et A sl =5 B A, Al 35A Al 11 &, pp. 1205~1211, 2011 1205

<stsx=&> DOI http:/dx.doi.org/10.3795/KSME-B.2011.35.11.1205 ISSN 12264881
5l LS 93 2 9 7)o
D7) QAR BAS N AURZPAE Az )e) AL

* RS A - AAERY 2T ST e FAS S5 9l e FATS 7] A 9§ o}

Development of a Pacemaker with a Ventricular Assist Device for End-Stage
Heart Failure Patients

Yoo Seok Kim", Sung Min Park”" and Seong Wook Choi™" '

* Dept. of Mechanical and Mechatronics Engineering, Kangwon Nat’l Univ.,
** School of Medicine, Kangwon Nat’l Univ.,
*** Dept. of Mechanical and Biomedical Engineering, Kangwon Nat’l Univ.
/ Medical & Bio-Material Research Center, Kangwon Nat’l Univ

(Received April 28, 2011 ; Revised August 18, 2011 ; Accepted August 29, 2011)

Key Words : Pacemaker(%] B35 7]), Ventricular Assist Device(VAD 412 X 274 4]), Cannula Electrode( =7 =),
Electrical Therapy(# 7] %] 5.)

re
M
e
rlo

=]
N

>

NS gkxo] AESY A RENE SUATI] s AdRGAE ARteaT]e]
oh AR 2GRS o2 uke Shal= Rywo] WIS JeAS 3 ° )
S3to =y FFHo AT AL FANOR Qg V]9 &S dsith ARtEgY]
S AAEGA Y s o] &ate] AFEHG oM, M AARIGA O wEyto] At

Al Ao] ARl =@y $HA oA FT) ARFES7]E 0 bpm oA HE 1914 bpm 7HA] A= 3
°om, 60 bpm 9] W2 2o 7hske] A ] 025 J o o|UA| 7} Ao rbdt) Al B zARE Adtxrg7]
o] A5 S AT fste] HAE o8 TEATS AT AR EES A 864

bpm, 126.6bpm & A2 =21A 07 7Fslal ECG B tismEgte] Wl e dR72S #Eskqn

Abstract: In this paper, we developed a pacemaker that can increase the efficacy of a left ventricular assist device (LVAD)
and increase the survival rate for patients suffering end-stage heart failure. Because LVAD patients can experience arrhythmia,
the pacemaker incorporated into the LVAD has the important role of sustaining sufficient blood circulation during arrhythmia.
The electrode of the pacemaker is located at the apex of the left ventricle, where the VAD's inlet cannula is connected. This is
efficient placement, in that the electrode can transmit electrical stimulation directly to the Purkinje fibers of the myocardium.
The pacemaker can change the stimulation rate from 0 bpm to 191.4 bpm when a button is pressed on the external control
module, and the pacemaker normally stimulates the heart at 60 bpm with 0.25 J of energy. We performed animal experiments
to evaluate the performance and reliability of the combination of the LVAD and pacemaker. At pacemaker stimulation rates of
86.4 bpm, 100.2 bpm, 126.6 bpm, we recorded the ECGs, aortic pressures, and flow rates to analyze the heart loads.

oM E 9= At WA Bl AFAR B

AEES A7 BHeE Aol daaes Al

1.1 A5 ufd 2 =5 25k 414 B F 7] (VAD, Ventricular Assist Device)
Tulele] AFAE Fxe] = wd S 5 o] o] A& oAl EHAQA AT oy, 7]
ol% wola glow, Fo ARHeR EHL  AgAR Bl Ame BHAow o5 A
: o mad Zolea ot AAnzdAs
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(continuous flow VAD)®} Hhed AR ZAGA

(pulsatile VAD)Z 13 o] 7t} _ (Trnceted Spnasc Weviom)
ok, AHrERS7](Pacemaker)= AlFE 3 3 k h h
At ES rAAoE Aojtomy FAgu

gk vhEF Fos Hoser AR, | ==
5 A o

o gutdown 4

:
\\ Left Ventricle
w

-1 VAD+Pacemaker

FA4 (arrhythmia) 0] -2

o
WEoz Ao AEae . A9 Ao
Eako] AL HAue] B ohsgow 9

s
&

ol AAAQ i AE@Tol TN £ - Ventiicle
AN RS 9RT 49l B, 4

agel 2R &4 Aot A

Cannula 1|/ { Myocardium!

|~ Sn sheet
_electrode

oY ”Lead

71 el Fedo] dFdd
71Ee] AFelM = AvtEagTE ARz s
ZA)o] AFEEE o= A glEd], o]AL AAr Fig. 1 Diagram of VAD and pacemaker

A E AT W, Al A9 (bradycardia) ]

