(190 28 410t R, S B i R o 0 K P 2 A E 5RA ¥ ]

5 56 B 11 T o Vol.56 No.1
2027 1 H ACTA PHOTONICA SINICA January 2027

5] A% =L LIU Wenbo, YAO Mingfei, CHEN Jiayu, et al. Comparison of Near-Infrared Diffuse Reflectance Spectral Respons-
es and Skin Microcirculatory Changes Under Glucose and Whey Protein Loading[J]. Acta Photonica Sinica,2027,56(1):0130001

SR, W B, B T, 45 AT WE AN FLIE SR T AT 2L A U B O i e W R R R R B AR AL B AR LT ] O TR
2027,56(1):0130001

AR SLIN 2 000 T 005 4 SN R G
Ui o7 T HE B M 08 75 11 1 L e

X LA R EEFT R FE, A 0 EHE N
(1 R 2= K 25 D B R B A 4 B T S0 B0 %, K 300072)
(2 JeBARME () B BRA A, K E: 300192)

T EAATELNZRFAEEGONEBATARTT , RBNAL RN B G B F 5NN
I R BERRFLRARR R ERETRREA SR, P MRS F KR ik TR F
Ao BEEFRA BN EETRAETL—, AZEMREET S FRBENSLENZREFTHHm, FATER
St ¥E R TR, ALRTTHAFRRORATER T EHAE AT ERIITTIL, FBP,6 6ED
KESHEAN100mML 2 20 g MABRILABT G RER, L P 285 XFRF B0 hFmbERAE
BAREBEWMBRFAKT, SREF,BAE 30min, AR AHFEH TR ETREHAREA G, 2K
K% E B d AW B 0 AR E MBI AT AR ERETAN, AR AT R 1050 -
1609 nm K& G ABEREFTEAABALEZR, HEABATE  LEETHRAZEZ LT AT LBETR
R 1550 nm A ZRAFE S BRLELE BT ERFMAR, MILAEORT TARE T ALARS
T, GLE ERAEBEEKFT , LEEORAHFOME E 5w FRMEAST A KR BB IR R
vy b AR ), B R 4R 49 1050 - 1609 nm ok B 69 AT F e L)
KER: L6 e fn ML 5P F NG R E R R F LA RS
hESES 04334 SCERARIAED - A

doi:10.3788/gzxb20275601.0130001

0 58§

HEE AL S ik & — R A 52 2% 0 A BRI, 3 26 AR A T g 200 B i s I b i S SOk TR 2 B
ZURPE . BRIE A B STRR AN, il AR B 3 5 A 0 G o 1 s TR TR A D A5 S e, AT X i A T A A
R HE o B, RO 6 TP U5, %o 4 T B i w00 5k fy ml S e B R

TE AR 22 ] RE (452 0 R 3R o, i 5 2% 43 A AF DG A AR5 o 107 A JFE 51 2 19 10 2 728 Ak WT e 2 W 7E S i R 8 2
— o LA TR A 4 A T £ 058 (oral glucose tolerance test, OGTT) ], Mt T+ & AN 0] E 3 Bl 8% 5
B, G FR B O AR B T S R A R I O R 3K i, LA O A T A A W 1 B R R
FHE L TR B 5 3R A by 3 4 48 s ARG B L 5 0 A5 ) 78 A8 1k 17 B S ARV ORI R L TV LA P B A
WhE R B — A A A AR SRk AR R, T S S I A T 5K AR A I B O PR B — i KON
o 2 TN J 6 2 AT EE T A R i A 5 ) R [ f 4 J AE 48 T AR

AR Han 3778 AR SZ50 & B, 6 15495235038 TP 9 17 OGTT 7, 1550 nm i K AL FE S
5 IR AR Ak 22 8] B S 34 AH 56 R ELZY N 0.84, SR, ANTRIZLIR OGTT 5256 =2 (8] (4 AH G A7 78 BH 18 25 57, fefIK

E&TH: BHEARR#4(81971657)
F—EE XISCE(1999—) , 5 W FFE A, B EHF5E 7 10 R JG B BRI . Email: wenbo_liu@tju.edu.cn
BIREE X B (1979—) , 2, Bl B8, T4, EZEWF5E 05 ) oG i 5 0% 1% 40 7 o Email: liu_jin@tju.edu.cn; # [’ (1991—) , 55, By
WFEE 01, T, B 5 ) S JC A A I i . Email: hts2014@tju.edu.cn
WS B #:2026-07-02; 5% A H#1:2026-08-05
http: // www. photon.ac.cn

