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Mechanical circulatory support (MCS) devices, designed specifically for patients with small anthropometric pa-
rameters, are now emerging. A detailed systematic literature review of existing systems for long-term circulatory 
support in this patient cohort was conducted. Circulatory support devices and their main technical and biological 
characteristics were studied in detail. Despite significant scientific and technological progress, there is still no 
technology for creating an assist pump to support patients with small body surface area (BSA), given the wide 
range of patient sizes, increased cardiovascular demand due to growth, as well as anatomical and physiological 
heterogeneity of congenital heart disease.
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Severe cardiovascular disease in adults and child-
ren is the leading cause of death worldwide, claiming 
17.9 million lives annually [1]. Heart failure (HF) is a 
consequence of severe heart disease in which the heart 
muscle is unable to pump blood to provide adequate 
end-organ perfusion. HF affects the quality of life of 
people around the world, affecting 64 million adults and 
children each year [2]. The reported incidence of HF in 
children worldwide is 0.97% to 7.4% per 100,000 child-
ren [3], and most of them require immediate surgical 
intervention [4]. Infants with complex congenital heart 
defects may require multiple open-heart surgeries to es-
tablish proper cardiovascular anatomy and physiology 
[5–7]. These complex congenital heart disease (CHD) ca-
ses require continuous clinical follow-up throughout the 
patient’s life, as this cohort of patients is at a higher risk 
of developing premature congestive HF. Heart disease 
can also manifest with developmental delays, including 
neurological impairment and growth retardation [8].

Pharmacologic drug therapy slows progression to 
end-stage HF. Heart transplantation is the gold standard 
of medical care, but the number of patients requiring 
transplantation keeps on exceeding the number of availa-
ble donor organs every year. In pediatric transplantation, 
a difficult point is the selection of donor-recipient pairs 
due to anthropometric features of young patients. Sta-
tistically, 74% of children receive a donor organ within 
90 days of being placed on the waiting list, but the mor-
tality rate among those still waiting ranges from 5% to 
39% worldwide [9]. There remains a high clinical need 
to develop safe and effective mechanical circulatory 
support (MCS) devices for these HF patients for use 

as intermediate therapy or long-term chronic disease 
management.

MCS devices are used as a bridge to transplantation, 
a bridge to recovery and permanently (or as a defini-
tive treatment option without the possibility of heart 
transplantation) (bridge to destination). Analysis of the 
UNOS database shows that this technology has led to a 
50% reduction in waiting list mortality [10]. Despite this 
progress, there remain important aspects in which these 
devices can be improved. This review presents published 
data on MCS devices created and under development for 
patients with small body surface area (BSA) in order to 
assess progress and provide an informed vision for the 
development of this industry. Table 1 summarizes the 
major devices developed and their key technical spe-
cifications.

Main criTeria when DeSiGninG McS 
DeViceS

According to the characteristics of the devices presen-
ted in Table 1, the main design criteria identified were:
1) pulsatile or continuous flow;
2) acute or chronic circulatory support;
3) anatomical location in the patient’s abdominal cavity;
4) blood rheology;
5) dynamic pressure and blood flow requirements in 

patients of different ages.

Pulsatile or continuous flow
Recent clinical evidence in adults show that chronic 

continuous flow disorders with reduced pulse pressure 
can lead to harmful side effects and adversely affect 
outcomes [11–13]. However, it has also been found that 
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continuous blood flow conditions are well tolerated for 
short-term circulatory support and may provide better 
performance than pulsatile flow devices. Currently, there 
is still a poor understanding of how small anthropometric 
patients tolerate long-term implantation of MCS devices 
whether with pulsatile or continuous flow. Consequent-
ly, the development of ventricular support devices that 
can generate continuous and pulsatile blood flows is an 
urgent problem in modern medicine [14, 15].

acute and chronic needs for McS devices
Of the cases reported in PediMACS, 19% of patients 

received short-term or emergency support via MCS de-

vices [16]. Treatment outcomes for these patients were 
better compared to extracorporeal membrane oxyge-
nation (ECMO) techniques, resulting in increased im-
plementation rate, and the mean time to use short-term 
MCS increased to 19 days [17]. Some MCS devices 
designed for short-term use (Thoratec Centrimag & Pe-
dimag Blood Pump, Thoratec Corporation, USA) were 
used as long-acting devices and showed favorable out-
comes. The disadvantage of these systems was that they 
limited patient mobility and prolonged the length of stay 
in specialized medical centers.

anatomical location of McS devices  
in the patient’s abdominal cavity

In patients with small anthropometrics, there are se-
veral requirements for device placement: in terms of 
anatomical positioning and connection of the inlet and 
outlet cannula. The BSA for patients can be easily cal-
culated from body weight and height:

.

