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Abstract: A non-invasive glucose measurement system basdideomethod of metabolic
heat conformation (MHC) is presented in this papgnis system consists of three
temperature sensors, two humidity sensors, anredraensor and an optical measurement
device. The glucose level can be deduced from tla@tify of heat dissipation, blood flow
rate of local tissue and degree of blood oxygenratdbn. The methodology of the data
process and the measurement error are also analjaedsystem is applied in a primary
clinical test. Compared with the results of a comuia¢ automated chemistry analyzer, the
correlation coefficient of the collected data frtme system is 0.856. Result shows that the
correlation coefficient improves when the factorhefat dissipated by evaporation of the
skin is added in. A non-invasive method of meagutive blood flow rate of local tissue by
heat transmission between skin and contacted cotodig also introduced. Theoretical
derivation and numerical simulation are completsdweell. The so-called normalized
difference mean (NDM) is chosen to express the fifyaaf the blood flow rate. The
correlation coefficient between the blood flow sty this method and the results of a
Doppler blood flow meter is equal to 0.914.

Keywords. sensor, heat dissipation, blood flow rate, degfebla@od oxygen saturation,
evaporation.

1. Introduction

Diabetes is a common disease related to endocmtabmlism. At present there is no method which
can cure diabetes totally. The main therapy isrevgnt or alleviate the occurrence of complications
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through frequent monitoring and adjustment of theegse level. Physicians suggest that the glucose
level should be tested at least four times per Aayon-invasive method could realize this requirame
easily, because it is painless and does not itifiecpatient with other diseases. If it works, itulebbe

the most effective way to make the diabetic’s disier.

At present, the research on non-invasive glucosasarement focuses mainly on the technique of
spectrum detection, such as near infrared detgttidjp mid-IR detection[5], Raman Spectrum
detection[6], optoacoustic detection[7], polaring8f, and so on. Though these methods have been
studied for years, they have remarkably achievedraat improvements in sensitivity and accuracy. In
this paper, a non-invasive glucose measuremergraysased on the MHC method is developed and
the clinical tests show that this method has gdfetiand high optimization potential.

2. Detection Principle

The homoeostatic circadian rhythm of the human bddpends on the correlation between
metabolic heat, local oxygen supply level and ghgctevel. Glucose and oxygen are supplied to the
cells in the body through the blood circulationteys. The oxidation of glucose is related to the
generation of energy which can be emittedhithe environmentn the form of heat, so the quantity of
dissipated heat is correlated to the quantity ssipgative glucose and oxygen[9]. The MHC method is
based on this. Since the quantity of supplied omryigethe function of the degree of blood oxygen
saturation and the blood flow rate in the capillaegsel, the quantity of dissipated heat will be

H=f(G, BF, O (1)
whereH is the quantity of dissipated he&tjs the glucose leveBF is the blood flow rate an@ is the
degree of blood oxygen saturation. The glucosel leae be obtained as long B BF and O are
measured.

The main forms of the heat emitted in the environtvege radiation, convection and evaporation.
The heat dissipated through radiation is relatedth® skin’s surface temperature and ambient
temperature. According to the Stefan-Boltzmann ldae heat transferred by radiation can be obtained
through measurement of the skin’s surface temperdty the infrared sensor and measurement of the
ambient temperature by the thermal resistor, wisch

R=0NT-T) (2)
whereR is the quantity of heat dissipated by radiatidrs the coefficient of radiatior§ is the area of
radiation,Ts is the absolute temperature of the surfaceTand the absolute temperature of ambience.

The heat dissipated by convection is also conditipnrelated to the surface temperature and
ambient temperature. According to Newton’s formefl@ooling, the transferred heat is

C= I‘L(Ts - TA) 3
whereC is the quantity of heat transferred by convectind & is the coefficient of heat transferred by
convection.

The heat dissipated by evaporation is related eagthantity of evaporation from the skin’s surface.
The skin is supposed to be dry and there is notstegaake the skin wet. Then the skin is in theesta
of insensible perspiration which Vanger thinks @t oontrolled by the regulating system of heat, and

can be expressed as
E =r Ijn( psk - pa) (4)
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whereE is the heat dissipated by evaporatioig the latent heat of vaporizatian,is the permeability
coefficient of the skinpsk is saturated pressure component of the water vapdbe air on the skin’s
surface angb, is partial pressure of ambient water vapour.

When the skin surface contacts a heat conductdr leiwver temperature, heat transmission will
occur between them. Then the surface temperatuegels, and so does the temperature of the heat
conductor’'s two ends. The quantity of variationigglon the quantity of heat transferred from the
surface to the heat conductor, which relies onblbed flow rate in the capillary vessel. So theddlo
flow rate can be calculated through measuremetiietemperature change of the conductor’'s ends.
This method of measurement will be described imi section.