0130001-1



T oF

FHOC R B 0.5, e FT IS 2 0.95, B, PREZH SR FAH [A) K6 0 2R e JF g 1 i — 20 B9 A RS2 50 F 58 (AN Gee
FUNRE T 2R It a2 iR E T T 2R EL M A, SR PR, F—-ZiE AR OGTT %
IS ARAF WA O R BRI AFAE T W 0 . LR B SR WY B B AR A AR B N1 22 S5 40, W] e A7 AE LA R 0
B4 A 3 DR 2R S e G DU A5 5 o SR, 78 I SO0 S5 1 3K 4 TR 3R A R I i R R A B S i E AR
L 32 B IRy AT e o U 5 SR RS R PRI AR SR S A X R S 3R o R O A L 8 T BB 5 1 A
Y 52 T PR, Be it 1 FLIE 8 B G fr 5 S R B 3R 0 A SR S, DA ST e B I 2R O A 3 1 g | A 1Y £k
A6 20037 28 Al B A GIE 55 h i R B . 5 BEAE R R, FL I B 1 9 e bR AT AR 1 R ) 2 A3 A0 L i R RE T
i S At A4 B A 49 G 2 52 3 R K O T i DA AR R R A I AR AL AR IR, A FLTE AR A BT e TR
ML 2 50 B TR 5 ¥ A 30 2 AR Ak, D) RT ) 2D HE G IR 5 3R AR O R S e DR 3R Y AT RE M s o L E
AR, W AR AR AN BE B 422 VA T 98 8 R AR T, A0 75 45 6 0 52 36 3F — 20 W B AR AR JOR U

“hy 3k B, WL I8 2 ke B TR VB SSONE AR F SR BT 1 RLTE AR A A S . FLUE AR A B AR R S = A
WAEHT, B 5 AT T8 I 2 B R /K V-, I 3 b 4 O B B A B A B £ TR B R A A R AR Y o i
FW . W R ERREZE R, L g AR TSR 4.7 pM RS E T i 1 g ALIEE A 5]
29 4.8 pM (19 5% R Th i, U A TR A5 0 i T 9 8 2R 0 00 1 0 SRR ARG o R b R A R A A
FLIE A BE A TR — A DUBE S R T O BB ARAE L HLAE S UK A T LS 5 i A R S
BEAY DT A Bl T U5 e 8 3 AR G 1 K IR 0GB A8 Ak . B T3k —RF S, LI AR 1 B0 SR T R IX A R U R
B8N 5 ) 2 R 80N i A T A ) S B AE AR

W' 22 3% 8y i % A (laser Doppler flowmetry, LDF ) J& WAk Bz Bk 30406 2 1 37 28 £k B9 % F3 7 3%, ol F 0
BN 5 BT 0 B R I R . Medjer A5 VR SE 18 44 i B AR R, X HG T 7R AR B ER K B R R R
FIEH OB e 50 00T B I 20T B2 R A B 8% UG PR T B A 2 e o 45 2R W 7R B R GIOOE A o v i
FORASIE A Bl i SV B A A R (A B AR KB TE £ 40.8 £ 8.3 n/mm?; i I B -1 R R B 9 1 40.3
+ 8.6 n/mm?) . FEH # MURE PR, JBE I F RS 2 B0 T R Al 2 A, H 7.00 (A 3 ER K R A
THi 2 10.06 (551 5% F - 1E % MR 8 IR ) . Hohberg 28 WLEE T 15 44 2 UM R (R 10 5 N % K
B R AR I A 0 0 AR Ak, 25 S R R R AL R R SO A I B 27.9 AU R E 34.4 AU, RS
FEO TR I R B R OO A I I i 1 A XTG5S T LA I I R A R 2 4 2 Y It T e iz DU By
F o R 20 AP I S E A AR A e B R R B IR S R AN A5 B R GO 26 kAR UINE b BEe |
AJ5 AT e X ST A5 5 77 A= AT IS e, DR LA B A S B U i 2% 2 T 2 45 G i i g 1 114 S B B R