The BSA of newborn patients averages 10% of the 
BSA of a young adult, and it increases dramatically as 
the infant grows and develops (Fig. 1) [18].

Consequently, anatomical fitting of an MCS device 
for patients with low BSA is both challenging and ne-

Table 1
Key technical design specifications of the developed MCS devices

Device Country Working fluid 
flow (L/min)

System pressure 
(mmHg)

Total length 
(mm)

Body surface 
area (m2)

Market position

DON-3 (10 mL) Russia 1–3 80 60 0.62–1.1 –
Berlin Heart Excor 
(10 mL) Germany 0.6–1 225 Paracorporeal 

system 0.2–0.33 FDA approved for clinical 
use in pediatric patients

Berlin Heart Excor 
(25 mL) Germany 1.3–2.2 175 Paracorporeal 

system 0.33–0.5 FDA approved for clinical 
use in pediatric patients

Berlin Heart Excor 
(30 mL) Germany 1.3–3 175 Paracorporeal 

system 0.6–1 FDA approved for clinical 
use in pediatric patients

Berlin Heart Excor 
(50 mL) Germany 3–5.2 175 Paracorporeal 

system 1–1.7 FDA approved for clinical 
use in pediatric patients

Berlin Heart Excor 
(60 mL) Germany 3.6–6 200 Paracorporeal 

system 1.2–2 FDA approved for clinical 
use in pediatric patients

DeltaStream DP3 
VAD (240 mL) Germany 0–8 240 0.18–0.61 –

HeartMate 3 
(280 mL) USA 2.5–10 280 50.3 >1.2 FDA approved for clinical 

use in pediatric patients

HeartWare HVAD 
(135 mL) USA 2–10 – 49 >1.2

FDA approved. But no 
longer available on the 

market
Jarvik Infant VAD 
(60 mL) USA 0.5–3 – 11 >0.4

PediaFlow VAD 
(155 mL) USA 0.3–2 – 28 0.2–0.8

Penn State Infant 
VAD (12–14 mL) USA 0–1.6 – >0.5

Fig. 1. Change in BSA in healthy individuals aged 0 to 
20 years
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Fig. 2. Cardiac output requirements for children aged 0 to 10 years

cessary. The design of paracorporeal devices also needs 
to consider the patient’s anatomy, which determines 
which inlet and outlet cannulas would be suitable. For 
example, the Berlin Heart Excor (Berlin Heart GmbH, 
Germany) paracorporeal circulatory assist (CA) system 
has a size range of exit cannulas with diameters of 3, 
6, 9, and 12 mm [19–21]. An increase in BSA with age 
generally suggests that devices designed for younger 
patients should be suitable for older patients as well, 
while factoring in the device size for all cohorts.

Blood rheology in patients with low BSa
Patients of different ages differ in blood rheologi-

cal properties [22, 23]. Hematocrit, which affects blood 
viscosity, is highest in newborns and rapidly decreases 
to a steady level as adolescence is reached. Congenital 
or acquired heart defects in patients with low BSA also 
affect hematocrit levels, and blood rheological properties 
affect fluid dynamics, especially in low phase shift CA 
pumps [24].

Dynamic pressure and blood flow 
requirements in patients of different ages

Young patients experience increased cardiac volume 
during growth and development, and hence the dynamic 
pressure requirements of an MCS assist device change. 
Cardiac output in children doubles from birth to 1 year 
of age and doubles again by 10 years of age (Fig. 2).

