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

Yasuhiro YamakosHr*,**, Mitsuhiro Ocawa**, Takehiro Yamaxoser***, Toshiyo TAMURA®,
Ken-ichi Yamaxosur***

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 Ix 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 I:s measured, which include information relating to blood con-
stituent such as BGL values, differential optical densities(40D:s, where 40Da=Log(1+ AL/1)) were obtained
and normalized by the AOD: values at 1100 nm. Finally, the 2nd derivatives of the normalized AOD:s (4?°0OD:s )
along wavelengths were calculated as regressors. Subsequently, calibration models from paired data sets of re-
gressors (the values of A%0D;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/dlL
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 SVMsR calibration pro-
vided the best plot distributions (in ANN; Region A: 77 plots (81.1%), B: 18 plots (189%). 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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B35, ERNSIEZHAE L=RA 35 ([8-10]. L L,
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EPBROLBIXRNTHELERI LN, RIEPEHICHL
ZAHMECHEEZANT A LIXEETHL LV DD
BRedH 3 [11].

#E o3, METHEME2FRImMREERZ 3T 5
ZEE2BRRANIC, A6EEAREOBRICE Y&
AR 0 M AR H 12 5 BBIE LA & RS
HRT2EBERSLHMUL, ZORMNES > SBEERN
2 PVEEHLT, CRCSERFBHEO—DOTH S PLS
E2AA L CILEEE PRI 2 HEEREL2012). fE
LT h22VAZVax MY (Pulse Glucometry) &6
&L, ChETHEROBRY LRI ET>TEA013].
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NWVAZVaz b OFRBOFEMIZBEICHE[12 13] X
NTVWBEDT, S TRIEEDAERT.

LB & 5 M ARER IS e BIRE (BAXE1L)
2RUCEIILR—FICAShTWEA, ZOBRKIID
WTB1ELCRTHEL2REEFVERETS. TOE
FVITRT & S, Selde T8Ik, MR, [DEF
NOMR] DIODERPLBLIDE LIGE, BEA
B2 EERREORBES IBIREROEILDOAICH
RTHDDOEEZOND. ZDLE, BELICBY2ES
HERBEORRIE Iu(t) & L, AFHMEL ow & T5L,
ReA t 2B B EADXSEE (Optical Density) ODw (t)
BREROMETH), UTORXRTELORS. Thbb,

0D,y (t) = log{Io‘“ 1 (z)} (1)

CDLE, EXOE 4 L t COXRLEREDES AODy
(tts) 2E25L, UTOXS k5.

20D, (t,t2)=tog {7 L-rog{1on/ ]

i)

Fh, COLEARILE L TCOEBRXREOESTE
Z, ThE Al b)) EThi,
Al (t3,t2) =Tu (t1) —Iu (t2) (3)
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(4)

ZhHORI VB SRR X 9IS, A0Du (hto) X AS KR
Iou 28I, ERXBREORMESLSRDZ L
MHNEE, ZOXRFEEEDES AODu (tit2) iE, BI1ISRL
REFPVCOBRICLIZIEBCHRTIIDOEEZIOR
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JELTEZOA, AOD(Atut) EHIFEH T LIZALHPT
HB. CITRLE, 51 ERICBITEEETBEOES
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LRILT 5.

EBHART PGS ADOHRIZBTR], BBOL L DR
UHPE 2L 5N 53, BTt 2 OROEREIC t 28
%t DRSS T 2 DHEMIC L 2 HFEMIRENTS
D, K#EICBWTHERICRES . UT TR, LERHOR
Wt R RERER & LT AODA(th,t2) DD Y IT A0Da (1) &
HKELL, &5IC—AYIC AOD)(t) E KRBT 5.

BEDEH 2L THSNX A0D:(t) ZBYIREB kD /¥
FA-2HR, BRFOMPRFD—DTHET N a—
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AL, MEHERAOBBRE L DRSNS AODL(E) A 5 MH¥
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YT BRAER 150 W), RFEHAXSER, X 2RAk
77478 RYrax—r (M25-TP; 3 XEte: (), &
HERBHRA InGaAs 7+ F ¥4 - FYV =7 7L -2k
3@ (OMA-V:512-1.7(LN), Princeton Instruments Co.),
BIUZREBRHBAPC BRI TWSE, XV X7
Alzk Y, ¥ 900 ~ 1700 nm DELFHNF% ¥ 8 nm D
EREB, GRBEESARE 16 bit, B/MEXRM 2 us, BAR
~ %7 b IVHEEE 1800 spectra/s TRHAITERTH 5.

