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Video 1: Direct echocardiogram via the left atrial wall during the animal experi-
ment demonstrating the balloon atrial septostomy procedure. An inflated 5-F
Miller balloon atrial septostomy catheter (Edwards Lifesciences Japan, Tokyo,
Japan) is drawn back from the right atrial cavity to the left.

Video 2: Direct echocardiogram via the left atrial wall during the animal
experiment demonstrating the balloon occlusion of the interatrial shunt.
Haemodynamic parameters were measured while the occlusion balloon (Nipro
occlusion balloon catheter; Nipro, Osaka, Japan) was inflated and blocking the
shunt flow.

size with a 4-ml infusion of saline, the catheter was sharply with-
drawn into the left atrium (Video 1). Successful creation of the
shunt by balloon atrial septostomy was confirmed by echocardio-
graphic findings.

Experimental protocol and data measurements

Following shunt creation, the shunt was obstructed with an inflated
occlusion balloon (Nipro occlusion balloon catheter; Nipro, Osaka,
Japan) (Video 2). After confirming that the shunt was totally
occluded by the balloon catheter from echocardiographic findings,

LVAD pump flow, pulmonary artery flow, arterial pressure, pulmon-
ary artery pressure and both left and right atrial pressures (RAPs)
were measured for 30 s using Lab Chart (AD Instruments Pty Ltd,
Bella Vista, Australia) as 'baseline’ parameters. After right ventricular
failure was induced by tightening the felt strip to a fixed length
around the pulmonary artery, the animal was allowed to stabilize
for 3 min, then all haemodynamic parameters were measured for
305 as 'right ventricular failure with no shunt (Fig. 1A). After those
measurements, the shunt was opened by deflation of the occlusion
balloon, the animal was allowed to stabilize for 3 min, then all
haemodynamic parameters were measured again for 30 s as ‘right
ventricular failure with a shunt’ (Fig. 1B).

After completion of the haemodynamic measurements, the
animals were euthanized by increased anaesthetics, then, after con-
firming cardiac arrest, the hearts were extirpated for macroscopic
observations.

Statistical analysis

Continuous variables are expressed as the mean * standard devi-
ation and were compared using a paired t-test for paired data. The
strength of the association between the two continuous variables
was estimated using Pearson’s correlation coefficient. Data were
analysed using StatView 5.0 (SAS Institute, Cary, NC, USA) and a
probability value of less than 0.05 was considered to be statistically
significant.

RESULTS

Haemodynamic effects of pulmonary artery banding are shown in
Table 1. Mean pulmonary artery pressure, pulmonary vascular re-
sistance and RAP were significantly increased, while pulmonary
artery flow, LVAD flow, mean arterial pressure (MAP) and left atrial
pressure were significantly decreased after pulmonary artery
banding. Under the condition of right ventricular failure induced by
pulmonary artery banding, interatrial shunt was opened and the
impacts of interatrial shunting on LVAD flow and haemodynarmics
were investigated. The interatrial shunt significantly increased LVAD
flow and MAP, while RAP was significantly reduced after the intera-
trial shunt was opened (Fig. 2). There was no significant change in
pulmonary artery flow (0.9+0.5 vs 0.7 £0.21/min, P=0.309) and
pulmonary artery pressure (256 vs 24x6 mmHg, P=0.749)
between before and after shunt was opened, while left atrial pres-
sure was significantly increased after the shunt was opened (7 + 3 vs
12 + 4 mmHg, P=0.009).

Blood flow through the shunt was estimated from differences
between LVAD flow and pulmonary artery flow when the intera-
trial shunt was opened, because echocardiography confirmed
that the aortic valve was not opened during LVAD support.
Therefore, LVAD flow was thought to equal the sum of pulmon-
ary artery flow and shunt flow. Shunt flow was estimated to be
1.9 +0.4 |/min, which was 73 +8% of LVAD flow and there was
significant correlation between the shunt flow and the increase
in LVAD flow after the shunt was opened (Fig, 3). However, there
was no significant correlation between the shunt flow and the
size of the interatrial shunt (correlation coefficient: -0.007,
P=0.9890, Fig. 4).