The size of an MCS device determines the ability 
to generate a wide range of pressures and flow rates at 
acceptable shear stress [25]. This poses some challen-
ges related to external design, as device size and hence 
anatomical positioning is inversely related to pressure 
and capacity. For long-term mechanical support, patients 
with small anthropometrics may require replacement of 
the MCS system with a new one to adapt to the patient’s 

height. The versatility of the design can be utilized to 
integrate multiple pumps into a single device to increase 
the operating range of flow and pressure characteristics.

eXTracOrPOreal ca SYSTeMS anD lVaD 
SYSTeMS

MCS devices and the challenges faced by physici-
ans and patients using this type of CA systems were 
reviewed. But two categories of MCS devices are more 
often used in clinical practice: extracorporeal circulatory 
support systems and ventricular assist devices.

extracorporeal circulatory support systems 
for patients with small anthropometric 
indicators

One of the earliest technologies and still the most 
sought after for patients with small BSA is ECMO [26–
28]. The ECMO circuit is connected to the patient either 
by veno-arterial cannulation (via the femoral artery and 
vein) or by veno-venous cannulation (via the right atrium 
or jugular vein). The ECMO device circulates and oxyge-
nates the blood, replacing both heart and lung function.

This system is designed for short-term support and re-
quires immobilization and often sedation [29]. Therefore, 
extracorporeal ventricular assist device (VAD) systems 
have begun to compete with ECMO.

When the performances of ECMO and VAD were 
compared for patients with small anthropometric indi-
ces, it was found that those who received extracorpore-
al pump support showed improved outcomes. Waitlist 
mortality also decreased from 38% (ECMO) to 13% 
(VAD), while post-transplant survival increased from 
80% to 92% in patients receiving VAD support instead 
of ECMO [30].

Extracorporeal and paracorporeal devices such as 
Berlin Heart EXCOR (Berlin Heart, Germany), PediMag 
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(Abbott Laboratories, Illinois, USA), Jostra RotaFlow 
(Maquet, Germany) and TandemHeart (CardiacAssist, 
Inc., USA) have been used to support cardiac ventricular 
function in the short-term without oxygenation. These 
pumps compare favorably with ECMO for short-term 
treatment.

Since these devices are placed outside the body, the 
issue of placing pumps in the patient’s abdominal area 
is no more there. In addition, transferring the patient to 
another device is less complicated with extracorporeal/
paracorporeal devices. However, for long-term support, 
these MCS devices face several challenges. These de-
signs limit patient mobility, increase thromboembolic 
complications, increase neurologic risks compared to 
implantable designs, and limit hospital discharge due to 
home care challenges [31].

Ventricular assist devices
At their core, VADs increase cardiac output by as-

sisting the left or right ventricle. In 2004, the National 
Institutes of Health’s National Heart, Lung, and Blood 
Institute (NHLBI) established the Pediatric Ventricular 
Assist Device Program. These programs have facilitated 
the development and implementation of implantable de-
vices for patients with small BSA [32–33].

Projects under the program included the development 
of the following devices:

– An implantable mixed-flow device (PediaFlow VAD) 
[34];

– An implantable mixed-flow VAD that can be main-
tained both intravascularly and extravascularly, de-
pending on patient age and size (PediPump) [35];

– Ension’s Pediatric Cardiopulmonary Assist System 
(pCAS) for patients with small anthropometric pa-
rameters [36];

– Axial pump (Infant Jarvik) [37];
– Pulsatile flow system (Penn State pediatric VAD) 

[38].
Other devices have been developed in parallel with 

this development program, some of which have been 
approved for clinical use in patients with small BSA.

clinically approved McS devices
Berlin Heart EXCOR (Berlin Heart, Germany) is one 

of the first systems approved by the U.S. Food and Drug 
Administration (FDA) (Fig. 3) [39–40].

It is a flexible diaphragm pump with chamber fill 
volumes ranging from 10 to 80 mL and flow rates from 
0.4 to 5 L/min. All of them provide sufficient pressure 
rise to support patients with small BSA [41].

Two other FDA-approved VADs are the implantable 
HeartMate 3 LVAD (Abbott Laboratories, USA) (Fig. 4), 
which is designed for patients with a BSA >0.7 m2 for 
extracorporeal support and 1.4 m2 for implantable sup-

Fig. 3. Sizes of the Berlin Heart EXCOR extracorporeal pumps (10 to 80 mL fill volume)

Fig. 4. Implantable HeartMate 3 LVAD

port [42], and the extracorporeal Abiomed BVS 5000 
(Abbott Laboratories, USA).

