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Abstract: Implantable mechanical circulatory support (MCS) systems for ventricular assist device
(VAD) therapy have emerged as an important strategy due to a shortage of donor organs for heart
transplantation. A growing number of patients are receiving permanent assist devices, while fewer
are undergoing heart transplantation (Htx). Continuous-flow (CF) pumps, as devices that can
be permanently implanted, show promise for the treatment of both young and old patients with
heart failure (HF). Further improvement of these devices will decrease adverse events, enable pulse
modulation of continuous blood flow, and improve automatic remote monitoring. Ease of use for
patients could also be improved. We herein report on the current state of the art regarding implantable
CF pumps for use as MCS systems in the treatment of advanced refractory HF.
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1. Introduction

Mechanical Circulatory Support:

Given the increasing shortage of donor organs, implantable mechanical circulatory
support (MCS) systems for ventricular assist device (VAD) therapy have emerged as an
essential element of treatment [1–24]. These devices are installed permanently in many
patients, and fewer are now undergoing heart transplantation (Htx).
During waiting periods for donor availability, the VAD system provides additional
support as well as improves the physiology of the heart. Patients supported by VADs can be
discharged from intensive care units or hospitals because VADs are mostly intracorporeal
and improve quality of life compared with short-term devices. Using VADs as destination
therapy (DT) is now an acceptable as well as a feasible therapy for the patients of end-stage
heart failure (HF) who cannot qualify for Htx [1–24].
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2. The History, Clinical Requirement for, and Technology of VADs
The challenging development of VAD therapy began in 1988 [8,9]. The first continuousflow pump, which was designated as a Hemopump, was used for circulatory support
in patients suffering from cardiogenic shock [8,9]. The Hemopump is a percutaneous
catheter-mounted VAD. In contrast to pneumatic systems, the Hemopump pumps blood
continuously. The device does not cause hemolysis, despite the high number of revolutions
per minute (rpms) of its operating impeller. This finding prompted the MCS scientific
community to focus on the adoption of CF-VADs in the second half of the 1980s [8,9]. The
advantages of CF-VADs over pulsatile and paracorporeal devices is that they are silent,
miniaturized, and reduce trauma during surgery, allowing patients to gain a relatively
unrestricted life [6–12]. The first human insertion of an implantable CF-VAD, the MicroMed
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DeBakey I, was performed in Berlin on November 11, 1998 in a patient with end-stage
heart failure (HF), who was supported for 47 days until his exitus [8,9].
Advanced medical therapy, last-generation pacemakers, and defibrillators have changed
the clinical evolution of HF [9,11,12,22–24]. However, 0.5–5% of patients are refractory to any optimized medical therapy and develop advanced HF. Analyses from the
United States of America (USA) suggest that 250,000–300,000 patients under the age of
75 years suffer from advanced systolic HF (defined as New York Heart Association (NYHA
class IIIb–IV)) [1,3,22,23]. In Europe, 500,000 patients are likely to be suffering from HF
[6,9–12,24]. The prognosis for advanced HF is poor; the 1-year mortality rate is >25% for
class III–IV outpatients and exceeds 50% for class IV patients. While conservative care is the
primary strategy for patients with advanced age and important comorbidities, advanced
replacement therapies, such as Htx or a left ventricular assist device (LVAD), are promising
options for other cases. Htx is a well-accepted strategy option for many patients, but the
lack of donor organs remains a severe limitation. Long-term LVADs have been used for
several years in both acute and chronic refractory HF, mostly as a bridge to Htx. Technology
improvements, together with the shortage of donors, have recently led to the adoption of
LVADs in a much extended range of patients [6–12,23,24].
2.1. Pumps
Contemporary CF-LVADs are electrically driven via a percutaneous driveline connected to a small computer (controller) and an external energy source (batteries) [6–12]
(Figure 1).

Figure 1. The most adopted continuous-flow left ventricular assist devices settings. (A) HeartMate II, (C) HeartWare HVAD,
and (B) HeartMate 3.

