To overcome these deficiencies, some have
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tried to take the ratio of emissions from NADH and FAD, but the results

have not been satisfactory because the rates of photobleaching of these 

molecules are different, thus precluding a clinically useful tool.

In theory, the problems associated with fluorescence intensity

measurements may be overcome by measuring fluorescence lifetime, namely the

decay constant of fluorescence emission following pulse excitation.

However, the fluorescence lifetimes of interest would require the use of

femtosecond laser pulses. Even with the use of photon counting

photomultipliers, such a technique would require, for adequate signal-to-

noise ratio, an excitation energy that would destroy tissue.

U.S. Patent No. 5,626,134, the disclosure of which is incorporated by

reference herein, describes a novel procedure for the steady-state

measurement of fluorescence lifetime, based upon the measurement of

fluorescence anisotropy. The disclosed general methodology overcomes the

deficiencies of time-resolved measurements of fluorescence lifetime in both

in vivo and in vitro applications.

The present invention provides a modified technique which can be

applied to the non-invasive measurement of the steady-state fluorescence

anisotropies of flavin and nicotinamide dinucleotides within bodily

tissues. As will be shown in detail below, the present invention uses

measurements of steady-state fluorescence anisotropy to reveal tissue

functional and metabolic status, and changes in function and metabolism

that accompany disease states. Moreover, and of singular importance,

steady-state fluorescence anisotropy is employed in the present invention

to reveal numerous aspects of metabolically-induced changes in these

endogenous nucleotides, namely, fluorescence lifetime changes that occur

during function and metabolic change as well as conformational changes and

changes from the unbound to bound form of these nucleotides that also take

place during metabolism and function within bodily tissues.
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In the present invention, the application of steady-state fluorescence

anisotropy measurement is a more encompassing and broader methodology for

probing the functional and metabolic state of a bodily tissue in situ by

non-invasive methods in health and disease. The method and apparatus

thereby provide the first safe, sensitive, calibration-free optical

methodology for the non-invasive measurement of metabolic rate and

functional status of tissues in 2- and 3-dimensional space.

Ideally, a noninvasive optical approach that reveals function by

imaging metabolic changes should yield signals that are quantitatively

traceable to function based upon the stoichiometric relationship between

function and metabolism that is imposed by respiratory control. Redox

fluorometry is one well-established approach that fulfills this criterion.

For this reason, redox fluorometry employing the intrinsic fluorescence of

reduced pyridine nucleotides and oxidized flavoproteins has long been

employed to assess cellular energy metabolism. However, such intensity-

based methods are severely limited due to photobleaching, inner filter

effects and the difficulties associated with isolating contributions from

these metabolically relevant fluorophores from the background

autofluorescence of other endogenous fluorophores. Inner filter effects

are present in all tissues. Although measurements of fluorescence lifetime

can, to some extent, overcome the limitations of intensity-based

measurements, the information gleaned from such measurements alone is

limited, and ultra fast lifetimes require the use of high energy laser

pulses that may be damaging to fragile tissues.

The present invention includes a novel method of steady-state

flavoprotein fluorescence anisotropy imaging (metabolic mapping) that

overcomes the deficiencies of intensity- or lifetime-based imaging while

retaining the essential quantitative coupling of metabolism to function.
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The steady-state fluorescence anisotropy (A) of a distinct molecular

species undergoing isotropic rotational diffusion is related to the excited

state lifetime τ and the rotational correlation time φ by the following

equation :

A Φ

where Ao is a limiting value (in the absence of rotation) given by the

relative orientation of the absorption and emission dipole transition

moments, and σ is the ratio τ/φ.

From this equation it follows that fluorescence anisotropy is a

parameter with the capability of revealing changes in both orientation

distribution and excited state lifetimes with great sensitivity. Such

function-induced metabolic changes could arise from restrictions to

diffusional motion, complex formation and molecular proximity manifested by

hetero- or homo-energy transfer. Moreover, fluorescence anisotropy and

lifetime are intrinsic parameters, unlike the intensity signals used to

compute them, and are therefore insensitive to light path and geometry.

When measurements are restricted to a single intrinsic fluorophore, the

effects of photobleaching are also eliminated. All of these advantages

contribute to the capability of making reliable comparisons over time in

the same tissue in situ and between different living tissues.

Fluorescence anisotropy is independent of fluorophore concentration,

and therefore, unlike fluorescence intensity-based imaging or structural

technologies, its sensitivity is independent of the thickness of the tissue

being probed. Of especial importance is the large safety margin of the

method of the present invention that allows it to be employed to probe

cellular bioenergetics in living tissues in humans and the ability to
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bandpass and notch filter anisotropy values provides the opportunity to

reject contributions from other endogenous fluorophores.

Flavoprotein (FP) fluorescence can be excited by longer wavelength,

lower energy light, is more resistant to photobleaching than pyridine

nucleotides (NADH or NADPH) and is almost singularly associated with

mitochondria (Koke et al, "Sensitivity of flavoprotein fluorescence to

oxidative state in single isolated heart cells", Cytobios (1981), vol. 32,

p. 139-145; Scholz et al, "Flavin and pyridine nucleotide oxidation-

reduction changes in perfused rat liver", J. Biol. Chem. (1969), vol. 244,

p. 2317-2324). By restricting measurements to FP steady-state fluorescence

anisotropy, the risk of damage to tissues by high energy laser pulses is

obviated by the use of lower energy light distributed over durations that

are long relative to the excited state lifetimes. Of the numerous enzymes

endowed with flavin cofactors, it has been previously shown that lipoamide

dehydrogenase (LipDH) dominates the fluorescence signal with lesser

contributions from electron transfer flavoprotein (ETF). LipDH serves as a

direct probe of cellular metabolism and function because its FAD cofactor

is in direct equilibrium with the mitochondrial NAD+/ NADH pool, while the

redox state of ETF is indirectly affected by the NAD+/ NADH ratio within

mitochondria.

It should also be noted that time-resolved fluorescence anisotropy

measurement requires the use of ultra-fast laser pulses that would

similarly be destructive to tissues. For this reason, steady-state

fluorescence anisotropy determination is employed in the current invention.

Furthermore the measurement of flavin dinucleotide fluorescence anisotropy

is a preferred embodiment of the technology because longer excitation

wavelengths and thus lower excitation energies may be employed, thereby

ensuring the safety of its use in delicate tissues such as in the non-

invasive imaging of the functional status of the human retina, in situ, in
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the eye.

Although, the methodology disclosed herein is directed toward non­

invasive measurement of the fluorescence anisotropies of flavin and

nicotinamide dinucleotides, and thereby the metabolic and functional status

of tissues, it will be apparent to one skilled in the art that this is a

general methodology that may be applied to all endogenous fluorophors whose

steady-state fluorescence anisotropies may be influenced by disease

processes .