Because deoxygenated blood coming through the shunt was
mixed in the left ventricle and then oxygenated by the membrane
oxygenator in the circuit, neither arterial hypoxia, nor acid-base
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Table 1: Comparison of haemodynamic parameters between before and after pulmonary artery banding in animals with left

ventricular assist device

Haemodynamic parameters Before PAB (n=7) After PAB (n=7) P-value
Mean arterial pressure (mmHg) 6749 41+12 0.004
Left atrial pressure (mmHg) 10+2 613 0.016
Mean pulmonary artery pressure (mmHg) 23x2 2824 0.01
Right atrial pressure (mmHg) 7£3 147 0.022
Pulmonary vascular resistance (Wood units) 2.7+06 97x21 0.02
Pulmonary artery flow (I/min) 42+17 15211 0.007
LVAD flow (/min) 2.7+06 0,9+ 06 <0.001

Pulmonary vascular resistance = (mean pulmonary artery pressure - mean left atrial pressure)/pulmonary artery flow.
LVAD: left ventricular assist device; PAB: pulmonary artery banding.
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Figure 2: Haemodynamic effect of interatrial shunt on right ventricular failure (RVF) induced by pulmonary banding. Opening of interatrial shunt significantly

increased left ventricular assist device (LVAD) flow (A) and mean arterial pressure (MAP) (B), and decreased right atrial pressure (RAP) (C).
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imbalance, nor anaemia due to haemolysis through the shunt was
observed during the experiment [pH=7.44+0.09 (7.34-7.54),
Pa0, =394 + 93 (310-501) mmHg, PaCO, =30 £ 7 (22-37) mmHg,
haemoglobin=7.4+ 1.6 (5.8-9.2)].

Macroscopic findings

We excised the hearts from all animals at the end of the experi-
ment. Macroscopic findings confirmed that each shunt was
created in the centre of the fossa ovalis. It was also observed that
the mean diameter of the shunts created by the 19-mm balloon
septostomy catheter was 9+ 1 mm (range, 8~12 mm), which was
47% of the balloon size.

DISCUSSION

Right ventricular failure has been the leading cause of periopera-
tive mortality after LVAD implantation, and patients who required
an RVAD in addition to LVAD implantation had poorer prognosis
[15]. Delayed introduction of an RVAD is associated with multiple
organ failure resulting in high mortality [16, 17]. Additional RVAD
placement requires a re-thoracotomy and increases the risk of
bleeding in critically ill patients [5]. In our less invasive approach
for right ventricular failure after LVAD placement, we proved that
LVAD flow was significantly increased and haemodynamics
improved by the use of an interatrial shunt created by balloon
atrial septostomy in an animal model of acute right ventricular
failure. In clinical settings, our approach can be established by a
percutaneous transcatheter procedure without a thoracotomy,
and thus right heart support can be introduced without delay
either during or after LVAD implantation when signs of right ven-
tricular failure appear.

Since preoperative cardiogenic shock is recognized as a
significant risk factor for severe right ventricular failure after LVAD
implantation and the INTERMACS (interagency Registry for
Mechanically Assisted Circulatory Support) registry has documen-
ted that implantable LVAD use in shock patients has been consid-
erably reduced [5, 6], our approach may be feasible for patients in

cardiogenic shock who require right ventricular support after

placement of short-term extracorporeal LVAD as a bridge to deci-
sion. Long-term support with our system is difficult due to the
presence of an oxygenator and a weaning concept is important. In
a patient whose pulmonary vascular resistance decreases and
right ventricular function recovers during support, interatrial shunt
can be temporarily occluded by transcatheter occlusion balloon
as reported [18] and the possibility of weaning can be evaluated
less invasively. When haemodynamics and pulmonary function
are stable during an occlusion test, the shunt can be closed in a
percutaneous manner using an atrial septal occluder device and
the patient can be shifted to a single LVAD support without a
thoracotomy [19].