In recent years, the majority of patients treated with a long-term LVAD received a
CF system, i.e., a radial pump such as the HeartWare HVAD (Medtronic), or an axial-flow
pump such as the HeartMate II (Abbott) [5–15]. Recently, a new generation of magnetically
levitated radial pumps (HeartMate 3; Abbott) received Conformité Européenne (CE) approval and became available in Europe [5,16–21]. Generally, these pumps unload the heart
by pumping blood from the left ventricle to the ascending aorta [7,9,11,12].
Implantable CF-LVADs generate up to 10 L/min of CF, and most patients have no
evident arterial pulse peripherally [6–12]. The HeartMate 3 has software that varies the
pump rpms and creates an artificial pulse every 2 s, which facilitates the washing of the
blood-contacting surfaces of the system [16,17]. While old-generation pulsatile pumps had
a limited durability of around 2 years, CF devices can currently last over 10 years.
In the USA, implantation rates are collected by the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) registry [1,3–5,23]. Currently, over
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2500 devices are implanted in North America every year. Similarly, 2000 pumps are estimated to be implanted annually in Europe [2,11,12,24].
2.2. Axial Flow
Axial-flow CF-LVADs have an impeller that rotates at speeds between 6000 and
15,000 rpm to circulate blood flow [6–12]. Due to their miniaturization, the majority of
systems are second-generation pumps; however, third-generation technology has also been
utilized. The impeller peripheral velocity is higher than that for radial-type devices and
leads to relatively high shear force. Additionally, the need for stationary guide vanes and
an impeller suspension may facilitate clotting formation in areas of stasis.
All axial-flow pumps provide full circulatory support [6–12,23,24]. Thoratec Corporation, Jarvik Heart, MicroMed Cardiovascular, and Berlin Heart are the main companies
manufacturing these systems, and all have obtained CE approval. Since the initiation of
clinical trials in July 2000, the HeartMate II (Thoratec) (Figure 1) has been implanted in up
to 10 times more patients than any other CF device (>6000 patients worldwide).
2.3. HeartMate II
The HeartMate II is a second-generation implantable axial-flow pump that provides
full circulatory support (up to 10 L/min) to HF patients [6–12] (Figure 1). This device
is approximately the size of a D-Cell battery, weighs 375 g, and incorporates an electromagnetic DC brushless motor for rotation in the setting of a “dual-cup bearing supported
impeller” [11,12]. The device can spin at speeds of 6000–15,000 rpm. Changes in the
pivot bearing area have decreased the risk of thrombus formation [6–12,23,24]. The HeartMate II gained approval from the Food and Drug Administration (FDA) for bridge to
transplantation (BTT) in 2008 and destination therapy (DT) in 2010 [6–12].
2.4. Radial Flow
Despite being slightly larger in size than axial-flow systems, radial-flow (centrifugal) pumps are suitable for long-term cardiac assistance due to their lower rotational
speed, higher hydraulic efficiency, lack of stationary vanes, and more anatomically suitable shape [6–12]. Due to their rotor design and increased surface area, these pumps can
get third-generation bearing technology for the full suspension of their impeller using
hydrodynamic or magnetic forces. This drastically increases the device lifetime.
All radial-flow systems provide full circulatory support. Devices have been developed
by WorldHeart, Terumo, Medtronic (HeartWare), and Abbott (Thoratec) that have either
received CE approval in Europe or FDA approval in the USA for short- to long-term usage,
based on clinical trials. HeartWare HVAD (Medtronic) and HeartMate 3 (Abbott) are
being used increasingly often, with implantations performed using these devices already
surpassing those using all previous rotary devices [5–21,23,24].
2.5. HeartWare HVAD
The HeartWare HVAD (Medtronic) is a third-generation radial-flow pump implanted
in the pericardial space [5–15,19–21] (Figure 1). The HVAD drains blood from an integrated
inflow cannula inserted directly into the ventricular cavity. Initially designed for left
ventricular assistance, the device has been also modified for biventricular assistance.
The impeller is suspended via a combination of magnetic and hydrodynamic forces
[11–15]. The device is the most miniaturized (145 g) radial-flow pump. The motor [11–15]
rotates the impeller at a speed of 2400 rpm, delivering blood at a rate of up to 10 L/min.
Speeds between 1800 and 4000 rpm are set [11–15]. The lower speed limit provides the
generation of a hydrodynamic force, which maintains stable impeller levitation.
