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Description

Technical Field

[0001] The present invention concerns an apparatus for evaluating biological function for the purpose of measuring
and evaluating biological function based on transmitted, reflected, scattered or diffused light that is detected from a living
body after its interaction with the living body by means of a living body probe, a method for evaluating biological function,
a living body probe, a living body probe mounting device, a living body probe support device and a living body probe
accessory; and in particular it concerns an apparatus for evaluating biological function and a method for evaluating
biological function that utilize near-infrared spectroscopy (NIRs), and a living body probe, a device for mounting a living
body probe, a living body probe support device and a living body probe mounting accessory.

Background of the Invention

[0002] In recent years, a method was proposed in 1977 by F. F. Jobsis in which weak near-infrared rays (680-1300
nanometers) are irradiated from on the skin of the head through the skull and into the brain to measure changes in
concentration of oxygenated hemoglobin (Oxy-Hb, HbO2) and changes in concentration of deoxygenated hemoglobin
(Deoxy-Hb, Hb) in the blood at the brain surface (cerebral cortex) just inside the skull.
[0003] Since that time, research on the measurement of tissue oxygen concentration by means of this near-infrared
spectroscopy (NIRs) method has progressed rapidly.
[0004] In general, the near-infrared spectroscopy method has the advantages that metabolism of individual tissue can
be measured noninvasively from the surface of the body (noninvasiveness), it can furthermore be implemented by a
simple and convenient apparatus (portability), and, in addition, it differs from imaging methods such as PET (positron
emission CT), f-MRI (functional magnetic resonance imaging) in that it makes it possible to obtain real-time measurements
of changes in tissue metabolism in the brain, muscles and the like over time (temporality); it has thus given rise to
expectations of a wide range of application in uses such as brain function monitoring, evaluation of muscle rehabilitation
in physical therapy, and exercise physiology.
[0005] Jobsis’ previous method was an attempt at noninvasive brain oxygen monitoring, and an optical tomography
method (optical CT) was devised, in which the brain was cross-sectioned in layers by straight-line light in an attempt to
obtain accurate oxygen information from in the depths of the brain, (Shinohara, Y. et al., Optical CT imaging of hemoglobin
oxygen-saturation using dual-wavelength time gate technique. Adv Exp Med Biol, 1993. 333: p. 43-6).
[0006] However, even if accurate location information could have been measured by the technique of optical CT, by
the time light had passed through the skull to the brain surface and into the brain, it was absorbed, and so the method
was of no practical use.
[0007] Accordingly, in 1991, the present inventor Kato devised and corroborated a new basic principle of NIRS imaging
(near-infrared spectroscopy functional imaging) for determining location information by means of the location of a probe
on the brain surface and the response to a measurement target.
[0008] In addition, the present inventor and his colleagues conducted light stimulus experiments in humans in which
the brain was partially irradiated with near-infrared light, which showed, as a result, that localized brain function distribution
can be monitored at the bedside, and proved that it is possible to create images of localized brain function using this
method and a bedside noninvasive method for detecting local brain function (Sachio Takashima, Toshinori Kato, et al.,
"NIR Spectroscopy ni yoru kyokusho nouketsuryu hendou no kansatsu", Shinshingaiji(sha) no iryou ryouiku ni kansuru
sougouteki kenkyu no houkokusho ["Observation of variation in local brain blood flow by means of near-infrared spec-
troscopy", in Comprehensive Research Report Concerning Medical Care for Children (People) with Disabilities (Japan
Ministry of Health and Welfare), p. 179-181 (1992); Kato T, Kamei A, et al., "Human visual cortical function during photic
stimulation monitoring by means of near-infrared spectroscopy", J Cereb Blood Flow Metab. 13:516-520 (1993).
[0009] This basic principle of near-infrared spectroscopy brain functional imaging (NIRS imaging) is currently utilized
in, for example, techniques for graphically displaying the functional topography (hemoglobin distribution, i.e., the display
of variation in blood volume, reflecting brain activity, like a topographical map) of the brain surface in the frontal region,
the occipital region and the like, and in pioneering techniques for obtaining information on brain activity.
[0010] Subsequent techniques proposed for the graphical display of brain function include, for example, the inventions
described in Japan unexamined patent publication nos. 2003-144437, 2003-75331, 2000-237194, H9-135825,
2002-177281 and 2003-10188.
[0011] The inventions proposed in these publications concern apparatus for measuring the interior of a living body by
irradiating the living body with near-infrared light from a plurality of irradiation sites and detecting light transmitted through
the living body at a plurality of detection sites; this is called Optical Topography (registered trademark), and changes in
concentration of oxygenated hemoglobin and deoxygenated hemoglobin in the blood are calculated for each measuring
point based on light intensity signals measured at a plurality of measuring points and displayed topographically.
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[0012] It is furthermore utilized in pioneering techniques for obtaining information on brain activity, which occurs as
rapidly as electrical activity.
[0013] For example, Gratton et al., by means of NIRS imaging, have detected a faint light that varies by means of
electrical activity by adding 1-wavelength near-infrared light to a signal (occurring) approximately 100 ms before a brain
blood flow response occurs from a stimulus consistent with an electrical response (Gratton G, Fantini S, Corballis P M,
et al. Fast and localized event-related optical signals (EROS) in the human occipital cortex: comparisons with the visual
evoked potential and fMRI. NeuroImage 6, 168-180, 1997).
[0014] Or, a technique has been proposed as a game or apparatus for displaying one’s intent, by utilizing changes in
cerebral blood flow and outputting them externally (International published patent application no. WO 00/074572 pam-
phlet, Yamamoto et al.).

Patent reference 1. Japan unexamined patent publication no. 2003-144437
Patent reference 2. Japan unexamined patent publication no. 2003-75331
Patent reference 3. Japan unexamined patent publication no. 2000-237194.
Patent reference 4. Japan unexamined patent publication no. H9-135825
Patent reference 5. Japan unexamined patent publication no. 2002-177281
Patent reference 6. Japan unexamined patent publication no. 2003-10188
Patent reference 7. International published patent application no. WO 00/074572 pamphlet

[0015] In the document EP 1475 037 A1 an apparatus for evaluating biological function is described. The apparatus
has a light irradiation means for irradiating light to a specified site of a living body, a light detection means for detecting
light exiting from the living body, a calculation means for determining the respective changes in concentration of oxy-
genated hemoglobin and deoxygenated hemoglobin by performing calculations in near infrared spectroscopy with the
intensity of the detected light as a parameter, and a display means for displaying information concerning the relative
ratio "k" between both these data over time.
[0016] The use of multi-channel near-infrared spectroscopy as a non-invasive optical topography to investigate spon-
taneous changes in the cerebral oxygenation state of infants is described in the publication of G. Taga et al. (Neurosci
Lett. 2000 Mar 17; 282(1-2):101-4).
[0017] The generatation of maps of concentration changes in oxyhemoglobin [O2Hb], deoxyhemoglobin [HHb], and
total hemoglobin of the visual and motor cortices during stimulation using a reversing checkerboard screen and palm-
squeezing is described in the publication of M. Wolf et al. (NeuroImage Volume 16, Issue 3, Part 1, July 2002, Pages
704-712).

Disclosure of the invention

Problems the invention attempts to solve

[0018] Previous measurement techniques have had the following problems.

(1) The problems to be resolved by the new basic principle of NIRS imaging (near-infrared spectroscopy functional
imaging), in which location information is determined by means of the location of probes on the brain surface and
the response of a measurement target, become clear when we compare techniques of determining location infor-
mation by means of magnetic resonance imaging (MRI) and techniques of determining qualitative information.
Namely, NIRS imaging does not form an image by collecting a square matrix (of voxels), as does MRI. Namely,
boundaries with adjacent locations are unclear.
Because two probes are utilized, for light incidence and detection, it has been impossible to tell, according to the
distance between the two probes, whether or not light reached to the interior of the brain without seeing a response
from the brain. Previously, images were displayed in proportion to the size (strength) of this brain response, and
the bigger the response was, the better it was considered.
0However, the distance from the surface of the skull to the brain tissues is affected by individual differences, site
differences, differences according to the size of the cerebral blood vessels and differences in the shape of the gyri
and sulci; the brain and skull are not uniform; and in the past, technical attention was not given to this non-uniformity.
Namely, the signal-to-noise ratio (S/N) of the optical signals detected by each pair of probes was different, and the
size of the range of area measured was also different. In the past, those measurement sites were joined together,
like contour lines, and displayed graphically.
(2) In MRI, the nature of the measurement target is determined by a matrix (of voxels) of signal strengths. In NIRS
imaging, however, analysis and weighting of a response from the living body at a measurement target becomes an
important technique. In the past, this was no more than a technique for independent measurement of oxyhemoglobin,
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deoxyhemoglobin, total hemoglobin, cytochrome, and reaction patterns of optical signals approximately 100 ms
after a stimulus application. A simple signal strength of this kind is directly affected by the S/N ratio, and its meas-
urement sensitivity does not improve. In particular, fluctuation of channels with a bad S/N ratio shows greater changes
in signal strength than do channels with a good S/N ratio, and image displays were thus dependent on high noise
channels and differed from reality.
In addition, venous signals were likely to be mixed with capillary signals, causing the precision of results to deteriorate
markedly. In order to improve the S/N ratio, measures such as addition average and using low-pass filters for
smoothing were employed, but in the end, it was impossible to measure just one stimulus application, and only
addition average mode measurements or measurements of large, quite slow changes, in units of seconds, were
possible.
(3) Previous measuring techniques were based on the widely held physiological concepts that (a) electrical activity
occurs simultaneously with a stimulus, and then (b) oxygen metabolism activity and blood flow activity become
stronger (occurring after a delay of 2-3 seconds and reaching a peak at 10-15 seconds). Consequently, with a
technique for independent measurement of oxyhemoglobin, deoxyhemoglobin, total hemoglobin, cytochrome, and
reaction patterns of optical signals approximately 100 ms after a stimulus application, there was no reason for high-
speed measurement, and without improvement in the S/N ratio, measurement accuracy would not be improved.
Namely, in the past, there were limitations to measuring techniques relying on hemodynamic and metabolic re-
sponses of measurement targets.
(4) In addition to NIRS (near-infrared spectroscopy), methods such as EEG (electroencephalograms), MEG (mag-
netoencephalograms), MRI (magnetic resonance imaging) and PET (positron CT) are also known for measuring
brain function. However, with these previous measurement techniques, it was difficult, without addition average, to
continuously measure brain responses in milliseconds to the point where network function could be measured.
Because the oxygen partial pressure of the capillaries is approximately equal to that of the tissue, it has been
recognized, since times past, that in measuring tissue oxygen concentration, it is extremely important to collect
oxygen concentration data from the blood of the capillaries. The near-infrared spectroscopy method, however, takes
measurements noninvasively, from the surface of the body, and because changes in the signal are thus the sum of
responses occurring in the regions existing on the light path, its quantifiability, i.e., spatial resolution, is considered
to be inferior. Data shown in Figure 1(A) was identified in the past as predominantly capillary data, as is clearly
shown in the literature by H. Marc Watzman et al. ("Arterial and venous contributions to near-infrared cerebral
oximetry", Anesthesiology 2000;93:947-53) and Figure 8 of Japan published patent application H9238914, but the
present inventor believes that this is inevitably predominantly venous data, by reason of the facts that it was obtained
by measuring a site where a vein typically exists on the light path, and the apparatus was configured with wide
spacing (approximately 30 mm) between the measurement points.
This is because the capillaries are structured in such a way that application of stimulus is likely to result in a divergence
between the variation in the amount of red blood cells and that of the blood serum component. Namely, in the
capillaries, the red blood cells and the serum move at different speeds, and changes in the hematocrit or changes
in total hemoglobin are therefore more likely to occur there than in the veins; consequently, mirror-image changes
in oxygenated hemoglobin and deoxygenated hemoglobin are less likely to occur there than in the veins. Predom-
inantly capillary data is therefore considered necessarily to be that of Figure 1(B), which shows an asymmetrical
mode of change, because of conclusions obtained from the research of the present inventor. If this is the case, then
previous measuring apparatus can be said to be configured based on an erroneous theoretical perception.
In addition, even in the rare case when a previous measuring apparatus identifies the data shown in Figure 1(B) as
true predominantly capillary data, it is impossible to tell whether data being collected is predominantly capillary data
or predominantly venous data by comparing this data with the predominantly venous data of Figure 1(A) during the
period up until changes occur in the tissue by using a conventional measuring apparatus, which is confined to the
output of Figures 1(A) and (B), because before the application of stimulus (including both internal stimuli from
physiological effects and external stimuli), that is, at rest, before changes occur in the tissue (in the figures, baseline
= the period up to approximately 8 seconds), the characteristics of change over time for both predominantly capillary
data and predominantly venous data are largely convergent. If we take into account this time lag together with the
extremely low probability of collecting predominantly capillary data because of the wide settings of the measurement
point intervals (approximately 30 mm), we cannot expect a sufficient contribution to on-site medicine.
In addition, because previous measuring apparatus utilizing near-infrared spectroscopy only measure absolute
values and changes in oxygenated hemoglobin and deoxygenated hemoglobin concentration (and even this data
is highly inaccurate), and because theories of brain physiology, such as the correlation between these measured
data and vasodilatation/vasoconstriction arising in the cerebral blood vessels, and the involvement of the oxygen
consumption rate and changes in the hematocrit in the capillaries accompanying changes in total hemoglobin, have
not been adequately understood, these apparatus have therefore remained in the realm of monitors for showing
changes in concentration of hemoglobin and the like, or simple scientific experimental tools. In addition, even in
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two-dimensional image displays, when a plurality of sites are measured, the S/N ratio will differ between the sites,
so that channels with low S/N ratios are emphasized, and so on, resulting in a distorted image, and so they were
not meaningful apparatus capable of evaluating function by means of image displays.
(5) Neuron activity brings a need for oxygen consumption and oxygen supply. In this case, oxygen is thought to be
supplied through the glial cells from 7-micron red blood cells in the 5-micron capillaries. The oxygen concentration
decreases in the capillaries that supplied the oxygen, and then oxyhemoglobin is supplied from the arterial side.
Because it was not previously possible to measure this brain microcirculation, tissue oxygen partial pressure was
measured invasively by inserting a needle into the intercellular spaces of the neurons. In actuality, since Roy and
Sherrington (Roy CS, Sherrington CS: On the regulation of the blood-supply of the brain. J Physiol 11,85-108, 1890),
cerebral blood-flow responses occurring after neuron activity have focused only on the cerebral blood flow, and
during more than 110 years, it was not possible to selectively measure oxygen exchange inside the capillaries.
(6) There was no quantitative method that did not depend on the quantification of hemoglobin.

[0019] The present invention is for the purpose of solving the above-stated problems, and first, as the physiological
mechanism whereby the blood vessels, namely, the capillaries, provide oxygen to tissue, anywhere in the tissue of the
living body, constructs a theory of oxygen exchange rotational motion in the capillaries, in which the phenomenon of
oxygen exchange between oxyhemoglobin and deoxyhemoglobin in the red blood cells is considered to be a rotational
motion. The present invention takes as its object the provision of an apparatus for evaluating biological function, a method
for evaluating biological function, and a living body probe that make it possible to take new physiological indexes related
to oxygen exchange metabolism as their measurement target, by placing oxyhemoglobin and deoxyhemoglobin on
rectangular coordinates (polar coordinates), from this theory of rotational motion.
[0020] Secondly, it takes as its object the provision of an apparatus for evaluating biological function, a method for
evaluating biological function, and a living body probe that distinguishes as much as possible between information from
the capillaries, which reflects tissue metabolism, and information from outside the tissue (for example, the arteries and
veins), and, in order to exclude information corresponding to noise, detects differences in the S/N ratio to identify image
distortion, thus providing high speed and accuracy to make it possible to compensate for the low spatial resolution of
previous near-infrared spectroscopy methods; this makes it possible to distinguish capillary responses, metabolic re-
sponses and the like, while at the same time making it possible to identify oxygen metabolism activity in the capillaries
corresponding to behavioral information.
[0021] Third, it takes as its object the provision of an apparatus for evaluating biological function, a method for evaluating
biological function, and a living body probe that do not simply monitor changes in oxygen concentration and display
them graphically, but that make it possible to separate out in detail the volume of the measurement target, namely, the
voxel components, and make it possible, by lessening differences in S/N ratio between the voxels, correcting them, or
measuring new indexes derived from measured parameters that are not easily affected by S/N ratios, to easily and
conveniently distinguish functional data, including location and time information.
[0022] Fourth, it takes as its object the provision of a living body probe mounting device, a living body probe support
device, and a living body probe mounting accessory for use with the above-mentioned living body probe.

Means for solution of the problems

[0023] The apparatus for evaluating biological function is an apparatus for evaluating biological function having a
plurality of living body probes provided with light-emitting elements for irradiating light to specified sites of a living body
and light-receiving elements for receiving and detecting light exiting the living body, a behavioral information measuring
part for measuring behavioral information of the aforementioned living body, and an apparatus body for entering light
information detected by the aforementioned living body probe and behavioral information measured by the aforemen-
tioned behavioral information measuring part and performing calculation, control and memory operations, and utilizing
near-infrared spectroscopy to evaluate biological function;
and the aforementioned apparatus body is characterized in that its apparatus body comprises a controller configured
as recited in claim 1.

Effects of the invention

[0024] The present invention has the following excellent effects.

- Tissue functional response can be detected even at differences of milliseconds, without relying on peak times of
blood response and the like.

- Integral values of response times (RT) in units of milliseconds can be utilized to acquire and display images of site
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information that is dependent on behavioral data, to acquire and display graphically information that is dependent
on networks between sites, and so on.

- It can be utilized to extract information in inactive thinking time, and, to measure thinking time between the task
presentation period and the implementation period during conversation, writing and the like, independent of artifacts
of movement, to evaluate learning effectiveness.

- Accurately selected data can be used for signal processing, as a simple and convenient interface with the living body.

[0025] henomena occurring simultaneously with the behavior period, the stimulus period and the like, which are difficult
to observe from fMRI and PET blood flow measurements and from magnetoencephalograms, electroencephalograms
and the like, can be observed quantitatively.

- It benefits medicine not only as a way of measuring brain function, but also as a way to improve the quality of
education/learning and thinking in daily life. For example, it is possible to observe and investigate how oxygen
consumption and supply responses can be supported in order to improve the effectiveness of education, prevention
of aging, physical therapy, exercise and daily life.

- It also becomes possible to evaluate the presence of changes in function or a disability from the surface, with a high
degree of precision.

- The effect on signals of motion artifacts (a cause of distortion of actual data from the measurement target, by
movement of the muscles or the body) can be reduced.

- Regions and time periods accompanying blood oxygen exchange that are dependent on oxygen consumption and
oxygen supply can be differentiated, rotational energy can be calculated, and a variety of image displays that are
dependent on oxygen exchange rate(oxygen exchange angle) and total hemoglobin can be performed.

[0026] It becomes possible to evaluate interrelationships of metabolism, blood vessel control and the like between
living body tissues.

(14) It becomes possible to improve S/N ratios and take measurements independent of the amount of change, even
when the changes in all the hemoglobins that are indexes of oxygen metabolism are weak.

- Oxygen metabolism in the capillaries can be measured quantitatively. A quantitative imaging method for oxygen
exchange in the capillaries can be realized.

- It becomes possible to separate the FORCE effect and the "Watering-the-garden" effect.
It is an apparatus that is capable of judging the strength of tissue oxygen activity by means of differences in
FORCE effect.
CMRO2 = a. rCBF
is a late phase formula from PET that applies to the blood vessels, and it does not apply for oxygen activity in
the capillaries.

[0027] Namely, if the late phase is considered to be the oxygen supply time period, this formula does not represent
oxygen consumption.

- NIRS imaging differentiates the brain functional voxels of two light functional voxels.

[0028] Namely, it separates out voxels where oxygen exchange is taking place (FORCE effect) and voxels where
oxygen exchange is not taking place (Watering-the-garden effect).
[0029] Previously, high oxygen exchange voxels (FORCE effect) and low oxygen exchange voxels (Watering-the-
garden effect) were mixed together, but the present invention makes it possible to differentiate them.

- Time series pertaining to the passage time through the capillaries for red blood cells can be measured at a plurality
of sites.

- Oxygen exchange in the capillaries can be selectively measured.
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- Quantification methods and quantitative imaging methods independent of the quantification of hemoglobin are pos-
sible.

- By taking into consideration the polar coordinates from two-dimensional diagrams, quadrant shift imaging methods
and scalar change imaging methods, utilizing vectors and scalars, are possible.

- When blood is utilized in fMRI, PET and the like, errors in functional evaluation arising from intermixed venous
components can be identified and avoided in functional imaging.

Brief description of the drawings

[0030]

Figure 1. Characteristic graphs showing changes in hemoglobin concentration over time; (A) shows predominantly
venous data and (B) shows predominantly capillary data.

