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Normalized water spectra of pure water, normal tissue and tumor tissue
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METHOD AND APPARATUS FOR
ASSESSING THE MOLECULAR WATER
BINDING OF DEEP TISSUE IN VIVO USING
NONIONIZING RADIATION

RELATED APPLICATIONS

[0001] The present application is related to U.S. Provi-
sional Patent Application Ser. No. 60/811,225, filed on Jun.
5, 2006, which is incorporated herein by reference and to
which priority is claimed pursuant to 35 USC 119.

GOVERNMENT RIGHTS

[0002] This invention was made with Government Sup-
port under Grant No. RR001192, awarded by the National
Institutes of Health. The Government has certain rights in
this invention.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] The invention relates to the field of medical optical
spectroscopy and in particular to a method and apparatus for
assessing bond water in deep tissues in vivo using nonion-
izing radiation.

[0005] 2. Description of the Prior Art

[0006] Water is an important chromophore which can
mark physiological and pathological changes of tissues.
Several optical research groups have recognized the impor-
tance of water and measured increased water fraction in
tumor tissues compared to normal tissues. Water concentra-
tion has been shown to have a correlation even with cancer
progress and size of tumors. Water in tissues is also being
measured routinely by MRI groups by observing intensity of
pixels in T2 weighted images. In T2 weighted images,
higher intensity has been observed in necrotic regions than
cellular regions.

[0007] In spite of these efforts to measure tissue water
concentrations, the water fraction itself may not enough
because there are different states of water in tissues. Mea-
surement of these different states can give more detail about
pathological changes of tissues. For example, cellularity,
which is the state of a tissue or other mass with regard to the
degree, quality, or condition of cells present in it, is related
to amount of protein bound water which is different from
free water. MRI research groups have measured mobility of
diffusing water using diffuse weighted MRI in order to
measure the states of water, and they found different appar-
ent diffuse coefficients of water (ADCw) in tumor and
normal tissues. By comparing ADCw and histological data,
it is shown that ADCw has a negative correlation with
cellularity. However, because of heterogeneity of cell dis-
fribution in tumor tissues and various characteristics of
different kind of tumor tissue, it is hard to get identical trends
or values of ADCw from tumor tissue.

BRIEF SUMMARY OF THE INVENTION

[0008] In the illustrated embodiment, we measured water
state differences in malignant tumor tissues and normal
tissues using broadband diffuse optical spectroscopy (DOS).
DOS can measure absorption and scattering separately at
few centimeters depth in a large volume of tissues using
photon migration theory. The broadband DOS is combina-
tion of measurement in the modulated frequency domain
mode and steady state spectroscopy mode, providing spectra
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and volume fractions of many tissue chromophores in near-
infrared range. DOS can measure tissue physiological prop-
erties non-invasively (no compression) without high cost
and ionizing radiation risk. These characteristics allows
DOS to be easily used in clinical studies.

[0009] By using a high resolution spectrometer in a DOS
system, we could observe a shift of broadened water peak
around 980 nm in tissue. This is considered due to more
binding of water molecules to macromolecules such as
protein. The binding of water to macromolecules decreases
water molecule’s vibration level by restricting mobility of
water molecules. The pathological changes of tumor tissues,
including cellularity changes and necrosis increases, should
be related to water state changes as well. This can be
measured by calculating differences between a pure water
spectrum and a tumor or tissue water spectrum for the
subject. The differences can be represented with an index
called bound water index (BWTI). Absolute values of spectral
differences between normalized tissue water spectra and
pure water spectra were summed and divided by the number
of points in sum to form BWI.

