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Recent advances in modeling of airway mechanical behaviors in
association with airway constrictions in asthma

DENG Lin-hong ( Changzhou Key Laboratory of Respiratory Medical Engineering, Institute of Biomedical
Engineering and Health Sciences, Changzhou University, Changzhou 213164, Jiangsu, China)

Abstract: Although it is important to explore potential treatment of chronic obstructive airway diseases such as
asthma, as well as to discover interesting biophysical phenomena in airway system, the research on biomechani-
cal models of airway narrowing remains a both appealing and challenging field. However, there have been signifi-
cant advances during recent years, with number of emerging new models and new approaches. This review arti-
cle briefly introduces some of the most recent work published in the literature. In particular, those work that em-
phasize on asthmatic airway narrowing behavior, and strive to explain the corresponding in vivo airway behaviors.
More specifically, models that discuss not only individual airway behaviors, but also interactions due to coupling
between airways and their surrounding structures are focused on. This includes interesting phenomena involving
the airways and the smooth muscle that surrounds the airways, as well as the emergent spatial ventilation pat-
terns due to dynamic airway interaction.

Key words: Airway narrowing; Asthma; Mechanical model; Biomechanics

W )2 R GE I SR 122050 R SRR A P B DR, FAT
SERT PR (e Mg BHAE) s S ECCUVERL REERMIM SRR O T A AR B A R S T ik
FEMIBLZEAT NS, BRI ART TR e TEMGZ AR 5 % R IR DO BB & 05 1545 . 1X

W #E B EA:2016-08-02; 1&[E] H#7:2016-08-20
E®WE : HK AR EEATH (11532003) .
B EE LML, 247 , E-mail ; dIh@ cczu. edu. cn,



EREMAFE $£31%5 $£4H 20165F£8A
348 Journal of Medical Biomechanics, Vol. 31 No.4, Aug. 2016

)5 7 K R DA [ 00 T8 45 705 AR P IR % g 2
1iF A4S B SCEBAEAE AN R B Sy B , DA S L 42 T A
PUEH SERPRAE T IAGE 1247 R i, BT
{58 P A 2 A 545 7 A I 1) 5025 L ) 49 B BR
JFERIX /N AT TR W A A
Fe AR HE, 48 8 R PR B S PORS
B FTTERI N AN R B+ 2 IR ERY . AR, 16 B3 1A
SE T BIZEL 27 2 ST ) AT DAAR e Hb v o S B s
FgetE . ik h T B RSB B T 7l HL 43 Z= iy i
I FR RIS, AR LI A5 SR RETE 2 R
FERE F AR RSB . T AR 2R ORI,
AR IR R BV PR L T B B S RE R, T L
52 Wi 22 TR 25 R 5 3 2 14 50, AR 22 0 THT SR F
S i T AR ) 2 S v . A I D RE AR
TE/INRJSE W% A ATy (51 A A R

336 J5) PR ply T A — 8 PR R T AR K
i L TR T 9 B A AR T R R A AR A
), R FAR AR+ 20 AT BRI, (e i i e
F9 i 5 0 K 2 R AEIR b 2 B g B F AR
JFAk T £ B R R A A, SIE ik
WAL T A 1 LI A A 4R s A 15l A B
B O A T U AR T S 2 S . LI
HB A AR MRS S B0 RS BB D S8 B A WL 51
PRI ST 24T AL

AR, STk 0 R B S BE IR R (BT 5T
(LT HLIE , DI 3 5 5 4 S B0 AT B B i A
S, RN g2 r )\ S 56 SO 1) 465 750 500 1 5 5
PR B AT R Z MIES o ASCR AN 28
AR5 T SRR ) — e L X
I 55T 1 2R AN 3 18 B S E AN ] e
28 ROBE R (947 AL , 107 L 2% 78 3 07 g 22 55 Hh 4%
PR CBOATH) BOAGE ) T 2 AR e AR AR
S X S EAE TR R i 2 WS, i —
AR B ST 1 A BT ERA TR

1 FSSERFRE

Fi AN B SRR R 2%, B L — A BERE R
NI A 2 H i SCRERAU LBl 1 22 AT D R Y
BT RA R HEN . ARBHEL S A R
3 7 MR TIE IR AR S 2 R L i
ST, X MERME R 2RI, MR, WA

FIBA X AT AW P A2 S
BRI EAE A EAN AR, X S Al A R T
JI R B S S EARAT R A o R, AR
TR 30 1o 308 T A 572 S i 6 e AT 5%
BEKE) | TS 55 G I 45 4 2 A= A8 Ak T B
SOEA B Bk e AR A, IRl R RE
R P B A A P S R ) TS R M S R R
SR AR TAE W 15447 O, X U P i8S 114 il 55
JEATARAE IR o 1 % 7 A A S —
FHEAE IR