The present invention also includes a method for extending the

sensitivity of the above-described non-invasive method by measuring the

steady-state fluorescence anisotropy of the tissue first in the resting

state and subsequently in the stimulated state. Steady-state fluorescence

anisotropy maps are acquired in these two states in 2- or 3-dimensional

space and the anisotropy map in the resting state is subtracted point-by­

point from that obtained in the stimulated state. The resultant

fluorescence anisotropy map therefore reveals the capacity of the tissue to

respond to stimulation. As such, the methodology has clear application to

detection and prognosis of disease states wherein the magnitude of change

to stimulation may be reduced and the spatial loci of functional and

metabolic deficits identified.
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SUMMARY OF THE INVENTION

The present invention provides apparatus and methods for the non­

invasive determination of the functional and metabolic status of tissues by

the measurement of the steady-state fluorescence anisotropies of one or

more endogenous fluorophors, in situ, such as flavin and nicotinamide

dinucleotides. By use of the present invention, the rotational and

vibrational motions of the isoalloxazine ring of FAD have been exploited to

extract, by relatively simple means, a measurement of fluorescence

lifetime, thereby providing the first safe, high-resolution, calibration-

free measurement of metabolic rate and function in tissues. In addition,

steady-state fluorescence anisotropy can reveal conformational or binding

changes in endogenous fluorophors such as FAD and NADH that accompany

changes in cellular and tissue metabolism.

The non-invasive measurement of functional and metabolic state of

bodily tissues is accomplished by irradiating the tissue with continuous

polarized excitation light, characterizing the polarization properties of

the emitted fluorescence from endogenous fluorophors in a manner that

provides information sufficient to calculate steady-state fluorescence

anisotropy, and employing the calculated fluorescence anisotropy values to

describe tissue metabolism and functional activity of the tissue.

Fluorescence anisotropy may be measured at a plurality of points in

space, thereby providing a topographic measurement of the functional and

metabolic state of the tissue. Similarly, optical serial sectioning

techniques may be employed non-invasively to provide spatial maps of

functional and metabolic states of tissues, at various depths within the

tissue. Consequently, the present invention provides a sensitive,

calibration-free, high-resolution methodology for the non-invasive

measurement of the functional and metabolic state of bodily tissues in
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space, time and depth.

The invention also includes a novel method of filtering the range of

fluorescence anisotropy values to isolate steady-state fluorescence

anisotropy measurements to a specific endogenous fluorophor.

The invention also includes an apparatus and method for measuring

steady-state fluorescence anisotropy tomographically, in 3-dimensional

space, and in which the apparatus is coupled to a confocal scanning system.

The present invention also includes means for extending the

sensitivity of the above-described method in disease detection. By first

measuring steady-state fluorescence anisotropy in the resting state, and

then performing the same measurement in the stimulated state, at a

plurality of points in space, and subtracting the measurements in the

resting state from those in the stimulated state, one can detect disease-

induced reductions in the magnitude of change to stimulation, and can

localize these disease-induced deficits in 2- and 3-dimensional space.

The present invention therefore has the primary object of providing an

apparatus and method for the noninvasive determination of the metabolic and

functional status of biologic tissues, in situ, by measurement of steady-

state fluorescence anisotropies of flavin adenine and nicotinamide adenine

dinucleotides .

The invention has the further object of providing an apparatus and

method for the non-invasive determination of the metabolic and functional

status of biologic tissues in situ topographically, in 2-dimensional space,

and tomographically in 3-dimensional space.

The invention has the further object of enabling non-invasive early

detection of disease by measuring the effects of the disease on the

functional and metabolic state of tissues.

The invention has the further object of enabling prognosis of disease

progression by virtue of the change in functional and metabolic state of
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tissues over time, in the same patient, and the comparison of a patient's

changing metabolic profiles to a normative database of disease progression

established in clinical trials.

The invention has the further object of enabling detection of disease

prior to irreversible structural damage, by measurement of functional and

metabolic changes that precede such irreversible structural damage.

The invention has the further object of guiding therapeutic

interventions that are directed toward ameliorating disease, by non­

invasive and non-destructive monitoring of the effects of therapeutic

interventions on the metabolic and functional status of tissues.

The invention has the further object of determining the specific

locations of disease-induced deficits in tissue function, by measuring such

tissue in a resting state and in a stimulated state, and by comparing such

measurements precisely at various points in a two- or three-dimensional

space .

The reader skilled in the art will recognize other objects and

advantages of the invention, from a reading of the following brief

description of the drawings, the detailed description of the invention, and

the appended claims .

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 provides a schematic diagram of an imaging apparatus used to

measure tissue function and metabolism, according to the present invention.

Figure 2 provides a schematic diagram of an imaging apparatus, made

according to the present invention, for deriving three-dimensional maps of

tissues .

Figures 3A-3F provide diagrams illustrating the use of the present
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invention to detect changes in the condition of eye tissues in an animal by

measurement of fluorescence anisotropy, where Figure 3A provides a

frequency histogram showing the variation of fluorescence anisotropy under

different conditions, Figures 3B and 3C provide grayscale maps of

fluorescence anisotropy values in the eye of an animal under different

conditions, Figure 3D provides infrared scans of treated and untreated eyes 

of an animal, and Figures 3E and 3F provide angiograms depicting the

condition of the eye of an animal.

Figures 4A-4F provide diagrams illustrating the use of the present

invention to detect diabetic retinopathy, where Figures 4A-4D provide

frequency histograms showing the variation in fluorescence anisotropy under

various conditions, Figure 4E provides a graph summarizing the results, and

Figure 4F provides a scan of the retina showing the area of interest.

Figures 5A-5H illustrate the use of the present invention to analyze

tissue function by comparing fluorescence anisotropy maps taken in a

resting state and in a stimulated state, wherein Figures 5A-5C depict a

portion of the retina in resting and stimulated conditions and showing a

comparison of the two states, Figure 5D provides a scan of the region of

interest, and Figures 5E-5H provide graphs analyzing the results.

Figures 6A-6G illustrate the use of the present invention in detecting

glaucoma, where Figure 6A-6B provide grayscale maps of fluorescence

anisotropy values in patients with and without glaucoma, Figure 6C provides

a graph of anisotropy values for various patients, Figures 6D-6E provide

diagrams showing fluorescence anisotropy values for patients with and

without glaucoma, and Figures 6F-6G provide diagrams showing corresponding 

results, for the same patients, using conventional diagnostic techniques.

Figures 7A-7F illustrate the use of the present invention in detecting

ocular hypertension, where Figures 7A and 7D provide frequency histograms
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of fluorescence anisotropy for various conditions, and Figures 7B, 7C, 7E,

and 7F provide tomographs showing the eye under various conditions.

