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Shear modulus measurement of biological tissues based on Zener
model
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Abstract; Objective To measure the shear modulus of biological tissues by using Zener model so as to over-
come the limitation of Voigt model-based ultrasound vibrometry, and to provide effective approaches of tissue
characterization. Methods The mechanical constitutive relation-based shear wave propagation velocity formula
was utilized to estimate the shear modulus in terms of the velocities at multiple frequencies via mathematical
methods. To obtain shear wave velocities in different objects, experiments were conducted by using different con-
sistencies-based gelatin models and thermally damaged porcine livers as subjects, in which shear waves were in-
duced by ultrasound radio forces. Results Voigt and Zener models were utilized to fit the velocities respectively.
The Zener model exhibited higher fitting accuracy than the Voigt model, and the shear modulus could well distin-
guish gelatin models with different consistencies or porcine livers of different damage degrees. Conclusions The
method in this paper provides a potential means of measuring the shear modulus of biological tissues non-inva-
sively, which is very promising for tissue characterization and disease diagnosis in medicine.
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Fig.7 Velocity distribution of the shear wave and fitting result of gelatin models based on Voigt and Zener model, respectively
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Fig.8 Velocity distribution of the shear wave and fitting result of porcine liver models based on Voigt and Zener model, respectively
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Tab.1 Estimated modulus of the gelatin model and porcine liver model

HEhAm R Re S, —Jrim, WX (7) T LIE
M E, Jog5 KA, Zener FRI 30T Voigt A=Y B
Zener BERIHSIPTE T Voigt B T /2 Zener 157
B —MERRIE o L, AN M ELRF A Voigt 15171
M2 Zener 1518 | H] Zener F5 RS0 LUAT SCHB A A
RZ AR

it BEBARIY A BERHET B BEBARLTY C PR A BN B AR C
G,/kPa 1.604 57 2.790 24 4.492 87 5.657 58 7.204 18 8.576 43
Voigt n/(Pa+s) 0.31 0.41 0.49 1.34 1.67 1.85
W&/ (m-s™") 0.04 0.05 0.06 0.18 0.13 0.10
G,/kPa 1.343 35 2.050 29 3.151 70 2.011 21 5.148 61 7.4575
Zener Gy/ (kPa + 5) 1.929 13 2.029 98 2.447 93 10.758 40 11.292'5 14.280 60
n/(Pa - s) 0.40 0.88 1.65 3.04 2.58 2.15
W2/ (mm - s™") 10 30 10 80 30 30

TEFTA LB, A R T Voigt BB ik 2 3k
T Zener BT ZRAT (14 5T DI A 4 5% 3 A0 125 4 B
BT L, X — 5 IR AT 5 R IS 0 A TA
HRHR B AR LK B O [R] — S 56 2 TR X G2 1) ) B
i = h C  e  G I (2B R S
RTINS R Y BRAFE AR . LT Zener £
RURRLA 1R 22 B /N T 56 T Voigt 584 f 1145 4%
28, WL T Zener AERUAG T M B 5T DR L BT AE 1
14 S AT R il 20 2 A Wy B S LRk . Voigt £
R2 RS RIASE PR TR RO R B R A

AR A B DI B U 2 R 2R B 7] sER A
BTN REVE s Zener BERYNIAIR , FLBT UIRE & IR B
TR BT PR LU R T H A AN B

Tt (4) (S) A — RN T, 73 53] 2 055
AR IR IS [) 284, 3K > RBCE ARk T Rz
JPEAEMYR I AL B BE T o MR L T Al 345 21 Y
Zener FERYTYYIAELEE ™ Az, THEA H AR XN A4 A 1] 2
B, mEk 2 Fon.

Tab.2 Exponential coefficient of gelatin model and porcine liver model experiment

) R s
BERCRIAL A BECRAL B FERCALE C IR A R B REIFRIEL C
(G, - G)/[ (G, +6y) - ] 1979.80 1 158.90 833.66 557.38 1 370.70 2278.70
Gy/7 4 822.80 2 306. 80 1 481.00 3 538.95 4376.90 6 624. 10

N2 AAER T LAt I 18] 2R X0 AE S T
TR B RO RIRE JT MEEASE AL 1 ) B R e, EL P S 5
G5 RAT 2] (14 55722 P ] 28 ORI 5t P ] 3R K ) A2 A
FHR T R[] FY), RIVESS [ 28 B BB A5 5 1 4t S e H A Jo
PrBRREER) 8 Ao IR, BE T Zener £57 f 8 P 4R
B 7 i AR T A o B o ) v

P, [RI 3 BE R T 3G 4R s 4 2 1) B e A
b, LR ZH 800 PR AR B G I . Hh T AR LY
P AL R R PE AR R DA DG Y, B UnF R
B LAAS T 150 Tl RIS 27 1 A9 20 S AE AN 12 W
AEHENE L,



R #,%. ETF Zener RN EMAATYIRENE
CHEN Ke, et al. Shear modulus measurement of biological tissues based on Zener model 641

3 #ig

X T HLEL B, Voigt AU RE B ATTHY b 51k

Yao Y, Wang Q, Sun Z, et al. Research on mechanical
property and tooth canal structure of tooth after RCT [J]. J
Med Biomech, 2009, 24(1) : 59-63.

