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Abstract Noninvasive blood glucose measurement has become a research hot-spot in biomedical field. Photoacoustic
technique is an ultrasound-mediated blood glucose measuring method based on the intrinsic optical absorption
properties of tissue, and the technique avoids the interference of high optical scattering in principle and provides a
noninvasive and effective way with high sensitivity for the noninvasive blood glucose measurement. This paper
reviews the development of the noninvasive blood glucose measurement. Firstly, the principle of blood glucose
photoacoustic noninvasive measurement is introduced. Then, the blood glucose photoacoustic detection systems in
the domestic and foreign are introduced according to the different excitation sources and the experimental progresses
in blood glucose photoacoustic detection are summarized to promote the development of domestic blood glucose
noninvasive measurement technique.
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Fig. 1 (a) Block diagram of the blood glucose photoacoustic measurement system used by Kinnunen's group;

(b) relationship between the blood glucose photoacoustic value and the concentration in pig whole blood

at wavelength of 1064 nm; (c) relationship between the blood glucose photoacoustic value and the

concentration in pig whole blood at wavelength of 532 nm
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Fig. 2 (a) Photoacoustic blood glucose determination system designed by Zhao's group; (b) experiment result of the

glucose concentration from 0 to 100 mg/dL; (c¢) ultrasonic velocity versus temperature at different solution concentrations
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Fig. 3 (a) Schematic of our research group's photoacoustic noninvasive detection unit; (b) time-resolved

photoacoustic signal of glucose solutions with different mass concentrations; (c) predicted mass concentration of

glucose solutions at characteristic wavelengths of 1410 nm and 1510 nm
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Fig. 6 (a) Schematic of blood glucose photoacoustic noninvasive detection system used by Kottmann's group;

(b) photoacoustic signal dependence on glucose concentration between 0 and 2000 mg/dL; (c¢) photoacoustic spectra of
a human epidermal skin sample in contact with water, 2 g/dL and 10 g/dL glucose solutions; (d) schematic diagram of

the fiber-coupled photoacoustic cell; (e) photoacoustic spectra of human skin measured at the finger tip and the forearm
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Fig. 7 (a) Schematic of the photoacoustic measurement system of skin glucose used by Pleitez’s group™ ;

(b) diagram showing the photoacoustic cell for human skin blood glucose photoacoustic measurement;

(c¢) photoacoustic spectra of a diabetic volunteer as a result of the variation of blood glucose concentrations;

(d) Clarke error grid between measured blood glucose and predicted blood glucose

P A TR T RS TR I e A
T HVREE AR PR N X B R G T LA AT
FHF IO S D A R A 1 . T I P R 5 A R 5
Je P T 52 56 A AR i 00 3 LA RO S I A 0 114
HIEHETE . ITAFR I BL T A 2SN B T S
T X RHOL AR i e T IOBTE 251 5 8 TR R
R B TR AL L A SIE U 2R 8 P L A R o B O
RO el B 2 o T T R O SN 7 N R Ao 1
R R, JF © A T A [ 347 Y O 75 3% ) 6l
IR 3 PR L A T BN I R R 22 L HIXL
P OL AR 19 HRFRER B A, 1 50 w8, AN 3 IO T/
R O R A N7 - S [ 5 3 NN 7
PENT X TCRE LA T B M IR R . A 2R Bk
MROL A HA R BRI R BESOR G L A IR AE AR
o SR B A 1 e BTN H AT R S e
IR ' P 4 AT 5 A % 3 A A DN D T AT AT A 22
IR I S I QUL &t 1 K= R SR B s
WL R G A R0 T LR 4 A AR AR S g
WHAR B AR . (0, HAT T 3 B R Hot
TR A i 2 R LAk PR T G A e

