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(57) ABSTRACT

A composition ratio of a component targeted for quantifi-
cation in a liquid, solid, or gaseous mixture is determined
without taking the effort of performing measurement while
stepwise changing an addition concentration as in an exist-
ing standard addition method. A quantitative spectrometry
apparatus 100 includes a measurement unit 110 that spec-
troscopically analyzes an analysis-target sample 10 contain-
ing a component targeted for quantification in an unknown
composition ratio and a reference sample containing the
component targeted for quantification in a known composi-
tion ratio to obtain an original spectrum and a reference
spectrum, a first generation unit 130 that generates, from
these spectra, hypothetical addition spectra including a plu-
rality of hypothetical addition rates as coefficients, a second
generation unit that generates a plurality of analysis-target
spectra from the respective hypothetical addition spectra, an
extraction unit 170 that extracts a signal intensity profile of
the component targeted for quantification corresponding to
the hypothetical addition rates by performing a process
including multivariate analysis, and a determination unit 190
that determines the unknown composition ratio of the com-
ponent targeted for quantification contained in the analysis-

GOIN 21/65 (2006.01) target sample 10 from the dependence of the signal intensity
GOIN 33/49 (2006.01) profile on the hypothetical addition rates.
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METHOD FOR QUANTITATIVE
SPECTROMETRY, QUANTITATIVE
SPECTROMETRY APPARATUS, AND
PROGRAM

TECHNICAL FIELD

[0001] The present invention relates to a method for
quantitative spectrometry, a quantitative spectrometry appa-
ratus, and a program, and more specifically to a technique
for determining an unknown composition ratio of a compo-
nent targeted for quantification in a mixture by using spec-
troscopic analysis.

BACKGROUND ART

[0002] A standard addition method is known as a method
for finding out the proportion (composition ratio) of a
specific component contained in a mixture made by mixing
diverse components. In the following, a description is given
taking a solution as an example. In the standard addition
method, in order to know an unknown composition ratio
(concentration) of a specific component (hereinafter referred
to as a component targeted for quantification) in a solution
sample, a component identical to the component targeted for
quantification is used as a solute and is added to the sample
stepwise with the concentration of the component being
changed.

[0003] Signal intensities obtained by applying spectrom-
etry to the sample in the case where the concentration of the
solute added is zero and in the respective cases where the
concentration of the solute added increases stepwise are
plotted with respect to the solute-addition concentration,
thereby enabling a so-called calibration curve to be obtained.
The calibration curve can be approximated substantially
linearly, and thus can be extrapolated to a range within
which the solute-addition concentration has negative values
to enable determination of an addition concentration of a
negative value which corresponds to a signal intensity value
of zero. The absolute value of the determined value is equal
to the unknown concentration before the addition of the
component targeted for quantification is started. In this way,
the unknown concentration of the component targeted for
quantification can be found out (see, for example, PTL 1).
[0004] PTL 1, noted above, describes a method in which
the concentration of carbon having specific bonds that bring
a preferable effect to the properties of an electrode catalyst,
which is used for a fuel cell or the like, in the catalyst is
determined by Raman spectroscopy. Specifically, a method
is presented in which the target sample to be quantified is
split into four or more containers and a component identical
to the component targeted for quantification, called furnace
black, is added to each of the containers in differing con-
centrations to prepare a relation curve between the Raman
spectroscopic intensity and the concentration.

[0005] While the Raman spectroscopic analysis is used as
spectroscopic analysis in PTL 1, the type of spectroscopic
analysis available in the standard addition method is not
limited to the Raman spectroscopic analysis. An appropriate
type of spectroscopic analysis is selectable on a case-by-case
basis taking into account conditions such as the properties of
the object to be measured, the required measurement accu-
racy, and the availability of measurement facilities.

[0006] However, existing standard addition methods (in-
cluding the method described in PTL 1) are designed to add
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a component identical to the component targeted for quan-
tification to the sample stepwise and to perform spectro-
scopic measurement and analysis each time the component
is added to the sample, and thus have drawbacks of being
labor-intensive and taking a comparatively long time. The
existing standard addition methods also have a drawback of
being typically difficult to apply when the sample is a solid.

CITATION LIST

Patent Literature

[0007] PTL 1: Japanese Patent No. 4897110 (paragraph
“0043”)
SUMMARY OF INVENTION
Technical Problem
[0008] In the existing standard addition methods, it is

common to use a signal intensity of a specific wavelength
that shows a notable reaction in the spectrometry. This
results in much of information obtained along the wave-
length axis (spectral axis) as a result of the spectrometry
being disposed of without being used. It is an object of the
present invention not to dispose of but to use such informa-
tion to determine an unknown composition ratio of a specific
component in a mixture, regardless of whether it is a liquid,
solid, or gas, while compensating for the above-described
drawbacks of existing standard addition methods.

Solution to Problem

[0009] To achieve the object described above, a method
for quantitative spectrometry according to the present inven-
tion is a method capable of quantifying a composition ratio
of' a component targeted for quantification that is contained
in an analysis-target sample by using spectroscopic analysis,
the analysis-target sample containing the component tar-
geted for quantification and a component not targeted for
quantification, the method including measuring an original
spectrum from the analysis-target sample by using the
spectroscopic analysis, the analysis-target sample containing
the component targeted for quantification in an unknown
composition ratio; multiplying a reference spectrum by a
plurality of hypothetical addition rates, the reference spec-
trum being measured by using the spectroscopic analysis
from a reference sample containing the component targeted
for quantification in a known composition ratio, and adding
the respective hypothetical addition rate-multiplied refer-
ence spectra to the original spectrum, thereby generating a
plurality of hypothetical addition spectra; generating a plu-
rality of analysis-target spectra from the plurality of hypo-
thetical addition spectra; extracting a signal intensity profile
of the component targeted for quantification corresponding
to the hypothetical addition rates from the plurality of
analysis-target spectra by using multivariate analysis; and
determining the unknown composition ratio of the compo-
nent targeted for quantification from a dependence of the
extracted signal intensity profile on the hypothetical addition
rates.

