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Experience of personalized treatment
of pediatric patients with implanted left
ventricular assist devices
in the early postoperative period

Abstract. In adult patients, continuous-flow mechanical circulatory support devices completely prevail
over pulsatile ones, representing more than 90 %. With the constant miniaturization of devices, the number
of proposals of pediatric cardiologists regarding the use of continuous-flow ventricular assist devices (VAD) in
children is growing. According to the first PediMACS report, approximately half (54 %; 109 of 200) of regis-
tered long-term devices are continuous-flow devices. This article describes the current state of the children’s
continuous-flow system for mechanical circulatory support and evaluates the prospects for its future use. The
strategy of the Silesian Center for Heart Diseases in the early postoperative period was very similar to that
used in patients after Fontan procedure, including special tactics of respiratory support, adding nitric oxide or
leaving the chest open after the start of circulation support. Despite aggressive management, a certain part of
the patients had right ventricular failure, which required temporary mechanical support to restore blood flow
in the pulmonary circulation and increase left ventricular preload. Early biventricular support correlates with
better survival compared to its delayed use. Thus, a thorough preoperative risk assessment of right ventricular
failure is required for implantation of biventricular assist device or for heart transplantation.
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Introduction

In the last ten years, the mechanical circulatory sup-
port (MCS) has become a valuable therapeutic option in
patients with end-stage congestive heart failure. Several
generations of devices have been developed, but they are
mainly designed for adult population. The only available
device developed particularly to infants and small chil-
dren is Berlin Heart pulsatile system. Its superiority in
long-term MCS compared to extracorporeal membrane
oxygenation (ECMO) has been established [1], demon-
strating at the same time many disadvantages, such as
neurological complications, cases of pump thrombo-
sis, necessity of readmissions and important limitations
of quality of life. At present, the intracorporeal conti-
nuous-flow left ventricular assist device (CF-LVAD)
provides excellent patient mobility and low complica-

tion rates in the adult population. In the adult popula-
tion, continuous-flow devices completely dominate over
pulsatile ones, representing more than 90 % (12,030 of
13,286 primary implants for left heart support) of the du-
rable VADs implanted between 2006 and 2014 [1]. This
phenomenon is driven primarily by improved profile of
complications and durability of continuous-flow VADs
compared with pulsatile ones. With ongoing device mi-
niaturization, enthusiasm has been growing among pe-
diatricians in terms of the use of continuous-flow VADs
in children. According to the first PediMACS report, ap-
proximately one-half (54 %; 109 of 200) of the long-term
devices registered are continuous-flow ones [2]. With
the results recorded to date, the use of continuous-flow
devices in the pediatric population is rapidly increasing.
Continuous-flow VADs compose 62 % (179 of 291) of
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all durable VAD implants in the PediMACS 2016 third
quarter report [3]. In this commentary, we describe the
current state of pediatric continuous-flow VAD support,
and discuss perspectives regarding its future use.

There is no doubt that continuous-flow VAD tech-
nology has a profoundly positive impact on the out-
comes of VAD support in the adult population [4]. It is
plausible that nearly adult-sized adolescents would have
equally excellent outcomes with continuous-flow VADs
that were intended for use in adults [5]; however, it is
premature to assume that continuous-flow VADs would
have a similar impact across the spectrum of body sizes
in the pediatric population. Although anecdotal reports
with continuous-flow VADs in children are rather en-
couraging, careful evaluation of available outcomes data
is warranted before definitive conclusions can be drawn.
Nonetheless, whether smaller children will also experi-
ence comparable outcomes with adult-sized continuous-
flow VADs remains to be seen. A major concern with the
use of continuous-flow VADs in smaller children is a
patient-device size mismatch [6], particularly because all
currently available continuous-flow VADs are designed
for adult patients. A recent multi-institutional study
evaluating outcomes after implantation of the HVAD
system (Medtronic, Minneapolis) in children with a
body surface area (BSA) of < 1.0 m? showed a favorable
survival rate, but with a high incidence of complications,
including pump thrombosis [7]. Conway et al. conducted
aworldwide survey evaluating the outcome of the HVAD
use in children [8]. This study, involving 250 patients
from 35 sites in 12 countries, demonstrated a tendency
toward poorer outcomes in smaller children; the morta-
lity rate at age < 12 months was 15.6 % (95% confidence
interval, 3.96—28.93 %) in children weighing < 25 kg and
7.6 % (95% confidence interval, 6.2—28.9 %) weighing
> 25 kg. Although the observed difference in mortality
did not reach statistical significance, it warrants close
attention from a clinical standpoint. Anecdotally, it is
known that both weight and the shape of the chest wall
are important factors in successful VAD implantation

in children; a smaller child with a broad chest may be a
more suitable candidate than a bigger child with a nar-
row chest. Evaluation by “virtual implantation” such as
that used for total artificial heart implantation [9] may
provide useful guidance in determining compatibility.
Nonetheless, the smaller the heart, the more significant
the size mismatch between the patient and the device.

