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Multivariate Calibration Models for Non-invasive Prediction of Blood Glucose Level Using
an Instantaneous Differential Near-infrared Spectrophotometry

Yasuhiro Yamakosur®,**, Mitsuhiro Ocawa™*, Takehiro Yamakosur*™*, Toshiyo TAMURA,
Ken-ichi Yamakosur**

Abstract An optical method recently proposed for non-invasive in vivo blood glucose concentration (BGL)
measurement, named “Pulse Glucometry”, was combined and compared with four multivariate analyses for con-
structing calibration models: Principal Component Regression (PCR), Partial Least Squares Regression (PLS), Ar-
tificial Neural Network (ANN), Support Vector Machines Regression (SVMsR). A very fast spectrophotometer
for “Pulse Glucometry” provides the total transmitted radiation spectrum (I.)and the cardiac-related pulsatile
component (Al;) superimposed on I in human fingertips over a wavelength range from 900 to 1700 nm with resolu-
tion of 8 nm in 100 Hz sampling. From a family of Iss measured, which include information relating to blood con-
stituent such as BGL values, differential optical densities (A0Dss, where AOD,=Log(1+ Al,/I,)) were obtained
and normalized by the AOD; values at 1100 nm. Finally, the 2nd derivatives of the normalized AODss (4*0OD;s )
along wavelengths were calculated as regressors. Subsequently, calibration models from paired data sets of re-
gressors (the values of A20D;s)and regressand (the corresponding known BGL values) were constructed with
PCR, PLS, ANN and SVMsR. The results show that each calibration model provides a relatively good regression
with a modified 5-fold cross validation for total 95 paired data, in which the BGLs ranged from 100.7-246.3 mg/dl.
The results were evaluated by the Clarke error grid analysis and all data points obtained from all calibration mod-
els fell within the clinically acceptable regions(region A or B). Among them, ANN and SVMSsR calibration pro-
vided the best plot distributions (in ANN; Region A : 77 plots (81.1%), B: 18 plots (18.9%). in SVMsR ; Region A : 78
(82.1%),B:17(17.9%) ). Total calculation time of SVMsR is about 100 times shorter than ANN. These results sug-
gest that a calibration model using SVMSsR is highly promising for “Pulse Glucometry.”

Keywords: pulse glucometry, non-invasive blood glucose measurement, multivariate analysis, support vector ma-
chines, nonlinear problem.
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Fig. 1 Basic principle of non-invasive blood glucose (BGL) measurement using instantaneous differential
NIR spectrophotometry, named pulse glucometry. Optical model of the biological tissue (fingertip)
is shown in the upper left part. See text for further explanation.
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Fig. 2 Schematic block diagram of the high-speed NIR spectrophotometric system.
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Fig. 3 Optical data obtained by the high-speed NIR spectro-
photometric system, showing (a ) differential optical
density (AODI(t)), (b) normalized differential optical
density (AODI (t) scate), and ( ¢ ) the 2nd derivatives
of normalized optical density along wavelengths
8 (40D, (1))
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WORLEREREZTI 72012, F—Ftky v 2505
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2. WEEH T — 7 H 5 3 K MUEEE & e Bl % &
7 — 7 SN0, BEEH T — % v M pEE
100.7 ~ 246.3[mg/dl] O#PH A EHEF Nz, £F—F kv b
FIZIZ 19T —% &y b Av& TRz

RIS, BEERBNTFHIIBVTST A= 2L,
SEBRIEET NV EG. ERIEET VB W TRHENIZ
BHENTNF A= HR1ITRT. ANNIZBWTHH
DO DOFEEEIL 2 BHBETH - 7208, Fofiodisk
CBOWTREBSBEDNTD - 72, BEED 720 120 E R I
M, £FHEL 15U T THo 7.
BONTLEBRIEE T IVICHGEET— % % AL, Mo
FHAME & FHIED 2 FFRBAEEZRLIZODPR2 TH 5.

K1 FREETFTVICBOWTHRHAENZ T A%
Table 1 Introduced parameters in each multivariate calibra-
tion models

Method Parameter Value
PCR  Applied principal components 1st to 20th
PLS  Number of latent variable 15
ANN Number of units in the internal layer 50

Weight decay 0.01

ANOVA RBF kernel parameter sigma 0.01
SVMsR ANOVA RBF kernel parameter degree 1

£in Vapnik’s insensitive loss function 0.123

PCR: Principal Component Regression

PLS: Partial Least Squares Regression

ANN': Artificial Neural Network

SVMsR: Support Vector Machines Regression

F£2  IMBEF A & FERME O —FFIEREIC X A &R
7V Ol
Table 2 Mean squared errors of predicted and measured
values of blood glucose obtained by multivariate
calibration models.

