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Abstract

To study the possibility of resonance between three types of mitral valve stents with different
structures and the heart after transcatheter mitral valve replacement (TMVR), so as to provide
theoretical basis for the design and optimization of mitral valve stents. The finite element models
of three types of mitral valve stents and the heart were established. The modal analysis of mitral
valve stent models, cardiac model and stent-cardiac models were completed in the heartbeat cycle,
and the 1st to 10th order natural frequencies of each model were compared and analyzed. In the
heartbeat cycle, the first six natural frequencies of the three types of mitral valve stent models are
all between 1~1.6 Hz, while the range of human heart beat frequency is 1~1.66 Hz. The 9th and
10th natural frequencies of the cardiac model are about 606 Hz and 844 Hz, the 9th and 10th nat-
ural frequencies of the type II stent-cardiac model are about 605 Hz and 658 Hz, and the 9th and
10th natural frequencies of the type III stent-cardiac model are about 463 Hz and 464 Hz. The re-
sults show that, in the early stage after TMVR, cardiac beating as an incentive can easily cause the
resonance between the stents and the heart, and then lead to cardiac fibrillation. In the long term
after TMVR, compared with the cardiac model, the natural frequency of the stent-cardiac model is
lower, and patients are more likely to encounter similar frequency external excitation in daily life,
which leads to the resonance between the stent-heart and the external excitation. Among the
three types of stents with different structures, the stability of open-loop stents is lower than that
of closed-loop stents, and the more open-loop stents are, the worse the stability of stents is.
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EAAS Y VAR R0 LRI = d= ol T = S Rl S 4 13 B 1 O 5 W = i b R ot o 11 R S [ M e
[1]. 2R3 S (Mitral Regurgitation, MR)rEHi”%UbE’J COFIR R, AP 5K 22O G e S &
FH MR [1]. MR 7EEEANFEF IR PRI 2%, FHREEFRIIEKT A&, £ 75 & UL E2F AFFhiA
10% [1]. £ 5% — R IE B R (Transcatheter Mitral Valve Replacement, TMVR) 2 —Fi = A\ /N
ATAR, Bl BEk s RIER, R IS RIE E AR IFE 2 0 TR R 2],
O 5 B (Atrial Fibrillation, AF)%%%”LE’J!U@‘%% [3], i TMVR RJ& AF FIRAEZETF R 44% [4].
AF 2I1E MR, A K& MAE[5]. Nazmi S5538 581, ONE N #5 OILEHH R 5 e S H X LG5 2
7P AF R JEERI6], AEABATTA TS RS 2RI S AN O IR B (52 o Taishi S22 F -, AF1E RIS
F5 BRI AF, SRR E AR A LG, SR AR 525 100 35 A0 T SR M A o 1 XU T R [ 7]
KRB A E, GG IRENENE AR, RO RSB — MU, PRI RIS EN “ 8%
B ENGOEG, S SOEERIT S B0 BRI T RENE . AR A BR TG B A A 53 53l %o AHFF 58 AH B
FIFTIR () Z 2RI SCHAEAY | O AR RIS SR — O IR A AR R AT RS 07, LI = P R (1 [l A A 2
O JIEF B AR E AN BURAZE 1 RN, I O S 48 50 IE SRR AT Re 1, S 2RI Bt A AL
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Figure 1. Three types of mitral valve stents with different structures
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Figure 2. Simplified cardiac model
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Table 1. Size parameters of three types of mitral valve stent models