MEsh U A9 Ros wul(VT, Ventricle W 52 AAStaL ol Fste] Avtxas 9
Tachy-cardia), 4] 4|5 (VF, Ventricular Fibrillation)2] & AAEE AR 5 U=S S catheter
d%ol %7l WEd Ao muurh Agyy  clorode I ubHTF 2). ol 71Ee ol
Bkxlo] Fr|Aol BAWME Ax o] E7pA O g ArzE77F AWE Fote] AA WEE A
2 &4 " 9ol =, A AAs dn - = ol flske]l AstedRd F7HA) Aol
Fo] olTolA goEM tFd G f oo BolXw sl Ade drjdes SHel
wak 22 ooty AN ZEAAE AlLss Aoan 1 AAel UlY(endocardium)E  A=ahA] SaL,
Fapel Aol TUG wAW Z4S vpepd w,  Purkinje fiber Sb 71718 4782 Fmyocardium) &
oMo FR} QAN T o]t wWEFoy gz 0 ATTERA AT a8 wd 7 8l
7)1 Amulti organ failure) 02 R o] @y SHOL Atk wEA sl sy ng 4
Aol olzA = el ok wepq Aam  HHEE AS AVAS AUAR wE ASAS
=A%} e MES AANow FAY 9 AR AR F AR OB B AT A5A
CogMEgT)E B0 Al me gy g EO gloid TwE S e 2l sas A4
a4e] a7, # % sl Aol

AARzAAS AhzsrE 47 sgqer  © ATAIME dduzgAs A7) <ddd
Aol ol AeA B Ao FA= ol Aets] 9 =¥ (cannula)®] &5l A5 AHAAste] Aol
F7HA9 At o4 Al FRkel ol Washy M SHS Ve W A%z A9 A
HeE, 4anEgAs Anesst ggw 4 AEE A1MeR A e A2 ddw
e gue danzgAel Awel ey 4 TS AMEEIIG JlEEa, old A %
Aot olul Aade] AAFL SawuAs EESE AF BN/ Astd FRUGS 5
(inlet cannula electrode)< Fig. 1 ¥} o] A4l e
(myocardium)< & ¥stHA A FH A vFE = 2. M= L g
=r(inlet cannula electrode)> -5 ™ (aorta)d] & HH
S Eylay AE3sch wabd $as Al o) 2.1 =X = (Cannula Electrode)2| 7H gt
Fo Gao] HEHEE catheter o) EHO F4 dir o AHBEGA(L-VAD)= Hgel #
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Aol A3 F(apex)E = PH(cannula) &= 551
A UFe] dels AdREEA How FUT
T tiede] A28 s Foko] FYdE s
gste] whEshe A2E /T =adS2 A
Well o] A= Ay A Her shgs Fitol
o2 BAAGA s ARgSto]oprt s, A
ko] oo Fel & Bl R WA E fg A

A7F arefElojof gt} ool A AR AR C] =3
of A& AAsH7] 9t Fig. 2 ¢F #o] Zto]
}1\:1]":1’:}54"1:— /‘\:][/\15;] Al 7(—11'?40]] %/H ubq. (Sn sheet)**
Lo FAsta o]9f AAdH W7 EA(lead)] A
WxE7)1¢ dZHE= FHY =¥-d = (cannula
electrode)= A 235} th.

Eddse A daS AAEEGARE FY
71§38k 28Fr(9.3mm * 350 mm) =¥(Edwards
Lifescience Inc.)¥} AR XX ZHE dlsoz
NG vE3sl7] Y38 18 Fr(6.0mm * 200 mm) =3+
94 1}]‘1] J_TL%O]] /K]P‘(—]Q/] ZX] UJ T;HEU“ Q_TL]-Q/] %
Zlo] g WAE aete] A4 vkiE JAsha
ol AHx&7|eF Ad4sty
Askdet. o] wf AME x3FHsh
S Z17F 041Q7 038Q 0%

A e A 7 AgE 4
As T3] fIstod, %
AL3E AX 40 kg o F
Ne=s AA HAY /‘]Z]’O EE A ot A
&5 A B 27X (Stckert, Cobe inc., Germany)<}

Azto] 05L/min ¢ &% 2 S FFAZAT

o] uj, A& A-&H F=° AAS5AE Table
1 3 Zo =79 Ao AaEs =3 7] Al
2hE =R S-S ol&etal A Avtxsr] A
715 REd dAs o835kl AZsAT Fig. 3
7} o]l FYZ=F7 = (inlet cannula electrode)> =
Ao AA@pex)S AL AT F4 ulg
7 A2 92 AdE & a3 EHAT 1
== (inlet cannula electrode)> &2 9|5
& A F AdEa o] & SFEE AAHS A
A o)A AT AP ESY AA dHelHE 545t
7] #13ke] 2R}F7HA] %] (patient monitor, HR-500,
Fukudadenshi, Japan)& ©|-&3}o] = =]2] ECG & =
Atk Tk F 254 A (flowmeter, T106,
Transonic System Inc., USA)E ©|-&3}o = x| 474
S RHE AMEFES ST AAR A
°of #9 NI FZF SHES st FEFSH LA
(flowmeter, T109, Transonic System Inc., USA)7} A}-&-
A, T, HOlHEL FEAZE

11‘.