Figure 2. A block diagram showing the configuration of an apparatus for evaluating biological function of the present
working embodiment.

Figure 3. Figure 3(A) is a perspective view showing a living body probe, and (B) is a bottom view thereof.

Figure 4 (A) is an explanatory drawing showing living body probes arranged on a mounting strip, and (B) is an
explanatory drawing showing a mounting strip mounted on the side of the head.

Figure 5(A) is an explanatory drawing showing a situation in which a pair of living body probes is placed perpendicular
to the centerline of a gyrus, between sulci, and (B) is an explanatory drawing showing a situation in which they are
placed along the centerline of a gyrus, between sulci.

Figure 6. An explanatory drawing showing an example displayed on a monitor of the angles formed between the
direction of living body probes placed in a plurality of sites on the brain surface and the direction of a gyrus (probe angle)

Figures 7 (A) - (E) are explanatory drawings showing examples of living body probe arrangements.

Figures 8(A) - (E) are explanatory drawings showing examples of multilayer probes.

Figure 9. Cross-sectional views showing (A) a case in which the surface where the living body probes are placed
is curved, (B) a case where the surface on which the living body probes are placed is flat, and (C) an example in
which a lens support member is established for supporting a lens inside the tip of a living body probe.

Figure 10. A two-dimensional diagram showing polar coordinates (rectangular coordinates) with change in oxyhe-
moglobin Δ[HbO2] as the x-axis (horizontal axis) and change in deoxyhemoglobin Δ[Hb] as the y-axis (vertical axis),
and with absolute value of oxyhemoglobin [HbO2] (concentration: mol/l) as the X-axis (horizontal axis) and absolute
value of deoxyhemoglobin [Hb] as the Y-axis (vertical axis).

Figure 11(A) is a schematic drawing showing the relationship between a K-ratio diagram and actual neuronal activity
and capillary oxygen exchange activity, and (B) and (C) are graphs showing changes in HbO2 in different regions.

Figure 12. A graph that shows schematically the relationship between oxygen exchange rate and the capillaries
and the veins.

Figure 13. A conceptual explanation of a two-dimensional diagram showing the various events.

Figure 14. A conceptual explanation of a two-dimensional diagram showing the amplitude of fluctuation at rest: (A)
is an example of a small amplitude, and (B) is an example of a large amplitude.

Figure 15. (A) and (B) are graphs showing relationships between the K-ratio and the E-ratio.

Figure 16. (A) is a graph showing changes in ScO2 for all the channels, and (B) is a graph explaining the theoretical
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formula using vectors of OxyHb, DeoxyHb, tHb and ScO2.

Figure 17. (A)-(D) are graphs showing changes over time in the four component vectors: oxyhemoglobin, deoxyhe-
moglobin, total hemoglobin and oxygen saturation.

Figure 18. (A) and (B) are graphs explaining the moment of inertia on two-dimensional diagrams with oxygen
saturation as the X-axis and total hemoglobin as the Y-axis; (A) is a graph explaining the amount of change in kinetic
energy accompanying the phenomenon of oxygen exchange in the capillaries; and (B) is a graph explaining the
absolute kinetic energy accompanying the phenomenon of oxygen exchange in the capillaries.

Figure 19. A conceptual explanation of a two-dimensional diagram showing a shifting locus of centroid coordinates G.

Figure 20. A conceptual explanation of a two-dimensional diagram showing a shifting locus of center of rotation C.

Figure 21. An explanatory drawing showing the correlation between amplitude of fluctuation and measured voxel size.

Figure 22. (A) and (B) are graphs showing the slopes for changes in state between at rest and during activity, for
two sites.

Figure 23. Graphs showing (A) change in each of the hemoglobins, (B) time course of the K-ratio, (C) time course
of the k-angle, (D) time course of the L-value, and (E) two-dimensional changes in the K-ratio.

Figure 24. Explanatory spatiotemporal displays of actual measured data, showing (A) change in oxyhemoglobin,
(B) change in deoxyhemoglobin, (C) change in total hemoglobin, (D) K-ratios, (E) k-angles, (F) L-values.

Figure 25. Graph of time distribution maps of changes in hemoglobin (Hb) and changes in capillary oxygen saturation.

Figure 26. Graphs displaying cumulative oxyhemoglobin changes based on changes in oxyhemoglobin for two sites.

Figure 27. Shows graphs displaying changes in oxyhemoglobin and cumulative oxyhemoglobin changes, showing
(A) a FORCE effect region, and (B) a Watering-the-garden effect region.

Figure 28. (A) is a graph showing time course changes in tHb, (B) is a graph showing time course changes in the
differentials of tHb, and (C) is a two-dimensional diagram of the differentials of tHb and their differentials.

Figure 29. Graphs displaying time courses of summed data for tHb and ScO2 from a desired starting point, namely,
cumulative tHb changes and cumulative ScO2 changes.

Figure 30. Graphs showing slopes R that are completely different at rest and during activity for regions displaying
different amounts of change in ScO2, but that have a high correlation coefficient.

Figure 31. Graphs showing slopes R that are completely different at rest and during activity for regions displaying
different amounts of change in tHb, but that have a high correlation coefficient.

Figure 32. Flowchart explaining a method for evaluating biological function of a working embodiment of the present
invention.

Figure 33. (A) is a two-dimensional diagram showing the relationship between behavior time RT and integral values,
and (B) is a two-dimensional diagram showing the relationship between integral values measured from a plurality
of sites in a desired time period.

Figure 34 is L-value maps in which identification of learning patterns is extracted in time series from brain site
information; (A) is a screen showing cognitive response; (B) is a screen showing thought-associated brain response;
and (C) is a screen showing behavior-related brain response.

Figure 35. A two-dimensional diagram with time as the horizontal axis and integrals as the vertical axis; (A) is the
information input period; (B) is the thought period; and (C) is the output period.
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Figure 36. (A)-(C) are examples of displays in which sites are joined by lines drawn between them to show association
between sites during each behavior period.

Figure 37. An explanatory figure showing an example in which variation in target sites in the right brain and the left
brain (laterality) is displayed in time series.

Figure 38 is a graph explaining the fact that the behavior time RT and maximum and minimum peak times of NIRS-
measured parameters do not match.

Figure 39. An explanatory drawing showing an example in which a plurality of living body probes are randomly
arranged (spaced) with respect to the measurement point.

Figure 40 is an explanatory drawing showing the results when the respective maximum values for left and right
network share and both-sides network share are taken as 1.0 (100%); a maximum equilateral triangle is formed
from these three points; the area formed by joining those points is taken as the total network share area; and time
series data is measured by segment.

Figure 41 is explanatory figures showing (A) k-angle quadrants, and (B) an example of a functional image display
of quadrants and L-values.

Figure 42 is explanatory drawings of k-angle quadrant spatiotemporal displays (A) when writing hiragana, (B) when
writing kanji, and (C) when the subject does not know the kanji.

Figure 43 is graphs showing a case when indexes are compared with respect to the different tasks of lifting 7 kg as
task B and lifting 14 kg as task A.

Figures 44(A) and (B) are graphs concerning brain data when a subject lifted 7 kg and 14 kg dumbbells for a desired
time, when ScO2 = (OxyHb - DeoxyHb) and tHb = (OxyHb + DeoxyHb) are displayed in real time.

Figures 45(A) and (B) are graphs concerning brain data when the subject lifted 7 kg and 14 kg dumbbells for a
desired time, when the data are displayed simultaneously in two-dimensional diagrams of OxyHb and DeoxyHb,
and the relationships between the respective vectors are displayed.

Figure 46. Graphs explaining the separation of the FORCE effect and the Watering-the-garden effect.

Figures 47(A)-(C) are drawings explaining arrangements of living body probes utilizing the centerline.

Figure 48(A) is a drawing explaining the divisions of the cerebrum; (B) is a drawing explaining an example of a fan-
shaped probe arrangement; and (C) and (D) are drawings explaining examples of horizontal probe arrangements.

Figures 49(A) and (B) are drawings explaining the arrangement of living body probes in diamond-shaped basic
shapes; (C) and (D) are drawings explaining examples of living body probes arranged in diamond-shaped applica-
tions.

Figures 50(A) and (B) are drawings explaining examples of living body probes arranged in radially-shaped applica-
tions.

Figure 51 (A) is an explanatory drawing of a view from the back of a human head; (B) is a drawing explaining the
intersection of the line joining the left and right outer ear canals and the line joining the glabella and the torus occipitalis.

Figure 52(A) is an image display, with living body probes arranged in a lattice shape, of K-ratios and L-values from
the periphery of the left and right motor areas at a point 22.8 seconds in the midst of lifting a 14 kg dumbbell; and
(B) is an image display of k-angles and L-values from the periphery of the left and right motor areas at a point 22.8
seconds in the midst of lifting a 14 kg dumbbell.

Figure 53(A) is a graph displaying K-spiral motion vertically, and (B) is a graph displaying it horizontally.

Figure 54(A) is a diagram explaining K-spiral motion three-dimensional display evaluation criteria, (B) is a diagram
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explaining T-spiral motion three-dimensional display evaluation criteria, (C) is a diagram explaining H-spiral motion
three-dimensional display evaluation criteria, and (D) is a diagram explaining I-spiral motion three-dimensional
display evaluation criteria.

Figures 55(A)-(D) are three-dimensional diagrams showing the K-spiral motion of channels 4, 7, 9 and 11; they are
examples in which lines are entered for Hb and HbO2.

Figures 56(A)-(D) are three-dimensional diagrams showing the K-spiral motion of channels 4, 7, 9 and 11; they are
examples in which vertical lines are entered along the time axis.

0106 Figure 57 is a graph showing changes in the L-angle when a subject lifted dumbbells in the order of 1 kg, 4
kg and 7.5 kg.

Figure 58 is a graph showing the relationship between wavelength and absorbance.

Figure 59 is a graph of changes in absorption coefficient at 830 nm and changes in absorption coefficient at 780
nm plotted in two dimensions by task.

Figure 60 is a graph of changes in absorption coefficient at 830 nm and changes in absorption coefficient at 780
nm plotted in two dimensions by site.

Figure 61 is a graph showing time series changes in light path length (PL) when a task is presented.

Figure 62 shows waveforms for oxyhemoglobin (O) and deoxyhemoglobin (D) ; (A) shows a phase difference of 0
degrees; (B), a phase difference of 90 degrees; and (C), a phase difference of 180 degrees.

Figure 63 is a graph explaining the oxygen exchange phase difference angle.

Figure 64 is a graph explaining the absolute oxygen exchange phase difference angle.

Figures 65(A) and (B) are explanatory drawings showing the relationships between total hemoglobin and fluctuation
for different measurement targets.

Figure 66(A) is a graph displaying fluctuation for a plurality of measurement regions on polar coordinates, and (B)
is a graph displaying vectors.

Figure 67 is a graph displaying oxygen exchange rotational motion of a plurality of measurement regions on polar
coordinates.

Figure 68 is graphs showing changes in total hemoglobin at measuring sites 1 and 2.

Figure 69 shows a graph every each channel which added time series data of a change of total Hb which synchronized
to respiratory cycle.

Figure 70 is a graph showing time-series correlations for channel 4 and channel 17.

Figure 71 is shows a graph every each channel which added time series data of a change of HbO2 which synchronized
to respiratory cycle.

Figure 72 is shows a graph every each channel which added time series data of a change of Hb which synchronized
to respiratory cycle.

Figure 73 shows a graph every each channel which added time series data of a change of ([HbO2]-[Hb]) which
synchronized to respiratory cycle.

Figure 74 is a graph in which heartbeat and respiratory cycle variation are spatiotemporally displayed for each
channel.
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Figure 75 shows a graph every each channel which added time series data of a change of total Hb which synchronized
to heartbeat.

Figure 76 shows a graph every each channel which added time series data of a change of HbO2 which synchronized
to heartbeat.

Figure 77 shows a graph every each channel which added time series data of a change of Hb which synchronized
to heartbeat.

Figure 78 shows a graph every each channel which added time series data of a change of ([HbO2]-[Hb]) which
synchronized to heartbeat.

Figure 79 is graphs showing the brain respiratory synchronization component for site 1 and site 2; their differentials,
brain respiratory synchronization velocity; and their further differentials, brain respiratory acceleration.

Figure 80 is graphs showing the brain heartbeat synchronization component for site 1 and site 2; their differentials,
brain heartbeat synchronization velocity; and their further differentials, brain heartbeat acceleration.

Figure 81 is a two-dimensional diagram showing the correlation between behavioral information (the meaning of
written characters, the length of a line, scores, etc.) and various parameters (integral values, amounts of change)
during the same time period.

Figure 82(A) and (B) are graphs showing cumulative summed values for problem response time (RT) at desired
sites; (A) is a graph of problems correctly answered by one individual, and (B) is a graph of problems incorrectly
answered by one individual.

Figure 83 (A) is a graph showing cumulative summed data for all those taking a test, by problem; (B) is a graph
showing the degree of individual effect, by examinee.

Figure 84(A) is a graph showing the relationship between the electrocardiogram and changes in parameters of
regions dominated by the left and right anterior cerebral arteries in the case of normal brain vessels, and (B) is a
graph showing the relationship between the electrocardiogram and changes in parameters of regions dominated
by the left and right anterior cerebral arteries in the case of an abnormal brain vessel.

Figure 85(A) shows a case in which the spread of L-values is small; and (B), a case in which the spread of L-values
is large.

Figure 86(A) is a block diagram showing an example in which an apparatus for evaluating biological function of a
working embodiment of the present invention is connected with a pressure application device for applying stimulus
(pressure) to the brain. Figure 86(B) is a graph showing the results of measuring changes in each kind of Hb for
each of a number of channels (the numbers show the channel numbers), when pressure is applied to the right arm
by means of a pressure application device.

Figure 87 (A) is a lateral view showing a modified example of a living body probe, and (B) is a front view thereof.

Figure 88 is a drawing explaining a measuring technique for the inferior temporal gyrus.

Figure 89 is a perspective view showing a living body probe mounting device 26 of a working embodiment of the
present invention.

Figures 90(A)-(C) are drawings explaining a living body probe mounting accessory of a working embodiment of the
present invention.

Figure 91(A) is a plan view showing a living body probe support device of a working embodiment of the present
invention; (B) is a perspective view showing a retaining ring; (C) is a cross-sectional view along line c-c of (A); and
(D) is a cross-sectional view along line d-d of (A).

Figures 92 (A) - (D) are plan views showing modified examples of living body probe support devices.
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Figures 93(A) and (B) are drawings explaining the independence and interconnectedness of light functional voxels
corresponding to a probe arrangement.

Figures 94(A) and (B) are drawings explaining the independence and interconnectedness of light functional voxels
corresponding to a probe arrangement.

Figures 95(A)-(D) are drawings explaining the four thought patterns of the human brain.

Explanation of the symbols

[0031]

1: Living body probe
1a: Light-emitting element
1b: Light-receiving element
2: Behavioral information measuring part
3: Apparatus body
4: Light intensity adjustor
5: Selector-adjustor
6: Signal amplifier
7: A/D converter
8: Controller
9: Memory
10: Display part
11: Sampling speed adjuster
12: Behavioral information input part
13: Mounting strip
14: Sulcus
15: Gyrus
20: Lens
21: Lens support member
22: Pressure application device
23: Protective cover
24: Soft material
25: Outer ear canal
26: Living body probe mounting device
27: Living body probe mounting accessory
28: Retaining ring
29: Ring support frame
30: Living body probe support device
CL: Centerline

Best Embodiment for carrying out the Invention

[0032] A working embodiment of the present invention is described below with reference to drawings. Figure 2 shows
a block diagram of configuration of an apparatus for evaluating biological function of the present working embodiment.

Overview of the apparatus for evaluating biological function

[0033] The apparatus for evaluating biological function of the working embodiment of the present invention is an
apparatus for evaluating biological function utilizing near-infrared spectroscopy, and, as shown in figure 2, it has a
plurality of living body probes 1..., a behavioral information measuring part 2 for measuring behavioral data of the living
body, and an apparatus body 3, into which light information detected by living body probes 1 and behavioral data
measured by behavioral information measuring part 2 are input, and which performs calculation, control and memory
operations.
[0034] Each of probes 1 is composed of at least two light-emitting elements (light-emitting diodes) 1a... for irradiating
light to desired measurement sites (tissue) of a living body, and at least two light-receiving elements (photodiodes) 1b...
for receiving light that has been transmitted, reflected, or scattered from the measurement site after the light has interacted
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with the living body.
[0035] The apparatus body 3 is composed of light intensity adjustor 4 for adjusting the amount of light emitted from
light-emitting elements 1a...; selector-adjustor 5 for selectively validating (invalidating) the desired light-receiving ele-
ments 2... and adjusting overall measurement sensitivity; gain controllable signal amplifier 6 for amplifying signals from
light-receiving elements 1b...; A/D converter 7 for converting output from signal amplifier 6 to numerical values; controller
8 for implementing such things as control of various parts of the apparatus and specified operational processing based
on output from A/D converter 7; memory 9 that is used for recording information such as output from A/D converter 7,
control data from each part of the apparatus and calculated results; display part 10 for performing displays based on
information such as results output from A/D converter 7 and calculated results; and sampling speed adjuster 11 for
adjusting the sampling speed for measurement by behavioral information measuring part 2.
[0036] In addition, information about behavior such as hearing or seeing is measured by behavioral information meas-
uring part 2, and that measured behavioral information (for example, examiner voice data, subject voice data, trigger
signals of all kinds, image signal data of all kinds) is input into behavioral information input part 12 of apparatus body 3
and recorded in memory 9 as simultaneous data