T L DM RSRREIRT S

SCHRERAL IR
HERKEA 40 mm
SR EAA R EAR 28 mm
TH R 24 mm
R RE R 0.6 mm
SCHRLLRT 0.5 mm
JTCHAR 1Y s 18 42 0.2 mm
JNESMT 1 B2 30°
S F 10 1 % 12
Table 2. Material properties of NiTi, cardiac muscle and vascular
= 2. NiTi, (DA E AP R
FRHRE ZH PR M ZH
NiTi HEEANITEN ) o5 » MPa 400
I py o glom? 6.45 HIRFALE RN S 05, MPa 310
B G BPEBIR E, , MPa 78,333 MR\ ET,, C 37
WAL v, 0.3 DAL
O [CARsPEBR E, , MPa 32,253 I p,» glem? 1.12
R v, 0.3 B 4, , MPa 35,714
AR & 0.05 THRAL v, 0.4
AT IR 7 o » MPa 510 I
BN RN S oF , MPa 580 L p,» glem? 1.06
HEENTFIEN T o), MPa 250 BYYIRLE 4, , kPa 87.91
AR S 05 » MPa 195 THIA v, 0.49

22. &%

Vg BR 2 AR NITi, NITH R REZ 50 52 BR NITi 22 B0l 5E 4G BR o4 4 v, 3l i Auricchio
$ A BB AR RORAEII NITi AR A IR VAT O, BRI HOE IR 2 [14]. BBCC LI E Y
etk BIURINERIAORE, By BBl LA LA A 3 4%, A Neo-Hookean i itk A4 77 20T 1ML 4
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BEATHIR, FLRAZRE TR N[15]:

_ _ i el 2

U—%“1$+Q“ 1) (1)
R U BB SHEBION AR I R | RNEARE R, Cofl Dy R EIEGEHESH, Bif
FAEE v RIBTUIAS & oo THELTI H -

H, 2 3K,/ —2
Cloz_o; D=—:; vg= 0/ 0

P Vg = 2
2 K, 6K,/ 1ty +2 @

AUV R S50 WL 2 [16] [17].
3. AR FHMARE T
3.1 XERBRBERMERSH

TMVR RJ5 2 A, CIEN 7 ENBABLE, SCAPPRIRR I 1 P BRI 2 (8 S8 5 Do LA 2
IFi 5 [18] (HAE A A TE AT, AL S OMEATICAMAL o 43 M TR B ST QRS (g [ A 4303, W] DAY A7 T3
M TMVR ARJ5 ], i3OI 3h 51 SRS 0 IESE R AT REVE . 5 AR [ A A 7, BE 52
SR TEAR B T T (4 ) ) A [ 288, B R SOORB S ML 5l e RIS, WL A A 5F RS2,
T LA S 2403 T Tt 0 J) ) 259 53 1) PA) ) P 5t B 8 o S AL T 5

3.2. L AEREIE B 4

OIS AT 23 9 =AY O ] O S AN A BT TR AR JIE AR T [ A AR S A
LR I i D BT RS , IFBUE H B R A s s = AN A DO R 1 L, R
B MT 7y N =R 53, 0 A DY 5 = A R T O s o, = IR S0 A DU s 2 - B I SR B 3 s [19]

3.3 XF - LB REERHRSH

BN EATERE, SCRG O HEM LI E o 3 HT TSSO - 0 IR B R B [ A A, LU i
TMVR AJa iz 5248 50 BT B0 5 IR AT TR Qi 3 Fron, 2 2RI SCAEN LI
Je s HAREER M5 SR AR A 58 OE AL AN ERRAE, B b SZZRS2 0 B B M 1) T e o JTUHE R R S 1k
FERAL, Bribsefgsz o =gisimE Bt . SORTERE T A=W, HEEE ARz 20 = N
BEMIBT . PTCAESCR - Do IF B R B A IR Mk, 98522 5 IR BlUE SO N HAR# 1
DU A LR, BRSO Sl 20 AE g Lo ] R A D BT A RS, R8I0 e m A% R =1
I 30 A D Js = S i S 00, A A AR e e 7 9 = 800, 20 o D s 4 PR S T e o s 54

Table 3. Pressure in each chamber during three periods of heartbeat (unit: MPa)

F 3 LB =R IR EAEE(RAI: MPa)