RO Pk g i L DRI S T B K e O T
AR D Rl R ) R AT AR R X O K Sl v i
Ve BN R G o3 HEAT RO RO 3

T LB A AR BR T A B 1 il
V7T Y IR RN TR S R BT b AT AR AR AR S
RAEM ARG T5 WA AR B A Bk . RS TR
7 T QAR A 2880 A R /N I DA B o i 4R BT
JEFTRHE (R 7 2 B HEAY (. AR H T K
IR e ) | B = S e /W o s E A RV S N
FH A A3 43 BT 1200 45 30 IR A9 R OE D' 7 3 L TR 5 TR
H /N IR O A B A9 A5 e B U AT AR AT
Sy Hr ok S A B R R R, 7R R G 5 T, AN
UG ] R GEAE M2 5 SR AT IS 0 05 1 . R B et
ol LR A R G OB AR K S 555k
LGB A —E . Bk, n RL22 R R SOL B
5 16 A AU — R A 5 2t — 2D N R BRI R R,

5 ZhdihE

JeR R LA 4 TR TR A B AT
f A RISt o B OGO TR Y P R T L X R R

030009-8



55, 030009(2018)

ANSHBIZFHRE

www.opticsjournal.net

TEAYE T B SURE A TR IR H SRS
XF TGP IR G I A AT 5T 3 Ab T S A B B, R
A MR PR 1 T e A5 8 L AL /D AT 7 R SRR
RIS BISL I A5 | 5 3 B RCF R | R DG A IR
R . A AR 192, 2006 4F & E Glucon 2 H
Pk b e P B AR O T e T TR B S I 3
AR S 00 A9 B R e P 7 it R AL R LR AT R
5 A2t TN AR R e R ARG 0 45 L i B AT R i —
REMER AT EAR R AR TR A TE . A%
7 i e A RE RS I I S [ B A 24 i A B R A

A2

(1]

(2]

(3]

[4]

(5]

(6]

[7]

X A ft B 7 A R S i PR A R

& % x M

Chen X D, Gao J, Ding H Q. Infrared spectroscopy
blood glucose
Chinese Optics, 2012, 5(4): 317-326.

PRELE, @, TS R0 OB R I Y 2T AR O 1
Fik]. ESE%, 2012, 5(4): 317-326.

Li G, Zhou M, Wu H J, er al. The research status

for non-invasive monitoring [ J].

and development of noninvasive glucose optical

Spectroscopy and  Spectral
Analysis, 2010, 30(10): 2744-2747.

W, M, RAA, S TOANHR OB A I 2 Oy
HERE R AR SRR ] . Bk 561 44T, 2010,
30(10): 2744-2747.

Chen X D, Wang D M, Lu Q P, et al. Progress of

MIR non-invasive blood glucose determination and

measurements [ J .

effect of stratum corneum [J]. Acta Optica Sinica,
2011, 31(9): 0900105.

PREH, TR, Fam, & s o0 s or s
PRI R R [T, e ¥4, 2011, 31(9):
0900105.

Wang M M, Bai Q, Pan Q H, et al. New progress
in noninvasive method of blood glucose measurement
using FT-Mid-IR spectroscopy[J]. Spectroscopy and
Spectral Analysis, 2010, 30(6): 1474-1477.
EWWE, AT, WRAE, % b ALk Tk
N0 it A f T R R (] OB % 5O 43, 2010, 30
(6): 1474-1477.

Dingari N C, Barman I, Singh G P, et al.
Investigation of the specificity of Raman spectroscopy
in non-invasive blood glucose measurements [ J].
Analytical and Bioanalytical Chemistry, 2011, 400
(9): 2871-2880.

Shao J W, Lin M M, Li Y Q, et al. In vivo blood
glucose quantification using Raman spectroscopy[]J].

PLoS One, 2012, 7(10): e48127.
Yu Z F, Qiu Q, Guo Y. Dual modulation optical

(8]

(9]

[10]

[11]

[12]

[13]

[14]

030009-9

polarimetry for glucose monitoring [J]. Acta Optica
Sinica, 2016, 36(1): 0117001.

APRTT, BRI, B SR ) O 2 e A T AR U
R 7). Sa2E4, 2016, 36(1): 0117001.

Su Y, Meng Z, Wang L Z, et al. Correlation
analysis and calibration of noninvasive blood glucose
monitoring in  wivo  with optical coherence
tomography[J]. Chinese Journal of Lasers, 2014, 41
(7): 0704002.

B, ds, Eleik, & OGEAR TR AR A R
D rhoR D6 M a3 B K br e [T, EDOG, 2014, 41
(7): 0704002.