Materials and methods

Between 2016 and 2017, three pediatric patients were
implanted with CF-LVAD at the Department of Pediat-
ric Cardiac Surgery, Silesian Center for Heart Diseases
(Zabrze, Poland). The indications for initiating MCS
were end-stage congestive heart failure due to dilated
cardiomyopathy (CMP) in all the patients. Taking into
consideration the size of devices, the HeartWare Sys-
tem (HeartWare Inc., Miami Lakes, FL) was chosen for
implantation. The system has been previously described
in details. Briefly, it consists of a centrifugal pump, an
integrated inflow cannula, an outflow graft, and a per-
cutaneous driveline connected to an electronic control-
ler. The pump has the displacement volume of 50 cc and
weighs 140 g. The diameter of the pump is 49 mm, the
total height is 58 mm. The inflow part has a diameter
of 20.5 mm and is 25 mm long. The outflow tube has a
diameter of 10 mm, and the percutaneous driveline — a
diameter of 4.2 mm. All the implantations were carried
out with cardiopulmonary bypass (CPB). A standard
median sternotomy was performed during the surgical
procedure. The patient was put on cardiopulmonary by-
pass after sewing the ring to the myocardium and cor-
ing the ventricular wall, the inflow cannula was inserted
slightly anteriorly to the left ventricular apex. The out-
flow graft was anastomosed to the ascending aorta using
partial clamping. The driveline was then tunneled under
the sternum to the right upper abdominal quadrant and
connected to the controller. The position of CF-LVAD
with respect to the heart could be observed on postopera-
tive chest X-rays of patients. All of them were supported
with CF-LVAD alone, despite the fact that they had a

Table 1. Pre-implantation characteristics of CF-LVAD patients

Characteristics Patient 1 Patient 2 Patient 3
Age, years 12 11 12
Gender Male Female Male
Weight, kg 37 34 34
Diagnosis Dilated CMP Dilated CMP Dilated CMP
BSA, m? 1.09 1.42 1.20
Drainage of pleural cavity Yes Yes Yes
LVEDD, mm 60 44 55

Preoperative inotropes dan, amiodarone, adrenaline

Milrinone, dopamine, levosimen-

Milrinone, dopamine, levo-
simendan, adrenaline

Milrinone, dopamine,
levosimendan, adrenaline

Mechanical ventilation Yes Yes Yes
ECMO Yes No No
LVEF, % 20 23 18

Notes: LVEDD — left ventricular end-diastolic diameter; LVEF — left ventricular ejection fraction.
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high degree right heart dysfunction [10]. In general, the
management strategy was similar to that used in patients
with Fontan procedure, including nitric oxide applica-
tion, a special technique of ventilation and even leaving
the chest open in the early post-implantation period.
A transesophageal and subsequently transthoracic echo-
cardiography were used as a primary tool for monitor-
ing ventricular function and optimization of pump speed
while weaning the patient from cardiopulmonary bypass
following implantation, and for further adjustments.

Results

Patients’ demographic and preoperative characte-
ristics are listed in Table 1. All the patients met the cri-
teria for INTERMACS score 1 before CF-LVAD im-
plantation. Of three patients forming the study cohort,
all received intravenous inotropes prior to CF-LVAD
implantation, two were on prolonged mechanical ven-
tilation, while one patient was supported with venous-
arterial ECMO. Two patients needed resuscitation pro-
cedures to be performed several times.

Clinical outcomes are summarized in Table 2. All the
patients remained on VAD support as a bridge-to-trans-
plant. Patient 1 and 2 have been on VAD support over
550 days and continue to be supported. The postopera-
tive chest X-ray images are shown in Fig. 1. None of the
patients have developed significant end-organ dysfunc-
tion, either in early or long-term follow-up. In none of
our patients we have observed symptoms of device mal-
function. In patient 1 and 3, signs of depression and fee-
ding intolerance were detected.