% o

0'{‘].

kg

i1t

BEFAE Avxzar]e] A 1207
Table 1 Animal (swine) characteristics
Central
Weight Sex Blood Vein Heart
Pressure Rate
Pressure
40Kg Male 48.6mmHg | 97mmHg |84bpm

¢ Apex cannula
* electrode

Fig. 2 Inlet cannula electrode(top), outlet cannula
electrode(middle), application of cannula
electrode for in-vivo experiment(bottom)

LabVIEW (National Instruments Inc., USA)$} o] E
A= DAQ device(Data Acquisition Device, NI
USB-6259, NI, USA)E &3le] PC 2 #H5H o] A
AEEE AE B4 LEE0)

AdEgo AFozHE AARZFAX7 0.5
L/min ¢ g5 5& shal Qe Tkl AlvEs
715 AEste] iAo 28 A5 S 7het
Q. AFe A ;j% o] Ao 139 Hz (364
bpmy), 2.11 Hz (126.6 bpm) 1.39 Hz (86.4 bpm), 1.67 Hz
(1002 bpm)®] =X & A o5 Jhakglal AlEke

-1>

EAIEE Z47E 2 & Ee SAs Y ArAES
7babA] & ABS- AdE=9 ”HL%)\(HR heart
rate)i= B 84 bpm o HLE=Z ¥ES fFAsta
AR, sl A FFAR S48 F+
48.6 mmHg 2 SAEJG. o Fg AEFS
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328 Lmin 02 Sk Auagrlel A0 Ee, 43S b g weh dlaste]

S8 A43g A4EhA e e AmEast §4 ECG AolA QRS THo] A7AZ o8 2 =

St 1.39 Hz (86.4 bpm)= A A3t =& 7135 & o7 Wolxx Aol BAEHYL o] &= Lo A

ECG % tie™ dgts ##d A, A=S 7het o] A (SA node)oll A A EH(AV node)=

A oee W wr AwEsn 2% Ased 87 AA AT AAZ AAGAE Bgde w

bpm o AuHESZ W] FT. =, Autegrle] Aol Aae] A Fauof

gomz AAd FEd o FEAsle] HEst

Table 2 Results of pacing electrical stimulations. ot EelM A= AL & 2k el e
e o] wapo] w2 ERtA B lolth

Pacemake(Hz) 0 1.39 2.11 1.39 1.67 OJF/H Al X]—g] Alﬂ_ll— B y_q. 150% /\l{;/\] 71

= udl = Alglz g
HR(bpm) 84 864 | 1266 | 864 | 1002 2.11 Hz (126.6 bpm)] A= Wl Amrd 47

NIBP(mmHg) | 48.6 56.6 53.6 58.4 58.2

—— Aartic Pressure

VAD 1053 | 056 | 057 | 057 | 0.58 MWMMWWJ\M%%T\& =R

flow(L/min)

] -

ST, S (S, S 8 S S A U L S ﬂ./"ll e _.r.-'lll 1
CO (L/min) 3.28 2.86 2.36 2.78 2.53 "‘[r /“‘ LA AT L u"'i’/'—f\( LA LA LA LII W --‘(‘ U

o 2 4 [ 8 e 10
T'ime (sec)

—— Anttic Pra
——ECG

NANANAR AN AW wummj\_mw\mm q

-

Aorta canMullanes™ ]ur mr“»v!*m b L,i /ul r L“l o .,1[ | T

welectrode

o 2 4 6 a

Time (sec)

10

—— Aorbc Préssure
-ECG

W 'iw""y»u[hﬂl\-hwhwhf "'-\JLWN\M%P\J AVATAN) "MMWJL WANNS

A ¥ "..-'-IHL""IF.I;"Lliff“--"l)i"I'r | ¥ ‘l_!.‘n"'l'u_, V““tb-qrpr'-" -{/\ ‘.lly/ L| :I"L‘[j I/1I. ! vJ'.I JF'-‘Jl_ )1“"1”."'[_1{‘»' N '/‘J'hlr/"i
B |11 I

2 4 ] B

Time (sec)