Bl SE-MEXRMEEREFEXR

Fig.1 Independence relation between the airway and lung
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Fig.2 Basic structure of the embedded airway in lung parenchyma

BERIX— Z 58 B 45 LSRR 73, i) o LI -
ML OB BEA LY i S B S 7E A JE 2
A1 & HEAE AU B R T, AT LA S
Sag=lipaE it

SOEEBREA B HAT - BB 1 2A R o, OF
W H M TIER A RS XI5 EE
BETH AR W] 5 28 O RAEWF 58 A B, W] LAS% T 24P o
R Tl e — R KAy R,
LA PR AR (MR /D), 573 — 8 5 e R AR g 1
ANENE R o ST IR S AT AR A8 F
FLEA 30 ZARPTS T o S5 RS 4y LAAR X
i A B R PR IR R 5 8 O S Al AR,
Lambert % FE P46 HO RS Hh A BE 1 B2 0 /)N
GBI, BB R I R R Y Ak
SEFREPAT N BRI 2228 A X AL BT
E— HAFE R BE , [H R — L8 B i 45 R
Z/DTE HFT AT A B I e A 264 J 4 i 4
BN S BRSSP O

i 25 A, LAY BB A T L A Y A%
PF R RAL BB 174708, 10 845 125 1 5 2
TREEN, At 5 # ST R AR e R A
BT, TR B R - R R R AR AR
BATEW r=R(P,,) BRE(r AR, PSR
IR kg B A SR BR ML 2 B 5 DL .
FEN G AL A N B ARG 0 B B BE oA T O

TR A5 00 [ ARy 2 AR R A A R gl Y A
TR

OB BEMUSEAT N Y — A 2R Rl <E
HABTER G E TEFIR i . dl & ud, <IETE
SEMAF R SNIREE T, H PR 45 A 3 ) 3 56 PR
B LSRR FFE RS2 ) AT R T e
B T UM S TE BRI e R R A
HEE L

3 REEBNENHFERE

MLGAERIE _F RGBT AR S S 78 P
PG SRR, PR SR 038 - 1 LA S8 A 4
WRBNSGESRZE o AL Ak BRI IT & B, OB TR L
N — RN AT AEY) D1 IS IR TN 5
LA o 25 118 S 36 VB ELASS R 5 7 i % L J It
%o Hdr—AN F BB SR I R R LR
S BINAGE R IE S LR SRS R LA IR
SRR TR SR A AR L, 58 4 iU s R
W4 B 1 S 0 20 BRI TS

B LAY R 28 e AR AT LA A PR
e — 2R NE | DL v e AR AR P s S
TE AR T Tt (HATE 4 T A= 9 2 I il s o5 — 2802
M\ Huxley s #] £ H 1B ( cross-bridge ) P i 248
TR RS BFAR IR 2 BRI T8 22 5 3T 60 4FF (1415
A TR Wk N O B AE LA
HATEAL A5 72T 3 A 20 B NP T Ll 2
H VLR AL 25 2 ( SUFR A 40 21 2 FURLET- 4 ) [R] 19
G SR A SRR SIE . B RS Fp)
Huxley' ™ £ X8 SUUUR 5, b =22 7685 SUULRLG L
HAH 5% HR A5 2 AS W ol 8 RS 58 (R XA E T L
PR A TR DU A X A 2

8 RN ST LR R AR AT
LR Y[R 256 3 32 (M) 53 AT AR L RS () FIES (8] ()
(I PREL n(x,0) , 0]

% — (1) g—;‘ = fnx,0) —g(n,x,), (1)

A o () s £ HE R AN R v OC%,L( t) ML
PR o (1) 555 2 30 D Bt o BE AL Y
(a1 AL B, 455 A7 3 D A 2T 4k 18] 25 6 5 3 4 10
BRI . AR, - L A i g BRI BOE D



EREMAFE $£31%5 $£4H 20165F£8A
350 Journal of Medical Biomechanics, Vol. 31 No.4, Aug. 2016

S8 G YRR 50 AT R E L
K oc J’ixn(x,t)dx (2)

XEAN NG T2 REE M, PR
A HURE R SLIN A R AL A I BIUIRES (4R 1 A
TR 1 ST o LR S 35 S Y
WFFE TARAE DR N AE R R ES A AL B DL T, AN
SEREBUAT AR, LU BT 1 52 B 2R 4 SR
EMRTATIE , 3ok AL A TR 2 7 i B Ll - 4 UL
1 EAT DT AR o AHAS KB 2 B2, FE e TE
25 KRR b3k S b S 0 sl BB 5 3RAT R
MWL LE 12417 R RE AR i S A FLS2 <l I
B LA AT

