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(54) Title: METHOD AND APPARATUS FOR KIDNEY FUNCTION ANALYSIS

(587) Abstract: A method and apparatus for determining physiological dara related to an animal, such as kidney diagnostics data, is
provided. The method includes injecting a mixturc of a first and a sccond molecule into an animal (¢.g., ahuman patient), determining
a malecular ratio of the molecules, and determining the physiological data based on the molecular ratio. The apparatus includes a
number of finger receiving apertures, a light gencrarion circuit, a light detection circuit, a pulse counting circuit, and a user interface.
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METHOD AND APPARATUS FOR KIDNEY FUNCTION ANALYSIS

[0001} This patent application claims priority to and the benefit of U.S.
Provisional Patent Application Serial No. 60/672,708 entitled “Method and Apparatus
For Kidney Function Analysis,” which was filed on April 19, 2005, the entirety of

which is expressly incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The present disclosure relates generally to methods and apparatuses for
organ diagnostics, and more particularly to methods and apparatuses for kidney
diagnostics.

[0003] Measurement of kidney functions is an important step in the diagnosis

and treatment of kidney diseases. One such measure of kidney function is the
Glomerular Filtration Rate (GFR). GFR is defined as the volume of blood (blood
plasma) filtered by the kidney within a given time and is typically measured in
milliliters per minute (ml/min). The typical clinical method used to measure GFR is
the measurement of urine creatinine clearance. Creatinine is a metabolic product of
the body. However, the GFR estimated by measuring creatinine level in the urine is
only an estimate and not a direct measure of the actual GFR. This is because
creatinine is produced by the body constantly and secreted into the urine in addition to
filtration. Typical GFR measurements take at least 6 hours to 24 hours to complete.
However, GFR measurements may not be possible when serum creatinine levels are
not in equilibrium such as during acute renal failure. Typical GFR measurement
techniques require collecting urine samples and/or drawing blood samples.

[0004] There are many diseases that affect the kidney or functions of the
kidney. Proteinuria is 2 marker of chronic disease. An animal (e.g., allhuman patient)
with proteinuria may develop renal failure, and early detection of proteinuria is
beneficial in the treatment of many underlying diseases. The typical diagnostic
method for proteinuria is the measurement of the albumin level in the urine. Such
measurement is typically done semi-quantitatively using urine dip sticks or by
chemically measuring the urinary protein to creatine ratio. Quantitative analysis

typically requires a 24-hour urine collection. However, even 24-hour urine collection
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may result in a delayed diagnosis because of protein removal from the urine by
proximal tubule cell reabsorption. For example, proteins may pass through the
glomerulus (kidney filtration barrier), enter into the renal filtrate, and be reabsorbed
by the renal tubular cells leaving little to no proteins in the urine. This may be of
particular concern in diabetic nephropathy when the earliest detection of an altered
glomerular permeability to protein is crucial for institution of therapy.

[0005] Blood and urine glucose levels are also used as diagnostic
measurement. Abnormal blood glucose levels are directly related to diabetes and
other diseases. Typical methods used to determine blood and urine glucose Jevels
require the drawing of blood and/or the measurement of glucose content in the urine.
These methods are relatively slow and do not allow real time monitoring of blood
glucose levels.

[0006] Further, in many applications, it is desirable to know the
pharmacokinetics of a drug. Typical methods used to measure drug pharmacokinetics
require the drawing of blood from an animal (e.g., a human patient) which can be
painful and slow. Other methods used to measure drug pharmacokinetics include the

use of heavy and expensive medical imaging devices such as MRL

SUMMARY OF THE INVENTION

[0007] The present invention comprises one or more of the features recited in
the appended claims and/or the following features which, alone or in any
combination, may comprise patentable subject matter:

[0008] A method for determining a physiological diagnostic of an animal is
provided. The method may include the step of injecting a mixture of a number of {irst
molecules and a number of second molecules into the animal. The molecular weight
of the second molecule may be greater than the first molecule. The first and second
molecules may be fluorescent probes. The method may also include the step of
determining a molecular ratio of the first molecules and the second molecules. The
molecular ratio may be a fluorescent intensity ratio of the first and second molecules.
The method may further include determining physiological data. The physiological
data may be, for example, a plasma clearance rate constant of a draug or chemical

compound, a glomerular filtration rate, a filtration rcsistance, a clearance rate of
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glucose, a filtration resistance value of glucose, a glucose metabolic rate, and/or a drug
metabolic rate. The glucose or drug metabolic rate may be determined based on the
clearance rate of the glucose or drug and the filtration resistance value of glucose or of
the drug, respectively. )

[0009] An apparatus for determining a physiological diagnostic of an animal is
also provided. The apparatus may include a number of finger receiving apertures. The,
apparatus may also include a number of light sources and a number of associated light
receivers. Each of the number of light sources and associated light receivers may be
associated with one of the number of finger receiving apertures. The light sources may
be light-emitting diodes, lasers, diode lasers, and/or white light sources coupled with
wavelength selection optics. The apparatus may further include a light generation
circuit coupled to the number of light sources and a light detection circuit cqupled to
the number of associated light receivers. The light generation circuit may include a
digital-to-analog converter circuit. The light detection circuit may be configured to
detect a number of optical ’signals from the light receivers. The light detection circuit
may also include a number of amplifiers and/or a number of filters. The apparatus may
additionally include a photon pulse counting circuit. The photon pulse counting circuit
may use TTL for digital signal detection. The pulse counting circuit may be coupled to
the light detection circuit. The pulse counting circuit may be configured to determine a
physiological diagnostic value based on the number of optical signals. Alternatively, in
some embodiments, an analog-to-digital converter circuit may be used and configured
for analog signal detection. The apparatus may yet further include a user interface
electrically coupled to the pulse counting circuit. The user interface may include a
display screen for displaying the physiological diagnostic value. The pulse counting
circuit (or an analog-to-digital converter circuit) may be wirelessly communicatively
coupled to the light detection circuit. Further, the light generation circuit, the pulse
counting circuit, or analog-to-digital converter circuit, and the user interface may form
portions of a personal computer.

[0009a] Throughout this specification, unless the context requires otherwise, the

"

word "comprise”, or variations such as " comprises” or "comprising”, will be

understood to imply the inclusion of a stated element, integer or step, or group of
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elements, integers or steps, but not the exclusion of any other element, integer or step,
or group of elements, integers or steps.

[0009b] Any discussion of documents, acts, materials, devices, articles or the
like which has been included in the present specification is solely for the purpose of
providing a context for the present invention. It is not to be taken as an admission that
any or all of these matters form part of the prior art base or were common general
knowledge in the field relevant to the present invention as it existed before the priority
date of each claim of this specification.