Regarding the living body probe

[0037] Figure 3(A) is a perspective view showing living body probe 1, and (B) is a bottom view thereof.
[0038] With previous near-infrared methods and the like, when signals were detected from a plurality of points on the
brain surface, there was no way to immediately know the locations of the speech area, the motor area, the visual area
and the like.
[0039] With previous methods, in which probes were arranged at equally spaced intervals, for example, one cannot
selectively target a gyrus, for example,’ in the brain, where measurement targets are morphologically complex. If we
consider the width of a gyrus, the most precise probe within a range of 10 mm should be selected.
[0040] The reason for earlier equally-spaced arrangements was for the purpose of making the size of the measurement
regions uniform in order to draw oxyhemoglobin, deoxyhemoglobin and total hemoglobin contour lines. However, this
does not reflect the actual meaning of the data, in which the S/N ratio of each channel differs. The amount of exchange
in oxygen consumption, the amount of exchange in oxygen supply and the amount of exchange of hemoglobin may be
affected by the size of the measurement region, but the oxygen exchange rate (oxygen exchange angle), the oxygen
exchange ratio and the like are unrelated to the size of the measurement region. Namely, if the data are unrelated to
the size of the measurement area, arranging the probes according to the shape of a gyrus makes it possible to improve
the precision of the data, and is thus more appropriate.
[0041] Accordingly, as shown in figures 3(A) and (B), in each living body probe 1 of the working embodiment of the
present invention, a plurality of light-emitting elements 1a (3, in the drawing) and a plurality of light-receiving elements
1b (3, in the drawing) are arranged parallel to each other no more than 10 mm apart. By this means, from among the
combinations of the plurality of light-emitting elements 1a and light-receiving elements 1b within the channels formed
by living body probe 1, those with little data variation can be selected. This selection method will be described later.
[0042] In addition, because the hair roots are spaced 1 mm apart, the elements are preferably arranged so that the
space between them is 1 mm. By this means, it is possible to reduce the attenuation of light intensity from the hair.
[0043] Living body probes 1 are disposed, for example, as shown in figure 4(A), at suitably spaced intervals on mounting
strip 13. In this figure, 5 irradiation-side living body probes are arranged on the upper level and 4 detection-side living
body probes are arranged on the lower level, and data can be acquired from 8 channels. Among these combinations
between channels, it is also possible to select those with little variation in data values, or to invalidate channels with
greater variation, or readjust by changing the placement location. This selection method will be described later.
[0044] The space between the living body probes of each level in the horizontal direction is set, for example, at 10
mm; and the space between the living body probes of the upper and lower levels in the diagonal direction is set, for
example, at 25 mm.
[0045] Mounting strip 13, on which the above-mentioned plurality of living body probes 1 are disposed, is placed, for
example, as shown in figure 4(B), on the side of a subject’s head. In that case, living body probes 1 are preferably
disposed taking into consideration the shape and size of the sulci and gyri at each site of the brain of the living body so
that they are located on a gyrus, avoiding the sulci. For example, a pair of living body probes 1 may be placed perpendicular
to the centerline CL (dotted line) of gyrus 15 between sulci 14 as in figure 5(A); or placed along centerline CL of gyrus
15 between sulci 14 as in figure 5 (B).
[0046] As shown in figure 5(B), when a probe parallel to the gyrus is defined as having a gyrus-probe angle of zero,
then the gyrus-probe angle of figure 5(A) is defined as 90 degrees.
[0047] Now, in actuality, the gyri and sulci are folded into the surface of the brain in a complicated way. Accordingly,
as shown in figure 6, the angle formed between the direction of the arrangement of living body probes 1 placed in a
plurality of sites on the brain surface and the direction of the gyrus (the probe angle) may be displayed on the monitor.
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A site where a display of this kind is particularly useful is the area around the ear, where the gyri and sulci are infolded
in a complicated way.
[0048] In addition, for example as shown in figure 7, placing living body probes so that they radiate around the ear
makes it possible to accurately measure the activity of the auditory cerebral cortex with good precision. In addition, other
examples of probe arrangements for effectively measuring the area around the ear include placing them in an eyeglass
shape (see figure 7(B)), a fan shape (see figure 7(C)) and a diamond-shaped combination of diamond shapes (see
figure 7(D)).
[0049] In addition, as shown in figure 47(A), taking into consideration the fact that sulci 14 run in the direction of the
centerline, light-emitting elements 1a and light-receiving elements 1b of the living body probe may also be arranged in
diamond shapes, centered around the frontal lobe side centerline. An arrangement of this kind makes it possible to
detect with good precision the right and left superior frontal lobe cortex, running on either side of the venous sinus.
Previously, arranging incidence and detection probes on the center line was seen as taboo, because the sinus venous
runs in front and back. However, I have found that placing probes on the centerline detects optical signals from the left
and right superior frontal gyri of the cerebral hemispheres with good precision. I have found that although light is absorbed
by the large venous sinus, by disposing paired probes on the outside, the method of the present invention makes it
possible, to the contrary, to selectively detect responses from the capillaries, which are scattered and reflected back.
[0050] In addition, whereas the measurement region between measurement points was previously as large as 2.5 x
2.5 cm, an alignment method of this kind makes it possible to make the measurement area between measurement points
K (shown in figure 47(B) and (C)) a 1 x 2 cm measurement region, making high-resolution functional image displays
possible. In addition, it becomes possible to approach a resolution congruent with the width of a human gyrus, 5-10 cm.
Furthermore, utilizing the centerline to place the living body probes makes it possible to separate out and detect responses
of the left and right frontal lobes, parietal lobes and occipital lobes, which face the arterial and venous sinuses and were
difficult to detect previously.
[0051] In addition, it is desirable to be able to select a gyrus from on the scalp and measure it. As shown in figure
48(A), once the four parts of the cerebrum (frontal, temporal, parietal and occipital lobes) have been differentiated, it
becomes possible to further improve gyrus selection.
[0052] In particular, the region around the outer ear canal in particular requires differentiating between the four parts.
Because the temporal lobe is measured in the regions near the outer ear canal, as shown in figure 48(B), the four regions
can be easily differentiated positionally with a fan-shaped or radial arrangement, by their distance from the outer ear canal.
[0053] In addition, with a horizontal probe arrangement, depending on its slope, it becomes become difficult to differ-
entiate the 4 lobes because the position cannot be determined. Accordingly, for example, a line between the glabella
and the outer ear canal can be established, and the angle between this line and the measurement points (the slope of
the probe arrangement) defined as the probe setting angle (angle p) to clarify the shape of the head and the measurement
points, and by this means, individual and group reproducibility can be maintained. For example, in figure 48(C), the
probe set angle is zero degrees, and in (B), it is the angle p. This also has the advantage that, by this means, even
measurements are taken on different days can be taken from the same site.
[0054] As shown in figures 49(A) and (B), by taking diamond shapes as the basic configuration and changing the
angles, the vertical/horizontal distance between measurements can be freely selected by means of a configuration that
make it possible to freely select measuring points with (a) as the acute angle or (b) as the acute angle.
[0055] For example, combining basic diamond shapes such as those shown in figures 49(A) and (B) makes it possible
to arrange them in diamond-shaped application shapes such as those shown in figure 49(C) and (D), or to arrange them
in radially-shaped application shapes such as those shown in figure 50(A)-(C) and so on, suitably selected according
to the shape of the brain and the shape of the skull, and according to the objective.
[0056] The brain structure, that is, the direction of the sulci, has particular characteristics depending on the site, and
by trying out corresponding alignments, it is possible to collect appropriate information from the gyri of the brain (brain
tissues). For example, figure 51 is a drawing of a human head viewed from the back, but the occipital lobe, which is
associated with visual responses, is structured in such a way that the primary visual area in the vicinity of the torus
occipitals and the vision association areas wrap around it in a round radial shape, and thus radially-shaped application
shapes such as those shown in figure 50 (A) - (C) are effective arrangement methods. In addition, as shown in figure
51(B), by taking the point of intersection p of the line joining the left and right outer ear canal with the line joining the
glabella and the torus occipitalis as the center point and applying the radially-shaped application shape shown in figures
50 (A) and (B) or the diamond application shape shown in figure 49(D), it is easy to know where the measurement points
are from on the scalp, and thus possible to know their relationship with the location of cerebral gyri.
[0057] The external shape of the tip of living body probe 1 (the part that comes in contact with the measuring site),
and the angles of the emission surface of each light-emitting element 1a... and the incident surface of the light-receiving
surface of each light-receiving element 1b... are determined according to such factors as the surface morphology of
each site--not only the brain, but also the nails, the palm of the hand, the bottom of the foot, the ear lobe--and the purpose
of the probe. In addition, living body probe 1 may also be constructed as a multilayer probe, shaped, for example, like
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a light bulb, such as that shown in figure 8(A), or a geometrically shaped multilayer probe, such as those shown in figures
8(B) - (D). The use of multilayer probes of this kind makes it possible not only to emit and receive light between widely
separated probes 1, but because light can be emitted and received at locations close together inside probe 1 (see figure
8(E)), switching between far and near probes is possible. These shapes are determined with an endoscopic mode of
use in view, such as for the mouth and digestive system, or the respiratory system.
[0058] In addition, previous living body probes detected light diffused almost uniformly with respect to the incident
point. However, this means that when light from a plurality of light sources is superimposed, in cases where the living
body probe 1 placement surface is curved, as shown in figure 9(A), the degree of precision of the detection differs from
in cases where it is flat, as shown in figure 9(B). Consequently, the amount of diffused light with respect to a measurement
region was dependent on the shape of the probe placement surface and its degree of curvature. Where the probe
placement surface is curved, diffused light tends to accumulate and is easily detected compared to where it is flat, and
the two measurement foci are different. For example, in the area around the parietal lobe, the shape of the cranium is
in some places a sheer wall, and in some places its curvature changes sharply.
[0059] Accordingly, for example, as shown in figure 9(C), lens support member 21 for supporting lens 20 may be
established inside the tip of living body probe 1, and by constructing that lens support member 21 in such a way that it
is movable inside living body probe 1, lens 20 may be changed to the desired angle position. By this means, it becomes
possible to make the light incident angle and the light-receiving angle adjustable to a desired angle.

Material of the living body probe

[0060] Because previous living body probes and devices for securing them were made of plastic, rubber, or the like
covering optical fibers, these were materials which were not likely to be visible in MRI, CT and other images. As a result,
even if a subject went into an MRI apparatus wearing an attachment device or wearing a probe and images were taken,
it was difficult to tell the positional relationship between the probe and the brain surface. For this reason, a probe might
be removed and a different material put in its place for taking MRI images, and there were problems of accuracy,
convenience, and difficulty in taking MRI images.
[0061] Accordingly, in living body probe 1 of the present invention, instead of materials like metals, which cause artifacts
in MRI, a material containing moisture, such as for example, kanten (Agar), may be used as a material in fittings for
supporting the probe (seats, caps, etc.). The probe itself may also be made from a material that contains moisture.

Regarding the controller

[0062] For living body probe 1, two types of light-emitting elements 1a... are provided, those irradiating light of 730
nm wavelength and those irradiating light of 850 nm wavelength. These are disposed, for example, alternately in the
row direction, but when considering other possible patterns, it is important to take into consideration wavelength-de-
pendent attenuation inside the tissue, and dispose them in such a way that the amount of light received can be measured
in a balanced way. All the light-emitting elements 1a... are connected to light intensity adjuster 4 of the apparatus body
3, and the intensity of the emitted light can be adjusted either overall or individually.
[0063] The light-receiving elements 1b..., on the other hand, are all connected to signal amplifier 6 through selector-
adjuster 5 of the apparatus body 3, and either all or some of the received light signals output from each of light-receiving
elements 1b, as selected by selector-adjuster 5, are output to signal amplifier 6, and amplified here. Then, the amplified
received light signals are converted to numeric values by A/D converter 7 and output to controller 8. Controller 8, after
applying a low pass filter to the digital data input from A/D converter 7 to eliminate noise, records this processed data
(referred to below as "received light intensity") chronologically in memory 9.
[0064] Additionally, controller 8 executes the operations described below, based on the received light intensity thus
obtained. First, it calculates absorbance at 730 nm wavelength (O.D.730) by means of Equation 1, and absorbance at
850 nm wavelength (O.D.850) by means of Equation 2, and records the results .of these calculations chronologically in
memory 9.

where:
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I0 730 is emitted light intensity at 730 nm wavelength
I730 is received light intensity at 730 nm wavelength
I0 850 is emitted light intensity at 850 nm wavelength
I850 is received light intensity at 850 nm wavelength

[0065] The relationships expressed by Equations 3 and 4 are known to exist between change in oxygenated hemoglobin
concentration, change in deoxygenated hemoglobin concentration, and change in absorbance, from theory known in
the art. 

where:

Δ O.D.730 is change in absorbance at 730 nm wavelength
Δ O.D.850 is change in absorbance at 850 nm wavelength
Δ [HbO2] is change in oxygenated hemoglobin concentration
Δ [Hb] is change in deoxygenated hemoglobin concentration
a1, a1’, a2, a2’ are absorbance coefficients

[0066] Therefore, solving these simultaneous equations known in the art gives Equations 5 and 6. 

where: 

[0067] Accordingly, after determining the change in absorbance at 730 nm wavelength (ΔO.D.730) and the change in
absorbance at 850 nm wavelength (ΔO.D.850), the change in oxygenated hemoglobin concentration (Δ[HbO2]) is calcu-
lated by means of Equation 5 and the change in deoxygenated hemoglobin concentration (Δ[Hb]) is calculated by means
of Equation 6, and the results of these calculations are recorded chronologically in memory 9. Note that the change in
total hemoglobin concentration (Δ[total Hb]) is represented by Equation 7.

[0068] Now, the situation as regards changes in concentration of oxygenated hemoglobin and deoxygenated hemo-
globin in the capillaries induced by stimulus to the tissues shows the 9 patterns of change below, according to the
possible combinations of their variation.

(1) ΔHbO2: increase; ΔHb: increase

(2) ΔHbO2: increase; ΔHb: decrease

(3) ΔHbO2: increase; ΔHb: zero

(4) ΔHbO2: decrease; ΔHb: increase
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(5) ΔHbO2: decrease; ΔHb: decrease

(6) ΔHbO2: decrease; ΔHb: zero

(7) ΔHbO2: zero; ΔHb: increase

(8) ΔHbO2: zero; ΔHb: decrease

(9) ΔHbO2: zero; ΔHb: zero

[0069] In actuality, with metabolic activity in the tissues, the patterns above are changing over time according to
differences in such factors as stimulus application conditions and the physiological state at rest. Δ[Hb] and Δ[HbO2] vary
in the capillaries as hemodynamic and metabolic activities for the purpose of taking oxygen up into the tissue from
oxygenated hemoglobin.
[0070] Accordingly, in the present invention, various parameters, derived based on two-dimensional diagrams obtained
by plotting data over time on polar coordinates (rectangular coordinates) with change in oxyhemoglobin Δ[HbO2] as the
x-axis and change in deoxyhemoglobin Δ[Hb] as the y-axis, as shown in figure 10, are calculated by means of controller 8.
[0071] Furthermore, at measurement starting point p(HbO2, Hb), total hemoglobin and oxygen saturation exist in the
capillaries. Accordingly, various parameters, derived based on two-dimensional diagrams taking into consideration polar
coordinates (rectangular coordinates) with absolute values of oxyhemoglobin [HbO2] (concentration: mol/l) as the X-
axis and absolute values of deoxyhemoglobin [Hb] (concentration: mol/l) as the Y-axis, as shown in figure 10, are
calculated by means of controller 8.
[0072] Here, on the polar coordinates formed by the x-axis and the y-axis shown in figure 10, the y’-axis established
in the +45 degree direction (ΔtHb axis) shows changes in concentration of total hemoglobin, and the x’-axis established
in the -45 degree direction (ΔScO2 axis) shows changes in oxygen saturation in the capillaries. In addition, in the polar
coordinate system formed by the X-axis and the Y-axis shown in figure 10, the Y’ -axis established in the +45 degree
direction (tHb axis) shows absolute values of total hemoglobin, and the X’-axis established in the -45 degree direction
(ScO2 axis) shows absolute values of oxygen saturation in the capillaries.
[0073] Figure 11(A) is a schematic drawing showing the relationship between a K-ratio diagram and actual neuron
activity and capillary oxygen exchange activity. In the microcirculation model of neuron-capillary oxygen exchange of
figure 11(A), neuron activity results in the need for oxygen consumption and oxygen supply. When this happens, first,
when nerve activity occurs (first response), oxygen is supplied from 7-micron red blood cells in an approximately 5-
micron capillary, through glial cells. Namely, rapid oxygen consumption is carried out in the capillary (second response).
Inside the capillary where oxygen was consumed, the oxygen concentration is reduced, and then, oxyhemoglobin is
supplied from the arterial side (third response) . Next, an oxygen variation response (active washout flow) occurs in the
veins (fourth response). In particular, the change in blood flow occurring in veins, where oxygen exchange with the tissue
does not occur, is a "sewage effect", which is a saucer after oxygen exchange activity occurring in the capillary. As the
sewage effect is easy to take for the similar with "watering the garden effect", the detection of localized information is
more difficult from the venous sewage effect than the local activity in the capillaries, and detection of oxygen consumption
is also difficult by means of the sewage effect.
[0074] Because it was previously impossible to measure the working of this brain microcirculation, tissue oxygen
pressure was measured invasively by sticking a needle into the intercellular spaces of the neurons. It is disclosed about
brain blood-flow response occurring after neuron activity in Roy and Sherrington (Roy CS, Sherrington CS: On the
regulation of the blood-supply of the brain. J Physiol 11,85-108, 1890).
[0075] Since then, attention has been focused only on blood flow, and for more than 110 years, oxygen exchange
inside the capillaries could not be selectively measured. In contrast, with the present invention, it is possible to nonin-
vasively measure the FORCE effect (fast oxygen response in capillary event [oxygen consumption]; second response
described previously), which is the oxygen exchange response most closely linked to neuron activity; and the subsequent
capillary oxygen supply response (primary watering-the-garden effect; third response described previously).
[0076] As shown in figure 11(B), at sites where oxygen exchange rate is increasing, oxyhemoglobin tends to decrease
due to task load, by means of the FORCE effect. In contrast, as shown in figure 11(C), at sites displaying the Watering-
the-garden effect, oxyhemoglobin tends to increase.
[0077] Peak values are also lower when oxygen exchange rate is increasing than for sites displaying the Watering-
the-garden effect.
[0078] In this case, measurement by PET, fMRI and the like have erroneously measured greater activity not at FORCE
effect sites, where oxygen exchange is increasing, but for the Watering-the-garden effect and the sewage effect.
[0079] Namely, with the previous model, in which neuron activity causes a relatively gradual increase in brain blood
flow (dogma since 1890), it was imagined that the greater the changes, whether measured by PET, or fMRI, or NIRS,
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the stronger the neuron activity. However, if we assume that this theory was not necessarily true, and that the stronger
the oxygen consumption in the capillaries, which is linked with neuron activity, the stronger the neuron activity, then
compared to the increase in oxyhemoglobin and total hemoglobin in the capillaries, linked to the FORCE effect, which
depletes oxygen by the transferring it to the nerves, the increase in oxyhemoglobin and total hemoglobin must be greater
in the surrounding regions, where oxygen is not exchanged with the nerves, that is to say, the regions where it merely
passes through.
[0080] In this case, with a gradual response, it is impossible to know what height of increase should be selected. In
actuality, with PET and fMRI, there is no reason to select a low response. Namely, By influence of a FORCE effect in
PET and fMRI, sites where maximum oxygen consumption has occurred in this way may be masked (hidden) by regions
with even greater changes from the Watering-the-garden effect during the time period when oxygen is supplied, and
cannot be statistically selected out.
[0081] In contrast, with the present invention, it is also possible to measure localized responses that are not masked
by the Watering-the-garden effect. The most important concern, for the clinical application of a method for measuring
brain function, is misdiagnosis in functional diagnosis. Being able to predict what kinds of misdiagnosis might occur must
be sufficiently taken into consideration. In measurement methods utilizing the blood, exclusion of the sewage effect,
from venous components, is important. The capillaries perform oxygen exchange, but the role played by the veins is the
post-oxygen-exchange sewage effect. A method utilizing this sewage effect itself is fMRI, using T2* weighted imaging.
However, from the standpoint of the phenomenon of oxygen exchange, this is, instead, a source of signals causing
erroneous diagnoses that must be excluded. Specifically, there are cases in which a considerable supply occurs to low
oxygen exchange regions as well. With PET and fMRI, it sometimes happens that regions with low oxygen exchange
are measured as having a higher strength than regions with strong oxygen exchange. This leads to misdiagnosis in
functional diagnosis. For a medical diagnostic measuring method, this is a fatal flaw. The present invention is also the
discovery of an NIRS imaging method that prevents this misdiagnosis.
[0082] Now, as shown in figure 11(A), the amount of red blood cells (tHb) increasingly fluctuates in a direction of 90
degrees with respect to the capillary wall. Oxygen exchange, on the other hand, occurs with respect to the capillary wall,
namely, in a direction 90 degrees from the direction the blood cells are moving. Consequently, the ScO2 vectors, which
represent oxygen exchange, and the tHb vector are in a perpendicular relationship. In the same way, the velocity vector
of the increase/decrease of red blood cells (tHb), and the ScO2 vector, which represents oxygen exchange, in which
oxyhemoglobin changes to deoxyhemoglobin in order to transfer oxygen to the tissues, are also in a perpendicular
relationship.

Regarding various parameters

[0083] Examples of parameters calculated by means of controller 8 include the following:

1) Absolute oxygen exchange ratio (ratio θ’)

[0084]

2) Absolute oxygen exchange rate(angle) (angle θ)

[0085] On a polar coordinates with absolute amount of oxygen saturation as the X’ -axis and the absolute amount of
total hemoglobin as the Y’ -axis, created by rotating rectangular coordinates with absolute amount of oxyhemoglobin as
the X-axis and absolute amount of deoxyhemoglobin as the Y-axis 45 degrees to the right around the origin 0, it is the
angle formed between the vector from the origin 0 to measurement point q and the aforementioned X’-axis; it can have
values of π/4 ≤ angle θ ≤ 3π/4.
[0086] The absolute oxygen exchange rate (ratio θ’) is defined as: 
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[0087] Angle θ is calculated from either of 2 coordinate systems: polar coordinates with deoxyhemoglobin as the X-
axis and oxyhemoglobin as the Y-axis, or polar coordinates created by rotating this 45 degrees to the right around the
origin 0, with the oxygen exchange vector component as the X’-axis and the total Hb vector amount as the Y’-axis.

3) Calculation of absolute oxygen exchange velocity: angular velocity (ε)

[0088] From θ = ε·t, it is equivalent to the differential of θ(Δθ)

4) Absolute oxygen exchange angular acceleration (ε’)

[0089] The differential of absolute oxygen exchange velocity is further taken to calculate absolute oxygen exchange
angular acceleration.

5) Absolute oxygen exchange vorticity u

[0090]

[0091] From the fact that when the vorticity (u) is high, velocity towards the center is high, it can be judged that a given
location is a capillary, and thus predominantly venous data can be excluded.

6) Absolute oxygen exchange amount (r-value; scalar)

Distance of a vector from the origin to a measurement point

[0092] Note that total Hb vector data for each voxel plotted on the coordinate system can be calculated as r sin θ, and
oxygen saturation vector data for each voxel, as r cos θ.