4 SESHERRIEKE

i S Jo e a5 B RS A T 4 RE SR I — 1 [u]
5207, DHRGTCEE 487 , X E LBl 52 5
AR IE B 1 70 T A v A i A2 1 7
A O BAR T 2 il S BB 4G i 22 ML P 2 A
JFF12 5 W Lai-Fook F 4 th'™" , 22 J5 43 S A
e RS I S 2 A A T S R I 4
P B 132 3 il 52 5 58 R BE 52 fii 14
FEARR S SR T I T SRR A TR T
BRI G I BIW RNE S g Rl L, il
S RRAS 5 OB AR A7 AR 2 SR T B A AR
K&

5 SENFREPHBSER

AL TE ) A BRI ) — S S PR A ) 2
ZREHAR LB AT 5 B B N LRI LI R 2R T4
A3 A AR, TR A LA R T B0 BB ) 4%
ST A A A A o 1S i T S S IR AR AT
MR G , A AP R Ge b HBUR 9 2R 1 12247
Mo
5.1 |SE-SEFENNBEGIER

B SCIHE 1R A E 8 BE A EF 1 LAY 7
SEAT N R g LS AT D) P R 4% 1 S
PETTRY , XAR 1] fEJE i TP WLAR A g2 51
AT EA Sy e (R, X T UE-UE T LA R
B, BRI A AT A AR AT T XA
LA n] LA fe] By i sr AR i 5L A R ST

92 75 1 LA B — IR 343 B RIF T B8 S
Fy ] B

e EE B T M LS A - T L
X 22 1) AN KB A TE A 2 — ok 2 T0B S W WUTE
HR LB o X SOB M LA, 45 3
JE I 12 I8 2 0 SRR R B 445 4, 308 T BEL S F 3 L
2k F HERINSC 45 7K ST 19 B 1 R 2Rl T B T B
VFEWI9E, A L i FE Y, B85 5 Tk
TR AIL ] SR I 7 W I 07 T A0 8. (R,
ARSI 2 , 3K AR AN A S T A - 1 L AR AR F
58 S HOSBAT R I 4536 . 2SR I o 4 (<l
TS X OS2 A SO B AR O e e
A T IR R SR SR 58 1 TG B ) B T
W IULAT REAS 1 B R S i LA IR 32 AR R
R AT ELAR 35 10 A8 ) 0 B 3 M vk T
STETR WU R L PR, A A BE R T
T LA AR EARAE S AR AT REL 2 — D SR K

LRI M, BE %K 2 T BERF B6 10 S 4L
FBIN 5 TS ) 2 T ) S BE S B R R 45
JE AT e 4 B B b PR TR Hiorns 2570 B A
FEINE, JEAR T ATE N A 0o 38 4 JUUJZ B HA
B RGIIFEAT R E R . HAL B 7 5 4R
ST RHF BE A AHE i LB A 5 3 T LG 2 1<
B RERIAUA H M, AR T R 21 GE
S LR o AN T B R 2 1 0 A B A, i
BT SR e R B 2 1) S RE R R T
VUL 2 B AT ) BV AR 5 S T VR 2 1
DRt MR KR A AR 3 X R T
R I L A LT ST A 55 8 o ) ) K B 4
TR AN BE T B M DI ST B ST S0 LA 5 285 M Ak
B S LS SO RER A 1O

— AT 3 1 B 1) T R 4 B E S L
CRETE R AT, TE RSN W UL 4% 52 8 b TG AT
W ETE A A 5 B <00l 40 B M R BB 36
KT B AR R , 318 1 IR AR
VEAE T4 M TR OB - v LSS BT T A B
TARE-SE I A N RS X AWERIE
B, B A8 - Y UL AE A0 335 107 7 B0 K, LRI 2
G IR0 R B BR8N 2, DR O Sl S
UL SOV e A6 T A A2 2y ) R i) f A
YEM. WA AR T AB-<E P I 2% R 5



ML EnEEBUESERFPSEEENENNERERRR TR
DENG Lin-hong. Recent advances in modeling of airway mechanical behaviors in association
with airway constrictions in asthma 351

Hh A AR LA, 7R 58 B AR 40 b B A BE Y 1
S T TE B LA A 1 R 2 S R A R
ANid, WFFEN RORR ST IX LA BAR ] — BLAR 15R W
JEE B R
5.2 SE-SENEEBRGER