A0 5 HLE Tl 5 FlyE
O US4 41 -660 -260 -1300 -800
O 2 US4 ) 0 -2600 -530 -16,000
A0 EF KA 0 -260 -530 -800
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Figure 3. Schematic diagram of boundary conditions and constraint loads
3. MAEMHRARBEREE

4. BRITOIER
4.1 ZEERERMRSIER

TEAT— O WEAE Bh I 22 O SR TR SR IR R, | BUSCARIEE 1 [ SR 2408 1 Hz, 1~6 frfElA
PR IK NG, 56 6 WA A2 1.6 Hzo MBASE 7 BYET, | BSR4 A= PR3 n 22 4 480 Hz.
R SCHR ) 1~8 I [E G AR 5 | RSB0, 5 1 SO 2R 28 9 B FIER 10 B [ AR 25404 600 Hz, i
AN BISE AR NN BYSE AR 1~10 [ [E G AR 3 5 RS AR o [ AR S B R AE AN R O I S Bl B B ) 47
FLAE R E . =P TS 2R A1 1~10 B [EAG PRAETE AR 4, Forb 1 Y OB R AE O S US4 A T
REAIFAL) AT 1) 1~6 B[ A S = B 1 4 fos .

Table 4. 1~10 order natural frequencies of three mitral valve stent models in different periods of heartbeat (unit: Hz)

=4 ZH TR RERE D IEE T R ATERRY 1~10 MME A ER(BAL: Hz)

1By 2 By 3B 4By 5B 6 By 7By 8 By 9 B 10 By

| 7 1.06 1.06 1.13 1.44 1.57 1.58  480.09 480.17 73579 735.96
LAY A 107 1.07 1.14 1.45 1.58 1.58  477.13 477.47 599.44 599.59
nm# 107 1.07 1.15 1.45 1.58 1.58  447.17 473.07 496.12 559.83
| & 0.96 1.12 1.23 1.39 1.56 1.65  480.02 480.11 73577 735.94
OEWAE N 0.91 0.91 1.15 1.20 1.45 145 47752 47739 599.42 599.57
m# o091 0.91 1.14 1.20 1.45 145 44757 47298 496.11 559.80
| & 1.06 1.06 1.13 1.44 1.57 158  480.09 480.17 73579 735.96
LERE A 1.07 1.07 1.14 1.45 1.58 158 47713 477.47 599.44 599.59

1]t 1.07 1.07 1.15 1.45 1.58 158  447.17 473.07 496.12 559.83
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Total Deformation 1 Total Deformation 2 Total Deformation 3
Frequency : 0.91783Hz Frequency : 0.91784Hz Frequency : 1.1477Hz
27.702 Max 27.702 Max 23.650 Max
24,542 24,544 23.643
22.435 22438 23.638
20.328 20.333 23.633
18.221 Min 18.227 Min 23.628 Min
Total Deformation 4 Total Deformation 5 Total Deformation 6
Frequency : 1.2024Hz Frequency : 1.4518Hz Frequency : 1.4518Hz
33.034 Max 48.445Max 48.445Max
29.373 37.780 37.772
26.932 27.115 27.098
24.492 16.451 16.425
22.051 Min 0.45377Min 0.41481 Min

Figure 4. 1~6 order natural frequencies cloud map of type Il stent model in ventricular systolic prestress and constraint

B 4. 1N B RO EWSRITAN DL R T 1~6 MEIAMEZE

4.2. 1LEERBIE /IR SR

FEAE—Co AN A, O IR [R] — B S0 ] A AR 34l o B O Ui AP, LoDk 1~10 By [
AR LRI K, 5 1M EAMEN 1.53 Hz, 52 M EASIFE N 13.29 Hz, 45 10 i EA =%
N 844.33 Hz. TE.0 =R AN A OEFsK A, (O IE 1~10 [ A 4505 10 39 K 3R i i 500 133 UL 4
HIAHIE, 25 1 B EA R 55008 1.41 Hz A1 1.52 Hz, 25 2 B [EA 5 2508 13.11 Hz 1 13.27 Hz, %5 10
W [ AT 43 1) g 844.38 Hz I 844.34 Hzo /U IFBLALTE A [ 48 20 iy I 15 B 45 R Z2 B EL A O IEARE 2R 11
1~10 My [EA VPERTE WA 5. IGPRAFFURI, A4 IR R A SR 40 2~17 Hz, R4 RS
ZHHTF

