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7) ABSTRACT

An apparatus for accurately determining the blood hemo-
globin concentration without taking a blood sample. The
apparatus comprises an ambient temperature measuring por-
tion for measuring ambient temperature, a radiation heat
detector for measuring radiation heat from a body surface,
light sources for irradiating the body surface with light of the
wavelengths of at least 810 nm and 950 nm, photodetectors
for detecting reflected light from the body surface, a con-
verting portion in which measurement values relating to the
blood hemoglobin concentration measured using a blood
sample that is separately collected, said converting portion
converting the stored measurement value, the individual
outputs of the ambient temperature measuring portion, the
radiation heat detector, and the photodetector, into a plural-
ity of parameters, and a processing portion in which rela-
tionships between the parameters and blood sugar levels are
stored, said calculating portion calculating a blood sugar
level by applying the parameters to the stored relationships.
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BLOOD SUGAR LEVEL MEASURING APPARATUS

CO-PENDING APPLICATION

[0001] U.S. patent application Ser. No. 10/620,689 is a
co-pending application of this application. The content of
which is incorporated herein by reference.

CLAIM OF PRIORITY

[0002] The present application claims priority from Japa-
nese application JP 2004-245646 filed on Aug. 25, 2004, the
content of which is hereby incorporated by reference into
this application.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] The present invention relates to a non-invasive
blood sugar level measuring apparatus for measuring the
glucose concentration in a living body without blood sam-

pling.
[0005] 2. Description of Related Art

[0006] Hilson et al. report facial and sublingual tempera-
ture changes in diabetics following intravenous glucose
injection (Non-Patent Document 1). Scott et al. discuss the
issue of diabetics and thermoregulation (Non-Patent Docu-
ment 2). Based on the knowledge gained from such
researches, Cho et al. suggest a method and apparatus for
determining blood glucose concentration by temperature
measurement without requiring the collection of a blood
sample (Patent Documents 1 and 2).

[0007] Various other attempts have been made to deter-
mine glucose concentration without blood sampling. For
example, a method has been suggested (Patent Document 3)
whereby a measurement site is irradiated with near-infrared
light of three wavelengths, and the intensity of transmitted
light as well as the temperature of the living body is
detected. A representative value of the second-order differ-
entiated value of absorbance is then calculated, and the
representative value is corrected in accordance with the
difference between the living body temperature and a pre-
determined reference temperature. A blood sugar concentra-
tion corresponding to the thus corrected representative value
is then determined. An apparatus is also provided (Patent
Document 4) whereby a measurement site is heated or
cooled while monitoring the living body temperature. The
degree of attenuation of light based on light irradiation is
measured at the moment of temperature change so that the
glucose concentration responsible for the temperature-de-
pendency of the degree of light attenuation can be measured.
Further, an apparatus is reported (Patent Document 5)
whereby an output ratio between reference light and trans-
mitted light following the irradiation of the sample is taken,
and then a glucose concentration is calculated in accordance
with a linear expression of the logarithm of the output ratio
and the living body temperature.

[0008] (Non-Patent Document 1) Diabete & Metabolisme,
“Facial and sublingual temperature changes following
intravenous glucose injection in diabetics” by R. M.
Hilson and T. D. R. Hockaday, 1982, 8, 15-19)

[0009] (Non-Patent Document 2) Can. J. Physiol. Phar-
macol., “Diabetes mellitus and thermoregulation”, by A.
R. Scott, T. Bennett, I. A. MacDonald, 1987, 65, 1365-
1376
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[0010] [Patent Document 1] U.S. Pat. No. 5,924,996
[0011] [Patent Document 2] U.S. Pat. No. 5,795,305

[0012] [Patent Document 3]JP Patent Publication (Kokai)
No. 2000-258343 A

[0013] [Patent Document 4] JP Patent Publication (Kokai)
No. 10-33512 A (1998)

[0014] [Patent Document 5]JP Patent Publication (Kokai)
No. 10-108857 A (1998)

SUMMARY OF THE INVENTION

[0015] Glucose (blood sugar) in blood is used for glucose
oxidation reaction in cells to produce necessary energy for
the maintenance of living bodies. In the basal metabolism
state, in particular, most of the produced energy is converted
into heat energy for the maintenance of body temperature.
Thus, it can be expected that there is some relationship
between blood glucose concentration and body temperature.
However, as is evident from the way sicknesses cause fever,
the body temperature also fluctuates due to factors other than
blood glucose concentration. While methods have been
proposed to determine blood glucose concentration by tem-
perature measurement without blood sampling, they could
hardly be considered sufficiently accurate.

[0016] It is an object of the invention to provide an
apparatus for determining blood glucose concentrations with
high accuracy without blood sampling.

[0017] Blood sugar is delivered to the cells throughout the
human body via blood vessel systems, particularly the
capillary blood vessels. In the human body, complex meta-
bolic pathways exist. Glucose oxidation is a reaction in
which, fundamentally, blood sugar reacts with oxygen to
produce water, carbon dioxide, and energy. Oxygen herein
refers to the oxygen delivered to the cells via blood. The
volume of oxygen supply is determined by the blood hemo-
globin concentration, the hemoglobin oxygen saturation,
and the volume of blood flow. On the other hand, the heat
produced in the body by glucose oxidation is dissipated from
the body by thermal convection, heat radiation, conduction,
and so on. On the assumption that the body temperature is
determined by the balance between the amount of energy
produced in the body by glucose burning, namely heat
production, and heat dissipation such as mentioned above,
the inventors set up the following model:

[0018] (1) The amount of heat production and the amount
of heat dissipation are considered equal.