IR TBETERNIF A RIS HAFTE , EATTE R
AR PR3 B TR 2 T SRR Bl T R S AR AR Y
wRIr BRSNS VR T A 2 R
A PN Bl B BABOE D SRR S AT AL Bl
FEAEIBh 53 AL 138 2 (P A R0 B
AR F AR HAE E R T I T — MR T 0 UE M
PERR AR TTE B R B ABE X AR 11
4 BOR K Z LR BT A — i M XS R
P A — A TR Xt T AR A Sl Rl A
JirgE
5.3 ERMXBEAEKBHESIER

I L3 i il S A AR ARG R R A RS
PR, sl , o A 552 J5 #) <l BT 32 21 A <l -

(a)
B3 SRRESERE (o) LRPFHYFLRAIZARE, (b) 2T 3R 28 BRI S5 20 BRI A, (o) 25T 3CHRE 8 IBIRS 445 5
BRI A

Fig.3 Clustered ventilation defects (a) Synchrotron radiation images obtained by experiment, (b) Ventilation defects morphology calculated by

Jit Si2 J5 ) P4 =188 g RS A ] T 552 Jo ) 7 R
JE, T 5 URE B et ok SRR e 0l LAY AU
MENTEOL. XFPAR EAREE T 2 R SR A FE M, <
R AN S R A7 A R BTV B S
BrBE BB KSR R
ARSI 3 I, BV, 25 0 R 2 X ™ o B 2, AR /D>
SIS, A DX B e S 0 AR
XS DL, X RS A 2 5 B0 B O E k
B (LKL 3) o [ 3 () B SR 3 i ) 4
AR LR R Rl R (4.0 mg/mL) |, R
F7n Il LA (0 mg/mL) 5 B 3 (b) Fros g2k
Donovan and Kritter 2 45 #0312 15 21| ) 38 S B G %
BEARRIWH 0, 4068 1 (F KT &EHNiE
)5 3(e) TR LT Venegas 451 #1445
F R BRI S, B OFR I N 0, s (0 1 (5
TG o AN AL, WA TE R X T B 1 T 7R
Al FpRE e b E - UERS SR IR &5 R, BOE
s O AR R 25 2R

(¢)

models in literature [28 ], (c¢) Ventilation defects morphology calculated by models in literature [8 ]

6 XKBITHRITER AT E IR HE R

Zi b i AR AR GBI LA B 2 1) LK
BB Z 8] A G VR AR g EA T N AE L]
PA R e B RV D RE BB G 2. (H2, H
BT FE X I AR DR AT IR A T Bl P 1) L 32 3
JRfR. B, BUA IR B AR A 2% XA T A AT A
P ZAARMEEE 24 AT RE 5 FLAEBEAT BUE A 3
BE A e R B A as 5, PRI L RE SR R T A A 9 U

P, FRE AT AT An] 4528 A L] Ak 28 A A T
A 3 PG (RUE-UE IR UG -
VB B A - S8 O EARBRE &) AL
AR ELAE o ARAS B P A AL S B R HE 5 i SR
M7 T S 2R o X EF- B L8l 22 A T
PRARA A , AR LR A B BE SRR B T
TRAHE ARG B R O 7 A S I
BT PRI, AT T T LS R A 3 e g
JIERRAS B UE R BERCRY , AN e R I 52 5 1%



EREMAFE $£31%5 $£4H 20165F£8A
352 Journal of Medical Biomechanics, Vol. 31 No.4, Aug. 2016

TR I B4 327 05k o RIS 2 i de AT B 1) i ik
PHAGE- L, B S SRR 2 i Y B o) O
ARG g2 SRR S 1 H M TR AR
G2, DRI, TRT A A kU R 43 R AL
i E R G0 (B —UIE BB T 3o 7 7, RS I 2
RIE-SEME RS L) ARATRER 2 Eif— 2Py
RECL R, Xt A i PLIsFaE T, B
S TC B T R T s 1) R0 1) i A NI PR, AR B AR
Mo, FFEEANTH T R ZE T 5 TRk R

[FIRE Y, B ) 2 Bt T BB A Tl &, PRIl
BRI BRI A, 51 AR S BT A AR 8 o 9
A RSB RE PRI E B . TEIXSETE I, A
PSS AR o] 3 6 A SR S0 A ) SRR B A il
AT o BN NAES BUE A S 228
A NTBG AB AR WG BB A 2 BB AR B
TR R 7R 7 X BB AT N LA B Bk . — %
O ARSI 5 #R A X 2% J5 0], (H 2 T
AR A B B P 7E 22 W R IR 7 8 B AR 42
P, B )2 R R IS SR S X — A