[4] Chen S, Kinnick RR, Pislaru C, et al. Shearwave disper-
iﬂ?&ﬂﬁ@%{%{ﬁﬁﬁ E@fﬁi%ﬁo ZKI{%FH%? Ze- sion ultrasound vibrometry ( SDUV ) for measuring tissue
ner *ﬁiﬂéﬁﬁfﬁ/&ﬁ,ﬁz\iﬁﬁ%T?ﬁ)}j}%ﬁ}%ﬁ% elasticity and viscosity [ J]. IEEE Trans Ultrason Ferro-
LI R I o S B 0 B A A electr Freq Control, 2009, 56(1) ; 55-62.

.L_H T%? Voigt *ﬁﬁ!ﬂ] Zener *ﬁﬂé@@@]%é&o fﬁ [5] Valdez-Jasso D, Haider MA, Banks HT, et al. Viscoelastic
lﬂ‘ﬂ’\]é*%ﬁﬁ? ’ Xﬂ‘ﬂ:{ﬁﬁ’fc %H%ﬂ?ﬂﬁ:ﬁﬁﬁ?ﬁ'éﬂ?ﬂ %5 mapping of the artelnal ovine system using a Kelvin model
[J]. IEEE Trans Biomed Eng, 2007, 58(1): 1-18.
?ﬁ‘ﬁ*/ﬂq, Zener *ﬁ@ﬁ-ﬁﬁﬂﬂ{ﬁﬁﬁ E@Tﬁﬁfﬁﬁﬁj} ’ ﬁ [6] Marcus RH, Korcarz C, McCray G, et al. Noninvasive
kT Voigt *ﬁﬂ E/ﬂ}% FR @ , *ZEI'S% T %i%i@%ﬁ gﬁ@ method for determination of arterial compliance using
AR TR RS B, B INA ) T 2R 2 Doppler echocardiography and subclavian pulse tracings.
ﬂzmo IZﬁfzﬁffllfﬁ%@%L E‘]ﬂﬁﬁ“ﬁﬁ%ﬂﬁﬁl@ﬂiﬁ Validation and clinical application of a physiological model
ﬁﬁﬁ?ﬁi%ﬂ’gﬁﬁo of the circulation [ J]. Circulation, 1994, 89 (6). 2688-
2699.
[7] Olufsen MS, Nadim A. On deriving lumped models for
;}’j%iﬁﬁ blood flow and pressure in the systemic arteries math [J].
Biosci Eng, 2004, 1(1): 61-80.
[1] XIpete, FIRE, W, %. ik UHMWPE &35 % k1 Rl [8] Craiem D, Graf S, Pessana F, et al. Cardiovascular engi-
ISR PERFE [ J]. BEM A J12#, 2010, 25(5) : 369- neering: Modelization of ventricular-arterial interaction in
374. systemic and pulmonary circulation [ J]. Appl Res, 2005,
Liu QH, Wang QL, Shen H, et al. Static viscoelastic prop- 35 111-114.
erties of bionic UHMWPE articular cartilage material [J]. J [9] Carcione JM. Wave fields in real media: Wave propagation
Med Biomech, 2010, 25(5) : 369-374. in anisotropic, anelastic and porus media [ M]. Oxford.
(2] #cHs, S 09U 50 WU AR A 5 S B ] Elsevier Science Ltd, 2001; 145-146.
FERE TR 1) O L AME B BFSE [ J ], E AW J12=, 2011, [10] Love AEH. Elasticity [ M]. New York: Dover Publications,
26(3): 211-216. 1944, 225-227.
Huang Y, Fan YB. Research on cardiomyogenic differenti- [11] Oestreicher HL. Field and impendence of an oscillating
ation of bone marrow mesenchymal stem cells induced by sphere in a viscoelastic medium with an application to bio-
shear stress combined with lysate of myocardial cells [ J]. physics [J]. J Acoust Soc Am, 1951, 23(6) : 707-714.
J Med Biomech, 2011, 26(3) ; 211-216. [12] Chen S, Fatemi M, Greenleaf JF. Quantifying elasticity
[3] Wi, FFr, #hEE, & WEWLE T H FERE MRS 45 and viscosity from measurement of shear wave speed dis-
WEIFsR [ J]. ERHAY f12%, 2009, 24(1) ; 59-63. persion [J]. J Acoust Soc Am, 2004, 115(6) : 2781-2785.
(J—_&;}g 629 )r‘;T) urements of bone [J]. IEEE Trans UFFC, 2011, 58(6):
[13] White D, Evans JA, Truscott JG, et al. Modelling the 1182-1188.
propagation of ultrasound in the joint space of a human [16] BRIELE, flbffde. JET R PEATI AR I B0 57 i 7 0 07 0k
knee [J]. Ultrasound in Med Biol, 2010, 36 (10): 1736- F5ElJ]. PrBAdl, 2012, 61(13) : 0134304,
1745. [17] XuKL,Ta DA, Wang WQ. Multiridge-based analysis for
[14] Malo MKH, Karjalainen JP, Isaksson H, et al. Numerical separating individual modes from multimodal guided wave
analysis of uncertainties in dual frequency bone ultrasound signals in long bones [J]. IEEE Trans UFFC, 2010, 57
technique [ J]. Ultrasound in Med Biol, 2010, 36 (10) (11) : 2480-2490.
288294, (18] R/NZE, fbfd%e, TR BT R0 B (55508 ik

[15] Malo MKH, Karjalainen JP, Riekkinen O, et al. Effects of

non-optimal focusing on dual-frequency ultrasound meas-

MREKERHEZHEXFHEES[JI].
(3): 318-324.

PR, 2011, 36