WA, TR AVOAE 20 1L 3t 1Y) 722 1k 3 T RE B 722 6 A 000 IR S, 2 TS e 4 R 1) BRI % R i 24N Il e
DB P ARV T3 T LDF 35 % 5 WOR R B  32 3h 21 40 i vk 3 RN - 1452 sl (9 25 5 AR AR BE IS T
i Je 50 00 VR A KO A R e i A A/ I R A i AR Ak . AR EEZ R, 1050 — 1609 nm B Uk BT 41 A1 18
S 3 Xk 2 2 e R AR A A LA 1, AT ] Rz R i VR AE 56 AR Ak S ZH 2K 43 AR Ak B RT AR O LDF
I Y FE B AR TR . BRAh AR SOR IR Z0 A0 6 15 I i 5 LDF J7 2 5 AT R T 09 2 8000 R B, ¥ 32 22 e e vk
J2 LRz DX ) SR PR AR A B T B — 20 4 A IR 5 3R 40 A 1 iR S 92 DX Sl A E I A AR O IR S i T AR
A

R N TR 87 15 A KL iR RSB R s = & AR TP M ol [ 3 2B ol | R 7 7 - A A
HNE R 6T OO 228 AR S, T BB B 3R T R IR B R GU0E B e HOG AR S M Y
AT AP0 T A0 AR I A A A BT R AR SRR IE 5 5 %
1 7HiE
1.1 EL5MNE R GG E

B Wk 4023 P ST 41 118 R S 6% 2 i T A AR R an T 1 TR ASTIT AT AN e R B KO P S =
G54 e AR R WS U IF A 22 YU IS R B TR 2 TRT I I 5 Ak AR ] A 0 g o 2 2 A 0 A AR Al s X i
ZL A W s K 85 AR 7 A — s e o DRI, T S e 0 A G R R 3R T T R AR O WO B A AR A T4 SR
TIE JR ¥4 43 A W vle 5 ) eRAR o 7 45 8 6 TR - T 5 BB 2 (Source-Detector Separation, SDS) 454, A&l 1] i)

0130001-2



X ST 45 < 4 2 7 R FL I 2 000G ) T 20 A8 S S5 I 1 i 7 % JHG B R R B A 1Y L A

18 SO FE ] E SR
A<A’p>__ln(lié’,1/;>)

RS CER T A R . ARG R PSSR SDS 1A W' BE 25 4 SR, T LA T R 40 0 R I i

PR R GRS MR SRR ST 20Ok E e LT

1(2.01)

1(2.p0:)

(1) Herp A8 6 I0  HT A9 3 1<, 0 24 SDS, I,

A(A)=A(A,p0.)— A(Ap1)=1n (2)

Hrh o5 p, 00 1,5 LA SDS.

=2 R R ZUFE 1000 - 1700 nm {5 K 38 B 0 OF- 35 28 38 R B X I W 22 40 15 5 REUE i iE 2 Bt
M-I B IRE K E , LR K EFEREMT 1 - 2mm JEFE N, T8 R ETRKRE R X ™. RFH
U B X6 21 28 32 T 40 0 ORI AE AE 25 5 1000 — 1100 nm B 3 9 4 %o 1L 21 88 102 e 48 Sk SRR 5 1200 nm F 3
DA X B T M SO Sk SRR 5 1300 nm BT 38 K 32 7K W S e A 0N R Sk e e 2 RIS AR Ak 1 23 I B T
1400 - 1650 nm BfF 3T 3 4 %F 7K 4 2008 0 e 45 A REURRS  £R A B R AL S SR B RS L 3R WO 43 K i
ZoM G5 REUE A ST 1050,1219,1314,1409 1550 F1 1609 nm 1 g Bz bk 3 21 AR 3 K

. Sensor#l Sensor#2
Glucose I 1 I
—’|E Epidermis
L ] L ] - [N
- . =
m Dermis
Blood L] Interstitial
vessels " . fluid
- @ - - -
" { Subcutaneous
o Tissue
AR T Y PRy S Tt
Fig.1 Simplified model of NIR diffuse reflectance spectroscopy in skin tissue
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Simulation results of the three—layer skin tissue model. (a) : Mean penetration depth; (b) : Change in differential absor-
bance induced by 1 mmol/L glucose.
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I 38 5 (Flux, PU)J& LDF o f b A9 G006 20 0 1 25 5 48 b, 32 2 S ISR R (R B DY 32 3l 20 200 Jif vk
HHA- iz gh s S E A A, HOIE A AT
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Hirp Cone #AF12 8l 1Y 21 40 Mo ik |, Speed R AiF 21 41 i SF- 432 8k 7 .
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M0 R PR AR PR E T AR AL o DG IR A Dy 785 nm ARk B ASHOGET S HEBOGEF I FE N 0.5 mm, {7 5 Ak B
$i ok 15 kHzo ARIGH L 450 KOG EF R B, HoF PRI GR B2 292 1 mm. A W58 T 3R 45 09 806 2235 39 1l i 5
5 B L 2 LSk T IS DA B T 0 RO P AR A