[0010] The above and other features of the present disclosure, which alone or
in any combination may comprise patentable subject matter, will become apparent

from the following description and the attached drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The detailed description particularly refers to the following figures, in
which:

[0012] FIG. 1 is a process flow diagram of an algorithm for determining a
kidney diagnostic;

[0013] FIG. 2 is a process flow diagram of an embodiment of the algorithm of
FIG. 1 for determining a Glomerular Filtration Rate of a kidney;

[0014] FIG. 3 is a process flow diagram of an embodiment of the algorithm of
FIG. 1 for determining a protein filtration resistance;

[0015] FIG. 4 is a process flow diagram of an embodiment of the algorithm of
FIG. 1 for determining 2 blood glucose clearance rate and metabolic rate;

[0016] FIG. 5 is a process flow diagram of an embodiment of an algorithm for
determining a Glomerular Filtration Rate of a kidney using a calculated volume of
distribution;

[0017] FIG. 6 is a perspective view of a measurement head of an apparatus for

determining physiological diagnostics;

[0018] FIG. 7 is a top plan view of the measurement head of FIG. 6;

[0019] FIG. 8 is a perspective view of an alternative embodiment of the
measurement head of FIG. 6; and

[0020} FIG. 9 is schematical illustration of a control unit of an apparatus for
determining physiological diagnostics for use with the measurement head of FIG. 6 or
FIG. 8.

DETAILED DESCRIPTION OF THE DRAWINGS

[0021] While the concepts of the present disclosure are susceptible to various
modifications and alternative forms, specific exemplary embodiments thereof have
been shown by way of examples in the drawings and will herein be described in
detail. It should be understood, however, that there is no intent to limit the concepts
of the present disclosure to the particular forms disclosed, but on the contrary, the
intention is to cover all modifications, equivalents, and alternatives falling within the

spirit and scope of the disclosure.
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[0022] Referring to Fig, 1, an algorithm 10 for determining physiological data,
such as kidney diagnostic data, is shown. The algorithm 10 may be used to determine
the Glomerular Filtration Rate of the kidneys, the molecular filtration resistance of a
molecule and/or particle with predetermined sizes, and other kidney diagnostic
measurements. To do so, in process step 12, a mixture of two (or more) molecules,
ie. A & B (or more), ate injected into a live animal. As used herein, the term
“animal” is intended to include humans. The two (or more) molecules are of different
sizes (i.e., different molecular weight). Molecules with large molecular weights
(MW) are typically retained in the blood stream for a long period of time (hours to
days) in animals (e.g., human patients) with relatively normal renal functions. If one
of the two or more molecules is of a large molecular weight (c.g. molecule A >70
kilo Dalton), the filtration of the other molecule(s) (e.g, molecule B) can be
monitored and the clearance rate of molecule B can be calculated based thereon.
[0023] Tn process step 14, the molecular ratio of the molecules is determined.
The molecular ratio (or generalized polarity (GP)) of B/A, Rgja, measured in the
blood stream as a function of time is direcily related to the relative filtration rates
(clearance rates) of these molecules, A & B (or more). The signal that represents
molecular ratio, Ry, includes any properties that can be measured from A and B and
may be determined based on the following equation:
S

[0024] Ry =2 (43]
54
[0025] where, Sa is any onc of a number of types of signals measured from A

and Sg is any one of a number of types of signals measured from B. The types of
signals, S5 and Sp, may include, but are not limited to, fluorescent intensity, any
scattering signal (Rayleigh scattering, Raman, coherent anti-stock scattering, etc)
from incident light (at one or more wavelengths), fraction of fluorescence lifetimes (in
this case, the ratio signal Rea is a ratio between the fractional contribution of
fluorescence lifetime from B and the fractional contribution of fluorescence lifetime
from A), absorbance, and polarization. This ratio signal (between A and B or more)
also includes any combinations between any types of signals from A and B, e.g. ratio
.between fluorescent signal from A and scattering signal from B. In addition, a ratio

signal, Rp/a= S5, may be used when S,=1 (a stationary signal of A normalized to 1).
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[0026] In process step 16, the kidney diagnostics of interest is determined
based on the ratio of molecules. For example, the decay function of Re/a(t) (or GP(t))
after initial infusion of A, B (or more) mixture can be described with a mathematical

model (equation);

¥

[0027] Ry ®)=c+Yy aexpl-kt) - @
i=1

[0028] where Rp/a(t) is the molecular ratio of molecules B and A measured as

function of time; NV is the total number of exponential processes involved including
any glomerular filtration process, distribution process of the probe molecules in the
blood stream, non-specific loss of probe molecules in the body, etc; ¢ is a constant; a;
is a pre-exponential factor or an amplitude; and ; is the relative decay constant (or
rate constant) of individual processes, respectively. The individual values of k may be
determined by performing linear (or non-linear if desire) least square fitting of the
time series Rpya(t) (or GP(Y)).

[0029] . Where only the glomerular filtration process is present, the decay
function Rp/a(t) is a single exponential:

[0030] R, () =c+aexp(-kt) 3
[0031] where Rp/a(t) is the molecular ratio of moleculcs B and A measured as
fimction of time, ¢ is a constant and a is the pre-exponential factor or the amplitude
and k is the relative decay constant (or rate constant). As described above, if
molecule A has a large molccular weight (e.g., greater than about 70 kD) and,
therefore, is retained the kidney, the concentration of the miolecule A in the blood
stream can be considercd stationary. By performing linear (or non-linear if desire)
least square fitting of the time series Rpa(t) (or GP(1), the value of & can be
determined. The rate constant & (of the glomerular filtration process) is directly
related to the glomerular filtration rate (GFR) and the total blood plasma volume,
Vptasma and molecular resistance, &, a;:cording to the following relationship:

GFR

[0032] k=¢ )]

plasma
[0033] The value of molecular filtration resistance £ is a measure of how

difficult a molecule can pass through the kidney. If a molecule (or substance) has
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=1, the molecule (or substance) can freely pass through the kidney filtration barrier
without resistance. If a molecule (or substance) has £<1, the molecule (or substance)
cannot freely pass through the kidney filtration barrier. If a molecule (or substance)
has £>1, the molccule (or substance) is actively passing through (due to existence of

active transportation mechanisms) the kidney filtration barrier.