The HeartMate 3 adult assist pump (Abbott Labo-
ratories, USA) received FDA regulatory approval for 
use in patients with small anthropometric indices with 
progressive right ventricular dysfunction in December 
2020 [43]. This fully magnetic suspension pump has 
demonstrated very good outcomes in adult patients (2-
year survival rate is 79%) and has received approval for 
use in patients with BSA >1.2 m2.

Implantable heart pump HVAD (Medtronic, USA) 
was approved by the FDA in 2012 for adult patients with 
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Fig. 5. Axial flow pumps: Child VAD Jarvik (left) and Infant 
VAD Jarvik (right)

Fig. 6. Axial-flow pump PediaFlow (HeartWare Internatio-
nal, USA)

large BSA. However, after a retrospective analysis of this 
pump in 14 patients with low BSA, it was rejected for 
use in this patient cohort. Production of these pumps was 
suspended in 2021 due to the high incidence of adverse 
neurologic events [44].

As part of the MCS device development program 
described earlier, Jarvik Heart has developed a VAD that 
can be used in patients with low BSA (Fig. 5) [45]. Infant 
VAD Jarvik can generate flow from 0.27 to 3 L/min, 
Child VAD Jarvik produces flow from 0.5 to 3 L/min.

The devices received FDA approval for clinical trials 
in 2012, but were subsequently recalled as of late 2018, 
and were no longer in clinical use by May 2020 due to 
connector issues on external cables [46].

The developers of the PediaFlow axial pump (Heart-
Ware International, USA) (Fig. 6) have continued inde-
pendent development to date, despite no FDA approval. 
The most recently published fourth-generation version 
of the device is a compact design (17 mm in diameter 
and 50 mm in length) that can support patients weighing 
up to 3 kg and can deliver blood flow rates from 0.5 L/
min [47].

McS devices for patients with small 
anthropometric parameters are under 
development
DeltaStream DP3 (Xenios AG., Germany)

The DeltaStream DP3 is a diagonal pump that com-
bines axial and centrifugal pumps to pump blood. This 
extracorporeal device easily generates the required pres-
sure (240 mmHg increase in systemic pressure) and the 
required flow rate of up to 8 L/min. In vitro studies have 
shown that this device works without interruptions in 
patients with BSA from 0.18 to 0.61 m2 [48].

DON-3 (Russia)
DON-3 is the first experience in creating a domestic 

VAD. This MCS device is an axial pump. The develop-
ment was brought to the stage of experimental studies on 
animals (sheep). The pump provides operating pressure 
of up to 135 mmHg with a liquid flow range 1–3 L/min. 
The design of the development is relatively compact: 
diameter 25 mm, length 60 mm. Results from animal 
tests show promising results [49–51].

Drexel Dragon 1S & 1P (Drexel University, USA)
Drexel University is developing hybrid continuous-

flow MCS devices in which a magnetically suspended 
axial pump and a centrifugal pump are combined to in-
crease the active operating time of the device [52]. There 
are two design concepts: the axial pump is placed in front 
of the centrifugal pump, and a parallel concept: the axial 
and centrifugal part of the pump are separated into two 
separate units. A pump-to-pump switching technology 
was created to control this unit. The maximum system 

pressure rise during initial testing on a hydrodynamic 
bench is 120 mmHg with a flow range of 1 to 5 L/min. 
Development of this pump is actively continuing.

iCor VAD (Xenios AG., Germany)
The iCor pump (Xenios AG., Germany) is a paracor-

poreal centrifugal pump. Initial studies of the flow and 
pressure characteristics of the pump have been perfor-
med and have shown overpressurization of more than 
100 mmHg at flow rates ranging from 0.2 to 1.8 L/min. 
The pump continues to be improved and tested.

NIPRO VAD (NIPRO Medical Corporation, USA)
NIPRO VAD (NIPRO Medical Corporation, USA) 

is another paracorporeal pulsatile VAD. The flow rate 
is 2–4 L/min at a maximum pressure of 150 mmHg, at 
which the device can provide pulsatile flow at a rate of 
50–130 beats per minute. Bench tests of this pump have 
been performed and have shown low levels of damage 
to blood cells [53, 54].