Figures 8A and 8B illustrate the use of the present invention to

evaluate the effectiveness of treatment for diabetic retinopathy, where

Figure 8A provides a two-dimensional map of fluorescence anisotropy of a

region of the retina, showing treated and untreated areas, and Figure 8B

provides a graph showing fluorescence anisotropy values measured along the

line drawn in Figure 8A.

Figure 9 provides a graph showing fluorescence anisotropy values

generated from measurements of a human retina, according to the present

invention, the figure showing a curve based on measurements taken while a

subject is breathing pure oxygen, and a curve based on measurements taken

while the subject is breathing pure air.

DETAILED DESCRIPTION OF THE INVENTION

Figure 1 provides a schematic diagram of an apparatus 10 designed for

the topographic, 2-dimensional, mapping of tissue function and metabolism

non-invasively in an imaged tissue. Specimen 12 includes one or more

biological tissues which contain one or more substances, called

fluorophors, which fluoresce when illuminated.

Specimen 12 is illuminated with nonpolarized visible light by a

fiberoptic illuminator 14 utilizing a tungsten source 16. The radiant

energy of a xenon arc lamp 18 is gathered by a collector lens 20, and is

selectively allowed to pass through shutter 22. The light then passes

through a Gian-Thompson polarizer 24 (obtained from Ealing, Inc.).

The light is spectrally shaped by an excitation filter 26 and is then

reflected by a dichroic mirror 28 (obtained from Omega Optical) which

reflects excitation wavelengths through an objective lens 30 to the imaged
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tissue, causing fluorophors in the tissue to fluoresce.

Emitted luminescence from the excited tissue 12 is gathered by the

objective lens 30 and passes through the dichroic mirror 28, and through an

emission filter 32, which passes emission wavelengths to a Wollaston prism

polarizer 34 which resolves the emitted fluorescence into its linearly

polarized components parallel 36 and perpendicular 38 to the plane of

excitation polarization. The parallel and perpendicular vector components

36, 38 are respectively and simultaneously detected by the CCD (charge

coupled devices) chips of two video cameras 40A and 40B (e.g. Xybion model

250) .

Alternative optical detectors with sufficient spatial resolution, such

as slow scan chilled CCD cameras, SIT or ISIT tube cameras, or photodiode

arrays (not shown), would also be suitable for the detection of the two­

dimensional distributions of the parallel and perpendicular components of

the emitted fluorescence.

The outputs of the two video cameras are digitized by two digitizing

boards 42A and 42B (such as sold by Imaging Technologies or under the

designation model DT3851 by Data Translation) within a microcomputer 44,

(e.g., an IBM or equivalent computer, preferably having a processing chip

operating at 33 or 66 MHz). Such a device is sufficient for the task and

for subsequent image processing prior to display on the monitor 46.

Figure 2 provides a schematic of an apparatus designed for the

tomographic (3-dimensional) mapping of tissue metabolism and function,

according to the present invention. Light from one tunable argon laser

(e.g. Melles Griot part number 35 LAP 321-240) and two diode lasers (e.g.

Melles Griot part number 56 ICS 008-HS) input light into the confocal

device by means of a trifurcated single mode polarization fiber (such as

sold by Ealing Inc. under the designation of catalog number 34-5223),

13
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denoted in Figure 2 as SMPPF.

The excitation or imaging wavelength is selected by computer-

controlled selection of the appropriate laser, and in the case of the argon

laser by tuning the laser and by the additional use of computer-selectable

narrow bandpass filters. The argon laser permits excitation at 488nm for

fluorescence anisotropy measurements from FAD, as well as 514 nm for

observing the tissue in reflection mode. The diode lasers permit

observation of the tissue at 730 nm or 830 nm in reflection mode. Other

light sources emitting light at other wavelengths may be employed in this

embodiment.

The small diameter fiber (<150 pm) serves as a point source that is

collimated by a lens system (Li and L2). The collimated light passes

through a linear polarizer Pl (which may be obtained from Meadowlark

Optics, part number C001298) and then passes through a custom fabricated

LCD twisted nematic switch (such as Meadowlark Optics part no. C001700).

The twisted nematic switch allows rapid rotation of the plane of

polarization of the collimated light incident on it by 90° with rise times 

of the order of 20 msec. The linearly polarized light at either orthogonal

plane of polarization is reflected by a front surface mirror and the

collimated polarized light passes through a dichroic mirror, designated DCM

in Figure 2 (such as can be obtained from Chroma or Omega Optics) to fall

incident on two servo-controlled mirrors VSM and HSM that serve as a

scanning system.

Movement of the mirrors VSM and HSM causes light to scan a tissue

sample in a raster fashion, in vertical and horizontal directions,

respectively, thereby performing a two dimensional scan of the tissue.

The light for either fluorescence excitation, or imaging in reflection

mode, at any of three wavelengths, passes through the first component of

14
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the objective, lens L3, and subsequently through the second component of

the objective, housed in the outer shell, L4. Fluorescence emission or

reflected light from the tissue returns through objective lenses L4 and L3

and is scanned by mirrors VSM and HSM onto the dichroic mirror DCM. The

dichroic mirror DCM reflects light at wavelengths > 500 nm, and this light,

in turn, passes through a longpass interference filter (such as Chroma part

number HQ5101p) that transmits light >500 nm and rejects light < 500 nm by

5 orders of magnitude (O.D. > 5 from 300-500 nm).

Light of wavelengths > 500 nm is imaged onto a pinhole by L5 and then

passes through a linear polarizer P2 (which may be Meadowlark Optics, part

number C001298) with its plane of polarization set parallel to that of Pl.

Light passing through P2 falls onto the detector surface of a custom-made

high-sensitivity photomultiplier module (such as Hamamatsu part number

H9656-20MOD W/2.5 MHz AMP), depicted as a "detector" in Figure 2. The

output of the photomultiplier module is digitized and bitmap images of 512

x 512 pixels are saved in random-access memory (RAM) and stored to disk.

Other detectors such as avalanche photodiodes may replace the

photomultiplier. The resolution of the scanning may be adjusted to any

desired resolution by selection of alternative scanning systems and servo

controllers .

For fluorescence anisotropy imaging, rotation of the plane of

polarization by the twisted nematic switch is synchronized with the full

frame acquisition speed, thereby exciting the tissue at orthogonal planes

of polarization in succession. In the embodiment shown, the scan time for

a full frame is 28 msec. By actuating the twisted nematic, fluorescence

emission is resolved into vector components parallel and perpendicular to

the plane of polarization of P2, thus providing vector components Ij and 

Ir employed in the calculation of fluorescence anisotropy, according to

the following equation:
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A = l„- Gl ±
1,,+ 2 Gl ±

where G is an empirical correction factor used to correct for transmission

efficiency in parallel and perpendicular planes.