[0034] The plasma volume, Viiasma, is proportional to the body weight W, and
they have the following relationship:

[0035] Y stasna = PIW,) )
[0036] where 77 is a weight-whole blood (including both plasma and blood

cells) volume factor and p is a perceniage factor of blood plasma volume from the
whole blood volume. Average values of £ and 7 of human are known or can be
measured. In other embodiments, other methods of determining the plasma volume,
Vpiasma, ay be used. For example, Vi may be determined using any one or more
of the determination procedures and/or equations discussed in detail below in regard
to process step 60 of algorithm 50, which is illustrated in FIG. 5.

[0037] Accordingly, based on the molecular ratio as determined by equation 1
described above, kidney GFR and molecular filtration resistance &, may be
determined for any molecules (or substances) using one or more of the equations 2-5
as described above.

10038] In the following discussion of the decay constant &, molecular filtration
rate, clearance rate, and rate constant are used synonymously. The relative molecular
separation between molecule A and molecule B may be quantified using the
Generalized Polarity based on the following equation:

T suegey T
[0039] GP= I_Acfs_)% ©

Alarge) B(small)
[0040] where Ipqurge) is the signal from the larger molecule and Ipgmany is the
signal from the smaller molecule. GP=1, when therc is only signal from the larger
molecule (only molecule A is present), and GP=-1 when there is only signal from the
smaller molecule (only molecule B is present).
[0041] Alternatively, GP can also be defined as GP=(Ingsmany

Tngargey)/ (InqiarseyHTB(emany)- For the purpose of convention and discussion, the definition

-10-
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of GP in Equation 6 is used, but other definitions of GP may be used in other
embodiments. The GP value can be used for quantification of the relative strength
(namely the polarity of relative occupation of molecule A and molecule B) of the two
individual signals from molecule A and B, respectively.
[0042] It should be appreciated that algorithm 10 may be used to determine
any one of a number of kidney diagnostics. For example, referring now to Fig. 2, an
algorithm 20 for determining a Glomerular Filtration Rate of a kidney is shown.
Algorithm 20 includes process step 22 in which a mixture of two fluorescent probes
(A and B) dissolved in saline or other aqueous solutions is injected into the blood
stream of an animal. The fluorescent probes are of different sizes. For example, one
of the fluorescent probes (e.g., probe A) may have a molecular weight (WM) of larger
than 70 kD such as a 70 kD or a 500 kD fluorescent labeled dextran. The fluorescent
" signal from probe A is used as the reference signal. The other fluorescent probe
(probe B) has smaller molecular weight that is not metabolized in the body. Tor
example, fluorescent probe B may be small fluorescent molecules such as fluorescein,
cascade blue, fluorescently labeled inulin, or other none toxic compounds.
[0043] In process step 24, the fluorescence intensity ratio for the injected
probes is determined. The fluorescence intensity ratio may be determined according
to the equation: Rp/a(t)=Ta(t)/Ta(t), where In(t) and 14(t) are fluorescence intensities of
the molecules B and A measured as functions of time, respectively. The fluorescence
intensity ratio is measured from the blood stream (blood vessel/vessels) as a function
of time after initial dye mixture injection. In process step 26, the GFR is calculated
using the above-described equations 1-5 and least square fittings, assuming & for the
smaller probe molecule is close to unity (&=1).
[0044] Additionally, algorithm 10 may be used as a diagnostic measure for
Proteinuria. For example, referring to FIG. 3, an algorithm 30 for determining a
protein filtration resistance as a diagnostic measurement for Proteinuria is shown.
Algorithm 30 includes a process step 32 in which a mixture of three fluorescent
probes (A, B and C) dissolved in saline or other aqueous solutions is injected into the
blood stream. Probes A and B are analogous to A and B described above in regard to
algorithm 20. Probe C is a fluorescently labeled protein (the marker protein) of any

11-
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kind (globular or non-globular proteins), for examplc, a Texas-Red or FITC
(fluorescein isothiocyanate) conjugated albumin.

[0045] In process step 34, the fluorescent signals from probes A, B and C in
the blood vessels are recorded as functions of time. By performing least square fit of
the fluorescence intensity ratio, Rua(t)=Is(t)/Ia(t), using the above-described equation
2 or 3, the rate constant k; of probe B may be determined. Similarly, by fitting the
intensity ratio, Reya(t)=lc(t)/Ia(t), the rate constant k; of C(the protein) can be
determined. In process step 36, the filtration resistance is determined. The relative

filtration resistance &op may be calculated directly according to the following

equation:
k,
{0046] gC/B =T Q)
kl
[0047] If &=1, the relative filtration resistance &g =& (filtration resistance
of the marker protein).
[0048] The filtration resistance may be used as an indicator of the difficulty

levels of the marker protein to pass through the kidney filtration barrier. A smaller
value of & indicates a greater difficultly level for the protein to pass through the
kidney filtration barrier. This properly of protein filtration resistance £ can be used to
diagnose Proteinuria. If an animal (e.g., a human patient) has a filtration resistance
(of the marker protein) value larger than the average protein filtration resistance value
from healthy individuals Euuew > &umerage it is likely the animal has developed
Proteinuria.

[0049] In an alternative embodiment, the protein filtration resistance may be
determined using two separate injections and associated measurements. In the first
injection and measurement siep, a mixture including only probes A and B is injected
and the rate constant k; is determined thereafler. Subsequently, a mixture including
only probes A and C is injected and the rate constant £ is determined thereafter.
[0050] Additionally, algorithm 10 may be used as a diagnostic measure for
blood glucose. For example, referring to FIG. 4, an algorithm 40 for detemlining 2
blood glucose clearance rate and metabolic rate is shown. Algorithm 40 includes a

process step 42 in which a mixture of three fluorescent probes (A, B and CI)

-12-
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dissolved in saline or other aqueous solutions is injected to the blood stream. Probes
A and B are analogous to A and B described above in regard to algorithm 20. Probe
C1 is a fluorescent glucose analog (L-glucose) where the glucose has a left-hand
chirality (Levo-glucose in latin). L-glucose is not sweet and not metabolized by the
body. In process step 44, the clearance rate k; and the filtration resistance & of
glucose (obtained from L-glucose) are determined. The clearance rate kr and the
filtration resistance & of glucose may be determined by using algorithm 30 described
above in regard to FIG. 3.