2:3 RBF&

SE REAIE B74H, K24, 22~59R) %
R E LT, SRHI L UERHE 7o 7. T& B2 EK
VR DO MUBEICHIS L7 — 7 2 BT 5201, B
#1Z OGTT (Oral glucose tolerance test, #I17 F7 A
HHRR) HL CIMEEEILEE:. &8, #BREICE
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- <known blood glucose concentration; BGL 1>

transitted radiationl T®’
nsmitted radiationl, AOD 3,(6) =log( ,':—igﬁmﬂ“ AIIM((:))

|
calculation of optical density ( AOD »)
as a function of X

A 4

Construction of calibration model

calculated AOD:. obtained by intensity (I»)
measurement in the fingertip (unknown BGL)

1 SERVBHRSKIC X 2FEEmA MRS SVA AR M) OFE. Bhok LR EE8Bo
KEEFNVERT. BHBXAIEMR,
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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WTESERRPRZREAZREORTB L2 T8I, £
EORBEXBTERETo 7.
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FTVERICBWTTEA M) v 2 AGBTARY ML
DRILED 728 (= — M I fibh T3 Savizky-Golay 7
AN ERWTEAFEADT7 4 VY B LT, 74X
BRAEBRELZN4]. 8612, 2ok 2LTBShE
F'— % DIt FEiZ BT b ABRIC Savizky-Golay 7 4 Vv ¥
KX2RBEToT/4I ABRGERELL, &b, UES
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L, MEARTRESEROREY 2, 7LV—244X%3

L, HPFETIIZHRAOKEE 2, 7V—s¥ 4 X% 15
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VI EBATAZLICHYST 228, RRHICEBOASEE
FHMBEELRS Al D S/N BLEEIHLT254dB U ED
FP—yERAL.
DEDE)CLTRONAERERTORBET— 5122
W, LROWRERM E DY T2 by F¥—2 LK
FAE—2%RD, [FB| TRLAFEI X o TEEHE
DEZF AR PV AODA(t) 2ROz, BE#H13]D X 51,
CDOHREFEEDEFARY bV A0DA(t) %, 1100 nm (238
Y5 5E% 10, BAMEZ O L 22 XD IEHEL (A —Y
v7) Li ,
RELTR, MLEN X3 LTHE O ERIEEERE
ZBGARY PV AODL (D scae 25, R—=RA 54 YEBH T
%L, EBTAHBOC— 22 5BTA L 2B LTY
EFAM) 2 ARBTC—REICAVLRATWSEEICHN
[14], EERFMIC 2RES L, 2 BEESERIL AODL(t) X
xarwvtéfifggﬂﬂﬁémﬁbt(mﬁu,é%
BERBCHTIESFARL—F%RT). LEkdoT,
2
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FTHBD, MorIDSERABIHIVLELRS. &
ZEERBBICBWTIIERBSIIE S Blh o8B CH S
¥, FRUCHCIEI 7 -5ty MEST— Y EBY
LYhdnF—FEy MIBEATAILIETE RV, E#R
TEERBEEFNVBEDLDIZPLSEZHWTWS
H[13], &BLICBWTiE, ERSER (PCR: Principal
Component Regression), PLS [61#& (Partial Least Squares
Regression), E—HHBOKBRE = 2—-5V32y F7—
27 (ANN: Artificial Neural Network), #R— <2 & —

< ¥ v [ (SVMsR: Support Vector Machines Regres-
sion) ZENRETRAVTHETHI L E LA, %8, ANN
DEFD7-DICETEMRAREYE: #oax—-FrE) 28
HL, BRPTIZD (overfitting) #BiT 2791 weight
decay (WWEFB) #17o7/2. SVMsR O — 3 V%It
ANOVA radial basis kernel Z$RA L 4:[15-171. B\ Logt
$#i2ik, Y7 ¥ =7 Matlab (version 7.0.x) & R (version
231) zRVE. ¥R- IR F—< Y VERBICIKR AT
¥ 2. — )V kernlab (version 08-2) % [17], R4 HE4@ & PLS
ERD72=DIZIZ RAE Y 2— WV pls (version 1.2-1) % Zh
FhBw. &8, LA PC X DELL #® Dimension
9100 (CPU Pentium D 830, 2GB memory, Windows XP)
Th5.

F—5ty FEFEYF-FERILT—-FIIHEL, ¥F
F=F Lo TS ERBETFVERE L%, RiE7—
SEADLTRIET AL L. FEF—9HI0IIR
HEF— 2 DEY 2B 572012, n FHUREREE (nfold
cross validation) %##AL7:(18]. AMGMIZIX, BAmk
HERPMBHEOF— 5 2RV T -5y b 2V F A
5AHL, ARPHLERSITOSHDOT—S Ly MR
3. CoFPEINFDLF— Ly VRERET—5
EL, Bho 47—y MEICRKLEMES & TR0
BWHEOTF—5 1y PEMALLOEEZTF— & L LTEE
2iThy, RAF— 72 ABLLALDOPHLERELAD
DETH5EADRFEETo72. SO ) EXEREDHE
i, 5 oI EREY: (5fold cross validation) A& L #
RHBTENTESL, iod, FF7— L TRAMMEMES
JUBRVMBED T -5y F2EDHEHICLIDIZ,
NiFLBITHLDOTHA.

