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7) ABSTRACT

Devices and methods for measuring body fluid-related met-
ric using spectrophotometry that may be used to facilitate
diagnosis and therapeutic interventions aimed at restoring
body fluid balance. In one embodiment, the present inven-
tion provides a device for measuring a body-tissue water
content metric as a fraction of the fat-free tissue content of
a patient using optical spectrophotometry. The device
includes a probe housing configured to be placed near a
tissue location which is being monitored; light emission
optics connected to the housing and configured to direct
radiation at the tissue location; light detection optics con-
nected to the housing and configured to receive radiation
from the tissue location; and a processing device configured
to process radiation from the light emission optics and the
light detection optics to compute the metric where the metric
includes a ratio of the water content of a portion of patient’s
tissue in relation to the lean or fat-free content of a portion
of patient’s tissue.
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DEVICE AND METHOD FOR MONITORING
BODY FLUID AND ELECTROLYTE DISORDERS

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application No. 10/441,943, filed on May 20, 2003,
which is a continuation of U.S. patent application No.
09/810,918, filed on Mar. 16, 2001, now U.S. Pat. No.
6,591,122, the full disclosures of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

[0002] The maintenance of body fluid balance is of fore-
most concern in the care and treatment of critically ill
patients, yet physicians have access to few diagnostic tools
to assist them in this vital task. Patients with congestive
heart failure, for example, frequently suffer from chronic
systemic edema, which must be controlled within tight
limits to ensure adequate tissue perfusion and prevent dan-
gerous electrolyte disturbances. Dehydration of infants and
children suffering from diarrhea can be life-threatening if
not recognized and treated promptly.

[0003] The most common method for judging the severity
of edema or dehydration is based on the interpretation of
subjective clinical signs (¢.g., swelling of limbs, dry mucous
membranes), with additional information provided by mea-
surements of the frequency of urination, heart rate, serum
urea nitrogen SUN/creatinine ratios, and blood electrolyte
levels. None of these variables alone, however, is a direct
and quantitative measure of water retention or loss.

[0004] The indicator-dilution technique, which provides
the most accurate direct measure of water in body tissues, is
the present de facto standard for assessment of body fluid
distribution. It is, however, an invasive technique that
requires blood sampling. Additionally, a number of patents
have disclosed designs of electrical impedance monitors for
measurement of total body water. The electrical-impedance
technique is based on measuring changes in the high-
frequency (typically 10 KHz-1 MHz) electrical impedance
of a portion of the body. Mixed results have been obtained
with the electrical-impedance technique in clinical studies of
body fluid disturbances as reported by various investigators.
The rather poor accuracy of the technique seen in many
studies points to unresolved deficiencies of these designs
when applied in a clinical setting.

[0005] Therefore, there exists a need for methods and
devices for monitoring body water fractions which do not
suffer from problems due to their being invasive, subjective,
inaccurate, and difficult to interpret for the purpose of
clinical diagnosis and intervention.

BRIEF SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention provide
devices and methods that measure body fluid-related metrics
using spectrophotometry that may be used to facilitate
diagnosis and therapeutic interventions aimed at restoring
body fluid balance. The disclosed invention facilitates rapid,
non-invasive, and continuous measurement of fractional
tissue water, f.. Additional embodiments facilitate intermit-
tent measurement of f,. The specifications of source-detec-
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tor spacings, wavelength ranges of optical measurement, and
algorithms for combining the measurements, provide highly
accurate and reproducible methods for determination of f,.

[0007] In one embodiment, the present invention provides
a device for measuring a body-tissue water content metric as
a fraction of the fat-free tissue content of a patient using
optical spectrophotometry. The device includes a probe
housing configured to be placed near a tissue location which
is being monitored; light emission optics connected to the
housing and configured to direct radiation at the tissue
location; light detection optics connected to the housing and
configured to receive radiation from the tissue location; and
a processing device configured to process radiation from the
light emission optics and the light detection optics to com-
pute the metric where the metric includes a ratio of the water
content of a portion of patient’s tissue in relation to the lean
or fat-free content of a portion of patient’s tissue.

[0008] In another embodiment, the present invention pro-
vides a device for measuring a body-tissue metric using
optical spectrophotometry. The device includes a probe
housing configured to be placed near a tissue location which
is being monitored; light emission optics connected to the
housing and configured to direct radiation at the tissue
location; light detection optics connected to the housing and
configured to receive radiation from the tissue location; and
a processing device configured to process radiation from the
light emission optics and the light detection optics to com-
pute the metric where the body tissue metric includes a
quantified measure of a ratio of a difference between the
water fraction in the blood and the water fraction in the
extravascular tissue over the fractional volume concentra-
tion of hemoglobin in the blood.

[0009] In another aspect, the present invention provides a
method for measuring a body-tissue water content metric in
a human tissue location as a fraction of the fat-free tissue
content of a patient using optical spectrophotometry. The
method includes placing a probe housing near the tissue
location; emitting radiation at the tissue location using light
emission optics that are configured to direct radiation at the
tissue location. The method also includes detecting radiation
using light detection optics that are configured to receive
radiation from the tissue location; and processing the radia-
tion from the light emission optics and the light detection
optics; and computing the water content metric, where the
water content metric, f_' is determined such that

N N
[Z pr log [Z Pn| logtR(An+1)}
n=1
fo= —
L g 08RO} = | " g | 08I ROus 1))
m=1
[0010] and where:
[0011] p, and q,, are calibration coefficients;
[0012] R(}) is a measure of a received radiation at a
wavelength;
[0013] n=1-N and m=1-M represent indexes for a

plurality of wavelengths which may consist of the
same or different combinations of wavelengths. The
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method may also include displaying the volume
fraction of water on a display device.

[0014] In another embodiment, the present invention pro-
vides a method for measuring a body-tissue metric in a
human tissue location using optical spectrophotometry. The
method includes emitting and detecting radiation using light
emission and detection optics. In addition, the method
includes processing the radiation from light emission and
detection optics to compute the metric where the body
fluid-related metric is related to a quantified measure of a
ratio of a difference between the water fraction in the blood
and the water fraction in the extravascular tissue over the
fractional volume concentration of hemoglobin in the blood.
In one aspect, the metric is a water balance index Q, such
that:

IV (AR/R,

C=Tr TN GERIR),

o

[0015] where f.7 and f EY are the fractional volume
concentrations of water in blood and tissue, respectively,
1V is the fractional volume concentration of hemoglobin in
the blood, (AR/R), s the fractional change in reflectance at
wavelength A, due to a blood volume change in the tissue,
and o, and o, are calibration coefficients.