[0051) In process step 44, the glucose metabolic rate is determined. For D-
glucose (Dextro-glucose, having a right-hand chirality), the body will metabolize this
glucose as well as clear (filter) it from the blood. If a mixture of three fluorescent
probes (A, B and C2) with C2 being a fluorcscent glucose analog, such as 2-NBDG
[2-(V-(7-nitrobenz-2-0xa-1,3-  diazol-4-yl)amino)-2-deoxyglucose] or 6-NBDG,
where the glucose has a right-hand chirality, the fluorescence intensity ratio Reya(t)=

Tc2(t)/1a(t) measured as function of time can be determined based on the following

equation:
[0052] Ry 4(8) = c+aexp(-k, )+ M(k,.t) 8)
[0053] where kr is the glucose filiration rate solely due to filtration, and

M(kn,t) is a function describing the kinetics of glucose metabolism, and £, is the
glucose metabolic rate. % is known from process step 42, described above, using L-
glucose fluorescent analog. The glucose mctébolic rate, ky, may be determined in
process step 44 by fitting the glucose metabolic function M, 2).

[0054] Alternatively, the glucose metabolic rate may be determined by
using a single injection of fluorescent probe mixture (A, C1 and C2) with A being the
larger fluorescent molecule (>70 kD dextran), C1 being the L-glucose fluorescent
analog, and C2 being D-glucose fluorescent analog. The glucose metabolic function

may then be determined based on the following equation:

I, ()1
[0055] MKy ) = Reg, ()= Rpyy, (D) = caf ) o) ©
1)
[0056] Further, algorithm 10 may be used to determine a drug clearance rate

and/or metabolic rate. For example, the pharmacokinetics of metabolic and non-

13-
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metabolic drugs may be monitored and mcasured using the algorithm 30 described
above in regard to FIG. 3. For non-metabolic drugs (wherein only the clearance rate
of the drug is considered), C1 from the fluorescent probe mixture (A, B and Cl)
described above in regard to algorithm 30 is replaced with a drug compound in order
to measure this drug’s clearance rate & and filtration resistance £ Tor a metabolic
drug, the algorithm 40 described above in regard to FIG. 4 may be used by replacing
the glucose with a respective drug compound to determine its clearance rate and the
metabolic rate.

[0057] It should be appreciated that the detcrmination of the glomerular
filtration rate (GI'R) of the kidneys, and the molceular filtration resistance of a
molecule if desired, may be improved by accounting for non-repal clearance
mechanisms (i.e., accounting fot the non-renal clearance portion of & of equation 3
above). In addition, such determinations may be improved by calculating the
distribution volume, Vp, of the animal (e.g., a human patient) being tested rather than
basing the distribution volume on average values as discussed above in regard to
equation 5. To do so, an algorithm 50 for determining a glomerular filtration rate of a
. kidney may be used as illustrated in FIG. 5.

[0058] The algorithm 50 begins with process step 52 in which a mixture of
two fluorescent probes (A and B) dissolved in saline or other aqueous solutions is
injected into the blood stream of an animal. The fluorescent probes are of different
sizes. For example, one of the fluorescent probes (e.g., probe A) may have a
molecular weight (WM) of larger than 70 kD such as a 70 kD or a 500 kD fluorescent
labeled dextran. The fluorescent signal from probe A is used as the reference signal. .
The other fluorescent probe (probe B) has smaller molecular weight that is not
metabolized in the body. For example, fluorescent probe B may be small fluorescent
molecules such as fluorescein, cascade blue, fluorescently labeled inulin, or other
none toxic compounds.

[0059] In process step 54, the fluorescence intensity ratio for the injected
probes is determined. The fluorescence intensity ratio may be determined according
to the equation:

[0060] Raul) = Iaf®) / 1u) (10)

-14-
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‘[0061} where Ip(t) and I4(t) are fluorescence intensities of the molecules B
and A measured as functions of time, respectively. The fluorescence intensity ratio is
measured from the blood stream (blood vessel/vessels) as a function of time after
initial dye mixture injection. The fluorescence intensity ratic may be determined
using any svitable imaging analysis apparatus. For example, in one particular
embodiment, the apparatus 100 illustrated in and described below in regard to FIGS.
6-9 may be used.

[0062] Alternatively, in another embodiment, the intensity ratio may be
determined by first generating microvasular images of the kidney using a two-photon
laser scanning fluorescence microscope system such as a MRC-1024P uxicroscope,
commercially available from Bio-Rad Laboratories of Hercules, CA, equipped with a
Nikon Diaphol inverted microscope, which is commercially available from Fryer
Company Incorporated of Huntley, Illinois, and external detectors (e.g., a 440-470
1m, a 500-550 nm, and a 560-650 nm detectors). Subsequently, the images may be
analyzed to determine the fluorescence intensity ratio using any suitable imaging
analysis system. For example, in one particular embodiment, the images may be
analyzed to determine the fluorescence intensity ratio using Meta Imagining Series
Version 6 software, which is commercially available from Universal Imaging
Corporation of West Chester, Pennsylvania. To do so, the threshold level of each
detection channel (i.e., each detector) may be set acceding to the average pixel value
of an arca of the image without significant autofluorescence from images taken before
dye infusion. The average pixel values of the intensity ratio, R, from a region of
interest may then be exported into an data analysis and plotting program such as PSI-
PLOT Version 6, which is commercially available from Poly Sofiware International
of Pearl River, New York, for analysis.

[0063] Once the fluorescence intensity ratio has been determined, the overall
plasma clearance rate is determined in process step 56. As discussed above in regard
to equation 3, when only the glomerular filtration process is present, the decay
function Rp/a(t) is a single exponential time series. The overall plasma clearance rate
may be determined by performing linear (or non-linear if desire) least square fitting of
this single exponential time series. For example, the following decay function,

Ryesse(t), may be used:

-15-




WO 2006/113724 PCT/US2006/014576

-13-
[0064] Ryessat(t) = a exp(-kat) + ¢ 1)
[0065} where Ryessaift) is the average pixel value of the intensity ratio from a

given area (i.e., from a given blood vessel lumen region) extracted at different time
points, @ is the amplitude or the pre-exponential factor, ¢ is a constant, z is time, and
k4 is the overall plasma clearance rate. As discussed above, the value of &, may be
determined by performing nonlinear least square fitting on equation 11.