R 4 st , 38 5 B 2160 i 1 g A 174 [ A
MRV, TEE R IE A W0 & A ZERE 1)
2, B 2 RN A R TR B R IR AT Sy e g
TRt RE A IARL S A 5 0 R AR AR A HL K
M XA 8L H A V)T 25T . — ik &
>R FH BELHTIN 2, 30 1o 54 ] 9 35 150 AR it i AP 41 i 1 s
TG , 8 e ) R A v 7 A R T 0 S H:
SRR IRBOC R o AP B R R, — ek
I3 R S BE ) USR5 o X AT TE S
CAREIIZ N, 3k AR LA 7 T RIS . DI
RUSE VT8 , BT PR Ry AN B R Wt ) 45 42 i
BA W51 J7. Pt , IWACTE B AT 35375 3
L P FRL B2 DL AT LR R T Ay
FE 1 s PR PEH S AR FH (forced expiratory volume
in 1 second, FEV1) 5{ & £ R ' A K ¥k 1 &=
( multiple breath nitrogen washout, MBNW ) £ 7F & &1
ERYPRBCEAR S O B o XT FEVL, [RIE7E T
TEART B AR, s M BRI, A
AR WA DFFE SRR X FEVL 47 BE0E & A 7] BE
910, AR D7 i (Cn MBNW) s B it (# 74 BF
Fo

HHT, TR A ER G IS, A ORI <k

B, oA AT D BE AR BN 2 ) S MRS AN TR . R
A LR, AN T B AR S PR X I IR BH BT AY
SR 47O R R AR R B R LR
1B 24T o BAR B I T REI AR n] e K 1R
M A o

7 H#it

ARG T HETESE S 25T g e
I P T HRER, R R B 22 S LR M =, DA S
BRI B 5 W] e A By T A Rk 2 ] 8 7Y — 26 3%
oo JUIHETERLL AR O AR A B AN SE AT N AT
I 38 A8 Y 7T A RY AT A Bl T IR P i R A< %
JCRBIWAHEAE R AL, DX AN, 2T
THRIE-SGEF GG SOE-SOER S AR
B IRATCES I —LE I TAERT R IEIR 12447 R
R TEENS R AL E L TEATRRIT, R
SEAERIRI LA 1) 5 24P b SXOARAUHE XS FE A AL
() P AH B A FH A AR 3 SR AR S SEARA T A
RIS e 28] 5 1 DR B4 U0 O 1% i oy B U b #2 an
It

FEARSCPHE B Z 40, 5 A V2 HA
Jr B S HT A . BN, Teavalekos 251 i T
YERRAEAS—H2 . fBTAFHI A T RES A 5l
BRBEIIER  IE K T2 NTE NS5 (5{UT
PRST I A e SAEAH ) o A B SRR 58 IR L
W L S TE BN, 1 D) — S S E S AL B
R SR 1 2 4 07 B Rl AT 0 )
FEHE , A SO AR WA THE B 1 L0 J5 B 4l
DI TN G N RE R B NP SE )
L3800 ORI , AR SCAEAR A 4 1 R G L W
R P ER ARl 4R 2 23 [ R £ R
TE ] () S BRAR FAE P, A TE A 0 2 A0 AR T P 28
PG, anBR 2l A TR BRI B S S R R A 4R
BT EEMWIERZ,

S 3k

[1] SIMON BA, KACZKA DW, BANKIER AA, et al. What can
computed tomography and magnetic resonance imaging tell
us about ventilation? [J]. J Appl Physiol, 2012, 113(4) .
647-657.

[2] LOTVALL J, AKDIS CA, BACHARIER LB, et al. Asthma



ML EnEEBUESERFPSEEENENNERERRR TR
DENG Lin-hong. Recent advances in modeling of airway mechanical behaviors in association
with airway constrictions in asthma 353

(3]

[4]

[5]

(6]

(7]

(8]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

endotypes: A new approach to classification of disease en-
tities within the asthma syndrome [J]. J Allergy Clin Immu-
nol, 2011, 127(2) : 355-360.

OLIVER MN, FABRY B, MARINKOVIC A, et al. Airway
hyperresponsiveness, remodeling, and smooth muscle
mass: Right answer, wrong reason? [J].
Cell Mol Biol, 2007, 37(3) : 264-272.
LAVOIE TL, DOWELL ML, LAKSER OJ, et al. Disrupting
actin-myosin-actin connectivity in airway smooth muscle as

Proc Am Thorac Soc, 2009,

Am J Respir

a treatment for asthma? [J].
6(3): 295-300.

KRISHNAN R, TREPAT X, NGUYEN TTB, et al. Airway
smooth muscle and bronchospasm: Fluctuating, fluidizing,
freezing [ J]. Respir Physiol Neurobiol, 2008, 163. 17-24.

TZENG YS, LUTCHEN K, ALBERT M. The difference in
ventilation heterogeneity between asthmatic and healthy
subjects quantified using hyperpolarized 3He MRI[J]. J
Appl Physiol, 2009, 106(3) : 813-822.