7) Oxygen exchange rate [oxygen exchange angle] (k-angle)

[0093] On polar coordinates with change in oxygen saturation as the x’-axis and change in total hemoglobin as the y’
-axis, created by rotating rectangular coordinates with change in oxyhemoglobin as the x-axis and change in deoxyhe-
moglobin as the y-axis 45 degrees to the right around the origin, it is the angle formed between a vector from a desired
point, from the standpoint of measurement (the start of measurement may be used as the point of origin), to a measurement
point and the aforementioned x’-axis; unlike for the angle θ, any angle can be taken.
[0094] As shown in figure 12, the k-angle is high for the capillaries and the k-angle is low for the veins; thus, predom-
inantly capillary data, which has a high k-angle, can be extracted. In addition, handling oxyhemoglobin and deoxyhe-
moglobin simultaneously causes dependence on S/N to disappear.
[0095] Figure 13 is a conceptual diagram of a two-dimensional diagram divided into events. With previous measuring
methods, it was assumed that when the brain is stimulated, a metabolic response is immediately followed by an increase
in blood flow. However, the temporal relationship between the period during which the metabolic response is sustained
and the increased-blood-flow response depends on such factors as the type, strength and duration of the stimulus, and
it is therefore difficult to distinguish between regions and time periods of predominantly metabolic response and pre-
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dominantly hemodynamic response.
[0096] Accordingly, the k-angle makes it possible to separate predominantly metabolic responses from predominantly
hemodynamic responses and display two kinds of images . This is because it independently represents metabolism, in
which oxygen is consumed; and if there is no increase in oxyhemoglobin from increased blood flow, there is a shift to
event 4, which shows an increase in deoxyhemoglobin and a decrease in oxyhemoglobin.
[0097] On the other hand, an increased blood flow response causes a shift to event 1, which shows a decrease in
deoxyhemoglobin and an increase in oxyhemoglobin. Consequently, the K-ratio is a predominantly metabolic response
in event 4 and event -4, an increased blood flow response in event 1, and a decreased blood flow response in event -1.
The increased blood flow response is stronger in event 2 than in event 3. The decreased blood flow response is stronger
in event -2 than in event -3.
[0098] Thus, a k-angle map is meaningful in 2 ways: as an image showing predominantly metabolism, and as an
image showing predominantly hemodynamics.
[0099] That is, for the capillaries, because oxygen is consumed, predominantly metabolic responses necessarily occur,
and thus events beyond than event 1 (events 2, 3 or 4) are detected (for example, plot L1). However, for the veins, it
becomes an image showing predominantly blood flow, and thus events 4 or 3 are unlikely to be detected. Thus, if a
response stays in event 1, it can be considered to be either a predominantly venous or a low metabolic response (for
example, plot L2).

8) Calculation of oxygen exchange velocity: angular velocity (λ)

[0100] From k = λ·t, it is equivalent to the differential of k (Δk) 

9) Oxygen exchange angular acceleration (λ’)

[0101] The differential of oxygen exchange velocity is further taken to calculate oxygen exchange angular acceleration.

10) Oxygen exchange vorticity j

[0102] j = 2λ (where λ is oxygen exchange velocity)

11) Oxygen exchange ratio (K-ratio)

[0103]

[0104] Even in a resting state, in which no stimulus of any kind is being applied to living body tissue, it becomes
possible, based on physiological theory, to immediately judge whether data is predominantly capillary data by evaluating
the K-ratio. Namely, because it has been made clear that the K-ratio approaches -1 if it is predominantly capillary data,
and the K-ratio moves somewhat away from -1 in a plus direction if it is predominantly venous data, it is possible to
judge whether data is predominantly capillary data based on whether the K-ratio is in the vicinity of -1.

12) Amount of oxygen exchange (L-value; scalar)

[0105] Distance of a vector from a desired point, from the standpoint of measurement (the start of measurement may
be used as the point of origin), to a measurement point
[0106] When a specific stimulus is not present, the K-ratio is small, and the amount of oxygen exchange L is small.
Because the capillaries are upstream from the veins and the rate of attenuation of the amplitude of fluctuation (SD) from
a stimulus is fast, fluctuation can be distinguished. For the same site, the degree of fluctuation can be evaluated by the
size of the L-values. For example, in the case of figure 14(A), the amplitude of fluctuation at rest is small, showing that
the S/N ratio is good; and in the case of figure 14(B), the amplitude of fluctuation at rest is large, and showing that the
S/N ratio is bad.
[0107] In addition, as for veins and capillaries, because noise from the veins is greater and has less periodicity than
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that of the capillaries, predominantly capillary data can thus be distinguished by means of L-values.
[0108] Note that time series data for total Hb change vectors of each voxel plotted on the coordinates can be calculated
as L sin θ, and time series data for oxygen saturation change vectors for each voxel, as L cos θ.

13) Hemoglobin oxygen exchange efficiency (E-ratio)

[0109]

[0110] Here, when the oxygen exchange vector, cos (k-angle) > 0, the hemoglobin oxygen exchange efficiency indicates
oxygen consumption efficiency; and when the oxygen exchange vector, cos (k-angle) < 0, the hemoglobin oxygen
exchange efficiency indicates oxygen supply efficiency.
[0111] In addition, when we consider the K-ratio described previously and the E-ratio, from 

we derive 

(see figure 15(A)).

[0112] From the above equation, when k = 0, E = 1; when k = 1, E = 0; and when k = -1, E becomes infinitely large.
When ScO2 = 0, E = 0; and even if the amount of hemoglobin changes, oxygen exchange does not occur. When tHb =
0, E becomes infinitely large, and even if the amount of hemoglobin changes hardly at all, oxygen exchange occurs.
[0113] Consequently, when E > 0, the E-ratio represents oxygen supply efficiency, and when E < 0, the E-ratio
represents oxygen consumption efficiency.

14) Y-values

[0114]

[0115] Here, when Y = 0, the change in total hemoglobin (tHb) = 0; namely, the force and kinetic energy required to
vary the amount (number) of red blood cells are zero.
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[0116] Thus [Y]becomes an index for distinguishing increases and decreases in ScO2. which is perpendicular to total
hemoglobin.
[0117] With Y > 0, ScO2 > 0; and with Y < 0, ScO2 < 0.
[0118] Consequently, Y = [OxyHb] - [DeoxyHb] conveniently represents relative change in ScO2; for example, as
shown in figure 16(A), in image display measurements, the lowest value for Y < 0 shows the maximum FORCE effect,
and the maximum Y > 0 shows the maximum Watering-the-garden effect.
[0119] Note that figure 16(B) is a graph explaining the theoretical formula, using vectors of OxyHb, DeoxyHb, tHb and
ScO2. As shown in figure 16 (B), if [OxyHb] and [DeoxyHb] are considered to be perpendicular vectors, this leads to 

and, in contrast to [OxyHb] + [DeoxyHb], which represents total hemoglobin, [OxyHb] - [DeoxyHb] means the amount
of hemoglobin which causes ScO2 to increase or decrease with respect to 50% oxygen saturation.
[0120] In addition, the dissociation of tHb and ScO2 is represented by means of [DeoxyHb]. Namely, 

[0121] Here,

1) because in the arteries,
[DeoxyHb] = 0, the relationship tHb = ScO2 = 0 applies.
2) Because in the veins, tHb = [OxyHb] + [DeoxyHb] = 0, the relationship [DeoxyHb] = -1/2(ScO2) = -[OxyHb] applies.
3) In the capillaries, because oxygen exchange is taking place, [DeoxyHb] = 1/2(tHb - ScO2), and [OxyHb] = 1/2(tHb
+ ScO2) apply.

[0122] Now, the interrelationship described above between oxyhemoglobin and deoxyhemoglobin among the red
blood cells in the capillaries is made clear by means of a variety of oxygen exchange indexes.
[0123] However, the relationship between the amount of hemoglobin and oxygen exchange indexes has not been
made clear. Accordingly, by considering oxygen exchange of the red blood cells in the capillaries to be rotational motion
(theory), it is possible to establish a relationship between the amount of hemoglobin and oxygen exchange within the
equation of rotational motion.
[0124] Namely, when the amount (number) of red blood cells increases, oxygen is supplied to the nerve cells from
the red blood cells in the capillaries, through the glial cells (see figure 11). Because oxygen is required for neuron activity,
by measuring oxygen consumption and supply in the capillaries, it is possible to monitor neuron activity. In the past,
because oxygen metabolism in the nerve cells and oxygen metabolism of the capillaries could not be measured, it was
measured invasively, by inserting needles into the spaces between the nerve cells. However, a capillary oxygen exchange
functional imaging measurement method that precisely measures oxygen exchange in the capillaries and is noninvasive
now becomes possible.
[0125] Accordingly, the present invention makes it possible, by means of time series measurements of changes in
absolute amounts and relative changes, to display information in image form, divided into

1) the force and kinetic energy that varies the amount (number) of red blood cells

2) the oxygen exchange rotational energy, which takes variation in the amount (number) of red blood cells as its axis

[0126] Figure 17(A)-(D) are graphs showing changes over time in the 4 component vectors: oxyhemoglobin, deoxy-
hemoglobin, total hemoglobin and oxygen saturation. From figure 17, differentials and integrals are calculated, and
kinetic energy, force, torque, angular momentum, moment of inertia and the like of the loci of the two-dimensional
coordinate axes are calculated and measured.
[0127] Namely, if amount of total hemoglobin is taken as mass m, they can be shown as equations using oxygen
exchange velocity λ calculated from oxyhemoglobin and deoxyhemoglobin.
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15) Force F

[0128]

Fr: Calculation of momentum F = mtε

16) Rate of change in angular momentum over time N (torque)

[0129]

17) Angular momentum Pt, Po, Pd of [amount of DeoxyHb], [amount of OxyHb] and [amount of total Hb] for each voxel

[0130]

18) Linear density β (units: mass/length) of hemoglobin for each voxel

[0131]

19) Moment of inertia I

[0132]

20) Rotational energy Q:

[0133]
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21) Momentum of total hemoglobin PtHb

[0134]

22) Oxygen exchange angular momentum LSco2

[0135]

23) Total hemoglobin variation force FtHb

[0136]

24) Oxygen exchange torque NScO2

[0137]

25) Total hemoglobin variation energy TtHb

[0138]

26) Oxygen exchange rotational energy KScO2

[0139]
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[0140] To map the temporal distribution of vectors of change in capillary oxygen saturation, oxygen exchange angular
velocity is calculated by means of the differentials of oxygen exchange rate.
[0141] From a map of temporal distribution of the differentials of the capillary oxygen saturation change vectors and
a map of temporal distribution of hemoglobin (Hb) change vectors, angular momentum, force F, rate of change in angular
momentum over time (torque) N, moment of inertia I and rotational energy Q for each voxel are calculated for DeoxyHb,
OxyHb and total Hb.
[0142] The meaning of this is that it shows that oxygen exchange index [es from oxyhemoglobin and deoxyhemoglobin,
and changes in the amount of hemoglobin are tied together by the equations of rotational energy.
[0143] Namely, channels (regions) can be selected by means of the size of the amount of change in kinetic energy.
[0144] Below, nine patterns arise in the relationship between changes in the amount of hemoglobin and absolute
oxygen exchange angular velocity (or oxygen exchange angular velocity). Energy Q and angular momentum P corre-
sponding to these are as follows:

[0145] In this way, the amount of change in rotational energy is determined by the interaction of the values for change
in hemoglobin and change in absolute oxygen exchange angular velocity (or oxygen exchange angular velocity), and a
spatiotemporal image display of the regions of maximum increase and regions of maximum decrease in rotational energy
accompanying oxygen metabolism, and identification of the area of those ranges becomes possible.

27) Moment of inertia on the oxygen saturation - total Hb coordinates

[0146]

 (because it is thought of as the rotational motion of a kind of pole made of hemoglobin, this pole’s linear density, 

Table 1

Change in 
hemoglobin

Absolute oxygen exchange angular velocity 
(or oxygen exchange angular velocity)

Change in angular 
momentum P

Change in rotational 
energy Q

Increase Increase Increase Increase

Increase Decrease Increase/Decrease Increase/Decrease

Increase Zero Increase Increase

Zero Increase Increase Increase

Zero Decrease Decrease Decrease

Zero Zero Zero Zero

Decrease Increase Increase/Decrease Increase/Decrease

Decrease Decrease Decrease Decrease

Decrease Zero Decrease Decrease
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[0147] Upon dynamically measuring a locus on two-dimensional coordinates, the two moments of inertia IrHb = "oxygen
exchange moment of inertia", when thinking of it as rotational motion of a kind of pole made of oxyhemoglobin and
deoxyhemoglobin from the origin zero, and ItHb = "total Hb moment of inertia", when thinking of it as rotational movement
of a kind of pole made of hemoglobin, are calculated.
[0148] When the law of total conservation of energy is applied, the sum of the "rotational energy of a kind of pole made
of oxyhemoglobin and deoxyhemoglobin from the origin zero" and the "kinetic energy of mass variation of a kind of pole
made of oxyhemoglobin and deoxyhemoglobin", on oxyhemoglobin-deoxyhemoglobin coordinates, can be thought of
as divided into "rotational movement of a kind of pole made of Hb" and "kinetic energy of mass variation of a kind of
pole made of Hb" on oxygen saturation-total hemoglobin coordinates, created by conversion of the polar coordinates.

[0149] Namely, it can be measured or monitored divided into parallel motion and rotational motion.
[0150] Consequently, measurement flowcharts can be described for each of "rotational energy of a kind of pole made
of oxyhemoglobin and deoxyhemoglobin from the origin zero", "kinetic energy of mass variation of a kind of pole made
of oxyhemoglobin and deoxyhemoglobin", "rotational movement of a kind of pole made of Hb", and "kinetic energy of
mass variation of a kind of pole made of Hb".
[0151] In addition, the measure values required for the calculation of kinetic energy can be monitored. Furthermore,
because these are time series data, it is also possible to display not only absolute amounts, but also the respective
amounts of change and amounts of change in energy for each.
[0152] Figure 18 shows moment of inertia on two-dimensional diagrams with oxygen saturation as the X-axis and total
hemoglobin as the Y-axis. Figure 18 (A) is an explanatory diagram showing the amount of change in kinetic energy
accompanying the phenomenon of oxygen exchange in the capillaries; namely, the "change of rotational energy of a
kind of pole made of oxyhemoglobin and deoxyhemoglobin from the origin zero" and the "change of kinetic energy of
mass variation of a kind of pole made of oxyhemoglobin and deoxyhemoglobin".
[0153] Because "change of kinetic energy accompanying the phenomenon of oxygen exchange in the capillaries" =
"change of rotational energy of a kind of pole made of oxyhemoglobin and deoxyhemoglobin from the origin zero" +
"change of kinetic energy of mass variation of a kind of pole made of oxyhemoglobin and deoxyhemoglobin", 

[0154] Figure 18 (B) is an explanatory diagram showing absolute values for kinetic energy accompanying the phe-
nomenon of oxygen exchange in the capillaries; namely, the "absolute amount of rotational energy of a kind of pole
made of oxyhemoglobin and deoxyhemoglobin from the origin zero" and the "absolute amount of kinetic energy of mass
variation of a kind of pole made of oxyhemoglobin and deoxyhemoglobin".
[0155] Because the "absolute amount of kinetic energy accompanying the phenomenon of oxygen exchange in the
capillaries" = "absolute amount of rotational energy of a kind of pole made of oxyhemoglobin and deoxyhemoglobin from
the origin zero" + "absolute amount of kinetic energy of mass variation of a kind of pole made of oxyhemoglobin and
deoxyhemoglobin", 
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[0156] Other possible parameters include the following:

28) Calculation of a sum total M for all Hb for a desired time of rotational motion

[0157] Calculation of time course data M = ∑mi

29) Locus of movement of the center of gravity of each voxel

[0158] Calculation of center of gravity coordinates 

[0159] As shown in figure 19, by taking the locus of movement of the center of gravity G of each voxel, stability of the
data at rest can be judged; for example, taking sites with high stability as measurable, and waiting to measure sites with
low stability.

30) Locus of movement of center of rotation C of each voxel

[0160] Approximated by calculating maximum values of change of the 4 vector components (ΔHbO2, ΔHb, ΔScO2 and
ΔtHb) from the Hb-HbO2 polar coordinates and the tHb-Sc polar coordinates, and taking the coordinates showing 1/2
the maximum value of change as the center of rotation C. As shown in figure 20, by taking the locus of movement of
center C for each voxel, stability of the data can be evaluated; for example, taking sites with high stability as measurable,
and waiting to measure sites with low stability.

31) Maximum trajectory surface area of rotational motion ΔS

[0161] As an approximate formula, ΔS = (ΔHbO2) · (ΔHb) = (ΔScO2) · (ΔtHb) Stability of the data can be evaluated by
the time course of the maximum trajectory surface area of rotational motion of each voxel; for example, taking sites with
high stability as measurable, and waiting to measure sites with low stability.

32) Fluctuation ratio (fi/fj)

[0162] The total amount of Hb of each functional voxel is measured; the maximum total hemoglobin (tHbi) and the
total hemoglobin ratios (tHbj/tHbi) with the other voxels are calculated; the total hemoglobin ratios are ranked; as fluc-
tuation measurements for each functional voxel, the maximum change values of the 4 vector components ΔHbO2, ΔHb,
ΔScO2 and ΔtHb are calculated from the Hb-HbO2 polar coordinates and tHb-Sc polar coordinates; and ratios fi/fj between
fluctuation fi of the maximum total hemoglobin (tHbi) and the fluctuation of the other voxels fj are calculated.
[0163] From the fluctuation ratio, ratios for the amount (measurement target mass) of total hemoglobin of the meas-
urement targets can be determined. Relative graphs of measured mass and differences in amplitude of fluctuation can
be displayed, as shown, for example in figure 21 (interpolated display).
[0164] From this it can be seen which sites have what kind of distortion, and this can also be applied in cases of
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measuring distortion that is not from noise but that has a pathological origin.

33) Center trajectory distance (h-values)

[0165] Center coordinates of an elliptical trajectory in 2 dimensions within a desired time are calculated.
[0166] The following are used as 2 approximate equations from 2-coordinate systems.

[0167] A desired number of rotations n may also be averaged for the ellipse.
[0168] Values for distance h from point p of the center coordinates (measurement start zero point) are measured.
[0169] A minimum value for h reflects a channel with little fluctuation. A minimum total value c of the center coordinate
distances when rotated n times also reflects a stable channel.

34) Degree of variation between channels (G-value)

[0170] Represents the strength of variation in signal strength between channels. Dispersion is calculated using the
following numerical formula.

Where:

n: number of measurement sites
Ui: measured value
U: average of n measured values

35) Scalar value (S-value)

[0171]

[0172] Two kinds of selection and adjustment, within channels and between channels, are performed so that scalar
S-values on vectors calculated from G-values and L-values are minimized.

36) A complex function that simultaneously handles capillary oxygen saturation (oxygen exchange) vectors and total 
hemoglobin vectors (L*ek-angle)

[0173] The 3-dimensional displays described below--I-spiral, T-spiral, K-spiral and H-spiral--can all be described by
means of an oxygen exchange equation using complex functions.
[0174] From the use of the "oxygen exchange equation" utilizing the equations of Euler’s formula, the locus of the K-
spiral in the 3-dimensional diagram is the first time since imaginary numbers appeared in Schrödinger’s equation in
quantum mechanics that imaginary numbers have come into the description of a life sciences phenomenon, and it shows
that oxygen exchange is adjusted according to real-number and imaginary-number factors.
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[0175] By means of Euler’s formulas, amounts with different units (hemoglobin and oxygen exchange) can be repre-
sented simultaneously by a complex function.
[0176] Euler’s formula: 

[0177] Considering the complex function on polar coordinates, 

[0178] If this is further rotated 45 degrees, it becomes: 

and if placed in Euler’s formula as: 

then biological physiological changes, namely hemoglobin and oxygen exchange, which were previously handled sep-
arately as different physiological values, are now handled simultaneously, by means of a complex function.
[0179] In addition, the following apply: 
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and the following relationships also apply: 

[0180] To summarize, 

[0181] Because the k-angle and other indexes are all functions of time, they represent K-spirals.

37) Cumulative tHb change and the correlation change angle, at rest and during activity

[0182] Cumulative tHb change and the correlation change angle, at rest and during activity, are calculated by the
following procedure:

1. Data is measured from a plurality of sites.

2. tHb and ScO2 are separated out and calculated.

3. Summed data for tHb and ScO2 from a desired starting point, namely, cumulative change in tHb and cumulative
change in ScO2, are determined.

4. ∫taf(t)dt, taking a = 0, and varying time t, is displayed as a graph. f(t) becomes tHb or ScO2.

5. The respective correlation coefficients (slope r) at a given time are determined at rest and during activity. The
angle formed by the two slopes r, at rest and during activity, is also determined.
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6. For tHb, the angle formed by these two slopes defines the correlation change angle for cumulative tHb change.

7. For ScO2, the angle formed by these two slopes defines the correlation change angle for cumulative ScO2 change.

[0183] Then, as shown in figures 22(A) and (B), the slopes are calculated with a change in state between rest and
activity. Because oxygen supply and consumption are exactly opposite, they intersect at right angles.
[0184] In the graph of figure 22(A), because the two time series data differ to the extent that the changes in correlation
of cumulative ScO2 intersect at an angle of approaching 90 degrees, the FORCE effect and the Watering-the-garden
effect can be separated.
[0185] In figure 22(B), the two time series data are differentiated to the extent that the changes in correlation of
cumulative tHb change intersect at an angle approaching 90 degrees, but the FORCE effect and the Watering-the-
garden effect can be best separated in the initial period of activity.