[0010] Furthermore, a quantitative spectrometry apparatus
according to the present invention is an apparatus capable of
quantifying a composition ratio of a component targeted for
quantification that is contained in an analysis-target sample
by using spectroscopic analysis, the analysis-target sample
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containing the component targeted for quantification and a
component not targeted for quantification, the apparatus
including a measurement unit capable of measuring an
original spectrum from the analysis-target sample by using
the spectroscopic analysis, the analysis-target sample con-
taining the component targeted for quantification in an
unknown composition ratio, a first generation unit capable
of multiplying a reference spectrum by a plurality of hypo-
thetical addition rates, the reference spectrum being mea-
sured by using the spectroscopic analysis from a reference
sample containing the component targeted for quantification
in a known composition ratio, and adding the respective
hypothetical addition rate-multiplied reference spectra to the
original spectrum, thereby generating a plurality of hypo-
thetical addition spectra, a second generation unit capable of
generating a plurality of analysis-target spectra from the
plurality of hypothetical addition spectra, an extraction unit
capable of extracting a signal intensity profile of the com-
ponent targeted for quantification corresponding to the
hypothetical addition rates from the plurality of analysis-
target spectra by using multivariate analysis, and a determi-
nation unit capable of determining the unknown composi-
tion ratio of the component targeted for quantification from
a dependence of the extracted signal intensity profile on the
hypothetical addition rates.

Advantageous Effects of Invention

[0011] According to the present invention, it is achievable
to effectively use information obtained along the spectral
axis as a result of spectrometry to determine an unknown
composition ratio of a specific component in a mixture,
regardless of whether it is a liquid, solid, or gas, while
compensating for the drawbacks of existing standard addi-
tion methods. It is also achievable to simultaneously deter-
mine composition ratios of a plurality of components tar-
geted for quantification by simultaneous generation and
analysis of hypothetical addition spectra for the plurality of
components targeted for quantification.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 is a system diagram illustrating a configu-
ration of a quantitative spectrometry apparatus (Example 1).
[0013] FIG. 2 is a system diagram illustrating a modified
configuration of the quantitative spectrometry apparatus
(Example 1).

[0014] FIG. 3 is a flowchart illustrating a method for
quantitative spectrometry (Example 1).

[0015] FIG. 4 is a sub-flowchart illustrating the details of
pre-processing in FIG. 3 (Example 1).

[0016] FIG. 5 is a chart illustrating an example of spectra
measured in the pre-processing (Example 1).

[0017] FIG. 6 is a chart illustrating, by way of example, an
original spectrum and hypothetical addition spectra (Ex-
ample 1).

[0018] FIG. 7 is a chart illustrating, by way of example, a
plurality of analysis-target spectra (Example 1).

[0019] FIG. 8 is a chart illustrating, by way of example, a
first component spectrum and a second component spectrum
after a convergence condition is fulfilled (Example 1).
[0020] FIG. 9 is a chart illustrating, by way of example, a
first component intensity profile and a second component
intensity profile after a convergence condition is fulfilled
(Example 1).
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[0021] FIG. 10 is a chart illustrating, by way of example,
an original spectrum and spectra extracted from the original
spectrum, namely, a spectrum derived from a component
targeted for quantification and a spectrum derived from a
component not targeted for quantification (Example 1).
[0022] FIG. 11 is a chart illustrating, by way of example,
decomposition of spectra based on analysis of an aqueous
amino acid solution (Example 2).

[0023] FIG. 12 is a chart illustrating, by way of example,
decomposition of spectra based on analysis of a cyclo-
hexane-benzene mixed solution (Example 2).

[0024] FIG. 13 is a chart illustrating, by way of example,
decomposition of spectra based on analysis of a lipid mix-
ture (Example 2).

[0025] FIG. 14 is a chart illustrating, by way of example,
decomposition of spectra based on analysis of an aqueous
solution of glucose (Example 2).

[0026] FIG. 15 is a chart illustrating, by way of example,
decomposition of spectra based on analysis of a multivita-
min tablet (Example 3).

[0027] FIG. 16 is a chart illustrating, by way of example,
decomposition of spectra based on analysis of air (Example
3).

DESCRIPTION OF EMBODIMENTS

[0028] Examples of the present invention will be
described hereinafter with reference to the drawings.

Example 1

[0029] Example 1 of the present invention will be
described with reference to FIGS. 1 to 10. FIG. 1 is a system
diagram illustrating a configuration of a quantitative spec-
troscopic apparatus 100 according to Example 1 of the
present invention. An analysis-target sample 10 is illustrated
in the left part of FIG. 1. The analysis-target sample 10 is,
for example, an aqueous mixed solution of glucose, sucrose,
and fructose. Among them, in Example 1, glucose is
assumed to be a component targeted for quantification
whose composition ratio (concentration) is unknown. In
order to assess the effect of Example 1 (a determination error
of the unknown concentration based on the present inven-
tion), the analysis-target sample 10 is prepared with a
glucose concentration true value of 1.05% and the following
steps are performed assuming that the true value is
unknown.

[0030] The quantitative spectroscopic apparatus 100
includes configuration elements within an area enclosed by
a dashed line in FIG. 1. The configuration elements are a
measurement unit 110, a first generation unit 130, a second
generation unit 150, an extraction unit 170, and a determi-
nation unit 190. The configuration elements described above
are implementable by using various means including hard-
ware or software, as described below, and do not always
restrictively mean the presence of hardware or software
blocks that are clearly defined in the manner as identified as
the respective configuration elements described above.
[0031] The measurement unit 110 includes a light-receiv-
ing unit 111 that receives light transmitted through the
analysis-target sample 10 or scattered from the analysis-
target sample 10, and a spectral analysis unit 112 that
analyzes spectra of the received light (the “light”, as used
herein, refers to light or electromagnetic waves used in the
method for spectroscopic analysis. The term spectroscopic
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analysis, as used herein, refers to spectroscopic analysis in
general, including ultraviolet-visible absorption spectro-
scopic analysis, fluorescence spectroscopic analysis, phos-
phorescence spectroscopic analysis, atomic absorption spec-
troscopic analysis, infrared absorption spectroscopic
analysis, Raman spectroscopic analysis, X-ray spectroscopic
analysis, nuclear magnetic resonance analysis, electron-spin
resonance analysis, and microwave analysis). In some cases,
the measurement unit 110 includes a light-emitting unit (not
illustrated) in addition to the light-receiving unit 111
depending on the type of the spectroscopic analysis to be
used.