[0019] (2) The amount of heat production is a function of
the blood glucose concentration and the volume of oxy-

gen supply.

[0020] (3) The volume of oxygen supply is determined by
the blood hemoglobin concentration, the blood hemoglo-
bin oxygen saturation, and the volume of blood flow in the
capillary blood vessels.

[0021] (4) The amount of heat dissipation is mainly deter-
mined by heat convection and heat radiation.

[0022] According to this model, we achieved the present
invention after realizing that blood sugar levels can be
accurately determined on the basis of the results of measur-
ing the temperature of the body surface and parameters
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relating to the blood oxygen concentration and the blood
flow volume. The parameters can be measured, e.g., from a
part of the human body, such as the fingertip. The parameters
relating to convection and radiation can be determined by
measuring the temperature on the fingertip. The parameters
relating to the blood hemoglobin concentration and the
blood hemoglobin oxygen saturation can be determined by
spectroscopically measuring blood hemoglobin and then
finding the ratio between hemoglobin bound with oxygen
and hemoglobin not bound with oxygen. The parameter
relating to the volume of blood flow can be determined on
the basis of the ratio between the blood hemoglobin con-
centration inside tissue and the blood hemoglobin concen-
tration in a blood sample.

[0023] In one aspect, the nvention provides a blood sugar
level measuring apparatus comprising: a heat amount mea-
suring portion for measuring a temperature deriving from a
body surface in order to obtain information used for the
calculation of the amount of heat transfer due to convection
and the amount of heat transfer due to radiation which are
related to the dissipation of heat from said body surface; an
optical measuring portion for irradiating said body surface
with light in order to obtain measurement values related to
the blood hemoglobin concentration and the hemoglobin
oxygen saturation inside tissue; a memory portion for stor-
ing a measurement value relating to the blood hemoglobin
concentration measured using a blood sample that is sepa-
rately collected, and for storing relationships between
parameters corresponding to said temperature, said blood
hemoglobin concentration and said hemoglobin oxygen
saturation inside said tissue, the volume of blood flow inside
tissue, and blood sugar levels; a calculation portion for
converting a plurality of measurement values entered via
said heat amount measuring portion and said optical mea-
suring portion, into said parameters individually, and for
calculating a blood sugar level by applying said parameters
to said relationships stored in said memory portion; and a
display portion for displaying the result of calculation in said
calculation portion, wherein the parameter corresponding to
said blood flow volume inside tissue is generated on the
basis of a ratio between the blood hemoglobin concentration
inside tissue and the blood hemoglobin concentration mea-
sured using said blood sample.

[0024] 1In another aspect, the invention provides a blood
sugar level measuring apparatus comprising: an ambient
temperature measuring portion for measuring ambient tem-
perature; a radiation heat detector for measuring radiation
heat from a body surface; a light source for irradiating said
body surface with at least light of a first wavelength and light
of a second wavelength; a photodetector for detecting
reflected light that is produced as said light from said light
source is reflected by said body surface; a memory portion
for storing a measurement value relating to the blood
hemoglobin concentration that is measured using a blood
sample that is separately collected; a calculating portion
including a converting portion for converting said stored
measurement value and the individual outputs of said ambi-
ent temperature measuring portion, said radiation heat detec-
tor, and said photodetector into a plurality of parameters, and
a processing portion in which relationships between said
parameters and blood sugar levels are stored, said processing
portion calculating a blood sugar level by applying said
parameters to said relationships; and a display portion for
displaying a result outputted from said calculating portion.
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Preferably, the first and the second wavelengths are substan-
tially 810 nm and 950 nm, respectively. Light of the wave-
lengths of substantially 810 nm and 950 nm means light with
peak components at 810 nm and 950 nm, respectively. Thus,
the light may include light with wavelengths of 10 nm, and
it may also include the generally expected range of error in
cases where light-emitting diodes are used as light sources.

[0025] 1In accordance with the invention, it becomes pos-
sible to determine blood sugar levels in a non-invasive
measurement with similar levels of accuracy to the conven-
tional invasive method.

[0026] In accordance with the invention, an apparatus and
method for non-invasively measuring blood sugar levels
with high accuracy can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 shows the relationships between measure-
ment values provided by various sensors and the parameters
derived therefrom.

[0028] FIG. 2 shows a top plan view of a non-invasive
blood sugar level measuring apparatus according to the
invention.

[0029] FIG. 3 shows a block diagram of the circuitry
inside the apparatus.

[0030]

[0031] FIG. 5 shows the flow of software and hardware
operations during the operation of measuring the glucose
concentration.

[0032] FIG. 6 shows the flow of software and hardware
operations during the operation of measuring the glucose
concentration.

[0033] FIG. 7 shows the flow of software and hardware
operations during the operation of measuring the glucose
concentration.