The system is automated and synchronized to acquire sequential

fluorescence emission images in parallel and perpendicular planes at speeds

ranging from 6 to 25 Hz. Any desired number of frames corresponding to

orthogonal planes of polarization may be acquired and averaged to eliminate

shot noise, and the images in the case of tissues that are moving, such as

in the eye, are aligned by software for translational and rotational

movements .

The tissue is brought into focus by moving the outer shell with the

inner assembly fixed in position. The entire inner assembly of the

confocal metabolic mapper is motorized for translation in the x direction

as depicted and the inner assembly may be moved in selectable discrete

steps by a stepping motor.

Sectioning the tissue at desired resolution within the depth of the

tissue for both fluorescence anisotropy maps and reflection images is

performed by appropriate selection of the size of the pinhole and the size

of the displacement of the inner assembly by the stepping motor. In this

manner, tomographic fluorescence anisotropy maps in 3-dimensional space may

be acquired. Similarly for fluorescence anisotropy mapping of other

endogenous fluorophors such as NADH, alternative pairs of DCM and blocking

filters may be switched in by computer-actuated linear solenoids .

To implement a system that has appropriate sensitivity to metabolic

and functional changes in the examined tissue, it becomes necessary to

restrict steady-state anisotropy to the relevant fluorophor that provides
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such information, e.g., FAD. In other words, all tissues contain a number

of endogenous substances that fluoresce at a given excitation wavelength,

and it becomes necessary to extract information from the metabolically-

relevant fluorophor from the total background fluorescence arising from

multiple fluorophors within the tissue.

In principle, one can extract information from the fluorophor of

interest by spectrally shaping excitation and emission filters. However,

this procedure is rarely sufficient to accomplish this important task. For

this reason, the present invention provides a new approach, described

below, that deals with the range of steady-state fluorescence anisotropy

values calculated from fluorescence emissions.

To develop a means for isolating fluorescence anisotropy to a given

fluorophor, the tissue can be imaged using the optical device shown in

Figure 1, wherein the CCD detectors for parallel and perpendicular vector

components are replaced by fiber optic coupled high sensitivity grating

spectrometers (e.g. Ocean Optics, part number USB4000-VIS-NIR) that average

over the full field of view. In this manner, fluorescence anisotropy

arising from the tissue can be determined as a function of wavelength.

Using the formula given above (and in the aforementioned U.S. Patent No.

5,626,134), one can produce software which will calculate fluorescence

anisotropy from vector components of fluorescence emission parallel and

perpendicular to the plane of polarization of the excitation light, and to

display fluorescence anisotropy as a function of emission wavelength.

By appropriate spectral shaping of the incident excitation light and

bandpass filtering, i.e., limiting the range of collected anisotropy

values, the emission anisotropy spectrum can be constrained closely to

match published values of the fluorescence emission spectrum of known

fluorophors, such as FAD or NADH. The same procedure can be applied to
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isolate contributions from other endogenous fluorophors, the changes in

fluorescence anisotropy of which may be relevant to other disease

conditions. The results of such a procedure are summarized in Figure 9,

discussed below.

To test the ability of the above-described procedure to isolate

steady-state fluorescence anisotropy due to FAD only, a human retina was

imaged with 488 nm excitation light and the fluorescence anisotropy

calculated from the emitted fluorescence vector components determined as a

function of wavelength. The measurements were performed with the subject

breathing either room air or 100% oxygen. Fluorescence anisotropy values

were bandpass filtered until fluorescence anisotropy plotted as a function

of wavelength closely matched the fluorescence emission spectrum of FAD as

found in the literature. Since fluorescence anisotropy changes in

magnitude when the subject breathes oxygen, as compared to room air, it is

possible to test the efficacy of this novel procedure by normalizing the

results obtained under room air and 100% oxygen conditions. If the

procedure of the present invention is effective, then the two graphs should

overlap when normalized. This is precisely what is obtained in practice.

Figure 9 provides a graph showing curves representing the two conditions of

measurement.

In summary, the present invention enables the user to fit an

anisotropy profile to a profile of a known fluorophor, by appropriate

adjustment of filter parameters. Such adjustment would preferably, but not

necessarily, be done entirely by software. Then, a device made according

to the present invention could be directed at an unknown sample, with the

parameters set as previously determined, and one would know, with

confidence, that the results obtained were due to the particular substance

of interest.

More specifically, in the example discussed above, in which the
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fluorophor of interest is FAD, one would select the parameters so that the 

anisotropy diagram fits the known profile for FAD, meaning that the system

has isolated the contribution from FAD from the contributions from all

other fluorophors in the sample. Subsequent operation of the machine, on

an unknown sample, would then yield results based only on the effects of

FAD, and not on the other fluorophors in the sample. Thus, the present

invention provides a reliable means of detecting fluorescence anisotropy

from a particular fluorophor, even when the sample contains multiple

fluorophors, and even when the contributions from the other fluorophors

might otherwise mask the effect of the fluorophor of interest.

Moreover, a novel adaptation of the general methodology allows the

preferred embodiment to provide greater sensitivity in non-invasively

detecting and localizing disease-induced reductions in function and

metabolic capacity within tissues. This may be accomplished in the human

retina, in situ, by the following paradigm in which the retina is first

imaged for orientation with 830 nm light, supplied by Laser 3 of Figure 2,

to which the retina is unresponsive, and then obtaining steady-state

metabolic maps of the retina within 100 msec., which falls well within the

latency of the metabolic response of the retina to saturating light. This 

procedure provides a steady-state fluorescence anisotropy map of the retina

in the dark, resting state. Subsequently, the retina is imaged at 830 nm

followed by 20-30 sec of flickered blue (488 nm) or green (514 nm) light

supplied by the argon laser, Laser 1, at flicker rates ranging from 6-13 Hz

and fluorescence anisotropy images acquired during flicker, thereby

providing a measurement of the light, stimulated state of the retina. Dark 

and light fluorescence anisotropy maps can be aligned and subtracted pixel- 

by-pixel to yield a 2- or 3-dimensional map of the functional capacity of

the retina to respond to light stimulation. In addition, by selection of
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different types of spatial, spectral or temporal configurations of light

stimulation, one can isolate function and metabolism to different cell

layers and types within the retina.

Although the preferred embodiment employs light stimulation in the

case of the retina, it should be apparent that the same preferred

embodiment might be applied to other bodily tissues by selecting some other

mode of stimulation appropriate to the tissue being examined.

Figures 3A-3F illustrate the use of the present invention to detect

changes in tissue metabolism. In the experiment represented by these

figures, one eye of a monkey was subjected to slight damage by laser-

induced occlusion of a large vein. The latter condition is known in the

art as large branch vein occlusion (BRVO). Figures 3A-3F illustrate the

ability of the present invention to detect this damage.