[0010] More particularly, the illustrated embodiment of
the invention is directed to a method of optically analyzing
tissue in vivo in an individual to obtain a unique spectrum
for the tissue of the individual including the steps of non-
invasively optically line scanning a tissue site on the indi-
vidual at a plurality of points using broadband diffuse optical
spectroscopy (DOS) to measure a normalized tissue water
spectrum of the individual, determining spectral differences
between the normalized tissue water spectrum and a pure
water spectrum at each point of a line scan, generating a
bound water index (BWI) corresponding to the spectral
differences, and identifying a tissue state corresponding to
the scanned tissue based on the BWI. In the illustrated
embodiment the BWI is generated by summing an absolute
value of the spectral differences at the plurality of points of
the line scan to obtain a sum, and dividing by the number of
points in sum to form the bound water index (BWI).
[0011] Inoneembodiment the step of determining spectral
differences between the normalized tissue water spectrum
and a pure water spectrum at each point of the line scan
includes determining absorption spectral differences at each
point of the line scan.

[0012] In another embodiment the step of determining
absorption spectral differences at each point of the line scan
includes determining absolute absorption spectral differ-
ences.

[0013] Inthe illustrated embodiment the step of determin-
ing absorption spectral differences comprise determining
absorption spectral differences in the 650-1000 nm wave-
length range. The step of identifying a tissue state corre-
sponding to the scanned tissue based on the BWI includes
distinguishing between malignant and normal tissues. The
step of distinguishing between malignant and normal tissues
includes distinguishing between malignant and normal tis-
sues in breast tissue.

[0014] In an embodiment the step of determining spectral
differences between the normalized tissue water spectrum
and a pure water spectrum at each point of a line scan further
includes temperature compensating the determined spectral
differences.

[0015] In yet another embodiment the step determining
spectral differences between the normalized tissue water
spectrum and a pure water spectrum at each point of a line
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scan includes subtracting out spectra of oxy- and deoxy-
hemoglobin and lipid from a measured absorption spectrum
to obtain only a water spectrum.

[0016] In one embodiment the step of subtracting out
spectra of oxy- and deoxy-hemoglobin and lipid from a
measured absorption spectrum to obtain only a water
includes subtracting out spectra of oxy- and deoxy-hemo-
globin and lipid from a measured absorption spectrum in the
wavelength range of 935 to 998 nm.

[0017] The invention further includes an apparatus for
performing each of the methods described above.

[0018] Theinvention is further directed to a program or set
of instructions recorded on a medium for controlling an
apparatus to perform each of the methods described above.
[0019] While the apparatus and method has or will be
described for the sake of grammatical fluidity with func-
tional explanations, it is to be expressly understood that the
claims, unless expressly formulated under 35 USC 112, are
not to be construed as necessarily limited in any way by the
construction of “means” or “steps” limitations, but are to be
accorded the full scope of the meaning and equivalents of
the definition provided by the claims under the judicial
doctrine of equivalents, and in the case where the claims are
expressly formulated under 35 USC 112 are to be accorded
full statutory equivalents under 35 USC 112. The invention
can be better visualized by turning now to the following
drawings wherein like elements are referenced by like
numerals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is a spectral graph of optical absorption of
normalized water spectra in range of 935 to 998 nm of pure
water at 37° C., normal breast tissue and tumor tissue.
[0021] FIG. 2 is a graph of Tissue Optical index (TOI) on
top and of Bound Water Index (BWI) on the bottom as a
function of position in line scanned breast tissues from one
of the subjects. This subject had a tumor from approximately
positions -3 to 3.

[0022] The invention and its various embodiments can
now be better understood by turning to the following
detailed description of the preferred embodiments which are
presented as illustrated examples of the invention defined in
the claims. It is expressly understood that the invention as
defined by the claims may be broader than the illustrated
embodiments described below.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0023] Differences in tissue water state have been mea-
sured in normal and malignant breast tissues. Broadband
diffuse optical spectroscopy (DOS) has been used to acquire
650-1000 nm absorption spectra of normal and tumor breast
tissues from 7 patients in vivo. The absolute values of
spectral differences between normalized tissue water spectra
and pure water spectra were summed and divided by the
number of points in sum to form the bound water index
(BWI).