Fig. 5 ECG and aortic pressure when pacemaker
Fig. 3 In-vivo experiment of VAD pacemaker stimulus  with  1.39Hz(top), 1.67Hz(middle),
2.11Hz(bottom)

40+ __IHeart Load (Joullmin)
31.21 [ Pump Load {Joul/min)
i (100%) 23 54 2754 97 5 284
= : :
.E 304 (100%) {(100%) (100%) (100%)
=5
3 31.21
= 204 |(100%)
=
(1]
(=]
. |
= 104
o
2
0 ; MR St o . |
0.0 0.5 1.0 1.5 2.0

Pump Flow (L/min)

. ) ) Fig. 6 Compared the loads of VAD and heart when
Fig. 4 ECG and aortic pressure measured by patient changed VAD’s circulation volume 0.5 L/min to
monitor(HR-500, Fukudadenshi, Japan) 2.0 L/min
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Table 3 Total Loads, Pump Loads and NH(Native Heart)
Loads with increased pacemaker’s stimulus
frequency rate

Al A

Fra. Rate Pump Loads | NH Loads Totl. Loads
4 (Joul/min) | (Joul /min) (Joul /min)

0 (bpm) 3.4 25.14 28.54 (100%)
86 (bpm) 4.28 24.79 29.07 (101.8%)
100 (bpm) 43 22.12 26.42 (92.6%)
126 (bpm) 3.95 18.77 22.72 (79.6%)

40 29.07 [_IHesriLosd
By ooty e EEen
£ (100%)
3
o
20
o
]
]
=
T 10 ~
=]
[
0

Pacing Off 86 bpm 100 bpm 126 bpm

Fig. 7 Compared the loads of VAD and Heart when
changed bit rate of pacemaker 86 bpm to 126

=g Qb
Aol FF o] &
A= A 2
bpm(1.67 Hz)e] A=RIE=Z 7|2
W= 54 FRbelM 7)Aol A
TREe] YEh=dl o= AutEE7]e] A7|A=
Faparet A FHA A
AdSFEA Az AA¥= FEA 9(action

T as
potential)®] A}=H =7t 4 1A o]t w4
ste Ay Ao SEdfle FHAuEs 587
(refractor period)oll 2J3l Aulxz&7]e] H7|A=2
% AATH

A2 e7)E AEEA GRS Al ARG
o golgFare Wl we AAnzgA 4
ggke] RakE v Ash Fig 6 3 o] AAn
2gA Y ARFo) F74% w) vhoh A Aw R
o] B3l Zvpsla, whglE Ao Rl i
stglth. AR 247} 0.5 L/min ¢ 8F%S &
A st Qi gEolA, AutzEs7]E 86 bpm,

o

=

S
S
o
s
B
o
N
o [
s
B
o
D)
Ju
iz
b
it
2
N
2
4

100bpm 2 126 bpm O % A= WILEE o Uzt
of we} Aol FaE 100%NA ZHE 92.6%,
79.6%% &5 FAadts s AT 5 AU
(Table 3).
3. E°f & ZE

e 9] AAE A Ae8E e A4
B8 Avtzgr)e st 1 ded oA
Aol digt ATS TEAIS Fst sk
o] gtk FEAHL 40 kg TF HAE ©]
S @7 (1 ) TEddeR FPHAT 4
Foll A BHE AHAEEEA7E GRS AHZHO=E
ghRstal e ETdd AAERZEAY =as o
&3 A55 Sote] AvtxE7]e A7 Ass F
7vete ARS FAET AMEETY Hes
e 7 AAX APE Fdta e U A
5 A FAaMoy AdAEs e F
Zh-g-o] EE A okt

AARZGAE G507 AL 99 AR
29 Autxg71E Al AMES AeE A
ol Fshel wske] oA wlulgk Ay, AR
8715 AAREEA L A S BF AT
o F-sp7h sk A& SARISHSA(Table 3), ©f
T AAEEEAE dEoR o|Nsto] Abgshe
ARt Aol JItE PAAAA AnaRts T

AN 5 ds HAow dddt) T3 F4gW

(Central Vein Pressure) = 3= &

g 59 dd A
AxE F9lo A
necrosis)-} H-&, & 74,
RO, 5 AR 7o sEAF] TR
A AR d=0] =Ed A

of Q&= Foleo mAgk &8 dAtES TESGT
ShAIRE o] A A7 A Aol o gk A2
EAolgty] B 973t FEAE QoA AH
o] AUl Eitel wE ddew et
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217 FEAY M= H-A 9 (arrhythmia)o] L} H1
™ (tachycardia), ] ™ (bradycardia) 5 <] Z3%+o]
H ARRES 75T 5 v, AR
At xzgrle] HAAA AmgdE qFHel g
<7 ® A&o] & Fo|th
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s
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