38) Indexes pertaining to capillary red blood cell circulation time, etc.

[0186] Previously, because there was no means for noninvasively measuring microcirculation in the capillaries, there
was no index for measuring the red blood cell capillary circulation time. It was barely possible, using PET and the like,
by the rather rough means of the ratio between cerebral blood volume (CBV, ml/100 g) and cerebral blood flow (CBF,
ml/100 g/minute) as an index of the reserve circulation capacity, to suggest, from the mean transit time in the blood
vessels (MTT = CBV/CBF; in the human brain, approximately 7 seconds), that to the extent that it was slower than 7
seconds, it was a factor in aging and cerebral infarction.
[0187] The inverse, CBF/CBV = 1/MTT, reflects the perfusion pressure of the brain, and in the early stages of ischemia,
this value shows a decrease.
[0188] Here, with NIRS imaging, because it is possible to measure total hemoglobin, oxyhemoglobin, deoxyhemoglobin
and ScO2 as indexes relevant to the measurement of red blood cell capillary circulation time,

1. Red blood cell capillary circulation time information can be measured through total hemoglobin.

2. Because oxyhemoglobin is carried by the arterial blood, circulation time information pertaining to blood inflow
and oxygen consumption can be measured.

3. Because deoxyhemoglobin varies according to the amount of tissue oxygen consumption, circulation time infor-
mation pertaining to oxygen consumption can be measured.

4. As for ScO2, circulation time information pertaining to oxygen consumption and supply variation can be measured.

[0189] Specifically,
from change in tHb, we can calculate:

• Change in localized capillary red blood cell cumulative transit time 

• Change in localized capillary red blood cell transit time 

[0190] From change in HbO2, we can calculate:

• Change in localized capillary oxyhemoglobin cumulative transit time 

• Change in localized capillary oxyhemoglobin transit time 
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[0191] From change in Hb, we can calculate:

• Change in localized capillary deoxyhemoglobin cumulative transit time 

• Change in localized capillary deoxyhemoglobin transit time 

[0192] From change in ScO2, we can calculate:

• Change in localized capillary cumulative oxygen exchange time 

• Change in localized capillary oxygen exchange time 

[0193] From absolute tHb, we can calculate:

• Localized capillary red blood cell cumulative transit time 

• Localized capillary red blood cell transit time 

[0194] From absolute HbO2, we can calculate:

• Localized capillary oxyhemoglobin cumulative transit time 

• Localized capillary oxyhemoglobin transit time 

[0195] From absolute Hb, we can calculate:

• Localized capillary deoxyhemoglobin cumulative transit time 



EP 1 818 016 B1

33

5

10

15

20

25

30

35

40

45

50

55

• Localized capillary deoxyhemoglobin transit time 

[0196] From absolute ScO2, we can calculate:

• Localized capillary cumulative oxygen exchange time 

• Localized capillary oxygen exchange time 

[0197] It is also possible to use the inverses of the above as indexes. In actuality, when calculated as the amount of
change, for the purpose of avoiding zero and for the purpose of approximating calculation of absolute amounts, 1 /
(tRTTc + a) is used. Here, the value for "a" in seconds is selected as desired (for example, initial speed).

Regarding the display part

[0198] Display part 10, shown in figure 2, performs a variety of kinds of image displays, based on various parameters
calculated by means of controller 8 and/or behavioral information entered into behavioral information input part 12 and
recorded in memory 9.
[0199] For example, figure 23 shows graphs of measured results for each of 8 channels (ch 1-8) when a subject
repeats a word spoken by an examiner. Figure 23(A) shows the amount of change for each Hb, (B) shows the time
course of the K-ratio, C shows the time course of the k-angle (lines divide the events by color), (D) shows the time course
of the L-value, and (E) shows two-dimensional changes in the K-ratio. Because the examiner’s speaking begins from
the vertical lines in figures 23(A)-(E), it can be seen that the K-ratio is changing while the subject is listening to the word
spoken by the examiner.
[0200] In addition, figure 24 shows explanatory spatiotemporal displays of actual measured data; (A) shows oxyhe-
moglobin; (B), deoxyhemoglobin; (C), total hemoglobin; (D), K-ratios; (E), k-angles; and (F), L-values. Here, the horizontal
axis is time, and the vertical axis displays sites from channels 1-8, and increasing and decreasing values are differentiated
by color.
[0201] From the spatiotemporal display of the k-angle shown in figure 24(E), the time course of the sites where oxygen
metabolism increased the most, immediately after the stimulus, can be seen.
[0202] Figure 25 shows time distribution maps of changes in hemoglobin (Hb) and changes in capillary oxygen satu-
ration. As can be seen from figure 25, the 2 distributions are clearly spatially and temporally different. Previously, these
2 elements could not be extracted with a good degree of precision.
[0203] With NIRS imaging, it is possible to noninvasively and precisely observe a time series in which low oxygen in
the capillaries is succeeded by high oxygenation. By measuring, from site and time distribution maps, the sites and the
temporal spread of the FORCE effect (fast oxygen response in capillary event) (F, figure 25), it is possible to judge the
strength of oxygen consumption. In addition, the fact that widespread changes in oxygen saturation and changes in
hemoglobin (Watering-the-garden effect; the phenomenon whereby oxygen is supplied in response to oxygen consump-
tion in a given location and the amount of blood flow also changes in its environs as blood supply) following the FORCE
effect are recognized by vascular functional controls can be graphically displayed (W, figure 25). Namely, imaging that
measures the fast oxygen metabolism response in the capillaries and its relationship to vascular controls is possible.
When the Watering-the-garden effect is measured with T2*-fMRI, large signal changes are triggered by veins downstream
from the capillaries, and the measurements in units of minutes in PET are convenient for detecting the Watering-the-
garden effect; thus it is difficult to differentiate the FORCE effect and the Watering-the-garden effect, as can be done in
NIRS imaging.
[0204] Time series data for cumulative amounts or cumulative changes for desired regions may also be displayed.
[0205] Figure 26 shows graphs displaying cumulative oxyhemoglobin changes based on changes in oxyhemoglobin.
From the graphs of figure 26, it can be seen that the Watering-the-garden effect region W and the FORCE effect region
F can be differentiated. If applied to the resting control segment before the task period, a time series data display of
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cumulative amounts or cumulative changes for a desired region makes it possible to distinguish uniformity and stability
of various measurement channels at rest.
[0206] Figure 27 shows graphs displaying changes in oxyhemoglobin and cumulative oxyhemoglobin changes. Figure
27(A) shows a FORCE effect region, and (B) shows a Watering-the-garden effect region. It can be seen that in the
FORCE effect region, as compared to the Watering-the-garden region, the task load causes the oxyhemoglobin to
decrease, and then shift to an increase, and the cumulative amount also shifts to a positive direction.
[0207] Figure 28 (A) is a graph showing time course changes in tHb, (B) is a graph showing time course changes in
the differentials of tHb, (C) is a two-dimensional diagram of the differentials of tHb, and their differentials.
[0208] Summed tHb and ScO2 data, from a desired starting point, namely, cumulative change in tHb and cumulative
change in ScO2, may also be displayed in time series (for example, see figure 29).
[0209] Furthermore, time series data of integrals for FORCE sites and primary Watering-the-garden sites may be
compared and their correlations displayed. For example, in the example in figure 30, slopes R at rest and during activity
are completely different for regions showing completely different amounts of change in ScO2, but they show a high
coefficient of correlation. This proves a precise relationship between the oxygen consumption site and the surrounding
oxygen supply sites.
[0210] In addition, in the example in figure 31, slopes R at rest and during activity are completely different for regions
showing completely different amounts of change in tHb, but they show a high coefficient of correlation. This proves a
precise relationship between the oxygen consumption sites and the surrounding oxygen supply sites.

Regarding the method for evaluating biological function

[0211] Next, a method for evaluating biological function of a working embodiment of the present invention is explained.
Figure 32 is a flowchart for explaining a method for evaluating biological function of a working embodiment of the present
invention.
[0212] First, a measurement mounting device furnished with living body probes 1 is mounted on the site of the living
body to be measured (step S1).
[0213] Next, living body probe light-emitting elements 1a and light-receiving elements 1b are set up (step S2).
[0214] Next, while the locations of living body probes 1 are displayed on the monitor, light is emitted from light-emitting
elements 1a to irradiate light to the living body (step S3).
[0215] Next, light is received by light-receiving elements 1b of living body probes 1 (step S4) .
[0216] Next, controller 8 of apparatus body 3 analyzes light functional voxel data within the channels of living body
probes 1, based on light information detected by living body probes 1 (step S5), and then, based on a variety of parameters,
evaluates the need for selecting light-emitting element / light-receiving element combinations within each channel formed
by the living body probe for validation/invalidation, or adjusting them (step S6) .
[0217] In step S6, selection is carried out based on, for example, the parameters that follow. Combinations may be
selected using only one parameter, or they may be selected using 2 or more parameters for comprehensive evaluation
(setting priorities among the parameters, and so on).

1) K-ratios

[0218] By selecting combinations for which the K-ratio has a value approaching -1, combinations that obtain predom-
inantly capillary data can be selected, and combinations that obtain predominantly venous data can be excluded.

2) L-values

[0219] By selecting combinations for which the L-value is small, combinations that obtain predominantly capillary data
with good S/N ratios can be selected, and combinations that obtain predominantly venous data with bad S/N ratios can
be excluded.

3) AS-values

[0220] By selecting combinations with small ΔS-values, combinations that obtain data with little rotational motion and
good S/N ratios can be selected, and combinations that obtain data with large rotational motion and bad S/N ratios can
be excluded.

4) h-values

[0221] By selecting combinations with small h-values, combinations that obtain data with little fluctuation and good
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S/N ratios can be selected, and combinations that obtain data with large fluctuation and bad S/N ratios can be excluded.
[0222] Next, controller 8 of apparatus body 3 analyzes light functional voxel data among the channels of living body
probes 1, based on light information detected by means of living body probes 1 (step S7), and then, based on a variety
of parameters, evaluates the need for selecting combinations among the channels for validation/invalidation, or adjusting
them (step S8) .
[0223] In step S8, selection is carried out based on, for example, the following parameters. Combinations may be
selected using only one parameter, or they may be selected using 2 or more parameters for comprehensive evaluation
(setting priorities among the parameters, and so on).

1) G-values

[0224] Channels with low G-values are selected and channels with high G-values are deleted or readjusted (the
channel is re-placed).

2) S-values

[0225] If only G-values are used, there will be cases which all the sites have similar variation, making determination
difficult; therefore, S-values are also taken into consideration, and channels with low S-values are selected and channels
with high S-values are deleted or readjusted (the channel is re-placed).
[0226] When the designated criteria are satisfied by selection within and between the channels by means of steps S6
and S8, the controller proceeds to the next step, and in cases when the designated criteria are not satisfied, the data is
invalidated or readjusted by changing the position of the measurement mounting device or the living body probe 1 and
so on.
[0227] Next, baseline data is measured from light information detected by the living body probes with the living body
at rest, and data analysis and data display are performed (step S9).
[0228] Next, when a task is presented to the living body, task presentation data is measured from light information
detected by the living body probes, and data analysis and data display are performed (step S10).
[0229] Previous measuring methods only used changes in oxyhemoglobin concentration, changes in deoxyhemoglobin
concentration, changes in total hemoglobin concentration and cytochrome, previously known as indexes of blood flow
and metabolism and calculated from changes in absorbed light, as shown in figure 23(A). However, because hemody-
namic and metabolic tissue responses were slow, in units of seconds, it was thought that there was a time lag with actual
behavior. In the present method, the signal changes are not necessarily thought of as these indexes; they are thought
to be changes corresponding nearly simultaneously, in units of milliseconds, to actual behavior of the measurement
target; and measurements that are dependent on response time (RT) are performed.
[0230] For response time measurements, response time [RT] is divided into presentation time (RTa), thinking time
(RTb), and response time (RTc).
[0231] In conventional psychological examinations, a problem was presented and questions answered. Then, those
answers were evaluated. On this basis, it was not possible to evaluate thought in the brain during the presentation time,
or make a cerebral functional evaluation of the status of thought by the subject during the thinking time.
[0232] In contrast, with the present invention, integrals are determined from a variety of parameters corresponding to
the respective response times.
[0233] Time series data for a variety of parameters (change in oxyhemoglobin, change in deoxyhemoglobin, change
in total hemoglobin, amount of oxygen exchange, oxygen saturation vector, hemoglobin vector, etc.) are represented
as function of time.

[0234] The response time RT segment is from a (ms) to b (ms); here, f(t) is a parameter.
[0235] Then, for example, as shown in figure 33(A), a two-dimensional diagram is displayed from response times RT
and the integrals, and its slope, vectors, scalars and the like are determined. By analyzing the integrals of various
parameters in the response time RT and its segments from two-dimensional diagrams, behavioral data dependence
(RT dependence) in milliseconds can be obtained and evaluated. In figure 33(A), if the slope of the two-dimensional
diagram approaches minus or plus 45 degrees, it shows a matching response time and tissue response. That is, it
becomes possible to perform measurements in which sites are selected that show correlations with a behavior time.
[0236] In addition, as shown in figure 33(B), if integral values measured from a plurality of sites in a desired time period
are continuously plotted in a two-dimensional diagram, and if their slopes approach minus or plus 45 degrees, it shows
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they are closely associated with each other. That is, within the behavior time, it becomes possible to perform measure-
ments in which sites are selected that are associated with each other.
[0237] In addition, RT-dependent channels can be displayed graphically on display part 10. For example, figure 34 is
L-value maps in which identification of learning patterns is extracted in time series from brain site information; (A) is a
screen showing cognitive response; (B) is a screen showing thought-associated brain response; and (C) is a screen
showing behavior-related brain response. The horizontal axis is time, the vertical axis is channels, and they are differ-
entiated by color according to the size of the integral values.
[0238] In addition, as shown in figure 35, data may also be analyzed by two-dimensional diagrams in which the
horizontal axis is time and the vertical axis is integral values. Figure 35(A) is the information input period, (B) is the
thought period and (C) is the output period; it can be seen that learning potential is increasing in the thought period.
[0239] In addition, as shown in figures 36(A)-(C), within each response time, information may also be displayed so
that channels between sites showing correlations are joined by lines, to show association between the sites. Here, the
numbers are channel numbers, and changes in total hemoglobin for channels showing a correlation are shown in the
data input period (A), the thought period (B), and the output period (C). Data may also be displayed differentiated by
color according to the values of the correlation coefficient. It can be seen from figure 36(B) that in the thought period,
there is a sharp increase in the number of channels with a correlation.
[0240] Furthermore, correlation coefficients (c.c.) between response times RT and integral values can be investigated,
and sites associated with behavior characteristics can be continuously measured.
[0241] Here, correlation coefficient c.c. = Sxy/(SxxSxy)1/2
Calculation of correlation is carried out at a desired set time (sampling points N). It is determined for n data points, by
an index showing the strength of the straight line relationship between 2 measurement points x (response time), y
(integral).
[0242] Then, sites can be identified for which c.c. > 0.6 and c.c. < -0.6 to identify sites dependent on response time.
[0243] In addition, correlation coefficients are calculated and investigated using integrals of pairs of sites in the re-
spective RT segments.
[0244] Then, sites can be identified for which c.c. > 0.6 and c.c. < -0.6 to identify the degree of network interdependence
between sites in the response time.
[0245] Because these numerical values are not determined by the strength of the signal, they are data with good S/N
ratios.
[0246] In addition, if they are same sites on the left and right, RT segment variation between the left brain and the
right brain (laterality) can be determined by means of the slope of diagrams for the same targets, and displayed in time
series. As shown in figure 37, target site variation (laterality) between the left and right brain may also be displayed in
time series.
[0247] In addition, as shown in figure 38, it frequently occurs with actual measurements that the behavior time RT and
the maximum and minimum peak times for NIRS measured parameters do not match. In cases like this, it is possible,
by means of a measurement method that takes into consideration a time lag correlation between behavior time RT and
NIRS measured parameters, to select channels from among the channels of a plurality of sites, or to emphasize functional
differences between sites in the image displays, and so on.

Regarding the half-reduction time

[0248] The half-reduction time is the time required for the peak values of indexes concerning oxygen exchange (con-
sumption), oxygen supply and the like to be halved, and consideration of half-reduction times makes it possible to
investigate a person’s physical condition, person-to-person differences and the like. In addition, because, for example,
as explained above, when a K-ratio = 1, the E-ratio is infinitely large, by setting half-reduction times, concrete numerical
values can be compared between individuals.

Regarding random arrangements of living body probes

[0249] As shown in figure 39, living body probes may also be placed at a plurality of intervals with respect to meas-
urement point K. Normally, because of the distance and depth to the measurement target, the complicated structure of
the target and the like, the appropriate light path length cannot be judged without trying a plurality of measurements,
and thus, in actuality, measurements are taken at a plurality of intervals. As shown in figure 39, even if living body probes
1 are randomly placed, measurement precision is improved by providing a plurality of measurement values for a meas-
urement region.
[0250] Regarding indexes that are independent of the light path length Because highly precise quantification of the
amount of hemoglobin by means of accurate measurement of the light paths making up the light functional image is
difficult from a measurement standpoint, indexes that are independent of the light path length play an important role as
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indexes compensating for this, for comparing measured values between individuals, measured values for the same
individual, and the like.
[0251] Possible examples of these include calculation of:

(1) Correlation of hemoglobin changes during response times

(2) Network share (including left/right differences)

(3) Quadrant shift image displays (both spatiotemporal displays and two-dimensional flat displays)

(4) Task ratios

(5) Learning effectiveness

(1) Correlation of hemoglobin changes during response times

[0252] First, data for a plurality of subjects n are imported, and time series data for indexes of oxygen exchange
rotational motion are calculated for each light functional voxel. Next, average values are calculated for each behavioral
response time (RTa, RTb, RTc, ...) executed m times, and average values for the maximum value, minimum value,
maximum time and minimum time of each of these are calculated by image voxel for m executions, not limited to within
the behavioral response time. Next, data for each of n subjects is displayed two-dimensionally, on axes of average
values for maximum value, minimum value, maximum time and minimum time, and axes of display and average response
time, and the slopes of the graphs (correlation coefficients r) are calculated. Then, behaviors, or thought- or behavior-
dependent regions are selected by a criteria, for example, r>0.6, according to response time (RTa, RTb, RTc, ...) and
each index.

(2) Network share (including left/right differences)

[0253] First, data is calculated for each of desired segments, dependent on correlated response times between n
channels each on the left and right.
[0254] Because for an index associated with both sides, the maximum (Max) is n x n,
the network share (percent use) for both sides is calculated as 

[0255] X is determined according to display of the desired correlation coefficients r <0.6.
[0256] In addition, because an index associated with a same side is a maximum of n x (n-1),
the same-side network share (percent use) is calculated as 

[0257] A lateralization index is calculated from the right and left same-side network shares (percent use) (-1 to 1).
[0258] Using opposing left and right light functional voxels, it is possible to calculate a Laterality Index = (R-L)/(R+L)
from the respective amounts of change in the desired segment.
[0259] Next, as shown in figure 40, the respective maximum values for left and right network share and both-sides
network share are taken as 1.0 (100%), a maximum equilateral triangle is formed from these 3 points, the area formed
by joining those points is taken as the total network share area, and time series data is measured by segment.
[0260] The surface area for the desired segment is calculated from the number of right networks, from the time series
display of the laterality index. Left/right predominance is determined by the size of the positive/negative for that segment.
[0261] In addition, left/right predominance according to the shift from one task to another is detected from time series
data in which differentials are taken of the time series display of the laterality index from the number of left/right networks.

(3) Quadrant shift image displays

[0262] For example, k-angles are calculated, and, as shown in figure 41(A), the k-angle quadrants are divided into:
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• -45° - 45°: low oxygenation event

• 45° - 135°: congestive/hyperemic (high circulation) event

• 135° - 225°: high oxygenation event

• 225° - 315°: ischemic (low circulation) event

(They may be color-coded as well.)
[0263] Next, L-values are calculated, and, as shown in figure 41(B), a functional image is displayed of quadrants and
L-values. If L = 0, it becomes a two-dimensional display, and as L-values are added, it becomes a three-dimensional
display. By means of a display method of this kind, it is possible to see adjacent regions transitioning while a physiological
event changes temporally.
[0264] For example, K-angle-quadrant spatiotemporal displays are shown in figure 42 (A) when writing hiragana, (B)
when writing kanji, and (C) when a subject does not know how to write a kanji. It can be seen from figure 42 that event
spatiotemporal information differs according to task. For example, from figures 42(A) and (B), it can be seen that when
writing hiragana or kanji, it shifts from a low oxygen state to a congestive/hyperemic state, and then shifts to a high
oxygenation event. It can also be seen that when writing kanji, the right brain is working more strongly than the left brain.
Furthermore, as shown in figure 42(C), when the subject does not know a kanji, it can be seen that it shifts from a low
oxygen state to a high oxygenation event, without first shifting to a congestive event.
[0265] In addition, figure 52(A) is an image display, when living body probes are arranged in a lattice shape, of K-
ratios and L-values from the periphery of the left and right motor area at a point 22.8 seconds in the midst of lifting a 14
kg dumbbell; and (B) is an image display of k-angles and L-values from the periphery of the left and right motor area at
a point 22.8 seconds in the midst of lifting a 14 kg dumbbell. In the figure, F indicates FORCE effect sites produced in
the left primary motor area, and W, a Watering-the-garden effect site.