In all the patients, only LVAD system was implanted
in spite of biventricular dysfunction. The prolonged car-
diopulmonary bypass time (Table 2) was due to right ven-
tricular dysfunction and attempts to eliminate the implan-
tation of the right ventricular assist device. Postoperative
anticoagulation was started with unfractionated heparin
(the target activated partial thromboplastin time of 50
to 60 s). As the patients tolerated oral nutrition, heparin
was switched to warfarin. The target international norma-
lized ratio (INR) for this cohort was well within the re-
commended range of 2—3. The platelet inhibitor used was
acetylsalicylic acid 1 to 2 mg/kg/day. All the patients and
their families were trained prior to discharge home. All
the patients received treatment after discharge including
metildigoxin, aspirin and acenocoumarol with the dose
adjusted according to INR. Patients 2 and 3 additionally
received sildenafil, angiotensin-converting enzyme in-
hibitors and occasionally furosemide. The patients were
advised to check INR, initially every 2 days, then on a
weekly basis. Readmission occurred two times in patient 1
and one time in patient 2. In patient 1, driveline infection
(defined as appearance of erythema or purulent drainage
around driveline exit site) was the cause of several read-
missions. CF-LVAD-related thrombosis or signs of stroke
were not present in any patient. Supraventricular arrhyth-
mia was observed postoperatively in patients 2 and 3, but
only in the early post-implantation period. An emergency
reference card displaying contact telephone numbers
and an algorithm for emergency care was provided to all
the patients. Before reintegration to school, school staff
members were educated by the family caregiver.

Table 2. Post-implantation clinical outcomes in CF-LVAD patients

Characteristics Patient 1 Patient 2 Patient 3

Operation time, min 225 195 340
CPB time, min 96 106 120
VAD support, days 570 550 127
Pump speed range, rpm 2850-2900 2800-3200 2400-2600
Pump flow during first 30 days, L 2-4 4-5.1 3-4.2
Postoperative nitric oxide Yes Yes Yes
Delayed chest closure No No Yes

Figure 1. Position of CF-LVAD after implantation on chest X-ray in 3 children
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Discussion

In this study, we have demonstrated that children
with low weight and BSA < 1.5 m? can be successfully
implanted with CF-LVAD and supported for long pe-
riods. Moreover, all our pediatric patients have been
discharged home and attended their schools [6]. There
is a growing body of evidence that CF-LVAD is cur-
rently the optimal method of long-term MCS, even in
pediatric patients. The borderline body weight, when
the patients can be supported, is about 20 kg, whereas
the pulsatile systems, such as Berlin Heart, remains the
option for patients with lower body weight, when the
volume of the employed paracorporeal pumps is ad-
justed to the body mass. One of the major advantages of
CF-LVAD systems is the possibility of discharging pa-
tients home; they can even attend schools and be active
in everyday life. All the patients in our group are physi-
cally very active, what may even pose a risk of damaging
the driveline. They demonstrated end-stage congestive
heart failure, with enhanced pharmacotherapy, being on
mechanical ventilation, and in one case on ECMO as a
bridge to CF-LVAD. It seems to be one of the causes
that the time from admission to discharge home was
about one month. With the center gaining experien-
ce, the threshold for starting MCS may be optimized,
so that the patients might be implanted with CF-LVAD
before reaching the critical status, that may influence
the post-implantation course. Some data suggest that
ECMO should be generally viewed as increasing the risk
of LVAD support in the majority of children. On the
other hand, it is possible that ECMO [11], when used
strictly for short-term resuscitative support to normalize
end-organ function immediately prior to VAD implant,
may improve LVAD candidacy in selected patients. Pa-
tients with significant problems due to left ventricular
function very frequently have a concomitant right ven-
tricular dysfunction, so the decision must be reached
whether the patient needs LVAD only or biventricular
MCS system implantation. The biventricular system is
highly demanding and is associated with poorer final re-
sults. That is why the majority of centers prefer to start
only LVAD and manage patients with right ventricular
failure using pharmacological support. Appreciating this
strategy, we dedicated much effort to preventing biven-
tricular MCS, which was the cause of prolonged time of
cardiopulmonary bypass, which was not related to tech-
nical issues of CF-LVAD implantation.