Penn State Infant VAD (Penn State University, 
USA)

The University of Pennsylvania is developing a 
pump targeting patients with low BSA. The VAD under 
development is a pulsatile paracorporeal device with a 
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valve and pneumatic actuator, a concept derived from 
the Thoratec pneumatic VAD. It is a small pump with 
an operating filling volume of 12–14 mL. Animal stu-
dies have shown that the pump can deliver a flow rate 
of 1.6 L/min. This system is suitable for patients with 
BSA <0.5 m2, and there is a low level of blood trauma. 
Developments are ongoing.

cOncluSiOn
The results of this review show that there have been 

significant progress in the development of MCS devices. 
New engineering and design capabilities are gradually 
approaching clinical implementation.

Design constraints for CA devices for patients with 
small anthropometrics, such as target size, are usually 
determined based on duration of support (acute or chro-
nic) and clinical goals (extracorporeal placement or im-
plantable option). The choice of cannula connection also 
depends on the patient’s anatomy. Table 2 summarizes 
the main theoretical parameters that MCS devices require 
for patients with different BSA [57, 58].

Table 2
Expected performance of MCS devices

Theoretical performance 
indicators

Target range

System pressure 10–150 mmHg
Fluid flow 0.5–7 L/min
Pulmonary pressure 5–30 mmHg
Pump rotor speed ≤8000 rpm
Shear stress <170 Pa
System power consumption <10 W

Using this data, it is possible to assess how well the 
pumps meet the pressure and flow requirements for 
patients with small BSA. Most devices cope well with 
increasing pressure, but there are discrepancies in per-
formance when looking at the reported fluid flow ranges.

Factors such as speed and rotational speed can be 
altered to create higher blood flow, but it is likely that 
these alterations can drive the device into non-standard 
operating states, creating physiologic risks (hemolysis 
and thrombosis).

The above data show that there is no universal pump 
yet that satisfies certain design limitations and require-
ments due to the wide range of patient sizes, higher car-
diovascular demand as the body grows, and anatomic and 
physiologic heterogeneity of congenital heart defects.

Although progress has been made in the development 
of MCS systems, additional research is needed to inform 
the broader scientific and medical community and sti-
mulate innovation in medical device technologies for 
patients with small anthropometrics.

The authors declare no conflict of interest.

referenceS
1. World Health Organization cardiovascular disease risk 

charts: revised models to estimate risk in 21 global regi-
ons. Lancet Glob Health. 2019; 7 (10): e1332–e1345.

2. Roth GA, Abate D, Abate KH. Global, regional, and na-
tional age-sex-specific mortality for 282 causes of death 
in 195 countries and territories, 1980–2017: a systematic 
analysis for the Global Burden of Disease Study 2017. 
Lancet. 2018; 392: 1736–1788.

3. Das B. Current state of pediatric heart failure. Children. 
2018; 5: 88.

4. Benjamin  EJ,  Blaha  MJ,  Chiuve  SE,  Cushman  M, 
Das  SR,  Deo  R  et  al. Heart disease and stroke statis-
tics’2017 update: a report from the American Heart As-
sociation. Circulation. 2017; 135: e146–603.

5. Adachi  I,  Jaquiss  Robert  DB. Mechanical circulatory 
support in children. Curr  Cardiol  Rev. 2016; 12 (2): 
132–140.

6. Rychik J. Forty years of the Fontan operation: a failed 
strategy. Semin  Thorac  Cardiovasc  Surg. 2010; 13: 
96–100.

7. Khairy  P,  Fernandes  SM, Mayer  JE  Jr,  Triedman  JK, 
Walsh EP, Lock JE, Landzberg MJ. Long-term survival, 
modes of death, and predictors of mortality in patients 
with Fontan surgery. Circulation. 2008; 117: 85–92.

8. Fox  C,  Sarkisyan  H,  Stevens  R,  Arabia  F,  Fischer W, 
Rossano  J  et  al. New versatile dual-support pediatric 
heart pump. Artif Organs. 2019; 43: 1055–1064.

9. Almond  CSD,  Thiagarajan  RR,  Piercey  GE,  Gauv-
reau K, Blume ED, Bastardi HJ et al. Waiting list morta-
lity among children listed for heart transplantation in the 
United States. Circulation. 2009; 119: 717–727.