(4) Task ratios

[0266] The same site is compared by means of task ratios of respective task parameters. Because differences in task
ratios differ according to site and time, the magnitude of the difference can be clearly seen, even displayed in image
form. Task ratios also differ spatially.
[0267] For example, as shown in figure 43, when various kinds of indexes are compared with respect to the different
tasks of lifting 7 kg as task B and lifting 14 kg as task A, even though task A is only twice the weight of task B, its index
of brain metabolism can be seen to reach as much as 30 times that of task B.

(5) Evaluation of learning effectiveness

[0268] As a means of evaluating learning effectiveness, a region of reduced ScO2, means that a FORCE effect is very
clearly produced by learning, showing learning effectiveness. Conversely, when there is no region of reduced ScO2, the
Watering-the-garden effect is spread over a wide area, and a FORCE effect cannot be detected, this shows that learning
has not been effective.

Displays of comparisons between different tasks

[0269] For example, figures 44(A) and (B) are graphs pertaining to brain data from when a subject lifted 7 kg and 14
kg dumbbells for a desired time, when [ScO2] = ([OxyHb] - [DeoxyHb]) and [tHb] = ([OxyHb] + [DeoxyHb]) are displayed
in real time. Figures 45(A) and (B) are also graphs pertaining to brain data from when a subject lifted 7 kg and 14 kg
dumbbells for a desired time, when the data are displayed simultaneously in two-dimensional diagrams for OxyHb and
DeoxyHb, and the relationships between the respective vectors are displayed.

Separation of the FORCE effect and the Watering-the-garden effect

[0270] If channels showing a Watering-the-garden effect and little FORCE effect can be selected, blood flow velocity
in the capillaries can be calculated from time series data of oxygenated hemoglobin for those channels.
[0271] Because of oxygen exchange from the FORCE effect, oxygenated hemoglobin flowing in from the arterial side
is reduced, or its velocity is reduced.
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From this fact,

[0272] The differential of oxygenated hemoglobin of the maximum Watering-the-garden effect represents its inflow
velocity for the purpose of oxygen supply.
[0273] The differential of oxygenated hemoglobin of the maximum FORCE effect represents its inflow velocity for the
purpose of oxygen consumption (may also be negative).
[0274] From these facts, 

[0275] The stronger the oxygen exchange, or the FORCE effect, becomes, the more the velocity decreases and the
above value increases.
[0276] The effect on blood inflow velocity whereby oxygen exchange causes velocity to decrease can also be repre-
sented by time (b - a) on the two time series data for determining the maximum value p, as shown in figure 46 (A) . With
the passage of time, (b - a), namely, the oxygen exchange velocity decrease time, changes and becomes zero at time c.
[0277] By measuring and displaying this time change, the separation of the FORCE effect and the Watering-the-garden
effect becomes temporally clear.
[0278] In addition, even without differentials, it can be understood that 

[0279] By determining the respective values for oxygen exchange velocity decrease, oxygen exchange velocity de-
crease time, and oxygen exchange effect described above from a plurality of measurement sites, and displaying their
image distribution in time series, the center of the FORCE effect can be differentiated from the Watering-the-garden
effect and easily determined. Because the amount of oxygen consumption and the amount of oxygen supply tend to
diverge both temporally and spatially in the FORCE effect, methods such as the following are also possible.

(1) Differences between channels are calculated and displayed in time series.
Oxygenated hemoglobin is likely to increase rapidly at sites displaying the Watering-the-garden effect. At sites where
oxygen exchange rate is increasing, oxygenated hemoglobin is likely to decrease from the task load as a result of
the FORCE effect, and thus, by means of 

sites where there is the most oxygen exchange can be selected from time series differences in oxygenated hemo-
globin among a plurality of sites.
(2) The time (segment) of a FORCE effect can be determined by means of time series displays of differences
between channels.
The reason is that with the passage of time, the time series of sites where there is the most oxygen exchange also
come to resemble the time series of the Watering-the-garden effect.
(3) It is possible to separate the FORCE effect and the Watering-the-garden effect by means of correlation coefficients
(similarity) between channels for each desired segment.

[0280] In figure 46(B), in order to trace time courses between channels, ch7 (on the vertical axis) and ch8 (on the
horizontal axis) are displayed by time and their correlation coefficient r is determined. Over a total of approximately 60
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seconds, R2 = 0.8444, showing a high degree of correlation.
[0281] However, when the time period is divided into desired segments and their degree of correlation is determined,
it can be seen that there is no correlation in the initial period.
[0282] By this means, the FORCE effect can be separated out and extracted from the Watering-the-garden effect.
[0283] To select channels showing a Watering-the-garden effect and little FORCE effect, all the time courses (oxy-
genated hemoglobin, deoxygenated hemoglobin, total hemoglobin, etc.) are displayed simultaneously.
[0284] When these are furthermore differentiated,

1) Channels showing the sharpest increase in oxyhemoglobin (high velocity channels) can be selected.

2) Channels showing the maximum values for oxyhemoglobin can be selected. When conditions 1) and 2) are
satisfied, that channel can be selected as having the strongest Watering-the-garden effect. This is equivalent to a
channel of low oxygen exchange rate.

[0285] On the other hand, to select channels showing a FORCE effect, these channels are equivalent to the channels
with the greatest decrease in oxyhemoglobin and increase in deoxyhemoglobin, namely, they are equivalent to channels
of high oxygen exchange rate.
[0286] The present invention is not limited to the working embodiment described above, and a variety of changes are
possible within the range of the technical items according to the scope of the patent claims. For example, possible
imaging methods include imaging methods that emphasize networks, which emphasize correlations between the chan-
nels; imaging methods that emphasize left/right comparisons, which emphasize left/right differences; imaging methods
that emphasize behavioral (or thought) response time correlations, emphasizing correlations between behavioral (or
thought) response time, and so on.

Display of three-dimensional diagrams

[0287] Controller 8 can calculate a variety of parameters derived from three-dimensional diagrams, in which a time
axis is added to each of the aforementioned two-dimensional diagrams, and display part 10 can perform three-dimensional
displays based on the various parameters calculated by controller 8.

Types of spiral motion

[0288]

(1) When a time axis is added to a two-dimensional diagram of HbO2 (oxyhemoglobin) and Hb (deoxyhemoglobin),
and to the two-dimensional diagram in which this is rotated 45 degrees to show the relationship between changes
in oxygen saturation (ScO2) and changes in total hemoglobin concentration (tHb), and a locus is joined of task onset
points or task completion points for each channel, a spiral-shaped motion (referred to below as a K-spiral motion)
is displayed. Figure 53 (A) is a graph displaying a K-spiral motion vertically, and (B) is a graph displaying it horizontally.

(2) When a time axis is added to a two-dimensional diagram of cumulative HbO2 (oxyhemoglobin) and cumulative
Hb (deoxyhemoglobin), and to the two-dimensional diagram in which this is rotated 45 degrees to show the rela-
tionship between changes in cumulative oxygen saturation (ScO2) and changes in cumulative total hemoglobin
concentration (tHb), and a locus is joined of task onset points or task completion points for each channel, a spiral-
shaped motion (referred to below as a T-spiral motion) is displayed.

(3) When a time axis is added to a two-dimensional diagram of differentials of HbO2 (oxyhemoglobin) and differentials
of Hb (deoxyhemoglobin), and to the two-dimensional diagram in which this is rotated 45 degrees to show the
relationship between differentials of changes in oxygen saturation (ScO2) and differentials of changes in total he-
moglobin concentration (tHb), and a locus is joined of task onset points or task completion points for each channel,
a spiral-shaped motion (referred to below as H-spiral motion) is displayed.

(4) When a time axis is added to a two-dimensional diagram of the differentials of the differentials of HbO2 (oxygenated
hemoglobin) and differentials of the differentials of Hb (deoxygenated hemoglobin), and to the two-dimensional
diagram in which this is rotated 45 degrees to show the relationship between differentials of the differentials of
changes in oxygen saturation (ScO2) and differentials of the differentials of changes in total hemoglobin concentration
(tHb), and a locus is joined of task onset points or task completion points for each channel, a spiral-shaped motion
(referred to below as I-spiral motion) is displayed.
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Various parameters of each spiral motion

[0289]

(1) Various kinds of K-spiral motion parameters

1) Amount of oxygen exchange (L-value) 

2) Oxygen exchange rate (oxygen exchange angle) (k-angle)

3) M-value 

(2) Various kinds of T-spiral motion parameters

1) Cumulative amount of oxygen exchange (R-value) 

2) Cumulative oxygen exchange rate (T-angle)

3) Y-value 

4) Acute angle between time axis and cumulative M-values (Y-value) (Y-angle)

(3) Various kinds of H-spiral motion parameters

1) Amount of oxygen exchange velocity (E-value) 

2) Oxygen exchange velocity (H-angle) 

3) O-value 



EP 1 818 016 B1

42

5

10

15

20

25

30

35

40

45

50

55

4) Acute angle between time axis and O-value (O-angle)

(4) Various I-spiral motion parameters

1) Amount of oxygen exchange acceleration (I-value) 

2) Oxygen exchange acceleration (I-angle) 

3) C-value 

4) Acute angle between time axis and C-value (angle C)

Criteria for evaluation of each of the spiral motion three-dimensional displays

[0290] Figure 54(A) is a diagram explaining K-spiral motion three-dimensional display evaluation criteria, (B) is a
diagram explaining T-spiral motion three-dimensional display evaluation criteria, (C) is a diagram explaining H-spiral
motion three-dimensional display evaluation criteria, and (D) is a diagram explaining I-spiral motion three-dimensional
display evaluation criteria.
[0291] Here, segments 1-4 are events in which tHb increases (blood supply increases), segments 5-9 are events in
which tHb decreases (blood supply decreases), segments 3-6 are events in which ScO2 decreases (low oxygen state),
and segments 1, 2, 7 and 8 are events in which ScO2 increases (high oxygen state).
[0292] When a three-dimensional display is created, it becomes an evaluation index for learning effectiveness, recovery
of motion, or the like, by indicating the event towards which it tends over time.
[0293] In addition, regarding the extent of oxygen exchange, in the case of segments 1 and 2, it shows the extent of
high oxygenation from congestion. In the case of segments 7 and 8, it shows the extent of high oxygenation from
ischemia. In the case of segments 5 and 6, it shows the extent of low oxygenation from ischemia, and the extent of
decrease in tissue oxygen consumption. In the case of segments 3 and 4, it shows the extent of low oxygenation from
congestion, and the extent of increase in tissue oxygen consumption.

Specific examples of three-dimensional displays

[0294] Figures 55 (A) - (D) are three-dimensional diagrams showing K-spiral motions of channels 4, 7, 9 and 11; they
are examples in which lines are entered for Hb and HbO2.
[0295] Figures 56 (A) - (D) are three-dimensional diagrams showing K-spiral motions of channels 4, 7, 9 and 11; they
are examples in which vertical lines are entered along the time axis.
[0296] According to these three-dimensional diagrams, it can be seen that at channel 4, the phase shifts into segments
3, 4 and 5; at channel 7, it shifts into segment 2; at channel 9, it shifts into segment 4; and at channel 11, it shifts into
segment 3.
[0297] In this way, the respective quadrant shift properties differ at each channel, making it possible to judge that the
characteristics added to the brain are different.



EP 1 818 016 B1

43

5

10

15

20

25

30

35

40

45

50

55

Effects that can be obtained from three-dimensional diagrams and their various parameters

[0298] Three-dimensional diagrams and their various parameters have the following kinds of effects:

1) They can be divided into two situations with respect to the time axis: clockwise revolution and counterclockwise
revolution.
Different oxygen exchange states can be distinguished by differentiating between clockwise revolution, as an exci-
tatory response to a task, and counterclockwise rotation, as a suppressive response to a task.
2) The state during rest can be measured, and if the oxygen exchange function is constant, the spiral is infinitely
parallel to the time axis. At this time, the I-, O-, L- and Y-angles infinitely approach zero. In the same way, the I-, E-,
L- and R-values are near zero. Or, there is no change in any of the values or angles.
3) Conversely, if the I-, O-, L- and Y-angles, or the I-, E-, L- and R-values move away from the time axis and increase
in size, this shows that oxygen exchange activity is becoming more active. In this case, the 8 segments into which
the diagram is divided, from event 1 through event 8, represent the properties and the state of oxygen exchange
activity.
4) Of the 8 segments, the segment is determined for the T-spiral by the ratio between the cumulative amount of
oxygen consumption/supply and the cumulative amount of hemoglobin increase/decrease.
For the K-spiral, the segment is determined by the ratio between the amount of oxygen consumption/supply and
the amount of hemoglobin increase/decrease.
For the H-spiral, the segment is determined by the ratio between the velocity of oxygen consumption/supply and
the velocity of hemoglobin increase/decrease.
For the I-spiral, the segment is determined by the ratio between the acceleration of oxygen consumption/supply and
the acceleration of hemoglobin increase/decrease.
5) The more the spiral moves away from the time axis of the three-dimensional display, the greater the reduction
in the reserve capacity of cerebral oxygen exchange function it shows.
For determining the reserve capacity of cerebral oxygen exchange function, using the K-spiral and the T-spiral is
most effective. When the oxygen exchange function has been working with respect to a task load, a return to the
measurement starting point is taken as the reserve capacity, and judged to be normal.
The K-spiral is effective in determining the reserve capacity of cerebral oxygen exchange function for each trial of
a task.
The T-spiral is effective in cases when continuous trials, overall load or the like are evaluated.
6) Efficiency of the reserve capacity of cerebral oxygen exchange function is judged by a quick return. The I-spiral
and the H-spiral are used for this purpose. Efficiency is judged by how fast they return to the axis of the measurement
starting point.
7) Segments 4 and 5 in particular are directions in which reserve capacity disappears with respect to low oxygen,
and a spiral moving into these segments without recovering shows a need to consider treatment, so that it will move
toward the oxygen supply segments 8 and 1.
8) Conversely, if there is no movement into segments 4 and 5 even when studying, this can be understood to mean
that oxygen consumption is not taking place because the appropriate neural activity is not being obtained in the
brain, and new ways to support learning need to be devised. Segments 6 and 7 in particular are directions in which
reserve capacity disappears with respect to hemoglobin, and a spiral moving into these segments without recovering
shows a need to consider treatment so that it will move towards the blood supply segments 2 and 3.
9) If, with physical therapy, the quadrant continues in segments 6 and 7, or quadrant 5, without shifting to segments
2 and 3, there is a problem with brain oxygen supply, and it is necessary to seek the advice of a physician, and the
subject must stop the exercise and rest.

Regarding reserve capacity of cerebral oxygen exchange function (Residual function of cerebral oxygen exchange 
function)

[0299] Previously, to evaluate brain circulation reserve capacity, changes in blood flow distribution arising from the
vascular dilation response to the carbon dioxide load were compared to the situation before a load was applied.
[0300] However, the disadvantage of this method of examination is that it looked not at the vascular response at the
capillary level, but at the response of the arterioles, which do not perform the oxygen exchange that is the response to
a carbon dioxide load. With this method, it was not possible to judge the degree of functional reserve capacity with
respect to the working of the brain. In addition, the response to carbon dioxide was measured for the whole brain, and
not for localized selective function.
[0301] A possible solution to this problem is to measure reserve capacity of cerebral oxygen exchange function by
means of the slope of the L-angle and segment shifts of the K-spiral.
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[0302] Here, the L-angle represents degree of oxygen exchange functional reserve, and the greater it is, the less
reserve capacity there is judged to be. In addition, reserve oxygen exchange time, or OET, is defined, and the reserve
oxygen exchange time up to a desired L-angle, for example 45 degrees, is compared to normal, and the shorter it is,
the less the reserve capacity is judged to be. In addition, it can be judged that the more the L-angle moves towards the
deoxyhemoglobin axis, the less the reserve capacity; and it can be judged that the more the L-angle moves towards the
oxyhemoglobin axis, the greater the reserve capacity.
[0303] Figure 57 is a graph showing changes in the L-angle when a subject lifted dumbbells in the order of 1 kg, 4 kg
and 7.5 kg. As shown in figure 57, when the L-angle is increasing sharply, reserve oxygen exchange function capacity
decreases sharply, showing that oxygen exchange in the cerebral blood vessels is in an abnormal state. When the L-
angle is increasing gradually, there is surplus reserve oxygen exchange functional capacity, showing that oxygen ex-
change in the cerebral blood vessels is in a normal state.

Regarding a qualitative K-ratio

[0304] A qualitative K-ratio is defined according to the following formula: 

[0305] By means of a method of calculating a qualitative K-ratio using wavelengths directly, changes similar to the
oxygen exchange rate can be measured qualitatively from its slope (Arctan [K-ratio).
[0306] Figure 58 is a graph showing the relationship between wavelength and absorbance. In figure 58,

(1) When deoxyhemoglobin < oxyhemoglobin, the slope of the qualitative K-ratio rises (to the right) at rest (≥50%
oxygenation), and during oxygen exchange activity, it becomes a counterclockwise change (high oxygenation).

(2) When deoxyhemoglobin > oxyhemoglobin, the slope of the qualitative K-ratio rises to the right at rest (≥50%
oxygenation), and during oxygen exchange activity, it becomes a clockwise change (low oxygenation).

[0307] Figure 59 is a graph of changes in absorption coefficient at 830 nm and changes in absorption coefficient at
780 nm plotted in two dimensions by task. Task angles, differing by task, are measured. When the task causes the task
angle to change in a clockwise direction, it shows low oxygenation; when the task causes the task angle to change in
a counterclockwise direction, it shows high oxygenation.
[0308] Figure 60 is a graph of changes in absorption coefficient at 830 nm and changes in absorption coefficient at
780 nm plotted in two dimensions by site. Site angles, differing by site, are measured. When the site causes the site
angle to change in a clockwise direction, it shows low oxygenation; when the site causes the site angle to change in a
counterclockwise direction, it shows high oxygenation.

Image displays monitoring light path length variation

[0309] Previously, a potential problem with measuring at a plurality of points was differences in light path lengths for
each point, and thus there was a problem with equivalent valuations. Conversely, however, disparities in light path length
can be thought to represent differences in the state of the tissue of the measurement target.
[0310] Accordingly, although it was previously believed that there were no changes in light path length (path length;
PL), variation in PL is displayed graphically. By this means, once PL has been calculated in each of the time periods,
during the FORCE effect, the Watering-the-garden effect and the sewage effect, the changing nature of PL can be
utilized to extract the time period of the FORCE effect. Because the light path length PL differs according to the extent
of scattering, monitoring PL makes it possible to measure the extent of the involvement of capillary signals and venous
signals.
[0311] However, because the Modified Beer-Lambert (MBL) method determines ΔHbO2·p1 and ΔHb·p1, in the NIRS
measuring method, absolute values for ΔHbO2 and ΔHb are calculated not by the MBL method, but by using methods
such as time-resolved spectroscopy (TRS) and phase-resolved spectroscopy (PRS), and inserting them into one of the
equations below, thus making it possible to monitor PL. 
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[0312] In this case, by the MBL method, p1 can be determined by 1 wavelength.
[0313] Or, by the MBL method, Δ[HbO2] · p1 and a1’ Δ[Hb] · p1 can be determined and Δ[HbO2] and Δ[Hb] measured
directly by TRS and PRS, to monitor PL and changes in PL. Figure 61 is a graph showing time series changes in light
path length (PL) when a task is presented. Site B, where changes in PL are large when a task is presented, can be
judged to be a site where there are many veins.