A ceramic–titanium blood-contacting surface is used to prevent clotting formation.
Clinical trials of the HVAD device started in 2008. CE approval was obtained in 2009, while
FDA approval for BTT was obtained in 2012 and for DT in 2017 [5–15,19–21,23,24].

Hearts 2021, 2

130

2.6. HeartMate 3
The HeartMate 3 (Abbott) is a new radial-flow LVAD (Figure 1) that is intended
to provide full hemodynamic support to patients with advanced HF [5–12,16–21]. The
device is manufactured for the intrapericardial position, with the inflow cannula inserted
into the left ventricle and the outflow graft anastomosed to the ascending aorta. A fully
magnetically levitated rotor with large “blood-flow channels” minimizes shear force and
reduces negative effects on blood components [5–12,16–21]. This impeller design avoids the
need for mechanical bearings, thus minimizing wear on the moving pump components and
the generation of heat. The LVAD internal surfaces are textured with titanium microspheres
to avoid thrombogenicity. The pump rotor changes speed every 2 s to generate pulsatile
flow. The pump operates at rotor speeds in the range of 3000–9000 rpm, and the maximum
flow rate is 10 L/min.
CE approval for usage was granted in 2015 following a clinical trial completed on
27 November 2014. The HeartMate 3 was approved for both short- and long-term support
following a USA clinical trial initiated in September 2014 [5–12,16–21,23,24]. FDA approval
for use for BTT was granted in 2016 and for DT in 2018.
3. Surgical Issues
The miniaturization of the pumps described above and their placement within the
pericardial space eliminate the need for an abdominal pump pocket [6–12]. Less surgical
trauma and associated bleeding shortens the recovery time and reduces the likelihood of
infectious complications, which often occur as a result of blood transfusions and prolonged
intensive care [23–32].
The most recent American Society for Thoracic Surgery (AATS) and International
Society for Heart and Lung Transplantation (ISHLT) guidelines [23] and the 2019 European Association for Cardiothoracic Surgery (EACTS) expert consensus document [24]
recommend inflow cannula placement into the left ventricular anterior wall and outflow
placement on the lateral ascending aorta tract.
A less invasive outflow line is through the transverse sinus; this is commonly used for
BTT [31] and prevents positional changes of the LVAD after sternal closure. Moreover, it
enables easier and safer re-entry during Htx.
In cases of heavy calcification, proximal graft anastomosis, or pseudoaneurysms, the
ascending aorta is contraindicated as the outflow graft anastomosis site. Alternative sites,
such as the descending thoracic aorta, supraceliac abdominal aorta, innominate artery, and
subclavian arteries, have yielded acceptable results [23–32].
Miniaturized third-generation centrifugal pumps, HeartWare HVAD (Medtronic) and
HeartMate 3 (Abbott), are currently the most commonly used systems. Their design has
allowed clinicians to pioneer several less invasive implantation techniques applicable to a
wide range of clinical scenarios [5,23–25,27].
4. Outcomes
4.1. Survival
Survival after CF-LVAD implantation has improved in recent years. A recent analysis
of the INTERMACS registry of CF-LVADs revealed 1- and 2-year survival rates of 80% and
70%, respectively [1,3–5,33]. Slightly lower survival rates were reported based on analysis
of the European Registry for Patients with Mechanical Circulatory Support (EUROMACS)
registry (73%, 63%, and 61% at 1, 2, and 3 years, respectively) [2]. In the ENDURANCE DT
randomized trial (n = 446), the 2-year survival rates with HVAD and HeartMate II were
60% and 68%, respectively (p = 0.17) [1,3–5,11,13–15,34]. Data on long-term outcomes are
sparse, and only those from the DT category can be considered meaningful because most
BTT patients are censored due to heart transplantation (Htx) with long-term follow-up.
However, a recent postmarket analysis of 254 patients treated with an HVAD (BTT and DT)
revealed a 5-year survival rate of 59% [1,3–5,11,13–15,34].
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Outcomes will improve more and more with the development of novel LVAD systems.
Recently published results from a study of 50 patients implanted with the HeartMate 3,
following which CE approval was granted, revealed a 6-month survival rate of 92%. For the
first 294 patients randomized to the recent MOMENTUM trial, which compared outcomes
between the HeartMate 3 and HeartMate II, the respective 6-month survival rates were
89% and 87% [33,35,36].