Method MSE
PCR 28.64
PLS 31.90
ANN 30.12

SVMsR 28.89

PCR: Principal Component Regression

PLS: Partial Least Squares Regression

ANN': Artificial Neural Network

SVMsR: Support Vector Machines Regression

% 3 Clarke error grid analysis Dk $
Table 3 Summarized results from Clarke error grid

analysis.
Region
A B C-E
PCR 70 25 0
Mebod N m om0
SVMsR 78 17 0

PCR: Principal Component Regression

PLS: Partial Least Squares Regression

ANN': Artificial Neural Network

SVMSsR: Support Vector Machines Regression
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CV result using PCR
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4 BTHEICL BDREEREHBRD error grid analysis; KiZZFn 2 (a) PCR,
(b) PLS, (c) ANN, (d) SVMsR IZ X % f##TH5 5.
Fig. 4 Results of cross validations plotted on Clarke error grid analytical
diagram. (a) PCR, (b) PLS, (¢ ) ANN and (d ) SVMsR.
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5 [~ FREDTF—% 70y bA, error grid analysis
TR OFMI % 5 2 551, Plot 1 GkFl) & D #HI8CH 5
A%, Plot2 (@HD) & A HHISICH 5 2 LIZIEFHE.

Fig. 5 An example of two data plots with the same squared
error. Note that the data can provide different results
on Clarke error grid analysis: The plot 1(%)locates
on the region D, while the plot 2(@)on the region A.

¥ — U EBRIGEMANEBR L, EOEMIZBWCHRIZIE
2D DOTH Y, EF, BWFEOGHTHRIATY
5 FRTH 5 [21]2°, FHEOFRTIEPLS & L TR
Tk R 2472, Thissen 5 [22]1%, 7 EX MY 7 A5HFIC
SVMsR#3E A L, PLS &£ DK% LT 555, EOfEE
% RTH SVMsR 28 PLS 138 L THERLE W) fiAVR S
TWwh, WIFNDOHERTH PLS TRELATERTDH - 72
RIREAT SVMsR THREIC e o 72 & W) IR TIE WS, 2
MWIEBE O BRFUAAE T 2 BEIZHIEE TV D A THEY.
TELHEAPL LI OTHL0EEZON, FHENTD
LEHBTEL (237, PLSTWEHEF -2 HEZED
NRWHEE L, BEENT— 7 ZRb o w74 2 HiBIC
BUTHELHFELEWEEICHIGT 5, L5 2 LI
BIREXTHD). L2L, Y R=IRI ¥ - VOR
FNIWARTH D, FRERERNRE TS X RIERIENED
RETRESFIZBNTIIBINTH S, 5%IE, BIRE
BELEZEOTCT—Fty Mzl L, S5ITHREZTH
FETHHD, BERFEEEZ BV TIIRMEIEER O IRREIZMA
AERKREVWEEZ SR, ZOEPIERIEES & L TllE
TF—FICHETAHREIEVEEESIITFHL WA,
PLS 3 BRI IERIE IS T E vz, eI
BFWENDE T —F~ORIED72DIZ, SMRsR OFEO il
WVED B RN RIS L T 5.

PLS % IEHIEMEICIER L2 b o & LT QPLS (Quad-
ratic Partial Least Squares) %% 4 2%[23], QPLS 2B W
T, 0 X9) RIMIEBRBEAET 20208 L RITh
X% ohnid, BREGSLIDEI AT ATHONE LS %
BRIEOT—% Xy M LTIE, LFLIEHNTIEE:

WEERLIIEZ TS, —F, SVUMsR & ANN IZBWT
&, JRICED L) RIFRIEERY D 5 5% FORET S
PVEEI L WEEHIFEZHED. 4HO SVMsR & ANN %
e U 72354, SVMsR 13 ANN & Il U CHE IR 2%
BWERLZLIITE o7, AL, FHOFERH
(X SVMsR @23 100 f5RRERETH Y, ET VLD
OO OIS Tid SVMsR 128 5 212 ANN 12T 5
boELEZLNT. Ll L72L 91, SVMsRIZBWT Y
D DDING A= FEIEEE 3L, FEERM
ANN X D BEZICHE W20, SVAZ VT X FYADIEH
RS, WEIEWSEIICB W TERN RO HEE LTl
ffc&sLE26N5. SUMsR IO Sy r =V b %
CABEINTBY, 4% [H#L ANNEUO ] &
LTSVMsR ZHHWAZ L TFEL L LEEbNS.
Ao HIYZE R TH 5 MEEIE, GOD-POD EIC L - T
FHllE N7 D TH A%, M L7225 Hr 2 E o agc
I, ZOIEMEEIZZ IV a— ZEE 100 mg/dl DL L4
¥ > 7B T15%UNE EhTB Y, FEHHEIZD
MERELEEZONL., ZOD, RISV AZ VT R
M) OFHIKSEAZ DR L D /NS Do 12 fr, IEE
TV DR M F R AE O B L & % D 145
720, IELWRIEET VORSEIZIERANEL L Z &Ik
. ZOX) hEmidEamTH L0, HWERICEEIND
MAEICHT AN S BRLEC LA D EEbNS. flz
i, MEFECHMER T AHERBOFEE LT
Passing-Bablok # (Passing-Bablok regression) 23415 i1
Twa[24]. TohlEEF e L THERAELFEREICBWT
2OOREE TR ONWERROMNIE 2§52 L%
HE LTwa., £ZERRRBIZBVTYH, 20X 2T
WCHIN T HEZHWAZ ENTENTHBEMNTHAS ).
EZOL5BIETOFELRBFICANLDS, 7SVAT Y
X M)ISIRE RN P EHEL T FETH 5.
BRR I B 1) 2 BUE O MU FHI O BEHE 13 LA T &
25D THDHD, ERWEOFANEFHNES D4,
R E R ORI E R EOEBE R RN, 2, R
TCHEWE OREE 2T LS 7 v 3 — AFHIE I
o-toluidine-borate #:[25]1 %% 5 A%, 7V 3 — A2 5 4%
BEMENE B EbNTn5E, BIzIE, & bOEFITR
RpEr IV C (FRANVEVR) IRITUEWETH S 7
O, MBHEFHIZR EICBVCRAEBENE DI ENREZD
NDA5, —HTHRBEREIBVWTEY I ¥ COENZH
DLHMARDH LT EDBMOENTWS[26]. 2D HHREHE
Wk LT IE L < MHHEE B2 1T 9 7201213, (BRI
HHR 3 2 JEHISAK © 20 W5 BRI % 47 5 AR R 1L D
HFHE2Z N5, RFFEIEIHREIENICET 2 b0
ThHH5, S > 7N h O MEHED A EH S £ <
ATEDY [27], TFRMIIZLFEFHINT —EMRAE L 20V IEHE
% in vitro B X U in vivo IFR O MUKEFHN O FfE L T



(56) HRET S 46% 15 (2008 4E 2 H)

REEEZOND. invivo TOIFRIEM K5 FHI 0 BEE
PEIE T ICRBRR SN TV B L Bb A%, invitro TD,
MY Vot kA5 etloEZEES, Dok
BEZ L EIFBFEMBESEHNITHES &5 R & F2#
FTREDPD AN,

PSWVAZ VAR M) BERIMT 5720120, 41k, %
BN L, BERFEED GO KABL T — 7 IUERS
EEBIEETIVOURL EOREEZWR L 2T NER S %
W, KESIEEOPT THREET VOREICEDS D
TH5HD, SHIIEEEL LOHERBEE DR E LG
JIRCETHIBI 2 BT 5 Z EPUETH S, 72, FUTOW
RERGEH InGaAs 7+ ¥ A+ —F7 L—%2Hw55H
VAT HIFVAT VA X M) OB % EHIERE & SEAE
T52005DTHY, KEEZHWFEHALY AT LD
o712, X0 2ffliroiiE s E 0BT %
BET 2 55179 TETH 5.

5. #&

Bz R I IMAEFHETH A7V A 7V a X MY
X % MAEE T M D7D DL ERBIEE T IVEEICEL T,
FsrmE (PCR), PLS 15, Hi—diEoREN = 2 —
FNVAy b7 —27 (ANN), ¥H— IRy 5 —< vk
(SVMsR) OENZENDEAZRAMRIz. TORE, The
IOV T BRI 2 M PR R E 52 5787 2 — % &4}
7. YEXD, 2hFE TSR T PLS 15 & [
FEDMREE ANN B L UNSVMsR THEBITE 5 2 LAVRIE
EN, $5I2 SVMsR OER WA REAI R S,

2

BEE AWIEOFEREIZH 725 T I 2 THW 72 8IR0KF
FIARHADETERE - Hrh S EEdR, BIPHEEBI#, Karbelk -
FERERICHRE Lo, $72, AFFEO —#1d SMC #Ral&
HOMERMZELDZHDOTHY, TZITHBEZRLZV.
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