LAYACHI S, PORRA L, ALBU G, et al. Role of cellular ef-
fectors in the emergence of ventilation defects during aller-
gic bronchoconstriction [ J]. J Appl Physiol, 2013, 115
(7): 1057-1064.

VENEGAS JG, WINKLER T, MUSCH G, et al. Self-or-
ganized patchiness in asthma as a prelude to catastrophic
shifts [ J]. Nature, 2005, 434(7034) . 777-782.

PARE PD, MITZNER W. Airway-parenchymal interdepend-
ence [ J]. Compr Physiol, 2014, 2(3) . 1921-1935.

ELAD D, KAMM RD, SHAPIRO AH. Choking phenomena
in a lung-like model [J]. J Biomech Eng, 1987, 109(1):
1-9.

ELAD D, KAMM RD, SHAPIRO AH. Mathematical simula-
tion of forced expiration [ J]. J Appl Physiol, 1988, 65(1) :
14-25.

ELAD D, KAMM RD, SHAPIRO AH. Steady compressible
flow in collapsible tubes:. Application to forced expiration
[J]. J Fluid Mech 1989, 203 . 401-418.

ELAD D, KAMM RD. Parametric evaluation of forced expi-
ration using a numerical model [ J]. J Biomech Eng, 1989,
111(3) : 192-199.

WALL WA, RABCZUK T. Fluid-structure interaction in low-
er airways of CT-based lung geometries [J]. Int J Numer
Methods Fluids, 2008, 57(5) : 653-675.

BATES JHT. Lung mechanics: An inverse modeling ap-
proach [ M]. Cambridge: Cambridge University Press,
2009.

LAMBERT RK, WILSON TA, HYATT RE, et al. A compu-
tational model for expiratory flow [ J]. J Appl Physiol,
1982, 52(1) ; 44-56.

WILLIAM THORPE C, BATES JHT. Effect of stochastic

[18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

[30]

[31]

heterogeneity on lung impedance during acute bronchocon-
striction: A model analysis [ J]. J Appl Physiol, 1997, 82
(5): 1616-1625.

HARVEY BC, PARAMESWARAN H, LUTCHEN KR. Can
breathing-like pressure oscillations reverse or prevent nar-
rowing of small intact airways? [J]. J Appl Physiol, 2015,
119(1) . 47-54.

LATOURELLE J, FABRY B, FREDBERG JJ. Dynamic
equilibration of airway smooth muscle contraction during
physiological loading [ J]. J Appl Physiol, 2002, 92(2).
771-779.

HIORNS JE, JENSEN OE, BROOK BS. Nonlinear compli-
ance modulates dynamic bronchoconstriction in a multiscale
airway model [J]. Biophys J, 2014, 107(12) : 3021-3033.
BROOK BS, PEEL SE, HALL IP, et al. A biomechanical
model of agonist-initiated contraction in the asthmatic air-
way [J]. Respir Physiol Neurobiol, 2010, 170(1) ; 44-58.
LAMBERT RK, CODD SL, ALLEY MR, et al. Physical de-
terminants of bronchial mucosal folding [ J]. J Appl Physi-
ol, 1994, 77(3) ; 1206-1216.

WIGGS BR, HROUSIS CA, DRAZEN JM, et al. On the
mechanism of mucosal folding in normal and asthmatic air-
ways [J]. J Appl Physiol, 1997, 83(6) . 1814-1821.
ANAF|I RC, WILSON TA. Airway stability and heterogenei-
ty in the constricted lung [ J]. J Appl Physiol, 2001, 91
(3): 1185-1192.

AFFONCE DA, LUTCHEN KR. New perspectives on the
mechanical basis for airway hyperreactivity and airway hy-
persensitivity in asthma [J]. J Appl Physiol, 2006, 101
(6): 1710-1719.

DONOVAN GM, SNEYD J, TAWHAI MH. The importance
of synergy between deep inspirations and fluidization in re-
versing airway closure [ J]. PLoS One, 2011, 7 (11);.
€438552.

POLITI AZ, DONOVAN GM, TAWHAI MH, et al. A multi-
scale, spatially distributed model of asthmatic airway hyper-
responsiveness [ J]. J Theor Biol, 2010, 266(4) : 614-624.
DONOVAN GM, KRITTER T. Spatial pattern formation in
the lung [J]. J Math Biol, 2015, 70(5) : 1119-1149.
BATES JHT. A recruitment model of quasi-linear powerlaw
stress adaptation in lung tissue [ J].
2007, 35(7): 1165-1174.