[0034] FIG. 8 shows the flow of software and hardware
operations during the operation of inputting subject infor-
mation.

[0035] FIG. 9 shows the flow of software and hardware
operations during the operation of inputting the blood hemo-
globin concentration.

[0036] FIG. 10 shows a conceptual chart illustrating the
flow of data processing in the apparatus.

[0037] FIG. 11 shows a chart plotting the glucose con-
centration values calculated according to the present inven-
tion and the glucose concentration values measured by the
enzymatic electrode method.

FIG. 4 shows a measuring portion in detail.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0038] The invention will now be described by way of
preferred embodiments thereof with reference made to the
drawings.

[0039] Initially, the above-mentioned model will be
described in more specific terms. Regarding the amount of
heat dissipation, convective heat transfer, which is one of the
main causes of heat dissipation, is related to temperature
difference between the ambient (room) temperature and the
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body-surface temperature according to the Newton’s law of
cooling. The amount of heat dissipation due to radiation,
which is another main cause of dissipation, is proportional
to the fourth power of the body-surface temperature accord-
ing to the Stefan-Boltzmann law. Thus, it can be seen that the
amount of heat dissipation from the human body is related
to the room temperature and the body-surface temperature.
On the other hand, the amount of oxygen supply, which is a
major factor related to the amount of heat production, is
expressed as the product of hemoglobin concentration,
hemoglobin oxygen saturation, and blood flow volume.

[0040] The hemoglobin concentration can be measured
from the absorbance at the wavelength (equal-absorbance
wavelength) at which the molar absorbance coefficient of the
oxyhemoglobin is equal to that of the reduced (deoxy-)
hemoglobin. The hemoglobin oxygen saturation can be
measured by measuring the absorbance at the equal-absor-
bance wavelength and the absorbance at at least one different
wavelength at which the ratio between the molar absorbance
coefficient of the oxyhemoglobin and that of the reduced
(deoxy-) hemoglobin is known, and then solving simulta-
neous equations. Namely, the hemoglobin concentration and
hemoglobin oxygen saturation can be obtained by conduct-
ing the measurement of absorbance at at least two wave-
lengths.

[0041] Since the hemoglobin concentration measured
through the skin is the blood hemoglobin concentration
inside the skin tissue on which light has been incident and
through which the light has been transmitted, it is propor-
tional to the amount of blood inside the tissue. It is also
proportional to the blood hemoglobin concentration inside a
collected blood sample that is measured accurately by a
method such as spectrophotometry. Therefore, the blood
hemoglobin concentration inside the tissue is proportional to
the product of the blood amount inside the tissue and the
blood hemoglobin concentration inside a blood sample.

[0042] The blood flow volume is considered next. In a
steady state, when the velocity of blood in capillary blood
vessels is considered constant, the blood flow volume is
proportional to the amount of blood inside tissue.

[0043] From the above discussion, the blood flow volume
is proportional to (blood hemoglobin concentration inside
tissue/blood hemoglobin concentration inside a blood
sample).

[0044] Thus, it will be seen that the measured quantities
necessary for the determination of blood glucose concen-
tration by the above-described model are the room tempera-
ture (ambient temperature), the temperature due to radiation
from the body surface, the absorbance at at least two
wavelengths, and the blood hemoglobin concentration inside
a blood sample that is measured separately.

[0045] FIG. 1 shows the relationships between the mea-
sured values provided by various sensors and the parameters
derived therefrom. Radiation temperature T; on the body
surface and room temperature T, are measured. Absorbance
A; and A, are measured at at least two wavelengths related
to the absorption of hemoglobin. The temperature T, pro-
vides a parameter related to the amount of heat transferred
by radiation. The temperatures T, 4 > provide parameters
related to the amount of heat transferred by convection. The
absorbance A, provides a parameter related to the hemoglo-
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bin concentration, and the absorbance A; and A, provide
parameters related to the hemoglobin oxygen saturation. The
absorbance A, and the blood hemoglobin concentration
inside a blood sample that is measured in advance provide
parameters related to the blood flow volume.

[0046] Hereafter, an example of an apparatus for non-
invasively measuring blood sugar levels according to the
principle of the invention will be described.

[0047] FIG. 2 shows a top plan view of a non-invasive
blood sugar level measuring apparatus according to the
invention. While in this example the skin on the ball of the
fingertip is used as the body surface, other parts of the body
surface may be used.

[0048] On the top surface of the apparatus are provided an
operating portion 11, a measuring portion 12 where the
finger to be measured is to be placed, and an LCD 13 for
displaying measurement results, the state of the apparatus,
measured values, for example. The operating portion 11
includes four push buttons 1la to 11d for operating the
apparatus. The measuring portion 12 has a cover 14 which,
when opened (as shown), reveals a finger rest portion 15
with an oval periphery. The finger rest portion 15 accom-
modates an opening end 16 of a radiation-temperature
sensor portion, and an optical sensor portion 18.