A method for measuring oxyhemoglobin and deoxyhemoglobin waveform phase differences

[0314] Figure 62 shows waveforms for oxyhemoglobin (O) and deoxyhemoglobin (D); (A) shows a phase difference
of 0 degrees; (B), a phase difference of 90 degrees; and (C), a phase difference of 180 degrees. When the oxyhemoglobin
and deoxyhemoglobin waveform phase changes, the oxygen exchange state changes.
[0315] Namely, because oxygen exchange rate (k-ange) is directly related to the phase difference between O and D,
this phase difference can be measured from two-dimensional and three-dimensional coordinates and the k-angle.
[0316] Figure 63 is a graph explaining the oxygen exchange phase difference angle. Phase differences between the
four indexes utilizing oxygen exchange rate (k-angle), ΔHbO2, ΔHb, ΔtHb (ΔHbO2 + ΔHb) and ΔScO2 (ΔHbO2 - ΔHb),
are defined as the oxygen exchange phase difference angle from two-dimensional or three-dimensional coordinates
and determined.
[0317] Measurement point q (ΔHbO2, ΔHb) on the 2 rectangular coordinates of the HbO2 axis and the Hb axis is also
converted to coordinates formed from the ΔtHb (ΔHbO2 + ΔHb) axis and the ΔScO2 (ΔHbO2 - ΔHb) axis by means of
oxygen exchange rate (k-angle) and the scalar L.
[0318] On the HbO2-Hb coordinates, measurement point q is described as 

[0319] On the ScO2-tHb coordinates,
measurement point q is described as 

[0320] From the above, using trigonometric functions, because the coordinates of measurement point q are defined
by L and k, the four indexes, ΔHbO2, ΔHb, ΔtHb (ΔHbO2 + ΔHb) and ΔScO2 (ΔHbO2 - ΔHb), can thus be converted to
sine curves.
[0321] When defined as ΔHbO2 phase = ko, ΔHb phase = kd, ΔScO2 phase = ks, ΔtHb phase = kt, they can be written
as follows: 
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[0322] Each of the oxygen exchange phase difference angles is calculated using the k-angle or the k’-angle. The
oxygen exchange rate k-angle is a function of time, varying with time; from the fact that it shows the extent of oxygen
exchange, it is effective in distinguishing the FORCE effect and the Watering-the-garden effect, and it makes it possible
to measure how much phase change is received by the various indexes corresponding to a load task or stimulus. Namely,
from two-dimensional and three-dimensional coordinate displays, an oxygen exchange phase modulation measurement
method and a phase difference imaging method, utilizing oxygen exchange rate, were able to invent.
[0323] Figure 64 is a graph explaining the absolute oxygen exchange phase difference angle.
[0324] Phase differences among the four indexes, ΔHbO2, ΔHb, ΔtHb (ΔHbO2 + ΔHb) and ΔScO2 (ΔHbO2 - ΔHb),
which utilize absolute oxygen exchange rate (angle θ) from two-dimensional or three-dimensional coordinates, are
defined as the absolute oxygen exchange phase difference angle and determined.
[0325] By means of absolute oxygen exchange rate (angle θ) and the scalar r, measurement point p (HbO2, Hb) on
the 2 rectangular coordinates HbO2 and Hb, is also converted to coordinates formed by the tHb (HbO2 + Hb) axis and
the ScO2 (HbO2 - Hb) axis.
[0326] On the HbO2-Hb coordinates, it can be written as: 

[0327] On the ScO2-tHb axes, it can be written as: 
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[0328] From the above, using trigonometric functions, because the coordinates of measuring point p are defined by r
and θ, the four indexes, ΔHbO2, ΔHb, ΔtHb (ΔHbO2 + ΔHb) and ΔScO2 (ΔHbO2 - ΔHb) can be converted to sine curves.
[0329] When defined as HbO2 phase = θο, Hb phase = θd, ScO2 phase = θs, tHb phase = θt, they can be written as follows: 

[0330] Each of the oxygen exchange phase difference angles is calculated using angle 8 or angle θ’. The absolute
oxygen exchange angle θ is a function of time, varying with time; from the fact that it shows the extent of oxygen exchange,
it is effective in distinguishing between the FORCE effect and the Watering-the-garden effect, and it makes it possible
to measure how much phase change is received by the various indexes corresponding to a load task or stimulus. Namely,
from two-dimensional and three-dimensional coordinate displays, an absolute oxygen exchange phase modulation
measurement method and a phase difference imaging method, utilizing absolute oxygen exchange rate, were able to
invent in the same way as the k-angle.
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[0331] A method for detecting and displaying time series changes at rest, FORCE effect, Watering-the-garden effect
and Sewage effect, by means of fluctuation
[0332] Problems with the new basic principle of NIRS imaging (near-infrared spectroscopy brain functional imaging),
in which location information is determined by means of the probe position on the brain surface and the response of the
measurement target, become clear when it is compared with techniques for determining location information and tech-
niques for determining the characteristic information by means of magnetic resonance imaging (MRI) . NIRS imaging
does not collect a rectangular matrix (voxels) to form an image, as MRI does. Namely, adjacent locations and their
boundaries are not clear.
[0333] In addition, because 2 probes are utilized, for light incidence and detection, whether or not light reaches into
the brain cannot be determined according to the 2 probe distances without seeing a brain response.
[0334] In addition, image displays were previously performed based on the belief that the greater the size (strength)
of this brain response, the better the response. However, responses are not uniform: the distance from the surface of
the skull to the brain tissue is affected by individual differences, site differences, differences according to the size of the
cerebral blood vessels and differences in the shape of the gyri and sulci; the brain and skull are not uniform. Previously,
technical attention was not given to this non-uniformity. Namely, the signal-to-noise ratio (S/N) of optical signals detected
by each pair of probes was different, and the size of the range of area measured was also different
[0335] In addition, previously, those measurement sites were joined together, like contour lines, and displayed graph-
ically. The fluctuation of channels with bad S/N ratios in particular shows greater changes in signal strength than channels
with good S/N ratios, and image displays were thus dependent on channels with large amounts of noise and differed
from reality. Accordingly, a method of correction based on fluctuation of light functional voxels can be conceived. This
method makes it possible to obtain images that do not depend on the light path length.
[0336] Figures 65(A) and (B) are explanatory drawings showing the relationship between total hemoglobin and fluc-
tuation for different measurement targets.
[0337] Because the measurement target mass, namely, total hemoglobin, is greater in figure 65 (B) than in figure 65
(A), fluctuation becomes less in the total hemoglobin time series data. If the respective fluctuations are taken as fi and
fj, their relationships with total hemoglobin are tHbi and tHbj, and can be shown by the functions below.
fi = a(1/(tHbi)0.5), where a is a coefficient of proportion
fj = b(1/(tHbj)0.5), where b is a coefficient of proportion
Fluctuation ratio fi/fj = a/b x (tHbj/tHbi)0.5

[0338] For the same region, a = b, and thus the fluctuation ratio fi/fj is represented as (tHbj/tHbi)0.5

[0339] Because 

fluctuation fi and fj are determined by the variation coefficient for the change in total hemoglobin (σ).
[0340] This is determined by: 

[0341] Consequently, from the fluctuation ratio, the total hemoglobin ratio of a measurement target can be determined. 

[0342] Thus it can be determined from the approximate formula for total hemoglobin" ratio and fluctuation ratio for a
plurality of measurement regions. Near-infrared spectroscopy is both a quantitative measurement method and method
for measuring amounts of change, but image correction between channels is possible even if quantitative measurement
is not performed.
[0343] Namely, if, from the fact that where there are many capillaries there is less fluctuation and where there are few
capillaries there is more fluctuation, voxels with high fluctuation are excluded and only voxels with low fluctuation are
selected, then good measurements can be performed.
[0344] In addition, it is also possible to separate out FORCE segments from the size of and changes in fluctuation.
[0345] Figure 66(A) is a graph displaying the fluctuation of a plurality of measurement regions on polar coordinates,
and (B) is a graph displaying vectors.
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[0346] Fluctuation of a plurality of measurement points at rest are each displayed by a rotational motion. In reality,
because measurement targets are not uniform, their light path lengths will differ, and the S/N ratio will differ for each
light functional voxel because of factors such as the mixture of capillary components and venous compnents, and the
amount of hemoglobin measured. Once the rotational motion of this fluctuation has been measured as accurately as
possible and understood, it becomes possible to obtain more precise measurements.
[0347] This fluctuation can be calculated from the four vector components (ΔHbO2, ΔHb, ΔScO2 and ΔtHb) from the
Hb and HbO2 polar coordinates and the tHb and ScO2 polar coordinates. In a situation where this rotational motion is
small and the center of gravity of the rotational motion tends not to vary by means of fluctuation, the S/N ratio is judged
to be good.
[0348] In addition, even if the oxygen saturation differs at a plurality of sites, fluctuation can be estimated by vector
correction of the total hemoglobin, to evaluate fluctuation that is independent of the amount of Hb measured.
[0349] From the size of fluctuation e, the facts that (a) when it is not inversely proportional to the mass, (b) there is an
admixed venous component, and (c) activity is not stabilized, can be understood in turn, to improve the precision.
[0350] Figure 67 is a graph displaying oxygen exchange rotational motion of a plurality of measurement regions on
polar coordinates. The rotational motion from oxygen exchange of a plurality of points from a measurement starting point
is displayed for each point. Because the measurement targets are non-uniform, the light path lengths are different, and
thus even if the measurement probes are arranged at equal intervals, the amounts of hemoglobin measured will differ
for each light functional voxel.
[0351] Consequently, from differences in scalars and angles of deviation on the polar coordinates, the values for
hemoglobin oxygen exchange variation L-value, oxygen exchange rate k-angle, absolute oxygen exchange variation r,
and absolute oxygen exchange rate θ-angle will differ. In addition, for measured amounts, concentration as mol/light
functional voxel will be more accurate than concentration as mol/l.

Mapping cerebral pulse wave measurement distribution

[0352] Regarding "brain waves", arteriosclerosis and the like have been conventionally diagnosed from fingertip pulse
waves. However, cerebral pulse waves are not being measured in the brain. Brain waves are a delayed vascular response
to the blood pressure, with the same period as the heartbeat.
[0353] In the brain, using NIRS, the cerebral pulse wave can be measured for different sites by addition based on
heartbeat synchronicity and respiratory synchronicity.
[0354] Measurement of cerebral pulse waves has the following effects.

1) This noninvasive measurement of cerebral pulse waves makes it possible to evaluate localized brain condition
without the addition of a task. It is possible to noninvasively diagnose vascular abnormalities of the major left and
right anterior cerebral arteries, middle cerebral arteries and vertebral-basilar arteries.

2) Even if a task is added, evaluation of brain condition can be performed from a time series moving distribution
map image.

3) Because the effect of respiration and the heartbeat differs according to venous and capillary components, it is
possible to select only the most stable capillary regions where they have little effect.

[0355] The following 2 addition methods are possible:

1) A method whereby respiration and the heartbeat are actually monitored separately, and put timings together by
data from the monitoring and add it for synchronization.

2) A method whereby, from among measurements from a plurality of channels for total hemoglobin, oxygenated
Hb, deoxygenated Hb and (oxygenated Hb - deoxygenated Hb), the heartbeat period and respiratory cycle are
selected from among optionally selected channels where the heartbeat and respiratory cycle have the most effect
and added it for synchronization.

[0356] The graphs of figure 68 show changes in total hemoglobin at measuring sites 1 and 2. As shown in figure 68,
the involvement of the respiratory cycle and the heartbeat period in the signal strength differs according to the meas-
urement site, but the respiratory cycle and the heartbeat period can be easily extracted from the time series of total
hemoglobin change.
[0357] Figure 69 shows a graph every each channel which added time series data of a change of total Hb which
synchronized to respiratory cycle.
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[0358] Note that channels where they were not synchronized are excluded as unsuitable measurements.
[0359] Figure 70 is a graph showing time-series correlations for channel 4 and channel 17. The degree of involvement
of respiratory frequency is measured from correlations between the channel that most reflects the breathing frequency
and the other channels. If this is mapped, it becomes a map of the involvement of respiratory frequency in the brain. For
heartbeat frequency, the degree of the involvement of heartbeat frequency is measured in the same way, and if this is
mapped, it becomes a map of the involvement of heartbeat frequency in the brain.
[0360] Figure 71 is shows a graph every each channel which added time series data of a change of HbO2 which
synchronized to respiratory cycle.
[0361] Figure 72 is shows a graph every each channel which added time series data of a change of Hb which syn-
chronized to respiratory cycle.
[0362] Figure 73 shows a graph every each channel which added time series data of a change of ([HbO2]-[Hb]) which
synchronized to respiratory cycle.
[0363] Figure 74 is a graph in which heartbeat and respiratory cycle variation are spatiotemporally displayed for each
of various channel. Heartbeat and respiratory variation can be visually differentiated according to the size (range) of the
variation for each. Because the involvement of heartbeat and respiration differs in this way according to factors such as
site, time and laterality, these properties are utilized to differentiate them from task load response while displaying them
graphically. Auto-correlations and inter-correlations of respiration and heartbeat utilizing time series showing the FORCE
effect make it possible to effectively extract the FORCE effect in very small signals.
[0364] Figure 75 shows a graph every each channel which added time series data of a change of total Hb which
synchronized to heartbeat.
[0365] Figure 76 shows a graph every each channel which added time series data of a change of HbO2 which syn-
chronized to heartbeat.
[0366] Figure 77 shows a graph every each channel which added time series data of a change of Hb which synchronized
to heartbeat.
[0367] Figure 78 shows a graph every each channel which added time series data of a change of ([HbO2]-[Hb]) which
synchronized to heartbeat.
[0368] The graphs of figure 79 show the brain respiratory-synchronization components for site 1 and site 2; their
differentials, brain respiratory-synchronization velocity; and their further differentials, brain respiratory acceleration.
[0369] The graphs of figure 80 show the brain heartbeat-synchronization components for site 1 and site 2; their
differentials, brain heartbeat-synchronization velocity; and their further differentials, brain heartbeat acceleration.
[0370] Figure 81 is a two-dimensional diagram showing the correlation between behavioral information (the meaning
of written characters, the length of a line, scores, etc.) and various parameters (integral values, amounts of change)
during the same time period. By analyzing correlations of this kind, for example, it is possible to judge whether a task is
understood or not, in a case, for example, where the response time is the same but the task is different (for example,
when a subject is made to listen to the different words "touzainanboku" [the cardinal points of the compass, all directions]
and "kokontouzai" [all times and places, all ages and countries]; these are both 4-character kanji compounds containing
2 of the same characters).
[0371] Procedure for evaluating the degree of effect in the brain of a series of problems presented in a test
[0372] First, M problems are presented to N people, and (a) the percentage of correct answers for each problem and
(b) the percentage of correct answers for each person taking the test are calculated. Next, the degree of brain oxygen
consumption and oxygen supply corresponding to the percentage of correct answers for each problem (change in
oxyhemoglobin, change in deoxyhemoglobin, and the sum and difference of these changes) are measured and added
together.
[0373] Figures 82(A) and (B) are graphs showing cumulative summed values for problem response time (RT) at desired
sites; (A) is a graph of problems correctly answered by one individual, and (B) is a graph of problems incorrectly answered
for one individual.
[0374] Next, as a procedure in a program for percentage of correct answers and data processing, oxygen exchange
rate (k-angle) for all correct answers or the greatest percentage of correct answers is taken as the standard and the
other data is arranged in order.
[0375] Next, average time series data and the time course of the standard deviation from the average are calculated,
and the oxygen exchange times and supply times are ranked.
[0376] Next, from the time series for all correct or incorrect answers, the oxygen exchange consumption and supply
times and amounts are measured.
[0377] And, by the following formula, the degree of effect in the brain for each individual, and the oxygen exchange
efficiency in the brain for each problem are calculated. 
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[0378] From the results calculated above, it can be determined whether an individual is responding as efficiently as
possible by investigating the fact that even if all problems are answered correctly, oxygen loads on the brain are different.
[0379] In addition, even when all the problems are answered incorrectly, it can be determined whether a subject was
not thinking at all, or was thinking, but unable to answer.
[0380] Figure 83 (A) is a graph showing cumulative summed data for all those taking the test, by problem. By means
of cumulative summed data for each problem, it is possible to rank the degree of effect of each problem in the brain.
[0381] Figure 83 (B) is a graph showing the degree of individual effect, by problem. When the degree of individual
effect is divided by the response time, smaller values can be said to show high brain efficiency. In this case, for problems
with incorrect answers, it can be said that the smallest value is best.
[0382] Methods to measure hardness and stenosis of the brain vessels By mounting living body probes of the present
invention on the brain vessel areas and simultaneously monitoring the heartbeat, it is possible to investigate correlations,
peak values, velocity and acceleration to determine in which brain blood vessels, left or right, a delayed response occurs,
and to use differences in transmission time to distinguish between the normal and the abnormal.
[0383] Figure 84(A) is a graph showing the relationship between the electrocardiogram and changes in parameters
of the regions dominated by the left and right anterior cerebral arteries in a case of normal brain vessels, and (B) is a
graph showing the relationship between the electrocardiogram and changes in parameters of the regions dominated by
the left and right anterior cerebral arteries in a case of an abnormal brain vessel. In the case of normal brain vessels,
there is little difference between the right and left brain pulse waves (see figure 84 [A]), and in the case of an abnormal
brain vessel, there is a big difference between the right and left brain pulse waves (see figure 84[B]). In addition, it can
be seen that the left cerebral artery has a low peak value, and thus it is a hardened blood vessel (see figure 84[B).

Determining comfort/discomfort by means of brain response

[0384] When eyeglasses strength or dentures are adjusted, they are conventionally adjusted according to a person’s
own report of comfort or discomfort.
[0385] If an apparatus for evaluating biological function of a working embodiment of the present invention is used, it
is possible for parameters concerning brain oxygen exchange function from the frontal lobe of the brain when eyeglasses
or dentures are mounted on the human body to be calculated by means of controller 8, and moreover for the comfort
and discomfort of the human body to be determined and mapped on display part 10, and by this means the degree of
comfort can be determined without relying on the wearer’s own report. For example, if the spread of L-values is small,
as shown in figure 85(A), the subject can be judged to be comfortable, and if the spread of the L-values is large, as
shown in (B), the subject can be judged to be uncomfortable.

An apparatus for evaluating biological function with a device for applying pressure attached

[0386] As shown in figure 86(A), an apparatus for evaluating biological function of a working embodiment of the present
invention may be configured so that it is connected to a pressure application device 22 for applying stimulus (pressure)
to the brain. An example of a pressure application device 22 is one in which a manchette, similar to a blood pressure
monitor, is wrapped around the arm to apply pressure.
[0387] By pressing on the muscles of the arm with a pressure application device, a low oxygenation state can be
created in the brain on the side opposite the arm. Namely, compression controls overwhelming it from a peripheral nerve
and displays presence and degree of a FORCE effect to occur in a brain and can judge a function of a brain blood vessel
state.
[0388] For example, figure 86(B) is a graph showing the results of measuring changes in the various hemoglobins for
each of a number of channels (the numbers show the channel numbers) when pressure is applied to the right arm by
means of a pressure application device. It can be seen, as shown in figure (B), that low oxygenation is produced in the
left brain.
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Modified examples of a living body probe

[0389] Figure 87(A) is a lateral view showing a modified example of a living body probe, and (B) is a front view thereof.
As shown in figures 87 (A) and (B), protective cover 23, made a soft material such as a silicone gel may be installed on
the tip of living body probe 1. By means of this protective cover 23, it is possible to prevent hurting or scratching the skin
when living body probe 1 comes in contact with the skin of the scalp or the like.

A measuring technique for the inferior temporal gyrus

[0390] With previous measuring techniques, it was difficult to measure the inferior temporal gyri, which are associated
with memory and the like, from on the skin of the head.
[0391] Accordingly, as shown in figure 88, the tip of living body probe 1 may be formed into a soft material 24, like an
earplug, inserted from the outer ear canal, and the inferior temporal gyrus measured in a situation where no light leaks in.

Living body probe mounting device

[0392] Figure 89 is a perspective view showing a living body probe mounting device 26 of a working embodiment of
the present invention.
[0393] As shown in figure 89, this living body probe mounting device 26 is a device in which living body probes 1 are
installed and supported on stretchable support material 26a, made of mesh-like fabric or the like, and it is mounted on
the place to be measured on the head or the like. By using this living body probe mounting device 26, living body probes
1 can be kept from moving around, and noise arising from the incidence of outside light can be prevented.
[0394] In order to prevent the incidence of outside light, black fabric or the like is preferably used for the protective
material, and the device is preferably made in mesh form in order to provide good ventilation.