Wang L Z. OCT based studies of skin features and
their applications in the non-invasive blood glucose
test[D]. Tianjin: Tianjin University, 2013.

Fledk. FET OCT 1 B RO 2 Rk 0 58 Je HAE TE 4]
MAEBFSE RN A (D] . R REERAE, 2013,
Ding H Q, Lu Q P, Wang D M, et al. Research on
the effective signal extraction in the noninvasive blood
glucose sensing by near infrared spectroscopy [J].
Spectroscopy and Spectral Analysis, 2010, 30 (1):
50-53.

TSR, SRS, B, S LA T B i b
o A A UE S SR O TS L] g s 5 O
44#T, 2010, 30(1): 50-53.

LiQB, LiJ Q, Li X. Development of human blood
glucose noninvasive measurement system based on
near infrared spectral technology [J]. Spectroscopy
and Spectral Analysis, 2012, 32(3): 642-646.
B 1 1 - S B T A By 15 27 N N2 N
IRV B TC BRI R G B (] . DGR 2 5ok 4
1, 2012, 32(3): 642-646.

Zeng L 7Z,
photoacoustic imaging and its biomedical application
[l
(Natural Science Edition), 2016, 48(1): 9-15.
AL, e, k. 6 BUREOR KL 2 i
BEJE[T] . A Hg D R 2 2 e CH R B2 D, 2016,
48(1): 9-15.

Tan B, Hu J] M, Yang P,

tomography imaging:

Yang S H, Xing D. Progress on

Journal of South China Normal University

et al. Photoacoustic
An emerging detection way
[J]. Laser & Optoelectronics Progress, 2013, 50
(4): 040005.

W, SI@N, B, 5. OB R — R SR
M7= 0J]. WOt 5w 7= R, 2013, 50(4):
040005.

Zeng L M, Liu G D, Ren Z, et al. Design of high-
resolution photoacoustic imaging system based on
LabVIEW station[]J]. Acta Photonica Sinica, 2008,
37(7): 1436-1440.



55, 030009(2018)

ANSHBIZFHRE

www.opticsjournal.net

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

BEW, XEAE, LE, % T LabVIEW ¥ 5 1
R O A R RSB [J]. T ek, 2008,
37(7): 1436-1440.

Zeng L. M, Liu G D, Yang D W, er al. 3D-visual
laser-diode-based photoacoustic imaging [ J]. Optics
Express, 2012, 20(2): 1237-1246.

Zeng L M, Liu G D, Yang D W, et al. Portable
optical-resolution photoacoustic microscopy with a
pulsed laser diode excitation [J]. Applied Physics
Letters, 2013, 102(5): 053704.

Zeng L M, Liu G D, Yang D W, et al. Cost-efficient
laser-diode-induced optical-resolution photoacoustic
microscopy for two-dimensional/three-dimensional
biomedical imaging[J]. Journal of Biomedical Optics,
2014, 19(7): 076017.

Zeng L. M, Piao Z L, Huang S H, et al. Label-free
optical-resolution  photoacoustic ~ microscopy  of
superficial microvasculature using a compact visible
laser diode excitation[J]. Optics Express, 2015, 23
(24): 31026-31033.

Yang D W, Zeng L M, Pan C N, et a/. Noninvasive
photoacoustic detecting intraocular foreign bodies
with an annular transducer array[J]. Optics Express,
2013, 21(1): 984-991.

Yao Q K, Ding Y, Liu G D,

photoacoustic imaging systems based on laser diode

et al. Low-cost
and light-emitting diode excitation [J]. Journal of
Innovative Optical Health Sciences, 2017, 10 (4):
1730003.

Beard P. Review biomedical photoacoustic imaging
.
Journal of the Royal Society Interface, 2011, 1(4):
602-631.

Li L, Xie WM, Li H. Applications of photoacoustic

Interface Focus: A Theme Supplement of

spectroscopy in the field of modern biomedicine[J].
Laser & Optoelectronics Progress, 2012, 49 (10):
100008.

TR, WSO, AR SRR ORISR A A Y E A
G R L. WOt 506 7R, 2012, 49
(10): 100008.

Gao L L, Tao W, Zhao H. Study on the principle of
noninvasive blood glucose measurement based on
photo-acoustic spectroscopy method [J]. Optical
Instruments, 2012, 34(6): 1-4.