In a 2-year study of 366 patients, 190 were assigned to a centrifugal-flow pump
group and 176 to an axial-flow pump group [33,35,36]. Two-year survival was 79.5%
(n = 151 patients) in the centrifugal-flow pump group and 60.2% (n = 106 patients) in the
axial-flow pump group. Reoperation due to pump malfunction was less frequent in the
centrifugal-flow pump group compared to the axial-flow pump group (1.6% vs. 17.0%;
p < 0.001). The rates of death and debilitative stroke were similar between the two groups,
but the overall rate of stroke was lower in the centrifugal-flow pump group compared to
the axial-flow pump group (10.1% vs. 19.2%; p = 0.02).
Schramm et al. [19] compared 79 HVAD and 79 HeartMate 3 patients and found
no difference in survival. However, driveline wound infection was more common in
the HeartMate 3 cohort. Mueller et al. [20] matched 100 HVAD and 100 HeartMate 3
patients and found no difference in survival. However, driveline wound infection was
again more common in the HeartMate 3 cohort, while the HVAD cohort had a higher rate
of cerebral stroke. The incidence of hemocompatibility-related adverse events, however,
was significantly higher in the HVAD group (113 points (corresponding to 1.28 events
per patient-year) vs. 69 points (corresponding to 0.7 events per patient-year), p < 0.001).
Itzhaki Ben Zadok et al. [21] matched 25 HVAD and 26 HeartMate 3 patients and found no
difference in survival. However, the risk of stroke and pump thrombosis in the HeartMate
3 group was lower.
A recent EUROMACS propensity score analysis matched 359 HVAD and 359 HeartMate
3 patients (personal communication of Dr. Potapov during the 2020 virtual annual EACTS
meeting; https://www.eacts.org/resources/eacts-library/ (accessed on 10 May 2020)) and
found no difference in survival [2]. The proportion of patients free from major adverse
events after two years was similar between the groups (44.2% vs. 47.9%, p = 0.226).
However, overall, HeartMate 3 patients showed poorer health.
In summary, the HVAD and HeartMate 3 pumps have similar mid-term survival rates
and complication profiles [5,11,12,19–21,33]. Both of these centrifugal pumps are associated
with better patient outcomes than second-generation axial-flow pumps (Figure 2) [1–18].
The HVAD is a versatile and reliable pump that can be implanted in patients differing
widely in terms of clinical characteristics and shows good long-term results [25–32]. The
HVAD was the first device to be placed inside the pericardium via less invasive surgery
(LIS) [24–27]. The LATERAL trial [28] was a multicenter, prospective, nonrandomized,
single-arm study utilizing data from 144 patients enrolled in the INTERMACS database,
drawn from 26 centers in the USA and Canada. The LATERAL trial validated sternalsparing approaches for intrapericardial device (HVAD) implantation in a selected BTT
cohort; overall survival and freedom from adverse events were superior compared to full
sternotomy access. Many single-center studies also reported better survival and lower
perioperative complication rates [23–32]. Although HeartMate 3 (Abbott) is bulkier than
other devices, it is effective for LIS strategies [24–27,29,30].
Independent of the surgical implantation approach, different risk factors for early mortality after CF-LVADs implantation have been identified, including advanced age, female
gender, high body mass index (BMI), INTERMACS level 1–2, renal failure, liver failure,
and the need for concomitant cardiac procedures [1–6,23,24,36]. Full acknowledgment of
these factors, along with optimized pump technologies and improved medical care, will
provide a better prognosis for such a delicate patient population in the near future.
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potential for developing driveline infection (DLI), pump pocket infection, or sepsis. According to the literature, DLIs were one of the most common complications after LVAD
implantation, occurring in 5% to 55% of patients [1–12,19–21,23,24,33,36]. Despite the high
rates of DLI, pump pocket infection rates are much lower, ranging from 1% to 22%. Reports
of sepsis were almost as varied as those of DLI, with rates of sepsis ranging from 3% to
33%. When reported in events per patient-year DLI (0.2 to 1.27) was more common than
sepsis (0.1 to 0.41) and pump pocket infection (0.01 to 0.22) [1–12,19–21,23,24,33,36].