[0066] It should be appreciated that the overall plasma clearance rate, &y,
includes both the renal clearance rate, kq,, and the non-renal clearance rate (e.g., take
up by the liver), ks, As such, to improve the accuracy of calculations based on the
clearance rate, such as determining the glomerular filtration rate and/or the molecular
filtration resistance, the non-renal clearance rate may be subtracted from the overall

plasma clearance rate or otherwise accounted for. To do so, the following equation

may be used:

[0067] ky=kp+ kr or (12)

[0068] kp = ky - Iy (13)

[0069] wherein k4 is the overall plasma clearance rate, kp is the rate constant

of the intrinsic plasma clearance (i.¢., the renal clearance), and k7 is the non-specific
tissue distribution rate constant of a freely filtered molecule (i.e., the non-renal
clearance). As discussed above, the value of &y may be determined using equation 11
and, in embodiments wherein the animal upon which the kidney analysis procedure is
being performed is a non-human animal, the value of the mon-specific tissue
distribution rate constant, &y, may be determined via a double whole kidney
nephrectomy procedure. Because the value of the overall plasma clearance rate, k4,
and the value of the non-specific tissue distribution rate constant (i.e., the non-renal
clearance rate), kr, are known, the value of the rate constant of the intrinsic plasma
clearance (i.e., the renal clearance ratc), kp, may be determined via the equation 13.
[0070] Alternatively, in embodiments wherein the animal upon which the
kidney analysis procedure is being performed is a human patient, both the renal and
non-renal clearance rates may be determined using multi-component models to
account for individual kinetic processes. For example, the following equation may be
used:

[0071] Rpu(t) = ¢ + aexp(-kenat) + fknon-renart) (14)
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[0072) wherein Rgu(t) is the intensity ratio, @ and ¢ are constants, ¢ is time,
Frenar is the renal plasma clearance rate constant, f is a function including all kinetic
processes that are not part of renal clearance (e.g., probe distribution, non-specific
tissue absorption, etc.), and Kyon.renat 1S the non-renal plasma clearance rate constant.
The clearance rates, Avens and knon-rena, May be determined by performing a multi-
component least square fitting procedure on equation 14. One of a number of
different functions may be used to model the non-renal plasma clearance kinetics. For

example, in some embodiments, a single exponential equation may be used as

follows:

[0073] Sononrenait) = b exp(-Fnonrenat) (15)

[0074] - wherein b is a constant.

[0075] The accuracy of the determination of the renal and non-renal clearance

rates may be improved by performing multiple tests on the human patient to
determine multiple overall plasma clearance iraces or values and subsequently
performing a least square fitting of the multiple overall plasma clearance traces (ie.,
performing a global fitting procedﬁre on equation 14). For example, multiple
clearance values or traces can be obtained by performing a number of tests using
various concentration ratios of the marker molecules (e.g., molecules A and B). The
average non-renal clearance, Koy enay M2y be then determined for an average human
patient statistically based on the multiple tests. Subsequently, the renal plasma
clearance rate constant, k.., may be determined directly using as ingle injection of
the marker molecules (e.g., molecules A and B) based on the following equation:
[0076] Fevenat = Koverall = Kaverage non-renal (16)

[0077] wherein ke, is the renal plasma clearance rate constant, Koveran is the
.averagc plasma clearance rate obtained by fitting the multiple clearance traces with a
single exponential function, and Kaverage non-renar is the average non-renat clearance rate.
[0078] In process step 60, the volume of distribution, Vp, is determined.
Because at least one of the marker probes or molecules (e.g., probe/molecule A) is
relatively large (e.g., a 500 kD fluorescent labeled dextran), this molecule of probe is
not filtered by the kidney. As such, the volume of distribution, ¥p, may be expressed
as follows according to the conservation principle:

[0079} Vb = Vigore * [Clargel vegore / [ Ciargel plasma an
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10080] wherein Vp is the volume of distribution (i.c., the plasma volume),
Vefore is the volume of the large probe or molecule (e.g., the large dexiran probe)
before infusion into the patient, /Crarge/sepore is the concentration of the large probe or
molecule before infusion info the patient, and [Crarge/ piasma 18 the plasma concentration
of the large probe or molecule after cquilibrium has been obtained. Bcecause the
fluorescence intensity, Ir, of the larger probe or molecule (e.g., probe A) is
proportional to its concentration, [Ciae/, the volume of distribution (i.e., the plasma
volume), ¥p, may be determined as follows:

[0081] Vi = Vogore ™ [Ii] vegiore ! [11] ptasma (18)
[0082] wherein ¥p is the volume of distribution (i.e., the plasma volume),
Viefore is the volume of the large probe or molecule (e.g., the large dexﬁan probe)
before infusion into the patient, [T/ pense is the total intensity values of the large probe
or molecule measured before infusion, and /I;/prsma is the total intensity values of the
large probe or molecule meusured after infusion. The value of volume of the large
probe or molecule, ¥yepre, is known and the value of [I;/pm. may be determined
from either the acquired time series images or using fluorescence spectroscopy
measurement of drawn blood samples taken after a predetermined time (e.g., 10
minutes) to allow the plasma concentration to stabilize. For example the value of
[11] piasma may be determined based on the average of three to five time, or more, time
point- measurements. The value of [I;]sere may be determined using the same
instrument settings as used to determine the [7;/piaoma-

[0083] In some embodiments, the volume of distribution (i.e., the plasma
volume), ¥p, may be determined based on body weight of the animal (e.g., a human
patient) rather than the use of the equation 18 provided above. 'That‘is, the whole
blood volume of the animal may be estimated as 5.5% of the total body weight. The
total plasma volume, Vp, may then be estimated as 50% of the whole blood volume.
[0084] Although the process steps 56-60 arc illustrated in FIG. 5 in a
sequential order, it should be appreciated that the renal cloarance rate and the volume
of distribution may be determined in any order with respect to each other or
contemporaneously with each other. For example, the volume of distribution may be

determined prior to the dstermination of the renal clearance rate in some
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embodiments. In other embodiments, the volume of distribution may be detcrmined
contemporaneously with the determination of the renal clearance rate.

[0085] Once the renal clearance rate k, (0r Kgesar) and that volume of
distribution, Vp, have been determined in prc;cess steps 58 and 60, respectively, the
glomerular filtration rate (GFR) may be determined in process step 62 based thereon.
To do so, the following equation may be used:

[0086] GFR =lkp *Vp (19)

[0087] wherein GFR is the glomerular filtration rate, kp is the rate constant of
intrinsic plasma cleatance (.., the renal clearance rate), and Fp is the volume of
distribution. As discussed above, the value of kp may be determined using equations
12-13 or 14-16 and the value of Vp mlay be determined using the equations 17-18 or
estimated as discussed above in detail. .

[0088] In addition to the glomerular filiration rate, in some embodiments, the
molecular filtration resistance may also be determined in process step 64. To do so,
the following equation may be used.