[0024] 1In all subjects in the study of the illustrated
embodiment, the average BWIs of all line scan points were
significantly lower in tumor tissues (1.62+0.27x107>) than
normal tissues (3.06+0.51x107*, Wilcoxon Ranked Sum
Test z=0.003 and power=0.98). These results imply that
water in tumors behaves more like free water than the water
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in normal tissues. The BWT is therefore a functional param-
eter that distinguishes between malignant and normal tissues
in the breast. Although breast tissue is the tissue of study in
the illustrated embodiment, it is to be explicitly understood
that any human or animal tissue may be subjected to the
method and apparatus of the invention.

[0025] Bound water also has been measured by MRI
groups by measuring diffusion of water in tissues. In diffu-
sion-weighted MRI, the ADC (apparent diffusion coeffi-
cient) of water has been shown to be associated with the
fraction changes of intracellular and extracellular water.
This cellular level water fraction changes observed by
diffusion weighted MRI can be compared to the BWI
measured by DOS. The actual bound water fraction of
tissues is currently unknown and will be figured out.

[0026] Methods
[0027] Instrumentation

[0028] The instrumentation details of a broadband DOS
system have been described in literature and hence can be
taken as known, e.g. Cerussi et al. JBO 11(4) 044005, 2006,
and Bevilacqua et al. Appl. Opt. 39, 6498-6507, 2000. See
also the instrument described in patent application Ser. No.
10/191,693, which is incorporated herein by reference. The
core characteristic of the broadband DOS system insofar as
the illustrated embodiment is concerned is the combination
of modulated multi frequency domain (FDPM component)
and broadband steady state domain (SS component). For the
FDPM part, the lights from 658, 682, 785, 810, 830 and 850
nm laser diodes were amplitude modulated from 50 to 600
MHz sweeping 401 frequencies by combining a DC current
and RF modulation current provided by a network analyzer.
Such values are exemplary only and many other values can
be chosen consistent with the teachings of the present
invention. The laser diodes delivered less than 20 mW
optical power to the tissue. An avalanche photodiode detec-
tor (APD) detected phase and amplitude of the diffused
optical signals after the light’s propagating through the
tissue. The detected phases and amplitudes were compared
to those of the source by the network analyzer which worked
as a fast electronic heterodyning digitizer. The SS system is
composed of a high intensity tungsten-halogen light source
and a high resolution spectrometer (B&W Tek 611).

[0029] Because bound water calculation algorithm is
based on the absolute wavelengths of the spectrum, auto-
matic and stable calibration of the spectrometer is necessary.
The SS system enabled acquisition of continuous absorption
spectrum even in the water spectrum wavelength range
(>935 nm) longer than the wavelengths of the laser diodes.

[0030] We employed a conventional handheld probe as
described in the paper of Cerussi et al. above to measure
breast cancer patients. In the handheld probe, optical fibers
for the source of FDPM system, for the source light of SS
system and for the detector of SS system are secured. The
APD is housed in the handheld probe directly. The distance
between sources and detectors of FDPM and SS systems can
be changed by moving a plastic attachment on the probe.
[0031] To remove artifacts of cable length and source
strength variability of FDPM system, a tissue-simulating
phantom with known optical property has been used as
described in the paper of Cerussi et al. above. For the SS
system, an integrating sphere has been used to eliminate
wavelength dependent artifact of the system.
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[0032] Spectral Processing

[0033] Reduced scattering coefficient (1) and absorption
coeflicient (u,) have been measured and separated by FDPM
theory and practice. The details about this theory and
practice have been well described in the literatures, e.g. the
two papers cited above and Pham et al., Rev. Sci. Instr, 71,
2500, 2000. The volume fraction of major chromophores
(ctHHb, ctHbO,, ctH,O and lipid concentration) have been
calculated as described in Cerussi et al. above, but there
were a few differences in the employed molar extinction
values. For water, the molar extinction coefficients were
obtained by our group by measuring distilled water in a
spectrophotometer in various temperatures. Those water
spectra at various temperatures have been used in the
post-processing step to cancel out temperature effect. The
employed molar extinction values of lipid were obtained
from conventional values published in the literature by van
Veen et al. “Determination of VIS-NIR absorption coeffi-
cients of mammalian fat, with time- and spatially resolved
diffuse reflectance and transmission spectroscopy,” OS4
Annual BIOMED Topical Meeting, 2004.