4.2.4. Pump Thrombosis
The incidence of pump thrombosis requiring device exchange should be not underweighted.
They reported a risk of between 2% and 11% of LVAD recipients
[1–12,19–21,23,24,33,36]. This is still significantly less than the nearly 50% of patients
implanted with the first-generation HeartMate XVE who experienced device exchange
due to malfunction or infection at 18 months [1–12]. Expressed as the number of events
per patient-year this was a relatively uncommon occurrence (less than 0.07 events per
patient-year) [1–12,19–21,23,24,33,36].
Routine monitoring of hemolysis markers is recommended to provide early detection
of pump thrombosis [23,24]. Fully magnetically levitated systems may reduce this risk,
although further scrutiny and long-term follow-up data are still needed for confirmation
[16,17,19–21,33,35,36].
4.2.5. Right Heart Failure
Right heart failure has (RHF) been associated with poorer outcomes and increased
short-term mortality [1–12,19–21,23,24,33,36]. In the literature, RHF requiring prolonged
inotropic support is present in 2% to 31.7% of patients, while RHF requiring placement of a right ventricular assist device (RVAD) is reported in 2.9% to 40% of patients
[1–12,19–21,23,24,33,36]. Current studies on last-generation centrifugal pumps reveal a
requirement for prolonged inotropic support and RVAD placement of 2% to 24% and 4% to
22%, respectively [33,36].
5. Discussion
When CF-LVAD treatment was first introduced [8,9], it was unclear how the human
organism would react to a completely different circulation pattern. Since then, however,
reports have shown that all types of CF-LVADs could achieve acceptable physiological
conditions, such that they can be used in several clinical scenarios [1–12,28,33].
In contrast to previously used pulsatile pumps, CF-LVADs have allowed patients to
lead quite a normal life and participate in several social activities owing to their quiet
operation and lack of a large external drive unit [6–12].
Moreover, the transition to CF devices has been accelerated by the results of studies demonstrating mechanical problems—thrombosis, pump failure, system membrane
rupture—that occurred more frequently in pulsatile devices with consequent poor outcomes [1–12,19–21,33].
The wide acceptance of CF-LVADs by patients, physicians, and the general public
has led to their routine use for treating HF patients. CF-LVADs have fulfilled the desires
of artificial heart developers. However, certain consequences of continuous blood flow
still need to be addressed by clinicians [1–12] as hospital readmissions incidence after
LVAD implantation is still high, ranging from 1.3 to 2.6 hospitalizations per patient-year
[1–12,19–21,23,24,33].
Special methods have been developed for early recognition of dangerous device
malfunctions, such as driveline lesions and abnormal power demands [6–12]. New pump
software and log-file analysis methods can detect the signal alterations and can predict
serious adverse events or abnormal circulation, thus aiding clinicians in the management
of their patients [6–12].
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The deployment of highly trained teams consisting of surgeons, cardiologists, anesthesiologists, perfusionists, and specialized nurses has been vital for reducing complications
after CF-LVAD implantation [9,11,12].
One of the major obstacles in current LVAD therapy is driveline infections [1–12].
While wireless technologies are now part of daily life, running an LVAD wirelessly is
currently unfeasible. Elimination of the driveline as a source of infection in VADs powered
transcutaneously will make the devices far safer [37,38].
The two most innovative systems to avoid cable infections are: (1) the transcutaneous
energy transmission (TET) system, which transfers energy via two coils, one under and
the other over the skin; and (2) the Jarvik 2000 LVAD (Jarvik Heart Inc., New York, NY,
USA), in which a retroauricular titanium pedestal is placed on the skull, thus providing
a low infection rate [39,40]. The TET system was used in conjunction with the Arrow
LionHeart (Arrow International, PA) as a pulsatile LVAD in an individual who survived
for 3.5 years without skin complications [37]. The same concept, even if with different
technology, has been applied to the Jarvik 2000 LVAD (Jarvik Heart Inc., NY) associated
with the Leviticus-Cardio system (Leviticus-Cardio Ltd., Petach Tikva, Israel) [38] as the
first wireless coplanar energy transfer system used in humans.