[0016] In another embodiment, the present invention pro-
vides a method for measuring a physiological parameter in
a human tissue location. The method includes emitting
radiation at the tissue location using light emission optics
and detecting radiation using light detection optics. Further-
more, the method includes processing the radiation from the
light emission optics and the light detection optics and
computing the physiological parameter, where the parameter
is determined such that it is equal to

N N
[Z P logl R} - [Z Pn | logiR(Ay.1 )
r=1 n=1
M M
> an o8RG | - [Z g 108l R A1)}
m=1 m=1

[0017] and where:

[0018] p, and q,, are calibration coefficients; R(A) is
a measure of a received radiation at a wavelength;
n=1-N and m=1-M represent indexes for a plurality
of wavelengths which may be the same or different
combinations of wavelengths. In one aspect, the
physiological parameter is a an oxygen saturation
values. In another aspect, the physiological param-
eter is a fractional hemoglobin concentration.

[0019] In yet another embodiment, the present invention
provides a method of assessing changes in volume and
osmolarity of body fluids near a tissue location. The method
includes emitting radiation at a tissue location using light
emission optics and detecting radiation using light detection
optics that are configured to receive radiation from the tissue
location. The method also includes processing the radiation
from the light emission optics and the light detection optics;
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determining a water balance index using the processed
radiation; determining a tissue water concentration and
analyzing in combination the water balance index and the
tissue water concentration to assess changes in volume and
osmolarity of body fluids near the tissue location.

[0020] For a fuller understanding of the nature and advan-
tages of the embodiments of the present invention, reference
should be made to the following detailed description taken
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a graph showing tissue water fraction
measured on the ear of a pig during an experiment using
reflectance measurements at two wavelengths.

[0022] FIG. 2 is a graph showing an example regression
for prediction of water from reflectances measured at three
wavelengths.

[0023] FIG. 3 is a graph showing an example regression
of a two-wavelength algorithm for determination of the
difference between the intravascular and extravascular water
fraction from pulsatile reflectances measured at two wave-
lengths.

[0024] FIG. 4 is a diagram of an intermittent-mode ver-
sion of a fluid monitor.

[0025] FIG. 5 is a diagram of a continuous-mode version
of a fluid monitor.

[0026] FIG. 6 is a block diagram of a handheld apparatus
for noninvasive measurement and display of tissue water.

[0027] FIG. 7 is a bar graph of water content as a
percentage of total and lean mass for men and women
between the ages of 20 and 79.

[0028] FIG. 8 is a bar graph of water content as a
percentage of fat-free and fat-free-bone-free mass for men
and women between the ages of 20 and 79.

[0029] FIG. 9 is a graph of the correlation between
separate fat-free or lean volume water fraction (“f.™)
measurements on the same patient.

DETAILED DESCRIPTION OF THE
INVENTION

[0030] Embodiments of the present invention overcome
the problems of invasiveness, subjectivity, inaccuracy, and
difficulty of interpretation for the purpose of clinical diag-
nosis and intervention, from which previous methods for
body fluid assessment have suffered. The method of diffuse
reflectance near-infrared (“NIR™) spectroscopy is employed
to measure the fraction of water in skin. An increase or
decrease in the water content of the skin produces unique
alterations of its NIR reflectance spectrum in three primary
bands of wavelengths (950-1400 nm, 1500-1800 nm, and
2000-2300 mn) in which none-heme proteins (primarily
collagen and elastin), lipids, hemoglobin, and water absorb.
According to the results of numerical simulations and
experimental studies carried out by the inventors, the tissue
water fraction, f_, defined spectroscopically as the ratio of
the absorbance of water and the sum of the absorbances of
water and other constituents of the tissue, can be measured
accurately in the presence of nonspecific scattering varia-
tion, temperature, and other interfering variables.
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[0031] Various constituents of tissue, other than water, are
included in the denominator of the ratio used to compute the
tissue water fraction according to the embodiments of the
present invention. In one embodiment, all of the other major
tissue constituents, such as non-heme protein, lipid (“fat”),
and hemoglobin, are included, resulting in the computation
of the total tissue water fraction, f . In other embodiments,
certain constituents of the tissue are specifically excluded
from the measured tissue water fraction. Spectroscopic
methods for the removal of certain tissue constituents from
the computation of tissue water fraction are disclosed, either
by choosing spectral regions where the absorbance contri-
bution due to these tissue constituents is small, or by
appropriately combining spectroscopic measurements made
at multiple wavelengths to cancel the absorbance contribu-
tion due to these tissue constituents. The use of such
spectroscopic methods for removing the absorbance contri-
bution due to lipid from the measurement, thereby providing
fractional water in fat-free or lean tissue, f,.' are described.
Spectroscopic methods for the exclusion of hemoglobin
from the fractional water measurement are also disclosed.

[0032] In addition to these spectroscopic methods, physi-
cal methods for including and excluding certain tissue
constituents are also described in the present invention. By
disclosing source-detector separations in the range of 1-5
mm, the present invention targets the dermis, simultaneously
avoiding shallow penetration that would be indicative only
of the outer dead layer of the skin as well as avoiding deep
penetration into the underlying, high fat-content layer, or
even further into bone-containing layers. Additional disclo-
sures include the application of pressure at the tissue site of
the optical measurement allowing various mobile constitu-
ents of the tissue to be included or excluded from the
fractional water measurement. In one embodiment, the frac-
tional water is measured before and after the application of
pressure at the tissue site, allowing the mobile intravascular
portion of the tissue to be included or excluded from the
measurement. By this means, measurements of the fractional
water content in the intravascular space, f 'V, extravascular
space, f,,FV, and a difference between the two £,V FY,
is accomplished. In additional embodiments, these measure-
ments are accomplished by photoplethysmography, taking
advantage of the natural arterial pulsation of blood through
tissue.

[0033] In the following detailed descriptions of the
embodiments of the invention, the terms “fractional tissue
water”, “tissue water fraction”, “water fraction”, and “f.”
all have equivalent meanings and are meant as general terms
that include all of the more specific measurements outlined
above, including, but not limited to, total tissue water
fraction (f, 1), lean tissue water fraction (f "), intravascular

water fraction (f,""), and extravascular water fraction
(.waV)'

[0034] Inembodiments of the present invention, the appa-
ratus and its associated measurement algorithm are designed
according to the following guidelines:

[0035] 1. To avoid the shunting of light through the
superficial layers of the epidermis, the light source and
detector in optical reflectance probe have low numerical
apertures, typically less than 0.3.

[0036] 2. The spacing between the source and detector in
the probe is in the range of 1-5 mm to confine the light
primarily to the dermis.
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[0037] 3. The reflectances are measured at wavelengths
greater than approximately 1150 nm to reduce the influence
of hemoglobin absorption. Alternatively, reflectances are
measured at wavelengths as short as 950 nm, but the
influence of hemoglobin absorbance is reduced by appro-
priately combining measurements of reflectance at multiple
wavelengths. Or as a further alternative, the absorbance of
hemoglobin is intentionally included in the denominator of
the ratio used to compute tissue water fraction.

[0038] 4. To ensure that the expression that relates the
measured reflectances and water content yields estimates of
water fraction that are insensitive to scattering variations, the
lengths of the optical paths through the dermis at the
wavelengths at which the reflectances are measured are
matched as closely as possible. This matching is achieved by
judicious selection of wavelength sets that have similar
water absorption characteristics. Such wavelength sets may
be selected from any one of the three primary wavelength
bands (950-1400 nm, 1500-1800 nm, and 2000-2300 nm)
discussed above. Wavelength pairs or sets are chosen from
within one of these three primary bands, and not from across
the bands. More particularly the wavelength pair of 1180 and
1300 nm is one such wavelength set where the lengths of the
optical paths through the dermis at these wavelengths are
matched as closely as possible.