[0032] The measurement unit 110 is assumed to use the
Raman spectroscopic analysis, for example. In this case, the
measurement unit 110 includes a light-emitting unit (not
illustrated), and the light-emitting unit and the light-receiv-
ing unit 111 are configured to correspond to an optical
system for various commercially available Raman spec-
trometers (the details of which are omitted here). The
spectral analysis unit 112 is capable of analyzing Raman
scattered light received by the light-receiving unit 111 and of
plotting a spectrum of the Raman scattered light on a plane
with Raman shift values on one axis (typically, the horizon-
tal axis) and light intensity values on the other axis (typi-
cally, the vertical axis). The axis representing the Raman
shift is a type of axis (called a spectral axis) representing the
wave number, wavelength, or frequency of the light.
[0033] The measurement unit 110 having the configura-
tion described above is capable of obtaining Raman scat-
tered light from the analysis-target sample 10, which con-
tains glucose, or a component targeted for quantification, in
an unknown concentration, and of measuring a spectrum of
the received light in the way described above. The spectrum
of the analysis-target sample 10 is referred to as an original
spectrum. The measurement unit 110 is also capable of
obtaining Raman scattered light from a reference sample
(for example, an aqueous solution) containing glucose in a
known concentration and from its solvent in a similar
manner and of performing a process described below to
measure the spectrum of glucose alone. This spectrum is
referred to as a reference spectrum.

[0034] The first generation unit 130 is implemented by
software incorporated in a personal computer (PC), for
example, and is capable of performing a computation pro-
cess with the original spectrum and the reference spectrum
as input, as described below, to generate a plurality of
spectra called hypothetical addition spectra (including
parameters called hypothetical addition rates).

[0035] The second generation unit 150 is implemented by
software incorporated in a PC, for example, and is capable
of performing a computation process with the plurality of
hypothetical addition spectra as input, as described below, to
generate a plurality of spectra called analysis-target spectra.
[0036] The extraction unit 170 is implemented by software
incorporated in a PC, for example, and is capable of per-
forming a process including multivariate analysis with the
plurality of analysis-target spectra as input, as described
below, to extract a signal intensity profile of the component
targeted for quantification corresponding to the hypothetical
addition rates.

[0037] The determination unit 190 is implemented by
software incorporated in a PC, for example, and is capable
of determining, as described below, an unknown composi-
tion ratio of the component targeted for quantification (for
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example, the concentration of glucose) contained in the
analysis-target sample 10 from the dependence of the
extracted signal intensity profile on the hypothetical addition
rates.

[0038] As illustrated in FIG. 2, the quantitative spectrom-
etry apparatus 100 may further include a storage unit 120.
The storage unit 120 is capable of storing data of the
reference spectrum measured by the measurement unit 110
and reading and providing the stored data of the reference
spectrum to the first generation unit 130. A specific configu-
ration of the quantitative spectrometry apparatus 100 is not
limited to that described above. Each portion may be imple-
mented in hardware or firmware mainly or in any combi-
nation of hardware or firmware and software. Alternatively,
a program according to the present invention may be
installed into a commercially available spectrometer.
[0039] A method for quantitative spectrometry performed
by using the quantitative spectrometry apparatus 100
according to Example 1 will be described with reference to
FIGS. 3 to 10. FIG. 3 is a flowchart illustrating the method
for quantitative spectrometry. The analysis-target sample 10
is a mixture (solution) containing glucose, which is a com-
ponent targeted for quantification, in an unknown concen-
tration, and an object of performing the method for quanti-
tative spectrometry is to determine the unknown
concentration by using the.

[0040] After the start of the operation (START), first,
pre-processing is performed. The pre-processing is a step
(S310) of measuring a reference spectrum from a reference
sample with glucose, which is a component targeted for
quantification. FIG. 4 is a sub-flowchart illustrating a
method for the pre-processing (step S310 in FIG. 3) accord-
ing to Example 1. FIG. 5 is a chart illustrating an example
of spectra measured in the pre-processing, with the horizon-
tal axis representing the Raman shift (the units being cm™)
and the vertical axis representing the light intensity (in
arbitrary units).

[0041] First, a reference sample containing glucose, which
is a component targeted for quantification, in a known
concentration (for example, an aqueous solution having a
concentration of 10%) is prepared (step S311). Then, a
spectrum of the prepared reference sample is measured by
using the measurement unit 110 of the quantitative spec-
trometry apparatus 100 (step S312; solid-line plot (A) in
FIG. 5). The spectrum measured here includes a spectrum of
the Raman scattered light of glucose, which is a solute, and
a spectrum of scattered or radiated light derived from the
solvent.

[0042] Subsequently, a spectrum of a component (for
example, water) identical to the solvent (not containing
glucose) used for the reference sample is measured by using
the measurement unit 110 of the quantitative spectrometry
apparatus 100 (step S313; dotted-line plot (B) in FIG. 5). As
a result, a spectrum of scattered or radiated light derived
only from the solvent is measured. The difference between
the spectrum obtained in step S312 and the spectrum
obtained in step S313 is taken to obtain a spectrum of the
Raman scattered light of glucose contained in the reference
sample in the known concentration. The spectral analysis
unit 112 inputs this spectrum to the first generation unit 130
as a reference spectrum (step S314; one-dot chain line plot
(A)-(B) in FIG. 5).