Creation of an interatrial shunt for right ventricular failure by a
balloon atrial septostomy is not a new concept and has been
applied for primary pulmonary hypertension [12-14]. A draw-
back of this concept is the presence of systemic hypoxia when
right to left shunting is excessive. Excessive right to left shunting
results in severe hypoxia and death in spite of the doubled
cardiac output after balloon atrial septostomy for primary pul-
monary hypertension [12]. In contrast, deoxygenated shunt
blood is oxygenated by an extracorporeal membrane oxygenator

connected to the outflow of the LVAD, which enables a high
shunt flow (73 £ 8% of LVAD flow) without compromising oxygen
delivery with our approach. At this point, our approach may be
more beneficial than biventricular assist devices with extracor-
poreal membrane oxygenation in patients with a pulmonary
haemorrhage due to left ventricular failure, because the pres-
ence of an interatrial shunt reduces the amount of blood flow
passing through the native lung and may provide an environ-
ment to repair alveolar tissue damage or prevent the risk of
pulmonary haemorrhage {20]. On the other hand, reduced pul-
monary blood flow might have a negative impact on systemic
blood pressure, which was relatively low (MAP: 53 £ 18 mmHg)
in spite of the significantly increased LVAD flow after creation of
an interatrial shunt in this experiment. Pulmonary circulation
plays a key role in the metabalism of prostaglandin. In chronic
animal models using a veno-arterial extracorporeal membrane
oxygenator, we previously demonstrated that a reduction in
pulmonary blood flow decreased systemic vascular resistance in
association with an increase in plasma prostaglandin E2 concen-
tration [21]. We speculate that organ functions can be main-
tained by relatively low MAP, while pulmonary blood flow is
reduced by the interatrial shunt, because we did not observe
liver or renal failure in those chronic animal experiments.
Interatrial shunt flow is determined by the size of the shunt, and
the differences in pressure and compliance between the right and

‘left atrium, thus a stepwise increase in diameter of the shunt is im-

portant to prevent severe hypoxia due to excessive shunting in
balloan atrial septostomy [13]. In our experiment, shunt flow was
well correlated with the improvement of LVAD flow, whereas it
was not correlated with the size of the interatrial shunt. These
findings may indicate that the size of the shunt is less important in
our model, employing mechanical circulatory support to enhance
the ejecting blood from the ventricle, when it is larger than 8 mm
in diameter and might explain why even a small atrial septal
defect could cause severe hypoxia after LVAD implantation in clin-
ical settings [22].

Although incorporation of an oxygenator in the LVAD system
can prevent systemic hypoxia even with a high right-to-left shunt
flow, use of such a device may become a disadvantage with our
approach. For patients with an extracorporeal LVAD, oxygenation
can be attained by incorporating.an oxygenator in the circuit
as demonstrated in the present study. However, for those with
an implanted LVAD, this approach requires some alterations.
Camboni et al. demonstrated that both systemic circulation and
arterial oxygenation were well maintained by a 10-mm interatrial
shunt in combination with a veno-venous extracorporeal mem-
brane oxygenator in an acute animal model of right ventricular
failure due to pulmonary hypertension [23]. On the basis of their
results, it is considered that an interatrial shunt is applicable for
cases with an implantable LVAD by combined use of a veno-
venous extracorporeal membrane oxygenator, which can be sep-
arately inserted from peripheral veins. Inflammatory response to
a membrane oxygenator may be another concern. However,
recent advances in technology, especially development of poly-
methylpentene for use as a gas exchange membrane, have
improved its biocompatibility and reduced red blood cell and
platelet transfusion requirements when compared with previ-
ously available oxygenator devices {24]and prolonged support is
now possible [25]. We consider that use of an interatrial shunt
combined with a new generation oxygenator may be a reason-
able therapeutic option for right ventricular failure after LVAD
implantation.
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LIMITATIONS

In the present study, we created a right ventricular failure model
with high pulmonary vascular resistance produced by pulmonary
artery banding. However, right ventricular failure after LVAD im-
plantation is not always associated with high pulmonary vascular
resistance. Accordingly, it will be necessary to conduct further
studies with different models to determine whether an interatrial
shunt can effectively improve LVAD flow in patients with low pul-
monary arterial pressure and high central venous pressure due to
poor right ventricular function. In addition, recovery of right ven-
tricular function was not evaluated in this study. As our approach
requiring an oxygenator is feasible for short-term use, recovery of
right ventricular functions is crucial. Therefore, prior to clinical ap-
plication, it is necessary to establish a chronic animal model in
which pulmonary vascular resistance can be chemically changed
in order to investigate the impact of the present approach on right
ventricular recovery.