[0039] 5. To ensure that the expression that relates the
measured reflectances and water fractions yields estimates
of water fraction that are insensitive to temperature varia-
tions, the wavelengths at which the reflectances are mea-
sured are chosen to be either close to temperature isosbestic
wavelengths in the water absorption spectrum or the reflec-
tances are combined in a way that cancels the temperature
dependencies of the individual reflectances. Typically,
absorption peaks of various biological tissue constituents
may shift with variations in temperature. Here, wavelengths
are selected at points in the absorption spectrum where no
significant temperature shift occurs. Alternately, by knowing
the value of this temperature shift, wavelength sets may be
chosen such that any temperature shift is mathematically
canceled out when optical measurements are combined to
compute the value of a tissue water metric. Such wavelength
sets may be selected from any one of the three primary
wavelength bands (950-1400 nm, 1500-1800 nm, and 2000-
2300 nm) discussed above. Wavelength pairs or sets are
chosen from within one of these three primary bands, and
not from across the bands. More particularly the wavelength
pair of 1180 and 1300 nm are one such pair of temperature
isosbestic wavelengths in the water absorption spectrum.

[0040] 6. The reflectances measured at two or more wave-
lengths are combined to form either a single ratio, a sum of
ratios, a ratio of ratios of the form log[R(A,)/R(A,)], or a
ratio of weighted sums of log[R(A)] terms, in which the
numerator depends primarily on the absorbance of water and
the denominator depends primarily on the sum of the
volume fractions of water and other specific tissue constitu-
ents, such that the denominator is equally sensitive to a
change in the concentration of any of these specific con-
stituents and water.

[0041] Thus, in one embodiment of the present invention
the water fraction, f, is estimated according to the following
equation, based on the measurement of reflectances, R(A) at
two wavelengths and the empirically chosen calibration
constants ¢, and ¢;:
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F=c1 1og[R(M)/R(h) Freq @
[0042] Numerical simulations and in vitro experiments
indicate that the total tissue water fraction, f,T, can be
estimated with an accuracy of approximately +/-2% over a
range of water contents between 50 and 80% using Equation
(1), with reflectances R(M) measured at two wavelengths and
the calibration constants ¢, and ¢, chosen empirically.
Examples of suitable wavelength pairs are A,=1300 nm,
h,=1168 nm, and A,=1230nm, A,=1168nm.

[0043] The ability to measure changes in the total tissue
water content in the ear of a pig using two-wavelength NIR
reflectometry was demonstrated experimentally in a study in
which a massive hemorrhage was induced in a pig and the
lost blood was replaced with lactated Ringer’s solution over
a period of several hours. Ringer’s solution is a well-known
solution of salts in boiled and purified water. FIG. 1 shows
the total water fraction in the skin of the ear of a pig,
measured using Equation (1) with 2,=1300 nm and h,=1168
nm. Referring to FIG. 1, it should be noted that experimen-
tal observations of concern to this embodiment commence
when the lactated Ringer’s solution was infused 120 minutes
after the start of the experiment. It should also be noted that
the drift in the total water fraction from approximately
77.5% to 75% before the infusion is not related to this
infusion experiment, but is related to the base-line hemor-
rhage portion of the experiment. The results show that the
method of the present embodiment correctly reflects the
effect of the infusion by showing an increase in total tissue
water fraction from approximately 75% to 79% while the
infusion is continuing. These data suggest that the disclosed
embodiment has a clear value as a monitor of rehydration
therapy in a critical care setting.

[0044] In another embodiment of the present invention the
water fraction, f, is estimated according to Equation (2)
below, based on the measurement of reflectances, R(}) at
three wavelengths and the empirically chosen calibration
constants cg, ¢; and ¢,

Fa=c; 10g[R(AVR(M) Jre, Jog[R(M)IR (k) J+¢q @
[0045] Better absolute accuracy can be attained using
Equation (2) which incorporates reflectance measurements
at an additional wavelength. The results of in vitro experi-
ments on excised skin indicate that the wavelength triple

(A=1190 nm, A,=1170 nm, h,;=1274 nm) yields accurate
estimates of total tissue water content based on Equation (2).

[0046] Inyet another embodiment of the present invention
the water fraction, f is estimated according to Equation (3)
below, based on the measurement of reflectances, R(}) at
three wavelengths and the empirically chosen calibration
constants ¢, and ¢;:

oo PERA)IROD] )
" ioglR@s) /RA] T
[0047] Better absolute accuracy can be attained using

Equations (3), as is attained using Equations (2), which also
incorporates reflectance measurements at an additional
wavelength. Numerical simulations as shown in FIG. 2
indicate that total tissue water accuracy better than +/-0.5%
can be achieved using Equation (3), with reflectances mea-
sured at three closely spaced wavelengths: A;=1710 nm,
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,=1730 nm, and A;=1740 nm. Additional numerical simu-
lations indicate that accurate measurement of the lean tissue
water content, £, can be accomplished using Equation (3),
by combining reflectance measurements at 1125, 1185, and
1250 nm.

[0048] An additional embodiment of the present invention
is directed towards the measurement of water content as a
fraction of fat-free or lean tissue content, fwl.

[0049] Preferably, a tissue water monitor provides the
clinician with an indication of whether the patient requires
more, less, or no water to achieve a normo-hydrated state.
Such a measurement may be less universally applicable than
clinically desired when it is determined using an instrument
that reports fractional water relative to either total body
weight or total tissue content, due to the high variability of
fat content across the human population. Fat contains very
little water, so variations in the fractional fat content of the
body lead directly to variations in the fractional water
content of the body. When averaged across many patients,
gender and age-related differences in fat content, result in
systematic variations in water content, a fact that has been
well-documented in the literature, as is shown for example
in FIG. 7. Values shown in FIG. 7 are computed from Tables
II-III of Cohn et al., J. Lab. Clin. Med. (1985) 105(3),
305-311.

[0050] In contrast, when fat is excluded from the calcu-
lation, the fractional water content, f..', in healthy subjects,
is consistent across both gender and age, as is shown, for
example, in FIG. 7. This suggests that f..', can be a more
clinically useful measurement than f, for certain conditions.
An additional reduction in the subject-to-subject variation in
the “normal” level of fractional water content may observed
if bone mass is excluded from the calculation, as may be
seen in FIG. 8. This may be due to the fact that the bone
content of the body tends to decrease with age (such as by
osteoporosis). Due to the specified source-detector separa-
tions (e.g., 1-5 mm), wavelength ranges, and algorithms, the
measurement off f ' in tissue according to the embodiments
of the present invention will be closely related to the whole
body water content as a fraction of the fat-free-bone-free
body content.