PRI, BT, RO TR LR vk 0 TR i A
MIEEATFET]. Seg s, 2012, 34(6): 1-4.
Wei ] S, Tao W, Zhao S W, et al. Photoacoustic
signal feature extraction in non-invasive blood glucose

detection [ J]. Electronic Design Engineering, 2015,
23(15): 66-68.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

030009-10

WAL, WL, R4, . 0B DE S E S
MRRAESRIRT]. M3 T, 2015, 23(15): 66-
68.

Pleitez M A, Lieblein T, Bauer A, et al.

noninvasive monitoring of glucose concentration in

In wvivo

mid-infrared pulsed

LT
Chemistry, 2013, 85(2): 1013-1020.
Quan K M, Christison G B, Mackenzie H A, et al.

Glucose determination by a pulsed photoacoustic

human epidermis by

photoacoustic  spectroscopy Analytical

technique: An experimental study using a gelatin-
based tissue phantom [J]. Physics in Medicine and
Biology, 1993, 38(12): 1911-1922.

Bednov A, Karabutov A,
Glucose monitoring in
induced acoustic profiles[C]. SPIE, 2000, 3916: 9-
18.

Savateeva E, et al.

vivo by measuring laser-

Zhao Z M, Myllyla R. Measuring the optical
parameters of weakly absorbing, highly turbid
suspensions by a new technique: Photoacoustic

detection of scattered light [J].
2005, 44(36): 7845-7852.

Zhao Z M. Pulsed photoacoustic techniques and

Applied Optics,

glucose determination in human blood and tissue[D].
Finland: University of Oulu, 2002.

Christison G B, Mackenzie H A. Laser photoacoustic
determination of physiological concentrations in
blood []JJ]. Medical &. Biological
Engineering & Computing, 1993, 31(3): 284-290.

human whole

Liakat S, Bors K A, Xu L, et a/. Noninvasive in
vivo glucose sensing on human subjects using mid-
infrared light[J]. Biomedical Optics Express, 2014,
5(7): 2397-2404.

Seddon A B. Mid-infrared (IR)-A hot topic: The
potential for using mid-IR light for non-invasive early
detection of skin cancer in wivo [J]. Physica Status
Solidi B, 2013, 250(5): 1020-1027.

Ren Z, Liu G D, Huang Z. Study on photoacoustic
noninvasive detection for blood glucose concentration
based on tunable pulsed laser[]J]. Chinese Journal of
Lasers, 2016, 43(2): 0204001.

AR, XVEME, SR, BT FT 8 38 Ik vh & 6 5 Y I
Wl B2 Sl e SR DI 5 0. v O, 2016, 43
(2): 0204001.

Ren Z, Liu G D, Huang Z,

detection of blood glucose concentration based on

et al. Non-invasive
photoacoustic spectroscopy combined with principle
component regression method[J]. Spectroscopy and
Spectral Analysis, 2016, 36(6): 1674-1679.

i, XEM, 8, % ETOUROLIBBKE £



55, 030009(2018)

ANSHBIZFHRE

www.opticsjournal.net

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[0 5 6 1 I ok B e R 5 (] O 2 Hokig
43#T, 2016, 36(6): 1674-1679.

Ren Z, Liu G D, Huang Z. Investigation of glucose
concentration measurement based on tunable pulsed
laser induced photoacoustic technique [J]. Chinese
Optics Letters, 2013, 11(14): S21701.

Ren Z, Liu G D, Huang Z, et al. Exploration and
practice in photoacoustic measurement for glucose
concentration based on tunable pulsed laser induced
L1,
Optomechatronics, 2015, 9(3): 221-237.

Zeng L M, Liu G D, Yang D W, et al. Design of a
portable

ultrasound International  Journal of

noninvasive photoacoustic glucose

monitoring system integrated laser diode excitation

with annular array detection [C]. SPIE, 2009:
72802F.
Kinnunen M. Comparison of optical coherence

tomography, the pulsed photoacoustic technique, and
the time-of-flight technique in glucose measurement
in wvitro[D]. Finland: University of Oulu, 2006.