[0034] Post-Processing for Bound Water Measurements
[0035] The obtained p, values were post processed to
measure different states of water. In order to get only water
spectrum, spectra of oxy- and deoxy-hemoglobin and lipid
were subtracted from the original absorption spectrum under
assumption that only oxy- and deoxy-hemoglobin, lipid and
water are major influential chromophores in breast tissues.
Then the obtained water spectrum was compared to a pure
water spectrum of breast temperature. The difference
between the tissue water spectrum and the pure water
spectrum was calculated by subtracting pure water spectra
from normalized tissue water spectra in the wavelength
range from 935 nm to 998 nm. Then, the absolute values of
the differences were summed and divided by number of
points in sum to form bound water index (BWI).

[0036] In-Vivo Breast Measurements

[0037] Line scans were performed to measure in-vivo
malignant breast tumors. There were seven subjects (age:
48.3+7.4) and all of them were measured by the same
spectrometer (B&W Tek 611) which performed auto cali-
bration. The methods used for characterizing the optical and
physiological properties of line scans were the same as the
paper of Cerussi et al. above. The same arbitrary DOS
parameters were employed to characterize physiological
properties of tumor and normal tissues. In order to test
statistical significance, two-tailed Wilcoxon/Kruskal-Wallis
Rank Sums test was employed.

[0038] Tissue absorption spectra were acquired from the
seven subjects who had malignant breast cancers. The
measurements were performed contralaterally so that spec-
tra could be acquired from both normal tissues and tumor
tissues from the same subject. In FIG. 1, we can observe
water peak changes in normal and tumor tissues in graphs 12
and 14 respectively as compared to pure water peak after
normalization in graph 10. As explained above in the sec-
tion, “methods”, BWI was acquired by calculating the
differences between the pure water spectra and the tissue
water spectra. BWIs calculated on every line scan point were
compared to tissue optical index (TOIL ctH2OxctHHb/
Lipid) and ultra sound reports of each patient. BWIs were
lower in tumor area than normal tissue area in all subjects as
depicted in the graph of FIG. 2 which is contrary to the trend
of TOI. Two arbitrary parameters have been employed to
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compare BWI of normal tissues and tumor tissues. In normal
tissues, BWIs of all line scan points were averaged to be
represented as Navg. In tumor tissues, the minimum three
points of BWI were averaged to form Tpeak. These param-
eters were acquired from seven patients and the values are
shown on Table 1. To test statistical significance of this
result, two-tailed Wilcoxon/Kruskal-Wallis Rank Sums test
has been performed between average values of all line scan
points of normal and tumor tissues and we got z-value of
0.003 with power 0.98, which means the BWIs of normal
and tumor data sets were significantly different from each
other.

TABLE 1

BWIs of Navg (normal tissues) and Tpeak (Tumor tissues)
from 7 subjects

Avg. = Std. (n=7) Navg Tpeak
BWI 3.06 = 0.51 176 £ 0.30
[0039] In summary, in the illustrated embodiment tissue

bound water has been measured in breast cancer tissues
using broadband DOS. BWT of normal tissues and malignant
tumor tissues were different with statistical significance.
Lower BWI in tumor tissues means that there is more free
water in tumor tissues than normal tissues. We hypothesize
that this is due to edema of tumor tissues. We contend that
there is a statistical significance of the BWI in normal and
cancer tissues. Furthermore, water states in a benign tumor
and cyst as measured differentiate the water state in a
malignant tumor from that of other types of lesion. In order
to test the accuracy of bound water measurement and to
acquire fraction of bound water, gelatin phantoms can be
measured by broadband DOS and nuclear magnetic reso-
nance both and the data can be compared. Also, the BWIcan
be compared to the apparent diffusion coeflicient of water
measured in vivo. Therefore tissue water states in cancer
tissues under chemotherapy can be measured to show that
BWI is helpful to monitor early response to chemotherapy
agents for breast and other types of cancer patients.