[0049] FIG. 3 shows a functional block diagram of the
apparatus, which is powered by a battery 41, whose voltage
supply is switched on or off by a power switch 57. A
microprocessor 33 includes a ROM for the storage of
software. A sensor portion 48 consists of a temperature
sensor and an optical sensor. Two light-emitting diodes as
the light source for the optical sensors are caused to emit
light in a time-shared manner by the microprocessor 55.
Signals measured by the sensor portion 48 are supplied to
analog/digital converters AD1 to AD3 disposed in such a
way as to correspond to individual sensors, where the signals
are converted into digital signals. The digital signals are fed
to the microprocessor 55 and stored in a RAM 42. Peripheral
circuits to the microprocessor 33 include the analog/digital
converters AD1 to AD3, LCD 13, RAM 42, IC card 43,
real-time clock 45, and EEPROM 46. These peripheral
circuits are accessed by the microprocessor 55 via a bus line
44. Push buttons 114 to 114 are individually connected to the
microprocessor 55. A buzzer 56 is connected to the micro-
processor 55 such that it can be turned on or off by the
control of the microprocessor 53.

[0050] FIG. 4 shows the structure of the measuring por-
tion 12. In FIG. 4, (a) is a top plan view, (b) is a cross section
taken along line X-X of (), and (c) is a cross section taken
along line Y-Y of (a).

[0051] Hereafter, the temperature sensors and the optical
sensor portion 18 in the measuring portion 12 are described.
First, the temperature sensors are described. An infrared lens
25 is disposed inside the apparatus at such a position that the
examined portion (ball of the finger) placed on the finger rest
portion 15 can be seen through the lens. Below the infrared
lens 25 is disposed a thermopile 27 via an infrared radiation-
transmitting window 26. A platinum temperature-measuring
resistor 28 is disposed in close proximity to the thermopile
27.

[0052] Thus, the temperature sensor portion of the mea-
suring portion includes two temperature sensors, which
measure the following two kinds of temperatures.
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[0053] (1) Temperature of radiation from the finger (ther-
mopile 27): T,

[0054] (2) Room temperature (platinum temperature-mea-
suring resistor 28): T,

[0055] The optical sensor portion 18 is described hereaf-
ter. The optical sensor portion 18 measures the hemoglobin
concentration and the hemoglobin oxygen saturation neces-
sary for the determination of the oxygen supply volume, and
the blood flow volume. In order to measure the hemoglobin
concentration, hemoglobin oxygen saturation, and the blood
flow volume, it is necessary to measure the absorbance at at
least two wavelengths. FIG. 4(c) shows an example for
carrying out a two-wavelength measurement using two light
sources 33 and 34 and one detector 35.

[0056] The ends of three optical fibers 30, 31 and 32 are
located in the optical sensor portion 18. The optical fibers 30
and 31 are for optical irradiation, while the optical fiber 32
is for receiving light. As shown in FIG. 4(c), the optical
fibers 30 and 31 are provided at the ends thereof with the
light-emitting diodes 33 and 34, respectively, of two wave-
lengths. The light-receiving optical fiber 32 is provided at
the end thereof with the photodiode 35. The light-emitting
diode 33 emits light of the wavelength of 810 nm, while the
light-emitting diode 34 emits light of the wavelength of 950
nm. The wavelength 810 nm is the equal absorbance wave-
length at which the molar absorbance coefficient of the
oxyhemoglobin is equal to that of the reduced (deoxy-)
hemoglobin. The wavelength 950 nm is the wavelength at
which the difference between the molar absorbance coeffi-
cient of the oxyhemoglobin and that of the reduced hemo-
globin is large.

[0057] The two light-emitting diodes 33 and 34 emit light
in a time-sharing manner. The finger of an examined subject
is irradiated with the light emitted by the light-emitting
diodes 33 and 34 via the light-irradiating fibers 30 and 31.
The light shone on the finger is reflected by the skin of the
finger and is then incident on the light-receiving optical fiber
32, via which the light is detected by the photodiode 35.
When the light with which the finger is irradiated is reflected
by the skin of the finger, part of the light penetrates into the
tissue through the skin and is absorbed by the hemoglobin in
the blood that flows in capillary blood vessels. The mea-
surement data provided by the photodiode 35 is reflectance
R. Absorbance can be approximately calculated from log(1/
R). Irradiation is conducted with light of wavelengths 810
nm and 950 nm, R is measured for each, and then log(1/R)
is obtained, thereby measuring absorbance A; for wave-
length 810 nm and absorbance A, for wavelength 950 nm.

[0058] When the reduced hemoglobin concentration is
[Hb] and the oxyhemoglobin concentration is [HbO,],
absorbance A, and absorbance A, are expressed by the
following equations:

At = axX([Hb] X Ay (810 nm) + [HHO» ] XAHbOZ(SIO nm))
= aX ([Hb] + [HbO,]) X Ao, (810 nm)

Ay = aX ([Hb] X App(950 nm) + [HbO,] XAHb02(950 nm))
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-continued
[HbO,]
( " [Hb] + [HbO,]
[HbO,]
[HD] + [HbO,]

] X App(950 nmy) +
= aX ([Hb] + [HbO,]) X
X Appo, (950 nm)