(b)

B3 AR A ® LDF (a) i (b) 45 3k
Fig.3 Laser Doppler flowmeter (LDF) used in this study (a): Flowmeter; (b): Probe.
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Fig. 4 Experimental system setup
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JeTE A AL (2) L 2 O ) A W 7 AT SE 58, 6 44 32 1 715 5 AR 8 5 B 100 mL 5 20 g i 4 W A K
W IF SR A G IEAE 2 2 i E 1 MR 2 0 T R — O A e S . 2 1
M2 H 2 76 [ — 5 AL 53 47T e LDF il (3) 585 3 A FLIE 8 A i S8 56, 6 44 Z i ek i 5 12
E Ja A 100 mL 5 20 g L & H (AIDOKE , B 74 22 ) B K ¥ WL, JF 12 22 s I 5% A5 o6 is 2 . 3L
HE B A E IR AR 4 100 g P S E B 92.0 g, BROKAEE 0 g, 81539 mg. Hih 523 1A
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Table 1 Demographic and baseline characteristics of the subjects

Subject Age Sex (Male/Female) BMI (kg/m*) Fitzpatrick Skin Type
#1 38 Male 24.9 111
£2 35 Male 23.0 111
#3 25 Male 28.1 11
#4 47 Female 24.3 111
£5 27 Male 25.5 11
£6 34 Male 18.6 111
2 #HR

21 BREBEERENELER

7 A 2 W 77T SIS 50 RN FL I AR AT IS h, 2 AR 2R A 30 min RAEZIALH 1 52K 2
P14 B Ik LR ARG V0 G o T R S VR A RN 2 iR . WA ZIRE A 20 g #i A MEJS 30 min, B Rk
- 7H s 29.61 pU/mL 8t A 20 g FLIEE A5 30 min, B 5 B EF TR 19.82 pU/mL., 45 R 3E0,
P 44 %4 3 6 7 260 0 G fr AEL S 2R 0T )R 30 min (4 I R I 2K MG A A R 2k T v, G v A B £ e A
30 min Fsf (1) JBE 5 22 ) B 2 O FLIE B 1 AT 9 1.49 4% o FLIE B 1 T BRSBTS R T
WY ) JBR B 3R A A RIN o 3 A TR I B A3 WA KT 2 A AR B AR AR A R R BURMEF 2 R A G
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Table 2 Physiological measurements before and after ingestion of 20 g glucose and whey protein

Whey protein Whey protein

Glucose load- Glucose load- ) ) ) ) ) )
) ) ) ) ) Insulin change  loading— Insulin  loading— Insulin  Insulin change
Subject ing—Insulinat 0  ing— Insulin at . )
. ) (pU/mL) at O min (pU/ at 30 min (pU/ (pU/mL)
min (pU/mL) 30 min (pU/mL)
mL) mL)
#1 5.91 38.31 324 17 38 21
£2 12.05 38.86 26.81 4.66 23.3 18.64

22 FASEHMARMNELR

ZAAH 1 52ZH 2 40 AT T 4GB G fr A FLE 8 e W) LDE DU S0 g, 45 R an 5 Al
6 FT 7R o 7 25 B B0 47 B ) (48 AS 30 min ), 44 32 3038 (19 Flux 28 A6 43 %1 24 3.9 PU Al — 5.6 PU; Conc
A S 7.6 AU R —6.9 AU, 76 ZL 3 8 H 7y 1 ] (5 A 30 min ), P 24 32 103 1Y Flux 28 46 & 7
1.0 PUMI—1.0 PU; Conc Z8fLE 4358 2.7 AU Ml —4.0 AU T 356 B i J2 |, A2 13 bk sh A ik B B
BN, L AR A B AR TE — 5 B9 AN B 2 BE W0 Flux 76 5 4380 B ) %7 1 F 69 0% 2 i (AR M 22 ) 29 0.6~2.5
PU, 1 Conc iU 8l it 29 2.6~5.7 AU, 1 i £ FL I 8 1 550 8 45 0 5 W %€ Flux F1 Cone YL K T 3F5 1Y
IXEF A BB, AN R AT B AR . B, S5 B B IS AR L, W 24 A7 3K 3 A A 2 W O A RN FL G AR
FA A7 i 300 ) B2 JER Sk 1 B o 7 AH 5& 48 Bk (Flux A1 Conc) 09728 £k i B2 240K 3, FLAS Ak J [l A Bl BLE | 4 0 G g
AR AL T 8 55 PR 3R R A AR LIRS 1 B AL I Bh AT G
23 RN EBRHXENELER