In the experiment represented by Figures 3A-3F, fluorescence

anisotropy of the macula was measured under the following three conditions.

First, fluorescence anisotropy of the macula of the damaged eye was

measured, over a 20° visual field centered at the macula, while the animal

was breathing pure oxygen. Secondly, fluorescence anisotropy of the macula

of the undamaged ("contralateral") eye was measured, also while the animal

was breathing pure oxygen. Thirdly, fluorescence anisotropy of the macula

of the undamaged eye was measured while the animal was breathing room air.

As shown in Figure 3A, all three of these conditions yielded distinct

graphs .

The normal, untreated eye shows increased fluorescence anisotropy

values when the animal breathes pure oxygen as compared to room air. Also,

the damaged eye provides significantly lower values of fluorescence

anisotropy when the animal breathes pure oxygen, as compared to the

untreated eye when the animal breathes room air. All comparisons were made

with the same animal.
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Figure 3A therefore shows the use of the present invention in

detecting subtle metabolic changes, insofar as the tissue metabolism is

enhanced when the animal breathes pure oxygen, and is depressed by reducing

blood flow to the tissue due to the induced vein occlusion. This induced

damage would not have been detectable using conventional methods.

Figure 3B provides a grayscale spatial map of fluorescence anisotropy

values in the damaged eye, while the animal was breathing pure oxygen, over

a 20° visual field. The dark areas correspond to high values and light 

areas to low values. Figure 3C provides a similar map for the undamaged

eye, also while the animal was breathing pure oxygen. Note that the

fluorescence anisotropy values represented in Figure 3B, while depressed

across the entire 20° field as compared to Figure 3C, show the most

pronounced depression in the macula. Conversely, Figure 3C shows increased

anisotropy values across the entire field, as compared to Figure 3B, with

the most pronounced increase occurring at the macula.

Figure 3D provides near-infrared scans, respectively, of the damaged

and undamaged eye of the animal. Figure 3E provides a fluorescein

angiogram showing the site of the laser-induced branch vein occlusion.

Figure 3F provides a fluorescein angiogram of the damaged eye, centered at

the macula, showing the tortuosity of vessels encroaching the macula.

The comparison of the curves in Figure 3A can be performed visually,

by a human operator, or the comparison could be automated, and performed by

a programmed computer. In this regard, the computer shown in Figure 2

should be considered a means for performing such comparison.

In grayscale metabolic maps, the dark areas correspond to high values

and light areas to low values. The relationship between grayscale and

quantitative values of fluorescence anisotropy is enhanced linearly to the

same extent in images within the figure. Note that in this and all
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following figures, the frequency histograms are a plot of the frequency of

occurrence of different fluorescence anisotropy values within the

measurement area.

Figures 4A-4F illustrate the use of the present invention to identify

disease. In particular, these figures illustrate the use of steady-state

measurements of fluorescence anisotropy to identify diabetic retinopathy,

in human retinal tissue in which the disease is accompanied by reduced

metabolism of the retina. The invention is used to identify both moderate,

nonproliferative diabetic retinopathy and mild proliferative diabetic

retinopathy (PDR) in the temporal retina.

Figure 4A provides a frequency histogram of fluorescence anisotropy

values for a patient with moderate nonproliferative diabetic retinopathy,

with the patient breathing room air. Figure 4B provides a frequency

histogram of fluorescence anisotropy values in normal, age and gender-

matched control subjects, also breathing room air. Note that the mean of

the histogram in Figure 4A is shifted to lower values, and is wider,

compared to the measurements taken for normal subjects, in Figure 4B.

Figure 4C provides a frequency histogram of fluorescence anisotropy

values in the same patient represented in Figure 4A, with the patient

breathing pure oxygen. Note that the mean of anisotropy values for this

patient is approximately equal to that of the control subject breathing

room air (Figure 4B).

Figure 4D provides a frequency histogram of fluorescence anisotropy

values of an age and gender-matched control subject breathing pure oxygen.

Note that the histogram of Figure 4C is wider than that of the control

subject breathing pure oxygen (Figure 4D).

Figure 4E provides a graph showing normalized mean values of patients

with mild PDR compared to normal age-and gender-matched controls (n=20)
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error bars are +/- 1 S.E.M. The bars labeled with asterisks indicate that

the results had statistical significance at the P value shown. The middle

bar represents a test on a single patient, too small of a sample for

statistical significance. Nevertheless, the mean fluorescence anisotropy

value of that patient, who had diabetes for about ten years, without overt

retinopathy, shows intermediate depression of fluorescence anisotropy

values, relative to the first and third bars, as demonstrated by

fluorescein angiography.

Figure 4F provides a near infrared scan of a retina, showing the area

of interest in the temporal retina from which fluorescence anisotropy

frequency histograms were generated.

As before, the computer shown in Figure 2 can be considered a means

for performing the comparisons among the curves shown in Figures 4A-4D,

and/or among the bars in Figure 4E.

Figures 5A-5H illustrate the use of the present invention in detecting

and localizing functional and metabolic deficits in tissues by

quantitatively subtracting the fluorescence anisotropy maps of a tissue in

the resting state from those obtained in the same tissue in a stimulated

state. The invention thereby allows quantitative determination and

localization of regions within the tissue that show reduced capacity to

respond to stimulation.

Figure 5A provides a metabolic map of a 20° field, centered at the 

optic disc of the retina, showing fluorescence anisotropy in space, in the

dark, resting state. Note that, in the dark, the temporal retinal and

temporal neuroretinal rim are depressed relative to the nasal retina and

neuroretinal rim.

Figure 5B provides a metabolic map of the same region as Figure 5A,

after 20 seconds of flickered light stimulation at 12 Hz. Note that

flickered light causes fluorescence anisotropy values to increase across
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the entire field relative to Figure 5A.

Figure 5C shows the result when the images of Figures 5A and 5B were 

aligned, and one image was subtracted from the other, pixel-by-pixel, to

yield a functional map of the 20° visual field (b-a) in response to 

flickered light stimulation. Note that the temporal retina and temporal 

neuroretinal rim become dominant. The relationship between grayscale and

quantitative values of fluorescence is enhanced linearly to the same extent

in all images within the figure and the lighter regions correspond to high

values and the darker to low.

Figure 5D provides an infrared scan of the same region shown in

Figures 5A-5C, for orientation.

Figure 5E provides a graph showing the vertical average between the

horizontal lines in Figure 5A (darkness) as a function of distance in

pixels. The smooth curve is a 20th order Chebyshev polynomial fit (r =

0.9818). The values are plotted from the temporal to nasal sides. The

residuals were normally distributed.