[0043] Here, the reference spectrum was measured by
using an aqueous solution of glucose to be a reference
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sample. The reason for this resides in the necessity for a
spectrum of glucose in an aqueous solution to be used as a
reference spectrum in order to determine the concentration
of glucose in the analysis-target sample (liquid) (pure glu-
cose is a solid having a molecular structure different from
that when glucose is present in a solution and exhibiting a
different spectrum). In contrast, when the component tar-
geted for quantification is in a pure state and is present as a
liquid, in order to determine the concentration of this com-
ponent in the analysis-target sample (liquid), the component
targeted for quantification (100% concentration) itself is
used as a reference sample and its spectrum is directly
measured and can be used as a reference spectrum.

[0044] It is assumed that the quantitative spectrometry
apparatus 100 includes the storage unit 120 in the manner as
illustrated in FIG. 2. In this case, data of a reference
spectrum obtained by performing the pre-processing (step
S310) once for each type of component targeted for quan-
tification is stored in the storage unit 120, and this data is
read, when necessary, and input to the first generation unit
130. This can eliminate the pre-processing when an
unknown concentration is to be subsequently quantified.
[0045] Referring back to FIG. 3, a spectrum of the analy-
sis-target sample 10 is measured by using the measurement
unit 110 (step S320). The spectral analysis unit 112 inputs
the obtained spectrum to the first generation unit 130 as an
original spectrum. The first generation unit 130 multiplies
the earlier input reference spectrum by a plurality of coef-
ficients, and adds each of the coefficient-multiplied refer-
ence spectra to the original spectrum (step S330).

[0046] In the current case, the reference spectrum was the
spectrum of the glucose component extracted from the
spectrum of the aqueous solution of glucose having a
concentration of 10%. Thus, the process of multiplying the
reference spectrum by coefficients and adding each of the
coeflicient-multiplied reference spectra to the original spec-
trum can be equivalent to that in which a standard addition
method for adding the component targeted for quantification
to the sample in real space while stepwise changing the
concentration of the component targeted for quantification is
performed in spectral space in a hypothetical fashion.
Accordingly, the coefficients described above are called
hypothetical addition rates and the resulting plurality of
spectra are called hypothetical addition spectra.

[0047] FIG. 6 is a chart illustrating, by way of example,
the original spectrum measured from the analysis-target
sample 10 and the hypothetical addition spectra described
above. A solid line near the middle represents the original
spectrum and upper and lower lines of types different from
the solid line represent the plurality of hypothetical addition
spectra. While the horizontal axis and the vertical axis
correspond to those in FIG. 5, any positive and negative
values are permissible as hypothetical addition rates and
hence the numerical range of vertical axis values contains
both positive and negative values.

[0048] The first generation unit 130 inputs the plurality of
hypothetical addition spectra described above to the second
generation unit 150. The second generation unit 150 per-
forms a differentiation operation one or more times on each
of the hypothetical addition spectra along the spectral axis
(in the case illustrated in FIG. 6, along the horizontal axis
representing the Raman shift). In the original spectrum
included in the hypothetical addition spectra, as illustrated
by way of example in FIG. 6, the contribution of background
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signals due to autofluorescence of a component contained in
the analysis-target sample 10 or stray light such as room
light is dominant. If the background signals have a feature
of changing by a small amount or changing slowly over a
wide range along the spectral axis, in order to extract the
contribution of glucose showing abrupt changes but exhib-
iting a relatively small amplitude along the vertical axis
from the contribution of the background signals, it is effec-
tive to perform a differentiation operation one or more times
to reduce the contribution of the background signals. The
differentiation operations described above may be omitted
depending on the properties of the background signals or
any other condition.

[0049] The differentiation operations can be performed
one or more times on the hypothetical addition spectra
illustrated in FIG. 6 (step S340) to obtain a plurality of
spectra to be subjected to analysis for determining an
unknown concentration of glucose contained in the analysis-
target sample 10. These spectra are referred to as analysis-
target spectra (as described above, the differentiation opera-
tions may be omitted depending on the condition and the
hypothetical addition spectra may be used directly as analy-
sis-target spectra). The hypothetical addition spectra illus-
trated by way of example in FIG. 6 are differentiated twice,
for example, along the spectral axis to obtain a plurality of
(on this chart, five) analysis-target spectra which are illus-
trated in FIG. 7 (a chart depicting five spectra, as in FIG. 6).

[0050] The operations in steps S330 and S340 described
above are described below using mathematical expressions.
The reference spectrum and the original spectrum are
respectively represented by vectors Sref and Sorg, each
having elements specifying the respective signal intensities
at a plurality of (for example, M) discrete points (pixels) on
the spectral axis. The hypothetical addition rates are repre-
sented by N scalars Cj (j is an integer from 1 to N), for
example, and hypothetical addition spectra including Cj as
coeflicients are represented by vectors S(j). This yields the
equation

S(7)y=Sorg+Cjx.Sref,

where Cj can take any real number value of being either
positive or negative.