[0059] where A;n(810 nm) and Ay (950 nm), and
Apoo(810 nm) and App,»(950 nm) are the molar
absorbance coefficients of the reduced hemoglobin and
the oxyhemoglobin, respectively, and are known at the
respective wavelengths. The term a is a proportionality
coefficient. From the above equations, the blood hemo-
globin concentration ((Hb]+[HbO,]);. inside tissue and
the blood hemoglobin oxygen saturation ([HbO J(
[Hb+[HbO,]))1- are determined as follows:

A

((HB)+ [HbO: )y = e amy
2

( [HbO,] ] A2 X Appo, (810 1m) — Ay X App(950 nm))
[HL] +[HbO )~ AL X (Ap0,(950 1m) — App(950 nm))

[0060] While the above example involved the measure-
ment of the blood hemoglobin concentration and hemoglo-
bin oxygen saturation inside tissue based on the measure-
ment of absorbance at two wavelengths, it is also possible to
reduce the influence of interfering components and increase
measurement accuracy by measuring absorbance at three or
more wavelengths.

[0061] Because the blood flow volume BF inside tissue is
proportional to the ratio between the blood hemoglobin
concentration ((Hb]+{HbO, ) inside tissue and the blood
hemoglobin concentration ((Hb+[HbO,]), inside a blood
sample, it is expressed by the following equation:

([Hb] + [HbO )y Al

Br e T+ B0, X Ao, (810 nm) X ([HD] + [HDO, )5

[0062] FIGS. 5, 6, and 7 show the flow of software and
hardware operations during the measurement of glucose
concentrations. As the power switch 57 is pressed and the
microprocessor 55 is supplied with power, the initial pro-
gram is activated and then the function of each of the circuits
peripheral to the microprocessor 55 is tested. After the
circuit test is finished, a menu screen is displayed on the
LCD 13. If the subject presses the button 114 at this point,
the measurement mode is initiated and a warm-up starts.
After the warm-up is over, a measurement start screen is
displayed. If the subject presses the button lid, the LCD 13
displays “PLACE FINGER,” and the buzzer sounds. In a
finger-placement waiting state, data from the temperature
sensor is obtained via the A/D converter at 0.1 second
intervals in order to determine whether the finger is placed
based on the change in T,. When the finger is placed on the
finger rest, the LCD 13 displays “MEASURING,” and the
measurement operation is started.

[0063] In the measurement operation, after the 810 nm
LED is pulse-driven, values from the temperature sensor and
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the optical sensor 18 are obtained via the A/D converters at
0.1 second intervals and then stored in RAM 42. This is
carried out in 0.5 second. Then, the 950 nm LED is pulse-
driven, and values from the temperature sensor and the
optical sensor 18 are obtained via the A/D converters at 0.1
second intervals and stored in RAM 42. After performing
this in 0.5 second, the remaining seconds being displayed on
the LCD 13 are counted down. The above measurement
operation is conducted until 10 seconds elapses from the
start of measurement.

[0064] When the measurement operation is over, the LCD
13 displays “PUT FINGER AWAY,” and the buzzer sounds.
In a finger-disengagement waiting state, data is obtained
from each temperature sensor at 0.1 second intervals in order
to determine whether the finger has been disengaged based
on the change in T;.

[0065] As the finger is detached from the finger rest
portion, parameter calculations are carried out by software
based on the temperature sensor values and optical sensor
values that have been acquired during the time when the
finger was placed on the finger rest. The software reads from
EEPROM 46 subject information that has been stored in
advance and which indicates whether the subject is an
“able-bodied person” or a “diabetic patient.” If the subject is
an “able-bodied person,” the software proceeds to read from
EEPROM 46 the regression function, parameter mean val-
ues, and standard deviations for able-bodied persons, and
stores them in RAM 42. On the other hand, if the subject is
a “diabetic patient,” the software reads from EEPROM 46
the regression function, parameter mean values, and stan-
dard deviations for diabetic patients, and stores them in
RAM 42. The software further reads from EEPROM 46 the
blood hemoglobin concentration inside a blood sample that
has been measured and stored in advance, and stores it in
RAM 42. The blood hemoglobin concentration inside blood
sample stored in RAM 42 is used for the calculation of a
parameter relating to the blood flow volume. Following the
parameter calculation, a glucose concentration calculation is
conducted. A calculated glucose concentration is displayed
on the LCD 13, and is also recorded in the IC card together
with the date and time of measurement. When the button lid
is pressed, the flow returns to the measurement start screen.

[0066] FIG. 8 shows the flow of software and hardware
operations during the input of subject information. The
operations up to and including the display of the menu
screen are the same as those for the measurement of blood
sugar levels. When the button 11a is pressed on the menu
screen, a setting mode is initiated. In the setting mode, it is
possible to set the date/time, refer to the past blood sugar
level history data, set the subject information, and set the
blood hemoglobin concentration inside a blood sample. As
a subject information setting mode is selected by the buttons
115 and 11c and then the button 114 is pressed, the subject
information setting mode is initiated. Set values are finalized
by selecting either the “able-bodied person” or the “diabetic
patient” using the buttons 115 and 11c and then pressing the
button 11d. The thus finalized subject information is stored
in EEPROM 46, and then the flow returns to the menu
screetl.