WRIET— % 2B ERBEEF VAT LTHOALFH
MEDOFMO DI, MEERHIMEOLRAI 2D 2
DITIE < Hw 50T w3 Clarke @ Error Grid Analysis
(EGA L 83) % AW7=[19].

3. # -

81, LD X BFMTRD Hhiz AODa(t), A0Ds

2
Oty T2 0e) oy g7y M3k 15

12, AODy(t) DRI, REBRCHOIHAFKICB W TiZi
8 (k7)) OB KRB TH S 1450 nm fHEICE—
I EROEMY Y INVPHBLNEARY + 5 A[20]DF
REB—FBLEW., ZoERIZOVWTR, XRXTIIBDS
Lz, B3I coEgisBashiwv. Boh
2

iﬁ%%@ﬂﬁoas.wa#u/4Xﬁimmaao
REETF—5ty MrOHRL, TBOF—4 kv 25
TERCH L2 SERAL-F— 72y b oEEmeEH
$BHIE 89.0 ~ 251.0[mg/dl]l Ch o 7-. HiRD [HEE] B
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8% (40D, (¢
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 (c) the 2nd derivatives
of normalized optical density along wavelengths

&° (40D, (2) )
s

WTRLAREBRREZT) 2diS, =%y b k5307
AZ579L, ARGHERICOSHOT—S Ly Mt
W/ REAT— 5 5 5 IRAMEEE E B MEEE S
L7 — S BRI ND, BIERT—4 £y M2IZ I
100.7 ~ 246 3[mg/dll DA E I iz, EF—% €y b
B 19BMOF—5Ey P REThis.

RiZ, BSERBHFECEVT S A— 52 REL,
SEBBIEEF V2B, FREEFVITEWTRERHIC
BREIN/ NG A-F 2B 1I2RT. ANNIZBWTEY
D7:-H OB 2 RHEE TH - 2%, 200K E
KBWTRESBEDNTH /2. BWIED - DICSELRE
Mk, EFEEDL 1FUTCThot=.

BONBERREEFNVICRIET— Y2 AN, M
BHEME L FHMED 2 PHRELRLADOIR2 TH 5.

#1 EHREEFNVICBOTRASAANT 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 0123

PCR: Principal Component Regression

PLS: Partial Least Squares Regression

ANN: Artificial Neural Network

SVMSsR: Support Vector Machines Regression

#]2 MEFEMEEAEO _RPEHBREICIZEOA/T

F* I O FHE
Table 2 Mean squared errors of predicted and measured
values of blood glucose obtained by multivariate

calibration models.

Method MSE
PCR 28.64
PLS 3190
ANN i 30.12

SVMsR 23.89

PCR: Principal Component Regression

PLS: Partial Least Squares Regression

ANN: Artificial Neural Network

SVMsR: Support Vector Machines Regression

28 Clarke error grid analysis Og‘ﬁ
Table 3 Summarized results from Clarke error grid

analysis.
Region
A B CE
PCR 70 25 0
Method ‘gg n 2 :
SVMsR 78 17 0

PCR: Principal Component Regression

PLS: Partial Least Squares Regression

ANN: Artificial Neural Network

SVMsR: Support Vector Machines Regression

E/, EGA DR, £EFVOLRET— ¥y MRICE
BRIEEICBNT, £TO7/0y MEEYBRITFHEERE
(clinically accurate) & ¥ BEHIR A 3 5 W ITERNFER
@B (benign error) L ¥hAFMBIHFEL:. RS2
EGA DR EZTRT. 7, EREEFIVBEEICLER
EREOWHREME 4 1R T,

4. % ®

R2IEART LI C, PHKREOFMTIX, BDYUH
2HATHLPCRIBS RIFERREE X, LAL, &
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CV result using PCR
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CV result using ANN
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CV result using PLS
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m
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]
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CV result using SVMsR

(]
Bs. o A..A
B 4Y L3
L)

D

L/

e B
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8

¢ E
0 Wm0 0 @ %
Measurad BG [mg/d(]

(d)

H4 FFHECEAZERBRED error grid analysis; iz #h#h (a) PCR,
(b) PLS, (c) ANN, (d) SVMsR IC X 5 @Hi#s S8,
Fig.4 Results of cross validations plotted on Clarke error grid analytical
diagram. (a) PCR, (b) PLS, (¢) ANN and (d) SVMsR.