In our experience, the management strategy in the
postoperative period was very similar to that in pa-
tients after Fontan procedure, including special ven-
tilation settings, nitric oxide administration, or even
leaving the chest open shortly after initiation of MCS.
Despite aggressive medical support of right ventricle,
a certain proportion of patients will still develop right
ventricular failure requiring temporary mechanical
support to restore blood flow to the pulmonary circu-
lation and increase left ventricular preload [7]. Studies
suggest that an early planned biventricular assist device
is associated with better survival compared to delayed
implantation [8, 9]. Therefore, performing a thorough

preoperative risk assessment for right ventricular fai-
lure is necessary to implant biventricular assist device
or total artificial heart.
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OnbiT NepCoOHAAU3IALNN Ae4YeHUS Y NeANAaTPpUu4eCKuxX naumneHToB
C UMNAQHTUPOBAHHBIMU YCTPOMUCTBOAMU MEXAHNYECKOMN NOAAEPIKKN A€BOTO XXEAYAOUKA
B pAHHeM nocAeonepauyunoHHOM nepuoAae

Pe3iome. ¥V B3pocibix TALMEHTOB YCTPOMCTBA MeEXaHHWYE-
CKO#l TIOONEPXKKU KPOBOOOPAIUEHUSI C HEMPEPHIBHBIM I10-
TOKOM ITOJIHOCTBIO ITPe00/IanaloT Hal IMyJbCOBBIMU, COCTaB-
15151 6071ee 90 %. B cBsA3M ¢ OCTOSIHHOW MUHUATIOpU3aIUeit
MpUOOPOB Bce OOJIbIIE NETCKUX KapaUOJIOTOB TIpeiaraioT
HCIIOIb30BATh YCTPOMCTBA MEXaHMYECKOM TTOMIEPKKY XKETy-
JIOYKOB C HEIPepbIBHBIM MOTOKOM y aereil. CorlacHO Iep-
BoMy otdety PediMACS, npumepHo nojoBuHa (54 %; 109
un3 200) 3aperucTpupoOBaHHBIX armapaToB ISl JUIMTEIbLHOTO
HCIIOIb30BAHUST SIBJISICTCS YCTPOMCTBAMM C HEIPEPHIBHBIM
IMOTOKOM. B maHHOI cTaTbhe OMMCBHIBAETCS COBPEMEHHOE CO-
CTOSTHUE JIETCKOI CUCTEMBI JUISI MEXaHWYECKOM TTOMICPKKHU
KPOBOOOpAIICHUS C HEMTPEPHIBHBIM ITOTOKOM 1 OILICHUBAIOTCST
MEePCIIEKTUBBI OTHOCUTEIBHO €€ MCII0Jb30BaHUsI B OYIyILEM.
Crparerusi Cuiae3ckoro 1eHTpa 0oyie3Hel cepilla B paHHEM
ITOCJIEONePAIIMOHHOM TTepuoie ObUla OYeHb CXOXa C TaKo-
BOI, TIpUMEHSIBIICIICS Y TTALIMEHTOB TTocie onepaunu MoH-
TeHa, BKJII0Yasl CIieLaIbHble TAKTUKU PECIIMPATOPHOM MO~

MasypeHko O.[1.

NEPXKKU, 10OaBIEHUE OKCUIA a30Ta WA OCTaBJICHUE TPYAHOMN
KJIETKM OTKPBITOM MOCJI€ HAYaJIa MEXAHUYECKOU MONIEPXKKU.
HecMoTpst Ha arpeccuBHYIO MEAULIMHCKYIO TAKTUKY, Y OMpe-
JIeJICHHOM YacTH MallMeHTOB BOZHUKAJIA MPABOXEIY10UKOBast
HEJOCTATOYHOCTb, YTO TPEOOBAIO BPEMEHHON MEXaHUYECKOM
MOAJEPXKKHU JUISI BOCCTAHOBJIEHUSI KPOBOTOKA B MaJiOM Kpyre
KPOBOOODALIEHHUS U YBEIMUEHUSI TPEIHATPY3KU JIEBOTO XKeEJTy-
nouka. PaHHsSI OMBEHTPUKYIISIpHAs MOIIEPKKa KOPPEJIUpyeT
C JIyylIeii BBKMBAEMOCTbBIO [0 CPABHEHUIO C €€ OTJIOXKEHHbBIM
npuMeHeHreM. TakuM oOpa3oM, TiareabHas Mpeaorepalm-
OHHas OLIEHKa PUCKA MPABOXKEIYI0YKOBOI HELOCTATOYHOCTH
o0s13are/ibHa TPU UMIUIAHTALMU YCTPOUCTBA MEXaHUYECKOM
MOAAEPXKKUA OOOMX KEIyIOYKOB WIM MPU TPAHCIUIAHTALIUU
cepara.