[0051] In this Example, the second generation unit 150
differentiates the hypothetical addition spectra S(j) one or
more times along the spectral axis. In the current case,
differentiation is performed twice on the basis of the prop-
erties of the background signals of the original spectrum
seen in FIG. 6. The second generation unit 150 inputs the
resulting analysis-target spectra to the extraction unit 170 as
vectors S2(j). The extraction unit 170 horizontally arranges
column vectors S2(j)7, each obtained by vertically arranging
the elements corresponding to M pixels for S2(j), in the
order of the values of j starting from 1 to N to obtain a matrix
of M rows and N columns. This matrix is represented by a
sign A. The matrix A is obtained by arranging column
vectors equivalent to a plurality of analysis-target spectra
obtained with a plurality of varying values of the hypotheti-
cal addition rate, and can thus be construed as being equiva-
lently constituted by (spectra corresponding to the contri-
bution of part of Raman scattered light that relatively
abruptly changes among) spectra each measured by using
the standard addition method each time the addition con-
centration is changed.
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[0052] The analysis-target sample 10 is considered to be
separated into a component other than glucose, which is a
component not targeted for quantification, and glucose,
which is a component targeted for quantification, the com-
ponent not targeted for quantification being called a first
component and the component targeted for quantification
being called a second component. If respective Raman
spectra in the presence of the first component alone and the
second component alone (the respective Raman spectra
being respectively called a first component spectrum and a
second component spectrum) can be individually deter-
mined, the (i, j) element of the matrix A described above can
be determined by adding together a value obtained by
multiplying the i-th element of the first component spectrum
by the j-th element of the signal intensity profile (hereinafter
referred to as intensity profile) of the first component along
the value axis of the hypothetical addition rate and a value
obtained by multiplying the i-th element of the second
component spectrum by the j-th intensity profile element
along the value axis of the hypothetical addition rate. This
relationship is expressed by the following equations.
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[0053] W on the right-hand side of the equation in “Math.
1” is a matrix of M rows and two columns which is made up
of column vectors being the first component spectrum and
the second component spectrum (the equation in “Math. 27).
H on the right-hand side of the equation in “Math. 1” is a
matrix of two rows and N columns which is made up of row
vectors being the intensity profile of the first component and
the intensity profile of the second component along the value
axis of the hypothetical addition rate Cj (the equation in
“Math. 3”). The matrix A, described above, was obtained as
a result of step S340 in FIG. 3. A method for multivariate
analysis, described below, can apply starting from the matrix
A to thereby obtain the matrix H and the intensity profile of
the second component, which is a row vector of the matrix
H. This operation is equivalent to determining a calibration
curve in the standard addition method. Thus, it is achievable
to find out the unknown concentration of glucose contained
in the analysis-target sample 10.

[0054] The analytical method performed by the extraction
unit 170 is as follows. Initial values of the matrix W are
given and the matrix H is approximated from the matrix A
and the initial values of the matrix W. Then, the matrix W
is approximated from the matrix A and the approximate
values of the matrix H. This process is iterated until a
predetermined convergence condition is fulfilled, to thereby
reach the final approximate values of the matrix H.

[0055] As the initial values of the matrix W, for example,
the first component spectrum is given a second derivative
spectrum of the original spectrum and the second component
spectrum is given a second derivative spectrum of the
reference spectrum (the number of times differentiation is
performed here or the presence or absence of differentiation
is assumed to be the same as that when the analysis-target
spectra are generated). In addition, the first component
intensity profile of the matrix H is derived from the com-
ponent not targeted for quantification and is thus kept
constant without depending on the value of the hypothetical
addition rate. The first component intensity profile is thus
fixed to a row vector whose elements are all equal to, for
example, 1. Under the conditions described above, a com-
putation for minimizing the residual squared norm of the
matrices A and W-H, ||A-W-H||,, with respect to the matrix
H (the well-known least-squares method) is performed to
enable approximation of the matrix H.

[0056] Subsequently, the matrix W is approximated. In the
approximation of the matrix W, least-squares approximation
with an [L1-norm constraint imposed is applied so that the
spectrum of the first component may not be affected by the
spectrum of the second component (since it should not be
affected from the beginning). To this, a mathematically
well-known method called LASSO (Least Absolute Shrink-
age and Selection Operator) (for example, Toshiyuki
TANAKA, “Mathematics of Compressed Sensing”, the
Institute of Electronics, Information and Communication
Engineers (IEICE), Engineering Sciences Society, Funda-
mentals Review, Vol. 4, No. 1, p. 42, July 2010) can be
applied. Specifically, the matrix W is determined so that the
value given by the following mathematical expression is
minimized at each pixel 1.

2 [Math. 4]
llAs = (WH)IL, + 1Y Il
k=1
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[0057] In the above expression, the first term is the
residual squared norm of the matrices A and W-H and the
second term is the L1l-norm of the row vector Wi. The
coeflicient C,, is a control parameter determined from the
accuracy of approximation and the rate of convergence
which have a mutual trade-off relationship. Computation in
which the sum of the first term and the second term is
minimized with respect to the matrix W allows the matrix W
to be approximated so that sparseness can hold between the
first component spectrum and the second component spec-
trum. Also in this case, the second component spectrum is
given a second derivative spectrum of the reference spec-
trum Sref (the number of times differentiation is performed
here or the presence or absence of differentiation is assumed
to be the same as that when the analysis-target spectra are
generated). Since the second component spectrum should
fundamentally be derived only from a component targeted
for quantification, it is appropriate to impose this condition.
[0058] As described above, a computation for alternately
approximating the matrix H and the matrix W by using
least-squares approximation with an [.1-norm as a constraint
is iterated until a convergence condition that, for example,
the residual squared norm of the matrices A and W-H is less
than or equal to a predetermined value is fulfilled. This
allows the extraction unit 170 to obtain the final approximate
values of the matrix H (step S350 in FIG. 3). The second
component intensity profile of the matrix H which is deter-
mined in the way described above represents a calibration
curve determined in a hypothetical fashion and exhibits
linear dependence on the hypothetical addition rate.

[0059] FIG. 8 is a chart illustrating, by way of example,
the first component spectrum (a solid line near an intensity
of 0) and the second component spectrum (a dotted line
having a larger amplitude) of the matrix W after the con-
vergence condition described above is fulfilled. FIG. 9
illustrates the first component intensity profile (represented
by a sign hl) and the second component intensity profile
(represented by a sign h2) of the matrix H, which are
simultaneously determined by the extraction unit 170 and
are input to the determination unit 190. In FIG. 9, the vertical
axis and the horizontal axis represent the signal intensity (in
grbiltrary units) and the hypothetical addition rate Cj, respec-
tively.

[006}(/)] The determination unit 190 determines, in a way
similar to that when the existing calibration curve is used,
the absolute value of a negative hypothetical addition rate
(represented by symbol Cq) for which a signal intensity of
zero is matched on the straight line representing the first
component intensity profile, as the concentration of glucose
contained in the analysis-target sample 10, where the con-
centration of the reference sample is used as a measure. In
the example in FIG. 9, Cq=-0.108 and the glucose concen-
tration for the reference sample was 10%. Thus, the deter-
mined concentration of glucose is 1.08% (step S360 in FIG.
3). Since the glucose concentration true value with which the
analysis-target sample 10 was prepared was 1.05%, the error
of the determined unknown concentration in Example 1 is
+2.86%.