ISR L7 EGA OR#RTIX, PCRIEIBIEI o7, X5
2, EGA BT, PLS PCRICHBLTRIFCH o7
A, ANN & SVMsRIZH L Tid4 o> Tw7. ANN &
SVMsR 13 1ZIZFEROBRE %2 R L 2248, SVMsR OF Ak
WRERESFRONIEEX O EXMLHKTTR
HEENAHRLEANCRIFLARRLMMILENC L
RHHB/BILiL EGADHREUTOLS XHERTL
THATH5. T4bb, EGA REROFME A »SE
ETOATIL) LT, BRI SEHER
BEERBIDTHLLBRTES. XHFEICBNTH,
Ty RRZEOFETIE SVMsR & ZIZRSOBMERL
7= PCR %%, EGA LTI SVMsR 243 L) R -
7. FWMATIIREADLEBEREL Liciwd, BRIEF—
¥ B A A< 250 (mg/d1] BA L% 100[mg/dl] L F D 57—
kv, LaL, BRESELNRE LBE, M
250(mg/dlIBL LR A ¥ ¥ a ) v 5 o870
(mg/d] U F D4 T, EGA DR D (potentially dan-
gerous) HHIEE 2%, &<, MEHE 70(mg/dl] A F @
BRISBWTIR, A—DRETH->TH EGA Tz Film
BEYEIME L D EVEAIIERA T2, BVBEI

HRD L22HEaNHY, ZDLS LEE, BH _FHfE
TOFETIRE—~THoTh, ERALCBIFIRBIKREL
RipgpZ s @6%2BR). nkXHic, WEHED
BB Ol Tk EGA ottt 2 E#R T 52
LHFEETHLY, SEHOKERD, FTH_FREOATD
FlioROBRELRRLADDLEEZ SN,

#1128 &7z [Vapnik @ insensitive loss function =
81T % e (gin Vapnik’s insensitive loss function) | %z ¥®
NFA=5ik, TTRILER (3 A Nbdkiko K %%
ZLLTORE) CHETLbDTHEH, FHETOHN
FA—FOBIX1B2VL3ITHB. T/, SVMsR D85
A — 783 3 ThH 5%, ANOVA radial basis %7 — R V%
T A—% sigma XBEDOAE LB, /85 A— FEBIZ
LELZRMIZEY. £, WThOEFVIZBVWTH /AT
A= ORBEIMEL 263, [HERERLZEF VD
BEOILDICRNATA- s ABIEBTHL], LEIE
HEDPL—FF7R3BEL Dol ZDZLEY, &
FHEOFMIGMRCERERICLoTHI S ETES D
DEEZLN,

N—RANVBEO—BTHLYR— IR Y- N
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100
5 ® Plot
? D
£ 80 /
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E 60
[
8 50
o
2% A B
°
2 aof
3
Em} A Plot2
8 10}
% 20 %0 ) ) 100

BGL obtained by an established method [mg/dl]

B8 M—DHREDT—% 7 b, error grid analysis
TBIDOFMI. 52 560, Plot 1 (%FD) 12 D &ificH 2
A%, Plot2 (@) & A FERCH BT LITER.
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.

F—VERBRTEERANERL, TOZEMICHTEILMNE
ERCLDOTHY, B, BREFGOSECHESATY
BFETH 2], SEDKERTIEPLS LB L TRIF
HEFE% 1872, Thissen 5[22]1, 7¥EX FY 2 258
SVMsR#EAL, PLSL OHBEZR L TV 5%, ZOE
2R TH SVMsR A PLS It L TEBAL & W) RISR S A
T3, WIFhOFERTH PLS CRRELL{FTHRTH 72
P2 SVMSR THRBIC R o 2 £V ) R TRBVA, &
NEEBOBRRICHFET 2 MEIRBIZEF VDR TED
TEAHANDLHOTHADLEEL LN, SHENTDH
HLEWTES (2b¢D, PLSTRRFo-{REZHES
vl E L, BEEEF— 5 ZHB OV IR 2 I
BWTHELFELZVHEICHIETS, LEYCLicE
BIRETHD). LaL, ¥R— IR y—-<3 D
BRIARTHY, FICEAEZHRET S L) 2EBBHD
RETREGBHBIZBONTRBAINTHS. o812, BRE
BELZEODTF -5ty MEEMPRL, SOLKRHERS
FETH 2, BRFEAZBCBVTIRREBROREICHE
AEBREVEZEZ N, ZOZFERBRSE LTHllE
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