[0040] Many alterations and modifications may be made
by those having ordinary skill in the art without departing
from the spirit and scope of the invention. Therefore, it must
be understood that the illustrated embodiment has been set
forth only for the purposes of example and that it should not
be taken as limiting the invention as defined by the following
invention and its various embodiments.

[0041] Therefore, it must be understood that the illustrated
embodiment has been set forth only for the purposes of
example and that it should not be taken as limiting the
invention as defined by the following claims. For example,
notwithstanding the fact that the elements of a claim are set
forth below in a certain combination, it must be expressly
understood that the invention includes other combinations of
fewer, more or different elements, which are disclosed in
above even when not initially claimed in such combinations.
A teaching that two elements are combined in a claimed
combination is further to be understood as also allowing for
a claimed combination in which the two elements are not
combined with each other, but may be used alone or com-
bined in other combinations. The excision of any disclosed
element of the invention is explicitly contemplated as within
the scope of the invention.
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[0042] The words used in this specification to describe the
invention and its various embodiments are to be understood
not only in the sense of their commonly defined meanings,
but to include by special definition in this specification
structure, material or acts beyond the scope of the commonly
defined meanings. Thus if an element can be understood in
the context of this specification as including more than one
meaning, then its use in a claim must be understood as being
generic to all possible meanings supported by the specifi-
cation and by the word itself.

[0043] The definitions of the words or elements of the
following claims are, therefore, defined in this specification
to include not only the combination of elements which are
literally set forth, but all equivalent structure, material or
acts for performing substantially the same function in sub-
stantially the same way to obtain substantially the same
result. In this sense it is therefore contemplated that an
equivalent substitution of two or more elements may be
made for any one of the elements in the claims below or that
a single element may be substituted for two or more ele-
ments in a claim. Although elements may be described
above as acting in certain combinations and even initially
claimed as such, it is to be expressly understood that one or
more elements from a claimed combination can in some
cases be excised from the combination and that the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

[0044] Insubstantial changes from the claimed subject
matter as viewed by a person with ordinary skill in the art,
now known or later devised, are expressly contemplated as
being equivalently within the scope of the claims. Therefore,
obvious substitutions now or later known to one with
ordinary skill in the art are defined to be within the scope of
the defined elements.

[0045] The claims are thus to be understood to include
what is specifically illustrated and described above, what is
conceptionally equivalent, what can be obviously substi-
tuted and also what essentially incorporates the essential
idea of the invention.

We claim:
1. A method of optically analyzing tissue in vivo in an
individual to obtain a unique spectrum for the tissue of the
individual comprising:
noninvasively optically line scanning a tissue site on the
individual at a plurality of points using broadband
diffuse optical spectroscopy (DOS) to measure a nor-
malized tissue water spectrum of the individual;

determining spectral differences between the normalized
tissue water spectrum and a pure water spectrum at
each point of a line scan;

summing an absolute value of the spectral differences at

the plurality of points of the line scan to obtain a sum;
dividing by the number of points in sum to form a bound
water index (BWI); and

identifying a tissue state corresponding to the scanned

tissue based on the BWI.

2. The method of claim 1 where determining spectral
differences between the normalized tissue water spectrum
and a pure water spectrum at each point of the line scan
comprises determining absorption spectral differences at
each point of the line scan.

3. The method of claim 1 where determining absorption
spectral differences at each point of the line scan comprises
determining absolute absorption spectral differences.
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4. The method of claim 2 where determining absorption
spectral differences comprise determining absorption spec-
tral differences in the 650-1000 nm wavelength range.

5. The method of claim 1 where identifying a tissue state
corresponding to the scanned tissue based on the BWI
comprises distinguishing between malignant and normal
tissues.

6. The method of claim 5 where distinguishing between
malignant and normal tissues comprises distinguishing
between malignant and normal tissues in breast tissue.

7. The method of claim 1 where determining spectral
differences between the normalized tissue water spectrum
and a pure water spectrum at each point of a line scan further
comprises temperature compensating the determined spec-
tral differences.