[0061] A spectrum obtained by subtracting a spectrum
derived from glucose, which is a component targeted for
quantification, from the original spectrum Sorg of the analy-
sis-target sample 10 is represented by Srem. This yields the
equation

Sorg=Srem+|CqlxSref,
yielding

Srem=Sorg+CgxSref .- Cq<0.
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In this way, the original spectrum can be decomposed into
a spectrum derived from the component targeted for quan-
tification and a spectrum derived from the residual compo-
nent not targeted for quantification.

[0062] FIG. 10 illustrates the spectrum derived from the
component targeted for quantification and the spectrum
derived from the residual component not targeted for quan-
tification, which are obtained as a result of decomposition in
the way described above, together with the original spec-
trum (these spectra being respectively represented by a
one-dot chain line, a dotted line, and a solid line). In FIG. 10,
the vertical and horizontal axes correspond to those in FIGS.
510 8, except for the range of values. FIG. 10 notably depicts
the excellent effect of the present invention that it is achiev-
able to extract a spectrum derived from a component tar-
geted for quantification, which has much lower intensity
than a spectrum derived from a component not targeted for
quantification and which is embedded in the original spec-
trum.

[0063] The convergence condition described above is not
limited to the residual squared norm of the matrices A and
W-H, and the determination may be based on convergence
of the Ll-norm of the matrix W or the value of Cq.
According to Example 1 of the present invention, an
unknown concentration of glucose can be determined with
high accuracy from an analysis-target sample that is an
aqueous mixed solution of glucose, sucrose, and fructose by
using the Raman spectroscopic analysis. While an unknown
concentration of one type of component (glucose) was
determined in this Example, unknown concentrations of a
plurality of types of components can also be determined at
a time by performing the method described above on each of
the components.

Example 2

[0064] Example 2 of the present invention will be
described with reference to FIGS. 11 to 14. Example 2
provides enumeration of results of applying a method simi-
lar to that in Example 1 to a plurality of other types of
mixtures (solutions) by using the same quantitative spec-
trometry apparatus 100 as that described in Example 1 to
determine the concentrations of components targeted for
quantification. In the following spectral diagrams, the ver-
tical and horizontal axes correspond to those in FIGS. 5 to
8 and 10, except for the range of values.

[0065] FIG. 11 is a diagram illustrating results of analysis
using an aqueous amino acid solution as an analysis-target
sample (decomposition into a spectrum derived from a
component targeted for quantification and a spectrum
derived from a component not targeted for quantification).
The respective line types representing the individual spectra
are distinguishable in the same way as in FIG. 10. Compo-
nents in the aqueous amino acid solution and the true values
of their concentrations are as follows: L-tryptophan (0.96
milligrams (mg)/milliliter (mL)), L-glutamine (9.05
mg/mL), L-asparagine (2.63 mg/mL), and L-arginine (1.15
mg/mL). In FIG. 11, the range of the Raman shift values of
75010 1600 (cm™) is depicted enlarged in the corresponding
inner frame.

[0066] Among the components, L-tryptophan was used as
a component targeted for quantification and the others were
used as components not targeted for quantification. The
concentration of the component targeted for quantification
was determined by using the Raman spectroscopic analysis
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in a way similar to that in Example 1. The result was 0.94
mg/mL and the error with respect to the true value is —2.1%.
[0067] FIG. 12 is a diagram illustrating results of analysis
similar to those in FIG. 11 using a cyclohexane-benzene
mixed solution as an analysis-target sample. The respective
line types representing the individual spectra are distinguish-
able in the same way as in FIGS. 10 and 11. The true value
of the concentration of benzene, which was used as a
component targeted for quantification, is 1.30 moles (mol)/
liter (L).

[0068] The concentration of benzene, which is a compo-
nent targeted for quantification, was determined for the
mixed solution described above by using the Raman spec-
troscopic analysis in a manner similar to that in Example 1.
The result was 1.21 mol/L. and the error with respect to the
true value is —6.9%.

[0069] FIG. 13 is a diagram illustrating results of analysis
similar to those in FIG. 11 using a lipid mixture as an
analysis-target sample. The respective line types represent-
ing the individual spectra are distinguishable in the same
way as in FIGS. 10 and 11. Components of the lipid mixture
and the true values of their concentrations are as follows:
eicosapentaenoic acid (EPA) (148 mg/mL), oleic acid (432
mg/mL), and a-linolenic acid (300 mg/mL).

[0070] Among the components, EPA was used as a com-
ponent targeted for quantification and the others were used
as components not targeted for quantification. The concen-
tration of EPA, which is a component targeted for quanti-
fication, was determined by using the Raman spectroscopic
analysis in a manner similar to that in Example 1. The result
was 154 mg/ml. and the error with respect to the true value
is +4.1%.

[0071] FIG. 14 is a diagram illustrating results of analysis
similar to those in FIG. 11 using an aqueous solution of
glucose as an analysis-target sample. The respective line
types representing the individual spectra are distinguishable
in the same way as in FIGS. 10 and 11. In FIG. 14, the range
of the Raman shift values of 1000 to 1500 (cm™") is depicted
enlarged in the corresponding inner frame. The true value of
the concentration of glucose, which was used as a compo-
nent targeted for quantification, is 0.095%. By contrast, the
concentration of glucose was determined by using the
Raman spectroscopic analysis in a manner similar to that in
Example 1. The result was 0.091% and the error with respect
to the true value is —4.2%.

[0072] According to Example 2, the concentrations of
components targeted for quantification in analysis-target
samples can be determined with high accuracy by applying
the method of the present invention to a plurality of types of
mixtures (solutions) different from that in Example 1.

Example 3

[0073] Example 3 of the present invention will be
described with reference to FIGS. 15 and 16. Example 3
provides enumeration of results of applying a method simi-
lar to that in Example 1 to a plurality of other types of
mixtures (solids or gases) by using the same quantitative
spectrometry apparatus 100 as that described in Example 1
to determine the composition ratios of components targeted
for quantification. In the following spectral diagrams, the
vertical and horizontal axes correspond to those in FIGS. 5§
to 8 and 10, except for the range of values.