[0089] & = ke /'kp (20)

[0090] wherein & is the molecular filtration resistance, kpr is the intrinsic
plasma clearance rate (i.e., the intrinsic plasma clearance rate of the kidney), and ke is
the plasma clearance rate of the large molecule or probe (e.g., probe A). Because the
large size molecules typically do not freely pass through the glomerular filtration
barrier, the clearance of the large size molecules from the blood will take a longer
time than that of a freely filtered molecule. As such the molecular filtration rate can
be used to determined the degree of glomerular injuries by using large molecules of
varying sizes. Because molecular filtration resistance of smaller molecules (e.g.,
those molecules of a size sufficient to be freely filtered though the glomerular
filtration barrier) may be substantially similar in kidneys having minor and severe
glomerular damage, the smaller molecules are typically not used to determine the
molecular filtration resistance.

[0091] In other embodiments, the molecular filtration resistance of the large
molecule (e.g., molecules >20 kD), £prarg, may be dotermined using the following
equation:

[0092]  Eprage = ERrrCinutin * [KAPGEITC-inutin) = Krprrcinutio] / [KapLarge - KTprarge]  (21)
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[0093] wherein &prage is the molecular filtration resistance of the large
molecule (e.g., probe A), Emrc.inuin 18 the filtration resistance value of FITC-inulin
measured from a group of control animals, [Kapgrrcinuiny - ktp@rrc-inuig] is the
plasma clearance rate of FITC-inulin measured from nephrosis animals at a given day
after PAN treatment, and [Kapruye - Ktprarge] is the clearance rate constant of the large
molecule of interest (e.g., probe A). It should be appreciated that the value of the
molecular filiration resistance, £praye, may be compared with the corresponding
values of measured urinary protein-to-creatinine ratio to determine the correlation
hetween £prarge and urinary protein secretion and the sensitivity of using the Zpparge
value for early detection of proteinuria. It should be appreciated that in the above-
described embodiment, FITC-inulin is used as a GFR marker (e.g., as molecule/probe
B). However, in other embodiments, other types of GFR marker molecules/probes,
such as other fluorescent or non-fluorescent marker molecules, may be used. Tn such
embodiments, the cquation 20 described above may be used to determine the
molecular filtration resistance.

[0094] After injection of fluorescent probe mixture according to any of the
embodiments described above, measurcments may be performed using a multi-photon
laser scanning fluorescence microscope. The location of microscopy measurements
can be done any where on the body, for example, on the lips where the skin is
relatively thin to allow easy observation of blood vessels. The fluorescence image of
each of the injected fluorescent probes is subsequently acquired. The average
intensity value from the blood vessel regions is calculated and plotted as functions of
time. These intensity time series of these fluorescent probes arc used for fitting and
refrieving the corresponding &, & and GFR.

[06095] However, other types of devices may be used to measure the
fluorescence intensity from the blood stream of the animal. For example, existing
instruments, such as instroments using optical coherent tomography or photon
migration (diffusion) principles, may be adapted to perform the measurements.

[0096] Referring now to FIG. 6, one embodiment of an apparatus 100 for
determining physiological data related to an animal is shown. The physiological data
may be used for a number of analysis purposes including diagnostics ﬁurposes such as

kidney diagnostics, testing, drug rescarch, drug development, and the like. Apparatus
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100 allows non-invasive measurement of kidney functions, as well as other
physiological functions, using optical signals. Apparatus 100 includes a measurement
head 102 and a controller unit 120. The controller unit 120 is illustrated and
described below in regard to FIG. 9. The measurement head 102 is illustratively
designed to measure signals from the finger tips of human hands. However, in other
embodiments, the measurement head 102 may be configured to measure signals from
other body parts of a human patient and/or animal including, for example, from toes,
ears, wrist, etc.
[0097] The measurement head 102 includes a number of finger receivers 104
designated as H1-H4. The finger receivers are configured to fit the anatomy of
fingers from a human hand and may be embodied as cylindrical apertures. For
example, as illustrated in FIG. 7, each of the finger receivers 104 extends at an angle,
in respect to-a vertical axis, to match the angle of the fingers of a human hand when
the fingers are slightly separated. The measuremient head 102 is made of a material
that restricts ambient light from passing through the head 102. The measurement
head 102 includes a number of source fiber optics, Ela-E4a, coupled to a respective
number of light sources, L1-L4, of the controller unit (see FIG. 9). The source fiber
optics, Ela-Eda, deliver an illumination light to the palm side of the finger tips. The
" measurement head 102 includes a number of receiver fiber optics, E1-E4, that collect
optical signals generated by the source fiber optics, Ela-E4a. The receiver fiber
optics, E1-E4, collect the optical signals from the opposite side of the finger tips (i.e.,
the side with finger nail). The contacts between the fiber optics, Ela-E4a and E1-E4,
and the finger tips can be adjusted to assure good contact for illumination and optical
signal detection. This can be accomplished by directly adjusting the fiber positions.
In addition, the contact between the fiber optics and the finger nails can be improved
by using a non-fluorescent coupling lubricant such as sucrose gel.
[0098] Referring now to FIG. 8, in an alternative embodiment, apparatus 100
includes a measuremont head 110 having a number of LEDs (light-emitting diodes)
114, Lla-L4a, as light sources. The light sources, L1a-L4a, are in contact with, or
near contact with, the palm side of the finger tips when the animal’s (e.g., human
patient’s) fingers are inserted into the finger receivers 112. Similar to measurement

head 102, the measurement head 110 includes a number of receiver fiber optics, E1-
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E4, to collect the optical signals generated from the finger tips by illumination
(excitation) from the light sources, L1a-L4a, respectively. The receiver fiber optics
are positioned on the opposite side of the finger tips from the light sources (i.e., the
side with finger nail). The intensity of the LEDs may be controlled by the controller
120 through digital-to-analog converters (D/A. converters). Because the light sources,
Lla-L4a, are located in the measurement head 110, loss of the illumination light is
reduced.

[0099] The apparatus 100 also includes a controller unit 120. The controller
unit 120 determines the physiological diagnostic via photon counting. Photon
counting is typically used in applications requiring sensitive signal detection. In the
illustrative embodiment, as illustrated in FIG. 9, the controller unit 120 includes an
optical portion 122 and a control portion 124. In some embodiments, the optical
portion 122 and the control portion 124 are integrated into a single portable unit. In
other embodiments, optical portion 122 is integrated in a portable unit and the control
portion 124 is included in a personal computer. It should be appreciated that the
control portion 124 may be included in the personal computer as separate hardware
devices, separate sofiware algorithms, or a combination of hardware devices and
software algorithms.