10. Dipchand  AI. Current state of pediatric cardiac trans-
plantation. Ann Cardiothorac Surg. 2018; 7: 31–55.

11. Schmidt T, Rosenthal D, Reinhartz O, Riemer K, He F, 
Hsia TY et al. Superior performance of continuous over 
pulsatile flow ventricular assist devices in the single 
ventricle circulation: a computational study. J Biomech. 
2017; 52: 48–54.

12. Buchnev AS, Kuleshov AP, Drobyshev AA, Itkin GP. He-
modynamic evaluation of a new method for generating 
pulsatile flow in cardiopulmonary bypass systems. Rus-
sian Journal of Transplantology and Artificial Organs. 
2019; 21 (3): 69–75.

13. Buchnev AS, Kuleshov AP, Esipova OYu, Drobyshev AA, 
Grudinin NV. Hemodynamic evaluation of pulsatile flow 
generation devices in left ventricular bypass systems. 
Russian  Journal  of  Transplantology  and Artificial  Or-
gans. 2023; 25 (1): 106–112.

14. Force M, Moroi M, Wang S, Kunselman AR, Ündar A. 
In vitro hemodynamic evaluation of ECG-synchronized 
pulsatile flow using i-Cor pump as short-term cardiac as-
sist device for neonatal and pediatric population. Artif 
Organs. 2018; 42: E153–167.

15. Gohean JR, Larson ER, Hsi BH, Kurusz M, Smalling RW, 
Longoria RG. Scaling the low-shear pulsatile TORVAD 
for pediatric heart failure. ASAIO J. 2017; 63: 198–206.

16. Lorts  A,  Eghtesady  P, Mehegan M,  Adachi  I,  Villa  C, 
Davies R et al. Outcomes of children supported with de-



70

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXV   № 1–2024

vices labeled as “temporary” or short term: a report from 
the pediatric interagency registry for mechanical circula-
tory support. J Heart Lung Transplant. 2018; 37: 54–60.

17. Yarlagadda V, Maeda K,  Zhang  Y, Chen  S, Dykes  JC, 
Gowen MA et al. Temporary circulatory support in U.S. 
children awaiting heart transplantation. J Am Coll Cardi-
ol. 2017; 70 (18): 2250–2260.

18. Feber  J,  Krásničanová  H. Measures of body surface 
area in children. Handbook of anthropometry. 2012; 1: 
1249–1256.

19. Hetzer R, Alexi-Meskishvili  V, Weng Y, Hübler M, Po-
tapov E, Drews T et al. Mechanical Cardiac Support in 
the Young with the Berlin Heart EXCOR Pulsatile Ven-
tricular Assist Device: 15 Years Experience. Semin Tho-
rac Cardiovasc Surg Pediatr Card Surg Ann. 2006; 9: 
99–108.

20. Morales  DL,  Almond  CS,  Jaquiss  RD,  Rosenthal  DN, 
Naftel DC, Massicotte MP et al. Bridging children of all 
sizes to cardiac transplantation: the initial multicenter 
North American experience with the Berlin Heart EX-
COR ventricular assist device. J Heart Lung Transplant. 
2011; 30: 1–8.

21. Humpl T, Furness S, Gruenwald C. The Berlin Heart EX-
COR Pediatrics – The SickKids Experience 2004–2008. 
Artif Organs. 2010; 34: 1082–1086.

22. Sharp MK, Gregg M, Brock G, Nair N, Sahetya S, Aus-
tin EH et al. Comparison of blood viscoelasticity in pedi-
atric and adult cardiac patients. Cardiovasc Eng Technol. 
2017; 8: 182–192.

23. Good BC, Deutsch S, Manning KB. Hemodynamics in a 
pediatric ascending aorta using a viscoelastic pediatric 
blood model. Ann Biomed Eng. 2016; 44: 1019–1035.

24. Long JA, Ündar A, Manning KB, Deutsch S. Viscoelasti-
city of pediatric blood and its implications for the testing 
of a pulsatile pediatric blood pump. ASAIO J. 2005; 51: 
563–566.

25. Chen Z, Zhang J, Li T, Tran D, Griffith BP, Wu ZJ. The 
Impact of Shear Stress on Device-Induced Platelet He-
mostatic Dysfunction Relevant to Thrombosis and Blee-
ding in Mechanically Assisted Circulation. Artif Organs. 
2020; 44 (8): E201–E213.