[0067] FIG. 9 shows the flow of software and hardware
operations during the input of the blood hemoglobin con-
centration in a blood sample. The operation up to the
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transition to the setting mode is the same as that for the input
of subject information. After selecting a blood hemoglobin
concentration setting mode using the buttons 115 and 1lc,
the blood hemoglobin concentration setting mode can be
initiated by pressing the button 1d. Values are then set using
the buttons 115 and 11c, which values are then finalized by
pressing the button 11d. The thus finalized values are stored
in EEPROM 46, and the flow returns to the menu screen.
The measurement of the blood hemoglobin concentration
based on the collection of a blood sample and using a
spectrophotometer, and the updating of the blood hemoglo-
bin concentration values stored in EEPROM 46, may be
performed at the frequency of once or twice per month.

[0068] FIG. 10 is a conceptual chart showing the flow of
data processing in the apparatus. The apparatus according to
the present example includes three sensors, namely a ther-
mopile 27, a platinum temperature-measuring resistor 28,
and a photodiode 35. The photodiode 35 measures absor-
bance at wavelengths 810 nm and 950 nm. Thus, the
apparatus is supplied with four kinds of measurement val-
ues. The three kinds of analog signals are supplied via
individual amplifiers Al to A3 to analog/digital converters
AD1 to AD3, where they are converted into digital signals.
Based on the digitally converted values, parameters x; (i=1,
2,3, 4, 5) are calculated. The following are specific descrip-
tions of x; (where a; to a5 are proportionality coeflicients):

[0069]
xy=a;x(T))*
[0070]
Xomax(T-T)

[0071] Parameter proportional to the hemoglobin con-
centration inside tissue

Parameter proportional to heat radiation

Parameter proportional to heat convection

(i)
=g ¥X| —m ————
B =87 Aeo, B10 nm)

[0072] Parameter proportional to the hemoglobin satu-
ration inside tissue

As XAHb02(810 nm) — Ay X Ag,(950 nm))]

o x( A1 X (A0, (950 ) — A 030 1)

[0073] Parameter proportional to the blood flow volume
inside tissue

Ay
5= X(AHbOz(SlO nm) x ([Hb] + [HbOZ])B]

[0074] Then, normalized parameters are calculated from
mean values and standard deviations of parameter x;
obtained from actual data pertaining to large numbers of
able-bodied people and diabetic patients. A normalized
parameter X; (where i=1, 2, 3, 4, 5) is calculated from each
parameter x; according to the following equation:
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X —X;
"~ SDx)

where
[0075]
[0076]
[0077]

[0078] Using the above five normalized parameters, cal-
culations are conducted for conversion into a glucose con-
centration to be eventually displayed. A program necessary
for the processing calculations is stored in a ROM in the
microprocessor built inside the apparatus. A memory area
required for the processing calculations is secured in RAM
42 similarly built inside the apparatus. The result of the
calculations is displayed on the LCD.

[0079] EEPROM 46 stores, as a constituent element of the
program necessary for the processing calculations, a regres-
sion function for determining glucose concentration C in
particular. The regression function is determined in advance
for the diabetic patients and the able-bodies persons indi-
vidually by the least-squares method using the glucose
concentrations measured from a large number of diabetic
patients and able-bodied persons by the enzyme electrode
method, which is an invasive method, and using the nor-
malized parameters simultaneously obtained from the large
number of diabetic patients and able-bodied persons.

[0080] A method of determining the regression function is
described below, with reference to a regression function for
diabetic patients as an example. The glucose concentration
CD is expressed by the below-indicated equation (1), where
ap; (1=0, 1, 2, 3, 4, 5) is determined from measurement data
on a plurality of diabetic patients in advance according to the
following procedure:

[0081] (1) A multiple regression equation is created that
indicates the relationship between the normalized param-
eters and the glucose concentration CD.

[0082] (2) Normalized equations (simultaneous equations)
relating to the normalized parameters are obtained from
equations obtained by the least-squares method.

[0083] (3) Values of coefficient apy; (i=0, 1, 2, 3, 4, 5) are
determined from the normalized equations and are then
substituted into the multiple regression equation.

[0084] Initially, the regression equation (1) indicating the
relationship between the glucose concentration Cp, for the
diabetic patients and the normalized parameters Xp;, Xps.,
Xpss Xpgs and X5 is formulated.

X;: parameter
X, mean value of the parameter

SD(x;): standard deviation of the parameter

Cp = f(Xp1, Xp2, Xp3, Xps, Xps) (L

=app +ap; Xp; + ap2Xp2 + ap3Xps + apsXps + aps Xps

[0085] Then, the least-squares method is employed to
obtain a multiple regression equation that would minimize
the error with respect to a measured value Cp; of glucose
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concentration according to the enzyme electrode method.
When the sum of the squares of the residual is Ry, Ry s
expressed by the following equation (2):

< @

=Y (Cpi - f(Xpsi. Xp2i» Xpsi» Xpai» Xpsi))?