BATES JHT, BULLIMORE SR, POLITI AZ, et al. Transi-
ent oscillatory forcelength behavior of activated airway

Ann Biomed Eng,

smooth muscle [J]. Am J Physiol Lung Cell Mol Physiol,
2009, 297(2) . L362-L372.

BATES JHT, MA B. A progressive rupture model of soft
tissue stress relaxation [ J]. Ann Biomed Eng, 2013, 41

(6): 1129-1138.



EREMNE £31% F4H 201658A

354 Journal of Medical Biomechanics, Vol. 31 No.4, Aug. 2016

[32] HUXLEY AF. Muscle structure and theories of contraction [J]. J Appl Physiol, 2010, 109(2) ; 295-304.

[J]. Prog Biophys Biophys Chem, 1957, 7. 255-318. [47] NOBLE PB, JONES RL, NEEDI ET, et al. Responsive-

[33] HAI CM, MURPHY RA. Cross-bridge phosphorylation and ness of the human airway in vitro during deep inspiration
regulation of latch state in smooth muscle [ J]. Am J Phys- and tidal oscillation [J]. J Appl Physiol, 2011, 110(6):
iol Cell Physiol, 1988, 254(1) . C99-C106. 1510-1518.

[34] MIJAILOVICH SM, BUTLER JP, FREDBERG JJ. Per- [48] DOWIE J, ANSELL TK, NOBLE PB, et al. Airway compli-
turbed equilibria of myosin binding in airway smooth mus- ance and dynamics explain the apparent discrepancy in
cle. Bond-length distributions, mechanics, and atp metab- length adaptation between intact airways and smooth mus-
olism [J]. Biophys J, 2000, 79(5) : 2667-2681. cle strips [ J]. Respir Physiol Neurobiol, 2016, 220 25-32.

[35] WANG I, POLITI AZ, TANIA N, et al. A mathematical [49] ANSELL TK, MCFAWN PK, MCLAUGHLIN RA, et al.
model of airway and pulmonary arteriole smooth muscle Does smooth muscle in an intact airway undergo length ad-
[J]. Biophys J, 2008, 94(2) : 2053-2064. aptation during a sustained change in transmural pressure?

[36] DONOVAN GM. Modelling airway smooth muscle passive [J]. J Appl Physiol, 2015, 118(5) : 533-543.
length adaptation via thick filament length distributions [ J]. [50] STEWART PS, JENSEN OE. Patterns of recruitment and
J Theor Biol, 2013, 333(29) . 102-108. injury in a heterogeneous airway network model [J]. J R

[37] BROOK BS. Emergence of airway smooth muscle me- Soc Interf, 2015, 12(111) : 20150523.
chanical behavior through dynamic reorganization of con- [51] HORSFIELD K, DART G, OLSON DE, et al. Models of
tractile units and force transmission pathways [J]. J Appl the human bronchial tree [ J]. J Appl Physiol, 1971, 31
Physiol, 2014, 116(8) : 980-997. (2):207-217.

[38] BATES JHT. Modeling the impairment of airway smooth [52] LEARY D, WINKLER T, BRAUNE A, et al. Effects of air-
muscle force by stretch [ J]. J Appl Physiol, 2015, 118 way tree asymmetry on the emergence and spatial persist-
(6): 684-691. ence of ventilation defects [ J]. J Appl Physiol, 2014, 117

[39] LAI-FOOK SJ. A continuum mechanics analysis of pulmo- (4): 353-362.
nary vascular interdependence in isolated dog lobes [J]. J [53] GOLNABI AH, SCOTT HARRIS R, VENEGAS JG, et al.
Appl Physiol, 1979, 46(3) : 419-429. Deep inspiration and the emergence of ventilation defects

[40] BREEN BJ, DONOVAN GM, SNEYD J, et al. Quantifying during bronchoconstriction; A computational study [ J].
parenchymal tethering in a finite element simulation of a hu- PloS One, 2014, 9(11) ; el12443.
man lung slice under bronchoconstriction [ J]. Respir [54] WINKLER T, VENEGAS JG. Complex airway behavior
Physiol Neurobiol, 2012, 183(2) : 85-90. and paradoxical responses to bronchoprovocation [J]. J

[41] Ma B, BREEN B, BATES JH. Influence of parenchymal Appl Physiol, 2007, 103(2) : 655-663.
heterogeneity on airway-parenchymal interdependence [55] WINKLER T, VENEGAS JG, HARRIS RS. Mathematical
[J]. Respir Physiol Neurobiol, 2013, 188(2) : 94-101. modeling of ventilation defects in asthma [ J]. Drug Discov

[42] Ma B, SANDERSON M, BATES JH. Airway-parenchymal Today Dis Models, 2015, 15: 3-8.
interdependence in the lung slice [ J]. Respir Physiol Neu- [56] WONGVIRIYAWONG C, WINKLER T, HARRIS RS, et al.
robiol, 2013, 185(2): 211-216. Dynamics of tidal volume and ventilation heterogeneity un-

[43] MA B, SMITH BJ, BATES JH. Resistance to alveolar der pressure-controlled ventilation during bronchoconstric-
shape change limits range of force propagation in lung pa- tion; A simulation study [J]. J Appl Physiol, 2010, 109
renchyma [ J]. Respir Physiol Neurobiol, 2015, 211, 22- (4): 1211-1218.