26. Conway  J,  Bozso  SJ. Expanding the use of temporary 
ventricular assist devices in pediatric patients: rise of the 
machines. J Am Coll Cardiol. 2017; 70: 2261–2273.

27. Vasavada  R,  Khan  S,  Qiu  F,  Kunselman  A,  Undar  A. 
Impact of oxygenator selection on hemodynamic ener-
gy indicators under pulsatile and non-pulsatile flow in a 
neonatal ECLS model. Artif Organs. 2011; 31: 101–107.

28. Qiu F, Khan  S,  Talor  J, Kunselman A, Undar A. Eva-
luation of two pediatric polymethyl pentene membrane 
oxygenators with pulsatile and nonpulsatile perfusion. 
Perfusion. 2011; 26: 229–238.

29. Shen I, Levy FH, Vocelka CR, O’Rourke PP, Duncan BW, 
Thomas R, Verrier ED. Effect of extracorporeal membra-
ne oxygenation on left ventricular function of swine. Ann 
Thorac Surg. 2001; 71: 862–867.

30. Jeewa  A,  Manlhiot  C,  McCrindle  BW,  van  Arsdell  G, 
Humpl T, Dipchand AI. Outcomes with ventricular assist 
device versus extracorporeal membrane oxygenation as 

a bridge to pediatric heart transplantation. Artif Organs. 
2010; 34: 1087–1091.

31. Spigel ZA, Cho J, Adachi  I. Current status of pediatric 
mechanical circulatory support. Curr Opin Organ Trans-
plant. 2020; 25: 231–6.

32. National Heart Lung and Blood Institute. NHLBI funds 
preclinical tests on devices for infants and children with 
congenital heart defects. Bethesda: National Heart Lung 
and Blood Institute, 2010.

33. Baldwin JT, Borovetz HS, Duncan BW, Gartner MJ, Jar-
vik RK, Weiss WJ. The National Heart, Lung, and Blood 
Institute Pediatric Circulatory Support Program. A sum-
mary of the 5-Year Experience. Circulation. 2011; 123: 
1233–1240.

34. Johnson CA Jr, Vandenberghe S, Daly AR, Woolley JR, 
Snyder  ST,  Verkaik  JE  et  al. Biocompatibility Assess-
ment of the First Generation PediaFlow Pediatric Ventri-
cular Assist Device. Artif Organs. 2011; 35: 9–21.

35. Duncan BW, Dudzinski DT, Gu L, Mielke N, Noecker AM, 
Kopcak MW et  al. The PediPump: development status 
of a new pediatric ventricular assist device: update II. 
ASAIO J. 2006; 52 (5): 581–587.

36. Pantalos GM, Horrell T, Merkley T, Sahetya S, Speak-
man J, Johnson G, Gartner M. In vitro Characterization 
and Performance Testing of the Ension Pediatric Cardio-
pulmonary Assist System. ASAIO J. 2009; 55: 282–286.

37. Jarvik R. Jarvik 2000 pump technology and miniaturiza-
tion. Heart Fail Clin. 2014; 10 (1): 27–38.

38. Carney EL, Clark JB, Myers JL, Peterson R, Wilson RP, 
Weiss WJ. Animal model development for the Penn State 
pediatric ventricular assist device. Artif Organs. 2009; 
33: 953–957.

39. Miera  O,  Schmitt  KRL,  Delmo-Walter  E,  Ovroutski  S, 
Hetzer R, Berger F. Pump size of Berlin heart EXCOR 
pediatric device influences clinical outcome in children. 
J Heart Lung Transplant. 2014; 33: 816–21.

40. Jaquiss RDB, Humpl T, Canter CE, Morales DLS, Ro-
senthal  DN,  Fraser  CD. Postapproval outcomes: the 
Berlin heart EXCOR pediatric in North America. ASAIO 
J. 2017; 63: 193–197.

41. Anders M. Berlin heart VAD Excor. London: Don’t For-
get The Bubbles, 2013.

42. Blume ED, VanderPluym C, Lorts A, Baldwin JT, Rossa-
no JW, Morales DLS et al. Second annual Pediatric In-
teragency Registry for Mechanical Circulatory Support 
(Pedimacs) report: Pre-implant characteristics and out-
comes. J Heart Lung Transpl. 2018; 37 (1): 38–45.