8. The method of claim 1 where determining spectral
differences between the normalized tissue water spectrum
and a pure water spectrum at each point of a line scan
comprises subtracting out spectra of oxy- and deoxy-hemo-
globin and lipid from a measured absorption spectrum to
obtain only a water spectrum.

9. The method of claim 7 where determining spectral
differences between the normalized tissue water spectrum
and a pure water spectrum at each point of a line scan
comprises subtracting out spectra of oxy- and deoxy-hemo-
globin and lipid from a measured absorption spectrum to
obtain only a water spectrum.

10. The method of claim 8 where subtracting out spectra
of oxy- and deoxy-hemoglobin and lipid from a measured
absorption spectrum to obtain only a water comprises sub-
tracting out spectra of oxy- and deoxy-hemoglobin and lipid
from a measured absorption spectrum in the wavelength
range of 935 to 998 nm.

11. An apparatus for optically analyzing tissue in vivo in
an individual to obtain a unique spectrum for the tissue of
the individual comprising:

means for noninvasively optically line scanning a tissue

site on the individual at a plurality of points using
broadband diffuse optical spectroscopy (DOS) to mea-
sure a normalized tissue water spectrum of the indi-
vidual;

means for determining spectral differences between the

normalized tissue water spectrum and a pure water
spectrum at each point of a line scan;

means for summing an absolute value of the spectral

differences at the plurality of points of the line scan to
obtain a sum;

means for dividing by the number of points in sum to form

a bound water index (BWI); and

means for identifying a tissue state corresponding to the

scanned tissue based on the BWL

12. The apparatus of claim 11 where the means for
determining spectral differences between the normalized
tissue water spectrum and a pure water spectrum at each
point of the line scan comprises means for determining
absorption spectral differences at each point of the line scan.

13. The apparatus of claim 11 where the means for
determining absorption spectral differences at each point of
the line scan comprises means for determining absolute
absorption spectral differences.

14. The apparatus of claim 12 where the means for
determining absorption spectral differences comprise means
for determining absorption spectral differences in the 650-
1000 nm wavelength range.
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15. The apparatus of claim 11 where the means for
identifying a tissue state corresponding to the scanned tissue
based on the BWI comprises means for distinguishing
between malignant and normal tissues.

16. The apparatus of claim 15 where the means for
distinguishing between malignant and normal tissues com-
prises means for distinguishing between malignant and
normal tissues in breast tissue.

17. The apparatus of claim 11 where the means for
determining spectral differences between the normalized
tissue water spectrum and a pure water spectrum at each
point of a line scan further comprises means for temperature
compensating the determined spectral differences.

18. The apparatus of claim 11 where the means for
determining spectral differences between the normalized
tissue water spectrum and a pure water spectrum at each
point of a line scan comprises means for subtracting out
spectra of oxy- and deoxy-hemoglobin and lipid from a
measured absorption spectrum to obtain only a water spec-
trum.

19. The apparatus of claim 17 where the means for
determining spectral differences between the normalized
tissue water spectrum and a pure water spectrum at each
point of a line scan comprises means for subtracting out
spectra of oxy- and deoxy-hemoglobin and lipid from a
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measured absorption spectrum to obtain only a water spec-
trum.
20. The apparatus of claim 18 where the means for
subtracting out spectra of oxy- and deoxy-hemoglobin and
lipid from a measured absorption spectrum to obtain only a
water comprises means for subtracting out spectra of oxy-
and deoxy-hemoglobin and lipid from a measured absorp-
tion spectrum in the wavelength range of 935 to 998 nm.
21. A method of optically analyzing tissue in vivo in an
individual to obtain a unique spectrum for the tissue of the
individual comprising:
noninvasively optically line scanning a tissue site on the
individual at a plurality of points using broadband
diffuse optical spectroscopy (DOS) to measure a nor-
malized tissue water spectrum of the individual;

determining spectral differences between the normalized
tissue water spectrum and a pure water spectrum at
each point of a line scan;

generating a bound water index (BWI) corresponding to

the spectral differences between the normalized tissue
water spectrum and a pure water spectrum at each point
of a line scan; and

identifying a tissue state corresponding to the scanned

tissue based on the BWL
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