Figure 5F provides a graph of the vertical average between the

horizontal lines in Figure 5B (after flickered light) as a function of

distance in pixels. The smooth curve is a 20th order Chebyshev polynomial
2fit (r = 0.7806). The values are plotted from the temporal to nasal

sides. The residuals were normally distributed.

Figures 5G and 5H provide frequency histograms of fluorescence

anisotropy values for the 20° field and disc, respectively, in darkness and 

after flickered light.

The computer and monitor shown in Figure 2 can be used as means for

performing the above analyses. The patterns shown in Figures 5A-5D can be

displayed on the monitor, while the calculations needed to form the

difference image of Figure 5C can be performed by the computer. The
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computer may also be used to generate the fitted curves of Figures 5E and

5F, and to generate and compare the curves shown in Figures 5G and 5H.

Figures 6A-6G illustrate the use of the present invention to identify

disease states non-invasively in humans. In this example, the disease is

primary open angle glaucoma (POAG).

Figure 6A provides a grayscale map of steady-state fluorescence

anisotropy values in a 20° field, centered at the optic disk, in a retina

of a normal (control) patient. Figure 6B provides a similar map for a

patient with mild POAG.

Figure 6C provides graphs of fluorescence anisotropy values, across

the optic disk, for a normal patient, a patient with mild POAG, and a

patient with severe POAG. Thus, the present invention is capable of not 

only identifying the presence of the disease, but also of distinguishing

among degrees of its severity.

Figures 6D and 6E provide diagrams showing fluorescence anisotropy

values measured at different areas of the neuroretinal rim of a normal

control (Figure 6D) and a patient with mild POAG (Figure 6E). Note that

the values of the patient with mild disease are depressed at all loci.

Figures 6F and 6G illustrate measurements made with the Heidelberg

HRTII, the device most commonly used to detect glaucoma, for the normal

patient, and the patient with mild disease, of Figures 6A and 6B,

respectively. Thus, the prior art device fails to distinguish between the

normal control and the patient with mild disease.

The computer, shown in Figure 2, can therefore be programmed to

generate and analyze curves such as those shown in Figure 6C, and to 

produce diagnoses, indicating whether a disease state exists, and the

extent of its severity.

Figures 7A-7F illustrate the use of the present invention to detect
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subtle changes in blood flow and reduced function and metabolism of tissues

of the eye, by measuring steady-state fluorescence anisotropy. In

particular, these figures, taken from observations of the eyes of a monkey,

illustrate the use of the present invention in detecting ocular

hypertension (OHT). The present invention detects subtle effects which are

not always observable by use of optical coherence tomography, which is the

most sensitive known method of the prior art.

Figure 7A provides frequency histograms of fluorescence anisotropy

values for 20° visual fields centered at the optic disks of a normal,

untreated eye and an eye having OHT, of the same monkey, under conditions

where the monkey was breathing pure oxygen. The values of fluorescence

anisotropy for the diseased eye are lower than the values for the healthy

eye. Figure 7B shows a normal, untreated optic disk, using ocular

coherence tomography (OCT), and Figure 7C shows an optic disk having OHT,

again using the technique of OCT. The lowered values of fluorescence

anisotropy for the diseased eye correspond to the excavation of the disk

shown in Figure 7C.

Figure 7D provides frequency histograms of fluorescence anisotropy

values of 20° visual fields centered at the macula, for a normal untreated

eye, and an OHT eye, under conditions where the animal was breathing pure

oxygen. Note the marked depression of fluorescence anisotropy values for

the ocular hypertensive macula as compared to macula of the normal eye.

This pronounced depression of fluorescence anisotropy values with increased

intraocular pressure is present despite the fact that no evidence of

structural damage is revealed by OCT. Figures 7E and 7F provide tomographs

of a normal and diseased eye, respectively, of the same monkey. All of the

OCT maps were of very high quality due to the monkey being paralyzed,

thereby removing motion artifacts normally associated with OCT

26



WO 2007/121009 PCT/US2007/063768

measurements. All data in Figures 7A-7F came from the same animal.

Comparison of the curves shown in Figures 7A and 7D can be performed by the

computer shown in Figure 2.

Figures 8A-8B illustrate the use of the present invention to reveal

the efficacy of treatment interventions, through measurement of steady-

state fluorescence anisotropy. In this case, panretinal photocoagulation

was used to treat proliferative diabetic retinopathy.

Figure 8A depicts a fluorescence anisotropy 2-dimensional map of a

region in the peripheral retina of a diabetic patient with proliferative

disease, showing untreated tissue and two laser photocoagulated small

regions. A computer-drawn line for analysis is placed across the region

showing untreated and treated areas. Figure 8B provides a graph showing

steady-state fluorescence anisotropy values, measured along the line

profile. As explained above, tissue metabolism is correlated with

fluorescence anisotropy. The graph shows that tissue metabolism is

increased by laser treatment, thereby providing an indication of the

efficacy of the treatment.

While the examples given above deal with disease states within the

human retina, it should be apparent to one skilled in the art that the

methodology of the present invention may be used to detect changes that

fall within two general classes of biologic change, namely angiogenesis and

apoptosis .

Angiogenesis is the process of development of new blood vessels to

meet the metabolic requirements of the tissue, which in normal development

follows a coordinated course leading to the formation of competent blood

vessels that follow a pattern governed by the changes in metabolism that

occur during development. However, numerous disease states involve

aberrant metabolism that leads to the uncoordinated florid growth of new

blood vessels that may be leaky or incompetent.
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One notable class of diseases to which the methodology of the present

invention may be applied is in cancers that develop and can have

potentially lethal consequences. The sequence of events that is generally

accepted in the field of angiogenesis is that tissue hypoxia, low levels of

tissue oxygenation, resulting from increased metabolism or reduced blood

flow, in turn cause upregulation of genes that express vascular endothelial

growth factor (VEGF). VEGF has, in addition to other angiogenic growth

factors, been demonstrated to cause new blood vessel growth. The example

of diabetic retinopathy, described above, illustrates one such case. In

cancers of numerous origin and tissue involvement, tumors show increased

metabolism that may be detected by the present invention before they may be

identified visually. Tumors can only grow in size if new blood vessels

develop to nourish the tumor and structural technologies employing contrast

agents in CT scanning and MRI scanning look for enhancement of the

visualized mass upon injection of contrast agents that flow through the

newly formed blood vessels. The present invention allows the detection of

increased metabolism prior to new blood vessel growth, allowing tumors to

be ablated at their earliest stages, thereby reducing the need for

extensive chemotherapeutic and radiation interventions.

Wound healing presents another interesting application of the

methodology of the present invention. A key question in surgical removal

of dead tissue is the distinction between living and dead (metabolically

inactive tissue). Similarly new blood vessels need to grow to support the

joining of two living tissues. The present invention can be used to 

distinguish between living and dead tissue and tissue capable of sustaining

coordinated blood vessel growth.