CONCLUSION

In the present model of right ventricular failure after LVAD im-
plantation, we found that use of an interatrial shunt combined
with a membrane oxygenator significantly increased LVAD flow
and improved haemodynamics without compromising systemic
oxygenation. Since an interatrial shunt can be created and closed
in a minimally invasive manner using a transcatheter procedure,
we consider that the present approach represents a reasonable
less invasive therapeutic strategy for patients with severe right
ventricular failure after LVAD implantation.
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Prototype of Miniaturized Magnetically Levitated Motor for Paediatric VAD
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A miniaturized magnetically levitated motor which can actively control 5-degrees of freedom (5-DOF) of

impeller postures has been newly developed for a paediatric ventricular assist device (VAD).
consists of a top stator, a bottom stator and a levitated impeller that is set between the both stators.
the height of the motor are 28 mm and 41 mm, respectively.
performed in order to design the geometry of motor permanent magnets and a stator.

Developed motor
The diameter and
Magnetic field analysis with finite element method was
Corners of the motor

permanent magnets were cut to produce sinusoidal distribution of magnetic flux density and to reduce the cogging

torque.

The developed maglev motor produces sufficient suspension force and rotates the levitated impeller up to a

rotating speed of 6000 rpm with sufficient posture control performance.

Keywords:  5-DOF, self-bearing motor, paediatric, ventricular assist device.
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(b) Radial position control.

(a) Tilt angle control.
Fig. 2

Principle of tilt angle and radial position control,
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(a) Fan shape magnet. (b) Hexagonal shape magnet.

Fig.4  Schematic of permanent magnet.
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Fig. 5

(b) Stator-2.
Schematic of stator pole and electromagnetic coil.

(c) Stator-3.

Table 1  Stator pole surface area and coil turn number.

Stator-1 | Stator-2 | Stator-3

Stator pole

surface area [mm’] 256 20.1 16.5

Coil turn number [turn] 31 45 58
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| Fig. 6 Developed rotor and stator.

Fig.7  Magnetic flux density measurement system.
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Fig. 11 Analysis result of magnetic flux density.
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Fig. 10 Diagram of 5-DOF control and rotation.
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Fig. 13 Analysis result of relationship between axial -
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ns.

B x, mERAy SV I THAERE—Z 2y b eEE L R
SMNESETEETHE L TMRZHEET 2D, AR EZX Z28IC
= VEREEBETAh, IR Ry bRT U TICE->T 1 EZHB N2
HTXATCEETS. TNEDEZTIFRINICEMUGNSLEERT 5720
EE{ERARFICA VRSEERPANT D IRz E L, 1 RTOEHR
NEHER L EEOEM, & 5ICMEROMmRAN\ORRINREDEZC 3. TD
BREIIWVWoZAE LS EARAHMINT, STV IRHICIZEERMNIC T TICHEY
TEEEPRIILTLE> TV AAREENEV. BEERIFMEERICENT,
RELAETELERLTWS PCPS VAT LICAVSNTWVWSELS Y
TR, 3 HEFEL DA AT EENEE N T O MR & FFhvEds,
MARFERICAED A RS DEHEINIRR L REICESBEIATREEE N (K
3). kM5 PCPSIC KB1EE I 3~4 HHNEE] cWbNTERED,
EMEOLREIIHT S VASAI/ISZADERY 570 ORRFRICIIA T, T0DE
DR T OMEENERDRKESEZE L TWAEREENDS. —7F, V7
#t D MROTAFLOW, I EEAFERAEBEOMEENEL, IVXZ M1 HA
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B3 BRI A NS TOMmMEHE (A) & AT CHIRS hA8Fmme (B)