The degree of blood oxygen saturation can be medshy the optical method, for which the
formula is

Chboz x100% = KonoDA — knA A x100% (5)
Chboz t Chp kzmA%"' k.lhb(QA A- kZhbzA A- Kr@ A
whereCppo2andCyp are concentrations of oxyhaemoglobin and haemagiaspectivelykin, andkany
are extinction coefficients of haemoglobin to twiads of light with different wavelength&;n,e and
Koo @re extinction coefficients of oxyhaemoglobin weotkinds of light with different wavelengths
and AA; and AA; are the intensities of two kinds of light with @ifent wavelengths absorbed by
arterial blood.

3. Principleand Simulation of Blood Flow Rate M easurement by Use of Thermal Diffusion

When the skin contacts a metallic conductor of lotenperature, heat transmission will occur
between them, and the temperature of the skinclwdhge, as shown in Fig. 1.

Figure 1. Blood flow rate measurement by use of thermalditin.
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After the variation of the dermal temperature, heatsmission will occur between the blood and

skin for the temperature difference. The quantitijeat transferred from blood to skin is
dw, = (T,~ T)x ¢x p,x yxdt (6)
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whereT,is the skin temperatur@; is the blood initial temperature, is the heat capacity of the blood,
o1 is the density of the blood andis the flow rate of the blood.
In the time of & the quantity of heat transmitted from the contagint of the finger to the
conductor is
sz = [Tz - T3(0)] X U,X dt (7)
where T3(0) is the temperature of the conductor at the amnpoint andu, is the heat transfer
coefficient between the skin and the conductor.
In the conductor, the quantity of heat transmitted
aw,, ()= T4, (Yyx s<df (8)
dw, (=T (Yux s<d (9)
where dvs.: is the quantity of heat transmitted from any pamthe conductor to the positive x axis,
dws. is the quantity of heat transmitted from any pamthe conductor to the negative x axi%. is
the right-hand derivative of the temperaturg, is the left-hand derivative of the temperaturds the
coefficient of heat conduction of the conductor am&lthe cross-sectional area of the conductor.
The quantity of heat change in the skin of thedmig the difference between the quantity of heat
transmitted from blood to the skin and the quardftiieat transmitted from the skin to the conductor
dT,xm,x ¢, =dw-dw (10)
wherem, is the equivalent mass of the finger skin apds the equivalent heat capacity of the finger
skin.
The equation of temperature change at the contaict petween the conductor and the skin is
dT, (0)x 5% oy x ¢x dx= dw— dwg (O (11)
wherep; is the density of the conductor acyls the heat capacity of the conductor.
The equation of temperature change at any poithitarconductor is

dT,(x)x sx p;x gxdx=dw (3-dwy (3 (12)
The equation of temperature change at the otheoktind conductor is
dT,(L)xsx p,x ¢xdx=dw_ (D (13)

whereL is the length of the conductor.

The temperature variation curve at any point ofabeductor with different blood flow rate can be
obtained from (6) - (13) by programming. The tenap@re change at any point of the conductor can
reflect the changes of blood flow rate theoreticadb there are two methods to express the blawd fl
rate, which are the temperature change at theemehof the conductor to the skin and the tempezatur
difference between the near end and the far end.

To compare the temperature curve at different $&mperatures and ambient temperatures, the
temperature at any point of the conductor is nomedl The formula is

T()=(T()-T) /(T -T) 14
whereT(t) is the normalized temperaturB(t) is the temperature at any point of the condudigrs
the initial of the skin and. is the initial temperature of the conductor.

With the initial temperature of blood at 33 degr€sdsius, skin at 33 degrees Celsius and metallic
conductor at 23 degrees Celsius, the normalizegeesmure curves at the contact point between the
conductor and the skin, and the curves at the @heérof the conductor at blood flow ratg andvy,,

Vi< V2, are shown in Fig. 2. Lines 1 and 3 are the catwhe contact point and the curve at the other
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end atvy,. Lines 2 and 4 are the curve at the contact @oidtthe curve at the other endzat It can be
concluded from the figure that when the blood flate is larger, the rate of normalized temperature
rise is larger.

Figure 2. The normalized temperature curve at the two eftlseometallic conductor.
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The normalized temperature curve can be reflecteshtitatively by median value, slope or mean.
Since the median value and the slope use only @epeints of the curve, local error has greater
influence on the result. Thus the so-called normealidifference mean (NDM) is chosen to express the
magnitude of the blood flow rate. The NDM is defires the difference of the area integral of the two
normalized temperature curves at the two ends efctnductor divided respectively by the integral
length of the x axis at a blood flow rate. The NDidsdifferent blood flow rates, are shown in Fag.

It can be seen that when the blood flow rate gdgrthe NDM is larger.

Figure 3. Relationship of the blood flow rate and the NDM

=]

1 2 3 4 5 6 7
Blood flow rate



Sensor2008, 8 3340

4. System Composition

Through temperature sensors, a infrared sensoridityreensors and a optical measurement device,
the detection system transforms information abentperature, humidity, blood flow rate and degree
of blood oxygen saturation to find the glucose leas shown in Fig. 4.