[0074] FIG. 15 is a diagram illustrating results of analysis
similar to those in FIG. 11 using a multivitamin tablet as an
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analysis-target sample. The respective line types represent-
ing the individual spectra are distinguishable in the same
way as in FIGS. 10 and 11. The nominal value of the
composition ratio of vitamin C, which was used as a
component targeted for quantification, in the tablet is 80 mg
per tablet (280 mg).

[0075] By contrast, the composition ratio of vitamin C was
determined by using the Raman spectroscopic analysis in a
manner similar to that in Example 1. In this case, a simulated
tablet obtained by mixing vitamin C with starch in a known
proportion was used as a reference sample. The determined
composition ratio of vitamin C was 79.4 mg per tablet (280
mg), and the error with respect to the true value (which is
assumed to be equal to the nominal value) is -0.75%.
[0076] FIG. 16 is a diagram illustrating results of analysis
similar to those in FIG. 11 using air as an analysis-target
sample. The respective line types representing the individual
spectra are distinguishable in the same way as in FIGS. 10
and 11 (note that offsets with different values are given to the
spectral diagrams for consideration of readability of the
diagram). The true value of the concentration of oxygen,
which was used as a component targeted for quantification,
in the air is 20.9%.

[0077] By contrast, the oxygen concentration in the air
was determined by using the Raman spectroscopic analysis
in a manner similar to that in Example 1. In this case, oxygen
gas was used as a reference sample. The determined oxygen
concentration in the air was 20.5%, and the error with
respect to the true value is —1.9%.

[0078] According to Example 3, the composition ratio of
a component targeted for quantification in an analysis-target
sample can be determined with high accuracy by applying
the method of the present invention to a solid or gaseous
sample. The analysis-target samples and components tar-
geted for quantification provided in the respective Examples
described above are illustrative, and the present invention is
applicable to analysis of the composition of any mixture.

REFERENCE SIGNS LIST

[0079] 10 analysis-target sample
[0080] 110 measurement unit
[0081] 111 light-receiving unit
[0082] 112 spectral analysis unit
[0083] 120 storage unit

[0084] 130 first generation unit
[0085] 150 second generation unit
[0086] 170 extraction unit

[0087] 190 determination unit

1. A method for quantitative spectrometry capable of
quantifying a composition ratio of a component targeted for
quantification that is contained in an analysis-target sample
by using spectroscopic analysis, the analysis-target sample
containing the component targeted for quantification and a
component not targeted for quantification, the method com-
prising:

measuring an original spectrum from the analysis-target

sample by using the spectroscopic analysis, the analy-
sis-target sample containing the component targeted for
quantification in an unknown composition ratio;
multiplying a reference spectrum by a plurality of hypo-
thetical addition rates, the reference spectrum being
measured by using the spectroscopic analysis from a
reference sample containing the component targeted for
quantification in a known composition ratio, and add-
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ing the respective hypothetical addition rate-multiplied
reference spectra to the original spectrum, thereby
generating a plurality of hypothetical addition spectra;

generating a plurality of analysis-target spectra from the
plurality of hypothetical addition spectra;
extracting a signal intensity profile of the component
targeted for quantification corresponding to the hypo-
thetical addition rates from the plurality of analysis-
target spectra by using multivariate analysis; and

determining the unknown composition ratio of the com-
ponent targeted for quantification from a dependence of
the extracted signal intensity profile on the hypothetical
addition rates.

2. The method for quantitative spectrometry according to
claim 1, wherein the reference spectrum is obtained as a
difference between a first spectrum measured from the
reference sample by using the spectroscopic analysis and a
second spectrum measured by using the spectroscopic analy-
sis from a sample obtained by removing the component
targeted for quantification from the reference sample.

3. The method for quantitative spectrometry according to
claim 1, wherein the plurality of hypothetical addition
spectra are used directly as the plurality of analysis-target
spectra.

4. The method for quantitative spectrometry according to
claim 1, wherein the plurality of analysis-target spectra are
generated by performing a differentiation operation on each
of the plurality of hypothetical addition spectra one or more
times along a spectral axis that is an axis representing a wave
number, wavelength, or frequency of light.

5. The method for quantitative spectrometry according to
claim 1, wherein the multivariate analysis comprises

when the analysis-target spectra are decomposed into and

represented by a first matrix and a second matrix, the
first matrix including a spectrum of the component not
targeted for quantification and a spectrum of the com-
ponent targeted for quantification, the second matrix
including a signal intensity profile of the component
not targeted for quantification corresponding to the
hypothetical addition rates and the signal intensity
profile of the component targeted for quantification
corresponding to the hypothetical addition rates,

iterating, while keeping the signal intensity profile of the
component not targeted for quantification correspond-
ing to the hypothetical addition rates in the second
matrix constant and until a predetermined convergence
condition is fulfilled, a computation for alternately
determining the first matrix and the second matrix by
using least-squares approximation with an [.1-norm as
a constraint so that the signal intensity profile of the
component targeted for quantification corresponding to
the hypothetical addition rates has a linear relationship
with the hypothetical addition rates and a contribution
of the spectrum of the component targeted for quanti-
fication to the spectrum of the component not targeted
for quantification in the first matrix is made zero.

6. The method for quantitative spectrometry according to
claim 1, wherein spectroscopic analysis methods including
ultraviolet-visible absorption spectroscopic analysis, fluo-
rescence spectroscopic analysis, phosphorescence spectro-
scopic analysis, atomic absorption spectroscopic analysis,
infrared absorption spectroscopic analysis, Raman spectro-
scopic analysis, X-ray spectroscopic analysis, nuclear mag-



US 2017/0131212 Al

netic resonance analysis, electron-spin resonance analysis,
and microwave analysis are applicable, in general, as the
spectroscopic analysis.

7. The method for quantitative spectrometry according to
claim 1, wherein the component targeted for quantification
is a solute contained in a solution containing the component
not targeted for quantification.