[00100] In embodiments including a measurement head 102, the optical portion
122 of the controller unit 120 includes a number of light sources 125, L1-L4, such as
LEDs. The light sources 125 emit light at the same or different wavelengths.  Fiber
optics are coupled to the LEDs that deliver light to the measurement head 102. The
optical portion 122 also includes a number of delectors 126, D1-D4, For the detection
of fluorescence and othor optical signals, the detectors may be embodied as
photomultiplier tubes, photodiodes, CCD, or other device capable of detecting the
fluorescence and other optical signals. The optical signals are delivered to the
detectors through fiber optics that couple the measurement head 102 to the controllcr
unit 120. In addition, the optic portion 122 includes a number of optical filters 128,
F1-F4. The optical filters 128 filter the optical signals by rejecting or filtering noise
and unwanted signals. The controller unit 120 also includes a number of amplifiers
130, A1-A4, that amplify the analog signals received from the detectors 126. The
controller unit 120 includes a number of discriminators 132, B1-B4, that discriminate
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single photon pulses and generate output singles therefrom. Illustratively, the output
signals are TTL (transistor-transistor logic) signals (so-called digital signal).
However, it should be appreciated that in other embodiments, the discriminators 132
may generate other types of output signals.
[00101] The TTL signals generated by the discriminators 132 are transmitted to
the control portion 124 via a number of corhmunication links 134. The
communication links 134 may be embodied as any type of communication link
including discrete wires, PCB traces, or the like. Additionally, in other embodiments,
- the communication links 134 may be embodied as wireless communication links
using any suitable wireless communication protocol such as, for example, Bluetooth.
- Once the output signals are received by the control portion 124, the output signals are
processed by a pulse counting circuit 136 and further processed for display through a
user interface 138 (e.g. a computer screen of a display panel on the controller unit).
The control portion 124 also includes digital-to~analog converters (DAC) 140. The
DACs 140 may be used to adjust the voltage levels of the LEDs and thereby control
the illumination intensity. It should be noted that in embodiments wherein
measurement head 110 is used, the light sources, Lla-L4a, are located in the
measurement head 110 rather than the optic portion 122. As such, the light sources,
Lla-L4a, are coupled directly to the DAC block 140 via a number of electrical
interconnects, such as discrete wires. It should also be appreciated that although the
illustrative embodiment includes only four light sources or source fiber optics and
associated recciver fiber optics, other cmbodiments may include any number of light
sources/source fiber optics and associated rocciver fiber optics.
[00102] In an altemative embodiment, the digital signal acquisition and
" processing devices may be replaced with analog signal acquisition and processing
devices. For example, the diseriminators 132 may be removed or replaced with
analog amplifiers and the pulse counting electronic circuit 136 may be replaced with
analog-to-digital conversion circuitry. It should also be appreciated that although the
illustrative embodiment includes only four light sources or source fiber optics and
associated receiver fiber optics, other embodiments may include any number of light

sources/source fiber optics and associated receiver fiber optics.
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[00103] The light sources, Lla-L4a and L1-L4, may be embodied as LEDs,
diode lasers, Xenon, arc lamps with appropriate filters, or other type of light source
usable in the diagnostic measurement. The illumination wavelength used is selected
according to the available fluorescent probes. For FITC-tagged molecules, an
illumination at around 488 nm is used for the molecule excitation. A combination of
blocking (blocking the 488 nm excitation light) and bandpass filters that allow passing
through 500-550 nm light may be placed in front of the comresponding
detector/detectors used for FITC fluorescence detection. In embodiments using
scattering signal, the filter in front of the detector ma)lf allow the illumination light to
pass through. Tixamples of configurations for the light sources, the filters, the

fluorescent probes, and detectors are provided below in table 1.

Example 1

Probes (fluorescent or | Light Sources | Filters (pass) Detectors
nan-fluorescent) (wavelength)

Cascade Blue-dexiran L1 (350-372 nm) F1 (400-460 nm) D1 (PMT)
FITC-dextran L2 (465-490 nm) F2 (500-550 nm) D2 (PMT)

Texas Red-dextran 1.3 (594 nm) I3 (605-650 nm) D3 (PMT)

CyS5-dextran L4 (630-640 nm) F4 (655-700 nm) D4 (red sensitive PMT)
Example 2

Probes (fluorescent or | Light Sources | Filters (pass) Detectors
non-fluorescent) (wavelength)

FITC-dextran L1 (465-490 nm) F1 (500-550 nm) D1 (PMT)

Texas Red-dextran L2 (594 nm) F2 (605-650 nm) D2 (PMT)

CyS5-dextran L3 (630-640 nm) F3 (655-700 nm) D3 (red sensitive PMT)
Scatter 14 (735 nm) ¥4 (725-745 nm) D4 (red sensitive PMT)
Example 3

Probes (fluorescent or | Light Sources | Filters (pass) Detectors
non-fluorescent) (wavelength)

FITC-dextran L1 {465-490 nm) F1 (500-550 nm) D1 (PMT)

Cy5-dextran L3 (632 nm) F3 (655-700 nm) D3 (red sensitive PMT)
Scatler L4 (632 nm) F4 (620-650 nm) D4 (red sensitive PMT)

TABLE 1

[00104] Accordingly, it should be appreciated that the apparatus 100 may be
used in a number of applications for determining physiological diagnostics. For
example, the apparatus 100 may be used to determine a glomerular filtration rate

(GFR) for diagnosis of kidney function, determine a protein filtration resistance for
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diagnosis of Proteinuria and/or other diseases, determine a blood glucose clearance
rate and/or glucose metabolic rate, and/or determine a drug clearance rate and/or drug
metabolic rate. It should be appreciated that in some embodiments the apparatus 100
may include only one or a limited mumber of illumination channels and respective
detection chammels for a given application (e.g, GFR measurement using ome
fluorescent probe.).
{00105] While the disclosure has been illustrated and described in detail in the
drawings and foregoing description, such an illustration and description is to be
considered as exemplary and not restrictive in character, it being understood that only
illustrative embodiments have been shown and described and that all changes and
modifications that come within the spirit of the disclosure are desired to be protected.
100106] There are a plurality of advantages of the present disclosure arising
. from the various features of the methods and apparatuses described herein. It will be
noted that alternative embodiments of the methods and upparatuses of the present
disclosure may not include all of the features described yet still benefit from at least
some of the advantages of such features. Those of ordinary skill in the art may
readily devise their own implementations of the methods and apparatuses that
incorporate one or more of the features of the present invention and fall within the

spirit and scope of the present disclosure as defined by the appended claims.
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CLAIMS

1. A method for determining the rate constant (k) of body
compartment clearance of a first molecule by an organ in an animal, the method
comprising;

administering the first molecule and a second molecule into the body
compartment of the animal, wherein the organ clears the second molecule from the
body compartment at a rate lower than the rate at which the organ clears the first
molecule from the body compartment;

determining the molecular ratio (Rp/Ra) of the first molecule to the
second molecule in the body compartment over a period of time to obtain a time series
of molecular ratios ((Rg/Ra)g), the molecular ratio (Rg/Ra) being determined using
the following equation:

Rp/Ra=1g/l4,
wherein Ig is the level of the first molecule in the body
compartment and I, is the level of the second molecule in the body compartment; and
performing a least square fitting of the time series of molecular ratios
((Re/Rp)y) to obtain the rate constant (k) of body compartment clearance using the
equation:
(Re/Ra)y = ¢ +a* exp(-k)
wherein c is a constant, a is a pre-exponential factor, and t is

time.