Although primarily indicated for left ventricular failure, VADs have become utilized in a biventricular set up to combat RHF following LVAD implantation (Figure 3)
[1–12,24,33,41–44].

Figure 3. Three-dimensional (3D)-reconstructed computed tomography (CT) scan of an implantable
centrifugal biventricular assist device (BiVAD) support.

However, a permanent and on-label long-term mechanical solution for RVADs does
not currently exist. Hence, clinicians have resorted to using LVADs in the right-sided
position. An INTERMACS report published in 2017 recorded a total of 22,866 mechanical
support devices implanted from 2006–2016 [1–12,33]. Of these, 616 were continuous-flow
BiVADs (CF-BiVADs) (2.7%) and 349 were pulsatile BiVADs (1.5%). The latest INTERMACS
report showed that the proportion of CF-BiVADs dramatically replaced the use of pulsatile
devices (3.9% vs. 0.1%, respectively), with BiVAD implantation composing 4.1% of all
durable devices [1–12,33].
Long-term BiVAD patient survival is not consistently reported, ranging from 6 months
to 12 months. This reflects the relatively low number of BiVAD recipients as well as the
novel nature of CF devices in this configuration. Nonetheless, survival, when reported at
12 months, is a far less encouraging 57%, significantly less than at 30 days [1–12,24,33,41–44].
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This once again highlights how critically unwell this cohort is. BiVAD implantation
confers double the risk of mortality compared with LVAD alone. Thus, the RHF and
associated end-organ dysfunction may be the greatest contributor to the increased mortality.
The total artificial heart (TAH) remains a viable alternative to BiVAD implantation. Studies
have shown no difference in outcome between TAH vs. BiVAD thus far [1–12,24,41–44].
However, it is also bulkier and more expensive, thus few centers have experience with
its implantation and postoperative care compared with utilizing an additional LVAD.
Furthermore, being a pulsatile device, it requires a large driver that contains a noisy
compressor and is significantly limited in comparison with the BiVADs currently available.
However, TAH provides a role in patients with refractory arrhythmias as well as those
with restrictive cardiomyopathies where VAD placement would be complicated by small
ventricular cavities [1–12,24].
According to the results mentioned herein, a CF-RVAD for an on-label BiVAD configuration is greatly in need [41–44].
To conclude, the percutaneous heart pump could be used in the future to minimize
trauma from surgical implantation as a fully catheter-based axial-flow system with both
transfemoral and transapical applications. These devices are currently under investigation
but may ultimately demonstrate the utility of miniaturized CF-LVAD technology for both
left and right ventricular support [9,11,12].
6. Conclusions
Due to the rising population of advanced-stage HF patients and the limited availability
of heart donors, durable VADs have become an effective strategy to provide a successful
bridge until Htx, comfort cardiac recovery, or assist as DT for those who cannot qualify
for Htx.
The innovation in device design such as miniaturized forms, minimally invasive
approach for implantation, permanently implantable, enhancement in durability and
efficacy of pumps, use of the smart system for monitoring, and the durability of batteries,
fully automated devices are either in use or currently being evaluated for promising
clinical results.
We have above discussed, in detail, how LVAD therapy developed from a novel idea
into a feasible clinical option for an increasing number of patients. Furthermore, CF-LVAD
systems are a highly feasible permanent therapeutic option, particularly for elderly patients,
and are now being used routinely for treating HF. However, there is a need for smaller
CF-LVADs with more durable components. Improved pump design should decrease rates
of infection and thrombus formation, increase hemocompatibility, enable pulse modulation
of continuous flow, ensure an automatic system monitoring through telemonitoring, and
improve ease of use for patients.
The elimination of percutaneous lead and introduction of wireless energy transfer is
the forthcoming demand for allowing the patient to pursue activities such as swimming
and playing water sports or engage in contact sports, which are not suitable with currently
available devices.
Studies on CF-BiVADs are promising [41–44], and future progress will also accommodate this small but delicate cohort of biventricular failure patients while awaiting definitive
transplantation. A dedicated CF-BiVAD device would additionally reduce to a single
driveline and controller, thus decreasing infection risk and improving quality of life.
Additionally, in the near future, CF-LVADs that can perform the functions of total
artificial hearts are likely to be developed [41–44].
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