Table 5. 1~10 order natural frequencies of cardiac model in different periods of heartbeat (unit: Hz)

= 5. LIEREE ORISR B RTHARY 1~10 MYEI AR (RAL: Hz)

1By 2 By 3B 4 [y 5 By 6 Bir 7B 8 By 9 B 10 Hy

L EWER 153 13.29 17.52 46.72 89.78 19445 302.11 47043 606.02  844.33
DEIRGHH 141 13.11 17.47 46.55 89.63 19423 301.79 470.13 606.04  844.38

ORI 1.52 13.27 17.51 46.71 89.77 19442 30248 470.71 606.02  844.34

43. X8 - LEBEEEES S AR
43135 - DIRRGERBNEHER

SR AN IER , BB ORI W A . LRSI, fot s
PR PR S, S22 TP 7. LIRS |7 1 AT 110 RS 3 B (0 K Mises B85534 3.12 Mipa.
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3.56 Mpa i1 3.79 Mpa., J4J32t/NF NITH HIFFIR Ay o = F S SRR {7 g of (X B8 22 5 A
AL, e OAPRENN, FEA R A1, BT HEOEd. (ElGARRI, T
SRS ALY 5 ST R

43.2. TR - DIEBHFERERMESTER

TEAT— 0 NEFGZN T I, = FP S48 - OB R R A AT 10 B [ A AR 5 R HE B K s, Hp =
I 1~8 B[ SR R . AR O AR, MRS 1 B [ A A2y 1.583 Hz, 2R 2 B [ A0
RLIN 13 Hz, 55 8 MBI MRL N 456 Hzo 760 = IR AR 4O 8Tk, =R 1~8 B [543
RIS AN IG KR 2 5 O i AR, 58 1 B[ A AR 3 0 200 1.41 Hz F1 1.52 Hz, 2% 2 By[El
A5y A1 2975 13.09 Hz F1 13.26 Hz, 27 8 B[ SiA 414079 456 Hz. £ =AW, 11 BUS040 - WO lF %
RIS 9 B IE A A e /N T | BUA 1 B, 2909 463 Hz, i | Z4F0 11 B S48 - OB AY (1) 56 9
Mrfzir, ¥9%975 605 Hzo — P BL 58 10 B [EA M 22 R s, =N HF i | BRSO - O B AR A
Y1219 819 Hz, 11 B0 48 — O RAR AR AL IS 241 )y 658 Hz, 111 Y57 48 — i B4R AR AL 24120 )y 465 Hz., &)
SCHE - U I EE RS R AE AN [ Co i A 0 I 1A ) 47 B85 R 22 BE LA . =S 38 - O IR AR RS () 1~10 B [
PERTE L 6,

Table 6. 1~10 order natural frequencies of stent-cardiac models in different periods of heartbeat (unit: Hz)

6. AR - DB EREE DI R AN 1~10 MEBSRR (B Hz)

1M 2 3 4 5 [ 6 I 7Hr 8 i 9fr  10M

| 7 153 1327 1750 4671 89.61 18219 297.72 456.19 60578 819.61

CEWAE Y 153 1327 1750 4671 89.61 182.18 297.74 456.17 605.39 658.13
m# 153 1327 1751 4671 89.61 18219 297.70 45591 463.15 464.97