[0051] In yet another embodiment of the present inven-
tion, tissue water fraction, f, is estimated according to the
following equation, based on the measurement of reflec-
tances, R(}), at a plurality of wavelengths:

I N @
[Z P logiR(L,)}| - [Z P | loglR (1)}
! n=1
fo== —
D anloglRG)}| [Z [ logtR(har1)}
m=1 m=1
[0052] where p, and q,, are calibration coefficients.

[0053] An obstacle to the quantification of tissue analytes
is the high subject-to-subject variability of the scattering
coefficient of tissue. Determination of the fractional tissue
water in accordance with Equation (4) provides similar
advantage as that of Equation (3) above, in that scattering
variation is automatically cancelled, especially as long as the
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N+1 wavelengths are chosen from within the same wave-
length band (950-1400 mn, 1500-1800 nm, or 2000-2300
nm). An explanation of the manner in which Equation (4)
automatically cancels scattering variations is provided
below.

[0054] Tissue reflectance can be modeled according to a
modified form of the Beer-Lambert equation:

) 3
logl RV = ~I0) )" ¢6;(A) - logllo ()

=1

[0055] where R is the tissue reflectance, 1 is the mean
pathlength of light at wavelength }, €; and ¢, are the extinc-
tion coefficient and concentration of constituent j in the
tissue, and log {I(A)} is a scattering offset term. According
to this model, the scattering dependence of tissue reflectance
is due to the offset term, log {I;(A)}, and the pathlength
variation term, I(A). Since the scattering coefficient varies
slowly with wavelength, by sclecting all of the wavelengths
from within the same wavelength band, the wavelength
dependence of the scattering coefficient can be ignored to a
good approximation. Under these conditions, by multiplying
the log of the reflectance at wavelength N+1 (or M+1) by the
negative of the sum of the coefficients used to multiply the
log of the reflectances at the N (or M) other wavelengths, the
scattering offset terms are cancelled in both the numerator
and denominator of Equation (4). This can be seen, for
example, by substituting Equation (5) into the numerator of

Equation (4):
N
[Z P logtRAL)H - [
n=1 ”

N J
_[Z [PnZ Cjb‘j(An)

n=1 =1

©

1=

P | log{R(Ay 1)} =

+1 CjEj(A.[\'+1)

K

N J
y p,}

n=1 =1
[0056] A review of Equation (6) shows that the scattering
offset term has been cancelled, but the scattering dependent
pathlength variation term, 1, remains. When the numerator

and denominator of Equation (4) are combined, the path-
length variation term is also cancelled, as shown in Equation

)

N

=

J M
Pn} (
=

J
Z PnZCij(/\n) +[ cjej(dn+1)
Pl B =l
f =
" M i u i
- Gm ) Ci€j(An) | + qu ZCjEj(lmﬂ)
| = s S

[0057] A review of Equation (7) shows that Equation (7)
depends only on the concentrations and extinction coeffi-
cients of the constituents of tissue and on the calibration
coefficients p, and q,,,.

[0058] In addition to providing for variable scattering
compensation, the methods using Equation (4) allow a more
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general implementation by relaxing some of the constraints
that are imposed by the use of Equation (3), above. For
example:

[0059] (2) In order to provide a certain level of
accuracy for measurement of f_, the numerator in
Equation (3) may need to be sensitive to changes in
water concentration but insensitive to changes in all
other tissue constituents. For example, Equation (3)
may require that the absorbance of all tissue con-
stituents besides water (e.g. lipid, non-heme protein,
hemoglobin) are nearly equal at wavelengths 1 and
2. This constraint is removed in Equation (4), where
the coefficients p, are chosen to cancel out absor-
bance by all tissue constituents other than water.

[0060] (b) In order to provide a certain level accuracy
for measurement of £, the denominator in Equation
(3) may need to be equally sensitive to concentration
changes of all tissue constituents to which the water
fraction is to be normalized. In addition, Equation (3)
may require that the absorbance be equal at wave-
lengths 2 and 3 for all tissue constituents to be
excluded from the water fraction normalization. This
constraint is removed in Equation (4), where the
coefficients, q_, can be chosen to cancel the absor-
bance contribution due to certain constituents, while
equalizing the absorbance sensitivity to the remain-
ing tissue constituents.

[0061] In the case of measurement of the water fraction in
lean tissue, £, the coefficients, p_, in the numerator of
Equation (4) are chosen to cancel the contribution from all
of the major light-absorbing constituents of tissue, except
water. Similarly, the coefficients, q,,, in the denominator of
Equation (4) are chosen to cancel the contribution from all
tissue constituents other than water and protein. In addition,
the coefficients, q,,, are chosen to equalize the sensitivity of
the denominator to changes in water and protein on a volume
fractional basis. By computing the ratio of these two terms,
the result is a fractional volume measurement of water
concentration in lean tissue.

[0062] In addition, application of Equation (4) to the
measurement of fractional water content in total tissue
volume, f T, is accomplished by choosing the coefficients in
the denominator of Equation (4), q,, so that all tissue
constituents (including lipid) are equalized on a fractional
volume basis.

[0063] By relaxing some of the constraints imposed by
Equation (3), the use of Equation (4) can be expected to
produce a more accurate prediction of fractional tissue water
content, for the reasons set forth above. Various wavelength
combinations may be used based on the criteria disclosed
above. In order to select one wavelength combination for use
with Equation (4) for the purpose of measuring fractional
water content in lean tissue, fwl, extinction coefficients of
the major absorbing constituents of tissue (water, non-heme
protein, lipid, and hemoglobin) were experimentally mea-
sured and various wavelength combinations of these were
applied to a numerical model of tissue absorbance. The
reproducibility of the algorithms incorporating the most
promising of these wavelength combinations were then
compared using real tissue data. The real tissue data were
collected from 37 different volunteers at a local hospital,
with Institutional Review Board (IRB) approval. The sensor
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measured reflected light from the pad of the finger, with a
source-detector spacing of approximately 2.5 mm. The
sensor was completely removed from the tissue between
each pair of measurements. One such preferred algorithm
combines measurements at 4 wavelengths, namely: 1180,
1245, 1275, and 1330 nm. Using this selection of wave-
lengths, the measurement-to-measurement reproducibility,
as shown in FIG. 9, is 0.37%, indicating high reproducibil-
ity of the tissue water measurements using the methods
disclosed herein.

[0064] In addition to providing a method for measuring
tissue water fraction, the method in accordance with Equa-
tion (4) above, also has general utility for the fractional
quantification of analytes in tissue. In general, by appropri-
ate choice of wavelengths and coefficients, Equation (4) is
extendible to the fractional concentration measurement of
any tissue constituent or combination of constituents in
tissue with respect to any other constituent or combination
of constituents. For example, this equation is also applicable
for the determination of the fractional hemoglobin content in
tissue.