It should be apparent to one skilled in the art that the above is not

an exhaustive list of diseases to which the methodology may be applied.
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For example, there are a host of mitochondrial diseases that are 

genetically passed from generation to generation. Such mitochondrial 

diseases may be detected and imaged using the techniques of the present

invention, based upon the aberrant metabolic consequences of these

diseases .

Apoptosis is an orchestrated form of cell death that proceeds normally

in the continuing renewal of tissues within the body. However, disease 

states may, as in the case of angiogenesis, cause the process to become

uncoordinated, with severe consequences to patients. The present invention

provides one example of apoptosis that proceeds in an aggressive manner, in

the cases of glaucoma and other optic neuropathies.

Glaucoma belongs to a large family of neurodegenerative diseases that

include Huntington's, Parkinson's and Alzheimer's diseases. The methods of

the present invention may be applied to detect other diseases of this type

at early stages.

For example, Alzheimer's disease is associated with destruction of

retinal nerve fibers and ganglion cells. However, structural imaging in

Alzheimer's disease only reveals the disease in the retina at relatively

advanced stages when cells have died. It is well known that metabolic

dysfunction precedes apoptosis in all tissues and the methodology herein

disclosed may allow the detection of Alzheimer's and other

neurodegenerative diseases at their earliest stages during a routine eye

exam.

One interesting case in which the physician intentionally induces

apoptosis, cell death, is in the area of cancer treatment by means of 

chemotherapeutic agents and/or radiation. Just as cellular dysfunction and

reduced metabolism precede apoptosis, energy is required to initiate the 

final step of apoptosis, causing the cells to die and pass the point of no

return. This burst of metabolism may be visualized using steady-state
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flavoprotein fluorescence anisotropy imaging, thereby allowing the

oncologist to provide sufficient chemotherapeutic agents to kill cancerous

cells while halting or reducing the dose of such agents to avoid the dire

side effects of chemo- and radiation-therapies.

An exceedingly important application of the methodology of the present

invention is in the field of anesthesiology. The goal of the

anesthesiologist, during all procedures, is to protect the brain from

irreversible damage. Indeed, cognitive losses have been reported in long

surgeries such as bypass surgery and carotid endarterectomies, to name two.

The retina, in addition to being a part of the brain, is the most

metabolically active part of the brain. Currently, all that may be

measured is the partial pressure of oxygen in the blood while it is brain

tissue oxygenation and metabolic rate that is critical to protecting the

brain from irreversible damage. By imaging the retina with the technology

of the present invention, during surgeries, it will be possible to measure

reduced tissue metabolism in the retina that precedes dysfunction and cell

death within the rest of the brain, and thereby to adjust oxygen supply to

the patient to avoid irreversible brain damage. Just as too little oxygen

can be damaging so may supplying too much oxygen for prolonged periods of

time and that is why the methodology of the present invention may, when

compared to a database of normal metabolic levels, be used to adjust oxygen

delivery to the patient to provide appropriate and protective levels of

oxygen. The comparison and use of a database for all disease states and

determination of normal values will permit threshold values for normal

metabolism to be determined and allow treatment modalities to be employed

to restore regions of tissue metabolism to their normal levels. Such

databases can be determined in clinical trials.

The present specification has focused thus far on one of the
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substrates of metabolism, namely oxygen. Glucose is, of course, the second

major substrate in the pathway of oxidative metabolism. Numerous

methodologies have been proposed, and some implemented, for the measurement

of blood glucose. However, just like oxygen, it is the level of glucose

supplied to the mitochondria of living cells within tissues that is most

important. The methods of the present invention provide a unique

opportunity to measure mitochondrial metabolism and glucose supply when the

second substrate--oxygen--is held constant. Indeed, in humans with

diabetes, the oxygen level supplied to the patient in everyday life is the

percentage of oxygen in room air, which remains constant. Therefore the

present invention provides an entirely different means of titrating glucose

and insulin in diabetic patients while achieving the goal of doing so by a

noninvasive method. Handheld devices used in the home healthcare field may

be developed that monitor mitochondrial function and its change by blood

glucose, insulin or oral diabetic drugs that may be performed by flashes of

polarized light to the eye. Unlike numerous other approaches that center

on blood glucose where the signal-to-noise level levels may be low, the

present methodology achieves high signal-to-noise levels as demonstrated in

the examples herein provided.

Since mitochondrial metabolism is essential to life, it will be

apparent to those skilled in the art that the methodology described herein

may have far-reaching applications to multiple medical disciplines.

Similarly, the implementations of the methods presented in the

schematics of Figures 1 and 2 are but two of many that may be devised based

upon the present method. Steady-state flavoprotein fluorescence anisotropy

imaging may be applied to any tissue that may be imaged directly--the eye,

skin, cervix etc.--and may easily be incorporated into endoscopic devices

used to examine internal organs such as the esophagus, stomach, gut or 

lungs, or laparoscopic and arthroscopic devices that are currently in use
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in medicine. In addition, miniaturized catheters that may be inserted into

blood vessels and other small caliber regions may be fabricated employing

the method of the present invention, by means of the use of single mode

polarization preserving optical fibers.

The invention can be modified in other ways which will be apparent to

those skilled in the art. The specific arrangements shown in Figures 1 and

2 can be varied considerably, and there are many ways to implement the

methods described above. Such modifications should be considered within

the spirit and scope of the following claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A non-destructive method of evaluating the functional capacity of a living 

human tissue in situ in an intact living human being, including:

(a) non-destructively imaging a first resting steady-state fluorescence 

anisotropy map of said tissue within a latency period of metabolic change in 

response to a stimulus that changes metabolism and function by the following 

steps:

(i) irradiating the tissue with continuous linearly polarized light 

sufficient to cause endogenous lipoamide dehydrogenase (LipDH) to fluoresce 

within the latency period of metabolic change to light, and capturing the 

fluorescence emission prior to the excitation light causing the tissue to change 

its metabolism;

(ii) resolving the emitted fluorescence from said LipDH into 

vector components parallel and perpendicular to the plane of the exciting 

polarized light;

(iii) calculating the steady-state fluorescence anisotropy (A) of 

said LipDH from the resolved vector components; and

(iv) constructing a steady-state fluorescence anisotropy map 

image of said tissue;

(b) non-destructively imaging a second stimulated steady-state 

fluorescence anisotropy map of said tissue for a second metabolic or functional 

state by the following steps:

(i) irradiating the tissue with continuous linearly polarized light 

sufficient to cause endogenous LipDH to fluoresce after the latency period of 

metabolic change to light, and capturing the fluorescence emission after the 

stimulus has caused the tissue to change its metabolism; and
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(ii) repeating parts (ii), (iii) and (iv) of step (a);

(c) determining the functional capacity of the tissue by subtracting 

point by point or pixel by pixel the first resting steady-state fluorescence 

anisotropy image from the second stimulated steady-state fluorescence 

anisotropy image, over the entire imaged field or within areas of interest; and

(d) comparing the functional capacity of the tissue under evaluation to 

a database of normal metabolic levels obtained from control tissue similarly 

determined by steps a-c to reveal dysfunctional areas in the tissue under 

evaluation.