8. The method for quantitative spectrometry according to
claim 1, wherein the component targeted for quantification
is a component contained in a solid containing the compo-
nent not targeted for quantification.

9. The method for quantitative spectrometry according to
claim 1, wherein the component targeted for quantification
is a component contained in a gas containing the component
not targeted for quantification.

10. A quantitative spectrometry apparatus capable of
quantifying a composition ratio of a component targeted for
quantification that is contained in an analysis-target sample
by using spectroscopic analysis, the analysis-target sample
containing the component targeted for quantification and a
component not targeted for quantification, the quantitative
spectrometry apparatus comprising:

a measurement unit capable of measuring an original
spectrum from the analysis-target sample by using the
spectroscopic analysis, the analysis-target sample con-
taining the component targeted for quantification in an
unknown composition ratio;

a first generation unit capable of multiplying a reference
spectrum by a plurality of hypothetical addition rates,
the reference spectrum being measured by using the
spectroscopic analysis from a reference sample con-
taining the component targeted for quantification in a
known composition ratio, and adding the respective
hypothetical addition rate-multiplied reference spectra
to the original spectrum, thereby generating a plurality
of hypothetical addition spectra;

a second generation unit capable of generating a plurality
of analysis-target spectra from the plurality of hypo-
thetical addition spectra;

an extraction unit capable of extracting a signal intensity
profile of the component targeted for quantification
corresponding to the hypothetical addition rates from
the plurality of analysis-target spectra by using multi-
variate analysis; and

a determination unit capable of determining the unknown
composition ratio of the component targeted for quan-
tification from a dependence of the extracted signal
intensity profile on the hypothetical addition rates.

11. The quantitative spectrometry apparatus according to
claim 10, wherein the measurement unit is further capable of
obtaining the reference spectrum as a difference between a
first spectrum measured from the reference sample by using
the spectroscopic analysis and a second spectrum measured
by using the spectroscopic analysis from a sample obtained
by removing the component targeted for quantification from
the reference sample.

12. The quantitative spectrometry apparatus according to
claim 11, further comprising a storage unit capable of storing
data of the reference spectrum obtained by the measurement
unit.

13. The quantitative spectrometry apparatus according to
claim 10, wherein the second generation unit is capable of
using the plurality of hypothetical addition spectra directly
as the plurality of analysis-target spectra.
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14. The quantitative spectrometry apparatus according to
claim 10, wherein the second generation unit is capable of
generating the plurality of analysis-target spectra by per-
forming a differentiation operation on each of the plurality
of hypothetical addition spectra one or more times along a
spectral axis that is an axis representing a wave number,
wavelength, or frequency of light.

15. The quantitative spectrometry apparatus according to
claim 10, wherein the extraction unit is capable of perform-
ing the multivariate analysis by,

when the analysis-target spectra are decomposed into and
represented by a first matrix and a second matrix, the
first matrix including a spectrum of the component not
targeted for quantification and a spectrum of the com-
ponent targeted for quantification, the second matrix
including a signal intensity profile of the component
not targeted for quantification corresponding to the
hypothetical addition rates and the signal intensity
profile of the component targeted for quantification
corresponding to the hypothetical addition rates,

iterating, while keeping the signal intensity profile of the
component not targeted for quantification correspond-
ing to the hypothetical addition rates in the second
matrix constant and until a predetermined convergence
condition is fulfilled, a computation for alternately
determining the first matrix and the second matrix by
using least-squares approximation with an [.1-norm as
a constraint so that the signal intensity profile of the
component targeted for quantification corresponding to
the hypothetical addition rates has a linear relationship
with the hypothetical addition rates and a contribution
of the spectrum of the component targeted for quanti-
fication to the spectrum of the component not targeted
for quantification in the first matrix is made zero.

16. The quantitative spectrometry apparatus according to
claim 10, wherein spectroscopic analysis methods including
ultraviolet-visible absorption spectroscopic analysis, fluo-
rescence spectroscopic analysis, phosphorescence spectro-
scopic analysis, atomic absorption spectroscopic analysis,
infrared absorption spectroscopic analysis, Raman spectro-
scopic analysis, X-ray spectroscopic analysis, nuclear mag-
netic resonance analysis, electron-spin resonance analysis,
and microwave analysis are applicable, in general, as the
spectroscopic analysis.

17. The quantitative spectrometry apparatus according to
claim 10, wherein the component targeted for quantification
is a solute contained in a solution containing the component
not targeted for quantification.

18. The quantitative spectrometry apparatus according to
claim 10, wherein the component targeted for quantification
is a component contained in a solid containing the compo-
nent not targeted for quantification.

19. The quantitative spectrometry apparatus according to
claim 10, wherein the component targeted for quantification
is a component contained in a gas containing the component
not targeted for quantification.

20. A program for causing a computer to perform a
process for quantifying a composition ratio of a component
targeted for quantification that is contained in an analysis-
target sample by using spectroscopic analysis, the analysis-
target sample containing the component targeted for quan-
tification and a component not targeted for quantification,
the program comprising:
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receiving data input of a reference spectrum measured
from a reference sample by using the spectroscopic
analysis, the reference sample containing the compo-
nent targeted for quantification in a known composition
ratio;

receiving data input of an original spectrum measured
from the analysis-target sample by using the spectro-
scopic analysis, the analysis-target sample containing
the component targeted for quantification in an
unknown composition ratio;

executing a process of multiplying the reference spectrum
by a plurality of hypothetical addition rates and adding
the respective hypothetical addition rate-multiplied ref-
erence spectra to the original spectrum, thereby gener-
ating a plurality of hypothetical addition spectra;

executing a process of generating a plurality of analysis-
target spectra from the plurality of hypothetical addi-
tion spectra;

executing a process of extracting a signal intensity profile
of the component targeted for quantification corre-
sponding to the hypothetical addition rates from the
plurality of analysis-target spectra by using multivari-
ate analysis; and

executing a process of determining the unknown compo-
sition ratio of the component targeted for quantification
from a dependence of the extracted signal intensity
profile on the hypothetical addition rates.
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