[0065] Thus, in one embodiment of the present invention,
the fractional volume of total hemoglobin in tissue is deter-
mined using Equation (4) by combining reflectance mea-
surements at wavelengths where hemoglobin is strongly
absorbing with reflectance measurements where the remain-
ing tissue constituents (such as water, lipid, and non-protein)
are strongly absorbing. The coefficients, p,, in the numerator
of Equation (4) are chosen to cancel the absorbance contri-
butions from all tissue constituents except total hemoglobin.
The coeffients, q,,, in the denominator of Equation (4) are
chose to equalize the absorbance contributions of all major
tissue constituents, on a volume fractional basis. One spe-
cific wavelength combination for accomplishing this mea-
surement is 805 nm, 1185 nm, and 1310 nm. At 805 nm the
absorbance by the oxy- and deoxyhemoglobin are approxi-
mately equal. At 1185 nm, the absorbance of water, non-
heme protein, and lipid, are nearly equal on a fractional
volume basis. At 1300 nm the tissue absorbance will be
dominated by water.

[0066] In another embodiment of the present invention,
measurement of fractional concentrations of different spe-
cies of hemoglobin in tissue is performed. In general, the
method provides a means of measuring the fractional con-
centration of hemoglobin in a first set comprised of one or
more species of hemoglobin with respect to the concentra-
tion of hemoglobin in a second set comprised of one or more
hemoglobin species in tissue. The coefficients, p,, in the
numerator of Equation (4) are chosen to cancel the absor-
bance contributions from all tissue constituents except the
hemoglobin species included in set 1. The coeffients, g, in
the denominator of Equation (4) are chose to equalize the
absorbance contributions from all tissue constituents except
the hemoglobin species included in set 2. Sets 1 and 2 are
subsets of hemoglobin species that are present in the body
tissue or blood. For example, such hemoglobin species
include oxyhemoglobin, deoxyhemoglobin, carboxyhemo-
globin, methemoglobin, sulfhemoglobin and, so on. And in
general, as used herein, other physiological parameters have
other subsets of constituents each being capable of absorb-
ing at different wavelengths. In the case where set 1 is
comprised of oxyhemoglobin and set 2 is comprised of oxy-
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and deoxyhemoglobin, a specific wavelength combination
for accomplishing the measurement is 735, 760, and 805 nm.

[0067] Individuals skilled in the art of near-infrared spec-
troscopy would recognize that, provided that the aforemen-
tioned guidelines are followed, additional terms can be
added to Equations (1)-(4) and which may be used to
incorporate reflectance measurements made at additional
wavelengths and thus improve accuracy further.

[0068] An additional embodiment of the disclosed inven-
tion provides the ability to quantify shifts of fluid into and
out of the bloodstream through a novel application of pulse
spectrophotometry. This additional embodiment takes
advantage of the observation that pulsations caused by
expansion of blood vessels in the skin as the heart beats
produce changes in the reflectance at a particular wavelength
that are proportional to the difference between the effective
absorption of light in the blood and the surrounding inter-
stitial tissues. Numerical simulation indicate that, if wave-
lengths are chosen at which water absorption is sufficiently
strong, the difference between the fractions of water in the
blood, £,V and surrounding tissue, £ EV is proportional to
the ratio of the dc-normalized reflectance changes (AR/R)
measured at two wavelengths, according to Equation (8)
below:

(AR/R)y, ®)

EV v
-f. =c + Cq,
S = R, T

[0069] where ¢, and ¢, are empirically determined cali-
bration constants. This difference, integrated over time,
provides a measure of the quantity of fluid that shifts into
and out of the capillaries. FIG. 3 shows the prediction
accuracy expected for the wavelength pair A, =1320 nm and
h,=1160 nm.

[0070] An additional embodiment of the present invention
is directed towards the measurement of water balance index,
Q, such that:

v _ (B (AR/R), ©

C=T T U GRsR, T

[0071] where f,"Y is the fractional volume concen-
tration of hemoglobin in the blood, and a, and a, are
calibration coefficients. The use of Equation (9) to
determine a water balance is equivalent to using
Equation (8) above, where ' is set equal to 1.
However, using Equation (9) provides for a more
accurate determination by not neglecting the influ-
ence of £, on the derived result. The effect of this
omission can be understood by allowing total hemo-
globin to vary over the normal physiological range
and computing the difference between the results
provided by Equation (9) when f,"V is fixed or
allowed to vary. For example, when calculations
were performed with £ *Y fixed at 0.65, f 'Y vary-
ing between 0,75 and 0.80, and £,V varying between
0.09 and 0.135 or held fixed at 0. 112, the resulting
error was as large as +/-20%. In situations of
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extreme blood loss or vascular fluid overload (hypo-
or hypervolemia) the error could be larger.

[0072] The quantity Q, provided by Equation (9) may be
combined with a separate measurement of fractional hemo-
globin concentration in blood, f,', (such as may be pro-
vided by standard clinical measurements of hematocrit or
total hemoglobin) in order to provide a measure of the
difference between the intravascular and extravascular water
content, £ .7V~ £ .FV. Alternatively, the quantity Q, may have
clinical utility without further manipulation. For example,
by providing a simultaneous measurement of both Q and
fractional tissue water (either £, or f}), the embodiments of
the present invention enable the provision of a clinical
indication of changes in both volume and osmolarity of body
fluids. Table 1 lists the 6 combinations of volume and
osmolarity changes in body fluids that are clinically
observed (from Physiology, 2™ Edition, Linda S. Costanzo,
Williams and Wilkins, Baltimore, 1998, pg. 156), and the
expected direction and magnitude of the resultant change in
fractional volume of water in blood (f,Y), the fractional
volume of water in tissue (f,,*"), the fractional volume of
hemoglobin in blood (f,"V), the numerator of Q (Q,), the
inverse of the denominator of Q (1/Q,), the combined result
(Q,/Q4=Q), and the fractional volume of water in lean tissue,
F.L. Taking the first row of Table 1 as an example, the result
of isosmotic volume expansion, such as may be brought
about by infusion with isotonic saline, would result in an
increase in the fraction of water in blood (f V), a small
increase in the extravascular water fraction (f,"Y), and a
large decrease in the fractional concentration of hemoglobin
in the blood (f,'Y) The combined effect of these 3 factors
would result in a large increase in Q. A small increase in the
fraction of water in the lean tissue, fwl, would also be
expected. Notice that when Q and £, are viewed in com-
bination, they provide unique signatures for each of the 6
types of fluid balance change listed in Table 1. An instrument
providing these measurements in a non-invasive and con-
tinuous fashion is thus able to provide a powerful tool for the
monitoring of tissue water balance.