KioueBbie ciioBa: mexaHuueckas IOMIEPKKA KPOBOOOpa-
LLIEHMS; YCTPOMCTBO MEXAHUYECKONU MOLAECPKKU JIEBOTO XKe-
JIyIOYKa C HEMpEepbIBHBIM MOTOKOM; 3aCTOMHasi cepaeyHas
HEIOCTATOYHOCTb Y JeTei

Silesian Center for Heart Diseases, Department of Cardioanesthesiology, Zabrze, Poland
HaLioHOABHQ MEeAMYHA QKQAEMIST MICASIAMAAOMHOI OCBITv iMeHi .. LLyrinka, m. Knis, YkpaiHa

AOCBiA NepCOHAAI3ALiT AiIKYBOHHS B MEAIATPUYHMUX NALEHTIB
3 IMANACQHTOBOHMMMU MPUCTPOSIMU MEXCAHIYHOT MIATPUMKM AiBOTO LUAYHOYKO
B PAHHbOMY MiCASIONEepPALiMHOMY nepioAi

Pe3tome. ¥ mopocnux maiieHTiB MpUCTPOi MEXaHIYHOI ITia-
TPUMKU KPOBOOOIry 3 0Oe3nepepBHHUM ITOTOKOM ITOBHICTIO
MepeBaXaloTh Haja IYyJIbCOBUMMU, CTaHOBIsSYM mmoHam 90 %.
Y 3B’43Ky 3 MOCTilHOIO MiHiaTIOpr3alli€lo MpUIaaiB Bce Oilb-
1€ TUTSYMX Kap/1i0JIOTiB TPOIMOHYIOTh BUKOPUCTOBYBATH MPU-
CTpOi MEXaHIYHOI MiATPUMKU LUIYHOUKIB i3 Oe3rnepepBHUM
MOTOKOM Y AiTeit. BinnmosigHo g0 nepioro 3Bity PediMACS,
npubim3Ho monoBuHa (54 %; 109 3 200) 3apeecTpoBaHUX
arapariB JIJIs TPUBAJIOTO BUKOPUCTAHHS € TIPUCTPOSIMU 3 6e3-
NepepBHUM MOTOKOM. Y 1Iiii CTaTTi OMMCcaHO Cy4yaCHUM CTaH
JIUTSIYOI CUCTEMU TSI MEXaHIYHOI MiATPUMKU KPOBOOOITYy 3
0e3repepBHUM ITOTOKOM i OLIIHIOIOThCS MEPCIIEKTUBY 100 il
BUKOPUCTAaHHS B MaitoyTHboMy. Crparerist Cijie3pK0To 11eH-
TPy XBOpOO ceplisi B paHHbOMY Mic/sioniepaliiitHoMy Tiepiofi
OyJsa Tyxe cxoxka 3 TaKolo, 1[0 BUKOPUCTOBYBAJIM B MALLIEHTIB
micst orepartii @oHTeHa, BKIIOYAIOUM CIeIiaIbHi TAKTUKHU

pecnipaTopHOi MiATPUMKHU, J0aBaHHS OKCHUJLYy a30Ty abo 3a-
JIMIIAHHS TPYAHOI KJIITKY BIIKPUTOIO MiCJIsl TOYATKy MeXaHiu-
HOi miaTpuMKu. He3Baxatoun Ha arpecCMBHY MEAWYHY TaKTHU-
KY, Y IeBHOT YaCTMHU TMAIli€HTiB BUHMKAJa IPaBOIILTYHOUKOBA
HEIOCTaTHICTh, 110 TOTPEOYBAJIO TUMYACOBOI MEXaHIYHOI Mijl-
TPUMKM 7151 BiTHOBJIEHHSI KPOBOTOKY B MaJIOMY KOJIi KPOBO-
00iry i 30iJIbLIEHHS MepeaHaBaHTaXKEHHS JIiBOrO IIUTYHOYKA.
PanHg G6iBeHTpUKYISIpHA MIATPUMKA KOPEIIOE 3 KPAlIolO BU-
JKMBAHICTIO TTOPIBHSIHO 3 i BiIKJIaAEHUM 3aCTOCYBaHHSIM. Ta-
KUM YMHOM, peTesibHa MepeaorepalliiiHa oLliHKa pU3UKY Ipa-
BOIILIYHOYKOBOI HEIOCTATHOCTi 000B’SI3KOBa MPH iMILJIaHTallii
MPUCTPOIO MEXAHIYHOI MiATPUMKHU 000X IIIYHOUKiB 200 Mpu
TpaHCIUIaHTALIil CepLisl.

KimouoBi ciioBa: mexaniuHa miaTpuMKa KpoBOOOITy; TpH-
CTpiii MEXaHIYHOI MiATPUMKM JiBOTO LIIJIyHOUKA 3 Oe3repepB-
HUM TTOTOKOM; 3aCTiliHa ceplieBa HEIOCTATHICTh y IiTei
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