| 7 140  13.08 17.46 4653  89.47 18218 297.82 456.32 605.76 819.61

OEIRGEH 1A 141  13.09 1746 4653 8948 18217 29757 45598 605.52 658.87
m# 141 1309 1746 4654 89.48 18217 297.75 45599 46324 465.05

| 7 152 1325 1749 4669 89.61 18218 297.72 456.18 60578 819.61

LA A 153 1326 17.49 46,69 89.61 182.19 297.72 456.17 605.39 658.13

(1] iz 1.52 13.26 1750  46.69 89.61 18219 297.71 455.93 463.15 464.97

5. GRS ITe

NE O E L) 1~1.66 Hz, X 54 3 = AN Co I I b =Fh S 4R 1) 1~6 B [l A7 451
T, XU TMVR ARJEIH, O HERIENE R — R, 5 518 =IO SR 5 ORI R, 3555
B, Karamitsos 4522 &, JRAE SRR HBOARE T TMVR 83 BAER G 24 /N ETRILR,
PR S LB JRAEA RS A2 [20] 1K AT B A S AR5 B SN0 sah A R L AR B e i 7= A 1 o B
ISO 2631 f5iH, X THERARE, <iff. &FIEAIETEIAETH B A A AE 456 Hz LUR, I 8870 5 B8
& B AE N ANE T 0.5 Hzo G AW FEE R, U] TMVR ARSI, (AR A AT Be 2 SEm B
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Wk 5 s, 1 AR T RSB AR S 9 By 5 10 Br A AR N T L RS, IR IS4
RIS RIE DAY, SBOLREEIRT MM SO, TP, SORREMEMZE, X5 Carnelli %5
FH AR 8K [21] 0 FESC - ORI R Sy A 0, BN JE =Rl ORI K Mises 1V
/N NITRRHVF IR 77, ] = SRR B30 A2 O A Bl R IR 0 A PEREZE R . =R SCARANC A
RFIRIBT A IR, SO IR ma 0. BE LA SO In, AT IR Y Y [ A A
SO - O EEBARBIR G A RN, BT oM, T EH AR Xt B R SO AR E
RT PRSI . RIS BT WA R, M5 RE SO Sy 454 O JIE S B A5 AT RT 388 L PR A
PRI, AR ) T R AL B A1, DATSCAR S AR A [ A A0 T AN BE 4 5 A1 S SR A

B SOOI AN BAL I SE R, SCRS DRy — 4K, 5B A IR 2 B, SBE e H R R
HH R Dy 38 BAHIL AR A SN, SO - DR S AN e AR SR . PTEL TMVR AR5z, &
BN LI TR AE P A R i, 8 G P IR SO SR SR - R A IR

e Ui
1000 hd 2
800 . A R
- R AT
goo | | 700 AN J
» .
~ 600 S RN g,
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Figure 5. 1~10 order natural frequencies increasing curves of three types
of stent models and cardiac model

Bl 5. =S ZARBIFLOAEIREIEY 1~10 MY Bl B SnR b8 2k
6. B

ASCTE T AT FORH R TR 8 SR SC AR L Lo JIEASE TR AN S 58 — oo JIRE B A AR O 7 #
RO BRI P8 B0 AE —Fhial,  MHUBE IR IR T RIS E DN “ 8l D EIE, SCR5 0
HESCAIR T B B AT REdE . A ST FL 45 RAR

1) AN EE SRS SRRRB B R ET . /£ TMVR REHI, O IRy — s,
55 RSO 5 IR SR, TR EL B

2) /£ TMVR Rjaat], W RACTERE, SCEE - O BRI A i [ A7 4505 /T B0 I R 0T N Ff 4
IR A, AR H W ARG v 3 G B B R A SN ERURh, R - DRSS R A
ko

3) PSR E AR T HIASCIE, TP, etz . SCORIBETH NS 8 B Sty AT
LB AN BU AN, PEA S5 (S5 A o)A, DA SR SCAR I [ A3 < 10 MR s 5 40 Bl 3 45
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