28. [57] NAVAJAS D, FARRE R, ROTGER M. Respiratory imped-

[44] BERGER L, BORDAS R, BURROWES K, et al. A poro- ance [ M]//Pulmonary function in mechanically ventilated
elastic model coupled to a fluid network with applications in patients. London: Springer, 1991 99-113.
lung modelling [ J]. Int J Numer Methods Biomed Eng, [58] LUTCHEN KR, GILLIS H. Relationship between heteroge-
2016, 32(1): 1-17. neous changes in airway morphometry and lung resistance

[45] SUKI B, MAJUMDAR A, Nugent MA, et al. In silico mod- and elastance [J]. J Appl Physiol, 1997, 83 (4). 1192-
eling of interstitial lung mechanics: implications for disease 1201.
development and repair [ J]. Drug Discov Today Dis Mod- [59] HEDGES KL, CLARK AR, TAWHAI MH. Comparison of
els, 2007, 4(3) : 139-145. generic and subject-specific models for simulation of pulmo-

[46] LAPRAD AS, SZABO TL, SUKI B, et al. Tidal stretches nary perfusion and forced expiration [ J]. Interf Focus,

do not modulate responsiveness of intact airways in vitro

2015, 5(2) : 20140090.



ML EnEEBUESERFPSEEENENNERERRR TR
DENG Lin-hong. Recent advances in modeling of airway mechanical behaviors in association
with airway constrictions in asthma 355

[60]

[61]

[62]

[63]

[64]

MITCHELL JH, HOFFMAN EA, TAWHAI MH. Relating in-
dices of inert gas washout to localised bronchoconstriction
[J]. Respir Physiol Neurobiol, 2012, 183(2) ; 224-233.
DHARMAKUMARA M, KIM PRISK G, ROYCE SG, et al.
The effect of gas exchange on multiple-breath nitrogen
washout measures of ventilation inhomogeneity in the
mouse [J]. J Appl Physiol, 2014, 117(9) ; 1049-1054.
WHITELEY JP, GAVAGHAN DJ, HAHN CEW. A mathe-
matical evaluation of the multiple breath nitrogen washout
(MBNW) technique and the multiple inert gas elimination
technique (MIGET) [J]. J Theor Biol, 1998, 194 (4) .
517-539.

LEARY D, BHATAWADEKAR SA, PARRAGA G, et al.
Modeling stochastic and spatial heterogeneity in a human
airway tree to determine variation in respiratory system re-
sistance [J]. J Appl Physiol, 2012, 112(1) . 167-175.
BHATAWADEKAR SA, LEARY D, MAKSYM GN. Model-
ling resistance and reactance with heterogeneous airway
narrowing in mild to severe asthma 1 [J]. Can J Physiol
Pharmacol, 2015, 93(3) : 207-214.

TGAVALEKOS NT, TAWHAI M, SCOTT HARRIS R,

et al. Identifying airways responsible for heterogeneous

[66]

[69]

ventilation and mechanical dysfunction in asthma. An im-
age functional modeling approach [ J]. J Appl Physiol,
2005, 99(6) : 2388-2397.

COMERFORD A, FORSTER C, WALL WA. Structured
tree impedance outflow boundary conditions for 3D lung
simulations [J]. J Biomech Eng, 2010, 132(8) : 179-189.
WALL WA, WIECHERT L, COMERFORD A, et al. To-
wards a comprehensive computational model for the respir-
atory system [J].
2010, 26(7) : 807-827.

SNEYD J, CAO P, TAN X, et al. Mathematical modeling

of calcium dynamics in airway smooth muscle cells [ M]//

Int J Numer Methods Biomed Eng,

Calcium signaling in airway smooth muscle cells. London:
Springer, 2014 . 341-357.

CAO P, DONOVAN G, FALCKE M, et al. A stochastic
model of calcium puffs based on single-channel data [ J].
Biophys J, 2013, 105(5) : 1133-1142.

CAO P, TAN X, DONOVAN G, et al. A deterministic mod-
el predicts the properties of stochastic calcium oscillations
in airway smooth muscle cells [ J]. PLoS Comput Biol,
2014, 10(8) : el003783.