2. The method of claim 1, wherein said first and second maps are two 

dimensional steady-state fluorescence anisotropy images obtained at a plurality 

of depths within the tissue.

3. The method of claim 1, wherein three-dimensional volume maps are 

constructed for both the tissue subject to evaluation and the control tissue.

4. The method of claim 3, wherein metabolic and functional deficits are 

revealed in three dimensional space.

5. The method of claim 4, wherein deficits resulting from disease or effects 

of a therapeutic or surgical treatment are localized in three dimensional space 

when compared to three dimensional volumes of functional capacity 

determined in normal untreated control subjects.

6. The method of claim 1, wherein said stimulus includes light stimulation 

and stimulation by means other than light.
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7. The method of claim 1, wherein said tissue subjected to evaluation is 

selected from the group consisting of skin tissue, cervix tissue, abdominal 

tissue, esophagus tissue, stomach tissue, gut tissue, lung tissue, and ocular 

tissue.

8. An apparatus for non-destructively evaluating the functional capacity of a 

living human tissue in situ in an intact living human being, including:

a component configured to stimulate a resting tissue to change its 

metabolism and become a stimulated tissue using a light stimulus;

a light source configured to irradiate the resting and stimulated tissue 

with continuous linearly polarized excitation light sufficient to cause 

endogenous lipoamide dehydrogenase (LipDH) to fluoresce;

a module configured to resolve the fluorescence of LipDH in the resting 

tissue into a first set of vector components and the fluorescence of LipDH in the 

stimulated tissue into a second set of vector components, wherein the first and 

second sets of vector components are parallel and perpendicular to a plane of 

polarization of the excitation light; and

a computing device configured to:

determine a resting fluorescence anisotropy of the resting tissue from 

the first set of vector components and a stimulated fluorescence anisotropy of 

the stimulated tissue from the second set of vector components;

construct a resting fluorescence anisotropy map based on the resting 

fluorescence anisotropy and a stimulated fluorescence anisotropy map based 

on the stimulated fluorescence anisotropy;

determine a functional capacity of the tissue by subtracting point by point 

or pixel by pixel the resting fluorescence anisotropy map from the stimulated
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fluorescence anisotropy map over the entire maps or within areas of interest; 

and

compare the functional capacity of the tissue to a database of normal 

metabolic levels obtained from a control tissue similarly evaluated to identify 

dysfunctional areas in the tissue.

9. The apparatus of claim 8, wherein the resting fluorescence anisotropy is 

steady-state fluorescence anisotropy of the resting tissue and the stimulated 

fluorescence anisotropy is steady-state fluorescence anisotropy of the 

stimulated tissue.

10. The apparatus of claim 8, wherein the tissue is ocular tissue.

11. The apparatus of claim 8, wherein the light stimulus is flickering light.

12. The apparatus of claim 8, wherein the light stimulus is steady-state light

with wavelengths of 400 to 700 nm.

13. The apparatus of claim 49, wherein the tissue is selected from the group 

consisting of skin tissue, cervix tissue, abdominal tissue, esophagus tissue, 

stomach tissue, gut tissue, lung tissue, and ocular tissue.

14. The apparatus of claim 49, wherein the computing device is further 

configured to identify, based at least in part on the functional capacity of the 

tissue, a presence and severity of a disease.
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15. The apparatus of claim 14, wherein the disease is selected from the 

group consisting of neurodegenerative disease and mitochondrial disease.

16. The apparatus of claim 14, wherein the disease is cancer.

17. The apparatus of claim 14, wherein the disease is selected from the 

group consisting of ocular posterior pathologies including diabetic retinopathy, 

age-related macular degeneration and primary open angle glaucoma, and other 

optic neuropathies.

18. The apparatus of claim 8, wherein the computing device is further 

configured to construct the resting fluorescence anisotropy map and the 

stimulated fluorescence anisotropy map at a plurality of depths within the 

tissue.

19. The apparatus of claim 8, wherein the computing device is further 

configured to construct three-dimensional volume maps for the tissue and the 

control tissue.

20. The apparatus of claim 19, wherein the computing device is further 

configured to determine the functional capacity of the tissue by subtracting 

point by point or pixel by pixel a resting three-dimensional fluorescence 

anisotropy volume map from a stimulated three-dimensional fluorescence 

anisotropy volume map over the entire maps or within areas of interest.
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21. The apparatus of claim 20, wherein the computing device is further 

configured to identify dysfunctional areas in the tissue in a three-dimensional 

space.

Dated this 23rd day of April 2013

Ralph Zuckerman

Patent Attorneys for the Applicant 

PETER MAXWELL AND ASSOCIATES

23/04/13



WO 2007/121009 PCT/US2007/063768

FIG.1



WO 2007/121009 PCT/US2007/063768

FI
G

.2



WO 2007/121009 PCT/US2007/063768

3/9

FI
G

.3
B 

FI
G

.3
C

 
FI

G
.3

F



WO 2007/121009 PCT/US2007/063768

4/9

c
g-l

4088 -

3888

2888

1868

8

././
8880 j 

Ϊ
4888 |

I" 2880 (
& i 

«4

5·

V

o
c 3888 1

cr
£

"t
2888 j

LU
1888 j

8

148 188 180 280 220

Anisotropy x 1,000

FIG.4A

,z

Z

Vv
188 208148 188

Anisotropy x 1,000
228

FIG.4C

148 188 180 288 220
Anisotropy x 1,000

FIG.4B

FIG.4D

FIG.4E FIG.4F



WO 2007/121009 PCT/US2007/063768

5/9

¢. s> ■· ··

.•«:.»·:\\·χ 
■:·:·:· .·>λ·:·.·χ - :·.·. ;··χ. ·. ·

FIG.5A FIG.5B

FIG.5C FIG.5D

FIG.5E FIG.5F

Anisotropy x 1,000 AnlsoDopy a 1jO0G

FIG.5G FIG.5H



WO 2007/121009 PCT/US2007/063768

6/9

FI
G

.6
C



WO 2007/121009 PCT/US2007/063768

7/9

FI
G

.7
D



WO 2007/121009 PCT/US2007/063768

8/9

FI
G

.8
A

 
FI

G
.8

B



WO 2007/121009 PCT/US2007/063768

m

Xdojpsiuy pdzi|Diujo|\|

N
an

om
et

er
s