Zik#H 1 52i0F 2 WKW S BP0 45 & 7 FoR o BARASH 9T R 22 20 WO B DL b R R

50 (a) Subject # 1 50 (b) Subject # 2 (¢} Flux summary
20
) 40 13.3£0.9 17.2+1.6 13.9+1.6 40 -22.4i2.5 16.8+£2.1 14.9+2.1 15
A430 30t
7%
10 107 5
0 0 . . .
Baseline 30 min 60 min
(d) Subject # 1 (e) Subject # 2 100 (f) Conc summary
150 150 ¢
= P4.6=4.3 82.2+4.0  78.2+5.7 B1.9+5,5 75.0=4.8  68.5+4.8
< 100 100
S| A, MHMW 50
5
o 50 50t
0 0 0 . .
0 20 40 60 0 20 40 60 Baseline 30min 60 min
Time / min Time / min Analysis window

Rawdata M Subject#1 M Subject#2

Fo5 #&EWE A m AP LDE N &4 £ (0 min B A\ 100 mL 4 20 g & 2 4 89 K E ) . (a) F2(d) 2 5 & %K # 1 89 Flux 2
Cone & £ & 5 (b) A (e) 4 Bl Z K 2 2 89 Flux fn Cone & b 4 & 5 (o) Fn (£) 44 h ¥ 4 % X # £ & £ 5 min i |5 & 0
Fluxfe Conc Ml EE S FHER . E . KR EW Y XA L THA THHHFH FluxF Cone 89 5 min B 8 % 1, K3 A A7 iE % (8
A0 F s R DB O B R AR E £

Fig. 5 LDF measurement results during glucose loading (100 mL aqueous solution containing 20 g glucose was orally ingested at

0 min). (a) and (d) show the Flux and Conc variations of subject 1, respectively; (b) and (e) show the Flux and Conc
variations of subject 2, respectively; (c¢) and (f) present the mean values of Flux and Conc measurements for the two sub-
jects within the selected 5 min time window. Note: The green shaded region indicates the 5 min time window used for cal-
culating the average Flux and Conc values. The values labeled within the shaded region represent the mean and standard
deviation of the measurements during the corresponding time interval.
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X ST 45 < 4 2 7 R FL I 2 000G ) T 20 A8 S S5 I 1 i 7 % JHG B R R B A 1Y L A

50 (a) Subject # 1 50 (b) Subject # 2 (¢} Flux summary
20
40 19.5+0.6 20.5£1.0  22.0+1.1 40 18.6+1.6 17.6£1.2  17.6+1.4
- 15
/430 30t
ERL L g s F ST
2
10 10t 5
0 0 - - :
Baseline 30 min 60 min
(d) Subject # 1 (c) Subject # 2 100 (¢} Conc summary
150 150 1
70.73:1 734439 77.7+43 05.143.1 91.142.6  91.943.5
2
= 10 1001 et nmn
Y 50
g
Q 50 50t
0 ; L ‘ : 0 ; : . - 0 . . .
0 20 40 60 0 20 40 60 Baseline 30min 60 min
Time / min Time / min Analysis window

Raw data M Subject#1 M Subject#2

H6 FLEEHGAMTETLDFN B4 2 (0min 48 N 100 mL £ 20 g L7 & @ th KB ) . (a)Fo (d) 2 Bl 4 ik # 1 8 Flux
A1 Cone & b % & ; (b) fu (e) 2 7l & % A # 2 8 Flux 1 Cone B b & & ; (c) A (D) 2 5l & ¥ 4 % iR # #£ 3 F 5 min &t 7] &
B Flux A Conc Ml EE MW FHER, F . %E WY K& X7 ATIHHEFH Fluxf Cone 9 5 min B B & 0, K38} 45 %
B A R EE O AN ERENHERREZ,