TABLE 1

Expected changes in Q and f! resulting from changes in body fluid vo-
lume and osmolarity

Type Example LYOSEOAY Qo Qe Q F
Isosmotic Isotonic

volume NaCl T T r r T
expansion Infusion

Isosmotic Diarrhea

volume l T
contraction

Hyperosmotic  High NaCl 0
volume intake [

expansion

Hyperosmotic ~ Sweating, 0

volume Fever

contraction
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TABLE 1-continued

Expected changes in Q and £, resulting from changes in body fluid vo-
lume and osmolarity

Type Exanmple SR AN Q1104 Q f!
Hyposmotic SIADH 0

volume T T T r
contraction

Hyposmotic Adrenal 0
volume Insufficiency l T [ L l

contraction

[0073] FIGS. 4 and 5 show diagrams of two different

versions of an instrument for measuring the amount of water
in body tissues. The simplest version of the instrument 400
shown in FIG. 4 is designed for handheld operation and
functions as a spot checker. Pressing the spring-loaded probe
head 410 against the skin 412 automatically activates the
display of percent tissue water 414. The use of the spring-
loaded probe head provides the advantages of automatically
activating the display device when needed and turning the
device off when not in use, thereby extending device and
battery life. Moreover, this unique use of a spring-loaded
probe also provides the variable force needed to improve the
reliability of measurements. Percent tissue water represents
the absolute percentage of water in the skin beneath the
probe (typically in the range 0.6-0.9). In one embodiment of
the present invention, the force exerted by a spring or
hydraulic mechanism (not shown) inside the probe head 410
is minimized, so that the fluid content of the tissue beneath
the probe is not perturbed by its presence. In this manner, the
tissue water fraction, including both intravascular and
extravascular fluid fractions is measured. In another embodi-
ment of the invention, the force exerted by the probe head
is sufficient to push out most of the blood in the skin below
the probe to allow measurement of only the extravascular
fluid fraction. A pressure transducer (not shown) within the
probe head 410 measures the compressibility of the skin for
deriving an index of the fraction of free (mobile) water.

[0074] The more advanced version of the fluid monitor
500 shown in FIG. 5 is designed for use as a critical-care
monitor. In addition to providing a continuous display of the
volume fraction of water 510 at the site of measurement 512,
it also provides a trend display of the time-averaged differ-
ence between the intravascular fluid volume (“IFV”) and
extravascular fluid volume (“EFV”) fractions (e.g., IFV-
EFV=f_TV- f _EVY) 514 or the quantity Q (as defined above
with reference to Equation (9), updated every few seconds.
This latter feature would give the physician immediate
feedback on the net movement of water into or out of the
blood and permit rapid evaluation of the effectiveness of
diuretic or rehydration therapy. To measure the IFV-EFV
difference or Q, the monitor records blood pulses in a
manner similar to a pulse oximeter. Therefore, placement of
the probe on the finger or other well-perfused area of the
body would be required. In cases in which perfusion is too
poor to obtain reliable pulse signals, the IFV-EFV or Q
display would be blanked, but the tissue water fraction (f.,)
would continue to be displayed. A mechanism for mechani-
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cally inducing the pulse is built into the probe to improve the
reliability of the measurement of IFV-EFV or Q under
weak-pulse conditions.

[0075] FIG. 6. is a block diagram of a handheld device
600 for measuring tissue water fraction, as well as shifts in
water between the IFV and EFV compartments, or a mea-
surement of Q, with a pulse inducing mechanism. Using this
device 600, patient places his/her finger 610 in the probe
housing. Rotary solenoid 612 acting through linkage 614
and collar 616 induces a mechanical pulse to improve the
reliability of the measurement of IFV-EFV or Q. LEDs 618
emit light at selected wavelengths and photodiode 620
measure the transmitted light. Alternately, the photodiode
620 can be placed adjacent to the LEDs to allow for the
measurement of the reflectance of the emitted light. Pream-
plifier 622 magnifies the detected signal for processing by
the microprocessor 624. Microprocessor 624, using algo-
rithms described above, determines the tissue water fraction
(f,,) (such as in the total tissue volume (f_T) , within the
lean tissue volume (f.") , and/or within the IFV (f,"") and
the EFV (£,FY)), as well as shifts in water between the IFV
and EFV (such as IFV-EFV or Q), and prepares this infor-
mation for display on display device 626. Microprocessor
624 is also programmed to handle the appropriate timing
between the rotary solenoid’s operation and the signal
acquisition and processing. In one embodiment, a means is
provided for the user to input the fractional hemoglobin
concentration (f},"V) or a quantity proportional to f,"" (such
as hematocrit or total hemoglobin) in order to convert Q into
IFV-EFV. The design of the device and the microprocessor
integrates the method and apparatus for reducing the effect
of noise on measuring physiological parameters as described
in U.S. Pat. No. 5,853,364, assigned to Nellcor Puritan
Bennett, Inc., the entire disclosure of which is hereby
incorporated herein by reference. Additionally, the design of
the device and the microprocessor also integrates the elec-
tronic processor as described in U.S. Pat. No. 5,348,004,
assigned to Nellcor Incorporated, the entire disclosure of
which is hereby incorporated herein by reference.

[0076] As will be understood by those skilled in the art,
other equivalent or alternative methods for the measurement
of the water fraction within tissue (f,,), as well as shifts in
water between the intravascular and extravascular compart-
ments, IVF-EVF or Q, according to the embodiments of the
present invention can be envisioned without departing from
the essential characteristics thereof. For example, the device
can be operated in either a handheld or a tabletop mode, and
it can be operated intermittently or continuously. Moreover,
individuals skilled in the art of near-infrared spectroscopy
would recognize that additional terms can be added to the
algorithms used herein to incorporate reflectance measure-
ments made at additional wavelengths and thus improve
accuracy further. Also, light sources or light emission optics
other then LED’s including and not limited to incandescent
light and narrowband light sources appropriately tuned to
the desired wavelengths and associated light detection optics
may be placed within the probe housing which is placed near
the tissue location or may be positioned within a remote unit;
and which deliver light to and receive light from the probe
location via optical fibers. Additionally, although the speci-
fication describes embodiments functioning in a back-scat-
tering or a reflection mode to make optical measurements of
reflectances, other embodiments can be working in a for-
ward-scattering or a transmission mode to make these mea-
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surements. These equivalents and alternatives along with
obvious changes and modifications are intended to be
included within the scope of the present invention. Accord-
ingly, the foregoing disclosure is intended to be illustrative,
but not limiting, of the scope of the invention which is set
forth in the following claims.

What is claimed is:

1. A device for measuring a body-tissue water content
metric as a fraction of the fat-free tissue content of a patient
using optical spectrophotometry, comprising:

a probe housing configured to be placed proximal to a
tissue location which is being monitored,

light emission optics connected to said housing and
configured to direct radiation at said tissue location,

light detection optics connected to said housing and
configured to receive radiation from said tissue loca-
tion; and

a processing device configured to process radiation from
said light emission optics and said light detection optics
to compute said metric wherein said metric comprises
a ratio of the water content of a portion of patient’s
tissue in relation to the lean or fat-free content of a
portion of patient’s tissue.

2. The device of claim 1 wherein said body-tissue water
content metric is computed as a fraction of bone-free-fat-
free tissue content.

3. The device of claim 1 further comprising a display
device connected to said probe housing and configured to
display said water content.

4. The device of claim 1 wherein said light emission
optics and said light detection optics are spaced between 1
and 5 mm from one another at said tissue location.