43. Lange  S. FDA approves labeling update for Abbott’s 
HeartMate III heart pump for use in pediatric patients. 
New Delhi: Athena Information Solutions Ltd., 2020.

44. Simson S. FDA alerts health care providers to stop new 
implants of certain ventricular assist device system. Sil-
ver Spring: U.S. Food and Drug Administration, 2021.

45. Diagnostic and Interventional Cardiology. FDA approves 
trial using Jarvik 2000 heart as a destination therapy. 
Park Ridge: Diagnostic and Interventional Cardiology, 
2012.

46. Gahdhi K. Class 2 device recall Jarvik 2000 ventricular 
assist system. Silver Spring: U.S. Food and Drug Admi-
nistration, 2021.



71

HeART TRANSPLANTATION AND ASSISTeD CIRCULATION

47. Olia SE, Wearden PD, Maul TM, Shankarraman V, Ko-
cyildirim E, Snyder ST et al. Preclinical performance of a 
pediatric mechanical circulatory support device: the Pe-
diaFlow ventricular assist device. J Thorac Cardiovasc 
Surg. 2018; 156: 1643–1651.

48. Wang S, Kunselman AR, Ündar A. In vitro performance 
analysis of a novel pulsatile diagonal pump in a simu-
lated pediatric mechanical circulatory support system. 
Artif Organs. 2014; 38: 64–72.

49. Dmitrieva OYu,  Buchnev AS, Drobyshev AA,  Itkin GP. 
Hemolysis studies of an implantable axial pump for two-
stage heart transplantation in children. Russian Journal 
of Transplantology and Artificial Organs. 2017; 19 (1): 
22–27.

50. Itkin GP, Dmitrieva OYu,  Buchnev AS, Drobyshev AA, 
Kuleshov AP, Volkova EA, Khalilulin TA. Results of ex-
perimental studies of children’s axial pump “DON-3”. 
Russian  Journal  of  Transplantology  and Artificial  Or-
gans. 2018; 20 (2): 61–68.

51. Kozlov VA, Dmitrieva OYu,  Itkin GP,  Ivanov AS, Kule-
shov  AP,  Volkova  EA,  Govorova  TN. Optimization of 
placement of the DON-3 children’s axial pump in the 
child’s chest cavity (study using a mathematical model). 
Russian  Journal  of  Transplantology  and Artificial  Or-
gans. 2018; 20 (3): 40–44.

52. Sarkisyan H, Stevens R, Tchantchaleishvili V, Rossano J, 
Throckmorton  A. Integrated long-term multifunctional 
pediatric mechanical circulatory assist device. Artif Or-
gans. 2021; 45: E65–78.

53. Naito N, Takewa Y, Kishimoto S, Iizuka K, Mizuno T, Tsu-
kiya T et al. Preclinical animal study of the NIPRO-ven-
tricular assist device for use in pediatric patients. J Artif 
Organs. 2018; 21: 156–163.

54. Kimura M, Nishimura T, Kinoshita O, Kashiwa K, Kyo S, 
Ono  M. Hemodynamic influence of tilting disc valve 
type on pump performance with the NIPRO-ventricular 
assist device. J Artif Organs. 2012; 15: 134–9.

55. Schönberger M, Deutsch S, Manning KB. The influence 
of device position on the flow within the Penn state 12 
cc pediatric ventricular assist device. ASAIO J. 2012; 58: 
481–493.

56. Lukic B, Brian Clark J, Izer JM, Cooper TK, Finicle HA, 
Cysyk  J  et  al. Chronic ovine studies demonstrate low 
thromboembolic risk in the Penn State infant ventricular 
assist device. ASAIO J. 2019; 65: 371–379.

57. Throckmorton A, Garven E, Hirschhorn M, Day S, Ste-
vens  R,  Tchantchaleishvili  V. Forward-thinking design 
solutions for mechanical circulatory support: multifunc-
tional hybrid continuous-flow ventricular assist device 
technology. Ann Cardiothorac Surg. 2021; 10: 383–5.

58. Chopski  SG, Moskowitz WB,  Stevens  RM,  Throckmor-
ton AL. Mechanical circulatory support devices for pedi-
atric patients with congenital heart disease. Artif Organs. 
2017; 41: E1–14.

The article was submitted to the journal on 15.01.2024