Lai H M, Young K. Theory of the pulsed
optoacoustic technique[J]. Journal of the Acoustical
Society of America, 1982, 72(6): 2000-2007.
Christison G B. The determination of blood glucose
concentrations by infrared laser photoacoustic
spectroscopy[ D] . England: Heriot-Watt University,
1992.

Bednov A A, Savateeva E V, Oraevsky A A.
Glucose monitoring in whole blood by measuring
laser-induced acoustic profiles [C]. SPIE, 2003,
4960: 21-29.

Kinnunen M, Myllyla R. Effect of glucose on
photoacoustic signals at the wavelengths of 1064 nm
and 532 nm in pig blood and intralipid[J]. Journal of
Physics D, 2005, 38(15): 2654-2661.

Kohl M, Essenpreis M, Cope M. The influence of
glucose concentration upon the transport of light in
tissue-simulating phantoms[]J]. Physics in Medicine
and Biology, 1995, 40(7): 1267-1287.

Zhao S W, Tao W, He Q Z, et al. Glucose solution
determination based on liquid photoacoustic resonance
[J]. Applied Optics, 2017, 56(2): 193-199.

Zhao S W, Tao W, He Q Z, et al. A non-invasive
photoacoustic and ultrasonic method for the
measurement of glucose solution concentration [J].
AIP Advances, 2017, 7(3): 035313.

MacKenzie H A, Ashton H S, Spiers S, et al.
Advances in photoacoustic noninvasive glucose testing
[J]. Clinical Chemistry, 1999, 45(9): 1587-1595.

Nissila S M, Ahola O, Kopola H K, et al.

[48]

[49]

[52]

(53]

[54]

[55]

[56]

[57]

030009-11

signal formation in absorbing and
scattering liquids[C]. SPIE, 1998, 3199: 2-12.

Ahola O, Zhao Z, Tenhunen J, et al. Design of a laser

Photoacoustic

diode photoacoustic sensor for tissue measurements[C] .
Bios Europe, 1999, 3570: 192-194.

Zhao Z, Myllyld R. Photoacoustic determination of
glucose concentration in whole blood by a near-
infrared laser diode[C]. SPIE, 2001, 4256: 77-83.
Pai P P, Sanki P K, De A, et al. NIR photoacoustic
spectroscopy for non-invasive glucose measurement
[C]. 37th Annual International Conference of the
IEEE Engineering in Medical and Biology Society
(EMBC), 2015: 7978-7981

Pai P P, Sanki P K, Banerjee S. A photoacoustics

based continuous non-invasive  blood  glucose
monitoring system [ C ]. IEEE International
Symposium  on  Medical =~ Measurements  and
Applications  ( MeMeA )  Proceedings, 2015:
15278142.

Pai P P, Bhattacharya S, Banerjee S. Regularized

least calibration of a

squares regression for

photoacoustic  spectroscopy  based  non-invasive
glucose monitoring system [C]. IEEE International
Ultrasonics Symposium ( IUS ), Taipei, 2015:
15601749.

Kottmann J, Rey J M, Sigrist M W. New
photoacoustic cell design for studying aqueous
solutions and gels [ J]. Review of Scientific

Instruments, 2011, 82(8): 084903.

Kottmann J, Rey J] M, Luginbiihl J, et al. Glucose
epidermis using mid-infrared
detection [ ] .
Express, 2012, 3(4): 667-680.
Kottmann J, Grob U, Rey J M, et al. Mid-infrared

biomedical

sensing in human

photoacoustic Biomedical Optics

fiber-coupled photoacoustic sensor for
applications[J]. Sensors, 2013, 13(1): 535-549.
M A, Lieblein T,
Windowless ultrasound photoacoustic cell for in vivo
mid-IR

interference by changes of air pressure, temperature,

Pleitez Bauer A, et al.

spectroscopy of human epidermis: Low

and humidity caused by skin contact opens the
possibility for a non-invasive monitoring of glucose in
fluid [J].
Instruments, 2013, 84(8): 084901.

Weiss R, Yegorchikov Y, Shusterman A, et al.

Noninvasive continuous

the interstitial Review of Scientific

glucose monitoring using
photoacoustic technology-results from the first 62
subjects [J]. Diabetes Technology &. Therapeutics,
2007, 9(1): 68-74.