(VA ECMO Th#38%, ACT : 180~250, 72 BRI

4 BEFE EHFKXOIERMEETEF «+ XK —H T ILEAL K> 7 BioFloat-NCVG

UL EOERERAAIRECH o7z, Fie, AR PR v Z#DOEES [Gyro

Pump) (& 3 BERIRRE X TEE LIEEER LD, TNLUEIEMAOE

B EBTAMNHEE N/, TOX ST, BMEERE DT ¢ 2 A —F T LD
R T IEEHAER E#@‘lﬁﬁgbf—@%ﬁ%?ﬁ\% D, TOBEFUIERREGEIZ &K
EREHTHEDLEREN
X ‘9%%F@‘ﬁ@ﬁfﬁb?’dﬁ?@ﬁ‘ﬂﬁ?k7’2:%3*7‘“/( AR—FTIELR T
LT, FEEMERRAOZE.OR Y TOME - BIRISE M ED LN TS, &
TRIZ LDV ST 77D [CentriMag®) (8 (ki Levitronix LLC) T,
BRELEARICE > TA RS OMBREEESIE L, JEEMEss 5218 L
TW3. KEZHFODICERBZERLTWSD, By REFOMIE
T 8,000~12,000 FI)L&BHOTEMTH D, BIEDORBERMEEEZ
&, DHETHERSZ XD ITEZFREEIZEN. —75, EIrEEssmms
YE—TF, R THE—DEIER ESRNOIEEREERT + 2 RK—F
JViE A>T [BioFloat-NCVC) ZBFEL, SR EDTVE (F4).
DFBLRYTTIE, FREHEERIF 15mL, E—%2=v FEBIZ 500g &
T/NIRE(EZERL TN 5.
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. 2L s ECMO & 25/ 00 BI%E & B BRIl

BE D ECMO *® PCPS T, BIEMEITHIUT VAISAISR, IR
THNULVANRAIIRZAETE VV ISA S A TR THETENS 28, ZEImH
DIBERY THRELZRD. ZTAUTKH LT AVISA/SZARTIE, ZE8t
IREREZICHEREIIBEENMEZICBFIEIZS 2D, SRETERT R &
TMHER Y T2IE T T LANTES. Novalung GmbH #ti%, T D AV R
VLR ECMO ¥ X7 L% TLA®) L UTEBELTELD, BEMAR
NS ESEEIEEE (acute respiratory distress syndrome : ARDS)
72 EZ2RNCERN T 3,000 FILLEDFEFIC U THEWSNTNS.

—7%, MBS PHETEToOFERZEEL, Ny Ir—Ikic k3
ECMO Y A7 LOETE - BEIEEBZEHELZLON, Iy rito
FCARDIOHELP)” &5 77V w V%D TLIFEBRIDGEJ® TH 5. EREpi
BODHDEEIT CARDIOHELP A% 10kg, LIFEBRIDGE i3%7 18kg &7 -
T\ 5. LIFEBRIDGE i&, #ESREID ATHR&ELR Y 7% ATz E R
T, BEARMICIZEHEOERICBEENS. —75 CARDIOHELP 1%, AL
i QUADROX-D ¥ & UNE.LvE Y 77 ROTAFLOW ZHEA S HE T— k(b &
B/EHAI= v b THLS Module] ZAWTHEBYL, LEHNEWRAELZSE
5. JEMEEMEIO Yy POEPIAENTEETISEICEHEN
BN, FTO—ATHERCHBER I NEZEDDZIENEDDEELTD, Ny
TUBRBIREE I5RFFELEY,. BIUERERWE LY X4 — T,
BIOCUBE & BioFloat-NCVC % FIV e #E#E ECMO & 25 L. (B 5) & LT,
BEFEAIL—RREEX TE X XK CERTIRE/RE/NAEEE D R—
Z2T)WECMO Y AT LEREFTTHS. EBIZ68kg T, BERIRI1=y
& —(EFTRET, FIRME - MEHEICEN, N TV BRI 2~3 8
EEEV. '