Fig. 6 LDF measurement results during whey protein loading (100 mL aqueous solution containing 20 g whey protein was orally
ingested at O min). (a) and (d) show the Flux and Conc variations of subject 1, respectively; (b) and (e) show the Flux
and Conc variations of subject 2, respectively; (¢) and (f) present the mean values of Flux and Conc measurements for
the two subjects within the selected 5 min time window. Note: The green shaded region indicates the 5 min time window
used for calculating the average Flux and Conc values. The values labeled within the shaded region represent the mean and

standard deviation of the measurements during the corresponding time interval.

ARG R B (E S T2 3] 520 % B LRSS iR AR fb S 2 N E e m . L HE
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WoR 2R 1 MAZiA 2 19 1550 nm 22 43 WO BE AR ME 22 3 11 292 0.0005 a.u. A1 0.0003 a.u.. ¥ Ge 5§
NSRS B ARG 0 58 AR, A 8 R AR Y 1550 nm B K AL, SR SDS 2.6 mm 5 2.9 mm #4722
43,1 mmol/L IfiBE Ve B A8 A 2 % R 0.001 a.u. #9223 WG EEAR Ak o pR I AT A% B30 A 9 e P A% J i 1) A PR Az
TAS BE 2020 0.4 mmol/L"" . %45 ST V5 A 5 S5 4 2 Ml 67 4oy S 56 v S5 A% Ak mT G I 14 2 2% 1k 4

6 44 2 1) A 4 W O AT B FLIE B A SR B0 25 R AN 1R 8 RN 9 BT o BT 8 11 A A £ for SE 0 45 R
TN, 6 2R 8 ) S5 T 2L A A S 38 S i v AR Ak R A — B (U ) e R . o,
1550 nm P 4 4b 2% 43 W% ' B Fif 1 W% 22 14 19 53 8505 B o 1B 8 R Y IRIDA 3~4 YRR I B 2000 45 1 1550 nm 25 43
W 't B 5 W 6 T %) A OC R AR 4a X (B . P LA 8 81 52 38 v R| 43 A £E 0.66~0.98 Z 1], "F- ¥R 0.82, 7]
UL AR R R SE S0 A ¢ RALRIAFFE — s 28 57 . Hoh 208 1347 T ks 56 (B 8(a) M1 8(g) ), IR S 5 R
WA, 73 4 0.92 F10.69, 32X 35 2 W4T 7 PRS2 5 (&1 8(b) A1 8(h) ) , R IR F2 85 R 0.66 #10.78, ik
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Fig. 8 Spectral measurement results during glucose loading and correlation coefficients between the 1550 nm optical signal and

blood glucose concentration (100 mL aqueous solution containing 20 g glucose was orally ingested at 0 min). (a) - (f)
Spectral variation results corresponding to subjects 1 - 6, respectively; (g) and (h) Repeatability test results of subjects 1
and 2, respectively. Note: |R| represents the absolute value of the correlation coefficient between the differential absor-
bance at 1550 nm and blood glucose concentration.
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Comparison of Near—Infrared Diffuse Reflectance Spectral Responses
and Skin Microcirculatory Changes Under Glucose and Whey Protein
Loading

LIU Wenbo', YAO Mingfei’, CHEN Jiayu', CHEN Yuheng', SUN Di*, LIU Jin', HAN
Tongshuai'
(1 Srate Key Laboratory of Precision Measurement Technology and Instruments, Tianjin University, Tianjin 300072,
China)
(2 Sunrise Technology Co., Lid., Tianjin 300192, China)