Figure 4. Schematic depiction of the detection system coitipas
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Figure 5 is a photo of the prototype of non-invasgilucose measurement system based on the
MHC method.

Figure 5. Photo of prototype of the non-invasive glucose sueament instrument.

The structure of the detecting head in the photshiswn in Fig.6. The degree of blood oxygen
saturation is measured through an independent raodul
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Figure 6. Structure of the detecting head.
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5. Data Processing

According to the MHC theory, the glucose level t@nestimated through the heat, blood flow rate
and the degree of blood oxygen saturation prodbgaaetabolism. In the normal range, their relation

can be expressed as linear[9], which is

G=a,+a xH +a,xBF+a,x0 (15)

The quantity of heat, estimated through radiatemmvection and evaporation, can be divided into
three parts, so it will be
G=g+axR+ gx C+ gx E (16)
+a,xBF+ax0
Parameters oR, C, E, BF, andO can be calculated by the data acquired from theas. After
these parameters are normalized, the coeffi@gnt(16) can be determined by the method of partial
least square regression[10]. In measurement, timogk level can be estimated by the normalizing of

the original data acquired and then by analysik lgi@st square analysis.
6. Experiment and Discussion
6.1. Experiment: Blood Flow Rate Based on HeatuSifn

The hardware used in the experiment to measuralflow rate includes a detecting head, preamp
filter circuit, AD converter and computer. Two thaal resistors, an infrared sensor, a pedestalland t
metallic conductor comprise the detecting head. Temal resistors are applied to measure the
temperature at the two ends of the conductor. mfrared sensor is used to measure the skin’s surfac
temperature. The pedestal is made of organic glagsh has small heat capacity and low coefficient
of heat conductivity, and can preserve the heatnatian and decrease the ambient influence on the
measurement.

This system was applied in the measurement of weéus. The measured values acquired by a
Doppler blood flow meter of the physiological reder of type MP150A-CE from company BIOPAC
were set as the standard blood flow rates. Ineébg to obtain different blood flow rates, volumtee



Sensors008, 8 3342

were placed in several different situations: afi@minutes sitting still, after 10 minutes standiafjer

10 minutes standing and 30 push-ups, after 10 ménstianding and 30 deep squats, after 10 minutes
standing and climbing 3 floors, after 10 minutemding and climbing 10 floors, etc. Imnmediatelyeaft
each exercise, the blood flow rate was measuradsecific area of his/her palm for about 10 sesond
with the Doppler blood flow meter, and then witle #xperiment system sequentially. Fig. 7 shows the
relation between the standard blood flow rate &m®dNDM measured by the system. The correlation
coefficient is equal to 0.914.

Figure 7. Result of the measurement of blood flow rate.
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6.2. Experiment: Non-invasive Glucose Measuremgstesh

The clinical tests were made with the developedingasive glucose measurement system. Results
of the first few tests were not good, with the etation coefficient being no more than 0.4. Th@err
mainly comes from the temperature difference betwaside and outside the room, because the tests
were completed in winter.

Better results were obtained from the tests maddag when the temperature was good and the
volunteers were in a neutral condition of heat. Vblinteers in the tests were diabetics who were
rechecking their clinical tests and rested for amaot inside the room. Fig. 8 shows the relationsiip
the glucose values obtained by the developed me@asmt system and the automated chemistry
analyzer. The correlation coefficient is equal 85®. In this test, 18 effective fasting glucosmpkes
were collected from 10 men and 8 women aged bet®8esnd 68 who had all been ill for 15 years.
The temperature outside was 21-33 degrees Celsdighee temperature inside was 25-29 degrees
Celsius.
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Figure 8. Result of the non-invasive glucose measurement.
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The relationship of the data from Fig.8 without thBuence of evaporation is shown in Fig.9. The
correlation coefficient is 0.823. It can be con@ddhat the correlation coefficient improves whiea t
factor of heat dissipated by evaporation of tha skiadded in.

Figure 9. Result of the non-invasive glucose measuremeimowttthe influence of evaporation.
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A follow-up measurement with an individual cannetdone because of the constraint on resources.
The various physical situation of each person tesil the deviation of measured value among
individuals, the accuracy is therefore influencéfdthe difference between individuals could be
eliminated, for example, the follow-up measuremases the same individual, the accuracy of the
measurement could be higher.
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7. Conclusion

The paper discusses a non-invasive glucose measntresystem based on the MHC method and the
prototype is developed. Clinical tests were madeeople who had been physically examined, both
outpatients and clinical patients. The data cafiéavere analysed. The correlation coefficient @f th
result of the system compared with a commerciadraated chemistry analyzer is equal to 0.856. The
method of measuring the blood flow rate with he#fusion was devised, and numerical simulation
and experimental verification carried out. The NIWs chosen to express the quantity of the blood
flow rate. The correlation coefficient of the blofbolw rate between this method and the Doppler dloo
flow meter is equal to 0.914. The paper also aealyse addition of the evaporation and shows that i
can improve the measured result of the system.
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