Living body probe mounting accessory

[0395] With previous measurment methods using near-infrared and the like, when signals were detected from a plurality
of sites on the brain surface, there was no way to quickly know the location of the language area, the motor area, the
visual area and the like. Accordingly, it is convenient to use living body probe mounting accessory 27, which makes it
possible to easily obtain location information for brain measurement target sites of the language area, the motor area,
the vision area and the like, based on distance from the location of the ear.
[0396] This living body probe mounting accessory 27, as shown in figures 90(A) and (B), is made from a net-like
material formed at fixed intervals along lines parallel to the line connecting the outer eyelid and the outer ear canal and
the line connecting the outer ear canal and the parietal line, respectively. As shown in figure 90(C), measuring marks
27a (in units of 1 cm, for example,) are displayed on the surface of the net-like material.
[0397] From the fact that the AC-PC line (AC: anterior commissure; PC: posterior commissure) in the brain is normally
parallel to the outer eyelid - outer ear canal line on the scalp, an outer ear canal - parietal line is formed perpendicular
to the outer eyelid - outer ear canal line. By this means, because position on the scalp corresponds to the AC-PC line
used in brain imaging, the use of the living body probe mounting accessory 27 of the present invention, by determining
the position of the outer eyelid - outer ear canal line and the outer ear canal - parietal line, makes it possible to easily
identify the location of structures inside the brain from on the scalp. In addition, because scale markings 27a are displayed
on the surface of the net material, it is possible to easily identify the location of structures in the brain from on the scalp.
In addition, because markings 27a are displayed on the surface of the net material, it is possible to easily know the
appropriate positions for living body probes 1.
[0398] For example, if one wants to measure Wernicke’s area, living body probes 1 should be positioned in locations
4-5 cm from the outer ear canal. In addition, names of measurement target sites may be displayed on the net material
surface with labels or the like.

Living body probe support device

[0399] Figure 91(A) is a plan view showing a living body probe support device of a working embodiment of the present
invention; (B) is a perspective view showing a retaining ring; (C) is a cross-sectional view along line c-c of (A); and (D)
is a cross-sectional view along line d-d of (A).
[0400] As shown in figures 91(A)-(D), inside the living body probe support device 30 of a working embodiment of the
present invention there are retaining rings 28 for holding living body probes 1, and a ring support frame 29 that is roughly
oval-shaped in plan view, for supporting retaining rings 28 moveably in the longitudinal direction (direction of the arrow).
On the inside of support frame 29 are formed a plurality of indentations 29a at fixed intervals along the lengthwise
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direction, into which protrusions 28a on the outside of retaining rings 28 can be latched. To make it possible to move
retaining rings 28, ring support frame 29 is formed of a material that can be deformed slightly outwards.
[0401] This living body probe support device 30 makes it possible to move a retaining ring 28, supporting living body
probe 1, within ring support frame 29 in the lengthwise direction, and to secure it at the desired position, and thus makes
minute adjustment of the set position of living body probe 1 possible.
[0402] Ring support frame 29 may also be formed, for example, as shown in figure 92(A), as a circular frame and a
straight line frame, or the like; or a plurality of living body probe support devices 30 may be secured by connecting part
30a, as shown in figure 92(B).

Independence and interconnectedness of light functional voxels corresponding to the probe arrangement

[0403] The principle of the light functional imaging method discovered by the present inventor Kato et al. is a fundamental
method whereby light functional voxels of different regions (sites) are detected by means of 2 probes for light incidence
and light reception.
[0404] The following methods are used in conventional techniques:

1) Simultaneous light irradiation methods, in which a plurality of pairs of probes, for light incidence and reception,
are placed on the scalp, and a light functional voxel is sampled for each pair.

2) Phased light irradiation methods, utilizing phase differences to separate closely adjacent light functional voxels,
by irradiating and receiving different phase light.

3) Time difference irradiation methods, in which light is received from different light incidence times, to separate
closely adjacent light functional voxels.

[0405] However, conventional techniques have problems of the following kinds:

1) With simultaneous light irradiation methods, without phase polarization or time-difference irradiation, the functional
response components of closely adjacent light functional voxels are mixed together and it is difficult to separate the
two voxels.

2) However, a greater number of light-emitting elements must be provided in order to carry out phase polarization
and time-difference irradiation, and this has the disadvantage that in order to measure a plurality of regions, the
apparatus becomes larger.

3) Furthermore, with time difference irradiation methods, producing a time difference, causes differences between
the sampling times for the light functional voxels, and this imposes limitations on the measurement of oxygen
exchange function, which proceeds simultaneously with electrical activity, which occurs in milliseconds.

[0406] Accordingly, as a means for resolving the above problems, the present invention suppresses the size of the
apparatus, and implements measurement of a plurality of points and high-speed measurement by introducing probe
arrangements, mathematical analysis, and a method f for displaying the independence and interconnectedness of desired
light functional voxels into the simultaneous light irradiation method.
[0407] In the case of simultaneous light irradiation, as shown in figure 93(A), light receiving area b, for example,
receives not only light components from the closest incidence B and C, but also, theoretically, light from A, D, E, F, G and H.
[0408] Accordingly, it is important, for understanding the characteristic properties of light functional voxels, to display
the theoretical independence and interconnectedness between probes corresponding to the probe arrangement and
irradiation method in the probe arrangement and simultaneous light irradiation method, or even in the phased light
irradiation method and the time-difference irradiation method; to measure the actual measured independence and in-
terconnectedness; and to measure and display the difference between the theoretical values and the measured values.
[0409] In addition, by this means, the apparatus can be made more compact by minimizing the number of light emitters
for incident light and separating voxels by the light receiving parts.
[0410] For example, in figure 93(B), it can be seen from the above that as many light functional voxels are separated
out as there are light receiving parts.
[0411] It can furthermore be seen that ch1 and ch2, or ch3 and ch4, etc., are actually separated.
[0412] In addition, as an image display of the theoretical separation precision of light functional voxels, complete
independence (0% interconnectedness) may be displayed as 0, complete non-independence (100% interconnectedness)
as 1, and between 0 and 1 as 0.5; and upon measurement, correlations r (from -1 to +1) of the time series of a desired
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segment for desired channel A may be displayed in a color-coded display (a moving image is possible), as shown in
figure 94. Figure 94(A) shows an image display of the theoretical separation precision from the probe arrangement and
light irradiation method, and (B), an example of a time series display of time series correlations between desired segments
of the desired channel A upon measurement.
[0413] In addition, if the correlations from the time-difference or phase-difference irradiation methods A are compared
with those of the simultaneous irradiation method B, and the difference between them ([measured value A] - [measured
value B]) approaches zero, this can be judged to show an increase in functional independence (the effect from simul-
taneous irradiation is minimal), and if the difference approaches 1 or -1, it can be judged to show an increase in functional
interconnectedness (the effect from simultaneous irradiation is large).

Measurement of the four thought patterns

[0414] Figure 95 shows drawings explaining the four thought patterns of the human brain: (A) shows a right-brain
input, right-brain output thought type; (B), a right-brain input, left-brain output thought type; (C), a left-brain input, left-
brain output thought type; and (D), a left-brain input, right-brain output thought type.
[0415] The working of the human brain can be divided into four types. From the strength of the FORCE effect, left/right
brain can be determined during information collection, to determine predominance at time of input. In the same way,
left/right brain can be determined during information output, to determine predominance at time of output.
[0416] The FORCE effect is determined from the amount of oxygen consumption during input or output, namely,
increases in deoxyhemoglobin, decreases in oxyhemoglobin and decreases in (oxyhemoglobin -deoxyhemoglobin), and
cumulative summed values are used.

Claims

1. An apparatus for evaluating biological function of a living body comprising a plurality of living body probes (1) provided
with light-emitting elements (1a) for irradiating light to specified sites of a living body and light-receiving elements
(1b) for receiving and detecting light exiting the living body, a behavioral information measuring part (2) for measuring
behavioral information of said living body, and an apparatus body (3) for receiving light information detected by said
living body probe (1) and behavioral information measured by said behavioral information measuring part (2) and
adapted to perform calculation, control and memory operations, and to use near-infrared spectroscopy to evaluate
biological function, said apparatus body (3) comprising:

a controller (8) configured to obtain, based on light information from said living body probe (1), by means of
time series measurements, a first two-dimensional diagram plotting on polar coordinates loci showing amounts
of change in oxyhemoglobin versus amounts of change in deoxyhemoglobin, and a second two-dimensional
diagram plotting on polar coordinates loci showing absolute amounts of oxyhemoglobin versus absolute amounts
of deoxyhemoglobin, wherein the axes of said first and second two-dimensional diagrams are inclined by 45
degrees with regards to one another;
said controller being further configured to derive from said first and second two-dimensional diagrams, a variety
of parameters, based on a theory assuming the oxygen exchange between oxyhemoglobin and deoxyhemo-
globin in hemodynamics to be rotational motion and establishing within the equation of rotational motion a
relationship between said oxygen exchange and the amount of hemoglobin;
and wherein said variety of parameters comprise parameters reflecting oxygen consumption as well as param-
eters reflecting oxygen supply to the specific sites;
the apparatus body (3) further comprising a display part (10) for performing various types of image displays
based on said variety of parameters calculated by means of said controller (8).

2. The apparatus for evaluating biological function according to Claim 1, wherein said controller (8) is further configured
to calculate a variety of parameters derived from three-dimensional diagrams, in which a time axis is added to said
two-dimensional diagrams, and said display part (10) is adapted to perform three-dimensional displays based on
various of parameters calculated by means of said controller (8).

3. The apparatus for evaluating biological function according to any one of Claims 1 - 2, wherein said controller (8) is
adapted to calculate a qualitative K-ratio, calculated by the formula (change in the absorption coefficient of the
wavelength of predominantly deoxyhemoglobin) / (change in the absorption coefficient of the wavelength of pre-
dominantly oxyhemoglobin), and a slope calculated by the formula (tan-1 ((change in the absorption coefficient of
the wavelength of predominantly deoxyhemoglobin) / (change in the absorption coefficient of the wavelength of
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predominantly oxyhemoglobin).

4. The apparatus for evaluating biological function according to any one of Claims 1 - 3, wherein said controller (8) is
adapted to calculate the length of the light path of light irradiated from a light-emitting element of a living body probe
until it is received by a light-receiving element.

5. The apparatus for evaluating biological function according to any one of Claims 1 - 4, wherein said controller (8) is
adapted to measure the phase difference between changes in oxyhemoglobin and changes in deoxyhemoglobin.

6. The apparatus for evaluating biological function according to any one of Claims 1 - 5, characterized in that said
controller (8) is adapted to detect fluctuation for each voxel of said image displays on said display part (10).

7. The apparatus for evaluating biological function according to any one of Claims 1 - 6, wherein said controller (8) is
adapted to calculate the extent of oxygen consumption and oxygen supply of the specific sites of said living body.

8. The apparatus for evaluating biological function according to any one of Claims 1 - 7, wherein said controller (8)
has a means for determining comfort and discomfort of said living body based on specified criteria.

9. The apparatus for evaluating biological function according to any one claims 1-8, wherein said display part (10) is
adapted to display the specific sites showing an oxygen consumption response.

10. The apparatus for evaluating biological function according to any one of Claims 1 - 9, wherein said display part (10)
is adapted to display independence and interconnectedness between the voxels of said image displays.

Patentansprüche

1. Vorrichtung zur Beurteilung biologischer Funktionen eines lebenden Körpers, umfassend eine Mehrzahl von Sonden
(1) für einen lebenden Körper, die mit Folgendem versehen sind: Lichtemissionselementen (1a) zum Ausstrahlen
von Licht an bestimmte Stellen eines lebenden Körpers und Lichtempfangselementen (1b) zum Empfangen und
Erfassen von aus dem lebenden Körper austretendem Licht, einem Messteil (2) für verhaltensbezogene Informati-
onen zum Messen von verhaltensbezogenen Informationen des lebenden Körpers und einem Vorrichtungskörper
(3) zum Empfangen der von der Sonde (1) für einen lebenden Körper erfassten Lichtinformationen und verhaltens-
bezogenen Informationen, die von dem Messteil (2) für verhaltensbezogene Informationen gemessen werden, und
ausgebildet ist, um Rechen-, Steuer- und Speicheroperationen durchzuführen, und Nahinfrarot-Spektroskopie zu
verwenden, um die biologischen Funktionen zu beurteilen, wobei der Vorrichtungskörper (3) Folgendes umfasst:

einen Controller (8), der ausgebildet ist, um, basierend auf Lichtinformationen von der Sonde (1) für den lebenden
Körper, mittels Zeitreihen-Messungen, ein erstes zweidimensionales Diagramm mit Darstellung von Polarko-
ordinaten-Loci zu erhalten, das den Umfang der Veränderungen im Oxyhämoglobin gegenüber dem Umfang
der Veränderungen im Deoxyhämoglobin zeigt, und ein zweites zweidimensionales Diagramm mit Darstellung
von Polarkoordinaten-Loci, das die absoluten Werte von Oxyhämoglobin gegenüber absoluten Werten von
Deoxyhämoglobin zeigt, wobei die Achsen der ersten und zweiten zweidimensionalen Diagramme um 45°
zueinander geneigt sind;
wobei der Controller weiterhin ausgebildet ist, um aus den ersten und zweiten zweidimensionalen Diagrammen
eine Vielzahl von Parametern abzuleiten, basierend auf einer Theorie, die annimmt, dass der Sauerstoffaus-
tausch zwischen Oxyhämoglobin und Deoxyhämoglobin in der Hämodynamik eine Rotationsbewegung ist, und
in der Gleichung der Rotationsbewegung eine Beziehung zwischen dem Sauerstoffaustausch und der Hämo-
globinmenge herstellt;

und wobei die Vielzahl von Parametern Parameter umfasst, die den Sauerstoffverbrauch widerspiegelt sowie Pa-
rameter, die die Sauerstoffzufuhr zu den bestimmten Stellen widerspiegelt;
wobei der Vorrichtungskörper (3) weiterhin ein Anzeigeteil (10) zur Durchführung verschiedener Arten von Bildan-
zeigen, basierend auf der Vielzahl von Parametern, umfasst, die durch den Controller (8) berechnet werden.

2. Vorrichtung zur Beurteilung biologischer Funktionen nach Anspruch 1, wobei der Controller (8) weiterhin ausgebildet
ist, um eine Vielzahl von Parametern zu berechnen, die aus dreidimensionalen Diagrammen abgeleitet sind, in
denen eine Zeitachse zu den zweidimensionalen Diagrammen hinzugefügt wird, und das Anzeigeteil (10) ausgebildet
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ist, um dreidimensionale Anzeigen, basierend auf verschiedenen Parametern, die durch den Controller (8) berechnet
wurden, durchzuführen.

3. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 2,
wobei der Controller (8) ausgebildet ist, um ein qualitatives K-Verhältnis zu berechnen, berechnet durch die Formel
(Veränderung in dem Absorptionskoeffizienten der Wellenlänge von prädominantem Deoxyhämoglobin) / (Verän-
derung in dem Absorptionskoeffizienten der Wellenlänge von prädominantem Oxyhämoglobin), und eine Steigung,
berechnet durch die Formel (tan-1 ((Veränderung in dem Absorptionskoeffizienten der Wellenlänge von prädomi-
nantem Deoxyhämoglobin) / (Veränderung in dem Absorptionskoeffizienten der Wellenlänge von prädominantem
Oxyhämoglobin).

4. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 3,
wobei der Controller (8) ausgebildet ist, um die Länge des Lichtweges des von einem Lichtemissionselement einer
Sonde des lebenden Körpers ausgestrahlten Lichts, bis es von einem Lichtempfangselement empfangen wird, zu
berechnen.

5. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 4,
wobei der Controller (8) ausgebildet ist, um die Phasendifferenz zwischen den Veränderungen in dem Oxyhämo-
globin und den Veränderungen in dem Deoxyhämoglobin zu messen.

6. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 5,
dadurch gekennzeichnet, dass der Controller (8) ausgebildet ist, um Fluktuationen für jedes Voxel der Bildanzeigen
auf dem Anzeigeteil (10) zu erfassen.

7. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 6,
wobei der Controller (8) ausgebildet ist, um den Umfang des Sauerstoffverbrauchs und der Sauerstoffzufuhr zu den
bestimmten Stellen des lebenden Körpers zu berechnen.

8. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 7,
wobei der Controller (8) ein Mittel zur Feststellung von Wohlbefinden und Unbehagen des lebenden Körpers, ba-
sierend auf bestimmten Kriterien, aufweist.

9. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 8, wobei das Anzeigeteil (10)
ausgebildet ist, um die bestimmten Stellen anzuzeigen, die eine Reaktion auf den Sauerstoffverbrauch zeigen.

10. Vorrichtung zur Beurteilung biologischer Funktionen nach einem der Ansprüche 1 bis 9,
wobei das Anzeigeteil (10) ausgebildet ist, um die Unabhängigkeit und die Vernetzung zwischen den Voxeln der
Bildanzeigen anzuzeigen.

Revendications

1. Appareil pour évaluer la fonction biologique d’un corps vivant, comprenant une pluralité de sondes de corps vivant
(1) munie d’éléments émetteurs de lumière (1a) pour irradier de la lumière sur des sites spécifiés d’un corps vivant,
et des éléments récepteurs de lumière (1b) pour recevoir et détecter de la lumière sortant du corps vivant, une partie
de mesure des informations de comportement (2) pour mesurer des informations de comportement dudit corps
vivant, et un corps d’appareil (3) pour recevoir des informations de lumière détectées par ladite sonde de corps
vivant (1) et des informations de comportement mesurées par ladite partie de mesure des informations de compor-
tement (2), et adapté pour réaliser des opérations de calcul, de contrôle et de mémoire et d’utiliser la spectroscopie
dans l’infrarouge proche pour évaluer la fonction biologique, ledit corps d’appareil (3) comprenant:

un contrôleur (8) configuré pour obtenir, basé sur des informations de lumière de ladite sonde de corps vivant
(1) au moyen de mesures chronologiques, un premier diagramme bidimensionnel représentant sur des coor-
données polaires loci montrant des quantités de changement en oxyhémoglobine contre des quantités de
changement en désoxyhémoglobine, et un deuxième diagramme bidimensionnel représentant sur des coor-
données polaires loci montrant des quantités absolues en oxyhémoglobine contre des quantités absolues en
désoxyhémoglobine, sachant que les axes dudit premier et second diagramme bidimensionnel sont inclinés
de 45 degrés l’un par rapport à l’autre;
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ledit contrôleur étant en outre configuré pour dériver dudit premier et second diagramme bidimensionnel une
diversité de paramètres basée sur une théorie supposant que l’échange d’oxygène entre l’oxyhémoglobine et
le désoxyhémoglobine en hémodynamie soit un mouvement rotationnel et établissant dans l’équation du mou-
vement rotationnel une relation entre ledit échange d’oxygène et la quantité d’hémoglobine;

et sachant que la diversité de paramètres comprend des paramètres reflétant la consommation d’oxygène ainsi
que des paramètres reflétant l’alimentation en oxygène aux sites spécifiques;
le corps d’appareil (3) comprenant en outre une partie d’affichage (10) pour réaliser différents types d’affichages
d’image basés sur ladite diversité de paramètres calculés au moyen dudit contrôleur (8).

2. Appareil pour évaluer la fonction biologique selon la revendication 1, ledit contrôleur (8) étant configuré en outre
pour calculer une diversité de paramètres dérivés des diagrammes tridimensionnels, dans lesquels un axe temporel
est ajouté auxdits diagrammes bidi-mensionnels et ladite partie d’affichage (10) étant adaptée pour réaliser des
affichages tridimensionnels basés sur des différents paramètres calculés au moyen dudit contrôleur (8).

3. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 2,
ledit contrôleur (8) étant adapté pour calculer un rapport K qualitatif, calculé par la formule (changement du coefficient
d’absorption de la longueur d’onde de la désoxyhémoglobine prédominante) / (changement du coefficient d’absorp-
tion de la longueur d’onde d’oxyhémoglobine prédominante), et une pente calculée par la formule (tan-1 ((changement
du coefficient d’absorption de la longueur d’onde de la désoxyhémoglobine prédominante) / (changement du coef-
ficient d’absorption de la longueur d’onde d’oxyhémoglobine prédominante).

4. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 3,
ledit contrôleur (8) étant adapté pour calculer la longueur du chemin lumineux de la lumière irradiée d’un élément
émetteur de lumière d’une sonde de corps vivant jusqu’à ce qu’elle est reçue par un élément récepteur de lumière.

5. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 4,
ledit contrôleur (8) étant adapté pour mesurer la différence de phase entre des changements en oxyhémoglobine
et des changement en désoxyhémoglobine.

6. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 5,
caractérisé en ce que ledit contrôleur (8) est adapté pour détecter des fluctuations pour chaque voxel desdits
affichages d’image sur ladite partie d’affichage (10).

7. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 6,
ledit contrôleur (8) étant adapté pour calculer l’ampleur de la consommation d’oxygène et de l’alimentation en
oxygène desdits sites spécifiques dudit corps vivant.

8. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 7
ledit contrôleur (8) ayant un moyen pour déterminer un bien-être et un mal-être dudit corps vivant basé sur des
critères spécifiés.

9. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 8, ladite partie d’affichage
(10) étant adapté pour afficher les sites spécifiques montrant une réponse de la consommation d’oxygène.

10. Appareil pour évaluer la fonction biologique selon l’une quelconque des revendications 1 à 9,
ladite partie d’affichage (10) étant adapté pour afficher l’indépendance et l’interdépendance entre les voxels desdits
affichages d’image.
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