n

2
Z { Cp; = (apo + ap;Xpsi + ap2Xpai + }
/ ap3Xpsi +apsXps +aps Xpsi)

i=1

[0086] The sum R, of the squares of the residual becomes
minimum when partial differentiation of equation (2) with
respect 10 dpg, Apgs - - - 5 Aps Zives zero. Thus, we have the
following equations:

dRp 3

6611)0 -
n

—ZZ {Cpi — (apo + ap; Xp1; + apsXp2i + ap3 Xpsi + apsXpsi +
o1

apsXpsi)t =0
ORp d
o = —ZZ Xpi{Cpi — (apo + ap; Xpi; + ap2Xp2i +
4p1 il
ap3 Xpsi + apsXpsi + apsXpsi)t = 0
dRp .
e —ZZ Xp2i{Cpi = (apo + ap; Xp1; + ap2 Xpa2i +
ap2 i1
ap3 Xpsi + apsXpsi + aps Xpsi)t = 0
dRp z
Fy— —22 Xps{Cpi — (apo + ap; Xpi; + apzXpz; +
ap3 i=1
ap3 Xpsi + apsXpai + apsXpsi)} = 0
dRp "
o = —ZZ Xpai{Cpi — (apo + ap; Xpy; + ap2Xpai +
Aps =)
ap3 Xpsi + ap+Xpsi + aps Xpsi)h = 0
dRp “
EPa —ZZ Xpsi{Cpi — (apo + ap; Xp1i + ap2 Xp2i +
aps i=1
aps Xpsi + apeXps + apsXpsi)} = 0
[0087] When the mean values of Cp_,.., and X, to Xps
are Cppean a0d Xp1mcan 10 Xpsmeans respectively, since
Xpimean=0 (i=1 to 5), equation (1) yields:

apo = Cpmean = @p1XDimear — D2 XD2mean — Ap3XD3mean — )

ap4 XD4mean —aps X D5mean

= Cpmean

[0088] The variation and covariation between the normal-
ized parameters are expressed by equation (5). Covariation
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between the normalized parameter Xy, (i=1 to 5) and Cp, is
expressed by equation (6).

n

= T i = Xpj = . .
SDy = Z (Xpit = Xpimean)Xpj XDjmean) = Z Xpik XD_/I(
k=1 k=1

®)

(G j=1,2..5

n ©
Spic = Z (Xpit = Ximean)(Cpr = CDimean)
=

= Z Xpit(Cok = Comean)
=

(i=12,..5)

[0089] Substituting equations (4), (5), and (6) into equa-
tion (3) and rearranging yields a set of simultaneous equa-
tions (normalized equations) (7). Solving the set of equa-
tions (7) yields ap; to aps.

p15p11 D28 D12+ 8D38D15 14D 4Sp14+ D55 D15=SD1C

451821 +0p2S 520 D35 23+ p4S D24 ApsS p2s=S 2

ap15p31+0p2S D32+ D35 D33+ 4paS p3atansSp3s=Spac

251541 +9p2S Do D35 pastapaSpaatinsSpas=Spac

ap1Sps110pS psotapaSpsstdpaSpsatdnsSpss=Spsc O]
[0090] Constant term ap, is determined by means of
equation (4). The thus obtained ap,; (i=0, 1, 2, 3, 4, 5) is
stored in EEPROM 46 at the time of manufacture of the
apparatus. In actual measurement using the apparatus, the
normalized parameters Xp,; to X5 obtained from the mea-
sured values are substituted into regression equation (1) to
calculate the glucose concentration Cp,.

[0091] Similarly, the coefficient ay; (i=0, 1, 2, 3, 4, 5) for
the able-bodied persons is determined in advance from
measurement data on a number of able-bodied persons and
is then stored in EEPROM 46 as a regression function (8) for
the able-bodied persons.

Cy = f(Xni> Xn2> Xnz, Xngs Xns) ®

=ano + ani Xn1 + a2 Xnz2 + an3 Xnz + angXng + ans Xvs

[0092] Hereafter, a concrete example of the process of
calculating the glucose concentration is described. The coef-
ficients for regression equation (1) are determined from a
number of pieces of data measured in advance from diabetic
patients, and EEPROM 46 stores the following formula for
the calculation of the glucose concentration. In EEPROM
46, there are further stored the mean values and standard
deviations of the parameters x; to ;.

Cp=215.5-22.8xX ) +26.5xX - 14.1xX 3 -12.6x

Xpy~24.3xXps ©
[0093] Similarly, a glucose-concentration calculation for-
mula (10) for the able-bodied persons, and the mean values

and standard deviations of the parameters x; to X5 are stored
in EEPROM 46.

Cn=96.2412.6xX ng— 14 43X no= 1. 95Xna— 135Kt
13.8xXs 10)
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[0094] X, to X5 are obtained by normalizing parameters
X, to X5 using the mean values and standard deviations of the
diabetic patients. X, to Xys are obtained by normalizing
parameters x, (o X, using the mean values and standard
deviations of the able-bodied persons. Assuming the distri-
bution of a parameter is normal, 95% of a normalized
parameter takes on values between =2 and +2.

[0095] The following describes the results of measure-
ment by the conventional enzymatic electrode method, in
which a blood sample is reacted with a reagent and the
amount of resultant electrons is measured to determine
glucose concentration, and the results of measurement by an
embodiment of the invention. When the measured value of
glucose concentration for a diabetic patient was 257 mg/dl
according to the enzymatic electrode method, substituting
the normalized parameters X;=-0.35, X,=+0.28, X;=-0.09,
X,=-0.14, and X5=-0.29, which were obtained by measure-
ment at the same time according to the invention, into above
equation (9) yields C,=241 mg/dl.