5. The device of claim 1, wherein said body-tissue metric
is monitored intermittently.

6. The device of claim 1 wherein said body-tissue metric
is monitored continuously.

7. The probe housing of the device of claim 1 further
comprising a spring-loaded probe configured to automati-
cally activate a display device connected to said probe
housing when said spring-loaded probe is pressed against
and near a tissue location which is being monitored.

8. The probe housing of the device of claim 1 further
comprising a pressure transducer to measure the compress-
ibility of tissue for deriving an index of a fraction of free
water within said tissue.

9. The probe housing of the device of claim 1 further
comprising a mechanism for mechanically inducing a pulse
within said tissue location to permit measurements related to
the differences between an intravascular fluid volume and an
extravascular fluid volume fractions under weak-pulse con-
ditions.

10. The probe housing of the device of claim 1 further
comprising a mechanism for mechanically minimizing the
pressure at said tissue location to permit measurements
related to the unperturbed fluid volume fraction in the tissue.

11. The probe housing of the device of claim 1 further
comprising a mechanism for mechanically inducing pres-
sure at said tissue location to permit measurement of the
extravascular fluid fraction in the absence of the intravas-
cular fluid fraction.

12. The probe housing of the device of claim 1 further
comprising a mechanism for mechanically varying pressure
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at said tissue location to permit measurement of both the
intravascular and extravascular water fraction.

13. The device of claim 1, wherein said light emission
optics are tuned to emit radiation at a plurality of narrow
spectral wavelengths chosen so that the biological com-
pound of interest will absorb light at said plurality of narrow
spectral wavelengths and so that absorption by interfering
species will be at a minimum, where a minimum absorption
is an absorption by an interfering species which is less than
10% of the absorption of the biological compound of
interest.

14. The device of claim 1, wherein said light emission
optics are tuned to emit radiation at a plurality of narrow
spectral wavelengths chosen to be preferentially absorbed by
tissue water, non-heme proteins and lipids, where preferen-
tially absorbed wavelengths are wavelengths whose absorp-
tion is substantially independent of the individual concen-
trations of non-heme proteins and lipids, and is substantially
dependent on the sum of the individual concentrations of
non-heme proteins and water.

15. The device of claim 1, wherein said light emission
optics are tuned to emit radiation at a plurality of narrow
spectral wavelengths chosen to ensure that measured
received radiation are substantially insensitive to scattering
variations and such that the optical path lengths through the
dermis at said wavelengths are substantially equal.

16. The device of claim 1, wherein said light emission
optics are tuned to emit radiation at a plurality of narrow
spectral wavelengths chosen to ensure that measured
received radiation from said tissue location are insensitive to
temperature variations, where said wavelengths are tempera-
ture isosbestic in the water absorption spectrum or said
received radiation are combined in a way that substantially
cancel temperature dependencies of said individual received
radiation when computing tissue water fractions.

17. The device of claim 1, wherein said light emission
optics are tuned to emit radiation at a plurality of narrow
spectral wavelengths chosen from one of three primary
bands of wavelengths of approximately 950-1400 nm,
approximately 1500-1800 nm and approximately 2000-2300
nm.

18. The device of claim 1, wherein said light emission
optics and said light detection optics are mounted within
said probe housing and positioned with appropriate align-
ment to enable detection in a transmissive mode.

19. The device of claim 1, wherein said light emission
optics and said light detection optics are mounted within
said probe housing and positioned with appropriate align-
ment to enable detection in a reflective mode.

20. The device of claim 1, wherein said light emission
optics and said light detection optics are placed within a
remote unit and which deliver light to and receive light from
said probe housing via optical fibers.

21. The device of claim 1, wherein said light emission
optics comprise at least one of a (a) incandescent light
source, (b) white light source, and (c) light emitting diode
(“LED”).

22. The device of claim 1, wherein said processing device
receives and compares at least two sets of optical measure-
ments, where the at least first set of optical measurements
corresponds to the detection of light whose absorption is
primarily due to water and non-heme proteins, and where the
at least second set of optical measurements corresponds to
the detection of light whose absorption is primary due to
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water, and where a comparison of said at least two optical
measurements provides a measure of a fat-free or lean water
fraction within said tissue location.

23. The device of claim 1, wherein said processing device
receives and compares at least two sets of optical measure-
ments, where said at least two sets of optical measurements
are based on received radiation from at least two wave-
lengths and which are combined to form a ratio of combi-
nations of said received radiation.

24. The device of claim 23, wherein said processing
device forms a weighted summation of said combinations.

25. The device of claim 1, wherein said processing device
receives and compares at least two sets of optical measure-
ments from at least two different wavelengths, where
absorption of light at said at least two different wavelengths
is primarily due to water which is in the vascular blood and
in the extravascular tissue, and where a ratio of said at least
two measurements provides a measure proportional to the
difference between the fractions of water in the blood and
surrounding tissue location.

26. The device of claim 1, wherein said water content
metric, f ! is determined such that

N N
[Z prlogiR(,)}| = [Z P logtR (1)}
1 _ Ln=l n=1
fo= o - ,
[ Zl quOg{R(Am)}} - [ 21 Gm |logiR(Anr+1)}

and where:
p, and g, are calibration coefficients;

R(}) is a measure of a received radiation at a wavelength,
and

n=1-N and m=1-M represent indices for a plurality of
wavelengths which may comprise of the same or dif-
ferent combinations of wavelengths.

27. The tissue water fraction as determined in claim 26,
wherein M and N are both equal to 3, the wavelengths
indexed by m and n comprise of the same combination of
wavelengths, and said first, second, third and fourth wave-
lengths are approximately 1180, 1245, 1275 and 1330 nm
respectively.

28. A device for measuring a body-tissue metric using
optical spectrophotometry, comprising:

a probe housing configured to be placed proximal to a
tissue location which is being monitored,;

light emission optics connected to said housing and
configured to direct radiation at said tissue location,

light detection optics connected to said housing and
configured to receive radiation from said tissue loca-
tion; and

a processing device configured to process radiation from
said light emission optics and said light detection optics
to compute said metric wherein said body tissue metric
comprises a quantified measure of a ratio of a difference
between the water fraction in the blood and the water
fraction in the extravascular tissue over the fractional
volume concentration of hemoglobin in the blood.
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29. The device of claim 28 wherein said metric is a water
balance index Q, such that:

v EV
-4

Q=W w

W

(AR/R),
(BR/R),

=4a; +ay

where £,V and fEY are the fractional volume concentra-
tions of water in blood and tissue, respectively, £,V is the
fractional volume concentration of hemoglobin in the blood,
(AR/R), is the fractional change in reflectance at wavelength
A, due to a blood volume change in the tissue, and o, and o
are calibration coefficients.

30. The device of claim 29 further comprising an input
device configured to enable a user to input a fractional
hemoglobin concentration in blood for use by said process-
ing device.

31. The device of claim 30 wherein said processing device
is further configured to compute a measure of the change in
water content between the intravascular fluid volume
(“IFV”) and extravascular fluid volume (“EFV”) using said
water index.