Abstract: This study aimed to evaluate whether insulin elevation affects superficial dermal microcirculatory
blood flow and near-infrared diffuse reflectance spectral signals within the 1050 - 1609 nm wavelength
range. To separate insulin—related effects from blood glucose-related effects, a whey protein load
experiment was designed and compared with a glucose load experiment. By combining serum insulin
measurement, laser Doppler flowmetry, and near—infrared diffuse reflectance spectroscopy, this study
investigated whether insulin—induced superficial dermal perfusion changes could be detected optically and
whether they should be considered a major physiological interference source in noninvasive blood glucose
measurement. Six healthy volunteers were enrolled in the load experiments. Each subject ingested 100 mL
of aqueous solution containing either 20 g glucose or 20 g whey protein. The glucose load was used to
induce blood glucose elevation accompanied by insulin secretion, whereas the whey protein load was used
to stimulate insulin secretion while minimizing blood glucose fluctuation. Near-infrared diffuse reflectance
spectra were collected from the skin during both load conditions to monitor local optical responses in the
superficial dermal region. Signals were acquired at six selected wavelengths: 1050, 1219, 1314, 1409,
1550, and 1609 nm, covering optical information related to hemoglobin, lipid, water, glucose, and tissue
scattering. Among them, 1050 nm was considered relatively sensitive to hemoglobin absorption, while
1550 nm was regarded as the most sensitive wavelength for glucose—related spectral changes in this study.
Differential absorbance was used as the main spectral feature. The spectral responses after glucose and
whey protein loading were compared to determine whether insulin—related perfusion changes could produce
distinguishable optical variations. In two of the six subjects, venous blood samples were collected at
ingestion and 30 min after ingestion in both load experiments, and serum insulin concentration was
measured by biochemical analysis. In the same two subjects, superficial dermal microcirculatory blood flow
was monitored using laser Doppler flowmetry. The measurement depth of LDF was approximately 1 mm,
mainly corresponding to the superficial dermis and the region near the subpapillary vascular plexus. The
LDF signal was used to evaluate local microcirculatory perfusion because it reflects the combined
contribution of moving red blood cell concentration and mean velocity within the sampling volume. In
addition, the differential absorbance changes within 30 min after ingestion were statistically compared
between the two load conditions.Serum insulin measurements showed that both glucose loading and whey
protein loading clearly stimulated insulin secretion in the monitored subjects, indicating that the whey
protein intervention successfully produced an insulin-elevating condition. However, LDF results showed
that the superficial dermal microcirculatory blood flow signals did not change obviously during either load
condition. The changes in LDF-related parameters were small during both experiments, and their
magnitudes were comparable. This suggests that insulin elevation induced by the two interventions had a
limited influence on superficial dermal microcirculatory perfusion under the present experimental conditions.
The near-infrared spectral responses showed clear differences between the two load experiments. After
glucose ingestion, the spectral signals of all six subjects changed noticeably and showed a trend generally
consistent with blood glucose variation. Among the six selected wavelengths, the differential absorbance at
1550 nm showed relatively good correlation with blood glucose changes, suggesting that this wavelength
was more sensitive to glucose-related optical responses. By contrast, after whey protein ingestion, the
overall spectral signals remained relatively stable, and no significant systematic spectral change was
observed. The differential absorbance changes within 30 min after ingestion were significantly different
between the glucose load and whey protein load conditions, with p <C 0.05, indicating that the glucose—
induced spectral response was significantly stronger than the whey protein—induced response. Although the
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overall spectral response after whey protein loading was weak, some subjects showed slightly increased
spectral fluctuation compared with the fasting state. In particular, Subject 5 showed relatively obvious
fluctuation in the 1050 nm differential absorbance signal. Since 1050 nm is relatively sensitive to
hemoglobin absorption, this fluctuation may indicate a mild blood-related optical response or slight
superficial microcirculatory variation after whey protein ingestion. However, compared with the glucose
load experiment, the amplitude of spectral changes after whey protein ingestion was much smaller.
Moreover, no stable or clearly distinguishable spectral variation was observed at 1550 nm after whey
protein loading, although this wavelength showed the highest sensitivity to blood glucose variation during
glucose loading. These results suggest that even if insulin-induced superficial dermal microcirculatory
fluctuation exists, its influence on the collected 1050 - 1609 nm near—infrared spectral signals is limited and
insufficient to generate a stable glucose-like spectral response. The results also indicate that the optical
responses observed during glucose loading cannot be attributed mainly to insulin—related superficial dermal
microcirculatory effects. Glucose loading may induce multiple physiological responses in addition to
changes in blood glucose and insulin, including changes in cell size, local osmotic status, tissue
metabolism, and other optical properties of skin tissue. Since this exploratory study included only six
healthy subjects, and insulin concentration and LDF measurements were performed in only two subjects,
the findings should be interpreted cautiously. Insulin elevation showed only a limited effect on superficial
dermal microcirculatory blood flow and near-infrared diffuse reflectance spectral signals within the 1050 -
1609 nm range. Its influence was not sufficient to form a stable and distinguishable optical interference
under the present experimental conditions.
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