Tz, AL TISMMmADER LT WEMI TN TN CT L, M
FEERMEEMEE T E LD EBD T A VHNEETHS. TDXD
BEEMND, MR T ALFiE—AL LTRETT ST LT, EBRIE
DmFREER SE(L L, BT BRSO L EELED/ N
ERZEVSHEETO—FNEILNSE. coarvE T NMIEIEES
R X —THIH TREI N, R - HEHDToNRY. BETIE,
FE#EO a7 MCEDWT Ension #t & Louisville XZ4Y [pCAS & X7
Is] %, FE 7z Levitronics LLC & Maryland KZAY [PediPL] %, & &IC
SKE NHLBI @ PumpKIN 710 75 LD s & THEREDTEY, /NNEA
OFEENEREE L U TERLIHEFIN TR0,
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X 5

BIOCUBE AR &
BioFloat-NCVC i#=
R T EE WV
¥ ECMO & X
T L

$ime it el

KT ECMO 2 X7 L DR, BRERECARDE EISINA TH A LBBEFEDE

HXBICHEAIC DA DPIEEEEZ B 5, FAEEICE > THHDATEAE P BUNT & »
THHRAKEHEFL O 2EELHETHS. S8, COSFICH T 5HRERY —EINRE-
RETDEEBIC, BNAREOERL  BBRICEOEERVMERFOZDEEICES
H16TEICEDIENEFEIND.
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E B DA R A & 2 A 5 A NG A B o HE SR 7%
T & N— 2T % Interagency Registry for Mechanically
Assisted Circulatory Support (INTERMACS) {230 { 2014
D Sixth INTERMACS reportil & % &, ZEHEFI AL
10,0006 2 #8 2 5 & & & 12, 20134F o 4F [WE B £ A% F
250040 &, 20064 L YA Y =2 S TR, B
SREEBIASEM LT B Y o 7, BTE, AT CIEB SR
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HeartMate Il @ BHi& 813 17,000 5 8L LT, 4ER# 3,000
HEOHML Tvh, Z0Z &I ATLIZ X 5 042
DS, ISR R EHE TRV I EERTHDTH b,
AFRC b 2010 4F R IA Ix B B N TGl oD FE ARG LAk,
BEMEM EAT345 6] (2014456 ARTE) L2 0, S8 b ¥
TEHZENFEENSY, & 5|21, HeartMate I TDE
MBS I0EZ B P EFBEORERY, 20060
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& destination therapy WA 7 W % I & - Tid,
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# HeartMate 1T & HeartWare ¥t HVAD O 2488 Td 5. 7
WO Y, MGG HRNRERE T L TS0, B
BT, BFICR Y ARG R EOEEREHOEEIZITbN
TWwv, L Ladsh, EE, RBEERENE»LO
T A= BNy T O RS BRPEEEIN TS L)
TdH Ao 20134FEHFE~2014FE WL OWHE OBE & LT,
Thoratec#t73, HeartMate T HO#HE T > b o — F Pocket
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HEFNER o TWABEY, —7F, HeartWarett T i,
HVAD BZ/Ny 7 ) & —fRfLEeZzrervoay ba—
FEMEL, Sy 7 BB EE L HEE L LS €5
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F 72, ThoratecHASBRFEF Td - 7oiEFIE LELE LR ¥
7T, HVAD & [R#RI B IE PIE A A 5T 68 7 HeartMate I
DOFDOEERMER A, 20146 FIZ F A UV TEBI LD,
& 512, HeartWarett D Wit A#FE Tdh 5 MVAD i good
laboratory practice (GLP) T COEIMRE % #% L TH
DO, KERANODEMIHEV LI LE ) PIbES,
WA EGE LT B 04, BATHEFED total implantableql
% ETH L, transcutaneous energy transfer (TET) O %%
WELTWAZILTHE, TETOWEIZDOWTIR, BENT
WIREBRFRALD, REBRKEILAS Y PR IZEFT
FTAHARELEEL, TIEL LWEFEEZBF TV, LAL
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