32. The device of claim 29 wherein said first and second
wavelengths are approximately 1320 nm and approximately
1160 nm respectively.

33. The device of claim 28 wherein said light emission
optics are tuned to emit radiation at a plurality of narrow
spectral wavelengths chosen from one of three primary
bands of wavelengths of approximately 950-1400 nm,
approximately 1500-1800 nm and approximately 2000-2300
am.

34. The device of claim 28 wherein said body-tissue
metric further comprises an integral of said difference to
provide a measure of the water that shifts into and out of the
capillaries.

35. A method for measuring a body-tissue water content
metric in a human tissue location as a fraction of the fat-free
tissue content of a patient using optical spectrophotometry,
comprising:

placing a probe housing proximal to said tissue location,

emitting radiation at said tissue location using light emis-
sion optics configured to direct radiation at said tissue
location;

detecting radiation using light detection optics configured
to receive radiation from said tissue location;

processing said radiation from said light emission optics
and said light detection optics;

computing said water content metric, wherein said water
content metric, fwl is determined such that

=

¥
[Z PlogiR(,)) —[Z pn}mg{mmn}
n=1 n=1

ful/ =T I , and where:
[ 0 Qanog{R(Am)}} - ;1 4m log{R(AMH)}

P, and q,, are calibration coefficients,

R(}) is a measure of a received radiation at a wavelength;

Nov. 18, 2004

n=1-N and m=1-M represent indexes for a plurality of
wavelengths which may comprise of the same or dif-
ferent combinations of wavelengths; and

displaying said water content metric on a display device
connected to said probe housing.

36. A method for measuring a body-tissue metric in a
human tissue location using optical spectrophotometry,
comprising:

placing a probe housing proximal to said tissue location;

emitting radiation using light emission optics configured
to direct radiation at said tissue location;

detecting radiation using light detection optics configured
to receive radiation from said tissue location;

processing said radiation from said light emission optics
and said light detection optics to compute said metric
wherein said body fluid-related metric comprises a
quantified measure of a ratio of a difference between
the water fraction in the blood and the water fraction in
the extravascular tissue over the fractional volume
concentration of hemoglobin in the blood; and

displaying said metric or a quantity derived from said
metric on a display device.

37. The method of claim 36 wherein said metric is a water
balance index Q, such that:

Vo RIR)y,
C= TSGR, T

where £,V and f_EY are the fractional volume concen-
trations of water in blood and tissue, respectively, £
is the fractional volume concentration of hemoglobin in
the blood, (AR/R),is the fractional change in reflec-
tance at wavelength A, due to a blood volume change
in the tissue, and ¢, and o, are calibration coefficients.

38. A method of measuring a physiological parameter in
a human tissue location, comprising:

emitting radiation at said tissue location using light emis-
sion optics configured to direct radiation at said tissue
location;

detecting radiation using light detection optics configured
to receive radiation from said tissue location;

processing said radiation from said light emission optics
and said light detection optics; and

computing said physiological parameter, wherein said
parameter is determined such that it is equal to

log{ R(Aw 1)}

N
[Z paloglR,)} P

r=1

—

e

qm}log{mw}
1
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"
[ 21 GmlogR(Am)}
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and where:
p, and q,, are calibration coefficients;
R(}) is a measure of a received radiation at a wavelength;

n=1-N and m=1-M represent indexes for a plurality of
wavelengths which may comprise of the same or dif-
ferent combinations of wavelengths.

39. The method of claim 38, wherein said physiological
parameter is the tissue water fraction in said tissue location.

40. The method of claim 38, wherein said physiological
parameter is an oxygen saturation value in said tissue
location.

41. The method of claim 38, wherein said physiological
parameter is a fractional hemoglobin concentration is said
tissue location.

42. The method of claim 38, wherein said physiological
parameter is the fractional concentration of hemoglobin in a
first set comprised of one or more species of hemoglobin
with respect to the concentration of hemoglobin in a second
set comprised of one or more hemoglobin species in tissue.

43. The method of claim 42 wherein the coefficients, p,,
are chosen to cancel the absorbance contributions from all
tissue constituents except the hemoglobin species included
in set 1 and the coeffients, q,, are chosen to cancel the
absorbance contributions from all tissue constituents except
the hemoglobin species included in set 2.

44. A method of assessing changes in volume and osmo-
larity of body fluids in a body tissue, comprising:
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emitting radiation at said tissue location using light emis-
sion optics configured to direct radiation at said tissue
location;

detecting radiation using light detection optics configured
to receive radiation from said tissue location;

processing said radiation from said light emission optics
and said light detection optics;

determining a water balance index using said processing;

determining a tissue water concentration using said pro-
cessing; and

analyzing in combination said water balance index and
said tissue water concentration to assess said changes in
volume and osmolarity of body fluids near said tissue
location.

45. The method of claim 44 wherein the water balance
index is a ratio of a difference between the water fraction in
the blood and the water fraction in the extravascular tissue
over the fractional volume concentration of hemoglobin in
the blood.

46. The method of claim 44 wherein the water balance
index is a difference between the water fraction in the blood
and the water fraction in the extravascular tissue.

47. The method of claim 44 wherein the tissue water
concentration is the volume fractional water concentration.



patsnap

TREMOF) ATHNEEMBARELNEENS
[F(RE)E US20040230106A1 K (aH)A 2004-11-18
BRiES US10/699610 % A 2003-10-30

FRIFEB(ERB)AGE) ARBREERNANEZNF
i (E R AGR) NELLCOR PURITAN BENNETT INCORPORATED
HETHF(FFRN)AGE) COVIDIEN LP

[FRIRBAA SCHMITT JOSEPH M
DEBRECZENY MARTIN

RAAN SCHMITT, JOSEPH M.
DEBRECZENY, MARTIN

IPCH & A61B5/00 A61B5/024 GO1N21/35

CPCo %= A61B5/0048 A61B5/0059 A61B5/02438 A61B5/14546 GO1N21/3554 GO1N21/359 GO1N2021/3181
A61B5/0053

H {3 FF 30k US7239902

SNEBEEE Espacenet USPTO

BEGE) 610 616 618

AT EASAREENBARAEERNEBNSE TR TS E
RS R TG U RATT T, E—NSEHEflR | RRHERET —
M TR KR EN B S EA Sk S BE BN 2N TSN
AOSBH—HHNER, ZEBOFERLEH  RRLASEHEER
MEBEEHSNGA R BHIE X K28 | ERTEA TR BRI
EHEISHAQUE RSB | ERISARRERBERREA _
N BHESAEER | HEENLERE KK HERAR KR K Display Devics
ZFRENES , WTEEE  HHEEQEEEHALAN—BIHKEE Microprocessor
WX FatyBARTI S B LR, BEAMMY—H,



https://share-analytics.zhihuiya.com/view/252cefe9-c7e2-47a1-a8c2-a1cf577e0a98
https://worldwide.espacenet.com/patent/search/family/034551018/publication/US2004230106A1?q=US2004230106A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220040230106%22.PGNR.&OS=DN/20040230106&RS=DN/20040230106