2. The method of claim 1, wherein the body compartment is the

vascular system of the animal.
3. The method of claim 1, wherein the organ is selected from the

group consisting of the kidney, the liver, the lung, the spleen, the pancreas, the brain,

the heart, the muscle, and the intestine.
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4. The method of claim 1, wherein the body compartment
clearance of the organ is due to at least one of filtration, reabsorption, osmosis,

metabolism, and active secretion.

5. The method of claim 1, wherein the level of the first molecule is
determined based on the intensity of a signal generated by the first molecule and the
level of the second molecule is based on the intensity of a signal generated by the

second molecule.

6. The method of claim 5, wherein the signal generated by the first

molecule is of a type different than the signal generated by the second molecule.

7. The method of claim 5, wherein the signal generated by the first
molecule and the signal generated by the second molecule are selected from the group
consisting of fluorescence, a scattering signal from incident light, fraction of

fluorescence lifetimes, absorbance, and polarization.

8. The method of claim 1, wherein the first molecule and the

second molecule are administered in a mixture.

9. The method of claim 1, wherein the molecular ratio (Rp/R,a) of
the first molecule to the second molecule is replaced by the generalized polarity (GP)
of the first molecule and the second molecule, the generalized polarity (GP) being
determined using an equation selected from the group consisting of:

GP = (15 - Ip)/(1a + I}
and
GP = (Ig - 1a)/(Ia + Ip),
wherein 14 is the level of the second molecule in the blood and

Ig is the level of the first molecule in the blood.
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10.  The method of claim 1, further comprising determining the
glomerular filtration rate (GFR) of the organ using the following equation:
GFR = (k * Vysna) / §
wherein Vpjama is the plasma volume of the animal, £ is the

molecular filtration resistance of the first molecule, and the organ is the kidney.

11.  The method of claim 10, wherein the molecular filtration

resistance of the first molecule has a value of about 1.

12.  The method of claim 10, wherein the second molecule is a

fluorescent labeled molecule having a molecule weight of greater than 70 kD.

13.  The method of claim 10, wherein the second molecule has a

molecular weight greater than the first molecule.

14. A method for determining the molecular filtration resistance (&)
of a molecule in an animal, the method comprising:

determining the glomerular filtration rate (GFR) of the animal
according to the method of claim 10;

determining the rate constant of body compartment clearance (k) in the
animal according to the method of claim 1 with the molecule being the first molecule;
and

determining the m'olccular filtration resistance (&) of the molecule using
the following equation:

&= (k2 * Vpiasma)/GFR

wherein Vpisma is the plasma volume of the animal.
15. The method of claim 14, wherein the molecule is a protein.

16. A method for diagnosing altered glomerular permeability in a

animal comprising:

25

-28-




22 Dec 2009

2006236407

determining the molecular filtration resistance (£) of a protein according
to the method of claim 15; and

comparing the value of the molecular filtration resistance (£) of the
animal to a molecular filtration resistance of a control animal, wherein a larger value of
molecular filtration resistance (£) from the animal as compared to that of the reference

animal is indicative that the animal has altered glomerular permeability.

17. The method of claim 16, wherein the clearance rate constant is
the filtration rate constant of D-glucose by the kidney (k¢), wherein the first molecule

is a non-metabolizing analog of D-glucose.

18.  The method of claim 17, wherein the non-metabolizing analog

of glucose is an L-glucose.

19. A method for determining the metabolic rate of a test molecule
in an animal, the method comprising:

administering a first molecule and a second to the blood vessel of the
animal and determining the rate constant of body compartment clearance of the first
molecule (k;) according to the method of claim 1, wherein the first molecule is not
metabolized by the organ and the organ clears the second molecule from the body
compartment at a rate substantially lower than the rate at which the organ clears the
first molecule from the body compartment;

administering the test molecule for determination of the metabolic rate
and the second molecule to a blood vessel of the animal and determining the molecular
ratio of the test molecule to the second molecule (Rc/s) over a period of time to obtain
a time series of molecular ratios of the test molecule to the second molecule (Reia)w);
and

performing a least square fitting of the time series of molecular ratios of
the test molecule to the second molecule (R¢ya)y) to obtain the metabolic function of
the test molecule (Mkmy) according to the equation:

(Roa)y = ¢ + a * exp(-kit) + My
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wherein ¢ is a constant, k; is the rate constant of clearance of the first

molecule, a is a pre-exponential factor, and t is time.

20.  The method of claim 19, wherein the test molecule, the first
molecule, and the second molecule are administered simultaneously, and the metabolic
function My, is determined according to the following equation:

Maany = (Reian = Rende = (e = Iw)law

wherein (Rea)y is the time series of the molecular ratios of the test
molecule to the second molecule, (Raa)y is the time series of molecular ratios of the
first molecule to the second molecule, Igy is the time series of levels of the test
molecule in the‘blood, Ipy is the time series of levels of first molecule in the blood,

and layy, 1s the time series of levels of the second molecule in the blood.

21.  The method of 19, wherein the test molecule is a metabolizing

analog of D-glucose and the metabolic rate is the metabolic rate of D-glucose.

22. The method of claim 21, wherein the metabolizing analog of D-
glucose is  [2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose] (2-
NBDG) or [6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose]  (6-
NBDG).

23. A method for determining physiological data of a body
compartment of an animal, the method comprising:

administering a first molecule and a second molecule into the body
compartment of the animal, wherein the quantity of the first molecule in the body
compartment changes at a rate substantially lower than the quantity of the second
molecule in the body compartment;

determining a molecular ratio of the first molecule to the second
molecule in the body compartment over a period of time; and

determining the physiological data based on the molecular ratio.
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24, The method of claim 23, wherein the body compartment is
selected from the group consisting of the kidney, the liver, the lung, the spleen, the

pancreas, the brain, the heart, the muscle, and the intestine.

25.  The method of claim 23, wherein the physiological data

comprises the accumulation rate of a molecule in an organ.

INDS02 GKELLETT 92803dv1
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