[0096] In another example of the measured value for an
able-bodied person, when the glucose concentration was 88
mg/dl according to the enzymatic electrode method, substi-
tuting the normalized parameters Xy ;=-0.19, X,=+0.14,
Kug3=+0.08, X,=+0.11, and Xy;=-0.13, which were
obtained by measurement at the same time according to the
invention, into above equation (10) yields C=90 mg/dl. The
results thus indicated that the method according to the
invention can provide highly accurate glucose concentration
values.

[0097] FIG. 11 shows a graph plotting glucose concen-
trations for a plurality of diabetic patients and able-bodied
persons, with the vertical axis showing the calculated values
of glucose concentration according to the invention, and the
horizontal axis showing the measured values of glucose
concentration according to the enzymatic electrode method.
It is seen that a good correlation is obtained by measuring
the oxygen supply volume and the blood flow volume
according to the method of the invention (correlation coef-
ficient=0.9194),

What is claimed is:
1. A blood sugar level measuring apparatus comprising:

a heat amount measuring portion for measuring a tem-
perature deriving from a body surface in order to obtain
information used for the calculation of the amount of
heat transfer due to convection and the amount of heat
transfer due to radiation, which are related to the
dissipation of heat from said body surface;

an optical measuring portion for irradiating said body
surface with light in order to obtain measurement
values related to the blood hemoglobin concentration
and the hemoglobin oxygen saturation inside tissue;

a memory portion for storing a measurement value relat-
ing to the blood hemoglobin concentration measured
using a blood sample that is separately collected, and
for storing relationships between parameters corre-
sponding to said temperature, said blood hemoglobin
concentration and said hemoglobin oxygen saturation
inside tissue, the volume of blood flow inside tissue,
and blood sugar levels;
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a calculation portion for converting a plurality of mea-
surement values inputted from said heat amount mea-
suring portion and said optical measuring portion, into
said parameters individually, and for calculating a
blood sugar level by applying said parameters to said
relationships stored in said memory portion; and

adisplay portion for displaying the result of calculation in
said calculation portion, wherein

the parameter corresponding to said blood flow volume

inside tissue is generated on the basis of a ratio between

the blood hemoglobin concentration inside tissue and

the blood hemoglobin concentration measured using
said blood sample.

2. The blood sugar level measuring apparatus according to

claim 1, wherein said optical measuring portion comprises:

a light source for producing light of at least two different
wavelengths;

an optical system for irradiating said body surface with
light emitted by said light source; and

a photodetector for detecting reflected light from said
body surface.

3. The blood sugar level measuring apparatus according to

claim 2, wherein said optical measuring portion comprises:

a light source for emitting light of the wavelength of
substantially 810 nm; and

a light source for emitting light of the wavelength of
substantially 950 nm.
4. The blood sugar level measuring apparatus according to
claim 1, wherein said heat amount measuring portion com-
prises:

an ambient temperature detector for measuring ambient
temperature; and

a radiation temperature detector for measuring radiation
heat from said body surface.
5. A blood sugar level measuring apparatus comprising:

an ambient temperature measuring portion for measuring
ambient temperature;

aradiation heat detector for measuring radiation heat from
a body surface;

a light source for irradiating said body surface with at
least light of a first wavelength and light of a second
wavelength;
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a photodetector for detecting reflected light that is pro-
duced as said light from said light source is reflected by
said body surface;

a memory portion for storing a measurement value relat-
ing to the blood hemoglobin concentration that is
measured using a blood sample that is separately col-
lected;

a calculating portion including a converting portion for
converting said stored measurement value and the
individual outputs of said ambient temperature mea-
suring portion, said radiation heat detector, and said
photodetector into a plurality of parameters, and a
processing portion in which relationships between said
parameters and blood sugar levels are stored, said
processing portion calculating a blood sugar level by
applying said parameters to said relationships; and

a display portion for displaying a result outputted from

said calculating portion.

6. The blood sugar level measuring apparatus according to
claim 5, wherein said stored measurement value is associ-
ated with the output of said photodetector when converted
into said parameter.

7. The blood sugar level measuring apparatus according to
claim 5, wherein said stored measurement value is converted
into said parameter based on its ratio to the output of said
photodetector.

8. The blood sugar level measuring apparatus according to
claim 5, further comprising an infrared lens between an open
end through which said light source emits said light of said
first wavelength and said second wavelength and said radia-
tion heat detector.

9. The blood sugar level measuring apparatus according to
claim 7, further comprising an infrared light transmitting
window between said infrared lens and said radiation heat
detector.

10. The blood sugar level measuring apparatus according
to claim 5, wherein said ambient temperature measuring
portion comprises a temperature-measuring resistor dis-
posed near said radiation heat detector.

11. The blood sugar level measuring apparatus according
to claim 5, wherein said first wavelength and said second
wavelength are substantially 810 nm and substantially 950
nm, respectively.
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